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Foreword

In the last few decades, research in the area of tissue engineering has  
witnessed tremendous progress. The field seeks to replace or facilitate the 
regeneration of damaged or diseased cells, tissues or organs by applying 
a biomaterial support system, and/or a combination of cells and bioactive 
molecules. Meanwhile, advances in new materials provide opportunities 
to fabricate, characterize and utilize materials systematically to control cell 
behavior and tissue formation by biomimetic topography which closely repli-
cates the natural extracellular matrix. Tissue morphogenesis is highly depen-
dent on the interaction of cells with the extracellular matrix. Also important 
are developments of smart materials which can mimic complex interactions 
between cells and the extracellular matrix will promote functional tissue 
regeneration.

As an emerging area in materials science, smart materials have achieved 
extraordinary developments in recent years. Smart materials are materials 
that respond to small changes in physical or chemical conditions with rel-
atively large property changes. Smart materials for tissue engineering are 
produced by modifying the physicochemical and biological properties of the 
scaffolds with response to external stimuli to enhance tissue regeneration. 
The functions of living cells are regulated by smart materials which respond 
to changes in the surrounding microenvironment. Smart materials which 
can respond to external signals and further adapt to their environment are 
based on various formulas from hard to soft materials. The morphology is 
from macroscopic to nanoscale dimensions in the form of gels, fibers, parti-
cles, colloids, or membranes. All these materials can be smartly designed to 
respond to specific signals, which range from pH, temperature, light, elec-
trons, magnetism, and enzymes. There are many opportunities for smart 
materials to aid tissue engineering. Numerous tissue engineering scaffolds 
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Forewordvi

with advanced properties based on smart materials have been developed in 
recent years, including new discoveries in the field of stem cells.

Fundamental principles and applications are two areas to study smart 
materials for tissue engineering. The first approach is mostly in the hands of 
chemists and physicists, the second one is more in the hands of engineers 
and biologists. The present book tries to bridge the vital gap between these 
scientific communities. Leading experts in multidisciplinary fields con-
tributing to this book illustrate the fundamentals of smart materials, and 
their present stage in tissue engineering applications. Applications of a wide 
range of materials with diverse structures, different processing protocols, 
and responsiveness to physiological variables are discussed in the current 
book. An effort has been made to prioritize the concepts that are behind the 
design and application of smart tissue engineering materials.

The large variety of different smart materials and the large application 
areas make it difficult to systematically put them together in a single book. 
This book covers a unique aspect of materials science in tissue engineering, 
especially the applications of smart materials for tissue engineering. Work-
ing in the interface between smart materials and tissue engineering is a long 
adventure. The editor of this book, Professor Qun Wang of Iowa State Uni-
versity, wants to cover top-down applications. The vision is that there is a 
need for comprehensive knowledge on different types of smart materials 
fabrication and their corresponding tissue engineering applications. This 
book aims to fill this gap and tries to introduce new tissue engineering smart 
materials to a wide audience, from scientific communities and educational 
organizations to industrial manufacturers. The book will provide both an 
introduction to key research areas for new investigators in this highly inter-
disciplinary field, and a resource for those already working on fundamental 
materials research for tissue engineering applications. This is an authorita-
tive book in the most recent developments in the area, as well as a valuable 
reference for anyone contemplating working in the field.

Robert S. Langer
Massachusetts Institute of Technology, United States
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Preface

As an emerging area in materials science, smart materials have achieved  
tremendous success in developments in recent years. However, there is no book 
to summarize the research of smart materials in tissue engineering. It's diffi-
cult to know where to learn about this exciting topic. This book is an attempt 
to document the recent advancements for applications of smart materials in 
tissue engineering. Bringing together scientists and engineers that work in dif-
ferent fields of chemistry, physics, biology, materials science, pharmaceutics, 
medicine, and in clinics, this book has a broad focus on applications of smart 
materials in tissue engineering. By uniting these diverse areas, fresh prospects 
are opened up and fill the gap between fundamental research and application- 
originated technology and products. This book tries to introduce the practice 
of new tissue engineering smart materials to a wide range of audiences, from 
scientific communities to industrial organizations. The chapters are compre-
hensively covered from material manufacturers to clinical applications.

This book has been written by a prestigious group of authors worldwide 
with international reputations, including a foreword from the founder of 
tissue engineering in regenerative medicine, Prof. Robert S. Langer, Massa-
chusetts Institute of Technology, United States. All chapters were written by 
experts in their field. In order to provide a favor to the less-informed readers, it 
is necessary to summarize in a few lines the essential contents of each chapter.  
Although all these chapters cover a broad range of topics, occasionally there 
is overlap between each contribution. Chapter 1 discusses the applications of 
multifunctional scaffolds in tissue engineering. Chapter 2 illustrates trans-
lational smart materials. Chapter 3 contains information about injectable 
smart materials. Chapter 4 and Chapter 5 highlight recent advancements in 
silicon and conductive materials for tissue engineering. Chapter 6 discusses 
cell encapsulation materials. Chapter 7 deals with smart materials for bone 
tissue engineering, while Chapter 8 discusses smart materials for cartilage 
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Prefaceviii

tissue engineering. Chapter 9 and Chapter 10 are devoted to smart mate-
rials for cardiovascular tissue engineering and wound healing. Chapter 11 
demonstrates the use of magnetic-responsive materials for cardiovascular 
tissue engineering. Chapter 12 shows how intestinal stem cells are used for 
intestinal tissue engineering. Chapter 13 and Chapter 14 deal with smart- 
tissue-engineering-scaffold-originated materials for diabetes treatments 
and nerve regeneration. From Chapter 15 to Chapter 17, smart cell culture 
materials, flexible micro- and nanoelectronics, and smart materials that are 
responsive to different external stimuli to regulate the fate of stem cells are 
introduced. Chapter 18 and Chapter 19 discuss the principles of drug delivery 
and cell delivery for tissue engineering. From Chapter 20 to Chapter 23, 
some new technologies for developing smart tissue engineering scaffolds are 
introduced, such as multifunctional scaffolds, microfluidic systems, and 3D 
printing. I hope that this summary will be helpful in encouraging readers to 
take a closer look at the various chapters.

Different from other books about tissue engineering, this book covers the 
most recent advancements in smart tissue engineering materials, which are 
not described in other books, such as multifunctional smart materials and 3D 
printing materials. It combines different approaches to utilizing smart mate-
rials as a substrate for tissue engineering, from drug and cell delivery to stem 
cell control. It also documents broad topics on smart materials for tissue engi-
neering, from basic designation to clinical applications. This book will have 
a broad audience at different levels. It could be used by graduate students as 
a textbook for material science and engineering and biomedical engineering. 
It could also be used by undergraduates as a supplementary textbook for 
biological engineering courses, materials engineering courses and chemical 
engineering courses. It could be a good resource for industry and medical 
professionals to learn about the recent products of smart materials in tissue 
engineering, as well as applications of smart materials in clinics.

I am grateful to all contributors for their consistent cooperation, but I take 
the responsibility for possible shortcomings. I was fortunate to convince 
these leading experts from different fields to share their views and visions in 
the book. I thank all of them for their efforts in writing comprehensively, as 
well as covering each assigned topic in detail. They deserve the merit of the 
book. My acknowledgement also goes to my mentor, Prof. Robert S. Langer, 
for his kind foreword and continuous encouragement. I want to acknowl-
edge the indispensable support from the Royal Society of Chemistry staff, 
particularly Lindsay McGregor for providing invaluable help with editing 
aspects. I also would like to thank the readers, from whom I will be very hum-
ble to receive comments and feedback. The acknowledgements could never 
be complete without expressing my sincere gratitude to these individuals. I 
hope that the book will stimulate junior and senior scientists and engineers 
to explore the intriguing possibilities of using smart materials for applica-
tions in the biomedical field, particularly in tissue engineering.

Qun Wang
Iowa State University, United States
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1.1   Introduction
tissue engineering is an attractive approach to restore and replace diseased 
or defective tissue offering an alternative to other clinical methods such as 
organ replacement. Conventional tissue engineering approaches involve the 
use of a scaffold mainly as a structural element with defined physicochemi-
cal, mechanical and biological properties and appropriate architecture and 
porosity to support cell metabolism. however, recent approaches in tissue 
regeneration combine three key elements: a scaffold as a micro-environment 
to promote cell adhesion for tissue development, an appropriate cell type, 
and biomolecules and drugs to guide cell response and function.1–3 there 
has been enormous interest lately in the growth of different types of tissues 
using multifunctional scaffolds that can actively participate in the process to 
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Chapter 12

provide the biological signals that guide and direct cell function (prolifera-
tion, growth and differentiation). Such scaffolds are derived from novel func-
tional and smart materials that allow tuning of the properties and behavior 
of the scaffolds and can perform multiple crucial tasks simultaneously i.e. 
deliver bioactive and pharmaceutical molecules, direct cell growth and 
differentiation, and control stem cell behavior.4

organic, inorganic and hybrid (organic–inorganic) materials have all been 
explored in the development of multifunctional scaffolds. Basic material 
requirements for use in tissue engineering include biocompatibility, histo-
compatibility, non-toxicity and the ability to engineer an appropriate scaf-
fold with the required functionalities.

Multifunctional scaffolds based on smart materials have been applied 
in different tissue engineering fields. the most frequently studied areas in 
the literature include the use of multifunctional scaffolds in bone, cartilage 
and muscle formation, in cardiovascular and endothelium tissue engineer-
ing, in the growth of skin and in neural regeneration. other applications 
include their use in dental, corneal and retina tissue engineering as well as 
in wound healing. this chapter will focus on the most extensively studied 
tissues of which the understanding and knowledge have matured the most. 
although multifunctional materials and stimuli-sensitive nanoparticulate 
drug delivery systems have also shown great therapeutic potential for vari-
ous cardiovascular and infectious diseases and cancer,5 this application will 
not be discussed here. in the following, the sections are divided based on 
the respective tissue of interest, for which the material characteristics and 
the multifunctionality of materials and scaffolds are discussed (Figure 1.1). 
the potential clinical applications of the multifunctional scaffolds are also 
considered.

1.2   Applications of Multifunctional Scaffolds in 
Tissue Engineering

1.2.1   Bone and Cartilage
Bone is a remarkably organized, hierarchical connective and vascularized tissue 
that provides mechanical support and serves various biological functions. 
degenerative diseases, cancer or injury can cause bone defects. despite the 
impressive ability of bone to heal spontaneously after trauma or fractures, a 
significant need still exists to develop strategies that promote the healing of 
non-spontaneously healed defects as a result of sufficiently large fractures 
or diseases with poor healing ability (i.e. osteoporosis, cancer). Bone tissue 
regeneration is a physiological and complex procedure that involves a well- 
orchestrated participation of various bioactive molecules. Bone extracellular 
matrix (eCM) comprises different proteins such as collagen fibronectin (Fn), 
osteocalcin (oC), osteopontin (opn), and bone sialoprotein (BSp). different 
bone morphogenetic proteins (BMps) and growth factors, like transforming 
growth factor-beta (tGF-β), insulin-like growth factor (iGF), platelet-derived 
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3Applications of Smart Multifunctional Tissue Engineering Scaffolds

growth factor (pdGF), fibroblast growth factor (FGF), and vascular endo-
thelial growth factor (veGF), are actively involved in the process of bone 
regeneration, in a spatiotemporal and concentration-controlled manner.6–8 
Multifunctional scaffolds, based on smart materials, are capable of promot-
ing new bone formation, and have received particular attention in the field 
of bone tissue engineering lately. these scaffolds must indulge a series of 
different requirements such as bioactivity, biocompatibility, controllable 
biodegradability, appropriate mechanical strength, architecture and poros-
ity, sustained delivery of chemical and biological cues (growth factors, genes, 
peptides, small bioactive molecules and ions) to eliminate infection from 
pathogens and reduce immune response, while promoting cell attachment 
and growth and stimulating osteo-differentiation and angiogenesis.9–12

1.2.1.1  Natural Polymers
natural polymers have been extensively employed as multifunctional 
materials in bone and cartilage tissue engineering. this is driven by their 
superior biological response and their behavior that closely mimics tissue 
replacement, as well as the inherent non-toxicity and biodegradability of 
these materials, which renders them particularly attractive for use in  
biomedical applications. Silk possesses good mechanical properties that can 

Figure 1.1    Multifunctional materials and strategies for applications in tissue 
engineering.
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Chapter 14

be combined with the adhesive properties of the tripeptide arg-Gly-asp (rGd) 
for the development of robust multifunctional scaffolds exhibiting good 
cell adhesive properties, high wettability and enhanced biodegradability  
supporting the attachment, proliferation, and spreading of MC3t3-e1 cells.13

enormous effort has been focused on the potential of cells and stem cells 
to differentiate because it allows the growth of tissues in vitro before their 
implantation in vivo using a variety of available cells. the design of the scaf-
fold microenvironment, along with the presentation of appropriate cues to 
induce the differentiation of stem cells, is a highly promising strategy in  
tissue engineering. the surface functionalization of biomaterial scaffolds 
with biomimetic proteins is commonly employed in this direction. Collagen 
is the most frequently used matrix as it is found in the extracellular matrix and 
provides mechanical strength and supports bone formation. Collagen-based 
scaffolds have been shown to increase the adhesion, growth, and differentia-
tion of osteoblastic cells and promote tissue formation in vivo. on the other 
hand, adhesive molecules such as Fn can regulate cellular recognition of the 
scaffold through integrin signaling. oC, a non-collagenous protein with a 
high affinity for mineral crystals, promotes the biomineralization process 
and has been reported as the key factor during the late phase of osteoblasts 
and stem cell differentiation. in a novel strategy, oC-Fn possessing a colla-
gen binding domain has been integrated in a collagen fibrillar network to 
provide multifunctional and highly stable scaffolds.14 the Fn active sites 
enhance the attachment of mesenchymal stem cells (MSC) onto the hybrid 
matrix, whereas a rapid cell confluence and differentiation to a mature and 
osteogenic phenotype is driven by oC, leading to significantly improved 
in vivo bone formation in calvarial defects.

BMps are an important protein family used extensively for the differentia-
tion of pre-osteoblasts and MSCs into osteogenic and chondrogenic cells in 
bone and cartilage tissue engineering. among them, BMp-2 exhibits high oste-
oinductive capacity.15 however, the delivery mode of BMp-2 from the carrier 
affects the efficacy of bone regeneration. a sustained in vivo delivery of BMp-2 
has been shown to favour bone formation compared to the burst release of 
the protein.16,17 Site specific binding and regulated delivery of BMp-2 can  
prolong its delivery and maintain a higher local concentration at the bone injury 
site. vehicles based on different biomaterials have been used to tackle this 
challenge, among which, demineralized bone matrix collagen, derived from 
cancellous bone tissues, is particularly attractive because it resembles the 
human bone structure and composition. the specific conjugation of a mono-
clonal antibody containing six histidine tags on the collagen scaffold followed 
by BMp-2 binding using orthogonal chemistries increases the loading capac-
ity of the scaffold for BMp-2 and its ability to control the release in vitro.18 
the multifunctional scaffolds show increased osteogenic differentiation due 
to the presence of BMp-2 and more ectopic bone formation. another strat-
egy employs multifunctional porous or nanoparticulate materials that can 
deliver single or multiple growth factors in a controllable manner. alginate is 
a particularly attractive matrix due to its inertness and lack of interference in 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

00
01

View Online

http://dx.doi.org/10.1039/9781788010542-00001


5Applications of Smart Multifunctional Tissue Engineering Scaffolds

the signaling molecules–cells interactions. Macro-porous alginate scaffolds 
functionalized with both the tGF-β1 chondrogenic-inducing factor and the 
rGd peptide strongly affect the MSC morphology, viability and proliferation 
as well as cell differentiation and the appearance of committed chondrocytes, 
leading to more effective chondrogenesis compared to the scaffolds func-
tionalized solely with tGF-β1.19 this is attributed to the effective cell–matrix 
interactions promoted by the immobilized rGd peptide, which result in a 
better cell accessibility to the tG-Fβ1 inducer. the regulatory role of tGF-β1 
in the osteogenic activity of BMp-2 has been further confirmed in collagen 
sponge scaffolds. regulation of the osteoblast and osteoclast generation in 
the early stages of bone formation induce a five-fold greater bone volume 
upon the co-delivery of the two growth factors, compared to that induced 
by BMp-2 alone.20 Moreover, gelatin sponges comprising a biodegradable 
three-dimensional hydrogel porous structure, and incorporating both BMp-2 
and Wnt1 inducible signaling pathway protein 1 (WiSp1), exhibit a higher 
bone formation capacity for mice with reduced ability to regenerate bone 
compared to the scaffolds incorporating BMp-2 or WiSp1 alone.21 this indi-
cates that WiSp1 enhances the BMp-2-induced osteogenesis and leads to an 
increased expression of the osteopontin gene in vivo, facilitating human bone 
marrow stromal cell migration to the defective zone. Similar gelatin scaffolds 
allow the controlled and sustained delivery of a stromal cell-derived factor-1 
(SdF-1) and BMp-2 and promote angiogenesis and bone regeneration in vivo 
compared to the release of either of the two proteins alone.22 the synergistic 
effect of SdF-1, which induces stem cell migration and inflammatory cell and 
stem cell recruitment,23,24 and BMp-2 is attributed to the enhanced expres-
sion level of the CXC chemokine cell-surface receptor-4 (Cxcr4), runt-related 
transcription factor 2 (runX2), and oC genes activating the process of cell 
recruitment, angiogenesis, and osteogenesis. apart from porous scaffolds, 
nanoparticulate carriers have several advantages in terms of prolonging the 
release of actives. nanoparticles based on chitosan and chondroitin sulfate 
are used to deliver proteins, growth factors and platelet lysates to cells.25 the 
nanoparticles exhibit high encapsulation efficiencies due to the interactions 
of the proteins with the polysaccharides and control the release of their cargo 
for over one month. the platelet-loaded nanoparticles enhance the osteo-
genic differentiation of human adipose-derived stem cells in vitro and exhibit 
an increased level of mineralization. an interesting approach employs genet-
ically modified plant virus particles as multivalent, low cost and low toxicity 
nanosized carriers for the presentation of the rGd sequence to enhance bone 
differentiation of stem cells in osteogenic media containing xenogeneic  
proteins and growth factors.26 the virus particles with the rGd peptide 
extended from the carboxy end of the tobacco mosaic virus coat protein are 
immobilized onto glass slides pre-treated with two polyelectrolytes, polyal-
lylamine and poly(styrene sulfonate), to form a stable layer-by-layer (lbl) 
assembly on the substrate. these surfaces induce the rapid onset of several bone 
differentiation markers, oC, BMp-2 and calcium, in bone-marrow-derived 
MSC culture, leading to rapid bone replacement.
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Chapter 16

Finally, self-assembling peptides have lately appeared as a particularly 
attractive system to replicate the regulatory role of the extracellular matrix 
and facilitate osteogenic cell differentiation and bone deposition. Bioactive  
peptide nanofibers presenting histidine moieties on the fiber periphery 
exhibit multifunctional matrix-regulatory and catalytic properties supporting 
osteogenesis.27 this is enabled by the alkaline phosphatase-like behaviour 
of the imidazole-functionalized peptide fibers that is involved in controlling 
phosphate homeostasis and in promoting the formation of hydroxyapatite 
(ha) by the nonspecific cleavage of phosphate esters on the fiber surface. 
Similar, multifunctional, amphiphilic peptides containing a carboxyl-rich 
peptide domain and a peptide sequence with binding affinity for BMp-2 
are co-assembled with negatively charged spacer molecules into a scaffold 
exhibiting improved osteogenic efficacy in a rat model (Figure 1.2). a 10-fold 
decrease of the BMp-2 dose and a 100% and 42% spinal fusion rate in the 
presence of exogenous and endogenous BMp-2 is recorded.28

a very important feature of a functional scaffold is its ability to induce 
vascularization of the tissue following implantation. this is supported by 
the porosity of the scaffold as well as its spatiotemporally controlled bioac-
tive release properties. polysaccharide hydrogel bead scaffolds based on  
κ-carrageenan can incorporate the pdGF, which induces the production of 
veGF and FGF by smooth muscle cells, and support angiogenesis.29 the 
great encapsulation efficiency and the sustained release kinetics of pdGF 
lead to the formation of a highly functional vascular network, whereas the 
temperature-induced gelling of κ-carrageenan renders these materials attractive 
for use in injectable systems, requiring minimally invasive procedures.

1.2.1.2  Synthetic Polymers
Synthetic polymers can be appropriately designed to incorporate multiple 
osteoinductive agents and are very effective in inducing bone formation. 
Functionalized synthetic micro/nanoparticles and fibers carrying reactive 
groups and possessing large surface areas for grafting multiple BMps have 
been extensively employed to prolong the release of the proteins, reduce 
their diffusion away from the injury site and maintain sufficient protein 
concentration for cell differentiation in bone tissue engineering. BMp-7 
coupled with BMp-2 in 3-d scaffolds replicates the in vivo bone regenera-
tion conditions. the controlled and sequential release of BMp-2 and BMp-7 
from nanoparticles incorporated in poly(ε-caprolactone) (pCl) 3-d scaffolds 
increase the osteoinductive properties of the multifunctional construct  
compared to the release of BMp-2 alone or the simultaneous delivery of the 
two growth factors.30 electrospun pCl nanofibers have also been employed 
for the covalent immobilization of liposomes loaded with runX2 acting 
simultaneously as a gene delivery platform and tissue engineering scaffold 
and supporting the osteogenic differentiation of bone marrow mesenchymal 
stem cells (BMSCs).31 the high contact area of the cells with the liposomes 
facilitates the internalization of the latter by the cells, thus maximizing the 
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Figure 1.2    (a) Chemical structures of the bone morphogenetic protein 2 (BMp-2)-binding peptide amphiphile (BMp-2b-pa) and the dilu-
ent (peptide amphiphile) pa, which are mixed in the BMp-2-binding pa system (d-BMp-2b-pa). (b) Schematic representation 
of the BMp-2-induced osteoblast differentiation by the pa nanofibers in C2C12 cell cultures. (c) alp detected in the cells after 
3 d. a representative scale bar is displayed. From S. S. lee, et al., advanced healthcare Materials, Copyright © 2015, by John 
Wiley & Sons, inc. reprinted by permission of John Wiley & Sons, inc.
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Chapter 18

delivery of the gene and leading to a long-term gene expression and an early 
onset of other osteoblastic marker expressions relevant for bone homeostasis.

Multilayer films are also attractive for the efficient loading and controlled 
release of multiple biological cues. recombinant human (rh) BMp-2, and 
an angiogenic growth factor, rhveGF165, have been incorporated in a poly-
electrolyte multilayer film. the degradable lbl assembly induces a dosage 
correlation effect on the differentiation of MC3t3-e1S4 pre-osteoblasts and 
increases human umbilical vein endothelial cells’ (huveCs) proliferation 
leading to a 33% higher bone density compared to the BMp-2 alone.32 preor-
ganization of the interactions between multivalent scaffolds bearing immobi-
lized cues is nowadays an attractive means to amplify the signaling pathways 
and control the cell fate. the spatially controlled activation of tGF-β by a 
self-assembled monolayer displaying peptide ligands to tGF-β receptors, 
allows the sensitization of the adhered cells to very low amounts of endog-
enous tGF-β and can serve as a platform for controlling cell decisions.33 
Fibrous materials bearing appropriate functionalities (propargyl, alkene, 
alkoxyamine, and ketone groups) of controlled surface density enable the 
use of orthogonal bioconjugation chemistries to prepare multifunctional 
fibers. Multifunctional coextruded fibers have been modified using a photo-
chemical process to incorporate the functional groups, and then decorated 
with cell-responsive peptides of spatially controlled surface density.34 the 
combined cellular response to two synergistic peptides, the rGd sequence 
and the osteogenic growth peptide (oGp) sequence induces increased adhe-
sion and differentiation of pre-osteoblast cells on the scaffolds.

another important family of smart polymers used in tissue engineering is 
that of electroactive polymers, which allow the stimulation of cell adhesion, 
proliferation, and differentiation by an electrical stimulus (eS). the incorpo-
ration of aniline moieties in polymeric materials can provide scaffolds with 
electroactive properties. lbl films based on a poly(l-glutamic acid)-graft- 
tetraaniline/poly(l-lysine)-graft-tetreaniline assembly can serve as scaffolds 
of high stiffness, roughness and electroactivity.35 these characteristics 
favour the growth and differentiation of pre-osteoblast MC3t3-e1 cells into 
maturing osteoblasts when applying the eS, presenting a novel approach to 
improve osteogenesis.

Shape memory materials have also been employed as a novel class of 
stimuli-responsive materials with great potential for the realization of smart 
tissue engineering constructs using minimal invasive implantation. their 
intrinsic shape recovery properties enable the delivery of a bulky device in 
a small sized shape through a narrow passage in the body, and the recov-
ery of its original shape when actuated by an external stimulus such as tem-
perature, ultrasound, etc. the use of such materials to enhance the efficacy 
in repairing bone defects has been demonstrated. in one example, rat  
calvarial osteoblasts were cultured on thermo-responsive and biodegradable 
poly(d,l-lactide-co-trimethylene carbonate) fibrous scaffolds fabricated by 
electrospinning.36 the fibers exhibit biomimicking properties and excellent 
shape memory properties thus enhancing bone tissue repair with minimal 
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9Applications of Smart Multifunctional Tissue Engineering Scaffolds

invasive implantation. however, despite their great advantages and poten-
tial, injectable, dual-purpose grafts are still limited in the literature.

nowadays, much research effort has been focused on dual purpose bone 
grafts delivering locally an antibiotic to prevent bacterial biofilm formation 
and a growth factor to induce vascularization and bone healing at biologically 
relevant timescales.37 hybrid scaffolds comprising poly(lactic-co-glycolic 
acid) (plGa) microspheres, containing BMp-2, in poly(β-amino ester) (pBae) 
hydrogel particles loaded with ketoprofen, a pharmaceutical molecule, have 
been developed.38 the fast-degradation of the pBae particles induces a rapid 
drug release over the first 12 h, while at the same time these particles act 
as a porogen to the plGa scaffold producing a porous microarchitecture 
which sustains the BMp-2 release. another dual growth factor delivery system  
combing a viscoelastic gellan xanthan gel with bFGF- and BMp-7-loaded anti-
bacterial chitosan nanoparticles has been employed to induce the differen-
tiation of human fetal osteoblasts.39 the injectable biomaterial with in situ 
ionic- and temperature-induced gelation exhibits enhanced cell growth and 
differentiation attributed to the prolonged delivery of the two growth fac-
tors as well as powerful antimicrobial properties against the most common 
pathogens in implant infections, and is proposed for minimally invasive 
bone regeneration. an interesting approach employs a programmable dual 
therapy multilayer implant coating for single-stage revision in orthopedic 
applications based on a lbl film (Figure 1.3).40 the self-assembled, hydro-
lytically degradable multilayers enable the time-dependent co-delivery of the 
antibiotic gentamicin and BMp-2 in an independently controlled fashion 
leading to more effective bacteria-free and rapid bone healing. other studies 
have also shown the dual-purpose sustained release of BMp-2 and vancomy-
cin,41 gentamicin,42 or nanosilver43 to control infection and promote bone 
formation. in all these cases, understanding the molecular interactions of 
bacteria and cells with the scaffolds in the presence of drugs is essential in 
the design of the optimal strategy for open fracture healing. the selection of 
appropriate antibiotics, the tuning of the release kinetics of both pharma-
ceuticals, as well as more challenging preclinical studies in larger animals, 
will advance the application of this concept at a clinical level.

1.2.1.3  Inorganic Materials
inorganic scaffolds for bone tissue engineering are mainly based on bio-
active calcium phosphates and bioactive glasses. Biocompatible and 
osteoconductive tricalcium phosphate (tCp) and ha are typical forms of 
bioactive calcium phosphates with a chemical composition close to that 
of the inorganic component of the native bone tissue.9 Bioactive glasses 
(BG) include calcium containing silica glasses which upon contact with the 
body fluids develop a hydroxycarbonated apatite surface deposit. this surface  
layer induces bone formation and binds strongly to the surrounding  
tissues and vessels in vivo. BG can also stimulate the secretion of angiogenic 
growth factors in vitro.6,10
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Chapter 110

Multifunctional scaffolds based on these inorganic materials have been 
developed by the incorporation of growth factors, small drugs, ions (such as 
copper and cobalt), stem cells or a combination of these bioactive cues. porous 
scaffolds, functionalized with such signaling molecules and cells, display the 
inherent osteoconductivity of the inorganic material in addition to enhanced 
angiogenic capacity, osteostimulation and antibacterial properties. Several 
studies have reported the combination of growth factors with metal ions or cells 
or two different protein growth factors for the development of multifunctional 
scaffolds in tissue engineering. Specific ions (li+, Sr2+, Mg2+, zn2+, Cu2+, Co2+) 
enhance bone regeneration by stimulating osteogenic differentiation; others 
(Cu2+and Co2+) promote vascularization and some (Cu2+, Ce3+ and Ga3+) exhibit 
antibacterial properties.44,45 these cations are often loaded in ha or bioactive 
glasses during synthesis to enhance and ameliorate their ability for bone regen-
eration. a hierarchically macro/mesoporous biodegradable silica doped with 
calcium/magnesium and loaded with BMp-2 enhances osteogenesis and bone 
growth both in vitro and in vivo.46 BMp-2 has also been combined with bone 
marrow stromal cells (BMSCs) in a mesoporous Cao–p2o5 silica scaffold.47 the  
combination of BMp-2 and BMSCs increases new bone formation significantly 

Figure 1.3    programmed sequential dual therapy delivery strategy. (a) Schematic 
of a rat tibia model with induced osteomyelitis. (b) desired release pro-
file of an antibiotic and a growth factor upon degradation of the layer-
by-layer (lbl) coating on an orthopedic implant. (c) possible scenarios 
following in vivo application (i) in an uncoated implant, the residual 
bacteria in the defect and avascular tissue act as foreign bodies and can 
cause infection and biofilm formation (represented by the yellow area), 
(ii) in the dual therapy lbl coating, local delivery of an antibiotic gen-
tamicin (GS) (red dots) controls infection until the implant is vascular-
ized and immune-competent. the subsequent release of BMp-2 (blue 
dots) induces the osteogenic differentiation of endogenous precursor 
bone marrow stem cells, resulting in optimal bone healing and implant 
integrity. reprinted with permission from ref. 40. Copyright (2016) 
american Chemical Society.
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11Applications of Smart Multifunctional Tissue Engineering Scaffolds

compared to the scaffold alone or the scaffold containing only BMp-2. FGF, 
a mitotic growth factor that stimulates cellular growth and promotes angio-
genesis and wound healing, has been combined with mesenchymal stem cells 
(MSCs) in mesoporous calcium containing silica-based microparticles.48 the 
particles exhibit enhanced in vitro formation of ha due to the calcium doping 
and improved adhesion and proliferation of the MSCs induced by the FGF.

an alternative strategy to enhance bone regeneration is by the sequential 
release of two growth factors with different binding affinities for the scaffold. 
porous β-tCp coated with a thin nanoporous mineral layer has been loaded 
with a mineral-binding version of BMp-2 and veGF.49 the higher mineral 
binding affinity of BMp-2 retards its release compared to veGF and increases 
blood vessel density tissue infiltration to the scaffold, however, the low  
concentration of BMp-2 does not induce ectopic bone formation. Small phar-
maceutical drugs have been used extensively to enhance the angiogenic and 
osteogenic properties of the inorganic scaffolds. By incorporating dimethyl-
oxallyl glycine (dMoG), a small pharmaceutical molecule that inhibits the 
hypoxia-inducible factor 1a, in a mesoporous bioactive glass (MBG) scaffold, 
the angiogenic capacity and osteogenic differentiation of human bone  
marrow stromal cells (hBMSC) have been enhanced.50 Magnetite nanopar-
ticle decorated ha containing clodronate (Cl), a drug for the treatment of 
osteoporosis that inhibits osteoclast activity, has been shown to possess 
improved osteoconductivity function and bone formation arising from the 
ha and Cl, while the magnetic nanoparticles are believed to contribute to 
the rate of bone cell proliferation and differentiation.51,52

an attractive platform lately combines scaffolds with antimicrobial prop-
erties and high angiogenic and osteogenic differentiation capacity. the  
former is induced by the incorporation of antibiotics in scaffolds charged 
with metal ions that promote angiogenesis and bone formation. levofloxacin 
has been loaded in Sr doped ha/β-tCp porous granules to enhance pro- 
osteoblastic proliferation and osteoblastic differentiation of MG63 cells.53 
Multifunctional scaffolds with high angiogenic and antibacterial capacity 
and antimicrobial properties are also obtained by incorporating cobalt (Co2+) 
or copper (Cu2+) ions and antibiotics, ampicillin or ibuprofen, in hierarchical 
mesoporous bioactive glasses (MBG).54,55 the increased osteogenesis and 
angiogenesis is attributed to the hypoxia function of the scaffolds induced 
by the metal ions, whereas the sustained release of the antibiotics and the 
presence of Cu2+ reduces bacterial survival significantly. Moreover, the incor-
poration of Si and zn elements, in the form of silica dioxide and zinc oxide, 
in 3-d printed β-tCp scaffolds has been shown to enhance bone and blood 
vessel formation and a more vascular branching morphogenesis compared 
to the undoped scaffolds.56

1.2.1.4  Hybrid Polymer/Inorganic Materials
Bone tissue itself is a nanocomposite material consisting of an organic and an 
inorganic component. the organic phase is mainly based on collagen i, while 
the inorganic phase is nanocrystalline ha. therefore, organic–inorganic 
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Chapter 112

hybrid materials, comprising a soft polymer and a hard inorganic compo-
nent, can better mimic the structure and chemical composition of bone and 
are particularly advantageous in bone tissue engineering.

Multifunctional hybrid scaffolds comprising a bioactive inorganic mate-
rial combined with two sequentially delivered growth factors resemble more 
closely the physiological eCM cues in natural bone tissue regeneration. the 
sequential delivery of the therapeutic growth factors FGF2 and FGF18 from 
core peo-shell pCl hollow fibrous scaffolds increases considerably osteo-
genesis and new bone formation with 35% new bone volume.57 Control over 
the release profile of the growth factors can be achieved by the incorporation 
of FGF2 in the core of the fibers (fast release) and encapsulation of FGF18 
within the MBG also loaded in the core (slow release). Similar behavior is 
observed for a chitosan sponge loaded with both pdGF, that is released 
quickly and acts during the first phase of bone regeneration, and veGF- 
containing alginate microspheres, which exhibit a slow release of their cargo 
and are involved in the latter stages of bone formation.58

therapeutic small molecules with controlled release profiles have been 
extensively incorporated in multifunctional hybrid scaffolds to enhance 
bone tissue formation. dexamethasone (deX), an osteogenic agent, has 
been loaded in plGa microspheres immobilized on the surface of a porous 
ha scaffold to ameliorate both bone volume and quality and a similar effect 
has been reported for alendronate-containing ha microspheres cross-linked 
in a chitosan matrix.59,60 porous plGa/tCp scaffolds containing icaritin, a 
phytoestrogenic molecule from the herb Epimedium, can also stimulate both 
osteogenesis and angiogenesis, leading to an enhanced alp activity and 
increased osteogenic marker expression in vitro and increase bone forma-
tion and vascularization in vivo.61 the combination of osteoconductive and 
antibacterial properties in a hybrid scaffold requires, as mentioned above for 
the other types of materials, a scaffold that promotes bone formation and 
the use of drugs with anti-inflammatory properties. Multifunctional hybrid 
poly(3-hydroxybutyrate)/bioglass scaffolds with gentamicin, an aminoglyco-
side antibiotic,62 and Sr-loaded calcium polyphosphate scaffolds containing 
erythromycin as the antibiotic and coated with poly(vinyl alcohol) (pva) have 
been shown to inhibit bacterial growth both in vivo and in vitro.63 on the 
other hand, the combination of drugs and protein growth factors provides 
scaffolds with novel properties. a porous collagen-ha scaffold with BMp-2 
and zoledronic acid (za) exhibits both anabolic (bone forming) and anti- 
catabolic (minimal bone-resorbing) behavior and a significantly increased 
bone volume in rats, compared to the scaffold with the BMp-2 alone.64

an indirect way to deliver growth factors and favor bone formation 
involves the incorporation of genes, capable of expressing the growth factors,  
in the scaffolds. Such a gene therapy approach for the sustained release of 
growth factors can employ mesoporous bioglass/silk fibrin scaffolds, con-
taining adenovirus for both pdGF-b and BMp-7, which leads to effective 
treatment of osteoporotic fractures.65 often the combined delivery of growth 
factors and cells is advantageous in bone reformation and vascularization. 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

00
01

View Online

http://dx.doi.org/10.1039/9781788010542-00001


13Applications of Smart Multifunctional Tissue Engineering Scaffolds

Multifunctional nanocomposite scaffolds of plGa/pCl/ha loaded with  
vascular stents of plCl/Col/ha, as a carrier for bone marrow mesenchymal 
stem cells (BMSCs), and a sodium alginate hydrogel to deliver two growth 
factors, BMp-2 and the bFGF, increase the alp activity and the vascular-
ized bone formation significantly.66 Core–shell fibrous scaffolds consisting 
of MSCs entrapped in a collagen core and an alginate hydrogel encapsulat-
ing BG enriched with Ca and Si ions in the shell enhances the osteogenic 
differentiation of the MSCs significantly and promotes cellular invasion 
around the scaffold due to the release of Ca and Si, which act as cues for the  
surrounding and encapsulated cells.67

triple functional scaffolds displaying three different functions are partic-
ularly attractive since they can combine cell adhesion, osteoconductive and 
osteoinductive properties.68 Cell adhesion rGd moieties and osteoinductive 
BMp-2, immobilized on a porous hybrid scaffold based on plGa and ha, 
exhibit high density new bone formation when combined with MSCs encapsu-
lated within collagen hydrogels.69 Modern approaches in bone tissue engineer-
ing employ hybrid shape memory scaffolds based on chemically cross-linked 
pCl and ha particles, with a shape transition from a deformed shape to a 
recovered shape at body temperature, combined with the BMp-2 growth factor 
to promote new bone formation under minimally invasive surgery.70

however, despite the enormous work involving growth factors for bone  
formation, their use is still controversial, and thus great attention has been 
paid lately to growth-factor-free approaches, which employ dynamic and 
bioactive hybrid materials in bone tissue engineering. the hybrid scaffolds 
combine enhanced stiffness, enzymatic stability, porosity, injectability and 
good cell adhesion in the presence of rGd domains, with high osteogenic 
differentiation of pre-osteoblast cells, in the absence of any osteoinductive 
factor, driven by the inorganic component.71

1.2.1.5  Hybrid Synthetic/Natural Polymers
another family of hybrid scaffolds is that based on synthetic/natural poly-
mers, which aim to better mimic the natural bone environment. Synthetic/
natural polymer scaffolds with multifunctional properties include those 
used for the delivery of two growth factors or a combination of a drug 
and a growth factor. hybrid scaffolds comprising pullulan nanogels as the  
natural polymer and four-arm thiol-functionalized polyethylene glycol as the 
synthetic component have been applied for the combined release of FGF18 
and BMp-2 and exhibit almost perfect healing, much higher than the scaf-
folds with only one of the two growth factors (Figure 1.4).72 deX and BMp-2 
have been combined in core–shell microcapsules comprising a synthetic 
plGa core and a natural alginate shell.73 the controlled release of the two 
active molecules can be tuned by varying their position in the core or the 
shell of the capsule, however, the osteogenic activity of rat BMSCs increases 
in all cases. in a related work, multifunctional hybrid scaffolds based on poly 
(l-lactide-co-ε-caprolactone)/collagen nanofibers have been loaded with bovine 
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Figure 1.4    (a) Synthetic approach for the preparation of the cross-linked pullulan nanogels via Michael addition of the acryloyl-modified 
pullulan (Chpoa) nanogels with four-arm thiol-functionalized polyethylene glycol (peGSh). (b) Schematic representation 
of the fibroblast growth factor 18 (FGF18)- and the BMp-2-release from the nanogels after disintegration. (c) degree of bone 
healing in vivo at 0, 1, 2, 4, 6, and 8 weeks after implantation: (i) of the FGF18- and BMp-2-containing nanogel/hydrogel pel-
lets, (ii) FGF18 only, (iii) BMp-2 only, (iv) FGF18 and BMp-2. Scatter spots display data for all specimens, while bars demon-
strate the average of each phase. three representative images of µCt are shown at the bottom of each graph. reprinted 
from Biomaterials, 33, M. Fujioka-Kobayashi, et al. Cholesteryl group- and acryloyl group-bearing pullulan nanogel to deliver 
BMp-2 and FGF18 for bone tissue engineering, 7613, Copyright (2012), with permission from elsevier.
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15Applications of Smart Multifunctional Tissue Engineering Scaffolds

serum albumin (BSa)-stabilized BMp-2 and deX.74 the scaffold with both 
bioactive agents in the core and the shell of the fibers shows the highest alp 
activity compared to that incorporating BMp-2 in the core, suggesting that 
the osteogenic activity is regulated by the concentration of BMp-2 in the cell 
culture. in order to further control the release of BMp-2 in the medium, elec-
trospun nanofibers based on poly(ε-caprolactone)-co-poly(ethylene glycol) 
(pCl-co-peG) and loaded with deX and chitosan-stabilized BSa nanoparti-
cles containing BMp-2 (Bnps) have been developed.75 the sustained delivery 
of BMp-2 from the Bnps improves further the alp activity and supports 
in vivo osteogenesis in calvarial bone defects.

Finally, growth-factor-free approaches have employed semipermeable  
capsules based on a lbl coating of polylysine, alginate, chitosan and alginate, 
to encapsulate poly(l-lactide) (plla) microparticles functionalized with  
collagen i and a co-culture of adipose stem cells (aSCs) and endothelial cells 
(eCs). these microcapsules increase the alp activity and the surface miner-
alization and enhance the BMp-2, runX2 and BSp markers.76 the observed 
self-regulation and differentiation of the cells without the need of growth factors 
is attributed to the liquefied environment of the capsules, which allows 
the transfer of nutrients, and the spatial coexistence of the cells, which can 
communicate and self-organize within the capsule.

1.2.2   Muscle
Skeletal muscle tissue engineering employs different cell sources and bioac-
tive molecules to activate skeletal muscle regeneration and can be applied 
as a promising therapeutic tool to treat patients with large-scale muscle 
atrophy. Biomaterial scaffolds have been shown in animal models to play 
a key role in increasing the therapeutic potential of the cells and growth  
factors. the function of the biomaterial is to serve as a matrix providing a 
suitable micro-environment for the cells, to guide tissue reorganization and to 
deliver and release bioactive factors. Biomaterials in different forms, ranging 
from porous three-dimensional scaffolds to patterned surfaces, have been 
employed in muscle tissue engineering to induce, among others, vascular-
ization, innervation, and contractility. Multifunctional and hybrid biomate-
rials that enhance muscle regeneration have attracted particular attention. 
Such materials can release multiple bioactive molecules and provide surface 
signals to activate, recruit and rearrange the cell populations (Figure 1.5).4 
the sustained co-delivery of veGF, to promote angiogenesis, and iGF-1, to 
directly stimulate muscle regeneration, from an injectable and biodegrad-
able alginate gel has been investigated.77 the combined release of veGF and 
iGF-1 leads concurrently to angiogenesis, reinnervation, and myogenesis in 
ischemic hindlimbs of mice models. Moreover, appropriate functionaliza-
tion of the above macroporous alginate scaffold with the cell adhesion oligo-
peptide G4rGdSp prevents apoptosis of the cells upon transplantation and 
promotes their proliferation and differentiation to myoblasts, resulting in 
increased muscle mass and contraction function.78
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Figure 1.5    Schematic representation of multifunctional scaffolds that stimulate the endogenous mechanism of muscle regeneration. 
(a) Multifunctional 3-d scaffold combined with cells transferred at the muscle defect site. (B) the hybrid biomaterial charac-
teristics provide immune protection of incorporated cells and at the same time allow them to secrete the paracrine factors, 
which are involved in recruiting host cell populations. (C) the degradation of the biomaterial over time releases the cells and 
next via the biomaterial scaffold guidance the cell alignment and myoblast differentiation is stimulated. (d) paracrine cues 
stimulate vascularization and innervation, (e) and support the multifunctional approach for successful muscle regeneration. 
reprinted from Biomaterials, 53, t. h. Qazi, et al., Biomaterials based strategies for skeletal muscle tissue engineering: exist-
ing technologies and future trends, 502, Copyright (2015), with permission from elsevier.
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17Applications of Smart Multifunctional Tissue Engineering Scaffolds

electroactive shape memory polymers are particularly attractive in muscle 
regeneration. Shape memory polymer networks comprising a six-arm 
polylactide (pla) star and amino-capped aniline trimers as the electroactive 
functionalities have been developed and used for the enhanced proliferation 
and differentiation of C2C12 myoblast cells.79 the scaffolds displayed good 
mechanical properties at body temperature, biocompatibility, degradability 
and excellent shape memory properties with a recovery time of a few seconds, 
recovery ratio >94%, and fixity ratio ∼100%, characteristics that render them 
excellent candidates in muscle tissue engineering.

a unique tissue interface and a highly specialized region in the muscle–
tendon unit, is the muscle–tendon junction (MtJ). tailor-made materials 
to support composite MtJ tissue engineering are employed in the fabrication 
of scaffolds that exhibit different mechanical profiles at different parts 
of the scaffold mimicking the strain profiles of the native MtJ. Such a  
mandrel-shaped scaffold, comprising co-electrospun pCl/collagen and 
plla/collagen fibers at the two opposite ends, formed a continuous scaf-
fold with high stiffness/low compliance at one end and low stiffness/high 
compliance in the other.80 this scaffold supports both tendon tissue, at the 
plla end, due to its high stiffness and low ductility, and skeletal muscle at 
the end of electrospun pCl, where the scaffold is less stiff, but has a greater 
ductility. another interesting approach in muscle tissue engineering has 
been introduced based on a soft cell-culture-platform comprising a biocom-
patible low-modulus polydimethylsiloxane substrate onto which ultrathin 
stretchable gold nanomembrane sensors and patterned graphene nanorib-
bons were deposited.81 the modulus of the system has been designed to 
match that of muscle tissue and the device has been employed for the 
unidirectional orientation of C2C12 myoblasts. the platform presents  
various functions such as enhanced cell proliferation and differentiation 
and alignment of the cells on the patterned graphene nanoribbons,  
mimicking the structure of the native muscle tissue.

Finally, an essential aspect for proper in vivo skeletal muscle development 
is the electrical stimulation of the tissue-engineered constructs to mimic the 
electrical impulses of the muscles from the central nervous system. although 
this field is still in its infancy, the pioneering work of ito et al. shows that 
optimization of the electrical pulse stimulation during myogenic differentia-
tion can lead to functional skeletal muscle tissues.82

1.2.3   Skin Tissue Engineering
Skin is the largest human tissue, which consists of three layers—epidermis, 
dermis and hypodermis—with a complex network of vessels and nerves that 
under physiological conditions are inherently self-renewable. Skin possesses 
multiple functions as a physical barrier that protects the host from bacte-
ria and infections and from mechanical or chemical damage. Skin has the 
ability to regenerate when the injury affects the epidermal layer and the top 
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layer of the dermis. however, skin regeneration and healing of massive and 
deep dermal loss due to acute injuries and chronic diseases is still a chal-
lenge today. there are several treatments to repair skin trauma including 
autografts, allografts and xenografts. however, these methods have several 
downsides such as immune rejections, donor limitations and scarring.83–86 
an alternative approach for skin replacement is skin tissue engineering, 
which focuses on promoting the regeneration of lost skin by stimulating the 
ability of the skin to self-regenerate.

Wound healing is an intricate process that consists of three overlapping 
phases: initial inflammation, proliferation and tissue remodeling. there are 
numerous protein growth factors (epidermal growth factor, (eGF), pdGF, 
tGF-β and FGF), cells (fibroblasts, keratinocytes and leukocytes) and cyto-
kines that are involved in the cascade processes of skin regeneration and 
healing. Current efforts in skin tissue engineering are aimed at the success-
ful development of smart multifunctional scaffolds with the ability to simu-
late the eCM micro-environment of native skin and to promote the right cues 
that can direct and promote cell proliferation, differentiation, migration and 
organization leading to skin regeneration, recovery of its full function and 
at the same time prevent scars. Bioactive elements that can be embedded 
within the scaffolds to induce skin regeneration are protein growth factors, 
cells, or therapeutic molecules with antibacterial and anti-inflammatory 
properties. these signaling molecules can be incorporated directly within 
the scaffold or they can be first introduced in polymeric vesicles to control 
their delivery.85,86

the materials used to fabricate scaffolds for skin tissue engineering 
should be biocompatible, non-cytotoxic, biodegradable, possess appro-
priate mechanical and physical properties, and promote favorable cell 
interactions. natural and synthetic polymers and hybrid materials have all 
been used for skin regeneration. natural materials include collagen, gela-
tin, fibrin, hyaluronic acid, alginate and chitosan (CS), whereas synthetic 
analogues are pCl, plGa, peo and pla.85–88 there are several examples of 
scaffolds incorporating two or more growth factors to enhance their skin 
regeneration capacity. electrospun CS/peo nanofibers containing fast- 
released veGF and pdGF-containing plGa nanoparticles to slow down the 
release of pdGF, can stimulate angiogenesis, increase re-epithelialization 
and control granulation tissue formation (Figure 1.6).89 Similar biologi-
cal functions are attained by eGF- and veGF-loaded chitosan micropar-
ticles embedded within a dextran hydrogel,90 while peo/plGa nanofibers 
containing rheGF- and recombinant human basic fibroblast growth  
factor (rhbFGF)-loaded plGa microspheres enhance the proliferation rate 
of human skin fibroblasts due to the synergistic effect of the two growth 
factors.91 enormous progress has also been made in the simultaneous 
incorporation of multiple growth factors—veGF, pdGF, bFGF and eGF—in 
collagen/hyaluronic acid nanofibers.92 Control over the sequential release 
of bFGF and eGF at the first stages of healing to increase epithelializa-
tion and vasculature spouting, followed by the slow release of veGF and 
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art M
ultifunctional Tissue Engineering ScaffoldsFigure 1.6    (a) Schematic representation of nanoparticle-containing electrospun chitosan/peo nanofibers carrying two growth factors: 

veGF (fast release) and pdGF-BB (slow release). Following scaffold implantation on the skin wound site, tissue regeneration 
and healing are promoted by releasing the bioactive molecules at different healing phases. (b) Wound healing ability of 
the nanofibers evaluated using a full skin rat wound model 0, 1, 2, and 4 weeks after curing. Controls are 2 : 1 CS–peo, 2 : 1 
CS–peo-nps, and hydrofera Blue. reprinted from acta Biomaterialia, 9, z. Xie, et al. dual growth factor releasing multi-func-
tional nanofibers for wound healing, 9351, Copyright (2013), with permission from elsevier.

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

00
01

View Online

http://dx.doi.org/10.1039/9781788010542-00001


Chapter 120

pdGF, pre-loaded within gelatin nanoparticles, to induce blood vessel matu-
ration, increases the proliferation rate of endothelial cells and results in 
a better network formation, enhanced wound healing rates, increased  
collagen deposition and improved vessel maturation upon implantation 
in diabetic rats.

the combination of the artificial dermal matrix integra® with hMSCs 
and platelet-derived rich plasma (prp) in multifunctional scaffolds offers 
additional advantages in skin regeneration due to the high plasticity of the 
hMSCs, which can differentiate into other cell linkages, and the wound heal-
ing properties of prp, by the release of pdGF, tGF-β, eGF, iGF-1, iGF-2 and 
veGF.93 Bioactive molecules, such as vitamins C and d, the steroid hormone 
hydrocortisone, the peptide hormone insulin, the thyroid hormone triiodo-
thyronine, retinoic acid and eGF, incorporated within collagen/plGa or 
core–shell nanofibers consisting of gelatin/poly(l-lactic acid)-co-poly(ε-capro-
lactone) enhance human dermal fibroblast and keratinocyte proliferation as 
well as adSCs proliferation and differentiation to epidermal lineages.94,95 
antibiotics are also important to prevent wound infection. an interesting 
approach involves the use of collagen-coated poly(3-hydroxybutyric acid)/
gelatin nanofibers containing a bioactive extract from the Coccinia grandis 
plant to increase the antibacterial activity of the scaffold against both Gram 
positive and Gram negative bacteria, as well as the adhesion of both nih 3t3 
fibroblasts and human keratinocytes.96 Gentamicin- and rhveGF-containing 
plGa microparticles have also been incorporated within collagen/chitosan 
porous scaffolds to sustain their release and thus promote the antibacterial 
and angiogenic properties of the scaffold.97

Multifunctional, composite, electrospun nanofiber scaffolds comprising 
cationic gelatin/hyaluronan/chondroitin sulfate with incorporated sericin, 
an antioxidant, antibacterial, and anticancer factor, and glycosaminoglycans, 
have been fabricated.98 the presence of sericin increases the proliferation 
of human foreskin fibroblasts, human keratinocytes and hMSC and stim-
ulates the hMSCs’ epithelial differentiation when co-cultivated with kerati-
nocytes. Gene therapy approaches have been extensively used to induce the 
local release of growth factors during skin regeneration and to enhance their 
regenerative potential in vivo. polyethylenimine-coated plasmids coding for 
veGF, introduced in a Fda-approved collagen scaffold, increase the release 
of veGF and the non-adherent cells significantly, especially erythrocytes,  
presenting a novel method for scaffold bioactivation.99 in a similar approach, 
polyethylenimine polyplexes of a basic fibroblast growth factor-encoding 
plasmid (pbFGF) incorporated in core–shell pla–peG increases skin heal-
ing, vascularization and collagen deposition significantly.100 a novel strategy 
towards the development of a multifunctional scaffold combines a trimethyl 
chitosan/sirna complex in a porous membrane bilayer dermal analogue 
comprising collagen–chitosan and silicone. the complex architecture  
promotes skin regeneration in the porous collagen–chitosan scaffold with 
silicon acting as a temporal epidermis to prevent infections, while the 
trimethyl chitosan/sirna complex interrupts the tGF-β1 signaling pathway 
leading to scar-free new skin formation.101
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21Applications of Smart Multifunctional Tissue Engineering Scaffolds

1.2.4   Cardiovascular
the number of patients with cardiovascular diseases (Cvds) has risen world-
wide and these diseases are the main cause of mortality.102 typical Cvds 
include coronary artery disease, and the malfunction of myocardium or 
heart valves. healthy autologous vascular grafts, which could be a therapeu-
tic approach in clinical use, have the limitation of a shortfall in demand.103 
potential solutions to overcome existing challenges caused by autologous 
grafts are based on the development of synthetic materials for vascular and 
myocardium tissue replacement. although synthetic polymeric and metallic 
vascular grafts have a broad clinical use, there are certain limitations intro-
duced by the material’s thrombogenic ability, caused due to protein adsorp-
tion and platelet adhesion and activation on the surface of the grafts.104,105

While the implantation of stents is the major therapeutic approach to cure 
coronary artery malfunctions,106 it can give rise to cellular and biochemical 
actions inducing pathological diseases.107,108 the series of actions involves 
inflammation and smooth muscle hyperplasia that can lead to thrombosis 
upon further inflammation or rupture of the plaque. if the thrombotic event 
does not occlude the artery, the cycle occurs again.109–111 the thickening of 
the artery wall may be due to poor re-endothelialization on the stents.107 
thrombosis and restenosis are two serious challenges to control as they are 
major obstacles for commercially available vascular stents.112 the physiolog-
ical vascular endothelium comprises a monolayer of endothelial cells (eCs) 
acting as the natural anticoagulant of the artery wall.112 this structure is 
essential to preserve vascular homeostasis and adjust the growth of smooth 
muscle cells (SMCs). Seeding of endothelial cells (eCs) onto the stent surface 
has been investigated as a means to avoid direct contact of the blood with the 
synthetic material producing thrombosis,113 and to regulate the phenotype 
and proliferation of the SMCs.107

numerous studies have reported the delayed or absent endothelialization 
in late stent thrombosis (lSt).114 the bare stent surface is a risk for the  
formation of lSt.112 drug-eluting stents (deS) are important tools to treat 
Cvds as they decrease the restenosis rate significantly.108,115,116 Current 
drug-eluting stents aim to prevent the proliferation of vascular SMCs, though 
they simultaneously inhibit the growth of eCs, resulting in a delayed endo-
thelialization.117 thus, using effective techniques for the endothelialization 
of vascular grafts is of paramount importance in the inhibition of restenosis 
and the long-term efficacy of the grafts.106,113

the inflammatory response is another important issue in the endovascular 
implantation that is often disregarded.118 particularly, the response of SMCs 
and macrophages to vascular injury and endothelial cell death is critical for 
the eCs’ malfunctions, thrombosis and inflammation.119 in recent years, 
there has been a need to develop physical or chemical methods that enable 
the introduction of multifunctional cues on the materials’ surfaces that can 
simultaneously function as inductive material substrates for increased endo-
thelialization, inhibition of SMCs’ hyperplasia, and possess anti-coagulant, 
anti-restenotic, anti-inflammatory and antibacterial action.
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1.2.4.1  Surface Coatings to Enhance Endothelialization
various multifunctional approaches to enhance endothelialization, a major 
strategy for the improvement of vascular biocompatibility, will be described 
in this subsection. as mentioned previously, a vascular stent is important to 
selectively increase the proliferation of eCs, reduce the growth of SMCs and 
simultaneously suppress blood coagulation. research effort has120 focused 
recently on the importance of the competitive growth of eCs versus SMCs 
for the development of a functional endothelium on a stent.120–122 these 
strategies employ the binding of bioactive peptides and gene engineering,123 
eCM proteins or catechols with eC selectivity, and tio2 nanotube coatings 
as promising platforms to enhance the selectivity of the stents for eCs,124,125 
however, these surfaces still lack effective anticoagulant properties.

to overcome these limitations, the development of tio2 nanotube arrays 
modified by a mussel-inspired polydopamine ad-layer for the controlled 
loading of the thrombin inhibitor, bivalirudin (Bvld), which was chosen as 
an eluted anticoagulant and provided multiple functions, such as enhanced 
hemocompatibility and selectivity for eCs in a competitive growth with 
SMCs, has been proposed.126 Similarly, the development of a multifunctional 
surface comprising hyaluronic acid and dopamine via conjugation onto 
316l stainless steel led to better hemocompatibility compared to the bare 
material controls (Figure 1.7),127 while an electropolymerized polydopamine 
coating on the surface of complex-shaped cardiovascular stents facilitates 
the immobilization of vascular endothelial growth factor, enhancing the 
desired cellular response of eCs and preventing neointima formation after 
stent implantation.128 Moreover, co-immobilization of serum albumin and 
peptide aptamer, with specific activity for endothelial progenitor cells (epCs) 
and anti-platelet adhesion, on a polydopamine-coated titanium surface 
enhances in situ self-endothelialization.129

recent advances in vascular tissue engineering apply multifunctional nan-
otechnology strategies to promote better endothelialization and microvessel 
regeneration (Figure 1.8).130 a biodegradable urethane-loaded polyester mul-
tifunctional nanoparticulate scaffold has been developed with two ligands, 

Figure 1.7    Chemically conjugated multicoatings of hyaluronic acid (ha) and dopa-
mine (pda) on stainless steel. the coatings exhibit improved hemocom-
patibility, inhibit the growth of muscle cells and the binding/activation 
of macrophages while they favor endothelialization, and thus could 
serve as coatings on cardiovascular implanted devices. reprinted with 
permission from ref. 127. Copyright (2016) american Chemical Society.
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Figure 1.8    Multifunctional nanoscale approaches for vascular tissue engineering include scaffolding, imaging, and delivery of bioactive 
factors, and can be employed to promote blood vessel regeneration. the combination of nanoscaffolding, nanoimaging, and 
nanodelivery creates a biomimetic environment for effective cell delivery, allows monitoring of the vascular regeneration 
process in vivo, and increases angiogenesis by delivering bioactive molecules. Seeded cells (blue) loaded with contrast agents 
(yellow) alone and with bioactive molecules (white). the contrast agents with a gene (red) or protein (green) nanocarrier can 
be loaded in a 3-d matrix. reprinted from nano today, 7, e. Chung, et al., Multifunctional nanoscale strategies for enhancing 
and monitoring blood vessel regeneration, 514, Copyright (2012), with permission of elsevier.
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one for glycoprotein 1b to target the damaged arterial endothelium and the 
second for anti-Cd34 antibodies to trap endothelial progenitor cells for endo-
thelium regeneration.131 among the synthetic polymeric vascular scaffolds, 
pCl has been used for the conjugation of the multifunctional redv short 
peptide to zwitterionic polycarboxybetaines exhibiting increased antibacte-
rial activity, anti-thrombogenic capacity and endothelial cell growth,103 while 
co-immobilization of adhesive peptides and veGF on a vinylsulfone-modified 
dextran matrix proved to be selective to eCs over SMCs.132 Since the mechan-
ical properties of the polymer should match the elasticity of blood vessels, 
soft poly(n-butyl acrylate) networks with tunable mechanical properties can 
be utilized to angiogenically stimulate intermediate Cd163+ monocytes/
macrophages as a cellular cytokine delivery system to accomplish functional 
endothelialization,133 whereas metallic cardiovascular stents with elastic 
degradable co-polyetheresterurethane can increase endothelial cell adhe-
sion.134 another efficient strategy involves the modification of the titanium 
surface by forming an endothelial coating on a hyaluronic acid micro- 
pattern.106 a multifunctional ligand comprising a cyclic rGd peptide, a tetra-
ethylene glycol spacer, and a gallate group is used to regulate the adhesion of 
human eCs and serum proteins to bioceramics.135

Moreover, natural biomaterial matrices have been applied as the basis 
for multifunctionality to enhance angiogenesis and selective endotheliali-
zation, as exemplified in the use of porous biodegradable adhesives made 
with hexanoyl group-modified gelatin,136 silk heparin biomaterials,137 and 
resilin-based hybrid hydrogels.138 using biomimicking nanofilaments and 
microstructured scaffolds, multi-scaled and multifunctional hybrid MSC 
constructs are produced, which enable vascularized adipose tissue engineer-
ing.139 another concept, based on a nitric oxide catalytic bioactive coating, 
which mimics the endothelium function, has been employed in multifunc-
tional vascular stents to promote re-endothelialization and reduce restenosis 
of stents,140 while an endothelium-mimicking matrix comprising peptide 
amphiphiles increases endothelialization, prevents inflammatory responses 
and promotes vasodilation.141

1.2.4.2  Tissue Engineered Cardiovascular Devices
tissue engineered approaches for efficient cardiovascular devices such as 
heart valves and cardiac patches using multifunctional materials have been 
reported recently. despite the recent advances in the development of func-
tional living heart valves, a clinically viable product does not exist yet. the 
next step in engineering living heart valves requires a better insight into how 
natural multi-scale structural and biological heterogeneity ensures their 
function.142 a blend of collagen (type i), silk fibroin and the synthetic poly-
mer poly(glycerol-sebacate) has been used to create multifunctional electro-
spun nanofibrous materials tailored for heart valve replacement.128

embryonic stem cells have been extensively investigated in the production 
of human cardiomyocytes (CMs). important recent advances for the clini-
cal translation of this approach have pursued the cardiac differentiation of 
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the stem cells at high yield without any genetic modifications. Functional, 
mature cardiomyocytes that are able to support fast action, conduction and 
high contractile stresses have been developed. as an example, a tissue engi-
neered cardiac patch that can induce the functional maturation of human 
eSC-derived cardiomyocytes has been described.143 Moreover, functional 
cardiac patches have been engineered from carbon-nanotube-embedded 
photo-cross-linkable gelatin methacrylate sheets,144 or collagen covalently 
linked with veGF,145 while thai silk fibroin and gelatin hydrogels function-
alized with simvastatin have been used for a vascular patch.146 integration 
of soft and rigid components such as peG diacrylate and pCl by a novel  
bioprinting method has shown great potential for the formation of functi-
onal hybrid tissue engineering constructs.147

1.2.5   Neural Tissue Engineering
neural tissue engineering is an emerging field for the treatment of various 
disorders of the central nervous system (CnS), which includes the brain and 
the spinal cord, degenerative diseases, and traumatic injuries of the periph-
eral nerves. due to the limited regenerative potential of the CnS, there is an 
unmet need for efficient strategies to replace the damaged neural tissues. 
to this end, reliable methodologies and systems with multifunctional capa-
bilities that control the guidance of neural tissue formation, the efficient 
delivery of soluble molecules and the differentiation of neural stem cells are 
essential (Figure 1.9).148,149

Stem-cell-based approaches have shown great promise towards the 
repair of destroyed neural tissue. nanoparticulate carriers allow the effective 
release of biochemical cues to regulate neural differentiation, and offer  
multifunctional capabilities for delivery, imaging and therapy,150 while 
a multi functional nanocomplex has been reported that simultaneously 
induces the self-activation of the mrna sequential expression and allows 
spatiotemporal imaging of the differentiation of the neural stem cells.151

patterning of multifunctional biomaterials to direct neural precursor cells 
in a tunable system can provide a unique tool for the investigation of cells in 
niche-like environments. in this direction, hydrogel-based scaffolds such as 
heparin and peG-peptide conjugates,152 alginate constructs for growth factor  
delivery,153 injectable pnipaam-peG for the release of neurotrophins,154 a 
poly(ethyl acrylate-co-2-hydroxyethyl acrylate) copolymer combined with an 
injectable self-assembling polypeptide (rad16-i),155 multifunctional con-
ducting polymer nanoparticles,156 elastin-like protein hydrogels,157 colloidal 
particles formed by a ‘click’ reaction of bisepoxide and polyetheramine 
comonomers,158 offer useful platforms that can act as guidance conduits 
and promote neurostimulation. additionally, thiol-functionalized reduced 
graphene oxide with poly(methacrylic acid) microcapsules integrate surface 
topography and electrical stimulation for 3-d neuron-like cell growth,159 whereas 
nanoporous gold can affect the surface topography and achieve close physical 
coupling of the neurons.160 For the sustained delivery of biochemical cues, 
electrospun biodegradable pCl-co-poly(ethyl ethylene phosphate) copolymer 
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fibers161 to mediate the release of retinoic acid and brain-derived neurotrophic 
factor162 have been reported. Moreover, carbon nanotube composites163 have 
been employed as multifunctional substrates for the differentiation of human 
neural stem cells, and soft carbon nanotube fiber microelectrodes for the safe 
stimulation and recording of neural activity.164

Multifunctional fibers enabling the simultaneous optical, electrical and 
chemical stimulation of neural circuits have been developed using a ther-
mal drawing process,165 and were assembled into synthetic nerve guidance 
scaffolds that can replace nerve autografts to repair damaged tissue follow-
ing peripheral nerve injury.166 Fiber reinforced conductive polymer compos-
ites,167 as well as lysinated molecular organic semiconductors, are innovative 
materials offering optoelectronic functionalities with improved biocompat-
ibility and bidirectional communication of neural cells.168 Finally, scaffolds 
with metal-ion binding agents can provide multiple targets as therapeutic 
agents in neurodegenerative diseases.169

1.3   Clinical Potential and Applications of 
Multifunctional Scaffolds in Tissue Engineering

over the last few years, increased research effort has been undertaken to 
develop multifunctional smart 3-d biomaterial scaffolds, containing sig-
naling elements and active molecules for tissue engineering applications.  

Figure 1.9    nanotechnology-based approaches to direct stem-cell-based neural 
regeneration: multifunctional nanoparticles deliver bioactive mole-
cules that promote cell differentiation, patterned surfaces with immo-
bilized extracellular matrix (eCM) proteins and/or nanomaterials direct 
neuronal growth and polarization and 3-d nanoscaffolds support 
gene delivery, axonal alignment, and cell differentiation. adapted with  
permission from ref. 149. Copyright (2016) american Chemical Society.
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the ability of these scaffolds to promote tissue growth and regeneration has 
been investigated mainly in vitro and in vivo using different animal mod-
els. the translation of the developed technology and acquired knowledge 
to clinical trials in human patients is not straightforward and requires the 
appropriate regulation of numerous issues that will guarantee the safe and 
efficient application of the technology in humans.170,171

the use of multifunctional engineered constructs in clinical trials in 
humans is still in its infancy and studies demonstrating the potential of these 
scaffolds in this area are scarce. Current clinical studies use biomaterial scaf-
folds mainly in the fields of skin, blood vessel, cardiac, bone, cartilage and 
dental regeneration and in tracheal reconstruction.170 Clinical applications 
for some bio-based tissue engineering scaffolds, bioactive proteins, and a 
reservoir of various growth factors (i.e. rhBMp-2, rhBMp-7, prp) as well as 
drugs (i.e. gentamicin) and various cell types have been approved.87,172–176

Most of the clinical trials in bone and cartilage tissue engineering utilize 
a bio-based scaffold combined with an appropriate cell type. For example, a 
ha scaffold seeded with MSCs has been used to fill human bone defects,177 
whereas hyaluronan, collagen and alginate scaffolds combined with autol-
ogous chondrocytes have been applied for the treatment of chondral 
injury.172,178 there are also very few studies reporting the use of growth factors 
on an engineered construct to produce a functional scaffold. these mainly 
involve the incorporation of rhBMp-2 in β-tCp granular scaffolds seeded 
with aSCs for the reconstruction of maxillary and mandibular bone179–182 
and the combination of β-tCp granular scaffolds with BMSCs and a prp gel 
for the treatment of an anterior mandibular defect and alveolar bone atro-
phy.183 Furthermore, BMp-2 and BMp-7 have been introduced in collagen 
sponges for the treatment of multiple bone defects,184 β-tCp particles con-
taining pdGF-BB have been applied for the therapy of bone defects caused by 
periodontal diseases185 and pdFG/iGF combined with a methylcellulose gel 
vehicle has been employed for periodontal regeneration.186 in other related 
studies, an injectable gel of thrombin-calcium chloride with BMSCs and prp 
has promoted bone regeneration in dental implants,187 and a microscaffold 
consisting of calcium phosphate cement (CpC) and rhBMp-2 has induced 
bone regeneration.188

Clinical trials in skin tissue engineering use different cell types with engi-
neered constructs. For example, a collagen sponge scaffold combined with 
aSCs covered by an artificial dermis can be used to treat knee injuries179 and 
an engineered construct consisting of a layer of keratinocytes and a layer 
of collagen-containing fibroblast is employed in the treatment of foot and 
venous leg ulcers.170 Functionalized scaffolds are also used in the treatment 
of skin injuries. Multi-layers of electrospun fibers serve as patches that are 
able to control the release of nitric oxide in the treatment of the foot ulcers 
of diabetes patients and for the therapy of cutaneous leishmaniasis.189–191  
Furthermore, clinical studies have shown an enhancement of the wound 
healing rate of burn wounds and diabetes ulcers using bFGF, keratinocyte 
growth factor (KGF) and pdGF.86,87,192–194
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in cardiovascular interventions, the need to treat restenosis following 
stent implantation has led to the use of drug-eluting stents (deS) made of 
metallic or biodegradable polymeric materials195 coated with anti-prolifera-
tive and anti-inflammatory agents that are eluted slowly and reduce neoin-
timal formation.108 although preliminary studies in humans applying two 
anti-proliferative agents, paclitaxel196 and sirolimus (rapamycin) that inhibit 
SMCs growth,197 have been reported with promising results, recent studies 
have shown that deS can lead to late stent thrombosis and thus result in 
long-term failure. this has occurred when stenting complex lesions, due 
to localized allergic reactions at the vessel wall that led to chronic inflam-
mation.198 an additional deterioration can occur by the release of the anti- 
proliferative drugs sirolimus and paclitaxel, which not only effect SMCs, but 
also eCs, and in this way impair the wound healing process.199 the use of 
covered stents as a treatment option in various vascular complications, as well  
as the design and materials employed in the stents’ manufacturing process, 
including nanotechnology approaches, have recently been reviewed.199 
recent developments in vascular conduits based on the advances in tissue 
engineering, which are expected to function like real blood vessels with an 
intact endothelial layer and respond to endogenous vasoactive signals when 
implanted in clinical applications, are gaining increasing interest for vascu-
lar regeneration.200

peripheral nerve reconstruction of gaps in clinical applications utilizes 
nerve autografts as the gold standard, although they do possess many 
shortcomings. to improve the outcome, various strategies using colla-
gen, poly(glycolic acid), poly (dl-lactide-ε-caprolactone) and decellularized 
nerve allografts have been reported in several clinical studies and were 
reviewed recently by Gerth et al.201 advances in multifunctional approaches, 
employing conduits seeded with stem cells and providing local delivery of 
growth factors and neurotropic factors into the lumen of the engineered  
conduits, have been described to improve nerve regeneration in several 
recent reports.202–205 Moreover, a recent multicenter clinical study using a 
human acellular nerve graft as an alternative to an autogenous nerve has 
reported on its safety and efficacy for the repair of nerve defects between 
1 and 5 cm in size.206

advances in biology related to the understanding of the fundamen-
tal mechanisms underlying the regeneration of different tissues has 
instructed the choice of cell types and their combination in a tissue engi-
neered approach. on the other hand, great progress has been made in the 
field of 3-d scaffold fabrication and the methodologies for their surface 
chemical modification enabling the incorporation of appropriate signal-
ing and pharmaceutical molecules and their controlled release as well as 
the expression of specific markers to elicit favorable cell responses leading 
to tissue repair. the combination of the above knowledge and expertise is 
expected to dramatically change clinical therapies in human patients in the 
upcoming years.
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1.4   Conclusions
progress in the applications of smart materials and multifunctional scaffolds 
in tissue engineering has been great over the last decade. the sustained, 
sequential and controlled release of multiple chemical and biochemical 
cues have been tackled and surface engineering in terms of physicochemical 
properties and topography has been addressed. however, there are still crit-
ical aspects and challenges to be overcome before the above results can be 
transferred to the clinic.

in bone tissue engineering, the challenge is to develop smart multifunc-
tional scaffolds presenting multiple cues and mimicking the functions of the 
natural eCM environment of bone to promote therapeutic drug delivery and 
vascularized bone tissue regeneration. Muscle tissue engineering is still in 
its infancy, due to the peculiar organization of the skeletal muscle, which 
requires smart scaffolds with multiple functions that will provide the appro-
priate mechanical and bioactive cues for the cells to adhere, proliferate, form 
networks and replace the dysfunctional tissue. electrical stimulation of the 
scaffolds, in a manner to replicate the natural impulses of the muscles from 
the neural system, needs particular consideration.

in skin tissue engineering, multicomponent structured materials that can 
regenerate the complex and hierarchical three-layered structure of skin are 
important. a key factor in achieving a fully functional skin is to establish 
constructs that will restore its normal connections with the surrounding 
nerve and muscle tissues once transplanted into living organisms. in car-
diac tissue engineering, the development of multifunctional scaffolds with 
micro-environmental cues can promote the functional maturity of cardio-
myocytes, while appropriate multifunctional materials and approaches that 
eliminate the inflammation and thrombogenicity of intravascular implants 
are essential. in neural tissue engineering, multifunctional materials are 
needed for the sustained delivery of biochemical cues, the synergistic topo-
graphical signaling and the design of nerve guidance channels with the capa-
bility to stimulate topographic, chemotactic and haptotactic signals that will 
induce functional nerve regeneration, and increase the axon growth rate.
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2.1   Introduction
tissue engineering/regenerative medicine can be defined as an interdiscip-
linary approach to the development of functional substitutes for injured 
or missing tissues and organs.1 the fundamental building blocks of such 
efforts include cells, scaffolds/substrates, and cell signaling molecules. the 
lion’s share of attention has been focused upon the use of stem/progenitor 
cells, but successful examples of scaffold-based approaches and bioactive- 
molecule-based approaches also exist.2 almost uniformly, cell-based 
approaches, including the use of stem cells, have either failed or provided 
only incremental advancements in clinical outcomes. the primary reason 
for these disappointing results has been poor survival of cells following 
transplantation to the site of interest.3 the consensus explanation for poor 
cell survival has been the lack of an appropriate microenvironment for cell 
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attachment, homeostasis, proliferation, and differentiation. therefore, the 
focus of scaffold-based approaches has centered around the development 
of “cell friendly” biomaterials that can promote appropriate cell behavior, 
including assembly into functional tissues/organs. to this end, both syn-
thetic and biologic materials have been developed as “smart materials” that 
attempt to mimic the naturally occurring microenvironmental niche.4,5 the 
present chapter provides an overview of attempts to create synthetic and 
naturally occurring biomaterials, and describes some core concepts around 
which future attempts may be based.

2.2   Considerations of Smart Materials in Tissue 
Engineering

2.2.1   Biocompatibility
the ultimate determinant of success (or failure) of a biomaterial is the host 
response to the material following implantation.6 the host response is inti-
mately linked to the current understanding/definition of biocompatibility, 
which can be expressed in terms of tissue-specific functionality and bioac-
tivity.7,8 although biocompatibility does not necessarily imply a responsive 
smart biomaterial as defined in this textbook, smart biomaterials, by defi-
nition, focus upon structure–function relationships and would logically be 
biocompatible.

2.2.2   Structure
the ultrastructure of biomaterials has been a matter of interest and change 
in the field of tissue engineering. porous and interconnected structures 
impart stability and integration with surrounding tissue. advances in man-
ufacturing techniques have facilitated the production of highly porous 
materials; e.g., electrospinning, particle leaching, and gas foaming, among 
others, to produce fibrous and non-fibrous structures that attempt to 
facilitate the trafficking of cells.9 although porosity promotes cell infiltration, 
additional factors that influence cell behavior must be considered. For 
example, mechanotransduction signaling pathways are directly related 
to material stiffness. the combined effects of all structural and material 
properties influence cell adherence, proliferation, migration, and differenti-
ation. Such factors add to the complexity of smart biomaterials’ design and 
production.10

With the understanding that characteristics of materials affect subcellular 
events, which in turn influence the overall function at the tissue level,11 new 
approaches in “hierarchical porosity” are being investigated. hierarchical 
porous scaffolds are formed by the combination of pores ranging from nm 
scale to mm scale.12 these complex structures provide stability via the macro-
porous component, and unhindered migration and attachment of cells and 
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biomolecules to the abundant surface area provided by the microporous 
components. Furthermore, surface modifications at the nanostructure level 
can imitate active domains of eCM molecules,5 and facilitate cell–material 
interactions with subsequent modulation of subcellular components to 
direct cell fate.13 Stated differently, although structural considerations are 
important and useful, they cannot be divorced from non-structural factors 
such as material composition, surface ligand organization, and material 
degradation characteristics.

2.3   Classification of Smart Materials in Tissue 
Engineering

2.3.1   Synthetic Materials
Synthetic materials include metals, alloys, ceramics, and polymers, among 
others, and have long been of interest in biomaterial sciences. Current 
manu facturing techniques, and the physico–chemical and mechanical 
properties of these materials, have been exhaustively described.14 Synthetic 
materials can be manufactured with extraordinary reproducibility and 
typically reasonable manufacturing costs.15 the in-depth understanding and  
extensive experience with synthetic materials, as described in subsequent 
chapters of this text, have provided a solid basis for the creation of next 
generation smart materials.

Bone tissue engineering has provided a fertile opportunity for smart mate-
rials. new metallic biodegradable materials based on magnesium (Mg) and 
its alloys represent one such example of smart materials for orthopedic appli-
cations.16 Current manufacturing techniques can be applied to generate a 
macroporous structure, where strength and stiffness of Mg-based materials 
are comparable with bone. in addition, Mg has the added advantage that it 
is a natural component of mammalian tissues. Mg-based scaffolds are con-
sidered smart materials as they play an important role in bone tissue forma-
tion17 and their degradation can facilitate the healing process, eliminating 
the need for implant removal.18

the degradation rates of Mg-based materials are an active topic of investiga-
tion. In vitro studies imitating physiological conditions to the greatest extent 
possible have shown that Mg-based materials corrode very quickly, leading to 
a rapid change/loss of the mechanical properties.17 Several Mg-based alloys 
have been created to decrease the degradation rate.19 the corrosion of mag-
nesium results in the formation of hydrogen gas (h2) that, once saturated in 
the tissue, creates gas cavities and increased mortality in preclinical rodent 
models.20 the non-lethal formation of hydrogen gas cavities has been shown 
in studies by Chaya et al. (2015)21 and by rössig et al. (2015)22 using pure 
and Mg-based alloy lae442, respectively. the results of these studies suggest 
that such materials still have limitations for effective clinical translation as a 
smart scaffold material.
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properties such as stiffness and degradation rate of magnesium can be 
modified by combination with other materials.4 the generation of surface 
modifications to the Mg-based materials is being investigated to improve the 
characteristics and the host response to the implanted scaffold. Mg-based 
scaffolds coated with polycaprolactone (pCl) and gelatin polymers reduce 
the degradation rate and control the formation of hydrogen gas. the slower 
degradation rate of pCl can mitigate the rapid degradation of the Mg-based 
scaffold when used in combination.23 Similarly, modifications with octacal-
cium phosphate (oCp) and hydroxyapatite (hap) favorably modulate the 
degradation of Mg-based alloys and facilitate hydroxyapatite deposition.24 
these promising results require further evaluation to determine translatability 
to clinical approaches.

as with metallic materials, ceramics have been applied to bone tissue engi-
neering applications. the concept of smart ceramic materials, however, has 
evolved slowly. From the choices of ceramics used in orthopedic restorations, 
only hap and calcium metaphosphate (CMp) have been described as smart 
materials based upon their osteoinductive properties.25,26 the brittle nature 
of the hap limits its use as a material solely to repair hard tissue. alternative 
approaches have focused upon the generation of composites with polymeric 
materials to increase the strength of the scaffolds.27 lee et al. (2013) showed 
that hap coated with type i collagen resulted in a composite material with 
increased mechanical and structural properties that successfully promoted 
cell proliferation and osteogenesis when evaluated in a pre-clinical model.26 
other techniques include the addition of growth factors, mainly bone mor-
phogenetic proteins (BMps), with an active role in osteogenesis. the use of 
human recombinant BMp-2 has facilitated the clinical translation of com-
posite scaffold materials for bone tissue engineering applications. although 
BMp-2 effectively induces osteogenesis, other tissues, including soft tissues, 
can be adversely affected by heterotopic osteogenesis. recent studies have 
documented the undesirable side effects associated with the high concentra-
tions of BMp-2 administered to patients, raising questions about its safety 
for selected clinical applications.28

polymeric materials have great potential for the generation of smart 
materials. the diversity, malleability, and particular properties of synthetic 
polymers allow applications in tissue engineering ranging from hard to soft 
tissues. the first success toward the production of polymeric scaffolds is rep-
resented by the ability to control the degradation rates of the materials by 
modifying the molecular weight.29 therefore, biodegradable polymers, like 
those derived from polyesters or α-hydroxyesters, are often preferred over 
permanent polymers like polypropylene.30 one advantage of implantable 
degradable polymers is that the monomeric compounds are often readily 
recognized by enzymes in the krebs cycle and can be further metabolized as 
naturally occurring substrates.27

as mentioned previously, the ability of a material to degrade under physio-
logical conditions is not enough to ensure a functional repair of the tissue. it 
has been found, for example, that hydrophobic polyesters are unable to allow 
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cell integration.31 the production of synthetic smart polymers by functionali-
zation steps, by which the surface is modified with antibodies, peptides, or 
eCM components, is employed to improve their bioactivity.30 the strategies 
that are being explored include modifications ranging from complete pro-
teins, usually an integrin ligand to facilitate the cellular attachment, to small 
peptides, containing only the active domain. Collagen, fibronectin, laminin, 
and elastin are among the most commonly used proteins for functionaliza-
tion of synthetic scaffolds.32 For example, degradable polymeric stents coated 
with elastin increase endothelial cell adhesion and proliferation.33 although 
ideally the complete protein could provide the cues needed for cell fate 
regulation, disadvantages associated with the costs of purification, greater 
control over the functionalization, and biologic variability, have made short 
peptides, like the arg-Gly-asp (rGd) motif, the preferred option.34

a critical point during the functionalization of polymeric materials is the 
attachment of the target molecules to the substrate. Bioactive compounds 
are organic molecules, highly sensitive to temperature and ph, therefore, 
functionalization steps should avoid the use of conditions that can affect the 
structure and activity of these molecules.35 physical methods, based on the 
adsorption and generation of non-covalent interactions, are the less invasive 
approach to modify the properties of a polymeric material (Figure 2.1(a)).  

Figure 2.1    Methods of functionalization of polymeric materials. physical methods 
of functionalization are based on adsorption and non-covalent bind-
ing of the functional groups (a). Chemical methods covalently bind the 
functional groups (pendant structures) to the polymer (b).
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in a study performed by aguirre et al. (2012), composites of polylactic acid 
(pla) scaffold polymers coated with calcium phosphate glass provided an 
active microenvironment that mimicked the mechanotransductory and 
chemical signals of wound healing, promoting an increased vasculariza-
tion.36 in studies conducted by Faulk et al. (2014), synthetic non-degradable 
surgical mesh materials (polypropylene) coated with dermal eCM hydrogel 
modified the host immune response, the pro-inflammatory response and 
the amount of fibrous tissue formation.37

an alternative method of functionalization of synthetic scaffolds is based 
on the covalent binding of the active molecule to the polymer (Figure 2.1(B)). 
With this approach, the risk of delamination that exists with physical methods 
is eliminated.38 recent advances in “click chemistry”, a method that utilizes 
orthogonal modification of materials in a controlled fashion, have provided 
highly efficient functionalization processes to generate smart synthetic 
materials. Some derivatives of click chemistry can be made under environ-
mental conditions and without the requirement of toxic catalysts, overcom-
ing the limitations of other traditional chemical methods.39,40 Biodegradable 
poly(ester urethane)urea elastomers (peUUs) have been the target of click 
chemistry to generate surface-functionalized smart biomaterials for appli-
cations in cardiac patches and soft tissue engineering.41 in particular, the 
covalent binding of small peptides able to promote endothelial progenitor 
cell adhesion has been successfully evaluated in vitro.42 Clinical translation 
of these smart synthetic materials has yet to occur, but the rapid advances 
of these technologies combined with the use of synthetic materials that are 
already in the biomedical market will facilitate their use in tissue engineering 
applications.

an additional surface functionalization method is based on self-assembly 
techniques to form hydrogels. the classical property associated with hydro-
gels is their hydrophilic nature, which provides for a viscous, soft material, 
ideal for soft tissue engineering applications.43 the specific mechanical, 
physical, and chemical characteristics of hydrogels can be modulated with 
the use of different monomers or polymerization methods, like crosslink-
ing modifications.44 Self-assembled smart hydrogels are generated by mim-
icking the natural polymerization of the eCM components from a complex 
of polymeric materials interacting by covalent and non-covalent forces with 
the active molecules.45,46 the inclusion of cryptic peptides, zwitterionic  
molecules and/or growth factors has facilitated the modulation of cell behavior 
in an eCM-like environment.47

Wound healing after burn injuries is a good example of the potential 
clinical application of a smart hydrogel. extensive burns are usually associated 
with high morbidity and increased risk of infection. tissue engineering 
approaches in this area are investigating alternatives to reduce the healing 
time, combined with antimicrobial activities that protect the tissue from 
infection. For instance, the small peptide sequence (llkkk18), derived from 
the antimicrobial peptide (aMp) cathelicidin ll-37, conjugated to dextrin and 
indirectly linked to Carbopol® hydrogels (based on acrylic acid polymers), is 
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being investigated for burn treatment.48 the aMp cathelicidin ll-37 is an 
active molecule, naturally produced by immune cells49 such as macrophages, 
that contributes not only to protection against bacterial infection, but also 
has chemotactic effects promoting vascularization and the wound healing 
process.50 Consistent with the properties attributed to cathelicidin ll-37, 
preclinical studies using these smart hydrogels showed increased angiogen-
esis, a shorter healing time, and increased matrix deposition, compared to 
the non-conjugated hydrogels.48

the investigation of non-conventional characteristics of polymers, such as 
conductive properties, is another area of interest in the development of smart 
materials. Conductive polymers can be considered a hybrid, as they present 
mechanical properties of traditional degradable polymers as well as con-
ductive properties of metallic materials.31,51 Conductive polymers are being 
widely studied in non-biomedical applications, but the finding that some of 
these materials have good biocompatibility has raised their biomedical pro-
file. the polymers already investigated for tissue engineering applications 
belong to a group of polyheterocycles that includes polypyrrole, polyani-
line, and polythiophene. the potential use that has been focused upon is 
the reconstruction of electro-active tissues such as the brain, heart, skeletal 
muscle, and bone.52,53 different molecules carry the charge to be mobilized, 
tailoring the conductive property of these polymers. Successful approaches 
involve the use of glycosaminoglycans (GaG) (e.g. chondroitin sulfate and 
hyaluronic acid) as such “doping” molecules, which also can improve cell 
integration.31

Currently, in vitro and animal studies have been performed with different 
modifications of these conductive materials, but to be translated to clinical 
applications, challenges in the mechanical properties and reproducibility 
of the manufacturing processes need to be addressed. these materials have 
been further modified to incorporate specific protein domains to provide cell 
cues and facilitate cell adhesion and differentiation.31

From the review presented herein, it is obvious that synthetic smart mate-
rials are rapidly evolving to simulate the regulatory mechanisms that exist 
within naturally occurring eCM. in the following sections, the analysis of 
smart biomaterials derived from naturally occurring materials will provide 
an alternative approach to cell/tissue modulation applicable in tissue engi-
neering approaches.

2.3.2   Biosynthetic Materials
Biosynthetic materials can be defined as polymers produced by microorgan-
isms using natural metabolic pathways, and therefore avoiding the use of 
potentially toxic chemical catalysts.54 polyesters belonging to the group of 
polyhydroxyalkanoates (pha), which are formed as energy reserves in bac-
teria, are the most common examples of biosynthetic materials, with more 
than a hundred monomeric forms.55 the biodegradability and biocompat-
ibility of some of these polymers have stimulated interest in their use for 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

00
39

View Online

http://dx.doi.org/10.1039/9781788010542-00039


Chapter 246

biomedical applications. their use as homopolymers or co-polymers56 allows 
tuning of physical and mechanical properties, which expands the spectrum 
of potential medical uses for these materials. table 2.1 lists some of the most 
common phas used in medicine.

the phas share several properties with synthetic materials. the biosyn-
thetic polymers can be modified by the same techniques applied to synthetic 
polymers. For example, Fu et al. (2014) explored the use of electrospinning 
copolymers of p3hB and p4hB (p34hB) to produce scaffolds from unwo-
ven nanofibers, with potential for bone tissue engineering applications;56 
whereas torun köse et al. (2003) made similar attempts with particle leach-
ing to generate a macroporous structure from phBhV.59 the mechanical 
properties of phas have been well studied62,63 and reported to be analogous 
to synthetic materials such as polypropylene and polystyrene.64 if the biode-
gradability of the phas is considered, some advantages for these materials 
exist when compared to other degradable synthetic polymers. degradation of 
phas occurs very slowly by hydrolysis and enzymatic methods, which main-
tains the mechanical properties and provides for a gradual transfer of load to 
support tissue development. the slow rate hydrolysis also avoids abrupt ph 
changes in the microenvironment, a situation commonly found in polymers 
like pGa and which can trigger pro-inflammatory events.

recent studies have taken advantage of these inherent properties of phas. 
Sun et al. (2015) developed laryngeal cartilage using phBhhx scaffolds by 
combined methods of casting, compression molding, and leaching. In vitro 
culture of chondrocytes on the scaffold followed by implantation in a rabbit 
model allowed the formation of mature cartilage, with increased options for 
functional repair when combined with a myofascial flap.65

the generation of smart biosynthetic materials has been achieved by var-
ious functionalization methods. one of the most common modifications 
consists of the addition of pendant functional groups that modify the hydro-
phobic character of these materials; for example, increased water and pro-
tein interactions, as well as swelling of the biosynthetic compounds to form 
hydrogels.55 Zhan et al. (2015) developed a more complex smart biosynthetic 
material, able to prevent and control bacterial colonization. in their approach, 
a self-assembly method was used to generate layers of p34hB interacting 

Table 2.1    polyhydroxyalkanoates used in medical applications.

name abbreviation applications reference

poly(3-hydroxybutyrate) p3hB Sutures, screws and plates 57
poly(4-hydroxybutyrate) p4hB heart valves, mesh for  

hernia repair, sutures
58

poly(3-hydroxybutyrate- 
co-3-hydroxyvalerate)

phBhV Scaffolds for bone tissue 
engineering

59

poly(3-hydroxybutyrate- 
co-3-hydroxyhexanoate)

phBhhx tissue adhesion barriers 60

poly(3-hydroxybutyrate- 
co-3-hydroxyoctanoate)

phBho drug carrier nanoparticles 61
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with a bactericidal agent, poly(amidoamine) dendrimers (paMaM), and ha 
as the anti-adhesion agent66 for potential use in different tissues.

Biosynthetic materials derived from the pha group have an additional 
and less explored property. due to their bacterial origin, these polymers 
have shown physiological functions that have an effect not only on the bac-
teria from which they were produced, but on a variety of cells in different 
tissues and different organisms.64 the monomeric forms of p3hB and p4hB, 
3-hydroxybutyrate (3hB) and 4-hydroxybutyrate (4hB), respectively, are 
involved in normal physiologic activities and are produced in the body at 
low concentrations. Specifically, 3hB can serve as a nutritional supplement 
to increase ketone levels and control metabolic diseases.67 4hB is associated 
with functional activity in the central nervous system (CnS)68 and has been 
proposed for neural applications.64

More recently, pineda Molina et al. (2017) have shown that scaffolds com-
posed of p4hB were able to resist deliberate in situ (1 × 108 CFU) Staphylococcus 
aureus contamination in a rat subcutaneous implantation model.69 the mech-
anism of infection resistance appears to be modulation of the host innate 
immune system rather than direct antimicrobial effects.70 these results show 
the potential of pha-derived scaffolds in contaminated fields (Figure 2.2).

Figure 2.2    Scaffolds composed of p4hB promote the expression of the antimicro-
bial peptide cathelicidin ll-37 (green) in areas surrounding the mesh 
fiber material in a rat tissue inoculated with the gram-positive bacteria 
Staphylococcus aureus.
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2.3.3   Biologic Materials
Biologic materials include those composed of intact extracellular matrix 
(eCM), or individual components of the eCM, such as collagen, fibronec-
tin, and glycosaminoglycans, among others.1,71 Biologic materials possess 
inherent biologic activity that confers advantages to these materials over 
their synthetic counterparts,72 making them an excellent source for the gen-
eration of smart materials. the source of biologic materials is not limited 
to mammalian eCM; naturally occurring materials derived from insects and 
crustaceans contain structures and ligands that can modulate the mamma-
lian cell response. Specific approaches to smart materials from individual 
components of the eCM will be discussed first, followed by an overview of 
intact eCM scaffold materials.

2.3.3.1  Protein-Based Materials
insects and mammals produce proteins such as silk, collagen, fibronectin, 
and elastin,73 among others, that are commonly used in biomedical appli-
cations. as was previously discussed, the use of proteins for functionalizing 
synthetic materials, specifically, their ability to form a tridimensional struc-
ture by self-assembly mechanisms and their competence to modulate cell 
behavior,74 make them good candidates for smart materials. in the following 
paragraphs, the specific characteristics of the protein-based scaffold materi-
als, and some attempts of tissue engineering applications will be described.

Silkworms, Bombyx mori, are the main producers of silk. the silk fiber is 
composed of the core protein, or silk fibroin, coated by a second group of 
proteins, sericins. applications in tissue engineering require further puri-
fication of the silk fibroin proteins, because the sericins negatively affect 
the biocompatibility of the material.75 the self-assembly property of the 
silk fibroin proteins facilitates the formation of diverse structures, such as 
fibers, sponges, films, hydrogels, and scaffolds, among others. in addition, 
its amphiphilic character enables the interaction of the silk fibroin with 
hydrophobic and hydrophilic molecules, as well as facilitation of cell inte-
gration.76 the silk fibroin material has been evaluated in tissue engineering  
approaches for a wide range of applications, as reviewed by aguirre et al. 
(2012).77 In vitro studies have shown the ability of silk fibroin to support 
attachment, proliferation, and differentiation of smooth muscle cells and 
intestinal epithelial cells, providing potential for tissue engineering appli-
cations in the gastrointestinal tract.78 Furthermore, the ability of the silk 
fibroin material to degrade slowly in vivo, mainly via proteinases, has been 
used in pre-clinical studies investigating its use as a space-filling biomaterial 
in soft tissue restoration.79 other studies have focused on the mechanical 
properties of the silk fibroin, using it as load-bearing scaffold; for example, 
teuschl et al. (2016) showed that implanted silk fibroin scaffolds can replace 
the anterior cruciate ligament, and can reestablish its functionality, allowing 
cellular infiltration, and new tissue formation.80
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a second group of protein-based materials is collagen. Collagen fibers rep-
resent the main structural compound of the eCM. Fibrillar collagens are the 
best example of hierarchically structured materials. at the nm scale, these 
molecules form triple helices of α-chains that self-assemble in the eCM form-
ing an arrangement of microfibrils that are further organized as fibers on 
the µm scale, providing mechanical strength to the tissues.74,81,82 the tridi-
mensional organization of the collagen fibers provides also binding sites for 
cells and ligands, facilitating cell infiltration, platelet adhesion and activa-
tion, and regulating access to growth factors and cytokines.83 the enzymatic 
degradation of collagen enables the release or exposure of matricryptic pep-
tides, small fragments of peptides with biologic activities such as increased 
cell mobility, angiogenesis, and eCM deposition, among others.1,84 For these 
reasons, this fibrous protein has been investigated as a scaffold material 
for tissue engineering approaches. among all the fibrillar collagens, which 
include type i, ii, and iii,85 type i collagen is the most abundant component 
of almost all tissues, and therefore is the type most explored for use as a 
scaffold material.

the hierarchical structure of collagen enables a versatile configuration 
of this material. hydrogels can be produced by enzymatic solubilization of 
collagen to produce a biologically active gelatin.86 random or highly orga-
nized fiber structures can be produced by extrusion, microfluidic channels,87 
and 3d printing techniques.82 taking advantage of the inherent properties 
of collagen fibers and their utility as smart materials, Chan et al. (2016) have 
shown the ability of collagen scaffold materials to promote vascularization 
in pre-clinical studies, a required event for successful tissue regeneration.88 
ryan and o’Brien (2015) showed that composites of collagen–elastin accel-
erate the differentiation of smooth muscle cells, induce their contractility in 
vitro, and improve the mechanical properties by the presence of the elastin 
molecules in the composite,89 with potential for use in cardiovascular repair. 
levingstone et al. (2016) evaluated the osteochondral regenerative potential 
of a multi-layered scaffold in a pre-clinical model. three layers of a collagen 
type i scaffold were differentially conjugated with hap particles, hyaluronic 
acid (ha), or collagen type ii and ha, and assembled to form the osteogenic, 
calcified cartilage, and cartilaginous layers, respectively. Complete degrada-
tion of the multi-layered scaffold was seen at six months post-implantation 
and was replaced by new functional tissue produced by the cells that infil-
trated the material.90

While these investigations using collagen scaffolds as smart materials 
sound promising in the field of tissue engineering, one of the challenges 
in the fabrication of collagen scaffolds is the maintenance of adequate 
site-specific mechanical properties while new tissue is being produced. 
different chemical,91,92 physical,89 and enzymatic87 cross-linking agents 
have been used to modify the final structure of the collagen fibers. 
although these methods improve the strength of the collagen scaffold, they  
negatively affect cytocompatibility and decrease enzymatic access to the 
collagen, delaying/inhibiting scaffold degradation, affecting the release 
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of matricryptic peptides, and promoting a foreign body reaction (FBr).93 
therefore, the smart properties of collagen are quenched by the application 
of such techniques.

Fibronectin represents the third group of eCM protein-based materials 
with potential for tissue engineering applications. Fibronectin is a dimeric 
eCM glycoprotein that polymerizes and becomes functional when forming 
a fibrillar network around the cells94 as a consequence of the unfolding 
of cryptic domains which facilitate interactions with glycosaminoglycans, 
gelatin, collagen, as well as cell adhesion through integrins.95 as a result of 
these interactions and the flexibility of fibronectin fibrils, the fibronectin 
network regulates the activity of the cells, providing mechanotransductory 
signals which help regulate eCM deposition.96 the fabrication of fibronec-
tin scaffolds is challenging, as changes in the tridimensional structure 
of the glycoproteins are required to form the network. these problems, 
however, are being addressed with the use of a surface-initiated assembly 
(Sia) method. Using this technique, the glycoprotein dimers are adsorbed 
onto a temporary scaffold of polydimethylsiloxane (pdMS), allowing the 
polymerization of the fibronectin and exposing the cryptic domains.97 the 
application of this technique has great potential in the generation of sta-
ble structures that trigger the deposition of native eCM in wound repair 
applications.

From the group of protein-based materials, elastin is the last protein that 
will be discussed. elastin forms the second group of fibrillar and structural 
proteins in the eCM. Being more abundant in tissues like lungs, blood 
vessels, and the dermis, these proteins provide elasticity to the interstitial 
matrix structure.98 the elastic fibers are long-lived proteins assembled during 
development. elastin fibers are self-assembled from the tropoelastin precursor, 
forming a highly hydrophobic protein. the elastin fibers are crosslinked 
to other glycoproteins or microfibrils that provide the binding domains 
for interactions with cells and heparin molecules.95 elastin fibers are also 
an excellent source of matrikines, called elastokines, and matricryptic  
peptides84 regulating cell behavior and differentiation.89

the natural properties and composition of the elastin fibers make them 
difficult to isolate for biomedical applications; for this reason, more recent 
approaches make use of recombinant technologies to express structural 
and functional domains of tropoelastin in bacterial,99 yeast, or plant set-
tings. the advantages of these genetic engineering approaches include the 
tailoring of specific properties in the construct by the assembly of hybrid 
modules of different proteins, as well as the control of the composition 
of the final product, eliminating the variability between batches.100 For 
example, the generation of silk-elastin-like proteins has been investigated 
to capture in a single construct the elastic properties of elastin and the 
tensile strength of silk101,102 while preserving biocompatibility and bio-
degradability. likewise, recombinant elastin peptides have been used to 
improve the biomechanical properties of collagen scaffolds for vascular 
applications.103
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2.3.3.2  Polysaccharide-Based Materials
polysaccharide-based materials used in biomedical applications can be 
derived from mammalian eCM (i.e. hyaluronic acid), algae (i.e. alginate), 
or crustaceans (i.e. chitosan). the hydrophilic property of these molecules 
facilitates their configuration as hydrogels;5 therefore, they are mainly used 
as filling/injectable materials for soft tissue engineering applications or as 
microspheres or nanoparticles for drug delivery. the modification of scaf-
fold materials using controlled drug delivery systems with polysaccharides 
is being widely studied to make smart composites bearing growth factors, 
drugs, and antibacterial motifs, among others.104

hyaluronic acid (ha) is a linear high molecular weight non-sulfated GaG 
responsible for the viscoelastic fraction of the eCM and facilitating cell 
migration.10,105 ha accounts for most of the water retention into tissues, 
allowing transportation and diffusion of molecules throughout the eCM. 
Biomaterials based on ha are usually extracted from rooster combs and fur-
ther processed to obtain the final hydrogel, but some other strategies utilize 
bacterial fermentation to purify the molecule.106

although ha is being used in biomedical applications, mainly as a der-
mal filler after volumetric loss,107 it presents some challenges associated with 
rapid degradation and the lack of mechanical support.108 Crosslinking strat-
egies have been used to improve the mechanical properties of the ha, but 
typically, these attempts result in decreased availability of functional groups 
that actively control the microenvironment once they are implanted.109 Click 
chemistry methods are now being used for the modification and crosslink-
ing of ha with peptide amphiphiles,110 providing a new generation of hier-
archical structures non-covalently linked, called supramolecular systems.111 
Supramolecular ha has self-assembly properties that provide versatility and 
the ability to support structural modifications in response to environmental 
cues.112 to maximize the properties of ha and its ability to regulate the stor-
age of molecules, alternative mechanisms are being investigated to generate 
composites with other biologic and synthetic scaffolds for the production of 
smart materials.109,113,114

alginate is another polysaccharide being investigated for the generation of 
smart materials in tissue engineering applications. the material, extracted 
from brown algae, has Fda approval for selected applications, and is being 
widely used in dentistry and other biomedical applications. alginate chains 
are physically crosslinked with divalent cations, usually calcium (Ca2+), to 
form a hydrogel. although the material is non-degradable under physiolog-
ical conditions, it is subjected to slow erosion by exchanging the Ca2+ for 
sodium ions (na+) in the milieu. after degradation, alginate molecules less 
than 50 kda can be cleared through the urine.115

even though alginate is not a biologically active material, it serves as the 
platform for the formation of microspheres/nanoparticles carrying heparin- 
binding proteins, such as cytokines and growth factors. the composite 
microspheres/nanoparticles are formed through an affinity-binding strategy 
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using a sulfated form of alginate, which mimics the interactions that nat-
urally occur between the proteins and the sulfated GaGs.115,116 the affini-
ty-binding approach facilitates the encapsulation of more than one factor at 
a time and ensures their controlled release over the time. as a consequence, 
concentrations of specific growth factors required for each step in the  
tissue reparation process can be predicted and their release can be further 
programmed. the affinity-binding method also overcomes the problems 
associated with supra-physiological concentrations of growth factors and 
cytokines employed in other tissue engineering approaches.117 Cizkova et al. 
(2015) showed the ability of an affinity-bound system containing epidermal 
growth factor (eGF) and fibroblast growth factor-2 (bFGF) in an alginate sul-
fate scaffold to promote the in vitro proliferation and differentiation of neu-
ral progenitor cells with potential application for spinal cord injury repair.118 
ruvinov et al. (2016) have successfully evaluated this approach in pre-clinical 
studies for the treatment of hindlimb ischemia and myocardial infarction, 
for which the implanted nanoparticles loaded with three different growth 
factors induced angiogenesis and prevented scar tissue formation.117

the third polysaccharide of non-mammalian origin with potential appli-
cation as a smart material is chitosan. Chitosan is a polysaccharide derived 
from the exoskeleton of arthropods. the structural homology of chitosan 
with glycosaminoglycans and its hydrophilic surface makes this material 
suitable for interactions with growth factors, receptors, and adhesion pro-
teins.119 tunable characteristics, such as temperature and time to form the 
hydrogel, have been evaluated by modifying chitosan polymers with β-glycerol 
phosphate or gelatin.120 Furthermore, the hemostatic properties and the 
ability to promote antibacterial activity are being widely explored.121,122

2.3.3.3  ECM Materials
the eCM is Mother nature’s version of a smart material. resident cells of 
the tissues secrete the eCM components, forming a network of more than 
300 molecules, which includes collagens, glycoproteins, glycosaminogly-
cans, proteoglycans, growth factors, and cryptic peptides, among others,98 
as shown in Figure 2.3. this naturally occurring complex accounts for both 
the biomechanical (e.g. stiffness, elasticity, etc.) and biochemical (e.g. growth 
factor and cryptic signaling regulations) properties of the tissue.123,124 the 
eCM plays an essential role in cell homeostasis, tissue development, and 
maintenance of cell and tissue health.125 the main molecules that consti-
tute the eCM are very well preserved among different species,1,126 therefore, 
allogeneic and xenogeneic eCM scaffolds have shown great utility as smart 
materials for tissue engineering applications.

the manufacture of eCM scaffolds is accomplished through decellular-
ization of a source tissue, and subsequent disinfection and sterilization of 
the resultant matrix material.127 decellularization processes include the 
use of physical (e.g. freeze–thawing cycles, mechanical pressure), chemical 
(e.g. detergents, ionic solutions), and biochemical (e.g. enzymes) methods. 
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Source tissues vary widely and include the urinary bladder, small intestinal 
submucosa, dermis, skeletal muscle, esophagus, liver, and heart, among 
others.128,129 all methods of tissue decellularization inevitably involve 
disruption of the matrix relative to its native structure/composition. Failure 
of adequate decellularization promotes an adverse, pro-inflammatory host 
response and poor functional outcomes.130,131 For this reason, a critical 
balance between decellularization and preservation of native structural and 
functional compounds of the eCM should be systematically evaluated for 
each tissue.132–134 although there is a lack of consensus regarding metrics to 
determine sufficient decellularization, criteria have been proposed to guide 
the threshold above which an eCM scaffold material is prone to promote a 
pro-inflammatory response.135

eCM materials are versatile and can be applied in different configurations 
(Figure 2.4). these scaffolds have been modified to facilitate their applica-
tions in three-dimensional filling spaces. Solubilization of eCM materials 
into gels is becoming a common practice of the post-processing modifica-
tions of these scaffolds. Gels produced from eCM can acquire any desired 

Figure 2.3    Structure of the extracellular matrix (eCM). the eCM is composed of 
different molecules forming a complex network that provides mechan-
ical and biochemical properties to the tissues. Collagen forms long 
fibers from which the three-dimensional eCM structure is formed. Gly-
cosaminoglycans store water, growth factors, and cytokines, regulating 
their availability to the cells. the active binding domains of glycopro-
teins, such as fibronectin, provide binding sites to connect the eCM 
components to the cells.
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three-dimensional structure after physiological temperature-induced polym-
erization.136 the self-assembly of the eCM components at physiological con-
ditions provides advantages in the delivery methods for clinical applications, 
facilitating their use as injectable materials with minimally invasive tech-
niques. eCM gels can be applied as a sole material or conjugated with other 
polymers to produce surface modifications on them (Figure 2.5).

eCM scaffolds that are properly prepared provide structural and microen-
vironmental cues that can induce functional repair of the damaged tissue, 
a process described as “constructive remodeling” and which results in site- 
appropriate organized tissue deposited at the implanted site.71,137 the mecha-
nisms by which functional remodeling mediated by eCM scaffolds occur are 
being increasingly understood, and at least three different mechanisms have 
been identified (Figure 2.6) and will be discussed below.

2.3.3.3.1  Modulation  of  the  Immune  Response.  Macrophages play an 
essential role in tissue remodeling following implantation of an eCM scaf-
fold.138 Circulating and tissue resident mononuclear cells are recruited to 
the injured site and differentiate into macrophages within the first 24 to 48 
hours. these cells show a predominantly M1-like (pro-inflammatory, cyto-
toxic) phenotype.139 the long-term presence of the M1-like macrophage phe-
notype has been associated with chronic inflammation and FBr, whereas the 
presence of an M2-like (anti-inflammatory, immuno-regulatory) phenotype 
of macrophages has been associated with constructive tissue remodeling 
outcomes.140 implanted eCM scaffolds modulate the immune host response 
by promoting a transition of macrophage phenotype to an M2-like behavior  
within 3–7 days after implantation.141 the mechanisms responsible for 

Figure 2.4    Configurations of acellular biomaterials for diverse tissue engineering 
applications. (a) the immediate product of decellularization is a two-di-
mensional sheet with defined layers of tissue. SeM image of a vascular 
eCM scaffold with cross-sections of the abluminal (upper) and lumi-
nal sections (lower); scale bar 100 µm. (b) eCM scaffold materials can 
be further processed by milling the eCM scaffold to generate a powder 
material for space-filling applications. (c) eCM gels are formed by solu-
bilization of the eCM scaffold; the polymerization process is controlled 
by temperature, facilitating their use as injectable materials.

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

00
39

View Online

http://dx.doi.org/10.1039/9781788010542-00039


55Translational Smart Materials in Tissue Engineering

modulating macrophage phenotypes include factors released during the 
degradation of the scaffold material and the availability and presentation of 
cryptic peptides to the resident cells.142,143

2.3.3.3.2  Degradation  of  ECM  Scaffold  Materials.  normal tissue exists 
in a dynamic state and includes processes of degradation and remodeling 
of the eCM as mechanisms for development, homeostasis, or response to 
injury.144 Such a dynamic environment may be replicated by the implanted 
eCM scaffold material through mechanisms involving cellular and enzy-
matic pathways.137,145 the degradation of the implanted eCM scaffold facili-
tates the cellular infiltration and the deposition of new site-appropriate 
tissue. Furthermore, and as previously discussed, the enzymatic degradation 
of the polymeric components of the eCM scaffold releases and/or exposes 
peptide motifs, aMps, growth factors, GaGs, and other bioactive molecules, 

Figure 2.5    Functionalization of synthetic polymer materials with eCM gels. 
Coating of biomaterials with eCM gels is known to modulate the 
immune host response. (a) and (c) SeM images showing the topo-
graphical structure of non-coated biomaterials used in vascular tissue 
engineering (eptFe) and hernial repair applications (polypropylene), 
respectively. (b) and (d) the same materials were coated with eCM 
gel, 8%, using a physical method of functionalization. the eCM gel 
is adsorbed onto the biomaterials modifying the topographical struc-
ture. Scale bar 100 µm.
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Figure 2.6    Mechanisms involved in constructive remodeling of tissues mediated by eCM scaffolds.
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all of which have the potential to regulate cell migration, adhesion, differen-
tiation, and angiogenesis.146–148

2.3.3.3.3  Cell Infiltration on ECM Bioscaffolds.  the role of the eCM scaf-
folds and their degradation products is not limited to the immunomodula-
tory effect upon macrophages at the site of injury. the release of matricryptic 
peptides from the degraded eCM scaffold also facilitates the recruitment of 
local and systemic stem/progenitor cells, which in turn participate in the 
scaffold remodeling process.149,150

a large number of pre-clinical and clinical studies have been conducted 
using eCM scaffold materials for esophageal, musculoskeletal, vascular, and 
thoracic repair applications, among others. Variability in decellularization 
and manufacturing methods, and surgical technique, has resulted in dispa-
rate clinical outcomes. For example, Sicari et al. (2014) successfully showed 
the implantation of eCM scaffold materials in sites of volumetric muscle loss 
(VMl) in both pre-clinical and clinical studies with resultant constructive 
remodeling, characterized by cell mobilization and de novo skeletal muscle 
formation.151 in contrast, aurora et al. (2015) utilized the same eCM scaf-
fold material but did not show the same functional outcome.152 the studies 
differ markedly in the associated protocol for post-surgical physical therapy. 
Whereas the former group initiated the physical/mechanical load of the 
affected region within 48 hours after implantation of the eCM scaffold, the 
latter group delayed the initiation of rehabilitation and lacked rigorous con-
trol in the rodent model. it is important to emphasize that immediate phys-
ical therapy is required to promote cell infiltration and differentiation, align 
the deposited eCM fibers, and promote angiogenesis, among other factors, 
which finally have an effect on the final functional outcome.153,154

Many studies have shown the potential of using eCM scaffolds derived 
from non-homologous tissues in a set of clinical applications. remlinger et al. 
(2013) investigated the role of urinary bladder matrix (UBM) and cardiac eCM 
scaffolds in the repair of a full thickness defect in the right ventricular outflow 
tract in rats for the treatment of congenital heart defects. the results showed a 
robust cell mobilization from the bone marrow, cell infiltration into the eCM 
scaffold accompanied by site-appropriate tissue remodeling and the presence 
of cardiomyocytes after 16 weeks of implantation when UBM scaffolds were 
employed, whereas less degrees of functional outcome were obtained when the 
cardiac eCM was employed.155 an additional example of utilization of heterol-
ogous eCM scaffolds is the study performed by nieponice et al. (2014). in the 
pilot clinical study, a commercially available UBM scaffold was employed for 
the functional repair of damaged esophageal tissue. in all the evaluated cases, 
the implanted UBM scaffold was replaced by site-appropriate functional tissue 
with complete epithelialization.156 Whether or not heterologous tissues can be 
employed for specific applications is still a topic of discussion and requires 
further investigation. Factors such as anatomic localization,157 complexity of 
the tissue, and mechanical loads, among others, might affect the functionality 
of the repaired tissue. the large body of studies to date clearly shows the ability 
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of eCM scaffolds to behave as smart materials, in which common molecules 
present within tissues regulate events such as cell infiltration, angiogenesis, 
and functional tissue repair.

2.4   Clinical Translation of Smart Material for Tissue 
Engineering

Clinical applications of smart materials in tissue engineering are still at 
incipient stages, especially those of synthetic and biosynthetic origin. Catheters 
loaded with antibacterial agents for urethral catheterization and bioactive 
dressings for burn injury treatments48 are successful examples of the clinical 
translation of responsive materials for tissue engineering.

the use of eCM-derived scaffolds to repair damaged tissues is common prac-
tice in the clinical setting. a partial list of commercially available non-cross-
linked eCM scaffold materials is listed in table 2.2. the Food and drug 
administration (Fda) has regulated these materials as medical devices,158 
facilitating their clinical application. the clinical applications using eCM-de-
rived scaffolds have been focused on hernia repair, musculoskeletal repair, 
esophageal repair, and breast reconstruction, among others.159 the potential 
clinical applications are not limited to these existing approaches, but can be 
easily expanded to other tissues once further investigated.

Musculoskeletal repair applications have been successfully reported in 
patients suffering from VMl. in the study performed by Sicari et al. (2014), 
five patients with VMl received UBM scaffold materials, after poor improve-
ments in muscle volume and function with other techniques. Following the 
implantation of the acellular bioscaffolds and conjugated with a protocol of 
physical therapy, the patients showed signs of constructive tissue repair, as 
specified in the previous section, as well as improvement in muscle strength, 
re-establishing the quality of life of these patients.151

in a more recent study, developed by the same group of researchers, eight 
patients with VMl were treated with eCM scaffolds in the affected area, 

Table 2.2    Commercially available non-crosslinked eCM-derived materials.

Specie source tissue source Commercial product

Bovine dermis SurgiMend®, tissueMend® (tei Biosciences)
Bovine pericardium Copios® (Zimmer Biomet)

Veritas® (Synovis® Surgical innovations)
human dermis alloderm® (lifeCell)

alloMax™ (Bard davol inc.)
GraftJacket® (Wright Medical tech)

porcine dermis Strattice™ (lifeCell)
XenMatrix™ (Bard davol inc.)

porcine Small intestinal  
submucosa (SiS)

oasis® (Cook Biotech)
restore® (depuy)
Surgisis® (Cook Biotech)

porcine Urinary bladder 
matrix (UBM)

MatriStem (aCell inc.)
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increasing the number to thirteen patients in total. Besides the increment 
in the number of patients, the researchers evaluated the muscle repair and 
functional outcomes after the implantation of one of three sources of eCM 
materials: UBM, SiS, and dermis. at a follow-up of six months, the findings 
of cellular infiltration, and nerve and skeletal muscle fiber formation, con-
firmed the induced reparative process mediated by the eCM scaffolds. the 
new therapeutic cases were in agreement with the first patients treated. 
advancements in constructive muscle remodeling and positive functional 
outcomes confirmed the biological activity of these smart materials,160 and 
highlighted the importance of the degradation of the scaffold materials and 
the release of matricryptic peptides to promote the reparative process.

Clinical translation of eCM scaffold materials for esophageal reconstruc-
tion represents a significant alternative for a challenging area, in which high 
morbidity and increased risk of infections are expected after implantation 
of a pedicled muscle flap or a jejunum interposition. the reconstruction of 
the esophageal structure in four patients following implantation of UBM 
scaffold materials has shown promise in the restoration of the esophageal 
function and the quality of life of the treated patients.156 the results confirm 
the potential of eCM materials as mechanical and bioactive structures able 
to regulate infiltration and ingrowth of epithelial cells and the deposition of 
native functional eCM.

2.5   Future Challenges for Translation of Smart 
Biomaterials in Tissue Engineering

Biomaterials science has evolved dramatically during the last 30 years with 
a significant impact upon clinical outcomes. Materials have transitioned 
from inert to functional replacements, in which a smart material is intended 
to mimic the structure–function dynamics of the native tissue.104 a better 
understanding of the processes involved in tissue development and repair 
has facilitated the shift in the targeted clinical utility of biomaterials. the 
mechanisms of these processes, however, have not been completely eluci-
dated; there are still gaps in the understanding of specific intracellular path-
ways by which eCM molecules influence cell behavior.

additional challenges in the generation of smart materials for various 
clinical applications exist in the context of complex tissue structures. Under-
standing the dynamic interface between different tissues, gradients of cells 
and growth factors, and other naturally occurring phenomena may promote 
the functional repair of tissue junctions such as musculoskeletal interfaces 
and whole organs.

despite advances in the generation of smart materials with successful 
results at the bench, relatively few smart materials have shown successful 
clinical translation.161 different factors can affect the translation of smart 
materials from the bench to the bedside, including development and manu-
facturing costs, scalability, use of valid pre-clinical models, regulatory path-
ways, and determination of long-term safety, among others.162,163
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as our understanding of the complex mechanisms involved in the micro-
environmental niche regulation of cell behavior improves, the design and 
manufacture of smart materials for a variety of clinical applications will con-
tinue to advance based upon concepts described in the following chapters of 
this textbook.
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3.1   Introduction
tissue engineering, as an interdisciplinary field, combines the principles of 
life sciences and engineering to develop biological substitutes, which can 
restore tissue function.1 a scaffold made from polymers plays a vital role in 
tissue engineering, because it provides a three-dimensional (3-D) microenvi-
ronment that dictates the fate of implanted cells, including adhesion, prolif-
eration, migration, differentiation, and so on.

the properties of smart or stimuli-responsive materials would change in 
response to external stimuli, including light, temperature, an electric/mag-
netic field, solvent polarity, ionic strength, and biomolecules. injectable 
smart hydrogels that experience sol–gel transitions induced by various stimuli 
have received increasing attention in tissue engineering because of the easy 
incorporation of cells or bioactive molecules, simplicity of administration 
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by injection, and improvement of retention and paracrine of delivered cells.2 
Besides, injectable smart hydrogels are highly desirable clinically because of 
the minimal invasion after percutaneous or endoscopic procedures.3,4 in this 
chapter, different types of injectable smart materials formed due to distinc-
tive mechanisms will be reviewed and their applications in tissue engineer-
ing will also be summarized.

3.2   Stimuli-Responsive Injectable Polymeric 
Hydrogels

3.2.1   Temperature-Responsive Injectable Hydrogels
poly(N-isopropylacrylamide) (pnipaam) has received the most attention 
because of its sharp transition behavior. it shows a well-defined lower critical 
solution temperature (LCSt) around 32–34 °C, which is close to body tem-
perature.5 recently, thermosensitive injectable hydrogels based on pnipaam 
and polyethylene glycol (peg) with different architectures have been devel-
oped for tissue engineering applications due to their excellent properties 
including thermosensitivity, biodegradability, biocompatibility, and easily 
controlled characteristics.6

Wagner et al. synthesized types of thermosensitive injectable copolymers by 
using N-isopropylacrylamide (nipaaM), acrylic acid, N-acryloxysuccinimide, 
and polylactide–hydroxyethyl methacrylate. Collagen i could be further 
incorporated into this copolymer via covalent bonding, which results in 
enhanced cell adhesion on the hydrogels.7

the copolymer of poly(ethylene oxide) and poly(propylene oxide) (with the 
trade name pluronic®) in aqueous solutions is another well-known thermo-
sensitive injectable material.8 it has also been frequently utilized to combine 
with other biodegradable polymers to provide thermal thermosensitivity. 
pluronic has been chemically grafted onto chitosan to obtain a thermosensi-
tive hydrogel, which could serve as an injectable vehicle for cell delivery, thus 
showing good potential for cartilage regeneration.9

in addition to the non-degradability, a major drawback associated with 
pluronic is low stability, and the gel persists for only one day after gelation. in 
order to resolve these problems, peo–pLLa–peo was synthesized, in which 
the central block ppo is replaced by a degradable poly(l-lactic acid) segment, 
and low-molecular-weight peo is also utilized (Figure 3.1).10 Moreover, mod-
ification of the hydroxyl terminal group of the copolymer offers an opportu-
nity to modulate the rheology and degradation of the hydrogels.11 Ding  
et al. systematically investigated the effect of end-groups on the physical 
gelation of pLga–peg–pLga aqueous solution, and further discussed the 
sol–gel mechanism of the thermosensitive derivatives.12

in general, the majority of temperature-responsive hydrogels do not solidify 
quickly around body temperature. to address this problem, Wang et al. 
prepared a novel hydrogel by using an aBa block copolymer, poly(ethylene 
glycol)-co-poly(propanol serinate hexamethylene urethane)-co-poly(ethylene 
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glycol). it took less than a minute to form a gel, which demonstrates promise 
for internal injection applications.13

a thermosensitive hydrogel has also been prepared by combination of nat-
ural polymer chitosan with glycerol phosphate (gp),14 that shows a sol–gel 
transition at physiological ph via electrostatic interactions, hydrogen bond-
ing, and hydrophobic interactions.15

3.2.2   pH-Responsive Injectable Hydrogels
polyacrylic acid (paac) is an example of a ph-responsive polymer that 
responds to the ph of a medium due to the presence of carboxyl groups. 
Besides, the ph sensitivity of various copolymers is imparted by incorporat-
ing carboxylic acid-derived monomers, for example aac.16

Figure 3.1    gel–sol transitions of a peo–pLLa diblock copolymer (a) and peo–
pLLa–peo triblock copolymer (b). (reprinted by permission from Mac-
millan publishers Ltd: [nature] (ref. 24), copyright (1997).)
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Sulfamethazine oligomers (SMos) with ph sensitivity were coupled to the 
terminal groups of a thermosensitive poly(ε-caprolactone-co-lactide)–poly 
(ethylene glycol)–poly(ε-caprolactone-co-lactide) block copolymer to generate 
a thermo- and ph- dually sensitive SMo–pCLa–peg–pCLa–SMo copolymer. 
Under physiological conditions (37 °C and ph 7.4), the copolymer formed a 
stable hydrogel rapidly, while it underwent a gel–sol transition at 37 °C and 
ph 8.0. the hydrogel thus formed holds optimal biocompatibility and demon-
strates good promise in bone tissue engineering as an injectable scaffold.17

Stayton and co-workers synthesized a ph- and thermo-sensitive hydrogel 
based on a copolymer of N-isopropylacrylamide and propylacrylic acid. the 
hydrogel could form a hydrogel at acidic ph, which shows promise to deliver 
drugs to local acidosis environments, including tumors, ischemia, or wound 
sites.18

3.2.3   Enzyme-Responsive Injectable Hydrogels
an enzyme-responsive injectable hydrogel is a novel type of smart mate-
rial that undergoes macroscopic transitions when triggered by the selective 
catalysis of certain enzymes.19 therefore, the functions of enzymes include 
catalyzing synthesis and hydrolysis, thus resulting in sol-to-gel and gel-to-sol 
phase transitions.

3.2.3.1  Sol-to-Gel Transition
gibson et al. synthesized a phosphorylated polymer based on poly(oligoeth-
ylene glycol methacrylate), and isothermal transitions could be induced by 
dephosphorylation mediated by alkaline phosphatase.20

3.2.3.2  Gel-to-Sol Transition
over the past ten years, numerous studies have focused on the employment 
of matrix metalloproteinase (MMp)-sensitive peptides for the preparation of 
cell-invasive hydrogels, which could be hydrolyzed by MMp secreted from cells 
to provide space for cell migration.21 in addition, thrombin cleavage sites have 
also been utilized for the construction of enzyme-degradable hydrogels.22

CrDtege-argSViDrC, a peptide derived from the aggrecanase-degrad-
able segment in aggrecan (a component of cartilage eCM), was introduced 
into peg hydrogel. this system enables the encapsulation and delivery of 
chondrocytes for cartilage repair and regeneration.23

Werner et al. designed a thrombin-responsive hydrogel to deliver heparin 
in a controlled manner. the release of heparin was triggered by the level of 
thrombins, which play an important role in the coagulation cascade and will 
become inactivated because of the released heparin (Figure 3.2).24

Similarly, Burdick et al. designed a novel MMp-sensitive polysaccha-
ride-based hydrogel, in which crosslinks could be degraded by active 
MMps and encapsulated MMp inhibitors (rtiMp-3) were released locally. 
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hence, on-demand delivery of rtiMp-3 effectively decreased the activity 
of MMp, and reduced ventricular remodeling of an infarcted heart in a 
porcine model.25

3.3   Injectable Supramolecular Hydrogels
Different from polymer-based hydrogels formed by the covalent crosslinking 
of random macromolecular chains, supramolecular hydrogels are formed 
due to self-assembly and noncovalent interactions (hydrogen bonding, π–π 
stack, and electrostatic interactions), which enables them to respond rapidly 
to a variety of external stimuli, including temperature, ph, ionic strength, and 
ligand–receptor interactions.26 the self-assembly hydrogels have received 
increasing attention as injectable scaffolds for tissue engineering because of 
the shear-thinning as well as rapid healing properties.

Due to the high interaction between β-cyclodextrins (β-CD) and adaman-
tane with an association constant of about 3 × 104 M−1, supramolecular 

Figure 3.2    auto-regulation of heparin released from thrombin-responsive star 
peg-heparin hydrogel. (a) thrombin generation from prothrombin. (b) 
thrombin, as a selective protease, cleaves the peptide of the linker in the 
starpeg-heparin hydrogels. thereafter, heparin releases. (c) released 
heparin catalyses the combination of thrombin with its inhibitor, 
antithrombin, leading to the inactivation of thrombin. (d) removal of 
thrombin terminates the degradation of hydrogels and further release 
of heparin. (reprinted by permission from Macmillan publishers Ltd: 
[nature Communications] (ref. 24), copyright (2013)).
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hydrogels have been constructed by the host–guest inclusion complexation 
between adamantyl-containing polymers and CD-dimers or polymers.27

the specific molecular recognition between proteins and glycosaminogly-
cans has been exploited to produce injectable hydrogels that are responsive 
and reversible. Kiick et al. designed a novel supramolecular hydrogel through 
interactions between a growth factor and a heparin-modified star peg.  
this hydrogel provides an opportunity for the controlled delivery of vascular 
endothelial growth factor, which shows potential for application in vascular 
tissue engineering28 (Figure 3.3).

Small molecular hydrogels based on peptides, as a type of supramolec-
ular hydrogels, have been widely investigated and applied in the field of  
tissue engineering.29 Xu et al. synthesized a novel hydrogelator on the basis 
of nap-FFgeY peptide, which shows a reversible sol–gel/gel–sol transition 
under the catalysis of kinase/phosphatase. therefore, the supramolecular 
hydrogel could be formed in situ after subcutaneous injection.30

gelain et al. designed a class of biotinylated oligopeptides containing a 
bone marrow homing peptide 1 segment, which could form a self-healing 
hydrogel via self-assembly in β-structured fibers. Since the peptide sequence 
could provide a functional site for cell adhesion, and further modulate cell 
proliferation and differentiation, this type of injectable hydrogel provides a 
wide range of potential applications in tissue engineering.31

Yang et al. reported a peptide-based hydrogel capped with adamantane 
groups, which shows a gel–sol phase transition in the presence of β-cyclo-
dextrin (β-CD) derivatives due to the host–guest interaction between β-CD 
and adamantane. it shows good potential for cell culture with the advan-
tage of rapid recovery of cells from the gels.32 inspired by the structure of 
collagen, they also incorporated a small library of tripeptide sequences into 
the hydrogels, and evaluated the cell behavior. results indicate that one 
peptide hydrogel has properties that are similar to those of collagen for cell 
culture.33

But the main concern about the in vivo application of peptide-based hydro-
gels is the short half-time (t1/2 of 2–30 min) because of enzymatic degradation 
and rapid renal clearance.34

Figure 3.3    Schematic depicting gelation via the crosslinking of polysaccharide- 
based star copolymers by heparin-binding growth factor VegFs. 
(reprinted with permission from ref. 28. Copyright (2007) american 
Chemical Society.)

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

00
67

View Online

http://dx.doi.org/10.1039/9781788010542-00067


73Applications of Injectable Smart Materials in Tissue Engineering

3.4   Application of Injectable Smart Materials for 
Tissue Repair and Regeneration

3.4.1   Bone
as a typical thermosensitive injectable hydrogel, the chitosan/β-glycerol 
phosphate (β-gp) system has also been intensively investigated in bone tis-
sue engineering.15,35,36 Liu et al. further added type i collagen into this sys-
tem, and evaluated the osteogenic properties of bone marrow mesenchymal 
stem cells (BMSCs) encapsulated in the hydrogel. In vivo assay indicates that 
the osteodifferentiation of BMSCs could be induced solely by this hydrogel 
without additional supply of osteogenic factors.37

Due to the organic/inorganic composition of natural bone, different types 
of inorganic fillers have been incorporated into chitosan/β-gp in order to 
provide mechanical reinforcement, and further induce the bone regenera-
tion capability. Borzacchiello et al. utilized β-tricalcium phosphate (β-tCp) 
nanocrystals as an inorganic phase to mimic the chemico–physical compo-
sition of natural bone tissue.38 the influence of β-tCp on bone regeneration 
was evaluated in an ectopic intramuscular bone formation model of a rat. 
In vivo results showed that mineralized bone formation was significantly 
enhanced in the group with β-tCp addition in contrast to the control one.39

in addition, many types of inorganic fillers, such as bioactive glass40 and 
nanohydroxyapatite (nhap) have been evaluated for the roles they play in 
promoting bone formation.41 the results showed that osteoblast differentia-
tion in vitro under osteogenic conditions was enhanced due to the addition 
of nhap, and bone formation in vivo was also improved.42

thermosensitive poly(N-isopropylacrylamide) (pnipaam) has also been 
utilized for bone tissue engineering by itself or combined with other natural 
polymers by co-polymerization. pnipaam was grafted onto gelatin to provide 
an injectable hydrogel that was beneficial for bone defect regeneration. the 
aforementioned hydrogel showed the ability to promote the regeneration of 
bone in a cranial model.43 Chen et al. prepared a thermosensitive hyaluronic 
acid-g-chitosan-g-poly(N-isopropylacrylamide) (ha-Cpn) copolymer,44 and 
further combined it with biphasic calcium phosphate (BCp) microparti-
cles for application in bone tissue engineering.45 In vitro cell culture assay 
reflected that ha-Cpn/BCp was a better injectable delivery system for bone 
cells compared to ha-Cpn, and the injected cells can form ectopic bone tis-
sue in the hydrogel composite in vivo. the potential of other pnipaam copo-
lymers, including poly(N-isopropylacrylamide-co-butyl methylacrylate),46 
and poly(N-isopropylacrylamide-co-acrylic acid),47 as bone tissue engineering 
scaffolds has also been exploited, and they were further combined with inor-
ganic bioactive glass and hydroxyapatite (ha) for the purpose of strengthen-
ing mechanical properties and promoting bone formation.

the traditional thermosensitive peo–ppo–peo triblock copolymer also 
finds its application in bone tissue engineering.48 it could serve as a car-
rier for simvastatin, and promoted bone regeneration was observed.49 as an 
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alternative, triblock copolymers based on degradable polyesters were syn-
thesized by different groups.50–54 Qian et al. evaluated the potential of the 
peg–pCL–peg copolymer to serve as an injectable scaffold in guiding bone 
regeneration. they further found that the introduction of osteoinductive 
acellular bone granules into the polymer matrix could enhance bone regen-
eration guidance in a rabbit cranial defects model.51 Besides, other copoly-
mers with varied architectures such as peg-grafted pLga (pLga-g-peg)55 or 
a methoxy polyethylene glycol–polycaprolactone diblock copolymer (Mpeg–
pCL)56 have been developed for bone tissue engineering. Varied structures 
allow the fine tuning of biodegradability and thermosensitivity.

Mikos et al. developed a dual-gelling system that holds both thermal- and 
chemical-gelation capabilities. the hydrogel demonstrated tunable phys-
iochemical characteristics, biocompatibility in vivo, and hydrophobicity-de-
pendent mineralization.57,58 they further evaluated its osteogenic potential 
for mesenchymal stem cell transplantation in vitro and in vivo. the results 
reveal that this injectable, dual-gelling cell-laden hydrogel could promote 
bone ingrowth and integration, making it a promising candidate for use in 
bone tissue engineering (Figure 3.4).59,60

Figure 3.4    histological cross-sections stained by hematoxylin and eosin (h&e), 
von Kossa, and goldner's trichrome at different timepoints. reprinted 
from Biomaterials, 83, t. n. Vo, S. r. Shah, S. Lu, a. M. tatara, e. J. Lee, 
t. t. roh, Y. tabata and a. g. Mikos, injectable dual-gelling cell-laden 
composite hydrogels for bone tissue engineering, 1–11. Copyright 
(2016) with permission from elsevier.
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recently, Song et al. reported a novel injectable and degradable thermo-
sensitive poly(organophosphazene) hydrogel. Various substituents could be 
further introduced into the polymer backbone readily, which provides addi-
tional modification of the hydrogel's properties.61 For example, hydrophobic 
and ionic interactions were introduced to realize the controlled delivery of 
bone morphogenetic protein-2. it has been functionalized by a cell binding 
peptide, grgDS, and the poly(organophosphazene)–grgDS conjugate thus 
prepared shows promise for inducing osteogenesis of MSC to enhance ecto-
pic bone formation.61,62

Jeong et al. developed a thermogel based on poly(ethylene glycol)–poly(l-
alanine-co-l-phenyl alanine), in which mesocrystals of calcium phosphate 
(4–8 µm) were incorporated. the inorganic/organic composite system was 
effective in enhancing osteogenic differentiation of tonsil-derived mesenchy-
mal stem cells. the possible reason has been explained by the effective sur-
faces provided by the mesocrystals for protein binding and cell adhesion.63

Jabbari et al. synthesized an enzymatically degradable hydrogel, that is, 
poly(lactide-co-ethylene oxide-co-fumarate) (pLeoF) prepolymer was cross-
linked with the MMp-13 cleavable peptide sequence, QpQgLaK. this type of 
hydrogel holds tunable degradation performance. In vitro assays show that 
bone marrow stromal cells embedded in the hydrogel can differentiate into 
osteoblasts and produce a mineralized matrix.64

a novel type of thermosensitive hydrogel based on glycosyl-nucleosyl- 
fluorinated compounds was prepared by Chassande and co-workers.65 the 
gelation occurs within 25 min through self-assembly of monomers as the 
temperature decreases. Both in vitro and in vivo experiments show that this 
hydrogel can stimulate osteoblast differentiation of adipose-derived stem 
cells in the absence of osteogenic factors.

Leeuwenburgh et al. successfully developed a nanocomposite hydrogel on 
the basis of reversible bonds between calcium phosphate nanoparticles and 
bisphosphonate-functionalized hyaluronic acid. this kind of nanocomposite 
displays a self-healing capacity and good adhesion to mineral surfaces. Most 
importantly, the composite shows bone-inducing capacity as evidenced by 
bone ingrowth into the material.66

3.4.2   Cartilage
as an avascular and aneural tissue, articular cartilage shows limited 
self-healing capabilities.67 in the case of a large-area cartilage defect, there 
are no effective approaches currently to completely restore injured articular 
cartilage in terms of morphological, biochemical, and biomechanical char-
acteristics.68 Currently, a strategy based on tissue engineering offers prom-
ise for cartilage repair and regeneration, in which chondrogenic cells are 
transplanted into a defect site through encapsulating them into an inject-
able hydrogel (table 3.1).3

injectable hydrogels also show particular advantages for the treatment of 
degenerative disc disease, because they could fill a degenerate area perfectly, 
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Table 3.1    examples of injectable smart hydrogels used in cartilage tissue engineering.

Materials Stimuli Cell type application references

Chitosan/β-glycerophosphate/ 
hydroxyethyl cellulose

thermal Mesenchymal stem cells 
(MSCs)

the Ch–gp–heC hydrogel provided suitable condi-
tions for chondrogenic differentiation in vivo

82

glycopolypeptide enzyme rabbit chondrocytes Cells maintained chondrocyte phenotype and  
produced the cartilaginous specific matrix in a 
subcutaneous model of nude mice

83

Chitosan/gelatin/hyaluronic  
acid (ha)/β-tricalcium 
phosphate

thermal Cell-free In vivo formed hydrogel induced minimal invasion of 
inflammatory cells

84

Copolymer of pnipaam and 
peg

thermal Cell-free it is possible to restore angular stiffness to a cyclically 
fatigued spinal segment using an injectable hydro-
gel as a nucleus replacement

85

poly(N-isopropylacrylamide)- 
g-methylcellulose 
(pnipaam-g-MC)

thermal atDC5 cells (murine 
chondrogenic cell line)

pnipaam-g-MC did not affect the cell viability and 
proliferation, and synthesis of glycosoaminogly-
cans was increased

86

Chitosan–pluronic (Cp) thermal Bovine chondrocytes the proliferation of cells and the amount of synthe-
sized glycosaminoglycan increased for 28 days

9

pluronic F-127 thermal autologous porcine  
auricular chondrocytes

injection of autologous porcine auricular chondro-
cytes suspended in hydrogel resulted in the forma-
tion of cartilage tissue in the approximate size and 
shape of a human ear helix

87

poly(N-isopropylacrylamide)- 
g-chondroitinsulfate 
(pnipaam-g-CS)

thermal Cell-free the mechanical properties, bioadhesive strength, 
and cytocompatibility satisfy for nucleus pulposus 
(np) regeneration

76
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Chitosan/β-glycerol  
phosphate (gp)

thermal primary calfarticular 
chondrocytes

hydrogel can support in vitro and in vivo accumula-
tion of cartilage matrix by primary chondrocytes, 
while persisting in osteochondral defects in vivo

88

Chitosan/β-  
gp/ hydroxyethylcellulose 
(heC)

thermal — Chitosan-gp/heC is suitable for clinical orthopedic 
applications involving single use treatments that 
guide acute cartilage repair processes

89

Chitosan/β-gp/ 
hydroxyethylcellulose 
(heC)

thermal Sheep chondrocytes the hydrogel could support the matrix accumulation 
of chondrocytes cultured in vitro and could repair 
sheep cartilage defects in 24 weeks

90

Chitosan/gelatin/β-gp thermal nucleus pulposus (np) 
cells

gelatin added into β-gp hydrogel significantly short-
ened the gelation time and improved gel strength 
without influencing the biocompatibility

91

Chitosan-graft-poly(N- 
isopropylacrylamide)

thermal Chondrocytes and  
meniscus cells

the hydrogel preserved the viability and phenotypic 
morphology of the entrapped cells, and stimulated 
the initial cell–cell interactions

92

pnipaam-g-CS (chondroitin 
sulfate)

thermal — the encapsulation of alginate microparticles within 
pnipaam-g-CS gels exhibited increased adhe-
sive strength with tissue, and did not induce 
cytotoxicity

93

hyaluronic acid (ha)/pluronic 
F127

thermal Mesenchymal stromal 
cells (MSCs)

In vivo chondrogenic potential of MSCs could be 
affected by dexamethasone (Dex) released from 
microspheres encapsulated in the hydrogel

94

poly(N-substituted 
α/β-asparagine)

thermal rabbit chondrocytes the polymers demonstrated a concentration-depen-
dent inhibitory effect on the chondrocytes' sur-
vival. over 70% of the chondrocytes could survive 
through the physical and/or chemical stress

95
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and thus minimize surgical defects. in addition, hydrogels can reduce the 
risk of implant migration and subsequent loss of height of the intervertebral 
disc.69,70 the load-bearing biomechanical function of the intervertebral disc 
is determined by the composition and organization of the extracellular matrix 
(eCM) components, collagen and aggrecan. the major role of aggrecan is to 
maintain tissue hydration, and hence maintain disc height under the high 
loads imposed by body weight and muscle activity.71 Due to this important 
role, glycosaminoglycan from native eCM, including hyaluronic acid (ha)72 
and chondroitin sulfate (CS), has been utilized for the construction of hydro-
gel systems for nucleus pulposus (np) regeneration (table 3.1).73–81

in addition to polymers, peptide-based supramolecular hydrogels have 
also been utilized for cartilage regeneration. an injectable hydrogel based 
on self-assembling peptide (KLD) was evaluated for its ability to stimulate 
regeneration of the cartilage in a rabbit model of a full-thickness, critical-
ly-sized, cartilage defect. addition of chondrogenic factors and bone marrow 
stromal cells remarkably reduced the quality of repair and enhanced osteo-
phyte formation compared to a KLD control after 12 weeks.96

Matsuda and ito reported a novel shear-sensitive hydrogel, which formed 
by supramolecular self-assembly between pDZ domain-containing fusion pro-
tein, and a pDZ domain-recognizable peptide, which was covalently linked to 
the terminal groups of four-armed poly(ethylene glycol). it demonstrated shear 
stress-dependent reversible-phase transformation. a spontaneous viscoelastic 
hydrogel was formed at low shear stress, but it was transformed into a sol at 
high shear stress. this shear-sensitive hydrogel shows potential for use as an 
injectable cell delivery system for cartilage repair and regeneration.97

Ma et al. developed a supramolecular hydrogel with shear-thinning and 
self-integrating properties, and evaluated the potential for cartilage–bone tissue 
regeneration in a subcutaneous implantation model of nude mice (Figure 3.5). 
the regeneration of the cartilage–bone tissue complex was successfully realized 
by using the self-integrating hydrogel with selected cells and biomolecules.98

3.4.3   Skin
in the field of skin tissue engineering, injectable hydrogels have attracted 
intensive interest because the hydrogels could produce a hydration environ-
ment, which is favorable for wound healing. thermo-sensitive hydrogels that 
mold into the shape of the wound defect would be more desirable because 
they are a free-flowing sol at room temperature, and upon direct injection 
into the injury site, they would fill the wound without wrinkling or fluting. 
Moreover, owing to the moist environment and porous structure of hydro-
gels, the encapsulated bioactive substances could be delivered to the wound 
in a sustained manner.99

injectable hydrogels formed in situ by enzyme catalysis have been exploited 
for use in skin regeneration.100,101 park et al. utilized an in situ gelling system 
containing rutin and tyramine-modified chitosan for dermal wound healing. 
rutin was further added to increase secretion and accumulation of extracel-
lular matrix during the healing process. results showed that rutin-modified 
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hydrogels improved tissue regeneration with better defined neo-epithelium for-
mation and thicker granulation, which was closer to the original epithelium.102

our group designed a novel supramolecular hydrogel, which could release 
nitric oxide in an enzyme-controlled manner.103 the hydrogel has been utilized 
for the topical treatment of skin wounds in mice. Controlled release of no 
could promote angiogenesis in the wound bed, thus accelerating the wound 
healing process.

Figure 3.5    Design of a DeX-Upy hydrogel for tissue complex regeneration. a) Scheme 
depicting the formation of DeX-Upy hydrogel and the mechanisms of the 
shear-thinning and self-recovery behavior. b) Scheme depicting self-inte-
gration and application in cartilage-bone tissue complex regeneration. 
(From ref. 98. Copyright © 2015 by John Wiley Sons, inc.)
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Wang et al. prepared an injectable hybrid hydrogel composed of a peg-
based thermosensitive hyperbranched copolymer and thiol-modified 
hyaluronic acid, which was further combined with adipose-derived stem 
cells (aDSCs). In vitro study showed that this hydrogel dressing system could 
prevent wound contraction and enhance angiogenesis, demonstrating its 
potential as a bioactive hydrogel dressing for wound repair.104

a thermosensitive hydrogel based on poly(l-lactic acid)-pluronic L35-
poly(l-lactic acid) was synthesized by guo et al., and human antimicrobial 
peptides 57 (ap-57)- loaded nanoparticles were further encapsulated in the 
hydrogel for cutaneous wound repair. in a full-thickness dermal defect model, 
the developed system could effectively promote cutaneous wound healing.99

3.4.4   Cardiovascular
Cardiovascular disease (CVD) is a major cause of mortality, accountable for 
30% of global deaths per annum.105 in recent years, tissue engineering has 
proved to be an effective strategy that can overcome the problems encoun-
tered in interventional therapies and heart transplantation.106 injectable 
biomaterials based on natural or synthetic polymers have been successfully 
utilized as scaffolds and (or) cell delivery carriers for cardiovascular tissue 
engineering.107 Besides, injectable biomaterials, especially injectable smart 
biomaterials have provided a variety of therapeutic options for myocardial 
infarction (Mi)108,109 and peripheral artery disease (paD),110,111 such as typi-
cally thermosensitive poloxamer 407 and other stimuli-responsive polymers.

temperature-sensitive hydrogels based on chitosan/β-glycerophosphate 
(β-gp) have been widely investigated as carriers of stem cells for vascular112 
and myocardium113 regeneration by different groups. Wang et al. have sys-
tematically evaluated the therapeutic effects of cell transplantation by chi-
tosan hydrogels on damaged myocardium using different types of stem cells, 
including embryonic stem cells (eSCs)114,115 as well as brown adipose derived 
stem cells (BaDSCs).116 the results indicate that chitosan improved the sur-
vival of transplanted BaDSCs and effectively increased their differentiation 
rate into cardiomyocytes in vivo. Furthermore, BaDSCs delivered by chitosan 
hydrogel inhibited adverse matrix remodeling, enhanced angiogenesis, and 
ameliorated heart function. they further modified the chitosan by covalently 
binding glutathione with the aim of suppressing oxidative stress damage in 
cardiomyocytes. results show that the chitosan–glutathione hydrogel can 
remove excessive intracellular reactive oxygen species (roS) and suppress 
oxidative stress damage as well as apoptosis of cardiomyocytes in the pres-
ence of high roS.117 Similarly, they also modified the chitosan by conjuga-
tion of a roY peptide to enhance angiogenesis at the Mi region and improve 
the cardiac functions.118

poly(N-isopropylacrylamide) (pnipaam) with thermosensitivity has also 
been widely employed in cardiovascular tissue engineering.119 guan et al. 
prepared a series of thermosensitive hydrogels by copolymerization of N-iso-
propylacrylamide (nipaam) with other monomers, including N-acryloxysuc-
cinimide, acrylic acid (aac), 2-hydroxyethyl methacrylate, etc., and further 
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combined them with a natural polymer such as collagen or chondroitin sulfate 
(CS) to fabricate hydrogel composites.120 this type of hydrogel demonstrated 
attractive properties for serving as a 3D scaffold to strengthen the efficacy of 
cell therapy for heart diseases.121 they further found that the appropriate gel 
stiffness could induce the differentiation of mesenchymal stem cells (MSCs) 
into cardiac cells with high efficiency.122,123

Semi-interpenetrating polymer network (sipn) hydrogels containing dex-
tran-grafted poly(ε-caprolactone)-2-hydroxylethyl methacrylate (pCL-heMa) 
and crosslinked poly(N-isopropylacrylamide) were utilized alone122 or com-
bined with cytokines124 for the therapy of myocardial infarction (Mi). the 
results showed that injection of these hydrogels could attenuate cardiac 
remodeling and ameliorate heart function after Mi.

Cardiac muscle, as an electroactive tissue, is capable of transferring elec-
trical signals, and Mi is often associated with abnormal electrical function 
because of a massive loss of functional cardiomyocytes. Wei and co-workers 
introduced electroactive tetraaniline (ta) into pnipaam-based copolymers. 
the introduction of tetraaniline endowed the hydrogel with optimal electri-
cal properties and antioxidant activities.125

Li et al. synthesized a thermosensitive hydrogel based on an aliphatic poly-
ester, poly (δ-valerolactone)-block-poly(ethylene glycol)-block-poly(δ-valerolac-
tone) (pVL–peg–pVL), and further conjugated it with vascular endothelial 
growth factor (VegF). When injected after Mi, this hydrogel alleviated adverse 
cardiac remodeling and improved ventricular function. these effects could 
be further augmented when the VegF was conjugated.126

Supramolecular hydrogels have been used in the therapy of infarcted myo-
cardium. a type of injectable hydrogel based on α-cyclodextrin (α-CD) and 
poly(ethylene glycol)-b-polycaprolactone-(dodecanedioic acid)-polycaprolac-
tone-poly(ethylene glycol) has been successfully developed for the therapy of 
myocardial infarction.127 this hydrogel could improve the retention of trans-
planted cells, and prevent cardiac dysfunction.128,129 Burdick et al. designed a 
supramolecular gel through the pendant modifications of hyaluronic acids sep-
arately by the host–guest pairing of β-cyclodextrin and adamantane. it shows 
shear-thinning and self-healing characteristics, which permit delivery via injec-
tion within the ischemic myocardium (Figure 3.6).130 they further introduced 
secondary covalent crosslinking to regulate the final material's performance. 
application of the dual-crosslinking hydrogel in a myocardial infarction model 
showed improved results compared to supramolecular hydrogel alone.131

a supramolecular hydrogel formed due to multiple hydrogen bonds 
between 2-ureido-4[1H]-pyrimidinone (Upy) motifs has also been selected as 
a delivery system for the controlled release of growth factors, which leads to 
an improved therapeutic effect in chronic Mi.132

injectable hydrogels containing matrix metalloproteinase (MMp)-re-
sponsive peptide segments show advantages in cardiac tissue engineering 
because they can respond to the elevated MMp levels that occur immediately 
after myocardial infarction.133 these matrices provide a favorable biomi-
metic microenvironment to enhance the long-term outcome of cardiac stem 
cell therapy.134
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3.4.5   Skeletal Muscle and Tendon
Xu et al. developed an injectable thermosensitive hydrogel through combi-
nation of chitosan/β-glycerophosphate with collagen and investigated its 
potential use as a cell culture substrate. the results indicate that this type of 
hydrogel is a cytocompatible carrier for the transplantation of skeletal muscle 
satellite cells (SMSCs) and provides a supportive effect for SMSC plasticity.135

guan et al. synthesized a type of thermosensitive hydrogel from N-isopro-
pylacrylamide, acrylic acid, and 2-hydroxyethyl methacrylate oligomer with 
a varied modulus, which plays a vital role in affecting the proliferation and 
myogenic differentiation of bone marrow mesenchymal stem cells (MSCs) 
encapsulated in the hydrogel. the injectable hydrogel with an appropriate 
modulus shows the potential to deliver stem cells into an ischemic limb for 
improved myogenic differentiation and muscle regeneration.136 they further 
incorporated basic fibroblast growth factor (bFgF), a proangiogenic growth 
factor, into a poly(N-isopropylacrylamide)-based system for stem cell deliv-
ery. the released bFgF significantly improved the paracrine effects of MSCs 
in vitro. When transplanted into the ischemic limbs, this system dramati-
cally improved MSC retention and differentiation, and a pronounced effect 
for ischemic limb regeneration has been observed.137

3.5   Conclusion and Perspective
in summary, a broad range of injectable smart materials has been success-
fully employed in the tissue engineering of bone, cartilage, skin, tendon, 
myocardium and so on. thanks to the injectability and in situ gelling ability 

Figure 3.6    Scheme illustrating the formation of a shear-thinning hydrogel (Stg) 
through guest–host inclusion complexation between β-cyclodextrin 
and adamantane. epC, endothelial progenitor cell. reprinted from the 
Journal of thoracic and Cardiovascular Surgery, 150 (5), a. C. gaffey, M. 
h. Chen, C. M. Venkataraman, a. trubelja, C. B. rodell, p. V. Dinh, g. 
hung, J. W. Macarthur, r. V. Soopan, J. a. Burdick and p. atluri, inject-
able shear-thinning hydrogels used to deliver endothelial progenitor 
cells, enhance cell engraftment, and improve ischemic myocardium. 
1268–1276. Copyright (2015) with permission from elsevier.
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provided by their stimuli-responsive properties, they can also serve as carri-
ers for the delivery of cells and cytokines.

recently, there is a trend towards in situ tissue engineering, in which the 
tissue microenvironment of the host acts as a bioreactor and the regenera-
tion of targeted tissues is induced by the bioactivity and biofunction of the 
implanted scaffolds that mimic the native extracellular matrix environment.138 
in this context, the scaffold is required to hold essential physical and mechani-
cal properties to replace the diseased tissues transiently, but also can stimulate 
the regeneration potential of the host to fulfill the regeneration of targeted 
tissues. these requirements could be satisfied through careful design and fine 
tuning of the properties in terms of structure, surface functionalities, degra-
dation rate, and delivery of bioactive molecules. Besides, smart materials that 
could respond to the stimuli of endogenous signals show their unique advan-
tages in mediating the interaction between the implanted materials and the 
host, which could further regulate the immunologic response and induce cell 
ingrowth, thus promoting tissue regeneration and remodeling.
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4.1   Introduction
one of the greatest achievements of the 20th and 21st centuries has been 
a dramatic increase in average life expectancy, attributed mainly due to the 
development of successful treatments against numerous infectious and 
parasitic diseases. as a result, new human pathologies related to aging have 
emerged—chronic wounds, arthritis, bone disorders, or eye diseases. these 
new diseases have, in turn, created demands for novel approaches in areas 
such as regenerative medicine. Within this field, a more recent focus has 
been on the development of “smart” scaffolds, materials that not only avoid 
the size limitation of autologous tissue grafts or immune issues associated 
with transplantation from allogeneic or xenogeneic donors, but also provide 
a rapid therapeutic response to an onsite-detected medical concern emerg-
ing from an integrated sensing component of the structure. at a minimum, 
several key requirements must be met in order for these synthetic scaffolds to 
assist in healing and regenerative processes: (i) provide cellular attachment, 
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proliferation and differentiation, (ii) possess a three-dimensional structure 
that ensures cell spreading and organization as well as vasculature and neural 
growth, and (iii) dissolve back into the body after implantation.

While extensive effort has been expended in polymer, ceramic, and metal-
lic-based structures, semiconducting materials have, for the most part, been 
under-investigated. of the available options, elemental silicon (Si) is clearly 
the paradigm, but bulk crystalline silicon commonly used in electronic device 
platforms is best known as being bioinert. in contrast, the transformation of 
crystalline Si to a porous morphology known as porous silicon (pSi) has 
created a material of significant interest for possible use in tissue engineering 
due to two significant discoveries: (1) in 1990, the report of strong visible 
photoluminescence from pSi by Canham1 initiated extensive effort into the 
use of pSi as a sensing platform and eventual merit as a self-reporting drug 
delivery device2 (see table 4.1); (2) in 1995, mesoporous silicon was shown 
to be a bioactive material3 that can induce hydroxyapatite growth (the main 
constituent of bone), along with its non-toxic degradation into orthosilicic 
acid.4 the unique and useful features of this material—a large surface area, 
controllable pore size, and tunable surface chemistry—not to mention its 
intrinsic semiconducting character—has opened a wide avenue of opportu-
nities for the use of this material in medical diagnosis and therapy.

Challenges associated with the manipulation of single pSi particles or 
sharp edge-induced in vivo inflammatory response of the as-prepared micro-
particles can be readily addressed through the use of a combination of 
biodegradable polymers (or hydrogels) and porous silicon. Some significant 
advantages are readily envisioned: flexible mechanical properties of the poly-
mer allow for an easy molding into various shapes and forms required for 
the site of an injury (as the polymer matrix can conform to the specific shape 
of an actual defect or trauma site); opportunities for the incorporation of 
sites demonstrating different degradation kinetics (two stage drug delivery 
vehicles and beyond); more facile incorporation of heterogeneous materials 
(hard/soft).

in this chapter we will review selected examples illustrating how pSi micro/
nanostructures and pSi/polymer composites represent a new class of “smart’ 
materials suitable for tissue engineering.

4.2   Fundamentals of Porous Silicon (pSi)
4.2.1   Porous Silicon (pSi) Can Be Processed into a Variety of 

Shapes and Forms
in the case of tissue engineering scaffold design, one has to consider the vari-
ety of physical forms that a material needs to conform to in order to ensure 
optimum cellular attachment, differentiation, and proliferation. Multiple 
particle shapes have been investigated for the possible exploitation of pSi 
as a theranostic platform, including thin films, as-prepared coarse micro-
particles, lithographically-designed hemispherical domes,5 square-shaped 
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92Table 4.1    Key milestones for pSi as a “smart” material.

Milestone property evaluated reference

pH-Responsive thermally hydrocarbonized pSi nanoparticles functionalized with chitosan and coated with a ph- 
responsive polymer, hydroxyl-propylmethyl cellulose acetate succinate (hpMCaS-Mf) for a dual 
protein-drug (Glp-1 and dpp4) delivery system

49 (2015)

pSi loaded with sorafenib and functionalized with a ph-responsive polymer—polyethylene glycol- 
block-poly(l-histidine) and poly(ethylene glycol)-block-polylactide methyl ether—for a multi-stage 
drug delivery system (MddS)

50 (2015)

thermally hydrocarbonized pSi loaded with atorvastatin followed by encapsulation into the ph- 
responsive polymer (hypromellose acetate succinate) containing celecoxib to obtain a multi-drug 
loaded system for combination therapy

51 (2014)

the pSi external surface was functionalized with folic acid and fluorescein isothiocyanate for target-
ing and imaging, respectively. the pore walls were functionalized with carboxyl groups to obtain a 
higher loading degree of doxorubicin and promote a ph-triggered drug release

52 (2014)

photonic pSi film coated with ph-responsive polymer 2-diethylaminoethyl acrylate (p-deaea), is used 
to detect ph changes during acidification of chronic wound fluid as a result of bacterial infection

53 (2014)

pSi nanoparticles with a ph-responsive nano valve consisting of an aromatic amino group and a cyclo-
dextrin cap for drug release inside cells

54 (2011)

the pore openings of the pSi nanoparticles were grafted with a ph-responsive nano valve of poly(β-amino 
ester) and the external surface with pluronic f-127. the drug ptX was encapsulated into the external 
layer of pluronic f-127 and doX was loaded inside the pores thus enabling spatiotemporal drug release

55 (2015)

ph-triggered release of the antibiotic vancomycin from porous Si films containing a BSa protein- 
capping layer

56 (2008)

pSi nanoparticles are functionalized with ph-responsive peGdB polymers. this nanocomposite exhibits 
improved endosomal escape and thus improved pNa delivery to cytosol where target mirNa are located

57,58 (2016, 2014)

Temperature- 
responsive

thermoresponsive amine-terminated poly(N-isopropylacrylamide) brushes are grafted to thin films of 
freshly-etched porous Si

59 (2009)

pSi was loaded with camptothecin and coated with temperature-responsive poly(N-isopropylacrylamide- 
co-diethylene glycol divinyl ether) to achieve a sustainable and temperature-dependent drug delivery

60 (2016)

pSi films coated with thermoresponsive polymer, poly(N-isopropylacrylamide), for a feedback- 
controlled drug release

61 (2011)

pSi nanoparticles were loaded with doxorubicin hydrochloride and trigger the release either under  
ir or rf irradiation

62 (2016)
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Self-reporting 
(biosensor)

psi-based system as a label-free, non-invasive method to continuously monitor cell morphology 
known as a “smart” petri dish

63 (2006)

pSi-optical sensor interfaced with human epithelial cells on the peptide-functionalized regions for 
detection of cellular responses

64 (2011)

pSi-optical sensor coated with an enzymatic degradable polymer, poly(oligoethylene glycol-co-acrylic 
acid)-N3 to monitor matrix metalloproteinases’ enzyme activity

65 (2014)

pSi grafted with resazurin as a luminescence-enhancing optical biosensing platform for l-lactate  
dehydrogenase detection

66 (2015)

pSi rugate filter is biocompatible and optically functional in vitro, and importantly, in a subcutaneous 
passive biosensing setting

67 (2016)

pSi-optical sensor to monitor the release of bovine serum albumin (BSa), a model protein payload 68 (2016)
the incorporation of a chemically-sensitive hydrogel into a 1d photonic pSi transducer is evaluated 

upon exposure to a target-reducing agent analyte, tris(2-carboxyethyl) phosphine. this sensing  
system is capable of direct visual color readout

69 (2010)

photonic pSi coated with a ph-responsive polymer can be used to detect ph changes in aqueous 
media in order to report on acidification of chronic wound fluid through a color change that is  
visible to the unaided eye

53 (2014)

pSi as a label-free sensor that is applicable for rapid detection of cell capture events and identification 
of microorganisms e.g., bacteria (E. coli)

70 (2014)

intravitreal biocompatibility and dissolution of pSi microparticles with the feasibility of pSi as a plat-
form for an intraocular drug-delivery system with a non-invasive remote monitoring of drug release

71 (2008)

Self-sealing pSi particles loaded with sirNa act as a self-sealing device through formation of an insoluble salt shell 
(calcium silicate) inside the pores to protect high concentrations of sirNa

72,73 (2016, 2010)

Self-assembling the suitably-modified pSi particles spontaneously align at an organic liquid–water interface, with the 
hydrophobic side oriented toward the organic phase and the hydrophilic side toward the water. 
Sensing is accomplished when liquid at the interface infuses into the porous mirrors, inducing  
predictable shifts in the optical spectra of both mirrors

2 (2003)

thermally hydrocarbonized pSi nanoparticles were modified with a self-assembled coating consisting 
of fungal hydrophobin (hfBii), which showed an increased accumulation in the liver and spleen 
compared to the uncoated nanoparticles

74 (2012)

Electronically- 
responsive

the controlled release of encapsulated charged species to and from a semi-conducting calcium  
phosphate/pSi structure was reported, utilizing the electrical conductivity of the material

75 (2006)
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nanoparticles created via perforated etching methods,6 silicon nanotubes,7 
as well as porous machined cubes,8 and nanoneedles,9 some of which are 
illustrated in figure 4.1. the disc, cube, and related small nanoparticle  
morphologies of pSi are most commonly investigated with regard to circulatory 
system-based drug delivery, rather than selected areas of tissue regeneration.

Mesoporous silicon microparticles like those shown in figure 4.1(e) and 
(f) have been extensively studied as a drug delivery carrier due to multiple 
properties (in addition to shape) that are advantageous to drug delivery: 
tunable pore size and volume; an ability to enhance drug solubility; as well 
as controlled degradation kinetics either via surface modification11,12 or 
porosity4 (vide infra). this topic has been reviewed extensively in multiple 
recent reports.13–16 relevant to tissue engineering, pSi can be loaded with 
various small molecule drugs as well as selected biologics (peptides, enzymes 
or genes) that can be released afterwards in a sustainable fashion inside a 
living body to promote tissue healing and regeneration.

one pointed example of this shape-influenced usefulness in therapeutics 
is the demonstration by Chiappini et al. of the successful injection of nucleic 
acids via vertical array of biodegradable porous nanoneedles,9 which are 
shown in figure 4.1(d). the intracellular delivery of nucleic acids enables 
gene expression regulation thus enabling in vivo cellular reprogramming. 
Consequently, they were able to deliver an angiogenic gene, which triggered 

Figure 4.1    representative shapes and pores of pSi: (a) macroporous Si film, scale 
bar = 2 µm10, (B) porous wall silicon nanotubes loaded with cisplatin, 
scale bar = 50 nm (photo credit: roberto Gonzalez-rodriguez, tCU), 
(C) nanosize pores of microparticles in (f), scale bar = 100 nm, (d) pSi 
nanoneedles with the tip diameter ranging from less than 100 nm to 
400 nm, scale bar = 200 nm (adapted by permission from Macmillan 
publishers ltd: Nature Materials Chiappini et al.9 copyright (2015)), (e) 
perforated pSi nanostructures, scale bar = 1 µm6 (photo credit: Chia-
Chen Wu, UCSd), (f) free-standing mesoporous Si microparticles, scale 
bar = 10 µm (photo credit: Nelli Bodiford, tCU).
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the patterned formation of new blood vessels within the tissue, thus estab-
lishing local control of damaged tissue.

4.2.2   Control Over Pore Structure
the porosification of bulk Si into a porous biocompatible material is most 
commonly achieved by anodic galvanostatic etching of monocrystalline  
silicon, using ethanolic hydrofluoric acid (hf) as an electrolyte.17,18 pore sizes 
can range from microporous (less then 2 nm)19–21 to mesoporous (2–50 nm),22 
to macroporous (>50 nm).23 an extremely broad range of pore morphologies 
has been observed, strongly dependent on Si wafer resistivity, magnitude of 
anodic bias and its duration, electrolyte composition, etc.24 for biomaterial 
applications, the mesoporous material is most commonly studied, as its 
window for resorption in vivo is most appropriate.16 Morphologically, this 
anodically-prepared mesoporous material is often described in terms of a 
dendritic structure, and also can be created with very high surface areas (in 
some cases >800 m2 g−1),25 which is a key parameter when used to carry useful 
payloads of drugs, proteins, and peptides. this includes actives relevant to 
tissue engineering (therapeutic triggers for the enhancement of cell differ-
entiation and/or vascularization). furthermore, the presence of very small 
pores in this mesoporous structure (5–50 nm) can influence the crystalline 
character of solid drugs loaded into the pSi matrix, in some cases inducing 
amorphization or nanostructuring, that can influence aqueous dissolution 
behavior and drug release in vitro/in vivo.26

While pSi prepared by galvanostatic processes certainly dominate the 
literature, it should be pointed out that additional fabrication options are 
available, including so-called “open circuit” metal-assisted chemical etching 
routes,27 along with eco-friendly methods employing silicon-accumulator 
plants.28 Both permit the use of lower cost silicon feedstocks, but produce a 
rather different morphology than the anodized material.

4.2.3   Surface Chemistry
Surface chemistry plays a critical role in determining whether a designed 
implant will be accepted or rejected by the host tissue. especially at the 
early stages, cell adhesion and cell spreading will be highly dependent on 
surface chemistry. porous silicon can be modified with a diverse range of 
surface chemical moieties to accommodate requirements such as stability 
in physiological media for a chosen period of time, cell attachment and  
differentiation, as well as controlled drug delivery.

the surface chemistry of freshly etched, anodized porous silicon is 
hydride-terminated. Such Si-hx (x = 1, 2) species are unstable in ambient air 
and physiological media. in the presence of water, oxidative hydrolysis leads 
to surface degradation that in turn can impede initial cell attachment. for-
tunately, these Si-hx functionalities can be modified via three main routes: 
thermal oxidation, hydrosilylation and hydrocarbonization.
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one of the most commonly used stabilization methods is oxidation of the 
surface of pSi. in addition to the increased stability, this method also changes 
the pSi surface from hydrophobic to hydrophilic. the simplest route involves 
short-term annealing of the pSi in air or oxygen at elevated temperatures  
(ca. 600 °C), but there are multiple oxidation methods as well as other surface 
functionalization techniques for altering in vitro/in vivo degradative stability 
that have been reviewed elsewhere.29,30 Besides affecting stability, it is also 
important to remove all hydride species from the surface of pSi and replace 
with hydroxyl moieties to facilitate further functionalization with biofunc-
tional compounds using silicon alkoxide derivatives.31

if long-term stability of a given pSi surface is desired, hydrosilylation and 
hydrocarbonization are attractive options. the former involves the use of 
functionalized alkenes/alkynes, often in the presence of a catalyst at reflux 
temperatures. the latter involves controlled decomposition of acetylene 
adsorbed on a freshly prepared pSi surface at elevated temperatures. Both 
approaches have been described in detail in recent reviews.11,32

Many of the above points regarding the influence of surface chemis-
try on the properties of a given drug loaded into pSi can be illustrated by 
noting selected highlights of a recent account by Wang et al., who studied 
the influence of surface chemistry of pSi not only on the dissolution of the 
carrier itself but also drug loading and consequently its release kinetics.33 
they analyzed three types of porous silicon surfaces with a mesoporous 
structure: hydrophobic as-prepared (hydrogen-terminated) pSi, hydrophobic 
octyl-functionalized pSi, and hydrophilic surface oxidized pSi. the observed 
difference in loading of the antibacterial agent triclosan between as-anodized  
and oxidized pSi (roughly 8%) was attributed to the reactivity of oxidized surface 
sites with water molecules leading to additional oxidation. the lower value 
of 42.1% for the octyl-functionalized pSi is presumably a consequence of a 
smaller available surface for the drug in the solution (50% water) in the 
presence of long octyl chains.

a significant difference was observed with regard to the release behavior; 
with the octyl-functionalized pSi demonstrating the largest per unit time 
followed by the as-anodized pSi and finally, oxidized pSi. the difference in 
release kinetics at least for the as-anodized and oxidized pSi was linked to the 
dissolution rates of these materials.34 for instance, the rate of dissolution of 
as-prepared, hydrogen-terminated pSi is about four times higher than that of 
oxidized material, which explains the difference in drug release. however, the 
dissolution behavior of the carrier does not explain why octyl-functionalized 
pSi exhibits much higher release kinetics than that of as-anodized pSi when 
the dissolution rate of the octyl-functionalized carrier alone is 2.7 times less 
compared to the as-prepared pSi. even though alkyl groups suppressed pSi 
degradation, they provided a hydrophobic interface for the drug (hydropho-
bic triclosan) that at the end overwhelmed the dissolution rate and resulted 
in a higher amount of released drug overall. these results clearly show how 
surface chemistry plays a key role in drug loading and release, by either effect-
ing the dissolution of the carrier alone and/or dissolution from the pores by 
means of hydrophobic/hydrophilic interactions with the drug molecules.
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4.2.4   Cell Attachment and Differentiation on Porous Silicon
Numerous studies have been carried out on various mammalian cells’ attach-
ment and differentiation on porous silicon. a very thorough compilation 
of these studies can be found in the recently published Handbook of Porous  
Silicon,35,36 covering a broad range of stem, nerve, bone, epithelial, gastric as 
well as cancer cell interactions with porous silicon. in this section, we will 
concentrate on some of the latest contributions of pSi in wound healing and 
how they may play a crucial role in delivering antibacterial drug compounds 
and growth factors in order to reestablish tissue integrity.

Mori et al. reported the preparation of thermally hydrocarbonized porous 
silicon (thCpSi) microparticles that were covered with well-known biopoly-
mers (chitosan (Chi) and chondroitin sulfate (CS)/hyaluronic acid (ha)).37 
the potent antibacterial drug compounds vancomycin (VCM) and resveratrol 
(rSV) were subsequently loaded into these modified pSi materials. these bio-
polymers are well known in pharmaceutics and have been reported to pro-
mote tissue repair, i.e. fibroblast proliferation.38–40 as a result, these Chi- or 
CS/ha-modified pSi microparticles were less toxic compared to the uncoated 
microparticles as revealed by the high survival of the fibroblast cells. More-
over, the coated particles resulted in controlled release of both VCM and rSV.

in another account, fontana et al. performed studies where hydrocarbo nized 
porous silicon (thCpSi) microparticles were functionalized with platelet lysate 
(pl) to promote wound healing.41 pl-loaded porous silicon particles were  
evaluated for their proliferation effects both in vitro in a wound-healing assay 
and also ex vivo over human skin. the in vitro wound healing was performed 
using fibroblast cells to track the wound closure as shown in figure 4.2.

after 24 hours of incubation, pl-modified thCpSi promoted complete 
closure of the cell gaps, whereas unmodified pSi microparticles and the 
controls (positive included) did not reach closure of the gap. although short 
lasting, the ex vivo assay pl-modified thCpSi showed acidophilia of the collagen 
fibers, which is a sign of ongoing regeneration. overall, these results are very 
promising for the treatment of non-healing wounds using porous silicon.

4.2.5   Advantages of pSi/Polymer Composites as Implants for 
Tissue Engineering

polymers (natural and synthetic) have been extensively employed in the field 
of tissue engineering due to the myriad of useful properties that are important 
for their use as scaffolds or drug delivery devices. among these properties are 
mechanical stiffness, flexibility, and degradability. in addition, polymers can 
be sculpted into different shapes/forms in order to be used in a wide range 
of applications. Some common biodegradable synthetic polymers extensively 
studied and used since the 1930s include poly(lactic acid), pla, poly(glycolic 
acid), pGa, poly(ε-caprolactone), pCl.42 however, there are a few disadvantages 
to their use. these include: a low drug loading capability, low melting tempera-
tures, insufficient mechanical properties, and lack of optical properties that 
can be used for label-free sensing.43 therefore, there is an emerging interest in 
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Figure 4.2    photographs of the cells’ gaps at 0 and 24 h after incubation with the samples at 37 °C in 5% Co2 and 95% relative humidity. 
the cells were seeded into the two chambers of the inserts and left in the incubator overnight in order to attach to the µ-dish. 
on the following day, the insert was removed, and the samples were seeded into the appropriate dish. the white lines mea-
sure the width of the gaps in µm. Samples: dMeM without serum (M w/s); pl (1 : 40 dilution; pl 1/40); pl “as in particles”; 
pl-modified thCpSi 1 and 1.5 mg ml−1; and thCpSi 1 and 1.5 mg ml−1. (reprinted (adapted) with permission from (fontana 
et al. ‘platelet lysate-Modified porous Silicon Microparticles for enhanced Cell proliferation in Wound healing applications, 
aCS appl. Mater. interfaces, 2016, 8, 988-996 41). Copyright (2016) american Chemical Society.)
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the development of composite materials such as pSi/polymers with improved 
mechanical properties, optical properties for self-reporting, as well as a pre-
cisely controlled degradation and drug delivery kinetics for adjuvant therapies.

Given the significance of eye-related diseases in quality-of-life issues, we 
choose to discuss here an example of the use of pSi/polymer implants for treat-
ment of dysfunctional corneal surfaces that are responsible for painful and 
blinding diseases such as uveitis. in 2009, low et al used thermally oxidized, 
aminosilanised porous silicon membranes as a host scaffold for the attach-
ment and growth of human ocular cells. after implantation of the pSi mem-
brane into a rat eye, the seeded cells were viable and moved into ocular tissue 
causing very little host reaction. the duration of implantation was nine weeks, 
by the end of which most of the pSi was observed to have been degraded.44

these results were very encouraging and prompted further studies that 
were reported in 2010 by Kashanian et al., who proposed pSi encapsulation 
in microscale fibers of the biodegradable polymer polycaprolactone (pCl).45 
the introduction of pCl fibers improved the system by providing mechanical 
flexibility to the construct, removed sharp edges present in pSi microparticles, 
inhibited a rapid hydrolysis of the pSi, and promoted better human lens epithe-
lial (hle) cell line proliferation on the fiber template. as the dissolution rate 
of pSi particles is strongly dependent on pSi surface chemistry, two different 
types of pSi particle surfaces (hydrogen-terminated and surface-oxidized) were 
investigated. the rates of dissolution were governed by both the presence of 
the polymer and the surface chemistry of pSi particles, with the latter turning 
out to be more dominant. as expected, the hydride-terminated pSi samples had 
clearly dissolved to a greater extent by the end of a 30-day observation period.

also in these studies, in vivo experiments using a rat eye model showed 
no evidence of infection around the implant site.45 a foreign-body response 
was observed for all pSi/pCl composites, with some histiocyte infiltration at 
the sites of implantation that were completely resolved over time. Composite 
fibers containing the surface-oxidized pSi particles demonstrated a superior 
performance, showing no measurable fibrous capsule. overall, these results 
suggested further investigation including incorporation and release of useful 
therapeutics and transfer of cells.

in 2015, irani et al. extended this work by proposing a new method of 
fabricating pSi/pCl composites where pSi particles are only partially encap-
sulated onto pCl fibers, which would allow for a higher drug loading and 
release.46 this new type of composite permits drug loading after prepara-
tion of the composite, thereby posing a significant advantage over com-
pletely encapsulated pSi, as exposure of many drugs to solvents present in 
pCl during composite fabrication would lead to drug denaturation. in this 
study, a model drug (fluorescein diacetate (fda)) and proteins such as insu-
lin, transferrin, and epidermal growth factor (eGf) were successfully loaded 
into the composites. hle cell attachment assays were carried out, indicating 
very successful cell attachment and proliferation on the composites. lastly, 
these composites were also tested in vivo, with implantation under the rat 
conjunctiva resulting in no significant inflammation after eight weeks. 
figure 4.3 demonstrates the progression of pSi and pSi/pCl implants in vivo.
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Figure 4.3    (1) thermally-oxidized, amine-terminated porous silicon membranes 
implanted under rat conjunctiva, shown immediately after implanta-
tion (a) and nine weeks (a-i), (reprinted from the biocompatibility of 
porous silicon in tissues of the eye, 30, S. p. low, N. h. Voelcker, l. t. 
Canham and K. a. Williams, 2873–2880, Copyright (2009), with permis-
sion from elsevier). (2) oxidized pSi in pCl at one week (B) and eight 
weeks (B-i) after implantation beneath the conjunctiva, (reprinted from 
evaluation of mesoporous silicon/polycaprolactone composites as oph-
thalmic implants, 6, S. Kashanian, f. harding, y. irani, S. Klebe, K. Mar-
shall, a. loni, l. Canham, d. M. fan, K. a. Williams, N. h. Voelcker, J. 
l. Coffer, 3566–3572, Copyright (2010), with permission from elsevier). 
(3) pressed pSi/pCl composite implanted under the rat conjunctiva, 
immediately after implantation (C) and eight weeks post implantation 
(C-i), (reprinted from a novel pressed porous silicon-polycaprolactone 
composite as a dual-purpose implant for the delivery of cells and drugs 
to the eye, 139, y. d. irani, y. tian, M. J. Wang, S. Klebe, S. J. p. Mcinnes, 
N. h. Voelcker, J. l. Coffer, K. a. Williams, 123–131, Copyright (2015), 
with permission from elsevier). arrows mark the implants.
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in figure 4.3(1), one can see that pSi membranes at the end of nine weeks 
showed definite migration from the starting implantation point, which can 
potentially end up in the vicinity of the visual axis and cause vision impair-
ment. also, it is highly undesirable to have a rigid material with sharp edges 
such as pSi move within the tissue, possibly causing any additional inflamma-
tory response. however, when pSi is combined with the polymer, there is no 
visible pSi particle migration from the site of the implantation as shown in 
figure 4.3(2) and (3). overall, pCl introduces flexibility and provides secure 
anchoring of pSi particles (or membranes). these pSi/pCl composites demon-
strate great potential to be used for ocular surface disease treatment with the 
ability of high drug/protein load and release and biocompatibility in vivo.

4.3   Porous Silicon as a “Smart” Biomaterial
Stimuli-sensitive or “smart” materials are materials that undergo physical or 
chemical behavior as a response to minor perturbation in the environment. 
different stimuli can serve as modulators for the changes within the mate-
rial. Stimuli may be either physical (temperature, electrical field, mechanical 
stress or light) or chemical (ph or ionic strength).

in table 4.1, selected highlights of pSi as a “smart” material are presented 
along with a brief description of system fabrication and aim for which the sys-
tem was designed. typically, ph-sensitive pSi systems have polymer coatings 
that contain weak acidic or basic groups that act as a proton donor/acceptor 
in response to changes in environmental ph. in addition, ph-response can 
be achieved through pSi surface modification (e.g. aromatic amino groups).

in order to obtain a temperature-responsive behavior, a well-known poly-
mer, poly(N-isopropylacrylamide), should be used in combination with pSi 
to achieve a sustainable temperature-dependent drug delivery (see table 
4.1). the possibly obtained dual (ph and temperature) response systems are 
not currently available in the literature for pSi, but would be very useful for 
sequential release of bioactive agents or cells.

over the past decade, pSi has been studied as a promising material for 
label-free optical biosensing applications. its optical properties, such as 
photoluminescence and reflectance, are very sensitive to the presence of 
biomolecules inside the pores.47,48 table 4.1 covers some of the most relevant 
cases to tissue engineering in which pSi was used as an optical sensor for 
label-free self-reporting properties.

4.4   Porous Silicon/Polymer as a “Smart”  
Tissue-Engineering Scaffold

in 1995, acellular studies on microporous Si films in simulated body fluids 
showed an apparent growth of apatite-like phases—a major component of 
bone—on top of microporous silicon and even on neighboring areas of bulk 
Si.3 Since this initial discovery, the use of porous silicon as a bone implant-
able material has been extensively investigated.
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in 2005, Coffer et al. demonstrated studies on the in vitro calcification and 
proliferation of fibroblasts on the surfaces of pSi/pCl composites.76 these 
particular composites were prepared by mixing the mesoporous silicon (67% 
porosity) in a 1% or 5% (w/w) polymer solution, thereby creating a well- 
dispersed suspension followed by salt leaching methods resulting in a highly 
porous composite as shown in figure 4.4.

figure 4.4(a) shows the porous morphology of the pSi/pCl material, with 
micron-sized holes. after two weeks of exposure to an acellular simulated 
body fluid (SBf) at 37 °C, there were small precipitates about 100 nm in size 
detected on the surface of the pSi/pCl composites with the confirmed com-
position of calcium phosphate, figure 4.4(B). in addition to the performed 
calcification assays, in vitro cell proliferation data for human kidney fibro-
blasts (heK293) were acquired, showing cell viability in the presence of the 
pSi/pCl composites.76

a significant advance was reported in 2006, when Batra et al. reported 
the controlled release of compounds from a semiconducting calcium phos-
phate/pSi structure.75 this was demonstrated for the reversible adsorption 
and release of multiple compounds—an anionic salt of fluorescein, ethid-
ium bromide, acridine orange—upon the switching of the direction of bias 
to the underlying porous Si/Si substrate. for all of these compounds, their 
delivery/uptake can be mediated in part by the use of a surface layer of the 
biodegradable polymer poly-(ε-caprolactone) (pCl).

in 2007, the Coffer group continued this work by adding polyaniline 
(paNi)—an electrically conductive polymer—to pSi/poly(ε-caprolactone) 
pCl composites.77 the goal was to fabricate a “smart” conductive scaffold 
in order to achieve an accelerated formation of calcium phosphate for an 
increased bone growth rate. typically, 10% paNi by weight was incorporated 
into pSi/pCl composites. figure 4.5 illustrates SeM images of a leached pCl 
sponge as well as leached pCl sponge with 10% paNi coating with ∼1% pSi 
incorporated into the scaffold.

the resultant pCl/paNi/pSi composite had a very smooth surface coat-
ing of paNi and still retained its macroscopic porosity, which is eventually 
favored for tissue engineering.

Figure 4.4    (a) SeM image of a porous pSi/pCl composite scaffold (1% pSi). Scale bar 
= 10 µm. (B) energy dispersive X-ray spectrum of a mesoporous Si (1%)/
pCl scaffold exposed to simulated body fluid (SBf) at 37 °C for 14 days.76
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in order to assess whether it is possible for the application of electrical bias 
to influence calcification, a pCl/paNi/pSi composite (1% w/w) at a constant 
potential of 1.0 V under cathodic conditions was applied to the structure 
while immersed in SBf for seven hours at room temperature. Calcium phos-
phate deposits were formed on a pSi-containing sample and were absent 
on a control sample. figure 4.6(a) shows SeM images of a pCl/paNi/1% pSi  
sample after the bias was applied.

the spectrum in figure 4.6(B) shows that the sponge is phosphate-rich 
with a p–Ca ratio of ∼4.4, but after an additional soaking time in SBf at 
37 °C for one week, the calcium-to-phosphate ratio increased to a range of 
∼1.1–1.7, which is consistent with dicalcium phosphate and hydroxyapatite, 
respectively. these results clearly demonstrate accelerated calcification of 
pCl/paNi/pSi composites in SBf when an electrical bias is applied. how-
ever, in the absence of bias, calcification is not observed for periods up to 
a month. these “smart” composites were also tested for cytocompatibility 
using human kidney fibroblasts (heK 293) along with more orthopedically 
relevant mesenchymal stem cells from mouse stroma. in both cases, pCl/
paNi/pSi had no toxic effect on cell growth.

With further refinements, these composites can ideally prove to be very 
beneficial for responsive bone repair, as they are able to promote calcification 
on demand, and show non-toxic character in the growth and proliferation of 
cells. With proper tailoring of the polyaniline, it is possible to envision the 
full degradability of these composites after implantation.

4.5   Clinical Potential
as pointed out above, the fact that porous silicon induces calcification  
in vitro and in vivo suggests pragmatic investigation into difficult cases (e.g. 
non-union bone growth) in orthopedics at the clinical level. in addition, the 
challenges of ocular tissue repair, with a concomitant need for adjuvant drug 
delivery, also make ophthalmological applications a clear area of promise 

Figure 4.5    (a) SeM images of a leached pCl sponge (90% porosity), (B) a leached 
pCl sponge with a 10% paNi surface coating and ∼1% porous silicon 
showing the smoother microstructure accompanying the addition of 
paNi.77

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

00
90

View Online

http://dx.doi.org/10.1039/9781788010542-00090


C
hapter 4

104

Figure 4.6    (a) SeM image of a leached pCl/paNi/1% pSi sponge after bias was applied showing the presence of Cap. Scale bar is 1 µm. 
(B) Corresponding edX of (a). (C) a one-month soak of a similar sample in SBf at 37 °C with zero bias. Calcification occurred 
only after the sponge was soaked in SBf for one month.
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that warrants investment in the near term. in particular, given their favorable 
properties, pSi/biocompatible polymer composite scaffolds in conjunction 
with limbal stem cell seeding are appealing candidates for clinical investiga-
tions for the possible treatment of chronic eye inflammatory diseases. these 
fields are ripe for additional discovery and, more importantly, will be of  
benefit to patients.

4.6   Summary and Future Opportunities
in this chapter we have summarized a number of the key useful properties 
of porous silicon and associated biocompatible polymer composites that 
make them relevant candidates for tissue engineering and related applica-
tions. While the focus to date has been exclusively at the preclinical level, the 
demonstrated promise of those studies that center on the evaluation of the 
perceived “smart” functions of porous silicon—including electrical bias—
are just beginning to be realized. With dedicated effort, useful nanostruc-
tures based on porous silicon and selected composites should one day be a 
part of the theranostic toolkit of the clinician.
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5.1   Introduction
a major problem in human health care that is both distressing and costly is 
the depletion or failure of organs or tissues in the body. tissue engineering 
is a novel field with promising recoveries by applying the value of engineer-
ing with biology to develop functional alternatives for damaged organs and 
tissues. a major focus in the field of tissue engineering is to use cells, growth 
factors and biomaterial scaffolds to repair damaged tissues and regenerate 
lost tissues.1,2 in order to reinforce cell survival and proliferation in the body, 
the scaffold must have the same characteristics as the organ it is targeting to 
replace.

it has been suggested by several studies that cells could respond to many 
different physicochemical properties of biomaterials, including surface 
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wettability and morphology,3 stiffness4 and elasticity.5 particularly, electrical 
signals have been proven to possess significant effects on cell behaviors, such 
as proliferation, differentiation and structural reorganization, ultimately 
affecting several biofunctions of cells and organs in the human body. the 
influence of electrical stimuli on tissues was first acknowledged in the 1960s 
after Bassett et al. used a low intensity electrical current to effect the bone 
formation mechanism of adult dogs.6 during the 18th century it was proven 
that electrostatic charge could be used for skin lesions.7 studies have con-
firmed that the directional movement and migration of a variety of different 
cell types, such as keratinocytes8 and epithelial cells,9–11 can be influenced by 
small, applied electric fields. the applied electric fields can also regulate vas-
cular endothelial cell phenotypes,12,13 regenerate nerve fibers14 and improve 
in vivo ligament healing used in orthopedic practices.15 although the mech-
anism of electric fields on cell behaviors is still unclear, a direct mechanism 
and indirect mechanism have been suggested. electric field effects on cells 
can not only be directly caused by electrophoretic redistribution of intracel-
lelar components such as adhesion receptors, growth factors or ions,16–18 but 
also indirectly caused by conformational change of extracellular proteins or 
ions.14,19,20 this area of research is continuously increasingly and advancing 
in understanding the electrical properties of tissues and cells. Many prop-
erties of electrical systems have been proven and shown in living cells.21,22 
therefore, electrical stimulation is shown to induce beneficial cellular 
responses of some electrically sensitive tissues such as nerve, bone, muscle 
and cardiac tissue.

over the past few decades, electrically conductive materials have drawn 
great interest in the research field of material science and biomedical engi-
neering. numerous studies regarding electrical stimuli have shown that the 
electrical conductivity of materials can affect a variety of cell behaviors, such 
as cell adhesion, proliferation and differentiation.23–30 due to the strong 
influence of electrical stimulation on cells and tissues, electrically conduc-
tive materials such as conductive polymers, piezoelectric polymeric mate-
rials and other conductive nanomaterials including carbon nanotubes and 
graphene have been broadly studied and applied for the advantages of tissue 
engineering.31–35

Based on literature research within the last decade, this present chapter 
summarizes the most used conductive materials in biomedical applications 
and common modification strategies for improving their biocompatibil-
ity and biodegradability for biomedical applications, as well as their main 
achievements in nerve, bone, muscle and cardiac tissue engineering.

5.2   Conductive Materials
Conductive materials used for biological applications mainly consist of con-
ductive polymers, piezoelectric polymeric materials, novel conductive nano-
materials including carbon nanotubes and graphene, and self-assembled 
conductive hydrogels.
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5.2.1   Conductive Polymers
Conductive polymers demonstrate outstanding performance for an effective 
combination of the electrical properties of metals and the physicochemical 
properties of organic polymers.36 normally, conductive polymers are organic 
polymers composed of high electrical properties with loosely held electrons 
in their backbones, and doping is an essential process for obtaining high 
conductivity polymers.37,38 they have generated extensive significance for 
many biomedical applications including cell adhesion, proliferation and dif-
ferentiation regulated by electrical stimulation.33,39–42 several different kinds 
of conductive polymers, such as polypyrrole (ppy), polyaniline (pani) and 
polythiophene derivatives, have been developed and investigated for their 
potential application in the field of tissue engineering.

5.2.1.1  Polypyrrole
polypyrrole (ppy) (Figure 5.1) is among the top most commonly investigated 
conductive polymers for electronic devices and chemical sensors because of 
its unique properties, including high conductivity, good chemical stability 
and ease of synthesis.36,43–46

the immense potential ppy exhibits for biomedical applications is 
attributed to its excellent properties of biocompatibility in vitro and in 
vivo.19,47–49 it has also been revealed to provide promising reinforcement for 
the adhesion and growth of various cells.22,37,50–52 due to its effect on cell 
behavior, ppy has been broadly studied in the biomedical and tissue engi-
neering fields.

5.2.1.2  Polyaniline
polyaniline (pani) (Figure 5.2) is another common conductive polymer 
widely studied due to its simplicity of synthesis and good environmental 
stability.53,54 Mattioli-Belmonte reported the good biocompatibility of pani 
both in vitro and in vivo for the first time.55 since then, numerous studies have 

Figure 5.1    Chemical structure of polypyrrole.

Figure 5.2    Chemical structure of polyaniline.
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reported the excellent biocompatibility of pani and its ability to improve cell 
growth.56–58

establishing the biocompatibility of pani both in vivo and in vitro led to 
a new research focus on designing materials for tissue engineering appli-
cations. therefore, pani-based composites were considered, observed and 
studied in various biomedical applications, particularly for scaffolds in 
tissue engineering.59–64

5.2.1.3  Polythiophene Derivatives
polythiophene derivatives are another type of electrically conductive poly-
mer investigated in the fields of biomedical and tissue engineering.65–68 
poly(3,4-ethylenedioxythiophene) (pedot) (Figure 5.3) is considered to be 
the leading type of polythiophene derivative with outstanding conductivity, 
stability and low redox potentials.69–71 two important qualities that make 
pedot excellent for biosensing as well as bioengineering applications are its 
low inherent cytotoxicity and inflammatory response after implantation72,73 
pedot has been explored for use in cochlear implants, vision prosthesis, 
neural regeneration devices and neural recording electrodes. these studies 
have led to great discoveries currently being used in bioengineering applica-
tions including neural electrodes, nerve grafts and heart muscle patches.74–76

5.2.2   Piezoelectric Polymeric Materials
tissue engineering applications do not only rely on conductive polymers; 
piezoelectric polymeric materials have also been considered.34,77,78 the 
advantage of piezoelectric polymeric materials in biomedical applications is 
the delivery of an electrical stimulus without the need for an external power 
source. under mechanical strain, piezoelectric polymeric materials produce 
a transient surface charge by mechanical deformations.14

the piezoelectricity of poly(vinylidene fluoride) (pVdF) was first discovered 
by heiji.79 its unique molecular structure led to a transient surface charge 
produced on the synthetic, semi-crystalline polymer with piezoelectric prop-
erties (Figure 5.4). due to its flexibility and non-toxicity,80–84 pVdF has been 
widely studied for many different biomedical applications fields,85–87 espe-
cially in tissue engineering applications, including bone, neural and muscle 
regeneration.88–93

Figure 5.3    Chemical structure of polythiophene and poly(3,4-ethylenedioxythio-
phene).
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Chapter 5114

5.2.3   Other Novel Conductive Nanomaterials
there has been a shift in research on conductive materials into the nanoscale 
since nanomaterials were found to have a large specific surface area that can 
efficiently support electron transfer. in the biomedical and bioengineering 
fields, conductive nanomaterials have been investigated and employed as 
biosensors,94,95 neural probes96,97 and for tissue engineering.98,99 specifically, 
carbon nanotubes (Cnts) have shown significant capability in guiding the dif-
ferentiation orientations of stem cells, as well as working as an extracellular 
matrix to provoke cellular attachment and growth.100,101 another conductive 
nanomaterial is graphene, which has been observed to regenerate electroactive 
tissues. graphene exhibits many desirable advantages, such as good biocom-
patibility and biostability, making it a particularly promising biomaterial.102

5.2.3.1  Carbon Nanotubes
Carbon nanotubes (Cnts) have emerged as promising conductive nanoma-
terials for biomedical applications based on their unique properties.100,103–107 
specifically, they are conducting fillers integrated into non-conductive poly-
mers. this process provides a material that can be used as a scaffold with 
structural reinforcement and electrical conductivity to direct cell behaviors 
and offer favorable conditions to induce proper cellular functions due to 
its nanoscale cues, texture and roughness. several studies have shown that 
Cnts can be excellent substrates for cell attachment and growth.108–112

additionally, bioactive electrically conductive three-dimensional (3d) scaf-
folds can be prepared for tissue engineering by coating polymers, bioglasses, 
or collagen with Cnts. Cnt coatings have become a promising method and 
have the potential to develop the upcoming generation of engineered mate-
rials for biomedical applications.113–117

5.2.3.2  Graphene
graphene, a two-dimensional monolayer of carbon atoms, is another com-
mon type of conductive nanomaterial with intrinsic nanostructure electrical 
properties. due to these properties, graphene has been observed being used 
for various types of applications, including bioanalysis, tumor therapy and 
stem cell research.118–123 In vitro studies have demonstrated exceptional sup-
port of graphene-based nanomaterials for adhesion, proliferation and differ-
entiation behavior for many stem cells.124,125

Figure 5.4    Chemical structure of poly(vinylidene fluoride).
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3d graphene foams (3d-gF) are graphene derivatives with 3d porous struc-
tures and electrical conductivity,126 which may help in advancing tissue engi-
neering, specifically for novel scaffolds. 3d-gF can possess topographical as 
well as chemical and electrical signals in one scaffold. this will help create a 
steady environment for neural tissue regeneration; of major significance in 
tissue engineering and biomedical applications.127

5.2.4   Self-Assembled Conductive Hydrogels
self-assembled conductive hydrogels are a type of composite material rapidly 
emerging in biomedical applications due to their ability to combine the prop-
erties and advantages of each constituent, as well as their unique molecular 
structure.128 Following the first reported conductive hydrogels by gong et al. 
in 1991,129 several studies have been focused on applying conductive hydro-
gels for biosensors,130,131 drug delivery132,133 and tissue engineering.134–138 a 
few examples include a poly(2-hydroxyethyl methacrylate) (pheMa)/ppy 
hydrogel entrapped with oxidoreductase enzymes designed for glucose oxi-
dase biosensing,131 pani-polyacrylamide conductive hydrogels synthesized 
for the fabrication of controlled drug release devices133 and Cnt-incorpo-
rated gelatin methacrylate (gelMa) hydrogels developed for cardiac tissue 
engineering.135,137,138

5.3   Biocompatibility and Biodegradation of 
Conductive Materials

the best properties for conductive material scaffolds for tissue engineering 
are good biocompatibility and controlled biodegradability with non-toxic 
degradation products.

5.3.1   Biocompatibility
Biocompatibility is essential for biomedical applications to be efficient. For-
tunately, if a conductive material does not possess biocompatibility, it can be 
easily repaired through the bonding of biocompatible molecules, segments, 
or side chains to the conductive polymer material.

the biocompatibility of ppy was previously questioned in some studies 
and further demonstrated support for adhesion, growth and differentiation 
of a wide variety of cell types in vitro and in vivo.46,50,139–143 although some 
studies have contradicted the biocompatibility of ppy, ppy should always be 
completely biocompatible and show cell adhesion, growth and differentia-
tion as long as the polymer is prepared appropriately with repeated steps 
of rinsing and extraction.144 there has been a large contradiction between 
many studies regarding pani’s biocompatibility. some previous studies have 
shown that the conductive polymer can maintain sufficient biocompatibility 
to support cell growth.56,145 however, other studies have reported poor cell 
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adhesion and growth, indicating tissue incompatibility.39,59 the biocompati-
bility of pani can be confirmed using various methods, including additional 
curing and purification steps, immobilization of bioactive molecules such 
as specific peptide sequences, and using a medium to pre-soak pani prior 
to cell exposure.58 unlike other conductive polymers, pedot has shown 
excellent biocompatibility with many cell lines, including neural and neu-
roblastoma cells, as well as L929 and nih3t3 fibroblasts.146–150 piezoelectric 
polymer pVdF can also promote cell adhesion and growth, indicating good 
biocompatibility for many biomedical applications.85,151,152 as for the bio-
compatibility of Cnts, there have been studies that claim Cnts are cytotoxic 
although other studies have demonstrated the exceptional ability of Cnts 
to be a substrate for cell growth. due to the contradiction between studies 
it has been further claimed that Cnts used in suspensions are cytotoxic but 
are non-toxic when immobilized into a specific polymer.153 graphene possess 
a concern for biomedical applications due to flaws in its biocompatibility. 
although cell viability in vitro seems not to be affected by graphene materials, 
their potential cytotoxicity in animal or clinical studies remains unknown. 
the synthesis technique used to produce graphene has a large influence on 
its biological effects.102,118,154

5.3.2   Biodegradability
Biodegradability is another essential issue for a conductive material to be 
used in tissue engineering. and this may be the biggest challenge in conduc-
tive material scaffolds, which will limit their in vivo applications. tissue engi-
neering materials without the property of biodegradability cannot be used or 
they may cause chronic inflammation.155

tuning the conductive polymer to become biodegradable can be accom-
plished by different methods. a solution to this problem is merging con-
ductive materials with suitable biodegradable polymers, resulting in a 
biodegradable scaffold.35,156,157 this method allows the positive properties 
of both components to appear in the composite, which allows the conduc-
tivity and degradation rate to be controlled by selecting the appropriate 
ratio of the two components.39 although it seems like a successful method, 
it does not solve the issue of removing the conductive polymer from the 
body once the degradable polymer has vanished. another method is to 
modify the conductive material itself without compositing it to another 
polymer. For example, it has been previously reported in multiple studies 
that the biodegradability properties of ppy can be adjusted by the addition 
of ionizable or hydrolyzable side groups to the backbone of ppy, specifically 
butyric acid and butyric ester, respectively.128,158,159 and the rate of degrada-
tion can be corrected depending on the amount of each side group added 
to the conductive material.

to analyze the toxicity of conductive materials, further research is 
required on the biocompatibility of the materials. In vivo long-term cytotox-
icity of these conductive materials should be analyzed. the development of 
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conductive materials with controlled biodegradability and non-toxic degra-
dation is required for further development.

5.4   Modification of Conductive Materials
the essential properties of conductive materials desired for tissue engineer-
ing are electrical conductivity, as well as biostability, biocompatibility, bio-
degradability, three-dimensional structure and surface topography. in order 
to obtain these properties, a need to modify the materials to induce special 
features for further optimization of these materials is required. Conduct-
ing materials can be modified to enhance the functionality of the compos-
ites, such as improvement of bioactivity, enhancement of cell response and 
improvement of biodegradation.

there have been many attempts by different researchers to combine the 
conductivity and biological properties of conductive materials using chemi-
cal modification and physical modification. the chemical strategy has been 
extensively investigated by doping bioactive molecules or biocompatible 
polymers for improving cell behaviors and functions.160–163 the physical 
strategy includes increasing surface roughness and improving surface topog-
raphy of conductive scaffolds by micropatterning, as well as blending with 
biological moieties to obtain specific 3d structures.31,65,147,164–166

5.4.1   Bioactive Molecules
scaffolds that are both conductive and bioactive are necessary to increase cell 
adhesion, proliferation and differentiation. Modification of conductive scaf-
folds is achieved through incorporating bioactive molecules into conductive 
scaffolds.167,168 doping of conductive materials by the use of bioactive mole-
cules, such as proteins, polysaccharides, collagen, heparin, and growth factors, 
have been studied and observed for the modification of conductive materi-
als.49,169–172 Conductive materials doped with biomolecules such as extracellu-
lar matrix (eCM) components are becoming more widely evaluated to enhance 
the compatibility of the materials for biomedical applications.172,173

5.4.2   Biocompatible Polymers
the biocompatibility of electrically conductive materials can also be 
enhanced by the incorporation of natural polymers including chitosan and 
gelatin, as well as some synthetic biocompatible polymers. For example, 
chitosan-modified ppy membranes showed good biocompatibility for cell 
adhesion and proliferation.174 electrospun nanofibers with a combination of 
pani, poly(ε-caprolactone) (pCL) and gelatin could also support cell growth 
and proliferation.175 a 3d nanofibrous scaffold composed of ppy-coated 
poly(styrene-b-isobutylene-b-styrene) (siBs) exhibited excellent performance 
for the attachment and growth of rat neuronal cells pC12.176
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5.4.3   Topography Modification of Conductive Materials
the topographical qualities of a conductive scaffold have proven to have a 
substantial influence on tissue engineering. the conductive materials can be 
tailored to have fibrous, tubular or porous surface morphologies on a similar  
scale to that of cells in tissues.177–181 studies have shown that the surface 
roughness and morphology of conductive scaffolds have a significant 
influence on cell behaviors and functions.182,183

Modification and functionalization of conductive materials with different 
biomolecules have provided us with strategies to functionalize them with 
biological sensing elements, even to modulate various signaling pathways 
required for cellular processes. as a result, these modified conductive materials 
show much better performance in cell attachment, proliferation and differen-
tiation. therefore, conductive materials offer an excellent opportunity for 
the design and fabrication of biocompatible, biodegradable and highly 
specific nanocomposite scaffolds for tissue engineering applications.

5.5   Applications of Conductive Materials for Tissue 
Engineering

For tissue engineering applications, an active scaffold for supporting cell 
growth and differentiation is essential for successful regeneration of specific 
tissues. tissue functionality in many tissues, including nerve, bone, muscle 
and cardiac tissues, can be determined through electrical stimulation. 
particularly, strong potential has been shown for the usefulness of conductive 
materials for tissue engineering techniques. Major works using conductive 
materials for tissue engineering are summarized in table 5.1.

5.5.1   Applications for Nerve Tissue Engineering
the nervous system is a network of nerves and specialized nerve cells called 
neurons that transmit signals between parts of the body. primarily, it is the 
body’s way of communication among the parts of the body. Clearly, the 
nervous system is of great significance to the body by controlling the inter-
actions in the physiological processes. harm to any of the nerves may inflict 
tremendous effects on the body and it is usually very difficult to recover the 
damaged nerve. it is extremely difficult for a nerve cell or neural tissue to 
regenerate on its own once neural damage has occurred. therefore, the need 
for neural tissue engineering arises as a promising technology to combat the 
negative effects of disease, aging or injury in the nervous system. the extracel-
lular matrix in the body provides optimal conditions for topographical as well 
as chemical and electrical signals for the adhesion and growth of neural cells. 
therefore, there is a significant need for a synthetic scaffold to play the role 
of the extracellular matrix, which must be a biocompatible, immunologically 
inert, infection-resistant and biodegradable biomaterial.156 Many efforts have 
been made to design a reasonable scaffold for nerve tissue engineering.
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119Applications of Conductive Materials for Tissue Engineering

Table 5.1    summary of conductive materials utilized for tissue engineering 
application.a

applications
Conductive 
materials scaffolds Cell type references

nerve tissue 
engineering

ppy ppy/pdLCL pC12 52
ppy/siBs pC12 176
pCL–ppy drg 184
ppy–pLga pC12 185 and 186
ppy–chitosan schwann cell 174
ppy–pLLa pC12 187
ppy/pdLLa pC12 188
ppy–graphene rgCs 189

pani pani/pCL/gelatin nsCs 175
pani–pLCL–sF pC12 190
pani sh-sY5Y 191

pedot pedot–agarose schwann cells 136
piezoelectric 

materials
pVdF rat spinal cord 

neurons
192

pVdF–trFe drg 193
pVdF–trFe hnsCs 194

Cnts Cnt rope nsCs 195
graphene graphene films Mouse hippo-

campal neurons
123 and 154

graphene foams nsCs 127
Bone tissue 

engineering
ppy ppy/heparin/pLLa osteoblast-like 

saos-2 cells
196

pedot Bag/gelatin/
pedot:pss

hMsCs 197

piezoelectric 
materials

pVdF MC3t3-e1 
osteoblast

77 and 198

pVdF hMsCs 199
pVdF hasCs 200 and 201
pVdF–trFe/Bt human alveolar 

bone-derived cell
202

pVdF–trFe/Bt hpdLF 203
pVdF–trFe nih3t3 84

Cnts pdLa/MWCnts neonatal rat 
osteoblasts

204

Muscle tissue 
engineering

pani Cpsa–pani/pLCL Mouse C2C12 
myoblasts

205

pdLa/pani primary rat muscle 
cells

206

pCL/pani Mouse C2C12 
myoblasts

207 and 208

piezoelectric 
materials

pVdF Mouse C2C12 
myoblasts

209

Cardiac tissue 
engineering

ppy ppy/pCL/gelatin primary 
cardiomyocytes

210

pani pani/gelatin h9c2 rat cardiac 
myoblasts

211

pani–pgs Mouse C2C12 
myoblasts

212

(continued)
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a ppy-coated poly(d,l-lactide-co-ε-caprolactone) (pdLCL) membrane can 
support the growth and differentiation of pC12 cells into neuronal pheno-
types. additionally, the implantation of rats with nerve guidance channels 
constructed of conductive composite materials revealed myelinated axons 
and schwann cells comparable to those in the native nerve, indicating 
sciatic nerve regeneration in rats.52 Conductive core–sheath nanofibrous 
scaffolds, ppy–pCL, provide a good model for investigating the synergistic 
effect of topography and electrical stimulation on neurite outgrowth in vitro. 
a dorsal root ganglion (drg) displayed good adhesion on the nanofibers and 
generated neurites across the material surface with nerve growth factor in 
the medium. Moreover, electrical stimulation was able to further enhance 
the neurite extension in comparison to non-stimulated nanofibers.184 Lee  
et al. found that ppy-coated poly(lactic-co-glycolic acid) (ppy–pLga) conductive 
meshes possessed excellent support for the proliferation and differentiation 
of embryonic hippocampal neurons and pC12 cells. Furthermore, the electri-
cal stimulation showed positive effects on the neurite formation compared to 
non-stimulated scaffolds. stimulated cells on aligned ppy–pLga nanofibers 
led to an increase in neurite elongation and proportion of neurite-bearing 
cells related to cells on random nanofibers. these results indicated that elec-
trical stimulation and topographical guidance show a combined effect on the 
utilization of these conductive scaffolds for nerve tissue engineering.185 also, 
they chemically immobilized nerve growth factor (ngF) to ppy-coated pLga 
fibers. the ngF modified fibers can provide support for pC12 cell growth 
and neuritogenesis without exogenous ngF in the medium. Moreover, elec-
trical stimulation of pC12 cells through an ngF-modified ppy–pLga fiber 

Table 5.1  (continued)  

applications
Conductive 
materials scaffolds Cell type references

Carbon 
nanomate-
rials

pLga–CnF human 
cardiomyocytes

135

Cnt–gelMa neonatal rat 
cardiomyocytes

137

Cnt–hydrogel neonatal rat 
cardiomyocytes

138

Chitosan/CnF neonatal rat 
cardiomyocytes

213

Cnt–pgs/gelatin rat cardiomyocytes 99

a pdLCL, poly(d,l-lactide-co-ε-caprolactone); siBs, poly(styrene-β-isobutylene-styrene); pCL, 
poly(ε-caprolactone); pLga, poly(lactic-co-glycolic acid); pLLa, poly(l-lactic acid) or poly(l- 
lactide); pdLLa, poly(d,l-lactic acid); pLCL, poly(l-lactide-co-ε-caprolactone); sF, silk fibroin; 
trFe, trifluoroethylene; Bag, bioactive glass; pss, poly(4-styrene sulfonate); Bt, barium titanate; 
pdLa, poly(d,l-lactide); MWCnts, multiwalled carbon nanotubes; Cpsa, camphorsulfonic 
acid; pgs, poly(glycerol-sebacate); CnF, carbon nanofiber; gelMa, gelatin methacrylate. pC12, 
rat pheochromocytoma 12; drg, dorsal root ganglion; rgCs, retinal ganglion cells; nsCs, 
neural stem cells; sh-sY5Y, human neuroblastoma cell; hnsCs, human neural stem cells; 
hMsCs, human mesenchymal stem cells; hasCs, human adipose stem cells; hpdLF, fibroblasts 
from human periodontal ligament; nih3t3, mouse fibroblasts.
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increased neurite formation and neurite length by 18% and 17%, respec-
tively, in comparison with non-stimulated cells on the fibers. indications of 
these results display that the combination of immobilized ngF with elec-
trical stimulation can be used for neural tissue engineering applications.186

a ppy/chitosan membrane was found to promote schwann cell adhesion, 
spreading and proliferation. More importantly, electrically stimulated cells 
on the membrane significantly promoted the expression and secretion of 
ngF and brain-derived neurotrophic factor (BdnF) when measured against 
cells excluding electrical stimulation. this report was the first to investigate 
the potentiality of increasing nerve regeneration in conductive scaffolds by 
means of electrical stimulation-increased neurotrophin secretion.174 novel 
3d fluffy ppy-coated poly(l-lactic acid) (pLLa) conductive fibrous scaffolds 
allowed easy cell entrance for a 3d cell culture. the number of rat pC12 cells 
cultured in the 3d scaffold was much higher than that on conductive fibrous 
meshes, indicating that the 3d scaffolds supported cell growth and prolifer-
ation for a 3d culture.187

Xu et al. fabricated ppy/poly(d,l-lactic acid) (pdLLa) composite nerve 
conduits containing various ppy amounts. electrically stimulated pC12 
cells seeded on the conduits showed increased and longer neurites than 
on pdLLa conduits as the content of ppy increased (Figure 5.5). interest-
ingly, when using a 5% ppy/pdLLa conduit to reconstruct a rat sciatic nerve 
defect, the rats displayed functional recovery comparable to that of the gold 
standard autologous nerve graft, which was enhanced significantly more 
than that of the pdLLa conduits, indicating great potential for nerve tissue 
engineering.188

Yan et al. fabricated ppy-functionalized graphene (ppy-g)-based aligned 
nanofibers for electrical stimulation and controlled growth of retinal ganglion 
cells (rgCs). the results showed that the cell viability, neurite outgrowth and 
antiaging ability of rgCs were significantly increased with electrical stimula-
tion (Figure 5.6). these findings provide the possibility for optic nerve regen-
eration via electrical stimulation on the conductive nanofibers.189

electrospun conductive nanofibrous scaffolds prepared by mixing pani 
with pCL/gelatin (pani/pCL/gelatin) showed significant nsC proliferation 
and neurite outgrowth in comparison to non-stimulated scaffolds; indicat-
ing potential applications for the attachment and proliferation of nerve stem 
cells.175 Zhang et al. synthesized conductive meshes of pani and poly(l-lac-
tic acid-co-ε-caprolactone)/silk fibroin (pLCL-sF) coated with ngF for the 
investigation of electrical stimulation and ngF on neuron growth. pC12 cells 
on the pani–pLCL–sF scaffolds under electrical stimulation showed more 
and longer neurites. Furthermore, electrical stimulation was shown to help 
the ngF release from the conductive core–shell structure nanofiber.190 the 
growth and differentiation of several cells, such as human neuroblastoma 
sh-sY5Y cells, on pani memristive surfaces were investigated by Juarez- 
hernandez et al., and the results showed enhanced growth, proliferation 
and differentiation of cells seeding on pani films, demonstrating the 
suitability of pani memristors for nerve tissue engineering.191
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Figure 5.5    Fluorescent images of pC12 cells labeled for actin (red) and nuclei (blue). 
(a) and (B) pdLLa. (C) and (d) 5% ppy/pdLLa. (e) and (F) 10% ppy/
pdLLa. (g) and (h) 15% ppy/pdLLa. (a), (C), (e), and (g) Control cells. 
(B), (d), (F), and (h) Cells stimulated with 100 mV for 2 h. scale bar: 200 
µm. reprinted from Advanced Materials, 22, Y. Zhu, s. Murali, W. Cai, X. 
Li, J. W. suk, J. r. potts and r. s. ruoff, graphene and graphene oxide: 
synthesis, properties, and applications, 3906–3924, copyright (2010) 
with permission from elsevier.
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novel conductive polymer–hydrogel conduits (pedot–agarose) for axo-
nal regeneration were synthesized by abidian et al. for the first time. the 
partially coated pedot–agarose conduit showed slightly better performance 
on supporting axonal growth than the fully coated pedot–agarose conduit. 
this study provided a reasonable design for 3d conductive hydrogel scaf-
folds for the acceleration, direction and controlling of axonal growth in the 
peripheral nervous system.136

electrically stimulated rat spinal cord neurons on a pVdF film substrate 
exhibited an increase in neuronal density and neurite number with over two 
times more branch points in comparison to those grown on non-stimulated 
film, which indicates the positive effect of electrical stimulation through the 

Figure 5.6    Confocal microscopy images of rgC cells seeded on (a) the random 
ppy-g/pLga nanofibers without es and (a′) after es; (b) the aligned 
ppy-g/pLga nanofibers with 1% (w/w) ppy-g without es and (b′) after 
es; (c) the aligned ppy/g-pLga nanofibers containing 6% (w/w) ppy-g 
without es and (c′) after es. (d) average cell length of rgCs without and 
after es. (e) Cell viability of rgCs cultured on the different substrates. 
es conditions: step potential was pulsed between −700 and +700 mV 
cm−1. es was performed 1 h every day and lasted for 3 days. adapted 
from ref. 189 with permission from the american Chemical society.
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conductive film on neurite growth and branching.192 Conductive electrospun 
random and aligned scaffolds made of copolymer pVdF–trifluoroethylene 
(pVdF–trFe) showed good cell adhesion for drg neurons. however, only 
aligned scaffolds supported directed neurite outgrowth other than radial 
extension.193 human neural stem cells (hnsCs) cultured on these pVdF–
trFe substrates differentiated towards β-iii tubulin-positive cells, indi-
cating neuronal cell differentiation for potential nerve tissue engineering 
applications.194

Cnts possess a unique array property allowing them to interact with neu-
rons at a nanoscale level, and have been utilized in nerve-related research. 
huang et al. developed a Cnt rope substrate to investigate the response of 
nsCs on the conductive substrate after electrical stimulation. the results 
show that the orientation of the spiral topography on the Cnt rope contrib-
utes to neurite extension, and nsCs seeded on Cnt rope are differentiated 
towards neurons when compared with tissue culture plates (tCp). Moreover, 
electrically stimulated nsCs on the Cnt rope showed enhanced neuronal 
maturity and increased neurite outgrowth speed. their findings suggest 
a synergistic effect of the conductive Cnt rope substrate and electrical 
stimulation on promoting neurite extension as well as oriented differenti-
ation of nsCs to mature neuronal cells in the application for nerve tissue 
engineering.195

park et al. reported a graphene substrate that showed a promotional effect 
on the differentiation of hnsCs into neurons. the graphene substrate was 
found to be a great cell-adhesion layer for persisting differentiation of hnsCs; 
also, the hnsCs were more likely to differentiate toward neurons than glial 
cells (Figure 5.7). Moreover, the differentiated cells showed neural activity 
with electrical stimulation on the graphene substrate.123

Li and group’s work demonstrated that graphene films possess excellent 
biocompatibility for mouse hippocampal neurons. the number and average 
length of neurites on graphene were significantly enhanced compared to 
that on tCp; suggesting the potential of graphene as an implanted material 
for nerve tissue engineering.154 they further utilized graphene foams to fab-
ricate a novel 3d porous scaffold for nsCs in vitro. the 3d graphene foam 
scaffold not only provides a better support for nsC growth and proliferation 
than two-dimensional (2d) graphene films, but also promotes the differen-
tiation of nsCs to astrocytes as well as neurons. Moreover, the 3d graphene 
foams show good electrical coupling with differentiated nsCs for electrical 
stimulation. these findings indicate that the 3d graphene foams have great 
potential for nerve tissue engineering.127

5.5.2   Applications for Bone Tissue Engineering
external electrical stimulation has a positive effect on bone healing in an 
injured region.214–216 Much research has shown that electrical stimulation 
can significantly influence growth, proliferation, and nodule formation, as 
well as bone formation gene markers’ expression and the protein synthesis 
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of osteoblasts.196,217–219 therefore, a reasonable design and fabrication of 3d 
conductive scaffolds for bone defects, which can locally transport electrical 
stimuli, is eminently necessary for the development and clinical applications 
of bone tissue engineering.

Meng et al. synthesized a conductive membrane made of biodegradable 
pLLa and conductive ppy with heparin (ppy/heparin/pLLa) for the culture of 
osteoblast-like saos-2 cells. electrical stimulation can enhance the adhesion 
and proliferation of osteoblasts, and obviously increase calcium and phos-
phate amounts in the mineral deposition of the membranes (Figure 5.8).  

Figure 5.7    enhanced neural differentiation of hnsCs on graphene films. all scale 
bars represent 200 µm: (a) bright-field images of the hnsCs differenti-
ated for three days (left), two weeks (middle), and three weeks (right). (b) 
Bright-field (top row) and fluorescence (bottom row) images of hnsCs 
differentiated on glass (left) and graphene (right) after one month’s dif-
ferentiation. the differentiated hnsCs were immunostained with gFap 
(red) for astroglial cells, tuJ1 (green) for neural cells, and dapi (blue) 
for nuclei. (c) Cell counting per area (0.64 mm2) on graphene and glass 
regions after one month’s differentiation (n = 5, p < 0.001). (d) percent-
age of immunoreactive cells for gFap (red) and tuJ1 (green) on glass 
and graphene (n = 5, p < 0.05). adapted from ref. 123 with permission 
from John Wiley & sons, inc.
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as well, the expression level of several osteoblast-specific markers was upreg-
ulated after electrical stimulation, indicating that an electrical stimulation 
through a conductive substrate could be applied for bone regeneration.219 
they further investigated the influence of electrical stimulation intensity on 
the gene activation and protein expression of two essential osteoblast mark-
ers, alkaline phosphatase (aLp) and osteocalcin (oC). an electrical stimula-
tion intensity of 200 mV mm−1 was found to significantly activate the gene 
and the relevant protein production. however, electrical stimulation of 400 
mV mm−1 decreased gene production. these results suggested that specific 
electrical stimulation parameters, such as intensity through conductive poly-
mer materials, may be utilized to regulate osteoblast markers’ production for 
bone tissue engineering.196

shahini et al. fabricated a 3d conductive scaffold by including a biocom-
patible conductive polymer pedot:poly(4-styrene sulfonate) (pss) in the 
composition of bioactive glass and gelatin (Bag/gelatin). incorporation of 
pedot:pss strengthened the stability of the scaffold, producing enhanced 

Figure 5.8    nodule formation under es. Calcium stained by alizarin red s (ars) 
shows the formation of the mineralized nodules at week 2 and the 
significant growth of the nodules at week 4. the controls show fewer 
and smaller nodules (bar 10 µm). reprinted from Journal of Bone and 
Mineral Metabolism, accelerated osteoblast mineralization on a conductive 
substrate by multiple electrical stimulation, 29, 2011, 535–544, s. Meng, 
Z. Zhang and M. rouabhia, with permission from the Japanese society 
for Bone and Mineral research and springer.
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mechanical properties and biodegradation resistance. adult human mes-
enchymal stem cells’ (hMsCs) viability was enhanced when increasing the 
concentration of pedot:pss in the scaffold; indicating that the as-prepared 
Bag/gelatin/pedot:pss scaffold is not only biocompatible but also can well 
support the hMsCs’ growth.197

another promising scaffold being explored for bone tissue engineering is 
pVdF due to its electroactivity-confirmed biocompatibility. positively charged 
pVdF films coated with a thin titanium layer exhibit higher cell adhesion and 
proliferation of MC3t3-e1 osteoblasts than uncharged pVdF films; indicat-
ing the surface charge could enhance osteoblast growth.198 hMsCs cultured 
on electrospun pVdF scaffolds with specific electrical stimulation possess 
better alkaline phosphatase activity and earlier mineralization in compar-
ison to tCp.199 pärssinen et al. found that the surface charge of the poled 
pVdF films could influence the hydrophobicity of the substrates, further 
inducing the conformation changes of adsorbed extracellular matrix pro-
teins, which finally can be used for the regulation of stem cell adhesion and 
directionally osteogenic differentiation.200,201 human alveolar bone-derived 
cells cultured on a novel pVdF–trFe/barium titanate (Bt) membrane showed 
a noticeably higher mrna expression for all markers compared to those on 
polytetrafluoroethylene (ptFe), indicating support for the acquisition of the 
osteoblastic phenotype as well as upregulation of expression of apoptotic 
markers. these results are obtained in vitro, whereas in vivo research should 
be undertaken in the future to prove the promotional effect of pVdF–trFe/Bt 
membranes on bone formation.202 pVdF–trFe blends were subcutaneously 
implanted into rats, showing normal inflammatory patterns and regression 
of the chronic inflammatory process over 60 days, which indicate its poten-
tial application for bone regeneration.84

random and aligned conductive nanofibers via embedding multiwalled 
carbon nanotubes (MWCnts) in biodegradable poly(d,l-lactide) (pdLa) 
were fabricated by shao et al. non-stimulated neonatal rat osteoblasts on the 
aligned nanofibers showed enhanced cell extension and better directed cell 
outgrowth than those on random ones. electrically stimulated osteoblasts 
on nanofibers grew along the electrical current route, with no difference 
between random and aligned fibers (Figure 5.9). these results show the syn-
ergistic effect of topography and electrical stimulation of conductive sub-
strates on osteoblast outgrowth for bone tissue engineering.204

5.5.3   Applications for Muscle Tissue Engineering
impairment to skeletal muscle tissue often gives rise to several complica-
tions in the human body. skeletal muscle tissue engineering has been uti-
lized to substitute damaged muscle tissue, which has made great progress 
in research on musculoskeletal regeneration and orthopaedic surgery.220–222 
successful matrices for skeletal muscle tissue engineering should not only 
contribute a suitable surface for cell adhesion, proliferation and differentia-
tion, but also should be nonimmunogenic and biodegradable.
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Figure 5.9    Fluorescence microscope images of osteoblasts cultured on r1, r3, r5, and a1, a3, a5 for five days with dC electrical stimu-
lation 0 µa (es-0), 50 µa (es-50), 100 µa (es-100), and 200 µa (es-200). the nucleus was stained by dapi (blue) and the cyto-
plasm was stained by rhodamine 123 (red). all the scale bars are 50 µm. reprinted from Biomaterials, 32, osteoblast function 
on electrically conductive electrospun pLa/MWCnts nanofibers, 2821–2833, copyright (2011) with permission from elsevier.
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pani doped with camphorsulfonic acid (Cpsa) was combined with poly 
(l-lactide-co-ε-caprolactone) (pLCL) to fabricate uniform nanofibers by Jeong 
et al. the incorporation of Cpsa–pana showed enhanced mouse C2C12 
myoblast adhesion than pure pLCL fibers, indicating the potential applica-
tion for muscle tissue engineering.205 a series of pani and poly(d,l-lactide) 
(pdLa) mixtures with varying pani weight percentage were used to prepare 
electrospun pani/pdLa scaffolds with conductivity for the adhesion and 
growth of primary rat muscle cells.206 Ku et al. developed a nanofiber scaf-
fold via electrospinning of biodegradable polymer pCL and pani. Both the 
alignment and pani content show a significant influence on the differen-
tiation of mouse C2C12 myoblasts on the pCL/pani nanofibers, indicating 
the synergistic effect of topography and electrical stimuli on muscle cell dif-
ferentiation.207 Chen’s work also shows that aligned pCL/pani scaffolds can 
guide C2C12 myoblasts’ orientation and promote myotube formation com-
pared with random pCL scaffolds (Figure 5.10). Moreover, electrical stimula-
tion could further promote myotube maturation. these results suggest the 
potential of aligned pCL/pani nanofibrous scaffolds for skeletal muscle tis-
sue engineering.208

the impact of morphology and polarization of pVdF on the adhesion and 
morphology of myoblast cells were studied by Martins et al., where the results 
showed that negatively charged surfaces could encourage the adhesion and 
proliferation of C2C12 cells. in addition, culturing cells on the aligned fibers 
can allow for directional growth of myoblast cells.209

5.5.4   Applications for Cardiac Tissue Engineering
Cardiac tissue engineering is a potential strategy to regenerate damaged car-
diac tissue and reconstruct an infarcted myocardium by using biofunctional 
scaffolds. the development of biomimetic eCMs, both structurally and func-
tionally, is of immense importance in cardiac tissue engineering.223,224 in 
recent years, considerable attention has been dedicated to the design of bio-
mimetic scaffolds for applications in cardiac tissue engineering.

Conductive electrospun ppy/pCL/gelatin nanofibers were fabricated via 
the incorporation of different contents of ppy into pCL/gelatin by Kai et al.  
the scaffold containing 15% ppy showed the most outstanding properties  
for promoting primary cardiomyocytes’ attachment, proliferation and 
expression levels of cardiac-specific proteins, indicating their great potential 
application as conductive scaffolds for cardiac tissue engineering.210

according to Li’s work, electrospun pani/gelatin nanofibers could rein-
force the adhesion and growth of h9c2 rat cardiac myoblast cells to a similar 
degree as the control tCp, suggesting the conductive nanofibers could be 
utilized as a suitable scaffold in the cardiac tissue engineering field.211 pani 
doped with camphorsulfonic acid was incorporated into poly(glycerol-seba-
cate) (pgs) at different contents to fabricate conductive composite cardiac 
patches for cardiac tissue engineering applications. as shown in Figure 5.11, 
the pani–pgs composites exhibited excellent attachment and proliferation 
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Figure 5.10    (a) representative immunofluorescent images of myotubes differen-
tiated for five days on random pCL (r-pCL), aligned pCL (a-pCL), ran-
dom pCL/pani-3 (r-pCL/pani) and aligned pCL/pani-3 (a-pCL/pani) 
nanofibers and immunostained for MhC (green) and nucleus (blue). 
(b) Quantification of the myotube number, myotube length, fusion 
index, and maturation index of the myotubes formed in (a). *signifi-
cantly different in comparison with the r-pCL nanofibers (P < 0.05, 
n = 5); ♥ significantly different compared with the a-pCL nanofibers 
(P < 0.05, n = 5); ♠ significantly different compared with the r-pCL/
pani nanofibers (P < 0.05, n = 5). reprinted from Acta Biomaterialia, 9, 
M.-C. Chen, Y.-C. sun and Y.-h. Chen, electrically conductive nanofi-
bers with highly oriented structures and their potential application in 
skeletal muscle tissue engineering, 5562–5572, copyright (2013) with 
permission from elsevier.
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Figure 5.11    Fluorescence images showing phalloidin-labeled (cytoskeleton; red) and sytox-labeled (nucleus; green) C2C12 cells grown 
on pgs control films (a1–a3), 10 vol% pani–pgs (B1–B3), 20 vol% pani–pgs (C1–C3) and 30 vol% pani–pgs (d1–d3). (a–d) 
1: C2C12 cells at 24 h (scale bar, 200 µm); (a–d) 2: C2C12 cells at 24 h (scale bar, 50 µm); (a–d) 3: C2C12 cells at 72 h (scale 
bar, 200 µm). reprinted from Acta Biomaterialia, 10, t. h. Qazi, r. rai, d. dippold, J. e. roether, d. W. schubert, e. rosellini, 
n. Barbani and a. r. Boccaccini, development and characterization of novel electrically conductive pani–pgs composites 
for cardiac tissue engineering applications, 2434–2345, copyright (2014) with permission from elsevier.
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of C2C12 cells, showing the potential to serve as a carrier of functional cells 
to myocardial infarctions.212

a carbon nanofiber (CnF) was incorporated into pLga in order to improve 
the conductivity of unmodified pLga for myocardial tissue engineering. the 
pLga–CnF composites could promote the adhesion and proliferation of 
human cardiomyocytes and neurons, which are important cells for cardiovas-
cular applications.135 shin et al. designed novel conductive cardiac constructs 
by seeding neonatal rat cardiomyocytes on Cnt-incorporated gelMa hydro-
gels with photo-crosslinkage. the Cnt–gelMa scaffolds showed improved 
cell adhesion and organization as well as cell–cell coupling (Figure 5.12). 
in addition, 3d bioactuators were formed by the release of centimeter-scale 
patches from glass substrates. this work reported a protective cardiac scaf-
fold for the first time.137 also, they embedded aligned Cnt microelectrode 
arrays into biocompatible hydrogels for cell stimulation. Bioactuators were 
developed by culturing cardiomyocytes on the Cnt–hydrogel constructs, 
showing spontaneous actuation behavior, homogeneous cell organization as 
well as enhanced cell–cell coupling and maturation. additionally, the novel 
constructs can provide an external electrical field for controlling a biohybrid 
machine.138

Martins et al. synthesized a porous chitosan/CnF scaffold, and neonatal rat 
cardiomyocytes grew well in the scaffold pores with higher metabolic activity 
compared to cells in chitosan scaffolds. Furthermore, the incorporation of 
carbon nanofibers also resulted in the increase of expression level of cardi-
ac-specific genes.213 in Kharaziha’s work, hybrid scaffolds were developed by 
the incorporation of Cnt into aligned electrospun pgs/gelatin nanofibers. 
Cardiomyocytes seeded on the Cnt–pgs/gelatin scaffolds showed stronger 
spontaneous and synchronous beating behavior when compared with those 
cultured on psg/gelatin scaffolds without Cnt, indicating the great potential 
for generating cardiac tissue constructs.99

5.6   Conclusions and Perspectives
the numerous advantages of conductive materials, such as high conductiv-
ity, ease of tailoring and vast flexibility, have led to their popularity amongst a 
large range of biomedical applications. especially for tissue engineering, con-
ductive materials could direct distinctive cellular behaviors and responses, 
resulting in the promotion of damaged tissue regeneration, specifically in 
electrically sensitive tissues such as nerve, bone, muscle and cardiac tissues. 
the utilization of conductive materials in tissue engineering could effec-
tively introduce electrical stimuli, which provide the possibility to control 
cell behaviors and further enhance cellular functions.

great progress has been achieved in the preparation of electrically conduc-
tive materials including conducting polymers, piezoelectric polymeric mate-
rials, other novel conductive nanomaterials and self-assembled conductive 
hydrogels with excellent biocompatibility for the adhesion, growth, and dif-
ferentiation of various stem cells in vitro. however, the biocompatibility of 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

01
10

View Online

http://dx.doi.org/10.1039/9781788010542-00110


133
Applications of C

onductive M
aterials for Tissue Engineering

Figure 5.12    phenotype of cardiac cells on Cnt–gelMa hydrogels. immunostaining of sarcomeric α-actinin (green), nuclei (blue), and 
Cx-43 (red) revealed that cardiac tissues (eight-day culture) on (a) pristine gelMa and (B) Cnt–gelMa were phenotypically 
different. partial uniaxial sarcomere alignment and interconnected sarcomeric structure with robust intercellular junctions 
were observed on Cnt–gelMa. immunostaining of troponin i (green) and nuclei (blue) showed much less and more aggre-
gated troponin i presence on (C) pristine gelMa than on (d) Cnt–gelMa. (e) Quantification of α-actinin, Cx-43, troponin i 
expression by Western blot (*p < 0.05). adapted from ref. 137 with permission from the american Chemical society.
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conductive materials in vivo still needs to be identified. studies on develop-
ing conductive materials without cytotoxicity in vivo are also necessary.

Fortunately, the easy manufacture of conductive materials provides an 
additional advantage for improving biocompatibility by modification strat-
egies. especially, the biocompatibility and biodegradability of conductive 
materials can be enhanced by the incorporation of bioactive molecules and 
natural or synthetic biopolymers. Furthermore, the surface properties of bio-
materials, such as morphology and topography structure, have been proven 
to have a crucial influence on cell behaviors. topography modification strat-
egies for conductive materials offer an opportunity for the design of suitable 
nanocomposite scaffolds for tissue engineering.

Conductive materials, especially conductive nanomaterials, with improved 
performance in biocompatibility and biodegradability prove to be a promis-
ing and valuable course for future research and the demand for developing 
novel nanocomposites, such as hydrogels with 3d porous structures or elec-
trospun nanofibers, is also urgent. additionally, the introduction of other 
kinds of stimuli besides electrical stimulation should broaden the modula-
tion cues for much more accurate and effective control on cellular behaviors 
and biofunctions. therefore, the design for multi-stimuli responsive scaf-
folds will be another potential direction for future tissue engineering appli-
cations. in summary, conductive materials have shown to be an encouraging 
area of biofunctional materials and tissue engineering, opening up a rich 
and interesting field for future research with immense promise.
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Smart Biomaterials for Cell 
Encapsulation
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aWayne State university, department of Chemical engineering and  
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6.1   Introduction
Cell encapsulation is a well-known technology applied in biomedicine. this 
technology could protect the living cells inside to be viable by providing a 
biocompatible microenvironment that allows good transport of oxygen and 
nutrients, as well as hazardous substances.1 in order to avoid cells being 
attacked by the host immune system, reducing the amount of toxic metabo-
lites reaching encapsulated cells and adjusting mechanical stress are the  
primary challenges in cell encapsulation.2–4 Besides, another obstacle is how to 
design biomaterials and take advantage of monoclonal antibodies to deliver 
encapsulated cells to certain specific positions, which is called targeted deliv-
ery.5–7 Cell encapsulation has been a basic research tool since 1954.8 over the 
past 60 years, recent advances have brought the technology of cell encap-
sulation from a simple laboratory tool to a promising bedside therapy.9–23 
Cell encapsulation has been used in therapeutic treatments for diabetes,24  
cancer,25 hemophilia,26 rental failure27 and functional applicability in humans 
in several clinical trials.28,29 however, lots of challenges remain for cell encap-
sulation. For the long-term successful application of cell encapsulation in the 
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145Smart Biomaterials for Cell Encapsulation

clinic, scientific ingenuity should consider the sources of functional cells. 
properties of materials, like biocompatibility and stability, are also critical 
to protect the encapsulated cells and maintain their long-term viability.30 
therefore, many important parameters should be optimized (table 6.1), 
which are summarized by Maryam.1 these considerations significantly limit 
the number of materials suitable for this application. the new generation of 
smart biomaterials seems to further improve the feasibility for cell encapsu-
lation to be applied.

Smart biomaterials are novel biomaterials that can respond to changes in 
the surrounding environment when one of their properties is changed by 
external conditions like ph, temperature, pressure and light.31,32 over the 
past few decades, a large amount of smart biomaterials has been created with 
improved responsiveness, biocompatibility, stealth properties, specificity 
and other critical properties, such as shape memory, promoting vasculariza-
tion, directing cell phenotype, injectability, etc. here, these new generations 
of smart biomaterials with different functions will be discussed and their 
application for cell encapsulation will be highlighted.

6.2   Recent Advances of Smart Biomaterials
6.2.1   Smart Biomaterials that Mimic the Native 

Microenvironment
advances in various fields of biology have demonstrated that cells are highly 
sensitive to their environment. the native microenvironment consists of cells 
and the extracellular matrix (eCM). the mechanical, chemical and physical 
properties of the native microenvironment could affect the behavior of encap-
sulated cells directly or indirectly. Mimicking the native microenvironment 

Table 6.1    Key parameters could be optimized for cell encapsulation technology.1 
reprinted from Life Sciences, 143, M. hashemi and F. Kalalinia, appli-
cation of encapsulation technology in stem cell therapy, 139–146, Copy-
right (2015) with permission from elsevier.

Field of challenges parameters

Materials science -purity
-Mechanical properties
-toxicity and immunogenicity
-interactions with the encapsulated cells

encapsulation technology -Formation of uniform capsules with excellent 
repeatability and reproducibility

-Stability of the cell capsules
-Chemical and physical properties of polymer

Cell biology -the quality of the cells
-nutrition of the encapsulated cells
-transplantation site of the cell capsules
-Control of expansion, cultivation and  

differentiation of stem cells
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has been widely exploited as an effective approach in tissue engineering. a 
suitable microenvironment could control cell morphology, cellular attach-
ment and even promote cell differentiation. the properties of the eCM, 
architectures of cells and signaling pathways in living cells are key factors to 
be considered when mimicking the native environment.33–35

electrospun fibers have been identified for their use in numerous appli-
cations,36 because of their large surface-to-volume ratio, controllable prop-
erties, comparatively low cost and relatively high production rate. hydrogels 
are polymer networks that are extensively swollen in water and are highly 
similar to natural tissue.37 Consequently, they have also received consider-
able attention over the last few decades. however, there are still several formi-
dable problems when applying hydrogel materials, such as in mimicking the 
native microenvironment. Some researchers have found that a combination 
of electrospun fibers and hydrogels could overcome their respective intrin-
sic defects, and take advantage of their individual superiority; particularly, it 
has been found that the complex fiber/gel architecture is similar to a native 
microenvironment. in Xu's review,38 they summarized approaches (Figure 
6.1) that could be used to form various scaffolds with electrospun fibers and 
hydrogels, which could be applied in tissue engineering, drug delivery, and 
other biomedical fields. in the fiber/gel composite, the hydrogels are support-
ing materials for the formation of a 3d structure to encapsulate cells and the 

Figure 6.1    numerous strategies to integrate electrospun fibers with hydrogels.38 
reproduced with permission from S. Xu, L. deng, J. Zhang, L. Yin and 
a. dong, J Biomed Mater Res B Appl Biomater, 2015, 104, 640. Copyright 
2015: Wiley.
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embedded aligned electrospun fibers could guide the growth of individual 
cells. hsieh39 seeded neural stem/progenitor cells (nSpCs) in the composite 
of a physical hydrogel blend of ha and methylcellulose (haMC) and electro-
spun fiber segments of poly(ε-caprolactone-co-d,l-lactide) (p(CL:dLLa)) or 
collagen with different culture media. their work demonstrated that a 3d 
microenvironment is very important to shape cell behavior, which is one of 
the critical factors for cell delivery applications.

Supramolecular biomaterials (Figure 6.2)40 are assembled through revers-
ible, non-covalent interactions, and offer unprecedented application possi-
bilities as drug carriers, and tissue engineering scaffolds. Supramolecular 
biomaterials could also be applied to engineer cell microenvironments. 
Matthew highlighted the properties of supramolecular biomaterials compared 
with traditional biomaterials in terms of modularity, tunability, responsive-
ness and biomimicry.40 the reversibility of supramolecular interactions 
has been applied to the technologies of preparing bioactive matrices from 
peptides or engineered proteins to control cell behavior41–44 and support 
therapeutic cells.45,46 in addition, materials designed with supramolecular 
principles could direct cell differentiation and guide cell phenotype. gabriel 
reported self-assembled scaffolds consisting of supramolecular peptide 
nanofibers that direct the differentiation of neural progenitor cells into 
neurons.47 a monodomain gel composed of massively aligned bundles of 
nanofibers was used as a platform to facilitate the differentiation and aligned 
growth of neural cells.48

designing hydrogels with biomolecules present to promote specific cell–
substrate interactions is another way to mimic a cell's microenvironment. 

Figure 6.2    Special properties of supramolecular biomaterials.40 reproduced with 
permission from Macmillan publishers Ltd: M. J. Webber, e. a. appel, e. 
W. Meijer and r. Langer, Nature Materials, 2015, 15, 13. Copyright 2015: 
nature publishing group.
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Chemical signals, mechanical cues, and physical cues play key roles in cell–
eCM interactions. Firstly, growth factors are key components present within 
the eCM that dictate cell fate. the site-targeted combination of growth  
factors and hydrogels has been applied to promote cell development in vitro. 
Fibroblast growth factor 1 (FgF-1) and bone morphogenetic protein 4 (BMp-4) 
are two pro-adipogenic soluble factors present in eCM. Midori49 encapsu-
lated these two factors in alginate microgels, with the dual-stage delivery of 
FgF-1 and BMp-4 to induce adipogenesis. the development of mature adipo-
cytes was promoted in this 3d, dual-stage delivery system. Secondly, cell fate 
could be influenced by the mechanical properties of an effective biomimetic 
hydrogel. Sur showed that dissociated hippocampal cells cultured on a softer 
peptide amphiphile hydrogel could significantly increase their differenti-
ation and maturation.50 thirdly, biomaterials' size and shape are physical 
cues that affect cell microenvironments. Certain research has demonstrated 
that the behaviors of many cells can be modified by fibers of sub-micron 
dimension.51

6.2.2   Smart Biomaterials that Overcome Suffocation
there are many challenges in the technology of cell encapsulation, including 
protecting cells from immune attack by the host, and improving cell pro-
liferation and maintaining cell viability.1 these obstacles typically result in 
cell graft failure and have to be considered when rationally designing new  
biomaterials to improve graft survival. Before vascularization develops, if 
any, many cells in an encapsulation graft die in the first few days due to suffo-
cation, which has been considered as a result of competition for oxygen from 
inflammatory cells.52,53

hypoxia tolerance is related to the reduced generation of oxidative stress, 
which could result in significant destruction of cell death.54 oxidative stress 
is caused by an imbalance between the production of free radicals. it is 
detrimental to cell survival and is related to many pathological diseases. a 
composite hydrogel was engineered to be auto-catalytic, antioxidant and 
self-renewing by taking advantage of a cerium oxide nanoparticle (Conp).55 
embedded Conps within the encapsulating alginate hydrogel served as 
agents to release cellular oxidative stress, consequently improving cell 
survival (Figure 6.3).

Sufficient generation of oxygen is very important for cell viability and 
tissue function. designing a hydrogel that generates oxygen is a prom-
ising way to control cell fate. neslihan and his colleagues reported the 
preparation of an oxygen-generating hydrogel, a gelatin methacryloyl 
(gelMa), containing calcium peroxide (Cpo) to provide oxygen for cardiac  
cells under ischemic conditions56 (Figure 6.4). Calcium peroxide decom-
poses in water and generates oxygen. Solid peroxide was encapsulated 
within a hydrophilic material, polydimethylsiloxane (pdMS).57 the result-
ing pdMS-Cao2 disk was able to prolong the survival and function of 
encapsulated pancreatic islets that would otherwise be compromised 
by hypoxia. pdMS played the role of restricting the water from rapidly 
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reacting with calcium peroxide. this allowed sustained oxygen generation 
from the pdMS-Cao2 disk, which kept the β cell proliferating for more 
than three weeks.

oxygen can also be generated from photoexcited C60 or C70. 58,59 tak-
ing advantage of this feature, a water-soluble fullerene biomaterial was 

Figure 6.3    the way to release oxidative stress in a cerium oxide nanoparticle (Conp)- 
composite hydrogel.55 reproduced from Acta Biomaterialia, 16, J. d. 
Weaver and C. L. Stabler, antioxidant cerium oxide nanoparticle hydro-
gels for cellular encapsulation, 136–144, Copyright (2015) with permis-
sion from elsevier.

Figure 6.4    illustration of Cpo-gelMa hydrogels.56 reproduced with permission 
from n. alemdar, J. Leijten, g. Camci-unal, J. hjortnaes, J. ribas, a. 
paul, p. Mostafalu, a.K. gaharwar, Y. qiu, S. Sonkusale, r. Liao and a. 
Khademhosseini, ACS Biomater. Sci. Eng., 2016, doi:10.1021/acsbioma-
terials.6b00109. Copyright 2016: american Chemical Society.
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developed, by integrating biocompatible poly(vinylpyrrolidone) (pVp) with 
C60 or C70 through covalent bonds60 (Figure 6.5).

6.2.3   Smart Biomaterials that Promote Vascularization
Blood vessels and capillaries provide oxygen and nutrients to sustain cell 
viability and facilitate the removal of waste metabolic products. therefore, 
promoting a well-vascularized microenvironment is critical for tissue engi-
neering. For long-term cell encapsulation, besides overcoming suffocation, 
how to promote blood vessel formation in and/or surrounding the implanted 
biomaterials is extremely challenging. a good understanding of the biology 
background provides a fundamental basis for researchers to develop and 
optimize new biomaterials that could promote vascularization. in order to 
control neovasculature development, it's important to figure out which reg-
ulatory factors and cell types affect the formation of blood vessels.61 Well- 
studied angiogenesis stimulatory factors include fibroblast growth factor 
(bFgF), certain matrix metalloproteinases (MMps), vascular endothelial 
growth factor (VegF) and platelet-derived growth factor (pdgF).62 there are 
numerous cell types involved in vascular networks, such as vascular endothe-
lial cells (VeCs), smooth muscle cells (VSMCs) and mesenchymal stem cells 
(MSCs). Based on this knowledge of vascularization, vascularized biomaterials 
have been developed through various starategies.61

encapsulating growth factors within a scaffold matrix and absorbing the 
factors to the matrix surface are popular approaches to delivering growth 
factors for neovascularization. Mejdi63 engineered a fibrin gel by covalently 
linking major integrin-binding domain (Fniii 9-10) and the growth factor 
(gF)-binding domain (Fniii 12-14). the engineered gel could retain the 

Figure 6.5    preparation of (C2n)–pVp copolymers. reproduced from ref. 59 with  
permission from the royal Society of Chemistry.
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release of pro-angiogenic gFs, such as vascular endothelial gF (VegFa165) 
and platelet-derived gF (pdgF-BB), and promote revascularization in a 
murine islet transplant model. edward64 pre-functionalized a peg-maleimide  
hydrogel with VegF-a165 (an angiogenic growth factor) and grgdSpC (rgd) 
peptide for pancreatic islet encapsulation (Figure 6.6). this VegF-releasing 
hydrogel showed improved islet engraftment and therapeutic function in 
treating type 1 diabetes.

Localized gene delivery is an alternative strategy to produce angiogenic 
growth factors within and/or surrounding the porous biomaterial implant. 
Lentivirus encoding for an angiogenic factor, VegF, was used in macropo-
rous peg hydrogels to transfect the cells and promote vascularization65 (Fig-
ure 6.7). genetically modified cells enable the natural release of bioactive 
proteins at physiological doses.

to promote vascular formation, mature or progenitor endothelial cells, 
smooth muscle cells and mesenchymal stem cells (MSCs) can also be trans-
planted. they are expected to anastomose with invading host cells and form 
a functional vascular network within the scaffolds.62

Modifying the geometry and physical properties of biomaterials have 
also been shown to promote vascularization. it has been reported that 
a synthetic scaffold with pore size controlled at 30–40 µm in diameter 
can vascularize rapidly under in vivo conditions.66,67 Lauran fabricated a 
poly(2-hydroxyethyl methacrylate-co-methacrylic acid) (pheMa-co-Maa) 
hydrogel scaffold containing parallel channels through a micro templat-
ing method and observed that the micrometer-sized spherical pores  
promoted vascularization.68 Besides, hongyan reported the preparation of 
water-insoluble silk protein scaffolds by the use of acids.69 it was believed 
that the soft mechanical property of the silk protein scaffold provides 
appropriate physical cues to support endothelial cell differentiation and 
neovascularization.69

Figure 6.6    illustration of functionalizing a peg-MaL hydrogel with a bioactive 
molecular rgd peptide and VegF growth factor.64 reproduced from 
Biomaterials, 34(19), e. a. phelps, d. M. headen, W. r. taylor, p. M. 
thule and a. J. garcia, Vasculogenic biosynthetic hydrogel for enhance-
ment of pancreatic islet engraftment and function in type 1 diabetes, 
4602–4611, Copyright (2013) with permission from elsevier.
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6.2.4   Smart Biomaterials that Overcome a Foreign Body 
Reaction

as discussed above, protecting encapsulated cells from immune attack by 
the host system is one of the biggest barriers in cell encapsulation. encapsu-
lating cells in super-biocompatible materials and devices that provide a pro-
tective shell barrier is one method for preventing this immune destruction. 
however, the immune system recognizes materials or devices implanted in the 
body as foreign objects, and a foreign body reaction is triggered in most cases.  

Figure 6.7    Vascularization of macroporous peg hydrogels embedded with lenti-
virus, which could encode for Vegr factor after two and four weeks.65 
reproduced from Biomaterials, 33(30), J. a. Shepard, F. r. Virani, a. g. 
goodman, t. d. gossett, S. Shin and L. d. Shea, hydrogel macroporos-
ity and the prolongation of transgene expression and the enhancement 
of angiogenesis, 7412–7421, Copyright (2012) with permission from 
elsevier.
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a foreign body reaction involves the encapsulation of foreign objects within 
a dense collagen capsule (an avascular network), chronic inflammation, and 
damage to the surrounding tissue.70–73 these immune-mediated reactions 
can lead to degradation, chronic pain, device rejection, and failure. there-
fore, encapsulated cells would normally get destroyed after implantation 
unless the foreign body reaction to the encapsulating materials and devices 
can be regulated.

the initiation step for the foreign body reaction is believed to involve 
protein adsorption on the surfaces of implanted biomaterials.71 it has been 
hypothesized that non-fouling biomaterials, being able to resist nonspe-
cific protein absorption, can attenuate subsequent adverse inflammatory 
responses.74,75 Shenfu summarized antifouling materials into two major 
categories: polyhydrophilic materials and polyzwitterionic materials 
(table 6.2)76. peg and pheMa are two notable non-fouling materials in the 

Table 6.2    overview of hydrophilic and zwitterionic antifouling materials.76 
reprinted from polymer, 51(23), S. Chen, L. Li, C. Zhao and J. Zheng, 
Surface hydration: principles and applications toward low-fouling/non-
fouling biomaterials, 5283–5293, Copyright (2010) with permission from 
elsevier.

Materials protein absorption Cell adhesion

Hydrophilic materials
peg-based materials

pS-g-pegMa and pMMa-g-pegMa Yes no
peg-poly(phosphonate) terpolymer Yes no
pLL-g-peg Yes Yes
pegMa Yes no
ppegxLys Yes no
poegMa Yes Yes
peo-pu-peo Yes no
peo-ppo-peo Yes no
peo Yes no
peg Yes Yes
py-g-peg Yes no
mpeg-dopa Yes no
mpeg-Mapd Yes no
oeg-SaM Yes Yes
pMoXa Yes no

dendron
glycerol dendron Yes no
hpg Yes no
tetraglyme Yes Yes
dextran Yes no
polysaccharide Yes no
poly (heMa) no Yes
pVa Yes no
polyamines functionalized with acetyl 

chloride
Yes Yes

Mannitol-SaM Yes Yes
peptide-based SaM Yes no

(continued)
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polyhydrophilic material category. Compared with these hydrophilic mate-
rials, zwitterionic polymers are more promising nonfouling biomaterials 
because of their biomimetic property, simplicity of synthesis, and availabil-
ity of functional groups, and more importantly, the capability to inhibit the 
foreign body reaction. Lei reported a pCBMa-based zwitterionic hydrogel, 
which could resist the formation of a foreign body capsule for at least three 
months at the subcutaneous site as demonstrated in a mouse model.77 
Zwitterionic pCBMa hydrogel samples after the implantation showed much 
less capsule formation than pheMa, a typical polyhydrophilic non-fouling 
material (Figure 6.8).

Table 6.2  (continued)  

Materials protein absorption Cell adhesion

Polybetaine
poly(CBaa) Yes Yes
poly(SBMa) Yes Yes
poly(CBMa) Yes Yes
poly(MpC) Yes Yes
pC-SaM Yes Yes
opC-SaM Yes Yes

Polyampholyte
Sa/tMa-SaM Yes Yes
Ca/tMa-SaM Yes Yes
pM/tMa-SaM Yes no
peptide surfaces derived from natural 

amino acids
Yes no

poly(tM-Sa) Yes no
poly(MetMa-MeS) Yes no
pdda/pSS Yes no

Figure 6.8    Masson's trichrome staining images to indicate the formation of a col-
lagen capsule (red arrow) when encapsulated cells were implanted in 
mice subcutaneously after four weeks.77 reproduced with permission 
from Macmillan publishers Ltd: L. Zhang, Z. Cao, t. Bai, L. Carr, J. r. 
ella-Menye, C. irvin, B. d. ratner and S. Jiang, Nature Biotechnology, 
2013, 31, 553. Copyright 2013: nature publishing group.
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in addition to zwitterionic biomaterials, arturo tried to chemically mod-
ify alginate, which is one of the most commonly used gel-forming materi-
als using a combinatorial synthetic method.78 a large library of the alginate 
variants has been created, and it has been identified that three triazole- 
containing analogs (Z2-Y12, Z1-Y15, Z1-Y19 in Figure 6.9) create unique 
hydrogel surfaces that substantially reduce foreign body reactions as tested 
in rodents and non-human primates.78 this research group also prepared 
an alginate gel with a Z1-Y15 modification to encapsulate SC-β cells (a type 
of insulin-producing human embryonic stem cell) and demonstrated the 
implant's capability of mitigating the foreign body response and maintaining 
long-term glycemic control in mice.79

the geometry of materials and devices is an additional factor that mod-
ulates the foreign body response;80,81 in particular, the size and shape affect 
the foreign body reaction and macrophage behavior. omid showed that 
spherical alginate gel beads of 1.5 mm in diameter had improved biocom-
patibility compared with beads of a smaller size or gels of a different shape.82 
SLg20 alginate beads of 0.5 and 1.5 mm in diameter were used to encap-
sulate 500 ies (islet equivalents) of rat islets and were later transplanted to 
the intraperitoneal space of streptozotocin (StZ)-induced C57BL/6 diabetic 
mice, a commonly used type 1 diabetes model (Figure 6.10). transplanted 
islets encapsulated by 1.5 mm SLg20 alginate could lower the blood glucose 
to a healthy level for up to 180 days, which is five times longer than islets 
encapsulated by 0.5 mm SLg20 alginate. it was concluded that the capability 
for implanted materials to overcome foreign body reactions could be simply 
manipulated by their spherical dimensions.

6.2.5   Smart Biomaterials that Direct Cell Phenotype
Cell behaviors typically include adhesion, proliferation, and phenotypic 
expression.83 these cell behaviors, such as phenotype, are typically directed 
by cues from their local microenvironment. When cells are encapsulated, 
various signaling molecules tethered to the biomaterial matrix become 
responsible for directing cell behaviors (Figure 6.11).84 as a new trend 
towards smart biomaterials, researchers are trying to design new encapsu-
lating materials to control cell behavior by closely mimicking the natural  
in vivo cellular microenvironment, such as by providing the necessary signaling 
molecules, and biophysical and bioactive cues.

Stem cells are non-specialized cells that could either proliferate to expand 
the stem cell population or differentiate into various other cell types during 
their development.85 Stem cells play increasingly prominent roles in cell encap-
sulation, such as by differentiating into desired cell phenotypes wherein they 
are embedded. the differentiation of stem cells into specialized cell types is 
governed by a variety of factors, including micro-environmental cues from the 
surrounding eCM, soluble factors, matrix stiffness, substrate topography and 
direct cell–cell contact.34 designing smart biomaterials as cell carriers to deliver 
stem-cell-regulatory signals is a common strategy to direct cell phenotype.  
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Figure 6.9    Chemical structures of the three materials.78 reproduced with permission from Macmillan publishers Ltd: a. J. Vegas, o. 
Veiseh, J. C. doloff, M. Ma, h. h. tam, K. Bratlie, J. Li, a. r. Bader, e. Langan, K. olejnik, p. Fenton, J. W. Kang, J. hollis-
ter-Locke, M. a. Bochenek, a. Chiu, S. Siebert, K. tang, S. Jhunjhunwala, S. aresta-dasilva, n. dholakia, r. thakrar, t. Vietti, 
M. Chen, J. Cohen, K. Siniakowicz, M. qi, J. Mcgarrigle, S. Lyle, d. M. harlan, d. L. greiner, J. oberholzer, g. C. Weir, r. Langer 
and d. g. anderson, Nature Biotechnology, 2016, 34, 345. Copyright 2016: nature publishing group.
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Figure 6.10    (a) Live/dead staining for islet cells encapsulated in 0.5 mm capsules and 1.5 mm capsules to verify their viability. (b) Blood–
glucose concentration in implanted mice; the one with 1.5 mm capsules shows much longer normoglycemia than the one 
with 0.5 mm capsules.82 reproduced with permission from Macmillan publishers Ltd: o. Veiseh, J. C. doloff, M. Ma, a. J. 
Vegas, h. h. tam, a. r. Bader, J. Li, e. Langan, J. Wyckoff, W. S. Loo, S. Jhunjhunwala, a. Chiu, S. Siebert, K. tang, J. hollister- 
Lock, S. aresta-dasilva, M. Bochenek, J. Mendoza-elias, Y. Wang, M. qi, d. M. Lavin, M. Chen, n. dholakia, r. thakrar, i. 
Lacik, g. C. Weir, J. oberholzer, d. L. greiner, r. Langer and d. g. anderson, Nature Materials, 2015, 14, 643. Copyright 2015: 
nature publishing group.
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For example, alginate poly-l-lysine (pLL) was used to encapsulate a murine 
embryonic stem cell and this encapsulation system was able to control stem 
cell differentiation into hepatocytes.86 in this system, alginate pLL micro-
encapsulation was used as a vehicle to discretely control important culture 
parameters through variations in alginate composition, pLL concentration, 
and cell seeding density. delivering signal molecules directly via biomateri-
als has many shortcomings, such as their rapid degradation and cleaving. 
Significant work has focused on the immobilization (or functionalization) 
of signal bio-molecules on cell encapsulation materials. tzu-Yun reported 
a hydrogel assembled from functionalized peptides for neural stem cell  
encapsulation.87 in their system, rada16, one type of self-assembling 
peptide (Sap), was used to form a nanofibrous network structure as a cell 
encapsulating material. as a signal carrier, rada16 was conjugated with a 
iKVaV sequence at its terminal residue. iKVaV is a motif from the α1 chain of 
laminin-1, which could promote neuronal differentiation.

in addition to delivering biomedical cues, introducing micro- and nano-
scale features onto culture surfaces is another strategy to direct cell differ-
entiation.88 Studies revealed that cells could respond to topographical cues, 
such as elasticity, dimensionality and different combinations of biomateri-
als. nathaniel found that manipulating the elasticity of materials could control 
stem cell behavior in vitro.89 they encapsulated solid-phase porogens 
into a bulk hydrogel with cells encapsulated. the porogen was degraded via 
hydrolysis, forming void spaces inside the hydrogel. the chemical composi-
tion of the porogen determined its degradation rate, which directed the cell 
release, potential cell infiltration, and final tissue repair. Kelly examined the 
phenotypes of native valvular interstitial cells (ViCs) when they were cultured 
on tissue culture polystyrene (tCpS), and 2d and 3d poly (ethylene glycol) 

Figure 6.11    Most studied signaling molecules could affect the behaviors of cells 
in biomaterials applied for tissue engineering.84 reproduced with 
permission from a. J. Mieszawska and d. L. Kaplan, Mieszawska and 
Kaplan BMC Biology, 2010, 8, 59. Copyright 2010: BioMed Central.
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(peg) hydrogels (Figure 6.12).90 Cells in 3d hydrogels were smaller and had 
more rounded morphology, but were less elongated than the ones in tCpS 
and 2d hydrogels. and most ViCs on tCpS showed organized αSMa stress 
fibers immunostained in a green color. the results indicated that dimen-
sionality affects cell phenotype significantly. Lonnissa showed how different 
combinations of biomaterials affected the differentiation of a marrow stem 
cell (MSC) population into different articular cartilage.91 they combined 
various synthetic and natural biopolymers to create unique niches, such as 
peg hydrogel with chondroitin sulfate (CS), peg hydrogel with CS and matrix 
metalloproteinase-sensitive peptide (MMp-pep), and peg hydrogel with hyal-
uronic acid (ha). they demonstrated that specific formulations of biomaterials 
can direct cell differentiation into the articular cartilage of various zones.

Figure 6.12    native valvular interstitial cells (ViCs) were cultured on different media 
(tCpS, hydrogels in a different dimensionality), staining cells with 
αSMa (α-smooth muscle actin) (green), f-actin (red) and nuclei (blue) 
to characterize the myofibroblast phenotype of the ViCs.91 repro-
duced from Biomaterials, 74, K. M. Mabry, S. Z. payne and K. S. anseth, 
Microarray analyses to quantify advantages of 2d and 3d hydrogel cul-
ture systems in maintaining the native valvular interstitial cell pheno-
type, 31–41, Copyright (2016) with permission from elsevier.
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6.2.6   Injectable Smart Biomaterials
encapsulating donor cells in numerous smart biomaterials is a conventional 
cell-based therapeutic approach for tissue engineering and regeneration. 
delivering the living cells to the targeted location is critical for them to secrete 
therapeutic molecules or replace lost cells that can integrate and regenerate 
the damaged tissues.92,93 there are many shortcomings with these conven-
tional methods that potentially lead to scaffold failure,94 including the risk of 
surgical implantation, high probability of infections, and difficult adaptation 
to the defect site. therefore, more effective cell transplantation methods are 
required. injectable biomaterial-based therapies are supposed to overcome 
these shortcomings, and injectable biomaterials can reach a defect located 
in very deep tissues, require minimum invasiveness, and enable improved 
defect margin adaptation (Figure 6.13)94. in recent years, injectable biomate-
rials have been widely applied to myocardial infarction (Mi) and peripheral 
artery disease (pad) to improve the cardiac function, reduce the infarct size 
and increase neovascularization.

injectable hydrogels were the first injectable biomaterials used to trans-
plant cells in the heart.95,96 among them, naturally derived materials were 
also tested on small animals.97 When designing an injectable hydrogel, 
various parameters should be considered and must be kept in balance 
(Figure 6.14).94 dhanya reported a composite hydrogel that combined algi-
nate/O-carboxymethyl chitosan (O-CMC) and alginate/poly(vinyl alcohol) 
(pVa) with fibrin nanoparticles to enhance the ability of cell adhesion and 
improve proliferation rates.98 in this composite hydrogel, O-carboxymethyl 
chitosan (O-CMC) was well soluble in water and poly(vinyl alcohol) (pVa) 
was a more flexible polymer than alginate. alginate became more flexi-
ble blended with O-CMC or pVa. encapsulated adipose-derived stem cells 

Figure 6.13    advantages and disadvantages of injectable hydrogels and conven-
tional scaffolds.94 reproduced from European Polymer Journal, 72, a. 
Sivashanmugam, r. arun Kumar, M. Vishnu priya, S. V. nair and r.  
Jayakumar, an overview of injectable polymeric hydrogels for tissue 
engineering, 543–565, Copyright (2015) with permission from elsevier.
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(adSCs) could survive by cellular adhesion, proliferation and differentia-
tion into adipocytes, showing the potential for adipose tissue engineering. 
in order to offer injectable hydrogels with higher bioactivity and improved 
mechanical properties, ali combined a naturally-derived material (gel-
atin) with a synthetic thermo-responsive biomaterial (poly(N-isopropy-
lacrylamide), pnipaam). this injectable biohybrid matrix was successfully 
applied in cardiac cell delivery and tissue engineering.99 Kevin also devel-
oped an optimization method to improve the weak mechanical properties 
of injectable hydrogels, which limit their applications. through physical 
and chemical cross-linking, Kevin incorporated cellulose nanocrystals 
(CnCs) into hydrazine cross-linked poly(oligoethylene glycol methacrylate) 
(poegMa) hydrogels. the adsorbed amount of poegMa can be adjusted by 
changing the side chain length of the poegMa precursor polymers to cre-
ate tighter-packed or heterogeneous hydrogel morphologies.100 the prop-
erties of the poegMa−CnC nanocomposite hydrogels show high potential 
for various biomedical applications, such as high-strength biodegradable 
tissue engineering scaffolds. Common injectable hydrogels also include 
fibrin gels, which have been demonstrated to be potential injectable scaf-
folds and cell carriers for tissue engineering.101 Yuting reviewed the recent 
advancement in developing fibrin gels into injectable biomaterials for  
tissue engineering.101

Figure 6.14    parameters to consider while designing injectable hydrogels.94 repro-
duced from European Polymer Journal, 72, a. Sivashanmugam, r. arun 
Kumar, M. Vishnu priya, S. V. nair and r. Jayakumar, an overview of 
injectable polymeric hydrogels for tissue engineering, 543–565, Copy-
right (2015) with permission from elsevier.
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6.2.7   Smart Biomaterials that Remember Shapes
Shape memory polymers (SMps) are stimuli-responsive polymers that 
respond to various stimuli with shape changes for potential medical appli-
cations. external stimuli include temperature, light, magnetic field, water, 
ph, ionic concentration, electrical currents, etc. SMps could recover their 
permanent shapes or their programmed, temporary shapes after activation 
by different stimuli. there are three types of commonly seen SMps: shape 
memory polymer blends, polymer composites, and hydrogels.102 each of 
them has various applications in biomedical fields, and most of them can 
be applied in tissue engineering due to their high water content and good 
biocompatibility.103

one ion-triggered shape memory hydrogel (termed as pVV) was reported 
to exhibit anti-inflammatory and wound healing efficacies.104 this smart 
biomaterial was synthesized from 2-vinyl-4,6-diamino-1,3,5-triazine (Vdt), 
1-vinylimidazole (Vi), and polyethylene glycol diacrylate, and was fixed 
with zinc ion. Cells cultured on the shape memory hydrogel had varied 
viability in response to Zn2+, with decreased cell viability at high Zn2+ con-
centration (Figure 6.15). Wenjing synthesized a dipole–dipole reinforced 
copolymer hydrogel, named pVi–an hydrogel, by photopolymerizing Vi 
and an acrylonitrile (an) comonomer with a polyethylene glycol-based 
crosslinker.105 the mechanical property of the pVi–an hydrogel changed 
with the concentration of Zn2+, which firmly locked the temporary shape 
of the hydrogel.

Figure 6.15    Culture L929 cells with pVV-2.5 hydrogel; the viability percentage of 
cells will decrease with an increase in zinc ion concentration.104 repro-
duced with permission from B. Xu, Y. Li, F. gao, X. Zhai, M. Sun, W. Lu, 
Z. Cao and W. Liu, ACS Appl Mater Interfaces, 2015, 7, 16 865. Copyright 
(2015) american Chemical Society.
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6.3   Conclusion and Perspective
recent advances in the development of smart biomaterials presented here 
show the tremendous efforts made by numerous researchers in this field. 
these smart biomaterials bring a promising future for cell encapsulation. 
as outlined in this chapter, smart biomaterials are designed from various 
perspectives to address the obstacles in cell encapsulation, e.g., by mimick-
ing the native microenvironment, overcoming suffocation, promoting vascu-
larization, overcoming the foreign body reaction, directing cell phenotype, 
and being injectable and shape memorable. Current smart biomaterials still 
have their limitations that must be overcome, and an ideal smart biomaterial 
is expected to have all quality attributes if needed. From the clinical side, 
currently, there are several cell encapsulation products under clinical trials 
in the united States, including an alginate-based human beta cell encapsu-
lation product, and a stem-cell-derived insulin producing cell encapsulation 
product (VC-01™ Combination product, Viacyte inc), that are promising 
therapeutic solutions for type i diabetes. For a successful clinical application 
and/or commercialization of cell encapsulation technology, the simplicity 
of the product design and ease of consistent manufacturing are important 
attributes. these factors should be considered for future smart biomaterial 
design. in the coming years, research progress in molecular engineering and 
rational design will further the advancement of the field of smart biomateri-
als. they will be even smarter than those available to date.
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7.1   Introduction
Bone tissue engineering combines principles from biology, medicine, mate-
rial science, and engineering science to create functional replacements to 
facilitate bone regeneration,1 or bone tissue analogues in experimental mod-
els of disease.2 driven by a shortage of bone tissue for transplantation along 
with an aging population, this field has been under intense development in 
the past decades and three major strategies have since been developed for 
engineering tissues, namely: (1) creating implantable pieces of the organism 
with the use of living cells seeded on a natural or synthetic extracellular sub-
strate; (2) delivering tissue-inducing substances, and (3) injecting therapeu-
tic cells placed on or within matrices.

although these strategies sound technically different, the goal is the 
same: to fabricate new and functional bone tissues by incorporating living 
cells within a matrix or scaffold. scaffolds can be natural, man-made, or  
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a composite of both. Living cells may be cultured in vitro to associate with the 
matrix prior to implantation or induced in vivo to migrate into the implant 
after implantation. successful engineering strategies would necessitate the 
scaffold to guide organization, growth, and/or differentiation of cells to form 
a functional tissue.

given the key role that scaffolds play, the development of bone tissue engi-
neering strategies has been closely related with the advancement of material 
science.3 For example, the first generation of scaffolds for bone tissue engi-
neering was bioinert and adapted from materials used in other fields. these 
were selected on the basis of approximating mechanical properties to tissues 
of interest but were largely passive and lacked cues to promote tissue regener-
ation. Later, the focus shifted to resorbable biomaterials, based on the devel-
opment of resorbable polymers such as polycaprolactone (pCL), poly(glycolic 
acid) (pga), poly(lactic acid) (pLa), and poly(lactic-co-glycolic acid) (pLga). 
these materials have significant advantages over their non-resorbable coun-
terparts, with degradation byproducts that can be processed by the body 
through the citric acid cycle, a natural metabolic pathway.4 together with 
advances in additive manufacturing and drug delivery technologies, a new 
generation of scaffolds that could induce the migration of host cells into the 
scaffolds and the regeneration of natural tissues is ushered in.

the aim of this chapter is to highlight the impact of biomaterial advances 
on the bone tissue engineering field, starting from primarily providing struc-
tural support and cell–matrix interactions, to the delivery of biofunctional 
molecules to accelerate healing, and finally to act as a theranostic platform 
(Figure 7.1).

7.2   Multi-Functional Biomaterials for Bone Tissue 
Engineering

7.2.1   Passive Biomaterials for Mechanical Support
the cell and scaffold form the two basic components of engineered bone 
tissue. Conventionally, this involves a period of culture in vitro, in which 
the cells and scaffolds are assembled to form engineered constructs.5 

Figure 7.1    summary of roles served by biomaterials in bone tissue engineering.
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post-implantation, the engineered bone grafts are assumed to integrate 
into the host skeleton, and further mature into woven bone. scaffolds per-
form primarily to provide structural support for cells, both in vitro and in 
vivo, with the following key requirements:6 (1) biocompatibility, in that the 
materials and degradation products of scaffolds should be non-toxic and 
non-teratogenic without eliciting excessive inflammatory response. (2) suf-
ficient mechanical properties to define and protect a physical space for cel-
lular growth; these should ideally match the mechanical properties of the 
surrounding tissue. (3) high porosity (>90%), good interconnectivity, and 
average pore size between 200 µm and 400 µm to promote host cell infiltra-
tion and host integration. (4) appropriate biodegradability with adjustable 
degradation rates. (5) Feasible sterilization methods that do not interfere 
with the function of the scaffold or change the chemical composition of scaf-
fold biomaterials.

it is important to distinguish at this point the terms “osteoconductive” and 
“osteoinductive”. osteoconductivity refers to the ability of a porous scaffold 
to support the infiltration of host bone cells and blood vessels. as the scaf-
fold undergoes degradation, this process ensures the formation of integrated 
bone tissue. in contrast, osteoinductive scaffolds actively drive osteogene-
sis and the formation of bone tissue. these include physical cues, including 
topography and the nano-/micro-structure of the scaffold’s surface that influ-
ence cell proliferation and differentiation on scaffolds.7 in the early years of 
tissue engineering, scaffolds were almost exclusively comprised of bio-inert 
materials. these “first generation” scaffolds provided ample mechanical 
support and room for osteoconduction, with no chemical or physical cues 
for osteoinduction of seeded cells.8

First generation scaffolds may be grouped into natural or synthetic 
materials. proteins such as collagen,9 gelatin,10 fibrin11 and silk fibroin,12 
polysaccharides like chitosan13 and alginate14 and inorganic materials like 
coralline apatite15 are derived from natural sources; consequently, they 
approximate various components of the human bone extracellular matrix, 
and are observed to be cytocompatible. these materials exhibit various lim-
itations, however, including immunological concerns attributed to the use 
of xenogeneic material and inadequate mechanical properties (due both to 
source variability and difficulties in modifying inherent properties). addi-
tionally, scaffold-forming technologies to handle these materials are limited, 
necessitating highly-customized set-ups to address these concerns. taking a 
pure chitosan scaffold as an example, its inadequate mechanical properties 
result in improper cell attachment and morphology, which in turn affects 
cell activities. the addition of 1 wt% nano-hydroxyapatite (hap) to form a 
composite construct significantly improves scaffold stiffness and translates 
to 50% greater proliferation rate of pre-osteoblastic cells, one week after cell 
seeding.16

Compared with natural biomaterials, it is usually easier to shape or alter 
the chemical and mechanical properties of synthetic materials. in particu-
lar, polyesters, such as polycaprolactone (pCL), are commonly employed as 
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scaffold materials. Bioresorbable polymers have tailored degradation rates, 
and are designed to be absorbed by the host over time. of course, synthetic 
materials have their own limitations, like acidolysis associated with scaffold 
breakdown, and the lack of biologically-recognizable surface motifs, which 
impedes cellular attachment.17 great efforts have been spent to address these 
challenges by incorporating tricalcium phosphate (tCp)18 or employing 
surface-hydrolytic treatments to improve surface wettability, cell adhesion 
and thereby host tissue ingrowth.19 hap-coated or gelatin-coated pCL films 
and 3d honeycomb pCL scaffolds have also been designed for the develop-
ment of vascularized tissue engineered bone.20,21 the use of co-polymers is 
another way to control the degradation of scaffold materials. For example, 
poly(anhydride-co-imides) has a much more adjustable degradation rate 
than polyanhydride, a surface bioeroding polymer. as a homopolymer, ali-
phatic polyanhydride is rapidly degraded in vivo within a few weeks, while 
aromatic polyanhydride can take years to be fully degraded.22,23 degradation 
of poly(anhydride-co-imides) on the other hand, can be adjusted between 
weeks to a few months by simply tuning its monomer ratio.24,25

aside from polymers, ceramics are renowned for their biocompatibility 
and the ease of forming highly porous structures. Besides hap and tCp, 
non-degradable ceramics such as alumina and zirconia26 are also applied 
in scaffold fabrication. several studies have additionally demonstrated the 
tunable compressive strength of alumina,27,28 with good cytocompatibility 
and lack of genotoxicity.29 however, due to low fatigue strength, high rigid-
ity and brittleness, the processing and application of pure ceramics remain 
limited.

Finally, metals that have traditionally been associated with orthopaedic 
reconstructions can perform similarly in bone tissue engineering as perma-
nent scaffolds. titanium (ti) is widely applied in fracture fixation and repair 
of bone defects owing to its good biocompatibility and resistance to fatigue 
and corrosion.30 ti fiber web scaffolds coated with a thin hap layer showed 
enhanced stress resistance and osteoconductivity in rabbit mandibular bone 
reconstruction.31 surface-grafted chitosan may further improve the safety and 
efficacy of ti scaffolds by promoting cell attachment and reducing bacterial 
adhesion.32 Composite coatings of chitosan, nano-hap and nano-copper–
zinc alloy have successfully combined the advantages of natural polymers, 
synthetic ceramics and metal alloys. this composite shows a low degrada-
tion rate for maintaining sufficient mechanical strength, increased protein 
adsorption to facilitate cell adhesion, and anti-bacterial activity.33

in recent years, other bioinert materials have emerged for bone tissue engi-
neering applications, including nano-scale materials such as graphene34,35 
and carbon nanotubes, which can also provide mechanical reinforcement 
for scaffold materials. Multi-walled carbon nanotubes loaded on a poly(3- 
hydroxybutyrate-co-3-hydroxyvalerate) (phBV) cylinder significantly increased 
the flexural and compressive strengths of a phBV-based scaffold.36 however, 
safety concerns over carbon nanotube toxicity and detachment from the 
implantation site remain significant; further research is required to better 
characterize its nano-toxicity.37
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7.2.2   Active Scaffolds
Beyond providing structural support, scaffolds are also able to play more 
active roles in bone engineering. as described above, bone tissue engineering 
scaffolds are usually designed to be osteoconductive (i.e. to facilitate prolifer-
ation, differentiation and eCM deposition of osteoprogenitor cells), but may 
further be osteoinductive (i.e. be capable of stimulating bone formation).38,39 
to supplement the natural effects brought by the choice of the materials’ 
structure and type, various active biomolecules can also be incorporated 
into these scaffolds. according to their roles in bone tissue engineering, this 
section classifies these scaffold constructs into two groups: scaffolds for (i) 
biomolecular delivery and (ii) biosensing. subsequently, limitations of these 
active scaffolds will be discussed and potential solutions will be proposed.

7.2.2.1  Biomaterials for Biomolecular Delivery
one purpose of incorporating bioactive molecules into scaffold materials 
is to specifically stimulate/direct cellular responses at the target sites.40,41 
scaffold-mediated delivery takes place in a more localized and defined man-
ner, enhancing biomolecular internalization by target cells, whilst reduc-
ing potential complications from off-target uptake.42,43 the scaffold further 
serves to protect the biological payload from biodegradation, permitting 
extended release profiles. Finally, they address problems associated with 
non-specific clearance when the biomolecules are delivered systemically.44,45 
taken together, scaffold-mediated biomolecular delivery is safer, more effica-
cious and cost-effective than systemic administration.46,47

Functionalization of scaffolds with bioactive molecules is typically 
achieved through physical entrapment, physical adsorption or surface conju-
gation. design considerations include chemical/biological properties of the 
bioactive molecules, desired release profile, and the chemical/physical/bio-
logical properties of the scaffold materials.48 For instance, small molecules 
(e.g. dexamethasone) may be covalently-grafted on the surface of polymeric 
constructs via a cross-linker. subsequently, as the linker is degraded, released 
dexamethasone retains its functionality to induce MsC osteogenic differen-
tiation.49 in this case, the release rate is strongly influenced by the strength 
of the covalent bond formed. in contrast, encapsulation of large and labile 
growth factors (gFs) would be favored to retain biological activity by elimi-
nating/minimizing exposure towards extrinsic factors including ph, metal 
ions and proteases, which can cause structural changes/gF degradation.50 
in such configurations, gFs are only released and exposed to the biological 
environment in tandem with the breakdown of the polymer shell.51

7.2.2.1.1  Peptides and Proteins.  growth factors are the most commonly 
delivered molecules through scaffolds for bone tissue engineering. in parti-
cular, bone morphogenetic proteins (BMps; mainly -2, -4 and -7) are often used 
to stimulate osteoblastic activity and induce MsC differentiation towards 
osteogenic lineage.44,52 BMps interact with cell surface receptors BMpr-i and -ii  

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

01
69

View Online

http://dx.doi.org/10.1039/9781788010542-00169


Chapter 7174

to trigger mobilization and phosphorylation of sMad transducing molecules, 
which regulates the expression of downstream target genes.46

as highlighted recently by several review articles, BMps slowly and con-
tinuously released from scaffolds show a better effect for inducing bone 
formation, compared to free BMps.53,54 these BMp–scaffold systems have 
enhanced recruitment of osteoprogenitor cells,55 a significant increase in 
alkaline phosphatase activity,56 as well as greater mineral deposition and 
higher compressive moduli.57–59 Controlling the release profile of these bio-
molecules is a common research theme. Comparing a heparin-conjugated 
fibrin against a normal fibrin construct, Yang et al. reported that slower 
BMp-2 release (∼80% after 13 days instead of three days) resulted in ∼10-fold 
greater calcium concentration and more prominent osteocalcin and osteo-
pontin expression, eight weeks after implantation in an ectopic rat model.56 
Meanwhile, Wei et al. demonstrated that a nanosphere-immobilized, but not 
adsorbed rhBMp-7 pLLa scaffold could induce significant ectopic bone for-
mation six weeks after rat transplantation, as observed through von kossa 
staining and radiographic density (Figure 7.2).58

Figure 7.2    Lga nanospheres’ immobilization on a pLLa scaffold enable sustained 
release of BMp-7 for ectopic bone formation. (a) scanning electron 
micrograph of pLLa nanofibrous scaffolds after the nanospheres’ 
incorporation. nanosphere-immobilized scaffolds (iii) showed signifi-
cantly greater bone formation than BMp-7 adsorbed scaffolds (ii) and 
blank scaffolds (i), as observed by radiographic imaging (B) and von 
kossa staining (C). reproduced from Biomaterials, 28(12), Wei, g., jin, 
Q., giannobile, W. V., Ma, p. X. the enhancement of osteogenesis by 
nano-fibrous scaffolds incorporating rhBMp-7 nanospheres, 2087–2096, 
Copyright (2007) with permission from elsevier.
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after realizing the benefit of incorporating bioactive molecules, research-
ers began to utilize scaffolds for the delivery of two or more growth factors 
to achieve a synergistic effect.47 one study co-delivered BMp-2 with Wnt1 
inducible signaling protein-1 (Wisp-1) using a β-tCp/gelatin scaffold. In 
vitro, introduction of both factors promoted more than two-fold osteopontin 
expression on MsCs after seven days, as compared to the singly-delivered  
molecules. In vivo, there was two-fold greater osteoid formation 10 days 
after subcutaneous implantation, relative to the BMp2-only group.60 in 
another study, co-incorporation of BMp-2 and transforming growth factor 
beta-3 (tgFβ-3; which is involved in the up-regulation of endogenous BMp-2 
expression61) in MsCs-containing alginate hydrogel was shown to stimulate 
significant bone formation from as early as six weeks after transplantation. 
Meanwhile, the introduction of individual growth factors resulted in negli-
gible bone formation even after 22 weeks.62 to achieve maximal therapeutic 
effect, the sequence of the gFs’ release may also be manipulated through 
this co-administration. one such case is the co-delivery of BMp-2 and insu-
lin-like growth factor 1 (igF-1). While igF-1 itself can stimulate osteoblast 
growth and proliferation,63 sequential delivery of BMp-2/igF-1 might poten-
tiate these effects, as BMp-2 treatment upregulates the expression of igF-1 
receptors.64 indeed, kim et al. showed that sequential release of BMp-2 from 
chitosan gel followed with igF-1 from a gelatin microsphere provided ∼50% 
greater alkaline phosphatase (aLp) activity of W-17-20 cells at day seven, 
when compared to scaffolds releasing only BMp-2 or simultaneously releas-
ing BMp-2 and igF-1 from chitosan gels.65

aside from proteins with osteoinductive benefits, angiogenic ones inclu-
ding fibroblast growth factors (FgFs), vascular endothelial growth fac-
tors (VegFs) and platelet-derived growth factors (pdgFs) have also been 
explored, particularly for applications in the treatment of large, critical-
ly-sized defects.66–68 in one study involving polyelectrolyte multilayer films 
with BMp-2 and VegF-165, the co-introduction of both factors resulted in 
a 33% increase in ectopic bone formation together with a higher trabecu-
lar thickness, taking the BMp-2 only treatment as a control.69 in a similar 
study using a gelatin-microspheres-incorporated poly(propylene fumarate) 
(ppF) scaffold, co-delivery of BMp-2 and VegF was shown to accelerate defect 
bridging and healing time in a critical-size cranial defect model, with two-
fold bone formation over the BMp2-only group after four weeks of treatment, 
as evaluated through micro Ct.70

Lastly, to mitigate problems associated with delivering large and full-scale 
proteins (e.g. high cost, rapid loss of bioactivity),71 researchers have exper-
imented as well with truncated versions containing only critical portions. 
While its effects may not be as extensive as its complete sequence counter-
part, a dose-dependent stimulatory role on bone formation was attained 
when BMp-2 peptide was delivered using a hap/collagen/pLa composite 
scaffold.72 in another study, Luo et al. also reported a dose-dependent upreg-
ulation on Mg63 osteogenic marker expression, 14 days following treatment 
with BMp-7-laden mesoporous silica nanoparticles.73
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7.2.2.1.2  Small Molecules.  small molecules are promising alternatives to 
stimulate bone regeneration, with their ability to minimize the problems or 
limitations of gFs including limited synthesis scale, high cost and limited 
stability.74,75 For instance, small molecular compounds can better withstand 
processing techniques utilized in material preparation (e.g. solvent exposure, 
thermal heating) as compared to gFs, hence retaining their bioactivity more 
efficiently after scaffold coupling.76 over the past decade, many osteoinduc-
tive small molecules have been identified with the advent of high-through-
put screening.77 one example is simvastatin, which helps fracture healing 
by up-regulating BMp-2 expression in osteoblasts.78 previously, it was shown 
that simvastatin increased bone formation when injected subcutaneously or 
orally administered to mice and rats.79 however, statin drugs have limitations 
with solubility and adverse side effects at high dosage.78 therefore, sustained 
release from biomaterials is proposed to circumvent this issue. tai et al. 
incorporated simvastatin within pLga/hap double emulsion microspheres, 
for subsequent avascular graft transplantation in a mouse fracture model. 
Compared to a graft-only control, they observed improved blood vessel and 
callus formation around the implant after two and four weeks, respectively. 
Cellular ingrowths that facilitated graft substitution were also observed.80

purmorphamine is another example. it induces osteogenesis through 
the hedgehog signaling pathway.81 When purmorphamine-containing hap 
beads were injected into defect femurs, the proportion of the trabecular 
bone area was found to be significantly higher than the empty beads control 
(∼70% to ∼50% after seven days).82 Last but not least, FtY720 is an analog of 
sphingosine-1-phosphate (s1p), which promotes recirculation of osteoclast 
precursors from a bone surface, an effect that ameliorates bone loss. When 
applied alongside dissolved pLga as a coating for allograft samples, FtY720 
promoted greater osteointegration of the implant interface with superior 
mechanical properties (i.e. elasticity and compressive strength) than both 
un-coated and pLga-only control allografts six weeks post-implantation.83

7.2.2.1.3  Nucleic  Acids.  another major area involves delivering nucleic 
acids, which encompass dna plasmids and micro/small interfering rnas 
(mirnas/sirnas). in general, the introduction of nucleic acids aims to alter 
cellular function and phenotype by causing either up- or down-regulation 
of gene expressions. plasmid transfection is commonly used to trigger gene 
upregulation, while interfering rna is applied to knock down target gene 
expression through mrna cleavage.84,85 specifically in bone tissue engineer-
ing, various plasmids encoding for osteogenic differentiation genes have 
been studied, in addition to various interfering rnas targeting osteo-inhibiting 
genes.86,87

For example, a BMp-2 dna plasmid can be complexed with polyethylene-
imine (pei) and encapsulated within pLga microspheres for gelatin sponge 
transplantation into a rat calvarial defect model. eight weeks later, bone 
formation at the defect site was visible only in BMp-2-containing sponges, 
as observed through micro Ct and histological staining.88 BMp-2 plasmid 
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complexation with acetylated pei prior to collagen/pga-fiber scaffold incor-
poration has also been shown to promote osteogenesis on seeded MsCs. Fol-
lowing scaffold and cell implantation into the backs of rats, homogeneous 
bone formation was observed with ∼10-fold aLp activity and osteocalcin con-
tent, as compared to a blank scaffold control.89

apart from BMp-2, plasmids encoding other genes such as runt-related 
transcription factor 2 (runX2) and pdgF were also successfully delivered 
through scaffold incorporation. Monteiro et al. loaded runX2 plasmids, a 
crucial gene to induce transition towards osteoblast phenotype, onto the 
surface of electrospun-pCL nanofibers through liposomal encapsulation 
and immobilization. Following internalization by seeded MsCs, the runX2-
loaded liposomes induced continuous overexpression of the runX2 gene, 
which in turn triggered ∼2.5-fold greater aLp activity at day 21 to unmodified 
nanofibers, without additional supplements.90 For the purpose of enhancing 
scaffold vascularization, shea et al. directly combined a pdgF plasmid with 
pLga matrices for the formation of a plasmid-containing 3d sponge through 
a gas forming process. here, pdgF was chosen for its angiogenesis-stimu-
lating role in mediating endothelial cell proliferation and tube formation.91 
Following subcutaneous implantation in Lewis rats, plasmids released from 
the sponges transfected nearby cells at the adipose and muscle layers, which 
accelerated blood vessel formation (∼three-fold vessel area to blank sponge 
at day 14); a useful trait for scaffold infiltration.92

similar to protein delivery, multiple kinds of plasmids can be co-delivered 
through the same scaffold to achieve synergistic effects. By firstly condens-
ing the plasmid with pei for lyophilization, huang et al. incorporated both 
BMp-4 and VegF encoding plasmids into compressed pLga pellets. When 
MsC-seeded pLga constructs were subcutaneously implanted, significant 
bone deposition was observed with micro Ct. importantly, simultaneous 
loading of both plasmids resulted in three times stiffer bone as compared to 
when BMp-4 or the VegF plasmid was independently incorporated, 15 weeks 
post implantation (Figure 7.3).93

Lastly, rna moieties (such as mirna and sirna) have also been incor-
porated into biomaterials for bone tissue engineering. in one study, a pos-
itively-charged transit-tko/BCL2L2 sirna nanoparticle was proposed for 
retention within the cavities of naoh-treated pCL films. this local BCL2L2 
silencing enhanced early osteogenic differentiation, in terms of collagen 
type 1 deposition and organization.94 Moreover, prolonged and sustained 
release of sinoggin (a gene which is reported to inactivate BMp-4 and prevent 
ossification95) in combination with mir-20a (which is predicted to upregu-
late BMp/runx2 signaling by regulating pparγ, Bambi and Crim1 96) from a 
peg hydrogel was shown to successfully direct MsCs’ osteogenic differentia-
tion and induce higher calcium content on day 28 (∼two-fold), as compared 
to blank hydrogel.87 With various osteogenic-inducing mirnas identified 
recently (e.g. mirna 26a, mirna 148b, mir-196a),97,98 further exploration 
to optimize their combination and release profile from scaffold materials is 
warranted.
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Figure 7.3    Co-delivery of VegF and BMp-4 encoding plasmid enhances MsC-
driven bone regeneration. Von kossa staining revealed calcium depo-
sition of MsC-seeded constructs incorporating VegF plasmids (a), 
BMp-4 plasmids (B) and both plasmids (C). Micro-Ct images of con-
structs delivering both plasmids at week three (d), eight (e) and 15 (F). 
(g) elastic modulus of engineered bone recovered at week 15. scale bar 
indicates 20 µm in (a)–(C), and 2 mm in (d)–(F). *represents statistical 
significance against all other groups (P < 0.05). reproduced with per-
mission from huang Y. C. et al., J. Bone Miner. Res., 20, 848, 2005. Copy-
right 2005: john Wiley and sons.
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7.2.2.2  Biomaterials for Biosensing
in bone tissue engineering, non-invasive monitoring of bone regeneration 
can greatly facilitate the development of effective scaffolds, by enabling lon-
gitudinal assessment of the same sample post-implantation, without serial 
euthanization at each time point for sample collection.99,100 these real-time 
and non-invasive assessments can also be used in clinics to guide clinical 
decisions on whether further interventions are required following bone graft 
implantations.101 to achieve this goal, sensing functions have been coupled 
to the biomaterial constructs through incorporation of sensor moieties, 
either directly or facilitated through nanoparticle encapsulation.102,103 
Considering the functions, these platforms can be classified into two catego-
ries: (1) platforms that monitor local extracellular conditions (e.g. deposited 
calcium minerals), and (2) platforms that report intracellular molecules 
(e.g. mrna, protein expression).

7.2.2.2.1  Biomaterial Constructs  to Report Extracellular Conditions.  Being 
a major component of bone, the extent of calcium mineral deposition is 
an important indicator of successful osteogenesis. in this aspect, various 
hap-targeted fluorescence and magnetic resonance (Mr)-probes have been 
developed.104,105 probes for fluorescence imaging include pamidronatepam78 
(with irdye78)106 and paM800 agent (with irdye800CW).107 in addition to 
optical detection of mineralization, these agents also serve to visualize bone 
remodeling and osteoclast activity.108,109 For Mr-based imaging, contrast 
agents (Ca) act to accelerate the proton relaxation process, of either t1 (lon-
gitudinal) or t2 (transversal). gadolinium(iii) [gd(iii)] is widely applied for 
t1, while super-paramagnetic iron oxide nanoparticles are common for t2 
imaging.110,111 hence, various ha-targeted ligands have been complexed with 
gd(iii) to achieve bone-targeted contrast enhancement, including dota and 
BpaMd.104,112 nevertheless, application of these probes is thus far limited 
with a short monitoring window, as contrast signals generated rapidly decay 
following their elimination.113 therefore, repeated injections are required for 
comprehensive analysis of tissue regeneration, even though this is inconve-
nient and costly.114

While it has not been applied for hap-targeted agents, scaffold incor-
poration is a potential solution for protecting and tuning the amount of 
probes incorporated and released at any moment.115 at the same time, the 
scaffold degradation process, which is necessary for complete osteointe-
gration, can be monitored. For example, van der Zande et al. demonstrated 
that a gd-labeled carbon nanotube (gado nt)-incorporated pLga scaffold 
increased the t1 Mr intensity of the scaffold’s surrounding tissue over a 
three-week period, matching the scaffold degradation process observed 
through histology.116

Besides the extent of calcium mineral deposition, cell status at implanted 
sites is also important to understand the mechanism behind the successful 
bone engineering. harrington et al. proposed a ph and o2 self-reporting scaf-
fold as a measure of cell viability, blood vessel formation and waste clearance. 
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Briefly, pLga nanofibers were functionalized with ratiometric responsive 
nanosensors carrying either ph-sensitive (5-(and-6)-carboxy-fluorescein: 
FaM) and a ph reference dye (6-carboxytetramethylrhodamine: taMra), or 
o2-sensitive (tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(ii) chloride: 
ru(dpp)3

2+) and an o2 reference dye (oregon green dextran) to monitor phys-
iologically relevant conditions (ph 5.5–8; 0–21% o2).117 Meanwhile, Chan  
et al. demonstrated a Mr-based ph detection platform to monitor cells 
undergoing apoptosis.118 as shown in Figure 7.4, this platform integrates 
l-arginine liposome and protamine to provide abundant nh protons for 
exchange with water molecules within alginate microcapsules. in a low ph 
environment (i.e. as a result of apoptotic cells), less exchange would occur 
between water molecules and nh protons, which translates to a lower chemi-
cal exchange saturation transfer (Cest) contrast signal. in this way, observed 

Figure 7.4    Mr-based ph monitoring was developed and demonstrated on a hydro-
gel system, by measuring the Cest contrast, which relates the drop in 
water signal intensity (ΔS) with selective saturation of the nh-rich l- 
arginine (2 ppm). at a lower ph (i.e. due to cell death), the Cest contrast 
decreases alongside the drop in ksW. reproduced with permission from 
Macmillan publishers Ltd: Chan k. W., et al., Nat. Mater., 12, 268, 2013. 
Copyright 2013: nature publishing group.
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Mr intensity can be correlated with hydrogel ph value. For bone tissue engi-
neering, such a ph-reporting scaffold can greatly assist pre-clinical optimiza-
tion of scaffold parameters and therapeutic procedures, by representing the 
status of seeded MsCs during or even prior to implantation. Crucially, it is 
reported that osteogenic differentiation is ph sensitive, and that careful ph 
control is necessary for optimal aLp activity, collagen synthesis and osteo-
genic marker expression in MsCs.119,120

employing a similar concept based on proton exchange, ganesh et al. 
displayed an interesting usage of doped hap nanocrystals (nhap) for dual 
purposes (osteoinducting and monitoring). previously, they showed that 
gd(iii)-doped nhap was a suitable agent for t1 weighted Mr imaging.121 
subsequently, doped nhap was incorporated in electrospun pCL fibers to 
enable monitoring of cell adhesion and growth. initially, proton exchange 
between water and agents was poor due to polymer hydrophobicity. as cells 
adhered and proliferated on days seven and 14, stronger proton exchange 
occurred from polymer interactions with the cell membrane, resulting in 
brighter t1 images. Later, the t1 signal declined following the deposition of 
calcium minerals. in this manner, correlation can be drawn between the t1 
signal and the stages of osteogenesis.102

7.2.2.2.2  Biomaterial  Constructs  to  Monitor  Intracellular  Expression.  
Besides the techniques mentioned above, validation of successful osteogen-
esis can also be achieved by evaluating osteogenic differentiation stages of 
recruited/implanted MsCs. Cell modification with gene reporter techniques 
is commonly used for non-invasive examination of cellular gene expres-
sion.122,123 to this end, various reporter constructs for osteogenic markers 
have been developed, including green fluorescence protein (gFp)-tagged 
osteocalcin (oCn),124 luciferase (luc)-tagged oCn,125 yellow fluorescence 
protein (YFp)-tagged runX2 126, and luc-tagged Col1a1 127. as mentioned 
in the previous section, these plasmids can be introduced through scaffold 
incorporation for adherent cell uptake. however, the transfection efficiency 
of this strategy is quite poor at the moment.128

More recently, nucleic acid-based molecular probes (i.e. aptamers and 
molecular beacons/MBs) have been receiving significant attention for cell 
tracking purposes, with their non-integrative, yet highly specific target rec-
ognition.129 their limitation comes from rapid degradation and elimination 
due to nuclease activity, which means that multiple introduction is required 
to obtain a sufficient monitoring window for differentiation tracking,130 mak-
ing them impracticable for use in vivo. to meet this need, our group recently 
demonstrated a simple yet effective solution involving probe encapsulation 
into biodegradable polymeric nps. More specifically, pLga nanoparticles 
that can be internalized and retained effectively by MsCs111,131 are used to 
achieve sustained MB delivery, in order to drastically extend the monitoring 
period to two/three weeks.132 Moreover, this nanosensor platform provides 
versatility in the simultaneous delivery of multiple probes, for a multiplexed 
cell functionality assessment.131
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in the future, integrating such nanosensors into scaffold formulations 
may enable direct evaluation of bone repair. as scaffold materials begin to 
degrade, exposed nanosensors can then be internalized by adherent MsCs 
to report on their differentiation status.133 Furthermore, although such a 
monitoring approach is currently applicable only in in vitro or small animal  
settings due to light penetration issues, further development of image 
acquisition tools (e.g. two photon intra-vital microscopy) and probes (e.g. to 
incorporate luminescence agents or agents with far-infrared spectra) may 
facilitate even deeper tissue imaging.134,135

7.2.2.3  Limitations with Current Active Scaffolds
While recent advances have made biomaterial scaffolds more functional with 
regards to promoting recovery and having sensing capability (highlighted 
in table 7.1), most of these constructs rely on their passive biodegradation 
to release incorporated biomolecules. as such, there is not much control 
over the release profile of molecules.136 Consequently, with different defect 
sizes and mechanical stresses expected for distinct application, constructs’ 
parameters (e.g. thickness, porosity) require a comprehensive fine-tuning to 
obtain maximum functional benefit. this process can be highly laborious, 
time-consuming and costly.137,138

one solution is to employ a stimuli-responsive release mechanism, using 
external (e.g. ultrasound, laser), or better yet internal factors (e.g. ph, pro-
tein expression, secreted molecules) to trigger and control the release rate of 
bioactive molecules. a comprehensive list of triggers that have been utilized 
for responsive delivery can be found in recent review papers.139,140 While 
not exclusively for bone tissue engineering purposes, ph-dependent carri-
ers have been proposed multiple times. ph-responsive hydrogels, which 
become ionized and swell under acidic conditions, have been widely studied 
for delivery towards gastrointestinal tract and anti-cancer treatments.141,142 
noting that bone remodeling involves inflammatory and osteoclast activities 
which induce an acidic environment, a similar strategy may be extended for 
applications in bone regeneration.143

For bone tissue engineering applications, there have been a few  
externally-responsive carriers proposed. kearney et al. employed an ultra-
sound trigger to induce the release of BMp-2-conjugated gold nanoparticles 
from crosslinked alginate hydrogels, which are otherwise entrapped due 
to steric hindrance.144 Meanwhile, Qureshi et al. demonstrated the light- 
mediated delivery of mir-148b through photo-sensitive linkage with silver 
nanoparticles. upon photo-activation, the complex stimulated aLp activity 
and osteogenic marker expression (i.e. runX2, oCn) on adipose-derived 
stem cells (Figure 7.5).145

in the future, the identification and study of more molecular triggers to 
activate functional scaffolds is expected. thus, release mechanisms may 
instead be linked with multiple stimuli to achieve a finely-tuned delivery.146 
ideally, this involves cell-responsive scaffolds with molecular release defined 
by an automated feed-back/forward system. in conjunction, biomaterial 
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constructs that carry both therapeutic and diagnostic benefits can be an 
interesting development to currently available scaffolds. integrated ther-
anostic platforms enable live verification of tissue formation, while at the 
same time accelerating its process. therefore, such platforms can facilitate 
a more rapid and complete evaluation during their optimization stages. 

Table 7.1    examples of active scaffolds for bone tissue engineering.

Functionality
Material 
constructs

incorporated 
molecules/
probes remarks references

protein/ 
peptide 
delivery

gelatin  
microsphere/
chitosan gel

BMp-2 and 
igF-1

sequential release 
of BMp-2 and 
then igF-1  
promoted greater 
aLp activity

65

protein/ 
peptide 
delivery

gelatin  
microsphere/
ppF scaffold

BMp-2 and 
VegF

delivery of both 
factors enhanced 
bone bridging in 
critical-size  
cranial defect 
model

70

small  
molecule 
delivery

pLga/ha 
microspheres

simvastatin Low, sustained 
release of simvas-
tatin promoted 
neo-vasculari-
zation, cell 
ingrowth in  
bone graft

80

small  
molecule 
delivery

porous Cap 
beads

purmor-
phamine

Bead injection 
enhanced  
trabecular bone 
percentage in 
defect femurs

82

nucleic acid 
delivery

peg hydrogels sinoggin and 
mirna-20a

induced osteogenic 
differentiation of 
MsCs and greater 
calcium content 
on day 28

87

nucleic acid 
delivery

Liposome/ 
electrospun- 
pCL 
nanofibers

runX2- 
encoding 
plasmid

Continuous runX2 
expression 
upregulated aLp 
activity of seeded 
MsCs

90

Biosensing pLga nanofibers ph- and o2- 
sensitive and 
insensitive 
fluorescence 
dyes

ratiometric  
analysis to 
monitor 5–20% 
dissolved o2, ph 
5.5–8

117

Biosensing Liposome and  
protamine- 
containing 
alginate 
hydrogels

nh-proton-rich 
l-arginine

Mr Cest  
contrast-based 
ph nanosensor

118
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Ventura et al. demonstrated incorporation of such theranostic agents inside 
ceramic phosphate cements. By coupling silica beads loaded with iron oxide 
agents with BMp-2 proteins, an improved osteogenesis was achieved along-
side long-term Mr contrast enhancement for longitudinal assessment of 
scaffold degradation and bone healing.147 in the near future, it is conceivable 
that more theranostic agents will be developed and incorporated into scaf-
folds for bone tissue engineering applications.

7.2.3   Future Perspectives—Clinical Applications of Multi-
Functional Biomaterials for Bone Tissue Engineering

as discussed above, advanced generation tissue engineering scaffolds may 
be loaded with myriad drugs and distinct release profiles,148 as well as sen-
sors that provide real-time feedback of local environments.149 such sophisti-
cated designs yield new opportunities to improve clinical outcomes.

Figure 7.5    photo-responsive mir-148b conjugates to facilitate controlled osteo-
genesis. (a) schematic showing conjugation of mir-148b to silver nps 
through a photo-sensitive linker group. upon light activation, the np 
conjugates release mir-148b, which translates into significantly greater 
aLp activity on day seven (B) and oCn expression on day 28 (C). repro-
duced with permission from Qureshi a. t., et al., Biomaterials, 34, 
7799, 2013. Copyright 2013: elsevier. reproduced from Biomaterials, 
34(31), Quershi, a. t., Monroe, W. t., dasa, V., gimble, j. M., hayes, d. j., 
mir-148b-nanoparticle conjugates for light mediated osteogenesis of 
human adipose stromal/stem cells. 7799–7810. Copyright (2013) with 
permission from elsevier.
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in musculoskeletal tissue engineering, successful bone regeneration is 
largely dependent on osteointegration and vascularization. a corollary to 
this, treatment of voluminous fractures with avascular engineered bone 
grafts has thus far been limited by an inadequate blood supply, resulting in 
ischaemia, necrosis and eventual graft failure.150 in contrast, vascularized 
bone flaps used in autograft procedures are associated with improved func-
tional and aesthetic outcomes in mandibular151 and long bone reconstruc-
tions.152 Various strategies to engineering bone grafts have been proposed, 
such as incorporation of heterogeneous cellular co-cultures,153 or cytokine 
and growth factor delivery systems.154 jia et al. recently reported the simul-
taneous administration of BMp and VegF, showing significantly improved 
osteogenesis and bone formation over groups where either cytokine was used 
alone, and suggesting synergistic effects of osteogenic and vasculogenic acti-
vation.155 similarly, administration of mesenchymal stem cells concurrently 
with pLga-mediated delivery of BMp-2 and VegF were shown to be useful 
in correcting mandibular defects, resulting in accelerated defect bridging.156 
these outcomes may likely be improved through the use of more sophis-
ticated delivery systems that allow tailoring of release profiles, including 
increased payloads157 and coordinated release systems for co-delivery of two 
or more factors,158 in order to match the complex orchestration of chemok-
ines and cytokines in the process of bone healing.159 using multiphasic peg-
based constructs, Barati et al. demonstrated the staggered release of VegF 
and BMp to improve vasculogenesis and osteogenesis in an in vitro model.160 
In vivo, BMp-2 and VegF loaded either in pLga (for extended release) or gela-
tin (burst release), resulted in sequential release, and increased bone forma-
tion in an ectopic implant model.

in any surgical application, monitoring the surgical site is critical for suc-
cessful clinical outcomes. in the practice of ilizarov limb-lengthening, for 
example, non-invasive and quantitative observations on bone healing may 
be used to make informed clinical decisions on subsequent procedures.101 
similarly, following implantation of the bone graft, continuous monitoring 
of the graft is highly desirable to guide interventions and improve outcomes. 
Besides direct observations of bone quality, various groups have looked 
at tracking metabolic processes, including ph149 and oxygen161 levels, in 
three-dimensional structures. despite current technical limitations, it can 
be expected that future scaffolds, in which the delivery of multiple thera-
peutic agents and concurrent monitoring take place, can have important 
implications in tissue engineering. emerging areas of development include 
multi-functional scaffolds for application in the treatment of bone cancer.162

7.3   Conclusions
in close to five decades of research and development, scaffold technologies 
have advanced significantly: from the “first-generation” scaffolds, which pri-
marily served mechanical roles, to the current research theme focusing on 
bioactive scaffolds. these scaffolds address the major limitations of their 
predecessors, which were largely passive and bioinert, leading to sub-optimal 
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healing responses. By directly interfacing with seeded cells and/or surround-
ing host tissues, newer generation scaffolds are able to guide and direct heal-
ing responses, with significantly raised safety and efficacy profiles. Current 
research is focused on novel methods to customize release profiles and inter-
rogate healing responses in vivo. such advances will provide smart scaffolds 
with “theranostic” abilities in the future.
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8.1   Introduction
the articular cartilage (aC) allows for painless, frictionless movement of 
synovial joints. once the aC has been damaged, it has limited ability to 
regenerate or repair, and continued injury may progress to debilitating osteo-
arthritis (oa).1 oa is considered to be the most common form of arthritis. 
it is associated with joint pain and dysfunction so much so that it is also 
considered a leading cause of disability among older adults.2,3

Due to their avascularity and low immunogenicity, aC allografts can be used 
to repair osteochondral lesions.4 Donor aC allografts are typically preserved 
before transplantation by vitrification using cryoprotectant agents (Cpas).5 
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Despite their toxicity, strides have been made to determine dose–injury rela-
tionships of Cpas on aC so as to limit potential injury while maintaining a 
concentration adequate to vitrify the tissue.6 another method used to treat 
osteochondral lesions is tissue engineering; a technique that employs the 
use of biologically compatible materials to replace defected or worn tissue; 
in this instance, cartilage tissue.

in the early stages of tissue engineering of any organ, scaffolds or implants 
were built to provide minimal structural support while also regulating the 
diffusion of waste and nutrient products between newly forming tissue and 
host tissue.7–15 various biomaterials with different characteristics have been 
synthesized and used for tissue engineering and regeneration purposes.16–24 
Some biomaterials have been used successfully to replace the mechanical 
function of bodily tissues including vertebral discs and knees, however, they 
are still limited within the realm of tissue engineering due to their inade-
quate ability to regulate and modulate the repair and regeneration of host 
tissues.25–30 however, clinical applications of tissue engineering have been 
limited due to limited availability of biomaterials that are available for 
human use but also due to inherent material properties that render them 
incompatible.31–34 Due to these limitations, the use of innovative smart mate-
rials in tissue engineering have emerged.

Smart biomaterials are characterized by their capability to respond to 
even slight variations in their environment. these smart biomaterials have 
distinct properties and have been designed over the years to interact, in a 
specific fashion, with various biological systems producing specific biolog-
ical responses. they are unique in that they undergo rapid structural mac-
roscopic changes that can be reversible.35 the need for specific and timely 
interactions between biomaterials and cellular bodies creates a need specifi-
cally for “smart” biomaterials that can both mimic the interactions between 
cells and their extracellular environment to properly facilitate cellular growth 
and development and also a need for practical application in a clinical  
setting.36 Both synthetic and natural materials exist and can be used as smart 
biomaterials in the tissue regeneration process. the desired properties of 
these materials will be explored in detail in this chapter.

Within the realm of tissue regeneration, biomaterials are used to facilitate 
the cell differentiation and growth processes outside of the body in order to 
grow tissue that can be implanted into the body. During normal development, 
tissue differentiation and development is dependent on the interactions that 
occur between cells and their respective extracellular matrix (eCM). it takes 
a considerable amount of technology to recreate these interactions. Since 
simple polymers cannot adequately reproduce these complex interactions in 
order to regenerate tissue, the creation and development of smart bioma-
terials will be crucial to forming functional tissue.37 Smart biomaterials are 
required and therefore have been designed to react appropriately when inter-
acting with cells and the eCM in order to fit the needs of tissue regeneration, 
which is a complex process that requires a specific environment to facilitate 
growth and development.36
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Smart biomaterials can be applied in many different ways. For example, 
they can be applied to the regeneration of cartilage by actively reproducing 
the interactions between precursor cells and differentiating stem cells within 
tissue. Such smart biomaterials are designed to target and enhance cell  
differentiation and cell metabolism in addition to the complex interactions that 
take place.36 therefore, cells are able to be grown on bio-scaffolds and can be 
strategically implanted into damaged areas of cartilage tissue to create healthy, 
functional cartilaginous tissue. to be useful in this application, “smart”  
biomaterials must be biodegradable, have the strength to physically support and 
protect cells through their development cycles, and boast a level of bioactivity 
to facilitate cell attachment and movement—all properties that would make 
them biocompatible in order to produce the optimum biological responses.38

it becomes necessary to modify the properties of biomaterials to regener-
ate different types of tissue. in the case of aC regeneration, the parameters 
of the matrix structures or biomaterial scaffolds that support chondrocyte 
growth and development should be modified. Both natural and synthetic 
materials can be used in this process. Different material factors need to be 
considered, such as the rate of degradation, biocompatibility, porosity, sur-
face topography, and ease of handling in a clinical setting. numerous new 
biomaterials have been generated in recent years that are also viable candi-
dates for use in tissue engineering applications.

as introduced previously, the properties of the material chosen determine 
the metabolism and the longevity of the cells. During the growth of carti-
lage, the chondrocytes, or the precursor cells of cartilage, secrete the matrix 
of cartilage and eventually proliferate and differentiate into cartilage after 
they are embedded into that matrix. these biomaterial matrices are linked to 
the degradation rate of the eCM biomaterial and pore distribution, directly 
affecting their growth and proliferation rates, leading to the production of 
more or less cartilage, as cells can sense topography changes and differences 
in material surfaces.

numerous challenges must be overcome in order for the future use of 
smart biomaterials in human trials. in the majority of studies involving 
biomaterials, it is mostly young adult subjects or fetal animal cells that are 
used.39 the adult–elderly demographic would arguably benefit the most 
from tissue regeneration therapy. however, the feasibility of using elderly 
cells in regeneration is inconclusive. in addition, in vitro methods and animal  
testing are the current methods of choice for testing smart biomaterials; 
regulatory approval for human testing in clinical applications and eventually 
market introduction are still difficult milestones for biomaterials to reach.40

8.2   Required Biomaterial Properties for Cartilage 
Repair

in selecting smart biomaterials to repair cartilage, there are a number of 
desired properties that contribute to effective cartilage tissue regeneration. 
Cartilage tissue regeneration research is usually done by combining cells, 
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such as stem cells and chondrocytes, with bio-scaffolds.41 the biomaterials 
used are either biological or synthetic in nature and are sometimes a com-
bination of both. the physicochemical and biological properties of smart 
biomaterials need to be modified for specific tissue regeneration applica-
tions. in order to stimulate growth and development of cartilage tissue, it 
is necessary to adjust the specific property parameters of the smart matrix 
structures or the biomaterial scaffolds that support the growth and devel-
opment of cell structures, as these parameters affect the status of the cells 
in these matrices.42 Both natural materials, or materials synthesized from 
natural extracellular materials, and synthetic materials can be used in this 
process. each of these materials has their advantages and disadvantages. 
Cells primarily interact with biomaterial scaffolding through ligands on the 
material’s surface.38 Scaffolds synthesized using natural materials naturally 
possess these ligands for cell adhesion while synthetic materials need incor-
poration of the appropriate ligands through specific means. various factors 
need to be considered depending on the desired application, such as the rate 
of degradation, biocompatibility, porosity, surface topography, and ease of 
handling in a clinical setting.

Biodegradation is a chemical process that inevitably occurs in all biochem-
ical compounds and the rate at which it occurs is determined by many vari-
ables. these variables include the presence of light, temperature, oxygen, 
bacteria, fungi, and even bioavailability. through the chemical reactions and 
microorganisms, these substances transform into new materials.43 through 
careful manipulation of these variables and the use of degradation tests such 
as respirometer tests, the rate of degradation of the scaffold can be carefully 
controlled in order to manage waste production into the eCM. in addition, 
the biocompatibility of these materials is also an important property. Bio-
compatibility is the ability of a smart biomaterial to behave appropriately 
in certain environments with a specific host response.44 Controlling the  
biocompatibility would prevent an increase in the toxicity of the eCM or  
prevent any change in ph levels, which would hinder chondrocyte attachment 
and proliferation needed in cartilage tissue repair.36 another property that 
is important to account for is porosity. Biomaterial scaffolds should have 
an interconnected pore structure with high porosity to ensure that cells can 
penetrate the scaffolding—in this way, proper nutrients can diffuse into the 
eCM of these cells and waste products from these cells can diffuse freely 
away without interfering with the surrounding tissues and organs.44 a lack of 
vascularization, nutrient availability, and poor waste removal from the center 
of engineered scaffolding constructs are the main issues in core degradation 
in cartilage tissue engineering.38

Specific surface topography and area also affect the bulk properties of 
a biomaterial. Surface topography is determined by three main properties 
which are lay (the predominant direction in which the surface pattern is  
oriented), surface roughness, and waviness (irregularities in the surface 
pattern). What used to be flat and original surface textures can now become 
engineered surface topographies through several different machining meth-
ods and processes.45 Specific surface area influences ligand density for cell 
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adhesion, thus the mean pore size of the scaffold must be large enough for 
cells to enter into the structure but small enough to allow for the binding of 
a specific amount of ligand on the material surface to adhere to the cells for 
tissue regeneration.46 it is critical to control surface topography by manipu-
lating its properties and by measuring it through both contact and non- 
contact methods.

there are a variety of materials that are currently used in cartilage tissue 
engineering. the benefits, drawbacks, and limitations of natural and synthetic 
biomaterials will be explored. the natural biomaterials discussed are collagen, 
hyaluronic acid, fibronectin, chitosan, and alginate. the synthetic biomateri-
als discussed are polyurethane, polytetrafluoroethylene, and poly butyric acid.

8.3   Natural Polymers
8.3.1   Collagen
Collagen, the fibrous protein that constitutes the fibrils of connective tissue,  
is used as a natural biomaterial extensively because of its abundance, ubiq-
uity, and biocompatibility. it is used either alone or in conjunction with 
another substrate to enhance its structural properties. Collagen is a smart 
material because it can readjust and adapt its mechanical and molecular 
properties in response to any external resistance or force placed upon it. 
When this mechanical loading or force is placed on collagenous tissues, 
collagen can utilize its capability to convert mechanical forces into biochemical 
signals.47 Collagen will alter and transform its molecular properties at the 
top and induce a host of downstream biochemical signals that will aid in 
biological processes such as wound healing and tissue regeneration. though 
collagen synthesis is important in producing collagenous tissue in parts such 
as tendons, collagen degradation is also a key component in biological and 
pathological processes.48 With the right amount of collagen degradation, 
remodeling and regeneration of tissue can occur; however, with an excess 
amount of collagen degradation, it could create extra porous sites and lead 
to pathologies such as arthritis. type i and ii fibril-forming (fibrillar) and 
type iX fibril-associated collagen are used for the regeneration of cartilage 
tissue.49,50 Degradation rates, porosity, and pore sizes can all be measured 
through various methods and then adjusted and adapted depending on  
specific design requirements. Collagen has both advantages and limitations 
when used as a scaffold, as listed in table 8.1.49

8.3.2   Hyaluronic Acid
hyaluronic acid (ha), also known as hyaluronan, is a polysaccharide and 
is a natural polymer found endogenously and evenly distributed between 
connective and epithelial tissue. ha acts as a smart biomaterial because 
it has been shown to be responsive to ph changes and has been able to 
alter and adapt its mechanical and chemical properties in order to function 
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and behave appropriately to these changes in ph to reestablish a proper  
relationship between the macromolecules and their corresponding eCM 
environment.51 additionally, ha has high biocompatibility and is read-
ily able to regulate angiogenesis—the process involving the formation of 
blood vessels—by stimulating endothelial precursor cells to proliferate and 
grow. Due to its ph-sensitive properties and adaptability, ha has been used 
in many drug delivery systems that are sensitive to changes in ph.52 Due to 
its angiogenesis contribution, ha can be used as a tumor marker in vari-
ous cancer types.53 additionally, ha serves as a coat around chondrocytes 
and is responsible for the resilience of cartilage in its aggregate form.54 ha 
is often used in a hydrogel form in cartilage tissue scaffolding. Since ha 
and its associated elements in hydrogel form occur naturally in the body, 
scaffolding formation takes place in the presence of cells with minimal 
toxicity.55

8.3.3   Chitosan
Chitosan is a cationic amino polysaccharide formed by the alkaline deacetyl-
ation of chitin56 and is both biocompatible and bioresorbable. additionally, 
chitosan-based polymers are smart biomaterials due to their ph- and 
temperature-sensitive structures. Many smart biomaterials composed of 
chitosan are highly responsive to changes in ph and temperature and alter 
their structure accordingly.57 Due to these smart properties, chitosan has 
been readily used in drug delivery systems, cell culture systems, graft mod-
ifications, etc. Chitosan is also often used in conjunction with ha to form 
natural hydrogels to serve as effective scaffolding for chondrocytes. the pore 
size, and thus the amount of chondrocytes that adhere to the scaffolding, 
changes depending on the concentrations of each component in the hydro-
gel in conjunction with other materials, like type ii collagen.56 Both chitosan 
and ha hydrogel scaffoldings have shown promise for cartilage regeneration 
applications and these biomaterial hydrogels have also been proven to be 

Table 8.1    Collagen properties as a scaffold.

advantages Disadvantages

Biocompatibility no inherent rigidity
osteocompatibility potential for antigenicity through 

telopeptidesadhesive
Fibrous, cohesive, and nonfriable
Suturable
high porosity for neohistogenesis
Fibers appear to become incorporated into 

the new tissue matrix
the ability to be combined with other 

materials
Medium can be perfused
Fluid pressure can be transduced
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injectable.55,58 Superior differentiation of chondrogenic distribution of eCM, 
and better mechanical behavior make ha in hydrogel form a significant 
potential candidate in future cartilage tissue engineering applications.59 
Chitosan scaffolding can be seen in Figure 8.1 below from Griffon et al.56

8.3.4   Fibronectin
Fibronectin is a glycoprotein found in the eCM. Fibronectin is an essential 
determinant of many applications because it binds to integrin (a receptor 
protein), collagen, and fibrin and therefore plays a significant role in cellular 

Figure 8.1    Scanning electron microscope examination of chitosan scaffolds with 
pore size measuring <10 micrometers (top), 10–50 micrometers (middle) 
and 70–120 micrometers (bottom) in diameter. reprinted from Acta 
Biomaterialia, 2, Griffon, D. J., Sedighi, M. r., Schaeffer, D. v., eurell, J. a., 
Johnson, a. L. Chitosan scaffolds: interconnective pore size and cartilage 
engineering, 313–320, Copyright (2006) with permission from elsevier.
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signaling, adhesion, transport, differentiation, growth, and regeneration.60 
Due to these properties, fibronectin can be used as a marker for the presence 
of cancer. additionally, in its polymerized form, fibrin has a critical role in 
wound healing to avoid fibrosis (scar tissue). Sahni and colleagues found that 
fibrin bound to fibroblast growth factor 2 encouraged growth of endothelial 
cells as well as amplified the endothelial cells’ proliferation.61 Fibrin, and 
therefore, fibronectin, are presented as smart biomaterials because in addi-
tion to its binding properties, adhesive capabilities, signaling processes, and 
wound repairing, the adverse effects of fibrin gluing on chondrocytes hav-
en’t been seen in cell cultures.62 therefore, when important eCM molecules 
such as fibrin and collagen are used as cellular scaffolds, they are considered 
suitable and useful biological vehicles for wound healing. a disadvantage of 
fibrin is that its constructs can shrink, which can eventually impede cellular 
invasion and thus the healing response.42

8.3.5   Alginate
alginate is a sugar-based natural polymer found extensively in the cell walls 
of brown algae. it has been used as a smart biomaterial because it has many 
favorable properties including its high biocompatibility, ease of gelation, 
low toxicity, and low cost.63 through several crosslinking processes, alginate 
also represents eCM both structurally and dynamically and therefore can be 
manipulated and altered to fit the needs of the specific application to create 
a specific host response.64 alginate hydrogels, therefore, can create a moist 
environment for wound healing while also minimizing bacterial infections 
at the site of interest. For drug delivery systems, alginate is used particularly 
because it can be administrated orally or injected into the body without the use 
of highly invasive mechanisms.63 alginate can be used in biomaterial scaffold-
ings for cartilage tissue regeneration as well due to its high biocompatibility 
and mild gelation. alginate is used as a biomaterial in scaffoldings in the form 
of beads and as a component in the form of hydrogels or even sponges and 
pads. alginate and chitosan are widely utilized in vitro while their role in in vivo 
cartilage regeneration is restricted and continues to be tested.42

8.4   Synthetic Polymers
8.4.1   Polyurethane, Polytetrafluoroethylene, Poly Butyric 

Acid
Synthetic polymers are emerging smart biomaterials used in several tissue 
engineering applications. they are selected because of their responsive-
ness to variables such as temperature, ph, chemicals, and even light. very 
small changes in response to these variables cause significant changes in the 
mechanical and chemical properties of synthetic polymers.65 Synthetic poly-
mers are also selected for their biodegradability and mechanical properties 
in supporting chondrocyte cell structures in cartilage tissue regeneration.7 
the advantage of using synthetic polymers is their great flexibility in design 
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and elimination of disease transmission. Furthermore, synthetic polymers 
can be transformed into porous scaffolds. though these synthetic polymers 
are often chosen for their biodegradability, they can be degraded in various 
ways—hydrolysis, cellular degradation, enzymatic pathways—and these deg-
radation products that result from these reactions and processes can increase 
the ph of the scaffolding area and therefore can cause excess inflammation 
due to high molecular weight of the synthetic polymers.42 however, due to 
their high molecular weight and formation of cartilaginous tissue, they also 
exhibit high resistance to loading which can be useful in many applications.

polyurethane is a synthetic polymer composed of organic units. these 
units are considered smart biomaterials because they are thermo-respon-
sive and therefore change significantly with changes in temperature of the 
external environment. they are also characterized by high-resiliency and 
high-flexibility making them useful in many applications.66 they are pre-
pared in scaffolds as bone graft substitutes because they can be made to have 
high interconnected pores and water permeability, a high pore/volume ratio, 
and high osteo-conductivity.67 additionally, polyurethane has shown prom-
ise in promoting the attachment of differentiated chondrocytes in vitro for 
extended periods of time, up to 42 days in some cases, although a significant 
release of matrix molecules into the culture medium was reported as well.68

polytetrafluoroethylene, also known as teflon, is also a thermoplastic 
polymer and therefore changes depending on the temperature of the exter-
nal environment—it is useful in several applications because it is thermo- 
responsive. additionally, it exhibits high strength and high flexibility.69 among 
the many applications it is used for, polytetrafluoroethylene has been proven 
to increase chondrocyte cell numbers when used as a plasma treated scaf-
folding.70 however, there are still risks of increased toxicity levels or the 
potential development of complications.71

poly butyric acid is also an organic compound that is thermoplastic and 
therefore it can be used in many bioengineering settings. What is very unique 
about this smart material is that it tends to resist biodegradation and is also 
highly biocompatible, making it useful for many medical applications.43 
additionally, poly butyric acid possesses high tensile strength and therefore 
is useful in tissue regeneration and cartilage reconstruction as well.72 Since it 
has few degradation products, it is generally associated with little inflamma-
tion and immune reactions.

8.5   Smart Matrices (Scaffolds)
8.5.1   Thermo-Responsive Matrices
the design of a scaffold with optimal fabrication parameters is crucial in the 
mechanical durability and regenerative capacity of the complex as a whole. 
Smart biomaterials are unique in their ability to undergo changes in mor-
phology and properties as a result of external stimulants, such as ph and 
temperature.73,74 thermo-responsive polymers belong to the largest class of 
smart biomaterials, and the distinction between their characteristic lower 
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critical solution temperature (LCSt) and upper critical solution tempera-
ture (uCSt) manifests a difference in physical properties of the material.75 
the change in temperature induces a conformational change in the smart 
polymer structure by manipulating its interaction with water-soluble and 
water-insoluble environments.76 a transition between different physical 
states, such as film, bulk, or solution, is made possible by external tempera-
ture variation, which can disrupt crosslinked molecular networks within the 
smart material.77 temperatures below the LCSt stimulate the smart polymer 
to exhibit hydrophilic properties while temperatures above the LCSt con-
trarily induce hydrophobicity following a phase separation.78

in an experiment involving poly(N-isopropylacrylamide; pnipaam), the 
LCSt for the smart biomaterial was determined to be 33 °C, at which the 
substance can undergo a reversible globular structural alteration in water. 
at temperatures higher than 33 °C, the biomaterial yielded an insoluble gel, 
while below, it yielded the soluble form.79 For cartilage tissue engineering, the 
solubility of the material is important in chondrogenic differentiation.79 the 
aqueous gel formed by introducing an ambient temperature makes it clini-
cally applicable to soft tissue engineering.80 examples of structural changes 
include micelle packing as well as reversible transitions between coil and 
helix conformations.80 these thermos-responsive polymers are ideal for fab-
ricating surfaces with variable adhesion capabilities.81 Smart biomaterials, 
in this regard, show a fine equilibrium between hydrophilic and hydrophobic 
states, and the manipulation of temperature toward or away from its critical 
value will allow the structure to expand or collapse in response.57

the objective for using thermos-responsive polymers in cartilage tissue engi-
neering is to create surfaces with adjustable cell attachment and detachment 
capabilities, which is ideal for cartilage tissue engineering strategies.82 the 
switch that initiates or stops cell adhesion is pnipaam, and the temperature 
variation above or below the LCSt determines the structural action of the ther-
mo-responsive polymer as a whole.83 ibusuki et al. demonstrated in 2003 one 
of many ongoing experiments that apply the use of thermos-responsive, inject-
able hydrogels for cartilaginous defects of various shapes in vitro.84 one exam-
ple of a thermos-responsive hydrogel is lyophilized chitosan-pluronic hydrogel 
as an injectable cell delivery carrier as seen in Figure 8.2.85 Muzzarelli et al. also 
went into detail describing carbohydrate polymers for cartilage tissue regener-
ation in a sol-to-gel manner exhibited by their intelligent polymer systems.86 
the key to sol–gel transitions of thermo-sensitive biomaterial systems is cool-
ing or heating to body temperature following subcutaneous injection of the 
therapeutic agent, depending on the desired molecular mechanism, such as 
swelling or shrinking.87 inverse temperature dependence is indicative of swell-
ing properties of the system in correlation to temperature change relative to 
the LCSt. Furthermore, the composition of the hydrogel is either a combina-
tion of hydrophobic parts or the possession of both hydrophilic and hydropho-
bic groups. Lowering the temperature substantiates dissolution because the 
interactions between the hydrophilic segments and surrounding aqueous envi-
ronment are strengthened, so its applicability in cartilage engineering is prom-
ising. heightened hydrophobicity, however, has the reverse effect: shrinkage.
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this system’s relevance in drug delivery is uncanny.88,89 the incorporation 
of temperature-sensitive elements to the polymer or copolymer system can 
allow it to achieve smart capabilities.88 it is also important to note that gela-
tion can occur under heating or cooling conditions, depending on the phys-
ical properties of the material itself. Chemical crosslinking or association 
can be attributed with post-injection gelation.90 peptides have also been used 
as temperature-sensitive systems, often undergoing conformational changes 
from an alpha helix into a β-sheet, or vice versa, as a result of this environ-
mental stimulus. once again, the hydrophilicity of certain functional groups 
and hydrophobicity of other segments of the secondary peptide structure 
will be affected and shift to a conformational change in this process.91

8.5.2   pH-Responsive Systems
the ph of a polymer system for tissue engineering purposes also has an effect 
on structural change due to shifts in hydrophilicity and hydrophobicity. 
poly((2-dimethyl amino)ethyl methacrylate) (p(DMaeMa)), for example, has 
an approximate ph of 8.5.92 protonation or deprotonation can change this 
relationship between the compound and an aqueous environment.93 Similar 
to the nature and mechanism of thermos-responsive polymeric systems, a 
change in ph that can transform its relationship with hydrophilic and hydro-
phobic environments will result in swelling or shrinkage, depending on pro-
tonation or deprotonation.94 the complexity of shrinkage/swelling behavior 
as a result of ionization and ph change is astounding. in a report from 
Gupta et al., his team noted that hydrogel swelling occurred at a ph above 
the polymer’s pKa and shrinkage occurred below, as a result of varying ion 
concentrations in the solution.94 Wu and colleagues discussed ph-responsive  
hydrogels and immersed the hydrogels into a buffer solution of either 
7.4 ph or 5.0 ph, and found that the structure of N-[(2-hydroxyl-3-trimethyl-
ammonium) propyl] chitosan chloride/glycerophosphate (htCC/Gp) and 
chitosan hydrochloride/glycerophosphate (CS/Gp) were both more com-
pact before immersion as seen in the comparison of Figures 8.3 and 8.4.95  

Figure 8.2    SeM images of lyophilized Cp hydrogels at various concentrations (a) 
16, (b) 18, and (c) 20 wt%. reprinted from Acta Biomaterialia, 5(6), park, 
K. M., Lee, S. y., Joung, y. K., na, J. S., Lee, M. C., park, K. D. thermosen-
sitive chitosan-pluronic hydrogel as an injectable cell delivery carrier 
for cartilage regeneration, 1956–1965, Copyright (2009) with permis-
sion from elsevier.
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Figure 8.3    SeM micrographs of (a) htCC/Gp and (b) CS/Gp hydrogels formed after 
heating at 37 °C for two hours. reprinted from the International Journal 
of Pharmaceutics, 315(1–2), Wu, J., Su, z.-G., Ma, G.-h. a thermo- and 
ph-sensitive hydrogel composed of quaternized chitosan/glycerophos-
phate, 1–11, copyright (2006) with permission from elsevier.

Figure 8.4    SeM micrographs of (a) htCC/Gp hydrogel at ph 5; (b) htCC/Gp hydro-
gel at ph 7.4; (c) CS/Gp hydrogel at ph 5.0; and (d) CS/Gp hydrogel at 
ph 7.4 formed after immersion in buffer (ph 5.0 or 7.4, at 37 °C) for 
one hour. reprinted from the International Journal of Pharmaceutics, 
315(1–2), Wu, J., Su, z.-G., Ma, G.-h. a thermo- and ph-sensitive hydro-
gel composed of quaternized chitosan/glycerophosphate, 1–11, Copy-
right (2006) with permission from elsevier.
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Because polymers are commonly used in cartilage engineering applications, 
it is relevant to point out that their miscibility in the solution also deter-
mines their extent of swelling. acidic and basic functional groups can give 
off ions that increase osmotic pressure, thus affecting swelling/shrinkage 
behavior. Buffered solutions, in fact, can expedite the swelling mechanism.96 
Fibrin-based matrices can also be sensitive to changes in ph; for example, 
a somewhat basic ph of 10 can orient the matrix fibrils in a longitudinal 
fashion, proving to be suitable for vessel endothelial cells.97

the preparation of ph-responsive hydrogels entails the addition of a 
weak polyacid/polybase to the polymeric gel. they are very useful in ortho-
paedic drug delivery. Furthermore, these polyacids and polybases actually 
influence the conformational transition that the polymer undergoes as a 
result of ph change. the combination of electrostatic interactions between 
different functional groups, including other interactive forces, allows the 
therapeutic polymer system to swell. the difference in osmotic pressure in 
the inner and outer solutions is countered by gel swelling.98 Sokker et al. 
described that ph change can also influence release rate in drug delivery 
applications. they explained that an alkaline medium was more contribu-
tive to the swelling nature of the hydrogel than a neutral medium.99 Chen 
et al. formulated a way to calculate swelling degree (SD), typically sensitive 
to changes in ph. they used the original hydrogel weight in buffer solution 
and divided the value of the gel weight at a different swelling time by the 
original weight.100

the applications of ph-responsive systems are found in the gastroin-
testinal tract and systemic vasculature as well. universally, the backbone 
is composed of a specific polymer. the variations in the chains attached 
to the backbone that participate in electrostatic interactions make each 
ph-responsive system unique. the groups ionize and build up a charge that 
makes them repulsive or attractive to other groups, rendering them capa-
ble of undergoing swelling/shrinkage behavior. a change in ph can also 
facilitate erosion of a ph-responsive polymer.101,102 insulin transport has 
also been effective with these polymeric networks. the diffusion of glucose 
into the gel leads to conversion of the monosaccharide to acid, decreas-
ing the ph and causing the gel to swell. the opposite effect of shrinkage 
reverses the release rate of insulin.102 apart from charge and degree of 
ionization, crosslinking density is also a significant factor that affects ph- 
responsiveness. the environment, such as a buffer solution, similarly has a 
dramatic effect on swelling kinetics. Siegel et al. demonstrated that multiva-
lent anions decrease swelling in buffer solutions compared to monovalent 
anions.103 an increase in pKa similarly substantiates swelling capacity.104 a 
drug surrounded by a solution with a ph different to its own pKa could end 
up charged or uncharged as a result of this environmental effect. porosity of 
the polymer network contributes to ph sensitivity as well.105 Because each 
organ and cell type has its own particular environment with an optimal 
ph, such as cancer tissue and the gastrointestinal tract of acidic nature, 
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manipulating the ph sensitivity of certain polymeric systems to meet the 
ph level of the targeted environment is a complex matter. the environment 
will cause protonation or deprotonation of the therapeutic system in order 
to render it capable of swelling/shrinkage.73

8.5.3   Self-Assembling Matrices
Self-assembling peptides have been explored for various tissues, such as 
cartilage.41,106 these peptides not only control the delivery of bioactive 
agents,107,108 but also provide a microenvironment to increase the chon-
drogenesis of bone marrow stromal cells.106 the most common “natural” 
motifs used for peptide-based materials are the α-helix and the β-sheet.109 
Self-assembly is the reversible conversion of a group of molecules into one 
or more supramolecular structures by noncovalent interactions without 
external force.110 the balance between force opposition, such as solvation 
and electrostatic repulsive forces, and favored forces in this regard, such 
as hydrogen bonding, cohesive interaction, hydrophobic forces and elec-
trostatic interactions, determines the stable structure of self-assembled 
molecules.111 the structures of the most self-assembling molecules are 
amphiphilic, which contain both hydrophilic and hydrophobic parts and 
is the basis of functional assemblies in nature. the cellular membrane, 
the extracellular matrix and the cytoskeleton are examples of assembled 
structures.112 natural or synthetic amphiphilic materials under aqueous 
conditions form ordered assemblies with noncovalent interactions and 
the external environment, including ph, temperature, and solution ionic 
strength, as well as the structure of the monomer, determine the final 
assembled structure.112–116

a variety of natural polymers, such as polysaccharides and proteins (hyal-
uronic acid (ha), chitosan and chondroitin sulfate are examples of these nat-
ural polymers), were used as amphiphilic polymers and some of the natural 
polymers are naturally amphiphilic or can be modified with amphiphiles.117 
a self-assembling hydrogel containing 40% chitosan and 60% chondroitin 
sulfate was investigated as a carrier for chondroitin sulfate—an agent that 
inhibits the synthesis of agents that are related to the death of chondrocytes 
and cartilage damage, such as proteolytic enzymes. this hydrogel reorga-
nizes at a ph ranging from 6 to 12 and releases significant amounts of chon-
droitin sulfate at a ph higher than 6.5.118

Kisiday et al. encapsulated chondrocytes through a self-assembling pep-
tide KLD-12 with sequence acn-KLDLKLDLKLDL-Cnh2 as 3D matrices. they 
demonstrated that the seeded chondrocytes in the peptide matrices main-
tained their morphology and produced large amounts of glycosaminogly-
cans as well as type ii and type Xi collagen.119 Chondrocytes seeded within 
raD16-i (raDaraDaraDaraDa-puraMatrix™) hydrogel and supplemented 
with tGF-β improve integration between two opposing pieces of articular 
cartilage.120 Self-assembling peptides with the sequence acn-(KLDL) 3-Cnh2 
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were modified to encapsulate bone-marrow-derived stromal cells and to 
deliver tGF-β to induce chondrogenesis in cartilage tissue engineering.121 
nanofibrillar self-assembling peptide hydrogels containing KLD12 and KDL-12-  
collagen mimetic peptide (CMp) made of a -(pro-hyp-Gly)n- amino acid 
sequence stimulate the chondrogenesis of BMSc and increase glycosamino-
glycan production.122 Bell et al. have engineered a peptide gel (p11-9) with 
a similar feature of hyaluronic acid (ha) to enhance lubrication between 
articulating cartilage surfaces. p11-9 contained four serine (oCh2oh) and 
three glutamic acid (oCh2Ch2Cooh) side chains per peptide. p11-9 self- 
assembles into gels under physiological conditions.123 amphiphilic synthetic 
polymers commonly consist of poly ethylene glycol (peG), poly(N-(2-hydroxy-
propyl) methacrylamide), pluronics, peptide amphiphiles (pa) and differ-
ent poly(esters) and poly(amino acids).117 a thermogelling, biodegradable 
copolymer with the formulation of poly(dl-lactic acid-co-glycolic acid)-poly 
(ethylene glycol) (peG-g-pLGa) was used as an injectable protein and cell 
delivery system in cartilage in a rabbit model. it has been stated that when 
a chondrocyte suspension was used in the thermogelling polymer, the cartilage 
defect was remarkably repaired. the peG-g-pLGa system doesn’t need any 
organic solvent or any surgical procedure.124

peptide amphiphiles (pas) have four regions, including bioactive domains, 
that aid in cellular response and growth factor delivery:121,125 the polar domain 
which enhances solubility, the stabilization domain that is often formed by a 
β-sheet sequence126 and alkyl chain tails which help micelle assembly.127 pas 
were fabricated by Shah et al., with high density of binding epitopes to tGF-
β to regulate the release rate. they reported that these materials stimulate 
chondrogenic differentiation and cartilage regeneration when injected into 
a chondral defect in a rabbit model after 12 weeks with or without exoge-
nous tGF-β. these results showed the potential of biofunctional materials 
to enhance regeneration of cartilage.128 arg-Gly-asp (rGD)-modified ha-g-
pluronic copolymers are a self-assembling, injectable material that are used 
for chondrocyte encapsulation. it is reported that chondrocytes can produce 
GaG and type ii collagen within the hydrogels.129

in table 8.2, a summary of self-assembling matrices in cartilage regenera-
tion is provided.

the potential complications associated with scaffolds can be avoided by 
using self-assembly. possible scaffold problems may include phenotype 
alteration of cells, degradation product toxicity, inhibition of cell migration, 
and stress shielding.130 Self-assembly was used to produce tissue engineering 
constructs over agarose without a scaffold. histological, biochemical, and 
biomechanical properties revealed that the tissue engineering construct was 
hyaline-like in appearance.130 the using of self-assembling structures with 
the appropriate balance of hydrophobic/hydrophilic components for any 
specific application as cell carriers or drug delivery systems in cartilage tis-
sue engineering has many advantages, such as minimally invasive surgical 
procedures by using in situ formation of injectable hydrogels and scaffoldless 
cartilage tissue engineering.
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8.5.4   Bioactive-Agent-Releasing Matrices
Growth factors commonly represent bioactive agents, which have an impact 
on stimulating or inhibiting cellular growth and differentiation.131 in carti-
lage tissue engineering, numerous growth factors such as bone morphoge-
netic proteins (BMps), insulin-like growth factor i (iGF-i), transform growth 
factor β (tGF-β), and fibroblast growth factor (FGF) have been utilized.132 
Many delivery systems are used as natural or synthetic polymers, and release 
rates of bioactive agents depend on the diffusion of the agents and degradation 
of the carrier.133 however, release rates in smart matrices rely on the status of 
the environment, which can be externally regulated or self-regulated. external 
triggers, such as magnetics, are used for release in an externally regulated 
system, whereas in the self-controlled system, matrices respond to environ-
mental changes, such as elevated temperatures and low ph, which are found 
in the body.134

Motoyama et al. investigated the impact of tGF-β-immobilized magnetic 
beads on chondrogenesis with an external magnetic force. tGF-β was bound 
to Ferri Sphere 100C® via an amide bond. they showed that at the local site, 
the magnetic forces could control the concentration of tGF-β.135 Several 
studies have described the role of a member of the tGF-β family in carti-
lage tissue engineering. they are utilized to increase proliferation of chon-
drocytes136,137 in order to enhance cartilage eCM formation138 and to induce 
chondrogenesis.139,140

pnipaam is one of the most common thermo-sensitive polymers that have 
a sol–gel transition at 32 °C.141 Because of the poor biocompatibility and 

Table 8.2    Self-assembling matrices in cartilage regeneration.a

authors Materials Function

J. F. piai et al.118 40% chitosan and 60% 
chondroitin sulfate

Chondroitin sulfate carrier

J. Kisiday et al.119 KLD-12 peptide Chondrocyte encapsulation
p. W. Kopesky et al.120 raD16-i supplemented  

with tGF-β
improve integration between 

two opposing pieces of 
articular cartilage

G. a. Silva et al.121 acn-(KLDL) 3-Cnh2  
peptide with tGF-β

induce chondrogenesis

J. e. Kim et al.122 KDL-12-CMp Stimulate the chondrogenesis  
of BMSc

C. J. Bell et al.123 p11-9 peptide enhance lubrication between 
articulating cartilage 
surfaces

B. Jeong et al.124 peG-g-pLGa Chondrocyte encapsulation
r. n. Shah et al.128 pas enhance regeneration of 

cartilage
h. Lee et al.129 rGD modified 

ha-g-pluronic
Chondrocyte encapsulation

a abbreviations: collagen mimetic peptide (CMp), poly(dl-lactic acid-co-glycolic acid) (pLGa), 
poly(ethylene glycol) (peG), peptide amphiphiles (pas), arg-Gly-asp (rGD).
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non-degradability of the pnipaam, it’s generally used as a composite mate-
rial.142 the composite of pnipaam with other polymers not only enhances 
bioactivity but also modulates the transition point near body temperature.142 
na et al. used pnipaam with hyaluronic acid as a thermo-reversible hydro-
gel for cartilage regeneration. they embedded tGFβ-3 and rabbit chon-
drocytes in the composite gel and injected it subcutaneously in mice. as a 
result of their study, the thermo-reversible hydrogel with tGFβ-3 increased 
the differentiation and the formation of cartilage-specific eCM.143 For exam-
ple, another smart material that employs agent release is poly(N-isopropy-
lacrylamide-co-vinylimidazole) (p(nipaam-co-vi)). rabbit chondrocytes and 
nanoparticles that contain tGFβ-1 were embedded in poly(N-isopropylacryl-
amide-co-vinylimidazole) (p(nipaam-co-vi)) for subcutaneous implantation 
into the backs of nude mice. the proliferation and differentiation of chon-
drocytes notably increased.144

a composite of oligo(poly(ethylene glycol) fumarate) (opF) has also been 
used as a thermo-sensitive scaffold in cartilage tissue engineering. park et 
al. described a composite of opF with MSCs and the bioactive agent tGFβ-1 
loaded into gelatin microparticles for cartilage tissue engineering. the load-
ing capability is unique for these bioactive-agent-releasing thermo-sensitive 
matrices.105 any of the bioactive-agent-releasing matrices are also thermo- 
sensitive or ph sensitive. For example, Jung et al. described a thermo-sensitive 
composite hydrogel using pluronic F127 and hyaluronic acid for the delivery 
of tGF-β1 and human-adipose-derived stem cells. a sol–gel transition of the 
hydrogel was reported at body temperature. the release of tGF-β1 was mod-
erate and the formation of a cartilaginous matrix was increased.145

the triblock copolymer of pLGa–peG–pLGa is another thermo-sensitive 
polymer system that was used as a matrix material to deliver a model pro-
tein. Different phase diagrams and release profiles were achieved by changes 
in the copolymer concentration and the block length.146 as an injectable 
polymer with a sol–gel transition at 37 °C, chitosan–β-glycerophosphate–
hydroxyethyl cellulose (Ch–Gp–heC) was loaded with chondrogenic factors 
or mesenchymal stem cells (MSCs) and injected into cartilage tissue defects. 
the results show that the Ch–Gp–heC hydrogel provided an appropriate 
environment for MSC proliferation and chondrogenic differentiation. the 
Ch–Gp–heC can be used with minimal pain and invasion.147 Matsusaki  
et al. described a ph-sensitive controlled release of FGF from poly(γ-glutamic 
acid) (γ-pGa) and sulfonated γ-pGa. the release of FGF from the biodegrad-
able gel retained its biological activity without denaturation.148 FGF-2 has 
been utilized to increase cell proliferation of chondrocytes and to maintain 
the chondrogenic potential of chondrocytes in cartilage tissue engineering 
(table 8.3).149–152

in table 8.3, the summary of bioactive agent releasing matrices for carti-
lage regeneration is provided.

a temperature/ph-sensitive gel composed of chitosan and glycidyltrime-
thylammonium chloride was synthesized. its composite was a solution at 
room temperature, and it was converted to a hydrogel at 37 °C. the profile of 
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drug release was changed as a function of ph. this system is useful for the 
delivery of bioactive agents.95 Smart matrices offer great advantages in bio-
active agent delivery for cartilage. externally or internally regulated systems 
can be used for controlled drug delivery in cartilage tissue engineering. For 
successful delivery of bioactive agents, it is necessary to synthesize polymers 
and crosslinking agents with better biocompatibility. the benefits of using 
smart matrices in delivery systems demonstrate better local concentration of 
bioactive agents and a lower need for surgical procedures.

8.6   Response to Dynamic Loading
as a hydrated tissue, articular cartilage has a load-bearing surface in synovial 
joints and shows specific mechanical behaviour. the cartilage’s mechanical 
behaviour depends on the microstructure and composition of its compo-
nents.153 hyaline cartilage is a dense white tissue that covers the articulating 
surfaces of bones to transfer the loads in diarthrodial joints up to 5–18 Mpa 
in the human hip joint.154,155 Due to the compressive equilibrium aggregate 
modulus (0.3–1.0 Mpa), the tensile equilibrium modulus (15–40 Mpa), and 
the permeability (0.5–5 × 10−15 m4/(n.S)), articular cartilage can perform this 
function.156 the dense eCM that creates the above-mentioned properties 
consists of collagen type ii and glycosaminoglycan.156 Chondrocytes exist in 
the dense matrix and through their biosynthetic processes keep and remodel 
the tissue’s structure in response to the in vivo mechanochemical environ-
ment. although its unique structure allows cartilage to function under a 
load, its dense composition and lack of vascularization restrict its regenera-
tive abilities. in explant culture systems, physiologic dynamic loading results 
in an increase in the synthesis of proteoglycan and protein, whereas static 
loads cause a reduction.157 While the mechanical environment is known 
to affect the activity of the chondrocytes within the matrix and its pheno-
typic expression, immobilization is obviously harmful to cartilage repair and 

Table 8.3    Bioactive-agent-releasing matrices for cartilage regeneration.a

authors Materials Bioactive agents

M. Motoyama et al.135 Ferri Sphere 100C® tGF-β
K. na et al.143 pnipaam tGFβ-3
K. h. park et al.144 p(nipaam-co-vi) tGFβ-1
h. park et al.131 opF tGFβ-1
h. h. Jung et al.145 pluronic F127 and hyaluronic  

acid
tGFβ-1

S. Chen et al.146 pLGa–peG–pLGa Model protein
h. naderi‐Meshkin et al.147 Ch–Gp–heC Chondrogenic factors
M. Matsusaki et al.148 γ-pGa FGF

a abbreviations: poly(N-isopropylacrylamide-co-vinylimidazole): p(nipaam-co-vi), oligo(poly-
(ethylene glycol)fumarate): (opF), poly(dl-lactic acid-co-glycolic acid): pLGa, poly(ethylene  
glycol): peG, chitosan-β-glycerophosphate-hydroxyethyl cellulose: Ch–Gp–heC, poly(γ-glutamic 
acid): γ-pGa.
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regeneration.158,159 thus, an agreement has been made that dynamic loading 
within suitable ranges of load or strain and frequency is more helpful to car-
tilage than sustained static loading, and also this loading may be a benefi-
cial tool for the functional tissue engineering of aC.154 regarding cartilage, 
an appropriate porous scaffold should give initial mechanical integrity and 
supports cell adhesion.153 Most of the developed scaffolds for cartilage appli-
cations have been successful in the case of the biochemical and morpholog-
ical properties of hyaline cartilage; however, they are usually mechanically 
inferior to the tissue.154

in agarose as an uncharged hydrogel that supports the chondrocyte phe-
notype,160 chondrocytes respond to deformational loading similar to that 
found in explants. according to the fact that deformational loading enhances 
biosynthesis of the extracellular matrix,161 researchers produced a bioreac-
tor for culturing the chondrocyte-seeded agarose constructs with dynamic 
deformational loading at a physiologic level and frequency over an extended 
culture period.158 applying 10% strain at 1 hz, for three hours per day, for one 
month enhanced both the biochemical composition and aggregate modulus 
of agarose hydrogels with seeded chondrocytes.154 When growth factors were 
applied with dynamic loading, a synergistic enhancement in mechanical 
behaviour was observed. although the mechanical properties reported were 
less than that of the native tissue, these outcomes propose that the accurate 
mixture of mechanical and chemical organizers can improve the growth of 
tissue-engineered articular cartilage scaffolds.154 addition of hydroxypro-
line and sulfated glycosaminoglycan was also understood to be superior in 
dynamically-loaded disks compared with the unloaded (static) free-swelling  
controls at the third week.158 indeed, applied loading increased the 
growth of a tissue that has the appearance properties of the cartilage tissue. 
in addition, a 21-fold increase in the equilibrium aggregate modulus with 
respect to day controls was seen after four weeks in culture. in the absence 
of loading, chondrocyte–agarose constructs showed only a three–four-fold 
enhancement over the initial stiffness values after four weeks in culture.162 
For comparison, the development of tissue having a modulus comparable to 
the previously mentioned study for chondrocyte-seeded polyglycolide acid 
scaffolds cultured in a rotating wall bioreactor for three months has been 
reported163 showing the effect of dynamic loading for tissue culture. More-
over, it can be concluded that the time for having the same modulus under 
dynamic loading for polyglycolide acid scaffolds (three months) is more than 
agarose constructs (one month).

Considering the time needed to achieve suitable mechanical behaviour 
under static conditions or a free swelling culture, many researchers resorted 
to designing bioreactors to accelerate cartilage generation in vitro. a com-
plex system including accurate control of media, shear force, mixing, and 
hydrodynamic pressure, is required to culture the chondrocytes.158 Malaviya 
et al.164 used a parallel-plate flow chamber system to employ fluid-induced 
shear stress as a modulator of chondrocyte activity for cartilage tissue engi-
neering. perfusion systems, spinner flasks and rotating wall vessels have also 
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been used successfully.165 also, in perfusion culture, biodegradable scaffolds 
encapsulated by agarose enhanced the accumulation and retention of extra-
cellular matrix proteins from chondrocytes.166

8.7   Matrix Metalloproteinase Response
the degradation rate of biodegradable scaffolds depends greatly on the 
hydrolysis rates of the materials. in bioresponsive hydrogels, the degrada-
tion rate can be moderated over time through the rate of enzyme secretion 
by the cells. as a modification, by changing the peptide sequence utilized 
as a crosslinker, a hydrogel is able to be degraded by any type of protease 
in the body.167 park et al.167 developed a matrix metalloproteinase-sensitive 
polyethylene-glycol-based hydrogel as a cartilage scaffold. the properties of 
this hydrogel can be applied in liquid form directly to the affected site, where 
it polymerizes in situ.167 the distinguishing feature of this research was using 
the matrix metalloproteinase-sensitive peptide as a gelation crosslinker.168 
this polymer scaffold can be remodelled using the cells’ own mechanisms. 
Matrix metalloproteinase-sensitive peptides as crosslinkers lead to a mate-
rial that is degraded by gelatinase and collagenase. the chondrocytes were 
cultured in both matrix metalloproteinase-sensitive and matrix metallopro-
teinase-insensitive hydrogels. although most of the cells were viable after 
four weeks’ culture time and formed cell clusters, gel matrices with sensitiv-
ity to matrix metalloproteinase-based matrix remodelling indicated superior 
clusters, further diffuse and less cell surface-constrained cell-derived matrix 
in the chondron.167 the cells in the matrix metalloproteinase-insensitive gels 
express more collagenase. the cells have the capability to sense the greater 
matrix concentration and reduce their eCM gene expression. it is also pos-
sible that the cells have changed mechanisms by which matrix metallopro-
teinase expression is activated when a certain density of matrix or level of 
physical confinement is achieved.167

8.8   Shape-Memory Systems
Shape-memory polymers as a subclass of smart materials are developing from 
the academic labs into the clinical field, providing new functionality to often 
static implants. these kinds of polymers are able to recover large strains or 
apply stresses in response to a stimulus.169 according to their name, they can 
recover their initial shape and rigidity after exposure to a particular stim-
ulus including heat and light (Figure 8.5).170 Shape-memory polymers can 
undergo a shape transformation after introduction of a particular external 
stimulus, which allows their application in minimally-invasive surgery with 
a small initial material transforming to a more voluminous structure in the 
body. Studies have shown that the differentiation capacity of MSCs is sup-
ported by the polymer and shape-memory effect and that activation does not 
influence cell adhesion.
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Degradable and nondegradable shape-memory polymers can be devel-
oped from various biopolymers, including cellulose, chitosan, poly(ε-capro-
lactone), polyetherurethanes, poly(ethylene terephthalate) and poly(ethylene 
oxide).171 Shape-memory polymers can also be attained through a wide 
range of polymer chemistries, including poly(meth)acrylates, polyurethanes, 
poly(α-hydroxy) esters and their copolymers, and epoxies.169 although these 
polymers can be activated using a number of stimuli, the most usual ways 
for activation inside the body are force, temperature, and water. the recov-
ery behaviour can be tuned for particular usages by tailoring the chemical 
structure of the shape-memory polymers.172 For example, a shape-memory 
polymer for cardiovascular stents that deploy using thermal activation needs 

Figure 8.5    Schematic of polymer networks during shape recovery. reprinted 
from Progress in Materials Science, 56(7), Leng, J., Lan, X., Liu, y., Du, 
S. Shape-memory polymers and their composites: Stimulus methods 
and applications, 1077–1135, Copyright (2011) with permission from 
elsevier.
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an activation temperature around body temperature when implanted in the 
body. it’s worth noting that the shape-memory polymers with activation tem-
peratures above 37 °C may still be activated in vivo, however with a controlled 
laser light or resistive heating.173

While considering the shape memory process is important in the use of 
shape-memory polymer-based implants, their mechanical behaviour must 
also be considered for load-bearing applications, as this can dictate the  
in vivo performance. particularly, the influence of temperature, moisture, 
immersion time, and degradation on the mechanical properties has import-
ant roles in the device performance. it has been shown that the modulus 
of several shape-memory polymers can be tailored to meet the physiolog-
ical necessities,172 however, the toughness is usually reduced when placed 
in the physiological solutions because of the water penetration into these 
networks.174 in addition, shape-memory polymers lose a notable amount 
of toughness when they are above their activation temperature. these are 
issues that must be considered for these kinds of polymers to find their full 
potential as clinical biomaterials.169

aC has both low moduli and toughness. however, its physiological perfor-
mances are partly mechanical, demanding it to be subjected to continuous 
loading cycles, in some cases, over large stress and strain ranges. the wide 
range of modulus and toughness values showed by physiological tissues 
demonstrates the necessity for diverse classes of biomaterials that can display 
the essential mechanical behaviours for a wide range of biomedical applica-
tions. owing to the increasing interest in tissue engineering applications, 
shape-memory polymers are being developed with degradable chemistries, 
allowing them to be utilized as porous scaffolds to encourage the regenera-
tion of tissue. Besides being able to undergo an initial shape change, these 
polymers are synthesized to degrade, while usually releasing some thera-
peutic agent; at the same rate, the tissue will regenerate itself such that the 
new tissue finally replaces the implant. initial biodegradable shape-memory 
polymers were based on poly(lactide), poly(caprolactone) and poly(glycolide) 
whereas these networks are composed of semicrystalline polymers that have 
been methacrylated to allow for free-radical polymerization into the cross-
linked networks.169

the mechanical properties, including tensile strength and failure strain, 
are tailored by enhancing the molecular weight of the semicrystalline 
degradable crosslinkers leading to a reduction in the biodegradability of the 
polymer. these shape-memory polymers present strain recovery ratios of 
more than 90% at initial time points.175 Moreover, the activation tempera-
ture can be tailored by changing the molecular weight of the crosslinkers.176 
For example, block-copolymers based on poly(lactide) have been formed into 
networks that degraded by around five months and had appropriate mechan-
ical behaviour at first degradation times. through enhancing the poly 
(lactide) blocks, the strain recovery ratio was improved to 99%.177 poly(l- 
lactic acid) (pLLa) has quite low toughness but also presents advanced function-
ality by its capability to be degraded by the body. however, despite its low 
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toughness, biodegradability is possibly enough to justify its clinical applica-
tions. researchers continue to toughen pLLa-based biomaterials.178

8.9   Future Prospects
Smart materials use a combination of bioactive molecules, response cells, 
and a support system to cause regeneration of cells. they provide a physical 
structure and architectural support for multiple molecules and a vast num-
ber of cells and allow for a large variety of shapes and sizes. Smart materials 
are capable of assisting cell proliferation, which helps in regeneration more 
than other materials. thus, they are capable of decreasing the amount of 
time needed for tissue regeneration.31 they are ideal for the synthesis of car-
tilage and other tissues that have a slow regenerative rate.

the use of smart materials is rapidly developing to meet the demand of 
tissue damage, cartilage damage, and bone loss. in the future, these mate-
rials may become the standard treatment in medicine. they will be used to 
treat osteoarthritis, rheumatoid arthritis, and many other autoimmune dis-
eases. the lost or damaged cartilage that occurs from such diseases may be 
replaced with new synthetic cartilage that was produced using smart materi-
als and tissue engineering. Smart materials may also be used to assist in the 
treatment of bone fractures. using the architectural design of the pericar-
dium to repair bone, the materials will help provide the foundation needed 
for the bones to properly suture. a 3D mold of smart materials is designed 
specifically for skeletal tissue as it allows for increased vascularization and 
adhesion, which are optimal factors for cellular growth.179

traumatic and surgical wounds may be filled with smart materials as a 
form of treatment. the materials will assist in the healing and tissue regen-
eration processes of the body on a cellular level, leading to a quicker and 
more complete fibrous healing. tissue regeneration primarily occurs in the 
extracellular matrix. Smart materials are capable of creating large gaps and 
spaces to assist in the health of the extracellular matrix and thus lead to 
effective tissue repair.62 also, the immune system has an important role in 
the repairing of tissues. it is likely that in future trials, we will see scaffolds 
that can manipulate the immune system into fighting diseases and heal 
tissue.180 We have found that live tissue that is cultured from the skin can 
be used as a form of therapy for chronic wounds and conditions. Smart 
materials may be used to regenerate a wide variety of tissues including the 
tissue of the epidermis in addition to cartilage. it was discovered that smart 
materials can offer consistent wound closure upon the completion of sur-
gical procedures.181

Cartilage engineering can be accomplished through the use of 3D-bioma-
terial printing technology. the degeneration of cartilage results in joint pain 
and arthritis, and can lead to the fusion of joints in advanced stages. Cur-
rent surgical methods are not completely successful in restoring joints to 
their natural and healthy state. through cartilage engineering, joints may be 
repaired to their natural state.182 With this technology, researchers are able 
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to initiate cartilage tissue repair of hyaline, fibro, and elastic cartilages in the 
human body. they have developed scaffolds that are filled with chondrocytes 
and allow for the production of nasal cartilage. this discovery may be used 
as a means of therapy for patients who have experienced trauma or injury to 
their nasal tissue. the proper use of chondrocytes is a promising prospect for 
reconstructing nasal cartilage.183

articular cartilage has been extensively studied and is primarily found 
in the human body. this cartilage has a very slow regeneration rate. it was 
found that through the use of type ii collagen and chondroitin sulfate, car-
tilage that is similar to articular cartilage can be created. this newly gen-
erated cartilage will help to replace and maintain a healthy environment 
within the human body.184 articular cartilage was proven to undergo more of 
a timely regenerative process than elastic cartilage, however, the researchers 
were able to produce articular cartilage with the same consistency and cell 
to collagen ratio as healthy articular cartilage. this may be used to treat the 
joints of those who have osteoarthritis and other joint malfunctions or auto-
immune diseases.

traditional treatments that are currently used to treat osteoarthritis 
include autografts and allografts. these grafting materials are not as effective 
as the original cartilage tissue that is found in the joints. the grafted tissue 
material is not capable of withstanding heavy weight bearing loads as well 
as being flexible. tissue engineering can replace this treatment by instilling 
growth and regeneration of the cartilage tissues in affected areas which will 
prevent further surgeries to replace worn out grafting materials.185

elastic or auricular cartilage of the ear is a future prospect of cartilage 
engineering. Similar to hyaline cartilage, elastic cartilage has been proven to 
be highly regenerative when placed in particular scaffolds and bio-gels. the 
elastic cartilage produced was of a similar quality and dimension as the carti-
lage found in the human ear. the researchers discovered a high prevalence of 
elastin, collagen, and chondrocytes in the newly developed cartilage.186 this 
discovery may lead to grafts and transplants of elastic cartilage to be placed 
on the outer ear as well as in the epiglottis. it may also be bioengineered to 
produce less elastin to give it more hyaline-cartilage-like properties.

in addition, temporomandibular joint disorders are highly common 
throughout the world. Many of the issues arise due to defects in the fibrocar-
tilage portion that is present in the joint. recent research has demonstrated 
that we have the ability to produce fibrocartilage similar in molecular com-
position to that found in the human body. With this ability, a physician may 
be able to replace damaged tMJ cartilage with a newly synthesized and fully 
functional one as a mode of treatment.187 Fibrocartilage treatment may also 
be applicable to other areas of the body such as the intervertebral discs to 
help treat patients with spinal injuries. intervertebral discs have been engi-
neered by using mesenchymal stem cells. these cells allow for the differen-
tiation of the tissue to take the appropriate shape and cellular composition 
of intervertebral cartilage.188 this may become a modality of treatment for 
chronic and traumatic spinal injuries.
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in addition, cartilage engineering may be used to cure patients who have 
generalized arthritis and/or tears in the meniscus. the meniscus is infamous 
for its lack of regeneration and thus cartilage engineering may be used as a 
new treatment for repair. autologous meniscus cells are used to regenerate 
meniscus tissue; by using these cells with the assistance of smart material 
scaffolds, it may be possible to fully reproduce meniscus tissue and use it 
to replace damaged or inflamed tissue in the body. in some cases, it may be 
used to further stimulate the regeneration of meniscus tissue inside the body 
where tears have occurred.189

the future of patient treatment is to be found in the use of smart materi-
als and cartilage engineering. through the use of smart materials, all grafts, 
transplants, and tissue regeneration will become facilitated. We have only 
recently discovered smart materials, we have yet to touch the surface of the 
possibilities that they bring as a form of treatment among the practices of 
medicine and dentistry. Cartilage engineering is an exciting and innovative 
category of treatment. it can be used to treat many forms of trauma, arthritis, 
and growth related issues that occur among people. these are safer options 
for the patient as they do not involve the use of toxic and metallic substances 
that are not normally found in the human body. using smart materials, the 
recovery time for treatment is presumed to be much quicker as the body will 
easily adapt to the material and less inflammation will occur. through the 
use of cartilage engineering, full health and functionality may be restored.

8.10   Concluding Remarks
the regeneration and healing of cartilage tissue is a clinically challenging prob-
lem, due primarily to the poor vascularity of the cartilage. Fortunately, with 
technological advances in tissue engineering and bioprinting, innovative, nat-
urally occurring and synthetic biomaterials can be used to regenerate and heal 
damaged cartilage. of particular interest is the use of innovative, biocompati-
ble smart biomaterials that are responsive to thermal, chemical, or mechanical 
stimuli. these smart biomaterials continue to be developed and are promis-
ing alternatives to existing technology. the biomaterials may prove effective 
for the treatment of several debilitating conditions including the treatment of 
patients with osteoarthritis, rheumatoid arthritis, and patients requiring carti-
lage replacement (e.g. nose, ear) due to neoplasms, burns or injuries.
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9.1   Introduction—Clinical Motivation
diverse clinical motivations drive research into engineered cardiovascular tis-
sues, but perhaps the greatest impetus is the need for coronary artery bypass 
grafts to treat ischemic heart disease, the leading cause of death worldwide. 
this disease, often affecting multiple vessels, results from an excessive 
buildup of plaques within the arterial wall that gradually narrow the lumen 
of the vessel, impairing flow to downstream myocardium. in addition, rup-
ture of unstable plaques can cause sudden occlusion of coronary vessels (i.e., 
heart attack) in otherwise asymptomatic individuals. When angioplasty and 
stenting are not advised treatments, the only available option is coronary 
artery bypass. to date, the most successful graft conduits for coronary artery 
bypass procedures have been autografts, sourced from the patient's own 
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internal mammary artery or saphenous vein. however, autografts typically 
have a limited lifespan due to gradual stenosis and susceptibility to athero-
sclerosis. thus, patients sometimes require recurrent interventions to revise 
previous bypass surgeries. additionally, these autologous vessels are finite 
resources that become quickly depleted and are sometimes not suitable for 
bypass grafts due to issues such as size-mismatch. therefore, patients com-
monly reach a point at which there are no more suitable autologous vessels 
that can be harvested and surgeons are forced to rely on synthetic alterna-
tives. Current, clinically approved materials for peripheral artery bypass 
grafts include plastics such as expanded polytetrafluoroethylene (eptFe, 
Gore-tex®) and polyethylene terephthalate (pet, dacron®). these materials 
address some limitations of autografts but are associated with a multitude 
of issues such as thromboembolization, calcification, increased infection 
risk, lack of growth potential, and the lifelong need for anticoagulation/anti-
thrombotic therapy.

the need for cardiovascular tissue engineering extends beyond coronary 
artery bypass procedures as similar scaffolds could be used as bypass grafts 
to treat peripheral artery disease (pad) and aortic aneurysm, vessels/patches 
during reconstructive surgery, and arteriovenous shunts for patients under-
going dialysis. Separate from vascular grafts and patches is the need for 
heart valve substitutes. Whether mechanical, or made with decellularized 
animal tissues, these valves have similar limitations and complications to 
synthetic vascular grafts. one must also consider children. although certain 
prosthetics may be used successfully in the adult population, they might be 
inappropriate in fetal and pediatric populations that may outgrow or out-
live a prosthetic. When this occurs, additional surgeries are necessary that 
increase the risk of complications and mortality. tissue engineering holds 
the greatest promise of fulfilling these clinical needs and eliminating the 
complications associated with prosthetic devices. Furthermore, when used 
in a child, a tissue engineered vessel, patch, or valve will have the potential 
to integrate seamlessly and grow along with the child as native tissue would, 
reducing the potential for multiple surgeries.

9.2   Considerations for Vascular Neotissue 
Formation and TEVG Remodeling

a sound understanding of native tissue structure and function is crucial for 
rational tissue engineering design. the primary role of the cardiovascular 
system is to circulate blood throughout the body to support the metabolic 
needs of tissues and organs. this system is comprised of the heart, a mus-
cular organ that rhythmically contracts to provide the driving force for blood 
flow, and a branching network of vessels that delivers a balanced flow of blood 
to the tissues before returning it to the heart. Within the heart, valves pro-
vide directionality so that blood circulates purposefully from the right heart 
through the lungs to the left heart before being sent throughout the body.  

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

02
30

View Online

http://dx.doi.org/10.1039/9781788010542-00230


Chapter 9232

each tissue is unique in its complexity and location in the cardiovascular 
system and has adapted a structure suitable to perform its function effectively  
in that specific environment. due to the vital role of this system, failure of any 
component to perform its function, due to disease or injury, may threaten 
the life and well being of the affected individual.

Veins are perhaps the simplest of the cardiovascular structures that will 
be discussed in this chapter. Large-caliber veins experience low pressures 
and are thin structures with fewer layers of smooth muscle cells (SMCs) and 
extracellular matrix (eCM) relative to arteries. arteries experience high cyclic 
pressures and therefore must have thicker walls than veins of comparable 
size. heart valves are distinct not only in their form, but in that they also 
experience a more complex and hemodynamic environment. Valves expe-
rience wide swings in pressure and must alter their shape appropriately to 
both permit and restrict flow. they must be compliant enough to open easily 
and allow for blood to pass through freely, but strong enough when closed 
to prevent regurgitation. thus, valves represent the most complex structures 
that will be discussed in this chapter (Figures 9.1 and 9.2).

these structures are similar in that they all require a confluent endothe-
lial cell monolayer lining and are in direct contact with blood. Most impor-
tantly, these cells provide a surface that resists platelet adhesion and is 

Figure 9.1    Microscopic image of mouse abdominal aorta. hematoxylin and eosin 
(h&e) staining, 10× magnification (a), 63× magnification (B), hart's 
staining, 10× magnification (C), immunofluorescence staining, green: 
Cd31, red: alpha smooth muscle actin, 63× magnification (d).
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anti-thrombogenic. in vessels, this endothelial cell lining is surrounded by a  
thin layer of basement membrane followed by outer layers containing smooth 
muscle cells and eCM. eCs also communicate with SMCs to alter vessel  
lumen diameter and regulate the flow of blood to tissues. in addition, 
eCs make the vessel selectively permeable to water, and they regulate the 
exchange of metabolites with the surrounding tissues.1

the eCM is what ultimately defines a vessel or valve's mechanical proper-
ties.2 Collagen provides the eCM with the tensile strength to resist rupture, 
whereas elastin confers elasticity to tissues.3 in arterial grafts, both proper-
ties are important, as they must be able to store the energy of contraction 
during systole so that blood can be released more steadily to downstream 
tissues. proteoglycans give the eCM its resistance to compressibility.4,5

the common limitations associated with current prosthetic replacements 
suggest that no man-made substitute will fulfill all functions as effectively as 
native tissue that has been refined meticulously by nature over millennia. tissue 
engineering, therefore, seeks to harness and encourage the body's natural 
abilities to heal and regenerate its tissues. the traditional model of tissue 
engineering required the isolation of cells, seeding, or incorporation of these 
cells into a scaffold,6 and sometimes subsequent extended in vitro culture to 
allow for the construct/tissue to mature before implantation. however, cell 
isolation, seeding, and culture can be both costly and time consuming. due to 
the high cost, risks of contamination during culture, and urgency often sur-
rounding intervention for ihd or congenital heart defects, this approach is 
not a practical solution. With this in mind, several groups have investigated a 

Figure 9.2    Microscopic image of mouse inferior vena cava. h&e staining, 10× mag-
nification (a), 20× magnification (B).
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different paradigm by which an unseeded scaffold is implanted and recruits 
host-derived cells to form neotissue closely resembling the native structure.

9.3   Smart Materials for Cardiovascular Tissue 
Engineering

a scaffold provides a temporary three-dimensional framework on which 
cells will adhere, proliferate, and produce extracellular matrix. they should 
be highly porous to encourage cellular infiltration, neotissue formation, and 
native tissue integration.7 if a material is not porous enough or too porous, 
cells cannot infiltrate the scaffold or the mechanical properties will be insuf-
ficient, respectively. Before neotissue formation, biomechanical properties 
are determined solely by the scaffold. eventually, graft biomechanical 
pro perties are reflective of the deposited eCM after the scaffold degrades 
or is remodeled. in between these times there is a transition period where 
the neotissue develops and increasingly bears the mechanical burden as the 
scaffold loses its mechanical integrity.3

a scaffold must meet high expectations in order to successfully perform as 
a vascular graft, patch, or valve. the ideal scaffold must be readily available 
(“off-the-shelf”), able to withstand handling during surgery and the mechan-
ical loading experienced in vivo before neotissue maturation. in the acute 
period, the scaffold must be non-thrombogenic, non-immunogenic, and pro-
mote cellular adhesion and neotissue formation. neotissue formation within 
a scaffold must be balanced, robust enough to quickly form neotissue, but 
not excessive so that the vessel or valve stenoses. the neotissue must also 
develop mechanical properties similar to the native tissue (e.g., strength and 
compliance) and resist ectopic calcification.8 if made of synthetic materials, 
a scaffold must be degradable so as to make room for neotissue formation, 
and not promote a persistent foreign body reaction, chronic inflammation, 
or ectopic calcification.9,10 to date, no one material is the silver bullet or per-
forms well for all applications. therefore, research is ongoing into newer, 
smarter materials for teVGs, patches and valves that are specialized for each 
application. these materials, designs, and modifications will be described 
herein. of note, there is great overlap in the materials used for tissue engi-
neered vessels, valves, patches, and myocardium. this review focuses heav-
ily on examples of tissue-engineered vessels. We suggest the reader focuses 
on why a particular material was used and why specific modifications were 
made because this information is generalizable to other applications.

to prepare the reader for the chapter ahead, smart materials used in cardio-
vascular engineering will primarily be introduced within the specific context 
of vascular tissue engineering. this will be followed by a section on heart 
valve and myocardial tissue engineering with application of these materials. 
included in the subsections, new materials will be introduced as appropriate. 
in addition, materials will be described in order beginning with those that 
are closest to natural materials and ending with those that are synthetic.

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

02
30

View Online

http://dx.doi.org/10.1039/9781788010542-00230


235Smart Biomaterials for Cardiovascular Tissue Engineering

For many of the applications we describe, we state the success rate in a 
certain model or at a certain time point. We may need to put this informa-
tion within a greater context. Some materials perform spectacularly early, but 
have dismal failure later. the time point/end point is critical to the “success” 
of the graft. We must make sure the reader does not fall into this trap and 
realizes that data may not go out long enough to fully evaluate a specific mate-
rial. it is also important to determine whether failure is slow or catastrophic. 
Slow failure can be identified and interfered with. Catastrophic failure might 
be unpredictable and might have extreme consequences to the patient.

9.3.1   Decellularized Vascular Scaffolds
though decellularized tissues can be derived from auto- and allografts, they 
are most often obtained from xenogenic sources. decellularized tissues go 
through an involved process of physical agitation and chemical surfactant 
application to remove cellular components, dna, and any other nucleotide 
remnants. the process will ideally leave an intact and structurally organized 
eCM after its completion. there are several commercially available eCM 
products tailored for cardiovascular use. Because many have been intro-
duced to the marketplace only recently, the long-term prognosis and efficacy 
of these products remain unclear.

these scaffolds are desirable because they provide an environment for 
cells that closely mimics the in vivo environment in that it is composition-
ally diverse and includes a variety of biologically active binding sites. this 
complexity has implications for cell behaviors such as survival, prolifera-
tion, differentiation, and migration. decellularized matrix is naturally highly 
porous to encourage cell infiltration. in addition, since the eCM is already 
present and organized, theoretically the tissue has a head start in maturing 
and would be expected to have mechanical properties approximating native 
tissue. Furthermore, this material was designed and perfected by nature 
to encourage cellular interaction, thus giving seeded or circulating cells an 
advantage with regards to remodeling.

eCM derived from the small intestinal submucosa (SiS) is widely utilized 
as a scaffold for tissue repair in the clinic. autologous SiS were first inves-
tigated as small and large diameter vascular substitutes in a dog model 
during the late 1980s.11,12 in 1999, a small diameter graft constructed from 
collagen derived from swine SiS and type i bovine was investigated. the 
construct was implanted in a rabbit arterial bypass model and demon-
strated excellent hemostasis and 100% patency at 90 day follow-up.13 how-
ever, a 2009 study found a graft failure rate of 70% in the carotid artery 
bovine model due to dilatation, stenosis, and aneurysm formation.14 More 
recently, CorMatrix® has been utilized for a variety of cardiovascular sur-
gical applications. it is a xenogenic porcine-SiS-derived eCM that has pur-
portedly produced enough evidence to merit clinical trials. however, there 
is controversy regarding whether CorMatrix® elicits significant unwanted 
inflammatory responses.
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in 2001, kaushal et al. decellularized a xenogenic vessel and seeded the 
remaining construct with autologous cells before implantation.15 the seeded 
scaffold was compared to an unseeded control. in this particular case, the 
seeded group remained patent whereas the unseeded control group occluded 
within 15 days. therefore, in this investigation, decellularized vasculature by 
itself was not a viable vessel substitute.

dahl and colleagues have produced promising results by culturing cadav-
eric SMCs onto a synthetic biodegradable scaffold for 10 weeks in a pulsa-
tile bioreactor that mimics physiologic stress. the arteries grown in vitro 
were then decellularized and resulted in a readily available “off the shelf” 
construct. even though the process is quite intricate and involved, a study 
reported 88% patency past six months as an arteriovenous teVG in a baboon 
model.16

9.3.2   Natural Polymeric Biomaterials
Whereas decellularized scaffolds are complex structures containing a mix-
ture of eCM proteins, purified matrix proteins are also used. there is greater 
control over the form, mechanical properties and biocompatibility/immu-
nogenicity. predictable biodegradation profiles, use, and limitations will be 
described below. Scaffolds fabricated from naturally occurring polymers are 
typically biocompatible and often induce desirable cellular responses with-
out activating unwanted inflammatory or immunogenic responses. however, 
the biodegradation profiles and mechanical load bearing properties of these 
polymers are less than optimal.

9.3.2.1  Collagen Scaffolds
type i collagen is one of the main proteins that form the vascular eCM and 
is primarily produced by medial SMCs and adventitial fibroblasts. Collagen 
fibers have high tensile strength and allow vessels to resist dilation and rup-
ture in response to physiological pressures. Furthermore, collagen contains 
integrin binding sites for cells and encourages cellular attachment and pro-
liferation.17 Weinberg and Bell are credited with creating the first teVG in 
1986. their hallmark construction incorporated SMCs, fibroblasts, and eCs 
into tubular collagen gels in vitro.2 however, their graft lacked appropriate 
strength and was unsuitable for implantation in vivo.

the influence of crosslinking treatments on collagen scaffolds in vitro was 
investigated in 2003. the study found that tensile strength improved, but 
the constructs proved to be too stiff and lost elasticity.18 another group took 
a direct assembly approach and seeded the collagen construct with porcine 
SMCs and eCs. the in vitro study revealed cell proliferation and collagen 
remodeling over seven days but there were unacceptable burst pressures (18 
mm hg).19 Collagen and elastin composites have been designed to overcome 
the burst pressure limitations of previous scaffolds.20 these composite col-
lagen grafts have shown adequate resilience, compliance, platelet adhesion 
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reduction, and patency two weeks after implantation in an aortic rodent 
model. however, these scaffolds must undergo longer-term studies in larger 
animals to better assess their possible clinical value.

9.3.2.2  Gelatin
Gelatin is a collagen derivative that has been used for wound healing, nerve, 
cartilage, bone, and skin tissue engineering constructs. this material is 
appealing for scaffold fabrication because it shares similar mechanical prop-
erties, biocompatibility, and biodegradation with collagen.

For vascular scaffolds, gelatin is typically used as a coating agent to 
enhance cellular adhesion. additionally, gelatin invokes minimal immuno-
genic responses.21 Similarly, a co-electrospun polyurethane/gelatin compos-
ite graft was found to enhance eC adhesion and proliferation.22 a greater 
density of viable cells was also found on a scaffold composed of a blended 
electrospun solution of recombinant spider silk protein, pCL, and gelatin 
versus a 100% pCL scaffold in vitro.23

teVGs incorporating gelatin have shown better biointegration, biocompa-
tibility, and anti-thrombogenic characteristics when compared with non-gelatin  
scaffolds.24 however, a major limitation of gelatin is that it degrades as a col-
loidal solution above 37 °C and will be a gel at room temperature or lower. 
additionally, gelatin must be cross-linked to increase its stability, resulting in 
longer degradation times and increased water resistance.

9.3.2.3  Elastin
elastin is a main organization element of vascular eCM and confers com-
pliance to vessels, thereby ensuring smooth blood flow by storing elastic 
energy.25 there are several different forms of elastin, such as tropoelastin, and 
soluble α, β, and κ elastin. elastin is highly insoluble and a difficult material 
to handle when manufacturing scaffolds. therefore, there are few scaffolds 
composed entirely of elastin. instead, similar to gelatin, it is used primarily 
to supplement a scaffold composed primarily of another material. For exam-
ple, scaffolds made of recombinant human tropoelastin, when presented 
as a monomer and cross-linked into a synthetic elastin/pCL scaffold, show 
low thrombogenicity. these constructs were implanted as carotid interpo-
sition grafts in a rabbit model and showed 100% patency past four weeks.26 
the incorporation of elastin and tropoelastin into biodegradable synthetic 
grafts appears promising, but longer-term and larger animal studies need 
to be conducted to better evaluate scaffold characteristics. another tubular 
scaffold composed of purified elastin reinforced with fibrin-bonded layers 
of SiS was implanted as a carotid interposition graft in a porcine model. the 
elastin composites demonstrated longer average patency times (5.23 h) when 
compared to clinically acceptable eptFe grafts (4.15 h).27 new processing 
techniques are being introduced that enhance the ability to process elastin 
into scaffolds. In vitro scaffolds made of α-elastin and a diepoxy crosslinker 
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supported vascular SMC attachment and proliferation in vitro.28 therefore, 
scaffolds made primarily of elastin may be useful in cardiovascular tissue 
engineering applications.

9.3.2.4  Fibrin
Fibrin is a major structural protein that is needed for wound healing. What 
makes it appealing for scaffold design is that its primary constituents, fibrin-
ogen and thrombin, can be directly isolated from a patient's blood. other 
benefits of fibrin scaffolds include high-seeding efficiency, even cellular dis-
tribution, and controllable degradation rates with the use of protease inhib-
itors. Bovine SMCs and eCs were embedded in a fibrin gel construct which 
was cultured for two weeks before implantation as a jugular vein interposi-
tion graft in a lamb model. at 15 weeks postimplantation, the scaffold was 
infiltrated with SMCs that were oriented perpendicular to blood flow and 
both collagen and elastin fiber production was observed. additionally, blood 
flow through the graft was 71% of the native control.29 Without extensive in 
vitro culture, fibrin has shown poor mechanical properties that have limited 
its use as a scaffold in tissue engineering approaches. to address these limita-
tions, some groups have reinforced fibrin via cross-linking or an underlying 
synthetic scaffold. a fibrin-based scaffold, supported with a pLa mesh and 
seeded with autologous arterial cells, was implanted as a carotid artery inter-
position graft and observed at one, three, and six months. at all time points, 
the grafts remained patent, though there was one incidence of stenosis at the 
three-month time point. Furthermore, the grafts displayed a complete lack 
of thrombosis and no evidence of aneurysm formation or calcification.30 in 
2016, aper and colleagues reported a rapid manufacturing method that pro-
duced fibrin-based vascular grafts within one hour. Cross-linking between the 
fibrin fibrils yielded a significant increase in burst strength, and after explan-
tation at six months, the structure looked similar to a native artery in sheep.31

9.3.2.5  Chitosan Scaffolds and Blends
Chitosan (CS) is obtained from the shells of shellfish and waste from the 
seafood industry. CS is widely used for biomedical applications because of its 
mechanical strength, porous structure, biocompatibility, biodegradability, 
antibacterial characteristics and ease of chemical modification.32 CS has a 
well-documented and successful clinical history for bone, cartilage, and skin 
tissue engineering functions. By itself, CS scaffolds do not possess adequate 
mechanical strength, and therefore are often blended with other polymers 
to make up for their limitations. electrospun hybrid CS/pCL grafts have pre-
sented satisfactory patency rates in vivo.33,34 however, when implanted in an 
abdominal aortic rat model, CS/pCL grafts were bonded to heparin to pre-
vent thrombus formation and stenosis.33 Furthermore, when implanted as 
carotid artery conduits in a larger canine model, CS/pCL grafts had to be 
seeded with eCs to achieve acceptable patency and mechanical properties.
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9.3.2.6  Silk Fibroin
in tissue engineering, the pertinent use of silk fibers has been limited to silk 
fibroin. Silk is comprised of two components: (1) a glue, such as the pro-
tein sericin, which acts as an adhesive for inclusive fibers and (2) fibroin fil-
aments which provide mechanical strength. Silk fibroin is broken down via 
proteolytic degradation, and remnants are resorbed as biocompatible amino 
acids in vivo. Furthermore, silk fibroin constructs are attractive because they 
are easily fabricated into various materials such as films, fibers, sponges, or 
knitted scaffolds.

in 2008, human eCs and SMCs were successfully cultured onto an electro-
spun silk-based scaffold in vitro.35 Mechanical tests demonstrated adequate 
burst strength to withstand arterial pressures. Later studies conducted in an 
abdominal aortic rat model revealed 100% graft patency at four weeks with-
out acute thrombosis,36 and 85% graft patency past 12 months.37 Scaffolds 
composed of silk fibroin display host cell infiltration, eCM remodeling, and 
the development of an elastic lamina within seven days of implantation.38 
Silk fibroin is possibly a viable material to fabricate teVGs, but it still needs 
to undergo longer-term and larger animal studies for evaluation.

9.3.3   Polymeric Scaffold
early vascular substitutes were comprised of non-degradable polymers such 
as dacron (polyethylene terephthalate, pet) or Gore-tex (expanded polytet-
rafluoroethylene, eptFe or teflon). pet and ptFe have been used clinically 
since 1956 and 1976, respectively. these non-degradable polymeric scaffolds 
have since dominated the large diameter vascular market because they pro-
vide acceptable patency rates and are readily available and convenient (“off the 
shelf”) when native vascular substitutes are not available. in large diameter 
vascular applications, these non-degradable substitutes have demonstrated 
comparable patency rates with autologous grafts but are greatly limited as 
small diameter vascular substitutes because of their poor patency and inca-
pacity to form neotissue. Synthetic grafts for small diameter (<6 mm) arterial 
bypass procedures display patency rates of 40% and 25% at six months and 
three years, respectively. in the case of ptFe, randomized studies have found 
significant differences in below knee femoral popliteal bypass operations.39 
additionally, the patency rate of secondary operations that are required to 
repair graft failures is overwhelmingly in favor of saphenous vein (70%) over 
ptFe (18%).40

9.3.3.1  Biostable Synthetic Polymers
9.3.3.1.1  PTFE.  the Gore® propaten® Vascular Graft was produced by 
W. L. Gore & associates (Gore) in 2006. it was heparin-bonded ptFe vascular 
prostheses. although the patency rate improved when compared to previous 
ptFe grafts, it was still not superior to the autologous saphenous vein.41–44
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9.3.3.1.2  PU  (PEUU).  polyurethanes have been researched extensively 
over the past two decades and are elastic materials with exceptional physi-
cal and mechanical properties. they are typically formed by polymerizing 
a monomer containing multiple hydroxyl groups with a monomer contain-
ing an isocyanate group. polyurethanes are strong, flexible, durable, and can 
be manipulated by varying monomer ratios and compositions.45,46 Further-
more, polyurethanes are composed of both hard and soft domains. the hard 
domains are dispersed in the amorphous and elastic soft domains, thus giv-
ing the materials their uniquely flexible and yet durable characteristics.

in the 1960s, dupont developed a poly(ether-urethane urea) named 
Lycra®. it was a durable elastic material resistant to hydrolytic degradation. 
Biomer, a modified version of the material, was fabricated into vascular grafts 
and implanted beginning in 1967.47–49 an electrospun Biomer vascular graft 
displayed a 65% patency rate past two years and all graft failures occurred 
within one year. a more recent investigation looked at a similar peu named 
pellethane. this particular vascular graft was implanted in a rat model as an 
abdominal aortic conduit and revealed a 95% patency past 26 weeks in vivo.50 
though polyurethane vascular grafts were implanted with the purpose of 
being permanent prostheses, they were found to be vulnerable to hydrolytic 
degradation and macrophage-activated stress cracking.51 With the discovery 
of a degradation mechanism, more attention was paid to the utilization of 
degradable polyurethane in teVG applications.

an electrospun scaffold composed of degradable peu was implanted in 
rats and reported 40% patency at eight weeks with failures attributed to 
thrombosis.52,53 Later, a platelet adhesion polymer named MpC was blended 
with peu to form the copolymer poly(2-methacryloyloxyethyl phosphoryl-
choline-co-methacryloyl-oxyethyl butylurethane) (pMBu), which reported 
67% patency at eight weeks.52 another electrospun peu graft covalently 
bonded MpC to the surface of the scaffold and reported a 92% patency rate, 
with failures due to acute thrombosis.53 thus as a class of materials, poly-
urethanes are viable vascular conduits, but require antithrombogenic treat-
ment before graft implantation. Furthermore, before they are considered for 
clinical translation, polyurethanes need to undergo longer-term studies to 
evaluate graft performance after total polymer degradation.

9.3.3.2  Biodegradable Synthetic Polymers
9.3.3.2.1  Polyesters.  polyesters represent another class of synthetic poly-
mers that differ most significantly from those previously mentioned in that 
they are readily biodegradable; ester bonds linking monomer subunits are 
susceptible to hydrolytic and proteolytic enzymatic degradation. one of the 
earliest biomedical uses of these materials was as absorbable sutures, com-
posed of either pGa or pLa, due to their biodegradability and high tensile 
strength. these materials are synthesized from the condensation reaction 
between a variety of potential monomer subunits. this is a highly cus-
tomizable system in which many material properties (e.g., hydrophilicity, 
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degradation rate, tensile strength) can be altered by varying the composition 
of the subunits and methods of processing.

the choice to use a particular polyester or blend is often influenced by 
the degradation rate one desires for a particular application. this property 
depends upon the initial molecular weight of the polymer, crystallinity, and 
geometry/exposed surface area.3 in the cardiovascular system, scaffolds are 
often designed with large pores to encourage cellular infiltration, quick deg-
radation, and neotissue formation, as well as preventing residual polymer 
from contributing to inflammation and/or ectopic calcification.8

in 2001, Shin'oka et al. reported the first successful clinical implantation 
of a degradable teVG composed of 50 : 50 pCL–pLLa copolymer reinforced 
with a pGa mesh seeded with autologous bone-marrow-derived mononu-
clear cells.54 Long-term follow up of the original study revealed no evidence 
of aneurysm formation, graft rupture, graft infection, or ectopic calcification 
(Figure 9.3).55,56

it is important to note, however, that the procedures were performed in 
low pressure, venous systems. therefore, the bulk of current research on 
degradable polymer scaffolds has been focused on novel constructs that can 
withstand the higher pressures of the arterial system and at the same time 
encourage healthy neotissue formation.

9.3.3.2.2  PGA.  poly(glycolic acid) (pGa) is among the most commonly 
used polymers in tissue engineering. it was one of the first biodegrad-
able polymers utilized to fabricate a scaffold. pGa degrades into gly-
colic acid, which is metabolized by cells into water and carbon dioxide.  

Figure 9.3    Macro image of a vein tissue engineering vascular graft.
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in our murine model, a pGa iVC interposition graft takes up to six weeks 
for the scaffold to lose its mechanical integrity.

For use in arterial applications, scaffolds made of pGa alone have not had 
sufficient structural and chemical characteristics. often, the grafts fail due 
to aneurysmal dilation because the neotissue cannot withstand physiologi-
cal pressures as pGa begins to lose its mechanical integrity. pGa grafts have 
been improved by aortic smooth muscle cell seeding57 or when used as a 
composite with gelatin.21

9.3.3.2.3  PLA.  poly(l-lactic acid) (pLa) is another widely used aliphatic 
polyester used for tissue engineering approaches. pLa is more hydrophobic 
than pGa due to the presence of an extra methyl group. the reduced affinity 
to water leads to longer degradation times. thus, studies have reported that 
pLa takes months to years to lose the majority of its mechanical integrity 
in vivo or in vitro.

hashi et al. were the first to investigate an electrospun, biodegradable 
teVG constructed for the arterial circulation in rat aortas.58 Specifically, the 
group compared an electrospun pLa graft seeded with bone-marrow-derived 
mesenchymal stem cells before implantation versus an unseeded control. 
the seeded scaffolds displayed a reduced thrombotic response compared to 
the unseeded group and there was no graft rupture or aneurysmal dilatation.

Subsequent experiments focused on improvements in graft construction 
and making chemical surface modifications. hirudin is a thrombin inhib-
iting polypeptide.58,59 an experimental hirudin-conjugated pLa scaffold was 
compared to a non-conjugated pLa scaffold. the experimental group dis-
played a 75% patency rate versus 50% in the non-conjugated control graft. 
therefore, this investigation demonstrated the efficacy of making surface 
chemical modifications to improve material performance.

9.3.3.2.4  PCL.  poly(ε-caprolactone) (pCL) is an aliphatic polyester that 
has been thoroughly investigated. pCL is synthetic, hydrophobic, and slowly 
biodegradable with a low glass transition temp and low melting point. in 
fact, pCL has one of the slowest degradation profiles out of all biodegradable 
polymers. the semicrystalline polymer's low melting point makes the poly-
mer pliable at lower temperatures, in addition to being easy to tune and fab-
ricate. after slow ester linkage hydrolysis, pCL forms ε-hydroxycaproic acid 
as a degradation product, which is safely removed by giant cells.

a series of in vivo studies have evaluated electrospun pCL in rats with 
observations at 12, 24, and 78 weeks.60–62 even without the help of drugs, 
graft patency was 100% and did not provide evidence of thrombosis. pCL 
scaffolds were found to lose 20%, 51.5%, and 78.1% of their initial 80 kda 
molecular weight at three, 12, and 18 months, respectively. however, cellular 
infiltration was reported to decrease after one year in addition to findings of 
chondroid metaplasia that led to gradual graft calcification.

pCL has been blended with collagen63 and recombinant human tropoelas-
tin.26 Both scaffolds reported 100% patency in in vivo pilot experiments 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

02
30

View Online

http://dx.doi.org/10.1039/9781788010542-00230


243Smart Biomaterials for Cardiovascular Tissue Engineering

as well as improved biocompatibility and reduced platelet attachment. 
Blending pCL with chitosan has been shown to improve its biocompatibility,  
degradation profile, and mechanical properties.34,64 other groups have incor-
porated or coated pCL scaffolds with peptides and reported increased endo-
thelialization, cellular infiltration, and patency.65–67

unfortunately, studies on pCL have been unable to ascertain graft viability 
after total scaffold degradation because its degradation period exceeds that 
of a typical rodent lifespan. though it is a promising material, future stud-
ies must evaluate pCL over longer time periods before it can be clinically 
translated.

9.3.3.2.5  PHA.  polyhydroxyalkanoates are a class of natural polyesters.68 
pha polymers, namely, polyhydroxybutyrate (phB) and polyhydroxybutyrate- 
co-valerate (phBV) have been evaluated for a variety of medical applications.69 
hoerstrup et al. created small caliber vascular grafts made from polyglycolic- 
acid/poly-4-hydroxybutyrate, proving its feasibility for use in vascular tissue 
engineering.70 Shum-tim et al. subsequently implanted 7 mm diameter 
pha–pGa tubular scaffolds in a lamb's abdominal aorta, but more recent 
investigations into the materials have been sparse.71

9.3.3.2.6  PGS.  unlike the other previously described polymers which are 
formed from the condensation reaction of single monomers, poly(glycerol 
sebacate) (pGS) is an elastomer formed from both glycerol and sebacic acid. 
pGS degrades within two months in vivo and displays excellent mechanical 
properties and biocompatibility. khosravi et al. showed suitable bilayered, 
cell-free, pGS–pCL teVGs in the arterial system over a 12 month implanta-
tion period.72

9.4   Myocardial Tissue Engineering
Current research focuses on creating apparatuses that support, repair, 
replace, or functionally enhance damaged myocardial tissue. Strategies for 
myocardial tissue engineering include the injection of cells alone (e.g., intra-
venous, intracoronary or intramyocardial),73 intramyocardial injection of 
biomaterials, or the surgical application of an epicardial patch (Figure 9.4).

the advantage of injectable approaches as compared to a patch is that they can 
deliver cells and biomaterials with minimally invasive procedures by a combina-
tion of catheter-mediated cell delivery approaches.74,75 just like vascular tissue 
engineered scaffolds, to generate neomyocardial tissue, cell ingrowth and mat-
uration must replace and maintain structural integrity as the scaffold degrades 
and loses its mechanical properties. Considerations for thick myocardial tissue 
and the large metabolic demand required to provide oxygen and nutrients that 
diffusion cannot provide by itself also need to be taken into account.

the ideal biomaterial construction for heart regeneration must follow 
several general principles: the material should (1) be biocompatible and 
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biodegradable, (2) support cell proliferation, differentiation, and integra-
tion into the host tissue while facilitating highly ordered and biomimetic 
neotissue, (3) possess the strength to withstand the large, cyclical mechan-
ical stresses of the heart, and (4) be easy to manufacture and shape into 
patient-specific forms.

9.4.1   Injectable Biomaterials
initial attempts at cardiovascular tissue engineering utilized direct intramyo-
cardial cell injections. these early attempts were limited by poor cell reten-
tion and survival, irrespective of the cell type or the administration route. the 
injection of hydrogels, such as collagen,76 with cells in suspension attempts 
to address the problems of limited cell retention and survival by providing 
a temporary eCM support structure for cellular adherence. this method has 
successfully increased cell retention and survival after injection.74

Following the initial pioneering studies, hydrogel injection for cardiovas-
cular tissue engineering has since been investigated with a variety of mate-
rials with or without cells. these materials include synthetic polyethylene 
glycol (peG),77–80 peGylated fibrin + hGF,81 MpeG–pCL–MpeG,82,83 collagen,84 
fibrin,85–88 matrigel,89,90 acrylamid,91,92 fibrin–alginate composite,93 chitosan 
chloride–glutathione (CSCl–GSh),94 methylcellulose,95 naturally occur-
ring polysaccharides96 such as xylan,97 dextran,98 pullulan,98 chitosan,99–101 
hyaluronan,102–104 and alginates.105–111 however, despite promising results 
achieved using several biomaterials, only algisyl-LVr (LoneStar heart, inc., 
Ca) and ik-5001 112, both alginate-based hydrogels, have reached clinical tri-
als.112–114 algisyl-LVr™ was shown to improve peak Vo2, a convalescence 

Figure 9.4    the schema of combined approaches for myocardial tissue engineering.
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estimation indicator of heart failure, at six months in nyha Functional Class 
ii trials. as alginate hydrogel approaches in cardiovascular tissue engineer-
ing are still in their infancy, future studies must observe and assess the pros 
and cons of such therapies over longer-term clinical trials.

9.4.2   Patch-Forming Scaffolds
epicardial patches are a more invasive approach to myocardial tissue engi-
neering, but are better than injectable approaches in providing mechanical 
support in efforts to reduce dilation of damaged or disease heart tissue. Like 
hydrogels, epicardial patches can be cell seeded or embedded with bioactive 
molecules. a multitude of biomaterials has been studied in efforts to cre-
ate the ideal epicardial patch such as chitosan–hyaluronan–silk fibroin,115 
pLGa,116 collagen,117–119 polyester urethane,120,121 pGS,122–124 pCL,123,125 
poly(3-hydroxybutyrate) (phB),126 poly-l-lactic acid (pLLa), and poly- 
chitosan-g-lactic acid (pCLa).127 decellularized eCMs generated from small 
intestine submucosa128 or xenogeneic porcine pericardium129 have also been 
used. although numerous biomaterials have improved cardiac cell growth  
in vitro and possess good biocompatibility in vivo, an ideal material has not 
yet emerged and engineering functional cardiac tissue remains a challenging 
and elusive endeavor.

9.5   Heart Valve Tissue Engineering
When malfunctioning heart valves cannot be repaired surgically, the next 
alternative is replacement with a mechanical or bioprosthetic valve.130,131 
Mechanical heart valves, made of metals and plastics, have excellent durabil-
ity, but are prone to causing inflammation, infection, and thromboembolic 
complications that necessitate long-term anticoagulation therapy. non-de-
cellularized porcine or bovine bioprosthetic heart valves are not as throm-
bogenic, but are prone to calcification and progressive deterioration 10 to 
15 years after surgery, particularly when implanted in younger individuals 
(Figure 9.5).132

the tissue engineered heart valve (tehV) is a promising alternative 
approach in an effort to eliminate these limitations. Conceptually, a tehV 
will be comparable to a native valve and exhibit adequate mechanical 
strength, cellular adhesion and proliferation to grow, repair, and remodel 
into a long-lasting valve. additionally it will be less inflammatory and immu-
nogenic when compared to current prosthetics. the traditional approach to 
construct a tissue engineered heart valve is to seed autologous cells onto a 
three-dimensional scaffold, and subsequently culture the construct in vitro 
until sufficient neotissue has formed before implantation. More recently, 
researchers have been pursuing an approach that exploits implanting cell-
free materials that guide the neotissue formation process in vivo.133 in the 
latter case, scaffold matrices must function as valves immediately, withstand 
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in vivo forces, and provide a short-term biomechanical structure to support 
cells until they have remodeled into adequately strong neotissue. primarily, 
two approaches to heart valve substitute scaffold designs have been studied: 
(1) decellularized biological scaffolds, from allo- or xenogeneic sources134,135 
and (2) synthetic-based scaffolds (Figure 9.6).

9.5.1   Biological-Based Scaffold
the main sources of biological material used to make decellularized heart 
valves are provided by homografts or xenografts.136 Several decellularization 
strategies have been investigated to leave behind an intact eCM with the 

Figure 9.5    Macro image of a sheep pulmonary valve.

Figure 9.6    Microscopic image of a sheep pulmonary valve leaflet. Circumferen-
tial collagen alignment in the fibrosa layer. radial elastin alignment 
in the ventricularis layer. (a) h&e staining, (B) picrosirius red stain-
ing, (C) hart's staining, magnification 10×, F: fibrosa, S: spongiosa, V: 
ventricularis.
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structural characteristics that allow for host cell attachment, migration, and 
proliferation.137 the inherent structure and biological activity of these scaffolds 
make them an attractive choice for tissue repair and reconstruction.138 though 
limited by availability, homografts are more desirable than xenogenic scaffolds 
due to the risk of zoonotic infection and greater immunogenicity of non-hu-
man tissues. Cross-linking is one method that reduces immunogenicity and 
minimizes disease transmission from decellularized xenogenic scaffolds.139,140

in large animal studies, decellularized scaffolds have exhibited struc-
tural stability, in addition to robust cellular regrowth, and migration with-
out observed thromboembolisms.141–144 in humans, encouraging results 
have been reported with decellularized allogenic valves and allografts with 
respect to immunological responses, durability and overall clinical perfor-
mance.145–147 though many experimental studies in preclinical animal models 
have demonstrated that decellularized allografts are fully repopulated in vivo 
after implantation,148–150 repopulation in humans was only focal. there were a 
few cells with a fibroblast appearance coming both from the luminal side and 
from the periadventitial inflammatory reaction, but they were sparse and did 
not penetrate into the deep layers of the media. these findings are very simi-
lar to those reported by Miller and colleagues,151 who studied one SynerGraft 
decellularized aortic valve allograft explanted two years after the operation.

however, despite these results and the many decellularization approaches 
that have been developed, clinical outcomes when using decellularized xeno-
genic heart valves have been far less encouraging as evidenced by the Syner-
Graft trial, which was a catastrophic failure.152 thus, the main limitations 
in using decellularized scaffolds remain the lack of availability of homo-
grafts and the risk of transferring zoonoses and immunogenicity when using 
xenogenic valves. at present, the adoption of decellularized tissue for use as 
replacement heart valves remains limited.

9.5.2   Degradable Synthetic Scaffolds
Synthetic scaffolds are attractive alternatives to decellularized tissues since 
they do not contain antigenic epitopes, and thus are generally less immu-
nogenic and thrombogenic.153 additionally, these scaffolds can be designed 
to have reproducible mechanical properties, high durability, and controlled 
degradation. Furthermore, as cell-free medical products, they would undergo 
less stringent regulatory processes during medical device classification and 
more easily achieve approval for clinical use. there is high interest among 
regenerative medical researchers to design scaffolds in such a way that they 
can be used in combination with minimally invasive implantation proce-
dures to reduce trauma and surgical complications.

the first tehV concept appeared in the mid-nineties154–156 with the hope 
of reconstructing right posterior pulmonary heart valve leaflets. these scaf-
folds were seeded with myofibroblasts and eCs. due to the thickness and 
stiffness of the scaffolds, they behaved like stenotic trileaflet valves and were 
not functional. in the two decades since, several synthetic materials and 
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blends have been investigated in vivo, such as pha and poly-4-hydroxybutyrate 
(p4hB),157,158 poly-hydroxyoctanoate (pho),159 pGa160–162 and pLLa.163 how-
ever, synthetic heart valve substitutes have not yet been clinically translated.

9.6   The Clinical Potentials and Applications of 
Smart Materials in Cardiovascular Disease

patients with cardiovascular disease or congenital heart defects sometimes 
require vascular graft implantations. autologous grafts remain the gold stan-
dard in treatment, but are in short supply and often run into size mismatch 
issues. non-biodegradable, synthetic scaffolds address both of these concerns. 
in fact, synthetic, large-diameter vessel replacements, such as dacron and tef-
lon, have already proven their clinical utility. however, as small-diameter con-
duits, these non-biodegradable synthetic graft substitutes display much lower 
patency rates and difficulties with neotissue growth and remodeling, and are 
more prone to infection when compared to autologous grafts. teVGs hold 
great promise to resolve the clinical failures of non-biodegradable, synthetic 
grafts in small-diameter applications.

designing a functional teVG greatly depends upon factors such as cell 
seeding, biomechanical properties, and suitable material selection. addi-
tionally, arterial teVGs should be minimally invasive and able to withstand 
the high-pressure arterial circulation until it is completely reconstituted by 
host-derived cells. Currently, grafts constructed from cultured cell sheets 
or cadaveric cells appear to be quite promising. although cell culturing and 
seeding scaffold technologies have progressed rapidly, they have several lim-
itations such as being technically complicated to construct, long production 
times, and high costs. in cases where the cardiovascular disease must be 
immediately addressed, it may not be possible to wait the several weeks or 
months required for cells to be collected, cultured, and conditioned into a 
transplantable graft. Vascular grafts fabricated solely out of synthetic bioma-
terials have so far been limited by low hemocompatibility or biomechanical 
properties. therefore, current approaches have looked at synthetic biomate-
rials by themselves or blended with natural eCM proteins.

in order to be widely accepted in the clinic, future teVGs should be cost-ef-
fective and readily available “off-the-shelf”. to address current scaffold limita-
tions, it is believed that mimicking the biological and mechanical properties 
of native vessels will be critical in designing future teVGs. despite the breadth 
of research on the subject matter, consensus on what makes materials suit-
able for clinical applications has not yet been established. Current teVGs still 
need to be evaluated over longer-term studies with appropriate clinical appli-
cation lengths in large animal models. these investigations should focus on 
vascular neotissue characterization after complete scaffold degradation in 
addition to finding means of inhibiting thrombosis and calcification.

although engineering cell-free valves that are functional and long lasting 
will have its own unique challenges, these issues will be very similar to those 
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with teVGs and vascular patches. therefore, progress made on an individual 
cardiovascular apparatus is likely to be highly translatable to other similar 
tissues and technologies. on the contrary, myocardial tissue engineering 
is expected to have distinct challenges reflective of this complex, metaboli-
cally demanding tissue and the high mechanical forces it experiences. in an 
effort to better mimic native cardiac tissue, research focused on treating dis-
eased or injured myocardium has been dedicated to designing materials to 
attract and sustain cells by incorporating bioactive molecules to encourage 
vascularization. two prominent methods being pursued involve injection of 
hydrogels (with or without cells) or implantation of an epicardial scaffold. to 
date, only injectable cell-free biomaterials have reached clinical application.
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10.1   Introduction
acute and chronic wounds severely affect the quality-of-life of millions of 
patients each year.1 the market for chronic wound care alone is worth more 
than uS$20 billion annually.2 in the past several decades, the number of  
people suffering from chronic wounds has dramatically increased, due to 
reasons such as diabetic foot ulcers and vascular ulcers. according to data 
from the World health organization, the prevalence of diabetes worldwide 
in 2014 was approximately 9% of all adults. there were 29.1 million dia-
betic patients in the united States, and approximately 15% of these patients 
developed a diabetic foot ulcer, representing an estimated four million 
patients. the huge cost of treating wounds strongly drives the development 
of advanced therapies for effective wound healing. Due to the complexity of 
the healing process, it is optimal to target wound sites and precisely regulate 
signaling mediators based on the status of wounds. recently, smart materi-
als that alter their structure and/or physicochemical properties in response 
to stimuli have attracted increased attention in wound healing applications 
because these materials are able to integrate self-adjusted treatments into 
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the complicated process of tissue regeneration. this chapter provides a gen-
eral overview of the wound healing process and the current applications of 
smart materials in wound healing.

10.2   Overview of Wound Healing Stages
10.2.1   Wounds
a wound often refers to the disruption of the normal anatomic structure and 
function of the skin,3 but also includes internal injuries such as myocardial 
infarction and portal hypertension-caused bleeding in patients with liver  
cirrhosis.4,5 pathological conditions due to diseases and external factors such 
as chemical, physical and thermal damages all can cause wounds.6 Based 
on the wound healing process, wounds have been classified as either acute 
or chronic. acute wounds mainly occur as a result of surgery or mechani-
cal damages from abrasions, incisions, lacerations, etc., and usually heal in 
8–12 weeks. another category of acute wounds involves burns and chemical 
injuries, which are mainly because of exposure to irradiation, heat, electrical 
shock or corrosive chemicals.7 Chronic wounds normally result from specific 
diseases, take longer than 12 weeks to heal, and often relapse due to a failure 
to restore the anatomical and functional integrity of diseased tissues.7 the 
variety of wound types underlines the complexity of the wound healing pro-
cess. thus, an expanding number of research programs now focus on elab-
orating the wound healing process and identifying compounds/entities that 
promote wound repair and regeneration.

10.2.2   Phases of Wound Healing
Wound healing involves orchestrated interactions among different types of 
cells, chemicals and biologics.4,8 the process has been categorized into three 
main phases: inflammation, proliferation, and remodeling, as illustrated in 
Figure 10.1, though there are overlaps between these phases. unbalanced 
interactions cause dysfunctional healing such as fibrotic healing due to 
excessive deposition of collagen, and further damage of healthy tissues sur-
rounding wounds from excessive inflammatory signals.

10.2.2.1   Inflammation
hemostasis is the initiating step in wound healing to stop bleeding. it is 
achieved by the formation of a platelet plug and a fibrin network, generat-
ing a clot in the wound site.4 immediately after blood vessel injury, vascular 
smooth muscle cells release intracellular signals to contract. the vascular 
spasm leads to vasoconstriction followed by platelet adhesion on collagen 
in the subendothelium of the vasculature. the binding activates platelets to 
initiate the coagulation cascade that converts fibrinogen to fibrin and forms 
fibrin fiber networks. activated platelets release thromboxane a2 (tXa2) 
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to increase vasoconstriction, induce platelet aggregation and recruit more 
platelets to the clot for reducing blood loss.9 Following hemostasis, mast 
cells and activated platelets release histamine for vasodilation that increases 
blood cell traffic to the injured area. in addition, the platelets secrete growth  
factors and inflammatory cytokines to enhance leukocyte adhesion to 
inflamed blood vessel walls and extravasation to enter wound sites.10 Clots 
serve as matrices to house recruited neutrophils, monocytes, fibroblasts, 
and endothelial cells and generate a local environment with high concentra-
tions of secreted cytokines and growth factors.11 in the inflammatory phase,  
neutrophils are first recruited to clots by platelet-released chemokines such as 
transforming growth factor beta (tgF-β), tumor necrosis factor (tnF-α), and 
interleukin (iL)-1. tnF-α and iL-1 also stimulate endothelial cells to express 
selectins that mediate neutrophil adhesion and rolling, two important steps 
of cell homing to wound areas.12 neutrophils release proteolytic enzymes and 
reactive oxygen free radicals to digest bacteria and dead tissue/cells. neu-
trophils quickly undergo apoptosis and are replaced by monocyte-derived 
macro phages two to four days post-injury.8,13 Macrophages remove bacte-
ria, cell debris, and apoptotic neutrophils in wound areas through phago-
cytosis. the cells also generate a large amount of nitric oxide (no), which 
is converted into peroxynitrite and hydroxyl radicals after no reacts with 
superoxide radicals and hydrogen peroxide respectively.14,15 these chemi-
cals kill pathogens and prevent viral Dna replication.16 in addition, under 

Figure 10.1    the classic wound healing stages. the process has been categorized 
into three phases: inflammation, proliferation, and remodeling, 
though there are overlaps between these phases. (reproduced with 
permission from ref. 4. Copyright© 2008, nature publishing group.)

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

02
58

View Online

http://dx.doi.org/10.1039/9781788010542-00258


261Advances of Smart Materials for Wound Healing

the stimulation of tnF-α, macrophages along with fibroblasts, keratinocytes 
and monocytes produce matrix metalloproteinases (MMps) to clear dam-
aged extracellular matrix, assisting cell migration for wound repair. however, 
excessive amounts of MMps or other inflammatory signals such as reactive 
oxygen species (roS) can damage surrounding tissues and even cause sys-
temic problems such as shock, respiratory failure, and renal failure.17

10.2.2.2   Proliferation
the proliferative phase usually occurs about two days after injury and 
involves epithelialization, angiogenesis, provisional matrix formation, and 
wound contraction. in skin wound healing, macrophages secrete inflam-
matory cytokines, iL-1 and tnF-α, to stimulate fibroblast cells, which pro-
duce keratinocyte growth factor 2 (KgF-2), and iL-6.18,19 these cytokines and 
growth factors stimulate keratinocyte growth in the wound area and recruit 
more keratinocytes from surrounding tissues. the specialized epithelial 
cells then reconstruct epithelium to prevent pathogen invasion and fluid 
loss. Keratinocytes also have an important role in angiogenesis by releasing  
vascular endothelial growth factor (VegF), which recruits endothelial cells 
and stimulates the cell proliferation and formation of new capillaries. acti-
vated platelets and macrophages release platelet-derived growth factor (pDgF) 
and epidermal growth factor (egF) to recruit neighboring fibroblasts to the 
wound site. Fibroblasts also produce pDgF by autocrine and paracrine stim-
ulation. activated fibroblasts proliferate and synthesize glycosaminoglycans, 
fibronectin, and collagen iii to create a provisional matrix,20,21 which together 
with macrophages, fibroblasts and newly generated capillaries, forms gran-
ulation tissue, replacing the fibrin matrix. granulation tissue typically grows 
from the wound base.22 in the early proliferation phase, tgF-β1, 2, and 3 play 
important roles to recruit fibroblasts and keratinocytes. tgF-β1 also induces 
the fibroblast–myofibroblast transformation for wound contraction.1,22

10.2.2.3   Maturation and Remodeling
the maturation and remodeling phase is characterized by the deposition 
of collagen with a well-organized structure. it begins about two weeks after 
injury and can last for more than a year. in the remodeling phase, macro-
phages, fibroblasts and endothelial cells gradually exit the wound area or 
undergo apoptosis, reducing cell numbers in the wound matrix dramati-
cally.4 provisional matrix is gradually degraded and replaced by organized 
collagen matrix with increased percentage of collagen i, which improves the 
mechanical properties of the new matrix. problems in new matrix deposi-
tion can compromise the strength of wounds. MMps are the major protein-
ases in remodeling, and their production by fibroblasts and macrophages 
is regulated by the concentrations of tgF-β and other growth factors and 
cytokines.8 although collagen matrix becomes thicker and stronger in the 
remodeling process, the wound will never regain the strength of uninjured 
skin due to the non-ideal structure of new collagen.23
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10.3   Current Methods and Material Applications in 
Wound Healing

10.3.1   Wound Dressings
Wound dressings are widely used in current wound care by providing a 
favorable local environment for natural healing. Wound dressings maintain 
moisture over wound areas, prevent infection, permit gas exchange, absorb 
exudates, and protect the wound base.7,24 in recent years, many advanced 
dressings have been developed for delivering therapeutics to the wound site 
and/or possessing intrinsic functionalities to assist wound healing. Most 
of these materials are made of natural polysaccharides such as chitosan, 
hyaluronic acid (ha), alginates, and cellulose, or synthetic polymers such 
as polyvinyl alcohol (pVa),25 polyethylene oxide (peo),26 and polyvinylpyrro-
lidone.27 alginate-based wound dressings are broadly used in wound heal-
ing. in addition, ha is an appealing wound dressing material because it is 
highly biocompatible as a natural component of extracellular matrix, and its 
biodegradation products can improve fibroblast proliferation and migration 
in a wound site.28 ong et al. reported that a chitosan dressing that contains 
a procoagulant (polyphosphate) and antimicrobial agent (silver) effectively 
improved the hemostatic and antimicrobial activity within wounds.29

10.3.2   Delivery Systems for Controlled Release of Growth 
Factors and Other Biomolecules

growth factors regulate cell proliferation, cytokine production, cell–cell and 
cell–matrix interactions during wound repair. however, in chronic wounds, 
the level of growth factors has been shown to be low due to diminished 
synthesis and/or excessive protease-mediated degradation.30 For instance, 
pDgF levels were found to be low within non-healing human ulcers, while 
improved healing of chronic wounds has been achieved by the delivery of 
recombinant pDgF into wound sites.31 Drug delivery systems have focused 
on improving the stability of growth factors and allowing sustained release 
at wound sites, using materials such as polymeric micro and nanospheres,32 
lipid nanoparticles,33,34 nanofibers,35,36 and hydrogels.37,38 Chu et al. utilized 
poly(lactic-co-glycolic acid) (pLga) nanoparticles encapsulating recombinant 
human egF to promote fibroblast proliferation. this was demonstrated by 
the increased expression of proliferating cell nuclear antigen in cells in dia-
betic rats.39 Lai et al. developed a biomimetic nanofibrous matrix using colla-
gen and hyaluronic acid for the multi-stage delivery of bFgF, egF, VegF and 
pDgF. the cytokines were encapsulated in nanofibers directly or in gelatin 
nanoparticles that were incorporated into nanofibers for sequential release 
by the slow degradation of the nanofibers/nanoparticles.40

in addition, polymeric delivery systems have been widely used as carriers 
for anti-oxidant and anti-inflammatory drugs to accelerate wound healing by 
curbing excessive inflammation in the inflammatory phase. Li and coworkers  
reported that the rate of re-epithelialization was greatly elevated using a 
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methoxypoly(ethylene glycol)-graft-chitosan film containing curcumin, an 
anti-inflammatory and antioxidant drug naturally produced by some plants.41 
Furthermore, Dna encoding growth factors or cytokines have been used to 
treat wounds through viral or non-viral gene delivery.42 For example, cationic 
liposomal complexes have been employed to deliver genes for the co-expres-
sion of insulin-like growth factor-i (igF-i) and KgF to improve dermal and 
epidermal regeneration of wounds via increased neovascularization.43

10.3.3   Stem Cell Therapy in Wound Repair
another potential new approach for wound healing is stem cell therapy. 
Stem cells can self-renew and differentiate into various cell types, offering 
an alternative approach to reconstitute complex structures of wounds. Stem 
cells from various tissues, such as bone marrow, peripheral blood, adipose 
tissue, skin, and hair follicles, have been applied to modulate the healing of 
acute and chronic wounds.42,44,45 Bone marrow-derived mesenchymal stem 
cells (MSCs) have been widely studied for tissue regeneration because of their 
multilineage potential and immune system evading characteristics, enabling 
the use of allogeneic MSCs in regeneration.46 Falanga and coworkers showed 
that autologous MSCs could be safely and effectively delivered to wounds to 
accelerate their healing rate using a fibrin polymer spray.47 Despite the suc-
cessful demonstration of stem cell therapy in wound healing, the strategy still 
suffers from many limitations, such as maintaining cell viability long enough 
in the hostile wound microenvironment to create a therapeutic response.

in summary, wound healing is a well-orchestrated and choreographed pro-
cess that involves the mediation of many components in the healing process. 
a variety of approaches and materials have been developed for regulating 
these mediators to promote the healing of both acute and chronic wounds. 
however, many challenges remain in the selection of optimal target sites, 
delivery of mediators with precise spatiotemporal controls, and development 
of programmed delivery systems. to overcome these limitations, multiple 
smart materials have recently been developed. in this review, we mainly focus 
on the classification and discussion of smart materials for wound healing 
according to the stimuli-responsive mechanisms. in addition, we offer some 
perspectives for the next generation of smart materials in wound healing.

10.4   Stimuli-Responsive Materials for Wound 
Healing

10.4.1   Reactive Oxygen Species (ROS)-Responsive Materials 
for Inflammation Treatment

reactive oxygen species (roS) such as hydrogen peroxide (h2o2), superox-
ide (o2

−), and peroxynitrite (onoo−), are mediators of a variety of biologi-
cal and pathological events. elevated roS result in oxidative stresses that 
can impair organs and tissues in acute and chronic inflammatory processes. 
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For example, unregulated roS in chronic pro-inflammatory environments 
can lead to endothelial dysfunction and a predisposition to peripheral arte-
rial disease.48,49 patients with chronic wounds usually remain in a constant 
pathological inflammatory state and are susceptible to oxidative stresses due 
to the excessive production of roS. to harness the ability of roS to degrade 
materials, roS signals have been used to precisely trigger various interven-
tions for wound inflammation treatment. in the past few decades, several 
classes of roS-responsive materials have been designed and synthesized for 
targeted delivery of therapeutic and imaging agents (table 10.1).50,51 Current 
applications of roS-responsive biomaterials for wound inflammation treat-
ment are discussed in this section.

10.4.1.1   ROS-Responsive Materials via Solubility Switch
poly(propylene sulfide) (ppS) is a hydrophobic polymer with a low glass- 
transition temperature (∼230 K).52 the sulfide groups in the backbone are 
sensitive to roS through a solubility-switch mechanism whereby the sulfide 
group under oxidative conditions transforms to the more hydrophilic sulf-
oxide or sulfone group. hubbell et al. first utilized aBa triblock copolymer 

Table 10.1    roS-responsive materials and their oxidation products.

roS-responsive 
materials Chemical structure and reaction ref.

polypropylene 
sulfide (ppS)

53–59

poly(thiolketal) 61–64

polyoxalate 65,66,69,70,73 
and 74

Boronic ester 
based polymer

78

roS-responsive 
materials 
via Fenton's 
reaction

 
2+Fe

2 5 2 2 3 2C H OH + H O CH COOH + H O
81

 Ch3Cooh → Ch3Coo− + h+

 hCo3
− + h+ → h2Co3 → h2o + Co2[g]
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poly(ethylene glycol)-poly(propylene sulfide)-poly(ethylene glycol) (peg-
ppS-peg) to fabricate roS-responsive polymeric vesicles. these polymeric 
vesicles remained stable in aqueous solution and underwent a morphology 
transition from vesicles to worm-like and spherical micelles, and finally to 
water soluble substances after exposing to 10% h2o2.53 ppS has also been 
found to be responsive to superoxides54 and peroxynitrites.55 the oxida-
tion-responsive properties of ppS-based nanoparticles were explored by 
hubbell et  al. for delivering antigens to dendritic cells because the oxida-
tive environment of dendritic cell endosomes can potentially improve 
cross-presentation of ppS nanoparticle-carried anitigens.56,57 in addition to 
on-demand release of therapeutics, ppS alone showed inherent therapeutic 
properties for reducing the oxidative stress of wounds because of its roS 
scavenging characteristics. recently, Duvall et al. reported a physically cross-
linked ppS-based hydrogel for roS-triggered degradation and on-demand 
release of a fluorescent dye as a model drug.58 the ppS hydrogel was shown 
to protect cells from h2o2-induced death via ppS scavenging. utilizing this 
property, the same group developed roS-responsive ppS microspheres for 
the on-demand delivery of curcumin for treating a mouse ischemic limb.59 
Micro-sized ppS particles encapsulating curcumin (curcumin–ppS micro-
spheres) were fabricated via oil-in-water emulsion. Below 0.5 mM h2o2, 
both blank ppS and curcumin–ppS microspheres increased cell survival due 
to the h2o2 scavenging effects of ppS. above 0.5 mM h2o2, curcumin–ppS 
(27.1 mM curcumin, 20.4 mg mL−1 ppS) microspheres showed significantly 
enhanced cell viability over blank ppS microspheres. in the mouse model of 
diabetic hind limb ischemia, the roS level was significantly reduced at day 
seven in the extracted gastrocnemius muscles of mice that were treated with 
curcumin–ppS microspheres compared to those treated with ppS micro-
spheres alone. Furthermore, curcumin–ppS microspheres also improved the 
recovery of blood oxygenation, perfusion, and vessel remodeling properties 
in the ischemic limb due to the synergistic effect of curcumin and ppS as 
roS scavengers.

10.4.1.2   ROS-Responsive Materials via Degradation
10.4.1.2.1  Thioketal-Based  Materials.  polymers containing thioketal 
linkages are cleaved into hydrophilic fragments such as ketones and organic 
thiols (or disulfides) in the presence of roS, leading to degradation of poly-
mers and the release of cargo.60 Wilson et al. created a polymeric nanoparticle 
that contains roS-reactive poly-(1,4-phenyleneacetone dimethylene thioketal) 
(ppaDt), for oral delivery of sirna to inhibit the expression of inflammatory pro-
teins in the intestinal tissue (Figure 10.2). the ppaDt nanoparticles remained 
stable in the gastrointestinal tract after oral administration, until they reached 
the inflammatory site where ppaDt was degraded into acetone and 4-(mer-
captomethyl)phenyl methanethiol in an oxidative environment. in a murine 
model of ulcerative colitis, the release of sirna from ppaDt nanoparticles 
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Figure 10.2    Schematic illustration of the fabrication and application of roS- 
sensitive thioketal nanoparticles (tKns). (a) tKns encapsulating 
sirna that specifically knock down tnF-α expression (tnF-α-tKns) 
were prepared by adding tnF-α-sirna and cationic lipid Dotap com-
plexes into ppaDt solution. the SeM image shows tnF-α-tKns (scale 
bar: 1.5 µm). (B) after being orally administered, tKn protected 
tnF-α-sirna in the gastrointestinal tract and released the sirna 
under elevated roS concentrations at sites of intestinal inflammation. 
(C) tnF-α-tKns treatment significantly reduced tnF-α production by 
lipopolysaccharide-activated macrophages. Values indicate mean ± 
s.e.m. (n = 3). (reproduced with permission from ref. 61. Copyright© 
2010, nature publishing group.)
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upon roS triggering significantly reduced the expression of proinflammatory 
cytokine tnF-α in the colon and suppressed tissue inflammation.61

in order to accelerate neovascularization in wound areas, roS-responsive 
nanoparticles based on poly-(1,4-phenyleneacetone dimethylene thioke-
tal) were fabricated to encapsulate stromal cell-derived factor-1α (SDF-1α). 
the responsive release of SDF-1α in mice with full-thickness skin defects 
promoted the migration of MSCs toward the wound and its periphery, 
enhancing wound vascularization and healing.62 pu et al. reported roS/ph 
dual-responsive chitosan-derived nanoparticles encapsulating ppaDt for the 
delivery of curcumin to inflamed tissues.63 additionally, since the encapsu-
lated curcumin and conjugated Cy3 formed an energy donor and acceptor 
pair, the nanoparticles could be used to monitor the intracellular release of 
drug via Förster resonance energy transfer (Fret). the oxidative stress and 
ph-triggered curcumin release from the nanoparticles were able to efficiently 
reduce roS from lipopolysaccharide-stimulated macrophages thanks to the 
combined effects of extracellular free radical scavenging and intracellular 
inhibition of the oxidant production.

in a recent study, Martin and coworkers developed roS-degradable porous 
scaffolds of poly(thioketal)-derived polyurethanes. Since the rate of cell- 
mediated degradation better matches the rate of tissue ingrowth in roS- 
responsive scaffolds, they showed a performance superior to non-responsive 
poly(ester urethane) scaffolds in subcutaneous rat wounds as indicated by 
improved cellular infiltration, granulation tissue formation, and mechanical 
stability of subcutaneous implants.64

10.4.1.2.2  Polyoxalate-Based  Materials.  aryl oxalate ester-containing 
polymers have been studied to reduce the oxidative stress in injuries because 
of their potent h2o2 scavenging activity.65,66 in one example, h2o2-respon-
sive polyoxalate was synthesized by polycondensation of 1,4-cyclohexameth-
anol with oxalyl chloride and 4-hydroxybenzyl alcohol (hBa), a phenolic 
compound for treating injuries with oxidative stress, such as ischemic brain 
injury and coronary heart disease.51,67,68 the polyoxalate exerted excellent 
antioxidant activity by scavenging h2o2 via the peroxalate ester linkages 
and releasing hBa. In vitro and in vivo studies revealed that this polymeric 
antioxidant significantly reduced oxidative stress, inhibited no by reducing 
the production of inducible nitric oxide synthases, and attenuated allergic 
inflammation.69 Furthermore, multifunctional polyoxalate-based micelles 
were fabricated for therapeutic and diagnostic applications. this micelle 
was able to detect h2o2 at concentrations of 100 nM and illuminate h2o2 in 
inflamed mouse ankles.70 in addition to hBa, vanillyl alcohol is also potent 
for anti-inflammation and antioxidation by scavenging roS and suppress-
ing pro-inflammatory cytokines, such as iL-1β, tnF-α, interferon-γ, and 
iL-6.67,71,72 Lee and coworkers incorporated vanillyl alcohol into polyoxalate 
to synthesize inflammation-responsive nanoparticles,65,73 which targeted 
ischemia/reperfusion (i/r) sites, and exhibited significant anti-oxidant and 
anti-apoptotic effects in vivo by inhibiting the activation of polyaDp ribose 
polymerase-1 and caspase-3 in a mouse model of hind-limb i/r.74
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10.4.1.2.3  Boronic Ester-Based Polymers.  Boronic ester-containing poly-
mers have been shown to generate phenol and boronic acid under h2o2- 
induced degradation. in past decades, several boronic ester derivatives 
have been studied as roS-responsive materials for targeted delivery.75–77 
Lee and coworkers reported a h2o2-activatable antioxidant prodrug that 
contains a self-immolative boronic ester protecting group to release hBa 
by reacting with h2o2.78 the prodrug showed antioxidant, anti-inflamma-
tory and anti-apoptotic activities in hepatic i/r and cardiac i/r mouse 
models because of the combined effects of h2o2 consumption and hBa 
generation.

10.4.1.3   ROS-Responsive Materials via Mediation of Fenton’s 
Reaction

previous research of roS-responsive drug delivery systems has focused 
on the synthesis of various roS-sensitive polymers. however, these stud-
ies have limited clinical applications due to the reduced sensitivity of 
polymers under biologically relevant concentrations of roS.76 in 1894, 
Fenton discovered that many metals, such as iron, can catalyze h2o2 to 
generate highly reactive hydroxyl radicals (oh•).79 h2o2 is a precursor of 
most roS, while iron is an essential element in biological processes.80 
Some studies have utilized Fenton's reaction to trigger drug release in 
inflammatory environments. recently, Chung and coworkers fabricated 
roS-responsive pLga microspheres for local inhibition of inflammation. 
the pLga microsphere encapsulating dexamethasone sodium phosphate 
(DeX-p), ethanol, iron(ii) salt (FeCl2), and sodium bicarbonate (SBC) was 
prepared by a water-in-oil-in-water double emulsion using a microfluidic 
device. Within the inflammatory environment, h2o2 can diffuse into the 
pLga microsphere to oxidize the encapsulated ethanol under catalysis of 
Fe2+, forming acetic acid, which then reacts with SBC to generate Co2 gas, 
disrupting the pLga microsphere and releasing DeX-p. in an in vivo study, 
the inflammation-responsive pLga microsphere showed sufficient sen-
sitivity to a low concentration of h2o2 (50 µM) (Figure 10.3).81 Similarly, 
Muhammad et  al. reported an inflammation-responsive drug delivery 
system via mediation of Fenton's reaction. the nanochannels of meso-
porous silica nanoparticles were capped by ultra-small thiol-stabilized 
ZnS quantum dots. reactive hydroxyl radicals were generated at the site 
of inflammation by the catalysis of h2o2 in the presence of iron, which 
oxidized the thiol group of capped ZnS nanoparticles to open the drug-
loaded nanochannels.82

in summary, roS-responsive materials exhibit intrinsic advantages for 
alleviating excessive inflammation and are a novel and promising therapeutic  
platform to assist healing of acute and chronic wounds. however, some 
challenges have yet to be addressed, such as designing ultra-sensitive roS- 
responsive materials that can distinguish the difference in roS concentra-
tions between pathological and normal cellular activities.
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Figure 10.3    an roS-responsive gas-generating hollow microsphere (hM). (a) Sche-
matic illustration of fabricating an roS-responsive gas-generating hol-
low microsphere and anti-inflammatory drug release in response to 
h2o2. (B) release profile of dexamethasone sodium phosphate (DeX-p)  
from different hMs: roS-responsive hMs (rrhMs), hMs encapsu-
lating ethanol and FeCl2 (ahMs), and hMs encapsulating sodium 
bicarbonate (ShMs). (C) SeM images of hMs with and without h2o2 
treatment. (reproduced with permission from ref. 81. Copyright© 
2015, american Chemical Society.)
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10.4.2   Temperature-Responsive Materials for Wound Healing

10.4.2.1   Temperature-Responsive Materials as Wound Dressings
Wound dressings can improve healing by providing an optimum environment 
for growth and regeneration. an ideal dressing should not adhere to the regen-
erated and surrounding tissues since removal of the adherent dressing from 
the wound bed is painful and may induce secondary injury.24 thermo-respon-
sive materials have great potential for the fabrication of wound dressings with 
adhesion control because of their unique hydration–dehydration transition in 
response to temperature change. an extensively studied temperature-respon-
sive polymer is poly(N-isopropylacrylamide) (pnipaam), which has a lower 
critical solution temperature (LCSt) of around 32 °C in water.83 Below the 
LCSt, intermolecular hydrogen bonds between pnipaam and water stabilize 
the polymer. the polymer exhibits an extended chain conformation in aque-
ous solution. above the LCSt, pnipaam is dehydrated with a coil or globule 
chain conformation due to the formation of intramolecular hydrogen bonds 
and hydrophobic interactions between chain segments. as a result of this 
unique thermo-responsive property, pnipaam has been successfully used in 
cell culture where the cells can detach from the polymer without enzyme treat-
ment,84 implying that thermo-responsive pnipaam can be easily and painlessly 
detached as a wound dressing. in recent years, various pnipaam-based mem-
branes, fibers, and hydrogels have been designed and synthesized as wound 
dressings.85–91 For example, Lin and co-workers reported a drug-loaded wound 
dressing composed of a self-adhesive film with pnipaam microgel beads. the 
strength to peel the film at 25 °C is significantly lower than that at 37 °C.24 pni-
paam microgel beads contained in the film swelled at 25 °C, decreasing the 
adhesive property and causing the lower peel strength. Moreover, Yang et al. 
prepared transparent and thermo-sensitive membranes as wound dressings 
by bicontinuous microemulsion poly merization of N-isopropylacrylamide, 
methyl methacrylate, and 2-hydroxyethyl methacrylate.92,93 the membranes 
exhibited a temperature-dependent cell detachment with increased water 
uptake at low temperatures.

another important property of wound dressings is having the flexibility to 
mold to the shape of the wound during application and improve cell graft-
ing. additionally, the transparency of the membrane is useful to visualize 
the healing process and prevent premature removal of the dressing. reddy  
et al. reported a wound dressing using flexible semi-interpenetrating poly-
mer networks (semi-ipns) consisting of polyurethane urea and pnipaam.94 
the semi-ipns exhibited thermo-sensitivity in swelling and cell adhesion. 
When the environmental temperature was reduced to 15 °C, the cells 
detached from all the semi-ipn surfaces. in addition, poly(2-hydroxypropyl 
methacrylate) (phpMa) is another polymer with thermo-responsive behav-
ior in aqueous conditions.95 Madsen et al. synthesized a thermo-responsive 
aBa triblock copolymer hydrogel for biocompatible wound dressings in 
which the a block is phpMa and the B block is poly(2-(methacryloyloxy)ethyl 
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phosphorylcholine).96 gong et al. reported a drug delivery system with the 
ability to form a gel in situ for cutaneous wound healing.97 polymer micelles 
containing curcumin were encapsulated into a thermo-sensitive poly(ethylene 
glycol)-poly(ε-caprolactone)-poly(ethylene glycol) (peg-pCL-peg) hydrogel. 
the polymer formed a hydrogel in situ at body temperature and could eas-
ily fill irregularly shaped wounds. the hydrogel released curcumin in a sus-
tained manner, promoting the tissue reconstruction processes.

10.4.2.2   Thermo-Responsive Materials for Inflammation 
Reduction

using a similar strategy for local inflammation treatment, thermo-respon-
sive polymer solutions can be injected locally at room temperature for com-
plete wound coverage, and rapidly form a gel in situ at body temperature.98 
For example, Yang et al. synthesized a thermo-responsive poly(polyethylene 
glycol citrate-co-N-isopropylacrylamide) (ppCn) gel with a LCSt of 26 °C. the 
gel has intrinsic antioxidant properties through scavenging free radicals, 
chelating metal ions, and inhibiting lipid peroxidation likely because of the 
citrate in the ppCn backbone.99 Further, ppCn gels were able to deliver the 
chemokine SDF-1α in a controlled manner and support the viability and pro-
liferation of vascular cells.

nagasaki and coworkers developed an injectable system of thermo- 
responsive flower-like micelles via complexation of anionic poly(acrylic acid) 
with cationic poly[4-(2,2,6,6-tetramethylpiperidine-N-oxyl)aminomethylsty-
rene]-b-poly(ethyleneglycol)-b-poly[4-(2,2,6,6-tetramethylpiperidine-N-oxyl)
aminomethylstyrene] (pMnt-peg-pMnt) triblock copolymer.100 the side 
chains of the pMnt segment are nitroxide radical compounds, which can 
scavenge roS to prevent roS-dependent reactions. the micelle solution 
undergoes sol–gel transition at body temperature. Different to the fast clear-
ance of nitroxide radical compounds in injection sites, the gel can remain 
more than three days after subcutaneous injection. the injected hydrogel 
suppressed hyperalgesia via inhibiting neutrophil infiltration and cytokine 
production. recently, the same group extended this system to function as 
an anti-adhesion agent for inflammation treatment.101 Compared to a com-
mercial anti-adhesion agent (Seprafilm®, genzyme, Cambridge, Ma), the 
injected hydrogel inhibited tissue adhesions and significantly suppressed 
inflammation in vivo.

10.4.2.3   Thermo-Responsive Materials with Antimicrobial 
Properties

there is an increased interest in designing wound dressings that possess anti-
microbial properties. in the past few decades, a large number of silver-con-
taining dressings had been used for wound management.102–104 however, the 
leak of silver from the dressings could delay wound healing, especially in 
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large wounds such as burns, thus limiting their clinical application.105 one 
property of infected wounds and skin is an elevated temperature compared 
with healthy surrounding tissue, for instance, the average temperature of 
infected leg ulcers is 2.46 °C higher than healthy skin.106 thus, a dressing 
that releases its antimicrobial payload in response to a change in tempera-
ture in an infected wound has attracted the attention of researchers. Jenkins 
et  al. reported a thermo-responsive antimicrobial fabric made of poly(N- 
isopropylacrylamide)-co-allylamine (pnipaM-co-aLa) nanogels that encapsu-
lated silver nitrate and were grafted onto non-woven polypropylene.107 the 
fabric showed greater anti-bacterial properties at 37 °C than at 28 °C due to 
the fast release of silver nitrate after the collapse of nanogels at 37 °C. Sui 
and co-workers also reported thermo- and redox-dual responsive antimicro-
bial poly(N-isopropylacrylamide)-poly(ferrocenylsilane) hydrogels, in which  
silver nanoparticles formed in  situ  via reduction of silver nitrate with the 
poly(ferrocenylsilane) chain.108

10.4.3   pH-Responsive Materials for Wound Healing
Scaffolds provide a structural support for cell adhesion, infiltration, and vas-
cularization for wound healing. Since infection and inflammation can cause 
an acidic local microenvironment, ph-responsive scaffolds have the ability 
to swell and lead to increased oxygen penetration and cell infiltration for 
enhancing tissue regeneration. recently, auguste and coworkers prepared 
a series of ph-responsive scaffolds with different poly(dimethylaminoethyl 
methacrylate) (pDMaeMa) content.109 the scaffolds that were able to expand 
in response to a decrease in ph improved macrophage infiltration and pro-
moted wound healing. after being implanted subcutaneously in rats, the 
scaffolds showed increased granulation tissue and upregulated growth factor 
expression. Cui et al. also reported an acid-responsive pLLa fibrous scaffold 
encapsulating ibuprofen for inhibiting inflammation and promoting muscle 
wound healing.110,111 Sodium bicarbonate as an acid-triggered gas generator 
was also encapsulated in the scaffold to achieve responsive release of ibu-
profen. the in vivo study showed this acid-responsive pLLa fibrous scaffold 
reduced inflammatory factors (iL-6 and tnF-α), while increasing the expres-
sion of repair factors (VegF and tgF-β1).

Micro/nanoparticle systems with ph-responsive properties have also 
been developed for inflammation treatment. Sung et al. reported an inject-
able calcium phosphate (Cp) cement that contained ph-responsive pLga 
hollow microspheres (hMs).112 under acidic conditions, Co2 bubbles were 
quickly generated through the reaction of encapsulated sodium bicarbonate 
with acid. the bubbles disrupted the pLga shells and triggered vancomycin 
release from the hMs. the cement exhibited highly effective local antibacte-
rial activity in a rabbit model study. nagasaki et al. developed a ph-respon-
sive nitroxide radical-containing nanoparticle (rnpph) for protection against 
acute kidney injury.113 rnpph is made of copolymers with 2,2,6,6-tetrameth-
ylpiperidine-N-oxyl (teMpo) moieties, which is a strong roS scavenger, 
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while nitroxide radicals can catalyze roS scavenging. rnpph disassembled 
at low ph due to the amino group protonation in the hydrophobic core. the 
exposure of teMpo and nitroxide radicals efficiently scavenged roS and led 
to renal protective effects in a renal ischemia-reperfusion aKi mouse model.

10.4.4   Enzyme-Responsive Materials in Wound Healing
Materials that mimic extracellular matrix (eCM) such as hydrogels and films 
have emerged as valuable tools to examine the dynamic interactions between 
cells and eCM in tissue generation because these materials allow for two- 
and three-dimensional cell culture in defined environments with spatial 
and temporal property controls. Moreover, it is ideal to match the degrada-
tion rate of eCM-mimicking materials to tissue regeneration and achieve 
on-demand delivery of growth factors and cytokines in response to intrinsic 
wound repair signals. Scaffold materials that degrade too quickly will atten-
uate the support to tissue ingrowth, while those that degrade too slowly will 
prevent proper tissue development.114 recently, inspired by the fact that 
many degradation processes in living organisms are mediated by enzymes, 
enzyme-responsive biomimetic materials with degradation rates and on- 
demand delivery of bioactive agents consistent to the local microenvironment 
have been developed.115–118

10.4.4.1   Matrix Metalloproteinase-Responsive Materials in 
Wound Healing

Matrix metalloproteinases (MMps) are a family of proteases that degrade 
eCM proteins and also cleave many other proteins such as cell surface recep-
tors.119 as discussed in Section 10.3, MMps play a critical role in wound 
healing. these unique features make MMps special enzymes for designing 
responsive materials in the wound healing process. hubbell and coworkers 
first synthesized MMp-responsive peg-based hydrogel scaffolds that per-
mit cell migration.120–122 the MMp degradable hydrogel was prepared via a 
Michael-type addition reaction between vinyl sulfone groups at the end of 
four-arm pegs and the thiol groups in the MMp cleavable substrate pep-
tides flanked by two cysteine residues. rgD peptides were also incorpo-
rated in the gel formation step to support cell attachment. primary human 
fibroblasts were able to invade the hydrogel by secreting MMps to degrade 
hydrogel cross-linkers. their in vivo study demonstrated that tissue regener-
ation mainly depended on the MMp sensitivity of the networks. in addition, 
the group also studied cell migration using MMp-degradable peg hydrogel 
(M-peg) and plasmin-degradable peg hydrogel (p-peg) mimicking eCM.123 
the morphology of human fibroblasts and their migration patterns were 
found to be significantly different in M-peg and p-peg. Cell migration in 
M-peg was highly dependent on MMp modulation. M-peg containing an 
MMp inhibitor suppressed cell migration, while M-peg containing an MMp 
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stimulator enhanced cell migration. Steinhagen et al. chemically conjugated 
SDF-1α on polymeric films via a MMp-9 cleavable peptide as the linker.124 
Since the upregulation of MMp-9 is important for eCM breakdown and 
cell invasion during inflammation, the MMp-9 cleavage linker allowed for 
on-demand release of SDF-1α, which recruited stem cells for potential wound 
regeneration. Separately, nguyen and co-workers synthesized peptide–poly-
mer amphiphiles, in which the peptides are the substrates of MMp-2 and 
MMp-9. Spherical nanoparticles formed via the polymer self-assembly could 
accumulate in the infarct after systemic administration due to the leaky vas-
culature after myocardial infarction (Mi). the degradation of peptides close 
to nanoparticle surfaces by MMps in Mi converted the discrete nanoparticles 
into network-like scaffolds, enhancing nanoparticle retention times for up to 
28 d post-injection and prevented the progression of negative left ventricular 
remodeling (Figure 10.4).125

excessive MMp activity is a hallmark of many inflammation-related dis-
eases and contributes to adverse tissue remodeling.126 however, inhibition 
of MMp activities may delay or prevent wound healing if not controlled pro-
perly. Burdick et al. have developed an injectable hydrogel containing MMp- 
degradable crosslinks and encapsulated a recombinant tissue inhibitor of 
MMps (rtiMp-3).127 this system released rtiMp-3 under excessive MMp 
concentrations following a Mi. rtiMp-3 was bound to negatively charged 
polysaccharide in hydrogels through electrostatic interactions to reduce 
passive diffusion/release. the degradation of the hydrogel under elevated 
MMps after Mi expedited the release of rtiMp-3, reducing MMp activity to 
attenuate adverse ventricular remodeling. the active release of rtiMp-3 was 
turned off when MMp concentration decreased (Figure 10.5). this design is 
the first to establish a negative-feedback mechanism between wound and 
biomaterials.

10.4.4.2   Other Enzyme-Responsive Materials in Wound Healing
in addition to MMps, the inflammatory phase is also accompanied by up-reg-
ulation of elastase and hydrolytic proteases, such as human neutrophil elas-
tase (hne).128,129 anseth and coworkers reported a peg hydrogel platform 
with hne substrate peptides as cross-linkers, making the gel degradable in 
inflammatory areas.130,131 additionally, the same authors showed that rgD 
peptide can be incorporated into the hydrogel to study adhesion of valvular 
interstitial cells, which display a myofibroblastic phenotype upon heart valve 
injury.132,133 Zhao and co-workers fabricated a β-galactosidase-responsive 
hydrogel by the self-assembly of short peptides and caged no molecules. the 
gel sustained released no by the addition of β-galactosidase to remove the 
sugar capping group on the caged no molecule.134 the in vivo study showed 
that this β-galactosidase-responsive hydrogel could accelerate wound healing 
by promoting angiogenesis in the wound bed. Zhang and Karp et al. reported 
negatively charged hydrogel microfibers that bound to a positively charged 
inflamed colon surface in a mouse model of ulcerative colitis.135 the hydrogel  
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Figure 10.4    accumulation and prolonged retention of enzyme-responsive 
nanoparticles in heart tissue after myocardial infarction. (a) Sche-
matic illustration of MMp-responsive nanoparticles that converted 
from the discrete nanoparticles into network-like scaffolds in myocar-
dial infarction. the nanoparticles were formed by the self-assembly of 
a peptide–polymer amphiphile containing an MMp-2 and MMp-9 spe-
cific recognition sequence. the generation of a network-like scaffold 
resulted in prolonged particle retention. (B) h&e images of the infarct 
area, and (C) fluorescence images showing particles (red) retained 
in the myocardium, which was illustrated by anti-α-actin in staining 
(green). (D) high magnification images of the selected regions in (C). 
Scale bar: 100 µm. (reproduced with permission from ref. 125. Copy-
right© 2015, John Wiley & Sons, inc.)
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microfibers were generated from the self-assembly of ascorbyl palmitate and 
were loaded with dexamethasone (DeX), an anti-inflammatory corticoste-
roid. at the inflammatory site, macrophages and other immune cells secrete 
hydrolytic enzymes, which degrade the hydrogel and trigger the local release 
of DeX from the hydrogel microfibers. griffin and coworkers developed an 

Figure 10.5    Schematic illustration of MMp-responsive hydrogel synthesis and 
rtiMp-3 release from hydrogels. (a) Synthesis of aldehyde (aLD)- 
modified hyaluronic acid (ha) and aLD-modified dextran sulfate (DS) 
and peptide-modified ha. the peptide is a substrate of MMp and con-
tains a hydrazide (hYD) group for reacting with the aLD group. (B) 
hydrogel formation. the rationale to incorporate DS is to utilize its 
interaction with rtiMp-3 to reduce rtiMp-3 passive release. (C) Sche-
matic illustration of rtiMp-3 release under MMp by degrading pep-
tide linker of the hydrogel (1). increased rtiMp-3 release (2) inhibits 
local MMp activity and reduces further hydrogel degradation (3). (D) 
passive release profile of rtiMp-3 from hydrogel with and without DS. 
(e) Degradation of hydrogels with (filled symbols) and without (open 
symbols) encapsulated rtiMp-3 under conditions with (squares) or 
without (triangles) MMp. arrows indicate the date to add fresh MMp. 
(reproduced with permission from ref. 127. Copyright© 2014, nature 
publishing group.)
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injectable, microporous scaffold formed by microgel particles that crosslink 
in situ in wound sites under activated Factor Xiii (FXiiia). FXiiia is an enzyme 
that is involved in blood co-agulation to form fibrin networks. the scaf-
fold was shown to facilitate cell infiltration and accelerate cutaneous-tissue 
regeneration and tissue-structure formation.136

the programmable presentation of growth factors, cytokines, and enzymes 
is highly important for the hierarchical remodeling of a wound. thus, the deli-
very of multiple signaling molecules in a desired sequence using responsive 
materials has attracted the attention of researchers. Wang et al. successfully 
demonstrated that multiple proteins can be sequentially released in prede-
termined stages from hydrogels that were functionalized with nucleic acid 
aptamers. aptamers bind to specific proteins, and protein release is triggered 
when nucleic acids with complementary sequences change the aptamer con-
formation, reducing their interaction with the proteins. Sequential release of 
proteins was achieved by using a few pairs of aptamer-triggers (nucleic acids 
with a complementary sequence) and sequentially applying different triggers 
(Figure 10.6).137 Segura and Lu et al. developed enzyme-responsive delivery 
of proteins through in situ encapsulation of protein and polymerization of 
monomers using cleavable peptide linkers.138 proteolytic kinetics of peptide 
substrates depends on their chirality structures (i.e. approximately 10-fold 
slower for the d enantiomer than the l enantiomer). thus, by changing the 
chirality ratios of the peptide crosslinkers, the investigators were able to con-
trol sequential release of multiple encapsulated proteins under proteolytic 
enzymes in wound sites (Figure 10.7). the sequential release of VegF and 
pDgF from nanocapsules enhanced the growth of granulation tissue and 
pericyte-covered blood vessels in a diabetic skin wound model.

10.4.4.3   Bacterial Enzyme-Responsive Materials for Infection 
Control

the invasion and proliferation of pathogenic bacteria in wound sites repre-
sent a ubiquitous problem in the wound healing process. therefore, smart 
materials that can detect pathogenic bacteria in advance or are capable of 
triggering the release of antibacterial agents by the presence of bacteria are 
promising strategies to improve wound healing. recently, Schönherr et  al. 
reported a chitosan-based platform for in  situ detection of the enzyme β- 
glucuronidase (β-guS), which is secreted by the bacterium Escherichia coli.139 
in the presence of β-guS, the covalent coupled dyes on the surface were rap-
idly cleaved and produced a signal which was detectable by the naked eye 
under appropriate illumination. in another example, Landfester et  al. syn-
thesized hyaluronic acid-based nanocapsules that encapsulate polyhexanide, 
an antimicrobial agent.140 the nanocapsules were selectively degraded by 
gram-positive staphylococcus bacteria-secreted hyaluronidase in wounds. 
the hyaluronidase-triggered release of polyhexanide demonstrated a higher 
antibacterial efficiency than the control capsules made of hydroxyethyl starch.

in summary, proteases are essential in tissue regeneration. therefore, 
it is expected that research efforts will continue to be directed towards 
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Figure 10.6    programmable release of multiple protein from aptamer-functional-
ized hydrogels. (a) Schematic illustration of aptamer-functionalized 
hydrogel fabrication and programmable release of multiple protein. 
the release is triggered by nucleic acids with complementary sequence. 
(B) Confocal microscopy images of the two aptamer-functionalized 
particles in the hydrogel. Scale bars: 10 µm. (C) VegF (green) and 
pDgF-BB (red) release from hydrogels via sequence-specific trigger. 
the amounts of proteins were illustrated by the color intensity of the 
balls. the light colors indicate fewer proteins. (reproduced with per-
mission from ref. 137. Copyright© 2012, american Chemical Society.)
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enzyme-responsive materials for wound healing. enzyme-triggered self- 
assembly of materials mimicking the cell matrix in  situ and on-demand  
degradation of biomimetic materials may represent promising approaches 
for targeted and precise therapies for certain wounds.

10.4.5   Activated Platelet-Responsive Materials in Wound 
Healing

although much progress has been made in developing stimuli-responsive 
materials for topical and easily accessible wounds, improving the treatment 
of internal bleeding has been more challenging. approaches to promote 

Figure 10.7    enzyme-responsive delivery of multiple proteins with spatiotemporal 
control. (a) Schematic illustration of the fabrication of enzyme-respon-
sive protein nanocapsules and their chirality-controlled enzymatic 
degradation. nanocapsules are synthesized by in situ polymerization 
of monomers and crosslinkers around individual proteins. the plas-
min-sensitive peptides served as labile crosslinkers that included a 
mixture of peptide enantiomers with designed molar ratios of l and d. 
nanocapsules with multi-protein delivery are achieved by controlling 
the enzyme degradation rate of individual nanocapsules via adjusting 
the molar ratio of l to d in peptide crosslinkers. a higher l content 
resulted in a faster protein release rate. (B) plasmin-triggered release 
profile of VegF from nanocapsules with different l to d ratios. (C) 
temporally controlled release of VegF and pDgF from nanocapsules 
in diabetic mouse skin wounds. (reproduced with permission from 
ref. 138. Copyright© 2015, John Wiley & Sons, inc.)
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hemostasis after severe internal bleeding have used modified cells, lipo-
somes, or polymeric particles to target the glycoprotein iib/iiia receptor 
on activated platelets to expedite the generation of a robust clot.141 Critical 
design features for this objective include being small enough to circulate 
through lung capillaries, being easily producible and cost effective, hav-
ing a sufficiently long circulation time, and not causing unwanted clots or 
side effects. to address these issues, Lavik and colleagues have developed 
intravenously injected polymeric nanoparticles to facilitate clotting at sites 
of internal injury.141 the system is selectively activated at the site of injury 
by conjugating rgD peptide via a peg linker to poly(lactic-co-glycolic) acid- 
poly-l-lysine (pLga-pLL) nanoparticles, which binds to activated platelets at 
a site of injury. this creates a nanostructure that decreases the time of coag-
ulation by promoting the aggregation of more platelets. away from the site 
of injury, the nanoparticles do not cause clots and are rapidly cleared by the 
body within 24 hours. their group showed that i.v. administration of these 
particles to mice five minutes after a blast injury with multiorgan hemo-
rrhaging resulted in a significant improvement in survival.142

10.5   Recent Advances in Wound Healing and Future 
Directions

as our understanding of the biological processes involved in wound heal-
ing increases, materials can be engineered more effectively to promote 
high-quality wound healing. a deeper knowledge of the specific cell types 
and signaling molecules involved in healing different types of wounds, along 
with their temporal distribution, has enabled more efficacious wound treat-
ments. Whereas many smart material systems in the past have been designed 
to release therapeutics in response to a single stimulus, precision treatments 
that respond to the dynamic nature of the wound healing environment are 
needed. Such treatments are beginning to emerge, as demonstrated by Wang 
and colleagues, who designed a novel aptamer-based hydrogel system that 
was able to release different growth factors in response to different stimuli in 
the form of complementary aptamer sequences.137 however, more research 
is needed to develop multi-responsive systems that precisely respond to 
physiological signals of in vivo wound healing processes. other novel treat-
ments in development, such as gene therapy, stem cell-based therapies, and 
targeted immunotherapies, have also shown promise in improving wound 
healing.143–146

10.5.1   Gene Therapy in Biomaterials
as previously stated, many growth factors play key roles in the process of 
tissue regeneration and are insufficient at the sites of injuries. however, 
topical delivery of growth factors has had limited success, due to the pres-
ence of proteolytic enzymes and low diffusion rates into the wound.146  
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thus, genetically engineered cells producing desired growth factors can 
greatly increase the effectiveness of therapy. traditional approaches of deliver-
ing genetic material involve viral vectors, liposomes, or various direct seeding 
methods.147 however, while these methods have demonstrated accelerated 
re-epithelialization and improved wound healing in many animal models, 
few have been translated for use in human trials. Furthermore, the majority 
of existing studies focus on delivering a single gene, which does not reflect 
the dynamic and complex needs of wound healing. Studies have begun to 
explore the delivery of a combination of growth factor genes, which have 
shown higher efficacy than delivery of individual genes.148 the ability to con-
trol sequential delivery of different genes in response to signals in the wound 
microenvironment would further increase the applicability of the strategy. 
Such a goal is well-suited for stimuli-responsive biomaterials via incorpora-
tion of genes in modified liposomes, polymeric particles, or scaffolds.

More recently, gene therapy has advanced to include the use of microrna 
(mirna) for wound healing applications.149 Mirna are short, non-coding 
sequences of rna that have functions in post-transcriptional gene regula-
tion by pairing with complementary sequences in messenger rna (mrna) to 
control cell proliferation, differentiation, apoptosis, and protein production. 
the small size of mirna sequences of 20–24 nucleotides has made them 
attractive targets for controlled delivery using a variety of biomaterials strat-
egies. one emerging modality for wound healing applications is the use of 
three-dimensional polymeric scaffolds to locally present mirna to cell popu-
lations seeded or recruited to the scaffold. For instance, sustained release of 
the mirna mir-29b in a hydrogel scaffold was shown to help restore the nat-
ural composition of collagen type i and iii, and increase granulation tissue in 
Lewis rats with full thickness excisional dermal wounds.150 the use of stimu-
li-responsive scaffolds has also been explored, such as the release of nucleic 
acids from hyaluronic acid-based scaffolds that degrade in the presence of 
hyaluronidase.151,152 these studies demonstrate the therapeutic potential 
of using multi-responsive scaffolds to deliver multiple types of mirna in a 
sequential fashion at different stages of wound healing.

10.5.2   Stem Cell Delivery
another developing strategy for wound repair aims to harness the regenerative 
capabilities of stem cells to improve the healing capacity of serious acute and 
chronic wounds. Stem cell-based technologies have shown great potential in 
accelerating wound closure, increasing re-epithelialization, and improving 
angiogenesis in both animals and humans.47,153,154 however, as previously 
mentioned, one limiting factor when delivering stem cells to wound sites is 
the hostile oxidative and inflammatory local environment, which leads to 
death or undesired differentiation of stem cells and decreases their effec-
tiveness.155 Delivering cells via injection further decreases cell engraftment, 
possibly due to shear forces during the injection process.156 Scaffold-based 
technologies can therefore play an important role in protecting cells during 
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delivery and maintaining their regenerative abilities. Composed of mate-
rials such as collagen, hyaluronic acid, or other natural or synthetic poly-
mers, these scaffolds can deliver pre-seeded cells to the wound site while 
maintaining a more controlled extracellular environment, which has been 
shown to better preserve the stemness of injected cells.157 Furthermore, it 
has been shown that a pullulan–collagen scaffold can intrinsically quench 
free radicals present in the wound site, thereby increasing cell survival.158 
the tunability of polymeric scaffolds enables an increasing control of the 
timing, rate, and quality of stem cell delivery. Moreover, the ability of the 
scaffold environment to maintain cytokines, anti-inflammatory substances, 
and small molecules may help direct or maintain the regenerative ability of 
the cells. nowadays, researchers are beginning to explore the effects of com-
bining gene and stem cell therapy, a potentially powerful tool for engineering 
regenerative environments.159

10.5.3   Advances in Immunotherapy
recently, advances in immunology have begun to uncover the roles of 
recruited immune cells in sites of injuries. this has led to an increased 
understanding of how to engineer biomaterials to improve the process of 
wound healing. For instance, monocytes have been shown to exhibit dis-
tinct phenotypes with inflammatory or anti-inflammatory roles for clearing 
debris or promoting angiogenesis and tissue regeneration, respectively.143,160 
Botchwey and colleagues used pLga thin films to deliver FtY720, which is 
a sphingosine 1-phosphate receptor 3 (S1pr) agonist, to inflamed and isch-
emic tissues, resulting in the local enrichment of anti-inflammatory mono-
cytes and improved angiogenesis. they demonstrated the recruitment 
of regenerative immune cells and the degree of vascular remodeling were 
highly dependent on the gradient of S1pr agonists, a property that can be 
controlled using smart biomaterials systems.161 as another example, elis-
seeff and colleagues demonstrated the importance of t helper 2 (th2) cells in 
regenerative scaffolds. this was a surprising finding due to the classical role 
of th2 cells as part of the adaptive immune system, rather than the innate 
immune system typically implicated in healing responses.162 in the study, it 
was shown that iL-4 produced by th2 cells is necessary to direct macrophage 
polarization towards a regenerative response. these types of discoveries in 
wound immunology will inform the design of smart materials systems, such 
as by designing an environment that fosters th2 cell recruitment and differ-
entiation. Wound healing will undoubtedly benefit from such advances in 
immunological understanding in the future.

10.6   Conclusion
a variety of stimuli-responsive materials have been developed in the past two 
decades to selectively release their payloads and/or support cell growth in situ 
for improving wound healing. although great progresses have been made in  
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this field, many challenges remain and require continued research and 
innovative solutions. For instance, wound healing is a complicated process 
involving orchestrated expression of cytokines, growth factors, and proteo-
lytic enzymes. hence, it is necessary to develop stimuli-responsive materials 
that can sequentially deliver multiple signaling molecules in a pre-defined 
manner or in a step-by-step manner in response to different triggers. Fur-
thermore, the most studied stimuli for controlled release in wounds include 
ph gradient, temperature, roS, and a few enzymes. the abundant proteins, 
cells and other biomolecules present in the wound site are just beginning 
to be integrated into the design of biomaterials. Finally, only a few stimu-
li-responsive materials have been translated to clinical applications. in order 
to address these limitations, it is important to develop stimuli-responsive 
materials that rigorously meet clinical standards and are reproducible on a 
large scale in a cost efficient manner.163 in summary, the reviewed studies 
shed light on the great potential of stimuli-responsive materials for wound 
healing. Further development of new materials will pave the way to develop 
more accurate delivery systems for the next generation of wound care.
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11.1   Introduction
heart attacks are a leading cause of mortality worldwide. in the late fetal 
development and soon after birth, cardiomyocytes transition from the 
proliferative, mono-nucleate to the mature bi-nucleate non-proliferative 
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phenotype. Lack of proliferative ability in adult cardiomyocytes hampers 
natural regeneration of cardiac tissue after myocardial infarction (Mi), 
resulting in progressive cardiac tissue damage, left ventricular remodeling, 
and subsequent heart failure (hF). to date, the only clinical solution for ter-
minal hF patients is heart transplantation, which is severely limited due to 
the shortage of donors.

Cell therapy lies at the core of many meritorious efforts to restore heart 
function after Mi, either by injecting cell suspensions1 or implanting cardiac 
patches fabricated by tissue engineering methodologies.2,3 several studies 
illustrate that implantation of a cardiac patch onto the myocardial scar in a 
rat model of Mi prevented left ventricular remodeling and expansion.2,3 the 
cardiac patch consisted of neonatal cardiomyocytes seeded within alginate 
scaffolds,2,4 fabricated as a sponge with 90% porosity and pore sizes of ≥50 
µm 5,6 enabling vascularization after patch implantation.7 three-dimensional 
cultures of cardiac cells8 were studied both (i) under perfusion conditions to 
enhance mass transport and (ii) with the implementation of mechanical,8 
electrical, and chemical (Mi serum) stimulation.9 encouraging results have 
been achieved with thin-walled tissues, e.g., engineered skin,10 trachea11 and 
urinary bladder.12 however, engineering dense tissues and solid organs (e.g., 
the heart) that depend on vascular supply remains a challenge.

pre-vascularization of engineered constructs in vitro is one option to 
enable efficient integration with host tissue.13,14 during the in vitro construct 
growth, vasculature structures enable sufficient supply of oxygen and nutri-
ents to ensure maximal cell survival, and promote cellular differentiation 
and functional tissue organization.15,16 Upon implantation, the established 
graft vascular network can efficiently anastomose with the vasculature of a 
recipient tissue, augmenting tissue transplant perfusion and accelerating 
recipient tissue neovascularization via tissue transplant-driven paracrine 
signaling.13,14

one of the fundamental goals in the development of artificial tissues for 
regenerative needs is a creation of appropriate stimulatory conditions lead-
ing to an inductive microenvironment for efficient tissue growth in vitro 
and in vivo. it is well known that both molecular signals (e.g. growth factors, 
cytokines and chemokines) and physical cues (e.g. stretching, bending and 
compression) are necessary components of a functional tissue promoting 
microenvironment. physical cues are particularly relevant to the engineer-
ing of biological tissues that experience physical loads and stresses under 
normal physiological conditions. in such tissues, mechanical cues stimulate 
mechano-sensitive receptors, triggering biochemical pathways initiating 
synthesis of proteins involved in the formation of functionally organized tis-
sue. Magnetically responsive nanoparticles (Mnps) attached to the surface of 
cell membranes or incorporated within the walls of three-dimensional (3d) 
scaffolds and coupled with either uniform magnetic fields or field gradients 
can apply physical forces to cells directly linked with nanoparticles or pres-
ent in the 3d scaffold near the source of generated force. additionally, uni-
form magnetic fields and field gradients can be used to magnetically guide 
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and target cell-based therapies to improve cell homing and engraftment in 
the targeted tissue.

in this chapter, we will overview strategies based on magnetic-responsive 
scaffolds or nanoparticles for application of mechanical cues and present a 
novel methodology for obtaining a pre-vascularized functional cardiac mus-
cle patch suitable to replace damaged myocardial tissue. We will demonstrate 
the feasibility of ‘magneto-mechanical’ actuation achieved by a uniform 
magnetic field translated to a mechanical conditioning of endothelial and 
cardiac cells cultivated within 3d magnetically-responsive alginate scaffolds 
in addition, we will present the implementation of this strategy to design 
tissue scaffolds with special topography/morphology, such as the formation 
of anisotropic scaffolds.

11.2   Application of Mechanical Cues via Magnetic 
Force

physical cues are critically involved in several cellular processes, including 
differentiation, migration, and proliferation. Cells translate physical cues 
into biochemical signaling through mechanotransduction to ensure proper 
tissue development and function. Consequently, appropriate mechanical 
priming of cells is necessary for successful tissue engineering. one way 
to mechanically stimulate cells is to use magnetic force in combination 
with magnetically-responsive cells or materials. in comparison with other 
mechanical systems, such as piston/compression systems or fluid shear 
force, magnetically-based systems are advantageous because they can be 
applied remotely, in vivo, and in a spatially or temporally diverse manner. 
other mechanical systems require direct contact with cells or materials, 
increasing the risk of contamination. Furthermore, magnetic-based systems 
are more versatile. Magnetic nanoparticles (Mnps) have been used to improve 
contrast in magnetic resonance imaging,17,18 target cells within the body,19–24 
improve transfection efficiency,25–27 and trigger biochemical signaling within 
cells.28–30 Magnetic nanoparticles can be easily attached to or loaded within 
cells or materials, providing a means to directly or indirectly stimulate cells. 
these characteristics make magnetically-based systems an attractive option 
for engineering complex tissues, such as cardiac tissue, that consist of vari-
ous cell types, require efficient vascularization, and rely on mechanical cues 
for proper function. this section will review various methods for utilizing 
magnetic stimulation to apply mechanical force on cells.

11.2.1   Magneto-Mechanical Cues Applied via Magnetic 
Particles

in 2006, dobson et al. described the theoretical design of a magnetic-force 
bioreactor that remotely applied stress to cells.31 Magnetic force bioreactors 
require two components: a magnetic field and magnetically-responsive cells. 
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the bioreactor described utilized either a linear array of neodymium rare-
earth magnets (ndFeB) or electromagnetic coils to generate a magnetic field. 
Magnetic nanoparticles tagged to the cell membrane or loaded within the 
cytosol make cells magnetically responsive. often, the magnetic nanoparticles 
are composed of magnetite and display superparamagnetic behavior. there-
fore, when applied, the magnetic field magnetizes the magnetic nanoparticles, 
causing them to align with the applied field, resulting in tensile or compres-
sive forces on the cells. the combined features of the bioreactor and magnet-
ically-responsive cells allow researchers to easily vary the mechanical load 
transferred to cells by altering the magnetic strength, frequency, and field 
gradient.31 the outcome of stimulated magnetically-responsive cells largely 
depends on the method used to functionalize cells with Mnps. Mnps tagged 
to the cell surface can be used to spatially organize or target cells, or they can 
be used to elicit a desired biochemical response.27,31–33 Cellular internalization 
of Mnps is typically required for therapeutic cell targeting or gene delivery.34–38

in follow up studies, dobson and colleagues confirmed the ability of mag-
netic-force bioreactors to promote force-based biochemical signaling within 
cells by activating membrane components.32,33 in 2014, they successfully 
differentiated human bone marrow stem cells (hBMsCs) towards a smooth 
muscle cell lineage by activating platelet-derived growth factor receptors 
located on the cell surface (Figure 11.1(a)).31,32 platelet-derived growth fac-
tor receptor, pdGFα, is mechanosensitive and has an important role in the 
differentiation of mesenchymal stem cells (MsCs). Magnetically-respon-
sive nanoparticles, functionalized with antibodies against pdGFα, activated 
pdGFrα signaling in the presence of magnetic stimulation independent of 
soluble growth factors. pdGFrα activation, demonstrated by a significant 
increase in total tyrosine phosphorylation, occurred as early as thirty min-
utes of stimulation. Magnetic stimulation and activation of pdGFrα resulted 
in the differentiation of hBMsCs towards smooth muscle cells, shown 
by the upregulation smooth muscle actin-α (sMa-α) expression. Whether 
pdGF receptor activation was achieved by a strain-induced conformational 
change in the receptor or magnetically-induced receptor clustering remains 
unknown. Collectively, these results demonstrate the ability of magnetic bio-
reactors to activate membrane receptors and influence stem cell differentia-
tion in the absence of soluble factors.32

in 2008, hughes et al. demonstrated the ability to apply highly localized 
forces to specific ion channels.33 they activated the trek-1 ion channel by 
targeting the extended loop region of the channel that is hypothesized to 
be responsible for mechano-gating of the ion channel. to apply localized 
magnetic force to the extended loop of the channel, researchers expressed 
a mutant trek-1 channel in cos-7 cells, which do not normally exhibit out-
ward rectifying potassium current. the mutant trek-1 channel contained 
a six histidine repeat inserted into the extended loop between two trans-
membrane spanning regions of the channel. they then grafted antibodies 
against the histidine repeat or nickel-nitrilotriacetic acid onto magnetic 
nanoparticles to target the magnetic nanoparticles to the histidine repeat  
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Figure 11.1    Methods for making cells magnetically responsive. (a) depiction of magnetic nanoparticles attached to membrane recep-
tors. activation of an adjacent mechanosensitive ion channel occurs when magnetic nanoparticles experience a translational 
force directed along the magnetic field vector. Copyright © 2006 ieee. reprinted with permission from IEEE Transactions 
on NanoBioscience. dobson J., Cartmell s. h., keramane a., el haj a. J. principles and design of a novel magnetic force 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

02
90

View Online

http://dx.doi.org/10.1039/9781788010542-00290


295
Applications of M

agnetic-Responsive M
aterials

mechanical conditioning bioreactor for tissue engineering, stem cell conditioning, and dynamic in vitro screening. 
5(3):173–177.31 (B) depiction of a mutant trek-1 channel designed for application of highly localized forces. six-histidine 
repeat (star) inserted into the extended loop between two transmembrane spanning regions of the channel. Location of 
targeted magnetic nanoparticles engrafted with antibodies against the histidine repeat represented by black circle. adapted 
with permission from Current Opinion in Cell Biology. 13(4) patel a. J., Lazdunski M., honoré e., Lipid and mechano-gated 2p 
domain k(+) channels. pgs. 422–428, Copyright © 2001, with permission from elsevier.158 reprinted with permission from 
The Journal of Royal Society Interface. hughes,s., McBain,s., dobson,J., el haj, a., selective activation of mechanosensitive 
ion channels using magnetic particles. 5(25):855–863 Copyright © 2007 the royal society. http://rsif.royalsocietypublishing.
org/content/5/25/855.long doi: 10.1098/rsif.2007.1274.33 all rights reserved. available under a Creative Commons attribu-
tion license. (C) transmission electron microscopy images of spions stabilized with a polyelectrolyte, (poly)allyl amine 
hydrochloride, electrostatically interacting with the negatively charged heLa cell membrane (right top and bottom) or heLa 
cells without spions (left top and bottom). adapted with permission from Langmuir, dzamukova M. r., Zamaleeva a. i., 
ishmuchametova d. G., osin y. n., kiyasov a. p., nurgaliev d. k., ilinskaya o. n., Fakhrullin r. F., a direct technique for mag-
netic functionalization of living human cells. 27(23):14 386–14 393. doi: 10.1021/la203839v. Copyright © 2011. american 
Chemical society.39 (d) Fabrication of cell sheets. MCL-labeled cells seeded inside a silicone-rubber tube frame placed in the 
dish. the cells accumulate on the bottom of the dish by a magnet placed beneath the dish, and then are cultured to form 
a multilayered cell sheet. reprinted from Biomaterials. 31(6), akiyama h., ito a., kawabe y., kamihira M. Genetically engi-
neered angiogenic cell sheets using magnetic force-based gene delivery and tissue fabrication techniques, pgs. 1251–1259. 
Copyright © 2010, with permission from elsevier.42 (e) herceptin functionalized polypyrrole-Fe3o4 nanospheres (ns-her) 
internalized within cell cytoplasm. transmission electron micrograph. reprinted from Biomaterials. 29(14), Wuang s. C., 
neoh k. G., kang e. t., pack d. W., Leckband d. e. her-2-mediated endocytosis of magnetic nanospheres and the implica-
tions in cell targeting and particle magnetization, pgs. 2270–2279. Copyright © 2010, with permission from elsevier.47
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(Figure 11.1(B)).33 Magnetic stimulation of cells expressing magnetically- 
responsive trek-1 channels resulted in an increase in the number of traces 
exhibiting changes in outward potassium current recorded from cells.33 
these results indicate increased trek-1 channel activity in response to 
magnetic treatment. since trek-1 is a tandem pore potassium channel that 
regulates the resting cell membrane potential in excitable tissues, includ-
ing vascular tissue and the heart, these results are relevant to cardiac tissue 
engineering.

typically, magnetic nanoparticles are targeted to specific membrane com-
ponents. however, in some cases, it is useful to magnetically functionalize 
the entire cell membrane. dzamukoa et al., 2011, demonstrated a method 
for dispersing superparamagnetic iron oxide nanoparticles (spion) onto 
the cell membrane in a simple procedure utilizing electrostatic attraction.39  
stabilizing the iron oxide nanoparticles with (poly) allyl amine hydrochlo-
ride, a cationic polyelectrolyte confers a positive charge onto the magnetic 
nanoparticles. Consequently, the nanoparticles quickly and strongly interact 
with the negatively charged cell membrane (Figure 11.1(C)).39 the iron oxide 
magnetic nanoparticles were deposited between the microvilli network and 
did not penetrate the cytoplasm.39 the authors showed that the nanoparticle 
coating did not affect cell viability or proliferation.

employing the same principles of electrostatic attraction, ito et al., 2005, 
established a methodology called ‘magnetic force-based tissue engineering’ 
(Mag-te).40 their method uses magnetite-cationic liposomes (MCLs), which 
consist of magnetite nanoparticles, with a diameter of 10 nm, entrapped in a 
cationic liposome.40 the positively charged MCL electrostatically interacts with 
the negatively charged cell membrane. this interaction enhances the uptake of 
the MCLs by the cells conferring magnetic responsiveness onto the cells. Cells 
become magnetically responsive after one step incubation with MCLs. this 
group has been able to use this method to improve cell seeding of polymer 
scaffolds,41 enhance retroviral-transduction efficiency in myoblasts,42 engineer 
complex tubular structures,40 and engineer polymer-free cell sheet constructs 
capable of inducing angiogenesis in ischemic tissues (Figure 11.1(d)).42–45

Finally, endocytosis of magnetic nanoparticles into the cytoplasm offers a 
simple and effective method to load cells with Mnps. endocytosed Mnps are 
distributed between daughter cells during mitosis and can be maintained 
within cells at measurable levels for multiple generations.46 internalization 
of particles by cells is not a result of passive membrane deformation. several 
studies show that particle uptake, including Mnps, is an active process requir-
ing cytoskeletal rearrangement. treatment of cells with inhibitors of actin 
polymerization, like cytochalasin d, or decreasing reaction temperatures to 
4 °C will significantly reduce particle internalization (Figure 11.1(e)).37,46,47 
as demonstrated by rejman et al., 2004, the mechanism of particle inter-
nalization depends on particle size.48 For this study, fluorescent-latex beads 
ranging in diameters from 50 nm to 1000 nm were incubated with mouse 
melanoma cells. they showed that particles with diameters of 200 nm or less 
are endocytosed by a clathrin-mediated pathway and became distributed 
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throughout the cell. particles with a diameter of 500 nm were internalized by 
a caveolae-mediated pathway and remained localized to the cell periphery. 
Cells were unable to internalize particles with a diameter of 1000 nm.48

in another study, endocytosis was enhanced by mechanical stimulation. 
Localized stretching forces applied to β1-integrin receptors on endothelial 
cells via the displacement of fibronectin-coated glass beads by a piezo-driven 
glass pipette results in accelerated internalization of integrin receptors.49 as 
elucidated by kiyoshima et al., 2011, uniaxial forces applied to the integrin 
receptor transiently activate calcium-permeable stretch activated channels 
resulting in a significant rise in intracellular calcium in the vicinity of the 
receptor.49 Concomitantly, tension in actin stress fibers beneath the receptor 
significantly decreases. the coordinated increase in calcium and decrease 
in tension mediates a de-phosphorylation of focal-contact proteins and sub-
sequent endocytosis of integrin clusters.49 in agreement with these results, 
endocytosis of Mnps by endothelial cells is enhanced by magnetic force.37 
in Macdonald et al., 2012, poly(lactic acid) (pLa)-based Mnps with varied 
concentrations of magnetite were incubated with endothelial cells under a 
static magnetic field of 500 G and surface force density of 66 t2 m−1.37 the 
diameters of Mnps were approximately 300 nm. Magnetic force significantly 
increased the efficiency of Mnp internalization by approximately three-fold 
compared to cell loading without magnetic force. By increasing the mag-
netite concentration of Mnps and applying a magnetic field, the authors 
achieved a 91% loading efficiency. interestingly, magnetic force enhanced 
the mechanism of Mnp uptake, not just Mnp–cell contact. endothelial cells 
experiencing magnetic force were able to internalize a higher proportion of 
Mnps than cells not exposed to a magnetic field. Furthermore, removal of 
the magnetic field after one hour of Mnp incubation arrested Mnp uptake. 
these results indicate a limit to the amount of magnetite endothelial cells 
that can internalize statically, which can be surpassed with magnetic force.37

not only is the uptake of nanoparticles dependent on particle charac-
teristics, but it is also highly dependent on cell type.37,46,47 While cells like 
endothelial cells efficiently take up Mnps,35,37,49 other cell types are deemed 
‘hard-to-label’. one cell type that is difficult to label is neural stem cells. 
adams et al., 2015, demonstrated that increasing the magnetite content of 
pLa-based Mnps significantly increased the proportion of cells that inter-
nalized Mnps and enhanced magnetic capture of neural stem cells.36 at the 
highest concentration of magnetite, the authors achieved a 95.8 ± 1.0% effi-
ciency of Mnp loading, resulting in an internal iron content 5.7 pg Fe/cell. 
surprisingly, short-term varying of the magnetic force did not significantly 
increase Mnp loading in neural stem cells. these results highlight the spec-
ificity of Mnp loading efficiency to cell type.

11.2.1.1  Safety of Nanoparticles in Cells
iron oxide nanoparticles exhibit several characteristics that make them attrac-
tive for use in tissue engineering, regenerative medicine, and diagnostics. 
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they display superparamagnetic behavior, becoming magnetized only when 
a magnetic field is applied, they have a large surface area that is amenable 
for chemical modifications, and it is easy to control their physical shape and 
size. due to their growing potential for use in the medical field, it is import-
ant to thoroughly assess the biocompatibility and cytotoxicity of iron oxide 
nanoparticles. three separate studies evaluated the bio-distribution and bio-
compatibility of intravenously injected Mnps in rats and did not report any 
observable changes in animal survival, organ function, body weight, or food 
consumption.51–53 two of the papers assessed particles ranging from 50 to 
200 nm in diameter at dose concentrations ranging from 0 to 30 mg Fe/kg 
both with and without applied magnetic fields.51,52 additionally, Weissleder 
et al., 1989, performed pharmacokinetic analysis of intravenously injected (1 
mg Fe/kg) radioactive superparamagnetic-iron oxide particles (59Fe-aMi-25) 
on both rats and beagle dogs.53 the magnetic nanoparticles were predomi-
nantly distributed to the liver and spleen within hours post injection. there 
was very low or no distribution to the heart, lung, brain, and kidneys. an 
initial increase in iron serum levels was observed after injection, but lev-
els decreased and remained within normal levels by 2–3 weeks post injec-
tion.51–53 Weissleder et al. reported a time dependent incorporation of iron 
into the hemoglobin of erythrocytes, indicating the biodegradability and 
bioavailability of these particles in vivo.53 there were no reported long term 
changes in oxidative stress, liver function, or toxicity after the administra-
tion of iron oxide nanoparticles both with and without applied magnetic 
fields.51,52 toxicity studies did not show any acute or subacute toxic effects 
of injected Mnps even at doses as high as 128 mg Fe/kg. a negative impact 
on the endothelium of mice was reported in a different study when ultrafine 
magnetic particles (<100 nm) were intravenously injected at doses of 20 mg 
kg−1 of magnetic nanoparticles. no endothelium damage occurred when the 
Mnps were injected at doses of 5 mg kg−1. in general, this paper also reported 
no significant changes to animal health and no obvious impacts on heat, 
liver, or spleen function.54

intravenously injected magnetic nanoparticles will come into direct con-
tact with endothelial cells lining blood vessels before reaching target tissues. 
therefore, the effects of these nanoparticles on endothelial cell viability, mor-
phology, and function must be taken into consideration when designing new 
magnetically-based therapies and materials. a 2007 study by Gojova et al. 
revealed that direct exposure of endothelial cells to magnetic nanoparticles 
induced an inflammatory response that was dependent on the composition 
and concentration of the nanoparticles.55 Magnetic nanoparticles that were 
approximately 50 nm in diameter and made of yttrium oxide or zinc oxide 
increased expression of inflammatory markers, intracellular adhesion mol-
ecule 1, interleukin-8, and monocyte chemotactic protein-1, in endothelial 
cells at concentrations of 10 μg mL−1. these concentrations corresponded 
to approximately 80–100 pg of zinc or yttrium per cell. Conversely, iron 
oxide nanoparticles did not result in increased expression of inflammatory 
markers at concentrations ranging from 0.001 to 50 μg mL−1 (approximately 
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3.5–100 pg Fe/cell) or exposure times from one to eight hours.55,56 indicating 
magnetic nanoparticles composed of iron oxide may be more favorable for 
biomedical applications. in a study by Buyukhatipoglu and Clyne, 2010, iron 
oxide nanoparticles with diameters between 20–40 nm were readily taken up 
by endothelial cells into the cytoplasm but did not enter the nucleus. the cyto-
plasmic nanoparticles significantly increased production of reactive oxygen 
species (ros) in a dose- and time-dependent manner. doses of 0.1 mg mL−1 
or higher of nanoparticles, corresponding to 11–54 pg/cell or higher, resulted 
in significantly increased ros production compared to unloaded cells.56 the 
reported adverse effects have the potential to negatively impact endothelial 
cell function and viability. in a separate study, researchers showed that treat-
ing endothelial cells with Mnps with diameters of 15–20 nm at doses that 
were 400 µg mL−1 or greater resulted in decreased cell viability and prolifera-
tion.54 endothelial cell dysfunction was also observed at high Mnp doses as 
demonstrated by a decreased ability of cells to take up acetylated low-density 
lipoprotein, increased activity of endothelial nitric oxide synthase (enos) 
and increased production of nitric oxide (no) indicating potentially harmful 
effects on endothelium function and vasodilation of blood vessels.54 these 
results are partially in disagreement with results reported in a 2016 study by 
Zhang et al., investigating the effects of bare iron oxide nanoparticles with 
diameters ranging from 10–15 nm on endothelial cells.57 in this report, expo-
sure of endothelial cells to doses of Mnps that are 400 µg mL−1 and above 
decreases the ability of cells to take up acetylated low density lipoprotein, 
but enos activity was impaired with significantly decreased no production. 
the impaired endothelial cell function is attributed to enhanced autophagic 
activity but decreased autophagic flux in these cells as shown by increases in 
the formation of acidic compartments, lysosomes and autophagolysosomes, 
along with significant increases in p62 protein, which is normally degraded 
along the autophagic pathways.57 dysfunction in autophagic flux may be 
partly responsible for the observed disruption in endothelial cell function 
and for increased expression of pro-inflammatory factors such as interleu-
kin 1β, tumor necrotic factor α, and c-reactive protein that were observed 24 
hours after exposure to nanoparticles.57

While these studies highlight dysfunction in endothelial cells caused by 
magnetic nanoparticles, they indicate the occurrence of adverse effects at 
high concentrations of ultrafine magnetic nanoparticles and a reduced num-
ber of effects at lower concentrations. these studies focused on magnetic 
particles with diameters less than 100 nm. a report by orynbayeva et al., 
2015, systematically assessed the potential adverse effects of Mnps on pri-
mary endothelial cells.34 poly(lactic acid)-based-magnetite loaded Mnps with 
diameters of approximately 280 nm were incubated with primary endothelial 
cells in the presence of a static magnetic field of 500 G for 24 hours. this pro-
cedure corresponded to an intracellular magnetite concentration of 25.3 ± 
0.75 pg magnetite/cell. primary endothelial cells laden with Mnps remained 
viable and capable of proliferating. Cellular structure remained intact 
with continuous actin and microtubule networks despite small, localized 
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displacement of actin by Mnps. overall cellular health and function were not 
adversely affected by Mnp loading, but some changes in cellular metabolism 
did occur to account for the stressful conditions of internalization. Mnps 
occupied the perinuclear space and partially destroyed local endoplasmic 
reticulum (er) cisterns resulting in a decrease in calcium released from the 
er upon stimulation with thapsigargin, 388 ± 52.4 nmol versus 271 ± 20.7 
nmol of calcium in unloaded and loaded cells respectively. however, overall 
calcium homeostasis was maintained and cells retained functional cell sig-
naling. additionally, the mechanical stress of internalization did cause some 
mitochondria to be degraded, resulting in a decrease in the total number of 
mitochondria in loaded cells compared to unloaded cells. despite a decrease 
in the number of mitochondria, rates of oxygen consumption were similar 
between the two groups, implying that Mnp internalization did degrade 
some mitochondria but the remaining mitochondria were able to acquire a 
higher membrane potential to support cellular demands and compensate 
for missing mitochondria.34 Zohra et al., 2015, evaluated changes in cellu-
lar function and gene expression when endothelial cells were loaded with 
the same pLa-based Mnps resulting in the same loading of 25.3 ± 0.75 pg 
magnetite/cell.35 endothelial cells loaded with poly(lactic acid) (pLa)-based 
magnetic nanoparticles, approximately 280 nm in diameter, did not display 
altered function compared to unloaded cells as shown by comparable results 
in adhesion, tube formation, and no production assays. this paper reports 
significant changes in endothelial cell genes involved in inflammation,  
angiogenesis, and coagulation in response to Mnp loading. interestingly, sig-
nificant changes in endothelial cell genes between Mnp loaded and unloaded 
cells were no longer observed when cells were circulating in a closed loop sys-
tem and magnetically captured on a stainless steel mesh.35 Collectively, these 
studies indicate that magnetic nanoparticles do have an impact on endothe-
lial cell function that varies significantly depending on Mnp composition, 
size, surface modifications, dosage, and exposure time. Most adverse effects 
were reported at high concentrations of ultrafine Mnps. While Mnps do not 
appear to have immediate consequences on overall organism health using 
an animal model, long term effects on vascular function may be possible. 
therefore, it is important to take into consideration the effects of Mnps on 
endothelial cells when designing new Mnps for use in magnetic materials 
and technologies.

11.2.2   Magneto-Mechanical Cues Applied Through Magnetic 
Scaffolds

an alternative method to directly tagging and stimulating cells with magnetic 
nanoparticles is to indirectly stimulate cells by impregnation of magnetic 
nanoparticles into a polymeric scaffold. Use of a magnetically-responsive 
polymer scaffold offers the advantage of simplifying cell culture procedures, 
as cells do not need to be magnetically functionalized or altered in any man-
ner. all engineered alterations are applied to the premade-polymer scaffold 
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before cell cultivation. additionally, use of magnetically-responsive scaffolds 
facilitates the application of magnetically-induced mechanical strain in vivo 
without disrupting the targeting or location of implanted cells. the feasibility 
of using magnetically actuated scaffolds as a mechanism for physical stim-
ulation was demonstrated by sapir-Lekhovitser et al., 2016 (Figure 11.2).58

atomic force microscopy showed that time-varying, uniform magnetic 
fields with strengths ranging from 15 to 100 oe and a frequency of 1 hz were 
capable of inducing reversible shape deformations in magnetite-embedded 
alginate scaffolds crosslinked to various degrees (Figure 11.3(a) and (B)).58

Figure 11.3    atomic force microscopy (aFM)-based measurements of changes in 
scaffold height of hydrated scaffolds with crosslinked with 0.24% cal-
cium (a) or 0.42% calcium (b) during treatment with a field of 15 oe, 
70 oe, or 100 oe at a frequency of 1 hz. scaffolds were fabricated with 
1.2%, 0.6%, or 0.1% Mnp. adapted from Nanoscale. sapir-Lekhovitser 
y., rotenberg M. y., Jopp J., Friedman G., polyak B., Cohen s., Magneti-
cally actuated tissue engineered scaffold: insights into mechanism of 
physical stimulation, 8(6):3386–3399. Copyright © 2016, with permis-
sion from the royal society of Chemistry.58

Figure 11.2    hypothesized deformations of a magnetically-responsive alginate 
scaffold within a magnetic field. reprinted from Nanoscale. sapir- 
Lekhovitser y., rotenberg M. y., Jopp J., Friedman G., polyak B., 
Cohen s., Magnetically actuated tissue engineered scaffold: insights 
into mechanism of physical stimulation, 8(6):3386–3399. Copyright © 
2016, with permission from the royal society of Chemistry.58 
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While the shape deformations, as measured by a change in scaffold height, 
gradually decreased over the course of 20 cycles at a 1 hz frequency, it was 
possible to completely recover the original shape after deformation within  
a one-minute time-frame post magnetic stimulation (Figure 11.4).58

this result implies that a frequency less than 1 hz may be necessary for 
optimal scaffold relaxation between applied magnetic currents to prevent 
attenuation of shape deformation. translation of the shape deformation into 
force imparted by the scaffold bending/stretching onto theoretically seeded 
cells was calculated to be approximately 1 pn. Low mechanical forces acti-
vate various intracellular biochemical signaling pathways.58 Forces as low as 
0.2 pn activate the trek-1 ion channels located in the study discussed ear-
lier. therefore, it is reasonable to assume that the translation of 1 pn onto 
cells embedded within a magnetically-responsive scaffold would alter intra-
cellular biochemical signaling and influence cellular behavior.33

11.2.3   Cellular Response to Mechanical Stress
the above methods represent different ways to apply mechanical strain on 
cells using magnetic particles attached to specific membrane components, 
materials, or loaded intracellularly in combination with magnetic fields. as 
discussed above, cells respond to mechanical stress by transducing mechan-
ical strain into biochemical signaling pathways. Magnetic strategies can 
precisely control activation of mechanically sensitive signaling pathways. 

Figure 11.4    aFM measurements over three stimulation intervals made over 20 
cycles followed by non-stimulation intervals of five cycles. Changes in 
scaffold height quantified. adapted from Nanoscale. sapir-Lekhovitser 
y., rotenberg M. y., Jopp J., Friedman G., polyak B., Cohen s., Magneti-
cally actuated tissue engineered scaffold: insights into mechanism of 
physical stimulation, 8(6):3386–3399. Copyright © 2016, with permis-
sion from the royal society of Chemistry.58
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in multiple studies, ingber and colleagues have demonstrated the ability to 
activate diverse intracellular signaling responses by treating cells with ligand 
bound magnetic nanobeads and subsequently applying magnetic twisting 
forces.28–30,59 Meyer et al., 2000, showed that coating magnetic nanobeads with 
the integrin-adhesion peptide, rGd, resulted in a 50% increase in intracellu-
lar cyclic aMp (caMp) signaling in endothelial cells.30 When combined with 
a magnetically-induced twisting force of 15.6 dyn cm−2, intracellular levels of 
the caMp second messenger tripled. the authors demonstrated a concomi-
tant increase in nuclear translocation of protein kinase a and phosphorylated 
CreB indicating altered caMp levels results in downstream signaling in both 
endothelial cells and fibroblasts. interestingly, alterations in intracellular sig-
naling were both mechanically and chemically dependent. caMp signaling 
increased proportionally with increases in stress applied to rGd beads (2.6 
to 15.6 dyn cm−2) whereas magnetic nanobeads coated with non-activating 
antibodies specific for integrin-β1 did not alter caMp signaling in response 
to magnetic twisting.30 in a follow up study, researchers used this technique 
to elucidate that mechanically induced caMp signaling is mediated by the 
heterotrimeric Gαs protein. they demonstrated that binding of rGd-coated 
magnetic nanobeads to integrin receptors in combination with magnetic 
twisting significantly increased the recruitment of Gαs protein to focal adhe-
sions formed beneath magnetic beads, intracellularly. Furthermore, Gαs pro-
tein was not only recruited, but it was also biochemically activated as shown 
by an increase in Gtp-bound Gαs. activated Gαs, in turn, increased caMp 
signaling and nuclear localization of its downstream effectors, pka and phos-
phorylated CreB. these results were attenuated with Gαs protein either phar-
macologically inhibited or knocked down by rnai techniques.28

another study by this group (Mannix et al., 2008) utilized the precise con-
trol conferred by magnetic actuation to establish a method using magnetic 
stimulation as a switch that can rapidly trigger a specific intracellular sig-
naling response.29 in this study, mast cells and their high-affinity immuno-
globulin e (ige) receptors (FcƐri) were used as a model system for inducing 
robust intracellular signaling in response to magnetically-induced strain. By 
priming mast cells with ige directed against dinitrophenyl antigen (dnp), the 
authors were able to fabricate superparamagnetic nanobeads capable of bind-
ing the mast cell FcƐri receptors by covalently conjugating a single monova-
lent dnp-lysine (dnp-lys) ligand to the bead. dnp-lys nanobeads could bind 
the FcƐri receptors, but could not activate signaling because FcƐri receptors 
are normally activated by multivalent ligands that induce receptor cluster-
ing. exposure of mast cells to a magnetic field, applied by an electromag-
netic needle at a current of 1 a for multiple one-minute stimulation periods, 
resulted in FcƐri receptor clustering and significantly increased intracellular 
signaling as demonstrated by an increase in intracellular calcium. the force 
applied to the cells (10−17 n) was too low to induce mechanosensitive signal-
ing through integrin receptors, which requires pn to nn forces, indicating 
signaling was a result of receptor oligomerization. the observed increase 
in intracellular calcium was comparable to the calcium increase seen when 
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FcƐri receptors are activated by multivalent ligands. due to the nature of 
superparamagnetic particles, the fabricated nanobeads for this study only 
became magnetized when the magnetic field was applied, allowing magnetic 
stimulation to function as a switch for physically inducing receptor cluster-
ing.29 since receptor clustering is a common activation mechanism for cell 
surface receptors, this method represents a non-invasive way to rapidly and 
reversibly control a diverse number of signal transduction pathways.

the discussed studies validate the importance of both physical and chem-
ical cues when activating cell surface receptors, like integrin. however, the 
duration, strength, and cyclic nature of a physical stimulus also have a role 
in eliciting a desired cellular response. Just as cells respond to different bio-
chemical cues by activating different arrays of intracellular signaling path-
ways, cells respond to different types of physical cues in biochemically and 
mechanistically distinct ways. Cells receive a wide range of physical cues 
in vivo. these cues include the stiffness of the extracellular matrix, cyclical 
mechanical load, and fluid shear force. not only do these signals differ in dif-
ferent locations within the body, but they also differ significantly throughout 
development. similarly, the strain exerted by a cell on the surrounding extra-
cellular matrix is spatially and temporally diverse. therefore, lack of dynamic 
mechanical strain can be a hindrance in achieving functional engineered tis-
sue constructs.

Matthews et al., 2006, used magnetically-induced mechanical strain to 
show how cells adapt to different types of mechanical stress.59 Magnetic 
microbeads bound to cell surface receptors on bovine capillary endothe-
lial cells combined with magnetic pulling cytometry analysis, showed three 
unique cellular responses to applied physical strain. three second pulses of 
forces ranging from 0 to 350 pn elicited an immediate viscoelastic response 
of focal adhesions formed between the magnetic bead, integrin receptor, and 
cytoskeleton. this response was dependent upon baseline tension present in 
the cytoskeleton and receptor tyrosine kinase signaling. Continuous-pulsa-
tile forces, defined as the cyclical application of three second forces (130 pn) 
followed by four seconds of recovery, known to be enough time for full bead 
recoil, resulted in an early adaptive strengthening response in cells. Bead 
displacement showed a small but significant attenuation that plateaued by 
the third cycle. this response was also dependent on cytoskeletal tension, 
myosin dependent contractility, and tyrosine kinase activity. interestingly, 
when cells were exposed to a prolonged strain (250 pn), greater than 15 
sec, there was an adaptive and sustained strengthening response initiated 
within the cell that significantly decreased bead displacement in response to 
pulsatile forces applied after the prolonged force. this adaptive increase in 
cell strength was not dependent on myosin contractility or tyrosine kinase 
activity, indicating that an alternate biochemical pathway was facilitating 
cell strengthening in response to static forces compared to pulsatile forces. 
Furthermore, sustained forces longer than 20 sec resulted in a reposition-
ing reaction in the cell that increased the cellular strength enough to pull 
the magnetic bead in the opposite direction of the applied magnetic force.59 
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these results demonstrate that cells respond to mechanical strain using dif-
ferent biochemical pathways to produce different physical responses. Conse-
quently, design of an appropriate mechanical strain regimen must be taken 
into consideration when engineering different tissues to more closely mimic 
the endogenous physiological environment for a specific cell type. the flex-
ibility of magnetically-based systems to apply a wide range of spatially and 
temporally diverse physical cues makes them a promising method for engi-
neering complex tissue.

11.3   Vascularization Challenge and Current Studies
efficient vascularization remains a challenge for engineering thick tissues, 
like cardiac tissue. Cell survival and function require a sufficient supply of 
oxygen and nutrients as well as a means to remove waste. since diffusion of 
oxygen and nutrients is limited to only a few hundred microns, a robust vas-
cularization network is necessary to support viability of inner tissue layers. 
Magnetically-based systems offer a promising method to vascularize a tissue 
construct by stimulating the secretion of angiogenic factors or by inducing 
cellular reorganization into vascular structures.

11.3.1   Vessel Structure Formation
one method for engineering complex vascular structures is to utilize tubu-
lar shaped magnets to culture magnetically-responsive cells into a tubular 
structure. Using the Mag-te approach mentioned earlier, ito et al., 2005, 
engineered a tubular structure made of heterotypic cell layers.40 Using a 
cylindrical permanent magnet, endothelial cells, smooth muscle cells, and 
fibroblasts were cultured in a sequential manner to create a multilayer 3-d 
construct. the multilayer-tubular construct was stabilized by collagen type i 
solution injected into the tube and allowed to gel. Upon removal of the mag-
net, histological examination and imaging of the construct showed a tubular 
structure made up of more than 30 cell layers that had an internal lumen 
diameter of 5 mm.40

11.3.2   Induction of Vessel Structure Organization
in follow up studies, using the same Mag-te method, researchers were able 
to demonstrate the fabrication of multilayer cell sheet structures made of 
myoblasts transduced with VeGF,42 mesenchymal stem cells,45 induced plu-
ripotent stem cells (ips),44 and adipose-derived regenerative cells (adrCs)43 
without the use of a polymer scaffold that were capable of inducing angio-
genesis in ischemia damaged tissues upon implantation. the cell sheets 
consisted of approximately 15 cellular layers and were 300 µm thick.42–45 the 
researchers did not observe significant cell death or inhibition of cell prolifer-
ation within the constructs. the application of a vertically applied magnetic 
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Figure 11.5    (a) image of ardC sheets attached to the heart surface in mice. (B) 
kaplan–Meier survival curves over the course of four weeks after sheet 
implantation. six experimental groups: (1) cell-free collagen gel sheet 
implanted after a sham-operation (sham-collagen gel). (2) Cell-loaded 
adrC sheet implanted after sham-operation (sham-ardC sheet). 
(3) Cell-free collagen gel sheet implanted after Mi (collagen gel).  
(4) Cell-loaded adrC sheet implanted after Mi (ardC sheet). (5) 
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force enhanced cell–cell contact, facilitating cell adhesion both vertically 
and laterally. Cell sheets consisting of mesenchymal stem cells or induced 
pluripotent stem cells (ipsCs), showed improved capillary density and blood 
perfusion in an ischemic hind limb model. implantation of cell sheets over 
hind limb tissue post induction of unilateral hind limb ischemia resulted 
in increased blood perfusion by post-operative day seven as demonstrated 
by laser dopler blood flow analysis. histological analysis also demonstrated 
a significant increase in capillary density by day 21 post implantation.44,45 
Furthermore, adrC cell sheets implanted post myocardial infarction in mice 
resulted in improved survival and cardiac function compared to cell injec-
tion and cell-free collagen implantation (Figure 11.5(a) and (B)).43 echocar-
diography analysis at 28 days post myocardial infarction showed a significant 
increase in left ventricular function (Figure 11.5(C)–(e)).43 histological anal-
ysis using Masson’s trichrome staining and immunofluorescence showed a 
decrease in cardiac fibrosis (Figure 11.5(F) and (G)) and increase in capillary 
density (Figure 11.6), respectively.43 the improved angiogenesis was not due 
to differentiation of progenitors into endothelial cells, but rather due to the 
increased expression of angiogenic factors.43 these results highlight the use 
of magnetically engineered cell sheets for treatment of ischemic tissue and 
have significant implications for cardiac tissue engineering.

this group also demonstrated that their Mag-te methodology can be 
used to enhance gene therapy in addition to and in combination with cell 
therapy. MCL-retroviral complexes with retroviral vectors containing the vas-
cular endothelial growth factor (VeGF) gene resulted in a 6.7-fold increase 
in transduction efficiency of mouse myoblasts compared to standard retro-
viral transduction. transduction efficiency increased with increasing mag-
netic field strength. the transduced myoblasts were then cultured into cell 
sheets using a permanent magnet placed beneath the cell culture plate. the 
transduced myoblast cell sheet significantly increased the amount of bioac-
tive VeGF secreted from the cell sheet as demonstrated by the significantly 
enhanced ability of the myoblast conditioned media to induce proliferation 
in hUVeC cells compared to non-transduced myoblast sheets and increased 

Cell-loaded adrCs, unlabeled with MCLs, needle injected after Mi 
(ardC (MCL−)). (6) Cell-loaded adrCs, labeled with MCLs, needle 
injected after Mi (ardC(MCL+)) (n = 25 for each group). (C) M-mode 
echocardiograms for the six experimental groups. (d) and (e) Quan-
titative analysis of left ventricular fractional shortening (LVFs) and 
left ventricular ejection fraction (LVeF). (F) Masson trichrome stain-
ing. scale bar: 1 mm. (G) Quantitative analysis of cardiac fibrosis area 
using Masson trichrome staining (n = 5 for each group). reprinted 
from International Journal of Cardiology. 175(3), ishii M., shibata r., 
shimizu y., yamamoto t., kondo k., inoue y., ouchi n., tanigawa t., 
kanemura n., ito a., honda h., Murohara t. Multilayered adipose-de-
rived regenerative cell sheets created by a novel magnetite tissue engi-
neering method for myocardial infarction. pgs. 545–553. Copyright © 
2014, with permission from elsevier.43
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tube length of hUVeCs in a tubular formation assay. subcutaneous implan-
tation of sheets resulted in significantly increased size of constructs in vivo 
and angiogenesis of host vessels into the construct as shown by histological 
data showing an increased micro vessel area.42 in a separate study, magnetic 
nanoparticle beads conjugated to an adenovirus encoding the VeGF gene 
were directly delivered to ischemic heart tissue via intravenous injection 
and magnetic guidance. Use of magnetic force significantly enhances the 
expression of VeGF in ischemic heart tissue post myocardial infarction com-
pared to non-treated control groups. hemodynamic measurement of car-
diac performance demonstrated a significant increase in functional cardiac 
parameters and histological analysis showed improved left ventricular wall 
thickness and decreased fibrotic scarring in infarcted hearts receiving treat-
ment compared to untreated controls and delivery of adenovirus without 
magnetic targeting.38 these results demonstrate the increased effectiveness 
of magneto-transduction compared to standard gene transduction therapies 
and show the potential for this technique to be used both in vitro and in vivo.

Beyond the fabrication of a construct that can induce vascularization 
via secretion of angiogenic factors, recent evidence has shown the ability 
of magnetic nanoparticles to modulate angiogenesis directly or be uti-
lized in magnetically-responsive scaffolds to promote the morphological 

Figure 11.6    Capillary density 14 days after surgery. (a) Microscopic photographs 
of the peri-infarct areas and remote areas in either the collagen gel 
or ardC sheet experimental groups. anti-Cd31 antibodies were used 
to stain capillaries. (B) Quantitative analysis of capillary density. 
reprinted from International Journal of Cardiology. 175(3), ishii M., 
shibata r., shimizu y., yamamoto t., kondo k., inoue y., ouchi n., 
tanigawa t., kanemura n., ito a., honda h., Murohara t. Multilayered 
adipose-derived regenerative cell sheets created by a novel magnetite 
tissue engineering method for myocardial infarction. pgs. 545–553. 
Copyright © 2014, with permission from elsevier.43

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

02
90

View Online

http://dx.doi.org/10.1039/9781788010542-00290


309Applications of Magnetic-Responsive Materials

rearrangement of endothelial cells into vessel structures. inoculation 
of five-day-old fertile chick eggs with nanoparticles of spinel ferrites 
(MFe2o4) incorporating the transition metals copper, manganese, and 
nickel induces angiogenesis in the chick chorioallantoic membrane 
(CaM). evaluation of the CaM 14 days post inoculation showed a signif-
icant increase in blood vessel sprouting and branching compared to the 
untreated control.60

sapir et al., 2012, demonstrated the morphological re-arrangement of 
endothelial cells into vessel structures in response to magnetic stimulation 
of a magnetite-embedded alginate scaffold.61 endothelial cells were seeded 
onto macroporous alginate scaffolds modified with rGd and hBp peptides 
and impregnated with superparamagnetic magnetite nanoparticles to pro-
mote cell adhesion and cell stimulation, respectively. the researchers showed 
that application of an alternating magnetic field with a strength of 10–15 oe 
and a frequency of 40 hz for seven days resulted in a 1.5-fold increase in 
the number of endothelial cell vessel structures formed within the scaffold 
compared to non-magnetic scaffolds (Figure 11.7(a) and (B)).61 the increase 
in the vessel structure formation occurred alongside an increase in cell met-
abolic activity during magnetic stimulation that returned to baseline when 
the magnetic stimulus was removed. the increase in metabolic activity was 
not associated with an increase in cell proliferation as shown by the lack of a 
significant upregulation of the proliferation marker, pCna, during stimula-
tion. this result implies that the magnetic stimulation increased metabolic 
activity in endothelial cells seeded within the scaffolds that gave rise to mor-
phological rearrangement of cells into vessel structures instead of cellular 
proliferation.61

11.4   Generation of Functional Cardiac Tissue
damaged cardiac tissue is unable to regenerate post myocardial infarc-
tion. this is due to the severely limited ability of adult cardiomyocytes 
to proliferate.62–66 over time, injured ischemic tissue is replaced by 
non-functional fibrotic scarring. Fibrotic scarring can lead to left ven-
tricle wall thinning and adverse tissue remodeling, resulting in eventual 
heart failure.67,68 despite improvements in pharmacological treatments 
post myocardial infarction that aim to repress fibrotic scarring, there is 
still no clinical treatment available that can effectively regenerate dam-
aged tissue outside of a heart transplant, which is limited due to a lack of 
donors. Cell therapy has been the focus of developing new regenerative 
treatments, however injection of cells alone leads to mass cellular attri-
tion, incomplete engraftment into host tissue, and only modest improve-
ments in tissue function.1,69–73 therefore, methods to improve cell delivery 
and engraftment are necessary. Magnetic attraction and manipulation of 
magnetically-responsive cells has shown to be a promising method for 
in vitro construction of cardiac tissue, induction of cardiomyogenesis in 
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stem cells, and gene delivery that can enhance cardiac tissue function 
post damage due to ischemia.

Utilizing the Mag-te method, akiyama et al., 2010, were able to con-
struct rings of cardiac tissue that possess contractile and force generat-
ing properties.42 MCL-labeled primary cardiomyocytes were cultivated in 
a ring-shaped culture plate with a permanent magnet exerting a vertical 
magnetic force directly beneath the plate. the magnetic force attracted 
the cardiomyocytes downward to form a compact, densely populated car-
diomyocyte construct. this densely populated structure closely mimics 
the native myocardium, which consists of highly organized, densely popu-
lated cardiomyocytes functioning in a coordinated manner. achievement 

Figure 11.7    endothelial cell organization in response to magnetic stimulation. (a) 
endothelial cells stained for F-actin (red) and nuclei (blue) seven or 14 
days after cell seeding onto Mnp-alginate scaffolds (scale bar: 30 µm). 
(B) Quantitation of average loop number per image field observed 14 
days post cell seeding. 25 randomly selective fields per group. aster-
isks denote significant difference (by two-way anoVa), *p < 0.05,  
**p < 0.01 and ***p < 0.005 (Bonferronis post-hoc test was used for 
comparison between the groups). adapted from Biomaterials. 33(16), 
sapir y., Cohen s., Friedman G., polyak B. the promotion of in vitro 
vessel-like organization of endothelial cells in magnetically responsive 
alginate scaffolds. pgs. 4100–4109. Copyright © 2012, with permission 
from elsevier.61
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of a construct highly populated with cardiomyocytes has not been realized 
by other tissue engineering methods and may be critical for proper tissue 
function upon implantation. Collagen type i solution was used to stabi-
lize the cardiomyocytes and support the construct structure and func-
tion. the researchers demonstrated that the cardiac rings constructed 
had a thickness of approximately 247 µm and did not display significant 
necrosis within the interior cardiomyocyte layers. Using force transducer 
analysis, the cardiac rings demonstrated the ability to generate force up 
on the µn scale when a strain was applied that was 14% of the original 
length or higher. the generation of force decreased when a fixed strain of 
20% was applied, a phenomenon that was observed in native cardiac tis-
sue. the researchers also showed the ability of cardiac rings to generate 
contractile forces in response to electrical pulses as well as longitudinal 
alignment of cardiomyocytes on the surface of their construct.42 these 
are properties indicative of mature cardiac tissue, implying the feasibility 
of using magnetic force to create a cardiac tissue construct from primary 
cardiomyocytes in vitro.

alternatively, generating a cardiac tissue construct using a magnetically-re-
sponsive polymer scaffold instead of magnetically-responsive cells is another 
feasible method. sapir et al., 2014, utilized magnetically-responsive alginate 
scaffolds embedded with primary neonatal rat cardiomyocytes and cardiac 
fibroblasts in combination with alternating magnetic currents to indirectly 
exert mechanical strain on cardiac cells.74 Using a physiologically relevant 
frequency of 5 hz, and a field strength of 10–15 oe, stimulation of constructs 
for as little as five minutes increased pro-survival akt signaling within cells 
almost two-fold compared to non-stimulated controls. pro-apoptotic p38 
signaling was not different between control and stimulated groups, indi-
cating that stimulation triggers a pro-survival biochemical response within 
cardiac cells. Furthermore, seven days of stimulation, followed by seven 
days of cultivation without magnetic treatment significantly increased meta-
bolic activity within cells. the change in metabolic activity appeared imme-
diately after magnetic stimulation and was not only sustained, but further 
enhanced one week post stimulation in treated cells. immunohistochem-
ical analysis of the contractile protein α-sarcomeric actinin post magnetic 
stimulation revealed an increase in cardiac fiber morphology with striation 
that is characteristic of mature cardiomyocytes in both magnetically treated 
and untreated samples. however, this striation morphology was only sus-
tained throughout the entire two weeks of cultivation in the magnetically 
stimulated group (Figure 11.8).74 additionally, expression of the contractile 
protein, troponin-t, showed a significant increase in cardiac cells that were 
magnetically stimulated compared to controls (Figure 11.9).74 these results 
indicate the ability of cardiomyocytes to adhere and mature in 3d cultures 
both with and without magnetically-induced strain. however, sustained car-
diac maturation and organization was observed during application of mag-
netically-induced strain.
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11.4.1   Effects of Magneto-Mechanical Stimuli on Maturation 
of Cardiomyocytes

While application of magnetic force has been shown to enhance primary 
cardiac cell maturation and organization in vitro, the clinical translation 
of techniques relying on the use of differentiated adult cardiac cells may 
be limited due to the difficulty of harvesting a sufficiently large population 
of cardiomyocytes from a donor or patient for in vitro tissue engineering. 

Figure 11.8    Cardiac cell organization in response to magnetic stimulation. Mnp–
alginate scaffolds seeded with cardiomyocytes. Cells were stained for 
alpha-actinin (green), F-actin (red) and nuclei (blue) on day eight or 15 
post cell seeding. reprinted from: sapir y., polyak B., Cohen s., Cardiac 
tissue engineering in magnetically actuated scaffolds. Nanotechnol-
ogy, 25(1):014009, published 11 december 2013. doi: 10.1088/0957-
4484/25/1/014009. Copyright © 2014, reproduced with permission 
from iop publishing Ltd. all rights reserved.74
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therefore, an alternative cell source for cardiomyocytes may be necessary. 
the proliferative capabilities and pluripotency of stem cells make them 
promising cellular sources that can be harvested, expanded, and differen-
tiated in culture to generate a source of cardiomyocytes. the use of solu-
ble factors alone to differentiate stem cells into cardiomyocytes results in a 
low yield, ∼20% for embryonic stem cells.75 Mechanical strain is known to 
help guide differentiation of pluripotent cells during tissue development. 
therefore, the combination of magnetically-induced mechanical strain 
and soluble factors to enhance differentiation of stem cells into functional 
cardiomyocytes represents a promising strategy. Geuss et al., 2014, incor-
porated magnetically-induced mechanical strain with morphogen sup-
plementation to significantly enhance differentiation of embryonic stem 
cell embryoid bodies into cardiomyocytes.76 embryonic stem cells tagged 
with rGd-functionalized paramagnetic beads were cultured into embryoid 
bodies and treated with a magnetic field of 0.2 t. application of the mag-
netic field of 0.2 t alone was able to activate integrin signaling as shown 
by an increase in expression of the second messenger, protein kinase 
a (pka). When combined with bone morphogenetic protein-4 (BMp4) 

Figure 11.9    expression of cardiac cell marker troponin-t in response to mag-
netic stimulation. Western blot analysis of troponin-t expression on 
day eight or 15 post cell seeding, relative to day three (before mag-
netic stimulation). asterisks denote significant difference (by two-way 
anoVa), p < 0.05; p < 0.01 and p < 0.005 (Bonferroni’s post-hoc test was 
used for comparison between the groups), ns represents non-significant  
difference. reprinted from: sapir y., polyak B., Cohen s., Cardiac 
tissue engineering in magnetically actuated scaffolds. Nanotechnology, 
25(1):014009, published 11 december 2013. doi: 10.1088/0957-
4484/25/1/014009. Copyright © 2014, reproduced with permission 
from iop publishing Ltd. all rights reserved.74
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supplementation, a morphogen that induces cardiomyogenesis, magnetic 
stimulation resulted in a significantly increased number of cells expressing 
sarcomeric α-actinin, a cardiomyocyte marker, as shown by FaCs analysis. 
BMp4 supplementation alone did produce an increasing trend in the num-
ber of cardiomyocytes compared to a control, however the combination 
with magnetically-induced strain further enhanced cardiomyogenesis in 
embryoid bodies that were aged day three or later.76

11.5   Magnetic Cell Targeting
Cell therapy based on the fully differentiated progeny of autologous induced 
pluripotent stem cells (ipsCs) or undifferentiated stem cells holds great 
promise to promote tissue regeneration and repair.77–83 Cell therapy has 
shown potential in regenerating cardiac tissue in models of myocardial 
infarction, inducing formation of new blood vessels and restoring endothe-
lial cell linings in stented arteries.84–87 advancement of new tools enabling 
us to obtain ipsCs and development of cell-based therapeutic approaches 
have resulted in a paradigm shift from transplantable donor organs to arti-
ficially generated tissues and organs. the development of artificial organs 
holds promise for more than 120 000 patients that need a lifesaving organ 
transplant (United networks for organ sharing).88

poor cell homing, retention and engraftment are the major obstacles faced 
by cell therapy, irrespective of the cell type, route of administration or ani-
mal model. these obstacles prevent cell therapies from achieving a signif-
icant functional benefit when applied in vivo.89,90 retention and long-term 
engraftment of cells delivered to the heart is extremely suboptimal. heart 
contraction and coronary blood flow account for the substantial elimina-
tion of delivered cells shortly after cell administration.89 this, in part, may 
be a reason for the non-significant and highly variable therapeutic benefits 
observed in clinical trials involving stem cell-based therapies for the treat-
ment of acute myocardial infarction (Mi). therefore, there is still a critical 
need for novel approaches that can improve the homing and retention of 
therapeutic cells delivered to treat infarcted heart muscle and atherosclerotic 
blood vessels.

Magnetically-mediated targeting is an intriguing physical approach that 
utilizes magnetic forces to localize and retain magnetic carriers associ-
ated with drugs, genes or cells.50,91 this technology was initially suggested 
for targeting chemotherapeutic agents to tumors92–96 with the intention 
of reducing the overall administered drug dose and minimizing the toxic 
systemic side effects of the chemotherapy. today, however, this technol-
ogy is becoming more and more popular for cell delivery applications. 
this section focuses on the recent progress of magnetic cell delivery for 
cardiac and vascular regeneration, highlighting its potential to improve 
cell homing, retention, and engraftment, leading to better therapeutic 
outcomes.
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11.5.1   Magnetic Cell Therapy for Heart Regeneration
a magnetic targeting strategy to improve localization of the transplanted cells 
in the heart was first assessed by Cheng and colleagues.97 this group showed 
that magnetically-assisted homing of intramyocardially injected cells aug-
mented short-term cell retention (at 24 hours) and long-term engraftment (at 
three weeks) in the recipient hearts by nearly three-fold compared to non-tar-
geted cells. Magnetically-enhanced cell engraftment used in this study trans-
lated to a greater functional outcome demonstrating superior reduction of 
left ventricular remodeling in the animals of a magnetic targeting group. 
Chaudeurge and co-workers utilized a magnetic cell targeting approach to 
study the retention of endothelial progenitor cells (epCs) after direct intra-
ventricular injection.98 although per rt-pCr quantification, no statistically 
significant differences in cell retention between groups were observed, quan-
titative immunostaining showed a ten-fold greater engraftment of epCs in 
magnetically-targeted animals in comparison to non-targeted controls. in 
another study, magnetic targeting was used to investigate cell homing and 
retention after intracoronary administration of magnetically-responsive car-
diosphere-derived cells.99 these authors demonstrated that improved cell 
engraftment was preserved for at least three weeks, leading to a higher ejec-
tion fraction and decreased left ventricular remodeling in the animals of the 
magnetic targeting group. Ge and co-workers demonstrated that magnetic 
targeting enhanced cell retention in a rat model of myocardial infarction 
using a retrograde coronary venous administration.100 in this study, magnet-
ically-labeled mesenchymal stem cells, MsCs, were transjugularly injected 
into the left cardiac vein under magnetic conditions. Cardiac tissue retention 
of transplanted MsCs was shown to increase nearly three-fold with magnetic 
targeting. per histologic evaluation, a larger fraction of transplanted cells was 
found to distribute in the anterior wall of the left ventricle. the augmented 
cell engraftment three weeks after cell administration resulted in attenuated 
remodeling of the left ventricle and improved cardiac function. in a recent 
study, syngeneic human cardiosphere-derived stem cells (hCdCs) laden with 
Fda-approved ferumoxytol nanoparticles were infused into the coronary 
arteries of rats.21 Magnetic targeting significantly enhanced cell retention 
without exacerbating cardiac inflammation and resulted in reduced left ven-
tricular remodeling, a higher ejection fraction and greater extent of angio-
genesis in the animals of the magnetic targeting group.

the above studies demonstrated that magnetic targeting was instrumen-
tal in enhancing cell retention and engraftment resulting in improved func-
tional outcomes of the targeted cell therapy, indicating high translational 
potential of this modality for clinical applications. in most cases, however, 
cell transplantation for tissue repair relies on exogenously administered cells, 
which usually necessitates access to appropriate cell sources and is associ-
ated with prolonged cell isolation and propagation procedures. to address 
these limitations, an appealing alternative has recently been suggested: 
using bispecific antibodies (Biab) that enable coupling of an endogenous 
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therapeutic cell population to specific antigens of a diseased tissue. Bispe-
cific antibodies that target hematopoietic marker Cd45 and myosin light 
chain (MLC)-1, a marker for ischemic injury, were used to target hematopoi-
etic stem cells (hsC) to the injured myocardium achieving definitive thera-
peutic improvements.101–103

a recent innovative study suggested functionalization of magnetic parti-
cles with bispecific antibodies to target and link endogenous circulating ther-
apeutically relevant cells with exposed antigens of injured cells in diseased 
tissue to realize a so-called magnetic bifunctional cell engager, (MagBiCe). 
such innovative ‘nanomatchmakers’ intravenously administered in rats with 
induced Mi direct endogenous circulating bone marrow-derived stem cells 
or Cd34-positive stem cells and concentrate them by magnetic forces in the 
injured heart, thus reducing the formation of scar tissue and improving car-
diac pump function.104 this approach doesn’t require cell transplantation, 
which may significantly shorten and simplify the treatment protocol, mak-
ing it very attractive for translation into clinical settings.

11.5.2   Magnetic Cell Therapy for Blood Vessel Regeneration
repair of injured vasculature is another area where cell-based therapy has 
the potential to make significant improvements. obstructive coronary 
artery disease, a result of progressive atherosclerosis, is managed today by 
percutaneous coronary interventions with implantation of endovascular 
stents.105–108 although these procedures have become the current treatment 
of choice for vascular disease patients, they inevitably cause severe trauma 
to the arterial wall with concurrent endothelial denudation109 and inflamma-
tory response,110 often leading to a recurrent blockage of the stented artery 
or in-stent restenosis.111,112 the primary mechanism responsible for reste-
nosis is attributed to uncontrollable proliferation and migration of vascular 
smooth muscle cells (VsMCs) into the intima, eventually leading to re-nar-
rowing of the vessel lumen.109,113,114 Currently used in clinical practice, drug 
eluting stents (des) effectively prevent proliferation of VsMCs by releasing 
potent antiproliferative drugs.105,115 however, these non-selective drugs also 
inhibit the growth and function of endothelial cells, significantly delaying 
re-endothelialization and subsequent vascular healing.116–120 a healthy and 
intact endothelial cell lining forms a physical barrier that modulates vascu-
lar hemostasis and fibrinolysis and controls the proliferative and functional 
state of the VsMCs.120,121 thus, rapid and efficient restoration of the compe-
tent endothelial layer after vascular injury represents a promising strategy 
to minimize severe complications associated with the use of des, with the 
potential to improve long-term prognosis for vascular disease patients.

Magnetic targeting of endothelial cells to the injured vessels is a capti-
vating approach that has been investigated over the last decade in animal 
models with and without stenting. the feasibility of magnetically-guided 
cell delivery to the stented vessels has been demonstrated using transiently 
magnetized24 and permanently magnetized122 vascular stents. a circular 
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halbach array, which augments the magnetic field at its center, was used 
to demonstrate six-fold enhancement in cell retention following balloon 
angioplasty in a rabbit model, which, however, did not translate to a statis-
tically significant anti-restenotic effect.123 More recent studies showed that 
magnetically-guided endothelial cells to transiently magnetized stents in a 
rat carotid stent angioplasty model augmented capture, retention and pro-
liferation of delivered cells at the site of stent implantation.124 Circumfer-
ential magnetic localization of endothelial cells overexpressing endothelial 
nitric oxide synthase (enos) in the non-stented vessels in a murine balloon 
angioplasty model showed improved vascular function after mechanical 
injury.125 although these studies provide supporting indications that mag-
netically-mediated cell delivery to the injured vasculature has the potential 
to restore structural and functional endothelial lining mitigating the delete-
rious sequelae of mechanical revascularizations, more studies will need to be 
conducted to demonstrate this promising potential on the long-term scale.

11.6   Effects of Electro-Magnetic Fields on Cells
the technology of magnetic targeting or magneto-mechanical stimula-
tion is inevitably associated with exposure of biological systems to static or 
time-varying (alternating) magnetic fields and field gradients, which may 
cause both negative and positive effects. static fields and field gradients usu-
ally used for targeting applications are very short (up to 30 min) and their 
effects are expected to be quite transient with negligible consequences to 
affect the biological balance of a live organism. extremely low frequency 
electromagnetic fields (1–100 hz) used for magneto-mechanical stimulation 
during prolonged periods of time (up to a week)61,74 could be potentially of 
a greater concern by causing arrhythmias, especially for in vivo stimulation. 
although this effect was not studied under controlled conditions (e.g. fre-
quency, field strength), the literature indicates that no associated risk of 
severe arrhythmia-related heart disease was associated with prolonged expo-
sure of humans to low frequency electromagnetic fields (16–50 hz).126,127

Most studies describing the effects of magnetic fields investigated the influ-
ence of electromagnetic fields on the healing of bone, tendons, and skin.128–

131 a small number of studies have been devoted to assessing the effects of 
magnetic fields on cardiac cells and cardiomyogenesis of stem cells.132–135 
however, considering the limited regenerative ability of cardiomyocytes, via-
ble sources for these cells are greatly required.136 in this context, electromag-
netic fields represent one of the attractive strategies to controllably modulate 
differentiation of stem cells in cardiomyogenic direction without the use of 
pharmacological or genetic manipulation.

application of sinusoidal magnetic fields (50 hz, 8 G) to embryonic stem 
cells (es) have shown to increase the yield of es cell-derived cardiomyocytes 
without the aid of genetic or pharmacological agents.135 in another study, 
the extremely low frequency electromagnetic fields tuned at calcium (Ca2+) 
ion cyclotron energy resonance (7 hz, 0.025 G) have been effective in driving 
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cardiac specific differentiation of adult cardiac stem cells.132 Moreover, it has 
recently been reported that a static magnetic field of 10 G also promoted 
cardiomyogenesis of FLk-1+ cardiac progenitor cells derived from mouse es 
cells indicating that magnetic field-mediated generation of reactive oxygen 
species (ros) and cytosolic Ca2+ may potentially serve as secondary messen-
gers in signaling pathways leading to cardiomyocyte differentiation.137

11.7   Magnetic Methods for Preparation of Specially 
Designed Tissue Scaffolds

11.7.1   Anisotropic Morphology/Topography
the ventricular myocardium is an anisotropic tissue, with tensile mechani-
cal and electrical properties dictated by cardiac muscle fiber orientation.138 
to promote the anisotropy microstructure in tissue scaffolds, several 
approaches have been employed. engelmayr et al. used a micro laser-abla-
tion technique to create honeycomb-like poly(glycerol sebacate) structures 
that had both mechanical and morphological anisotropy.139 neonatal rat car-
diomyocytes seeded on such structures created cardiac tissues with greater 
contractility and alignment than when seeded in isotropic scaffolds. Bian 
et al. used soft lithography to create molds with 600 µm and 1.2 mm posts 
on them. they later used the molds to create anisotropic fibrinogen-Matri-
gel hydrogels with elliptical pores, created by the posts in the mold.140 their 
findings showed that the anisotropic scaffold structure promoted local and 
global alignment of the cardiomyocytes and the eCM, which led to anisot-
ropy of the action potential and faster conductivity on the longitudal axis. 
these works and others have showed the importance of appropriate aniso-
tropic topography to cardiac tissue engineering.

Magnetic fields (below 1 Mhz), coupled with magnetizable nanoparticles 
(Mnps) embedded in a fiber or matrix, can be a relatively simple and effective 
way, applied from a distance, to achieve a tissue scaffold with an anisotropic, 
aligned structure. shefi and antman-passig have successfully created a direc-
tionally-oriented collagen-based scaffold using Mnps and a magnetic field 
(Figure 11.10).141 they mixed Mnps into collagen hydrogels and applied a 
permanent external field, causing the Mnps to align along the magnetic field 
lines. the aligned Mnps formed strings that led to the alignment of the col-
lagen fibers, eventually leading to a scaffold that is oriented in the direction 
of the magnetic field.

de santis et al. used advanced biofabrication techniques such as fiber 
deposition and stereolithography to create Mnp-containing scaffolds with 
various shapes, compositions and structures.142 they prepared Mnp-embed-
ded poly(ε-caprolactone) and poly(ethylene glycol) scaffolds with a coaxial 
or bilayered structure. the scaffolds showed varying mechanical behavior 
based not only on the materials and their compositions but also on the scaf-
fold structures such as monolithic, co-axial or bi-layered. another interesting 
combination of advanced biofabrication technique and Mnps was presented 
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by sun et al. they used electrospinning to eject Mnp-containing alginate 
hydrogel onto a designed support model.143 a vertical magnetic force, cre-
ated by a ring magnet, made the electrospun fibers attach to the model and 
acquire their shape, thus allowing the creation of a scaffold with a direc-
tion-dependent macroscopic structure.

11.7.2   Remote Controlled Release Scaffold
the natural microenvironment of cells provides them with various chemi-
cal stimuli. to mimic biochemical stimuli in tissue engineering, numerous 
growth factors (GFs) are delivered to the cells, most commonly by preload-
ing scaffolds with GFs before cell seeding and cultivation. GFs are crucial 
signaling molecules that promote cell survival, development and host inte-
gration by driving processes such as angiogenesis and anastomosis.144 phys-
ical encapsulation of GFs in hydrogels or scaffolds allows their controlled 
release. non-magnetic methods for the controlled release of GFs include 
their encapsulation in micro145 or nano146,147 particles that are incorporated 
in the scaffold. these particles can be made from gelatin,148 pLGa,149 phBV 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)146 and many others. another 
interesting approach involves coating the scaffold with a gelatin hydrogel 

Figure 11.10    Formation of aligned magnetic particle strings within 1.4 mg mL−1 
(top panels) and 3 mg mL−1 (bottom panels) collagen gels. (a, d) Mag-
netic particles (1μm and 100 nm respectively) were mixed into colla-
gen gels, and solidified with no magnetic field present. (B, e) 100 nm 
Mnp formed strings within the gel under a magnetic field of 255 G. 
(C, F) strings were also formed using 1 μm magnetic particles, solid-
ified under a 255 G magnetic field. adapted with permission from 
Nano Letters, Merav antman-passig and orit shefi. remote Mag-
netic orientation of 3d Collagen hydrogels for directed neuronal 
regeneration, 16(4), 2567–2573 doi: 10.1021/acs.nanolett.6b00131.  
Copyright © 2016. american Chemical society.141
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preloaded with a GF.150 Controlled release of GFs from hydrogels can be 
achieved by electrostatic affinity binding of multiple heparin-binding proteins 
(via alginate-sulfate).151,152 these studies resulted in a consecutive release of 
factors, at rates dictated by the equilibrium binding constants of the spe-
cific factor. While controlled release of GFs is achievable with non-magnetic 
approaches, the release profiles from these systems are determined during 
the fabrication process, prior to implantation. Magnetic approaches hold the 
ability to adjust the release profile as needed in vivo.

Magnetically-induced GF delivery generally uses one of three mecha-
nisms. the first is increasing the flow of GF-containing medium by large 
deformations of macroporous ferrogels.153 the second approach utilizes 
thermoresponsive polymers.7,154–156 exposure of these Mnp-containing 
polymers to an alternating, high-frequency magnetic field, causes a local 
temperature increase due to magnetic hysteresis loss and Brownian relax-
ation. the elevated temperature causes a phase transition of the polymer 
and GF release. the third approach is based on mechanical force applica-
tion to a magnetically-responsive scaffold by a time-varying or continuous 
field.157 although none of the studies mentioned is relevant to Cte, it is 
clear that magnetically-induced controlled release of GF has great poten-
tial for Cte—having the advantage of on-demand, remotely controlled, GF 
release both in vitro and in vivo.

11.8   Concluding Remarks
this chapter presented the potential of magnetic-responsive materials and 
their recent implementation in the fast-growing field of Cte. Magnetic 
materials are of a substantial interest for regenerative medicine because the 
properties of these materials can be controlled and tuned remotely enabling 
non-invasive application of physical effects. the remote application of phys-
ical cues is highly desired for applications in vivo for promoting a more 
efficient vascular integration of the cellular graft with the vasculature of a 
recipient. in particular, hydrogel-based magnetic nanocomposites are bene-
ficial for achieving remote mechanical conditioning of cultivated cells with 
tunable spatial directionality and amplitude. in these structures, a magnetic 
field is non-invasively coupled with magnetically-responsive particles to 
trigger a biochemical processes within cultivated cells fostering their orga-
nization into functionally mature tissue. among the cases discussed, the 
materials and approaches that utilize static or time-varying uniform mag-
netic fields seem to be the most promising for clinical translation, because 
generation of uniform magnetic fields across large animals or even humans 
is a relatively scalable task in contrast to approaches where gradient fields are 
utilized for the same goal. although methodologies involving magnetic-re-
sponsive biomaterials demonstrate great potential for developing functional 
and vascularized tissues, efficient delivery of cell-based therapies and capa-
bilities to control directional cell growth, the future clinical success of this 
methodology will depend on addressing the current challenges of the field.

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

02
90

View Online

http://dx.doi.org/10.1039/9781788010542-00290


321Applications of Magnetic-Responsive Materials

First, the acute toxicity and potential long-term adverse effects of magnetic 
biomaterials should be well understood. although most materials used in Cte 
are biodegradable or derived from a biological origin, the biocompatibility and 
safety of the materials need to be thoroughly assessed to eliminate the potential 
risks associated with their future clinical use. second, there is a need for materi-
als that enable a high degree of spatial control of cell behavior. Current materials 
are mainly prepared using bulk methods, which do not allow precise and cus-
tom control of the nanomaterial patterns. Modern 3d biological printing may 
provide great opportunities to print out magnetic biomaterials with custom- 
designed patterns that will allow a higher degree of spatial control of the cellular 
environment. third, future tissue engineers have to learn to work with complex 
multicellular constructs, representing models that are closer to real biological 
tissue. stimulation conditions and temporal control in the multicellular struc-
tures will need to be carefully considered and optimized. Finally, understanding 
the immune system response to the implanted magnetic materials is necessary 
to design the materials that will elicit minimal inflammation responses that can 
affect implant survival and integration in the host environment.
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12.1   Introduction
tissue engineering (te) refers to an interdisciplinary field of science that 
employs biological and engineering sciences with the aim of replacing or 
repairing a malfunctioning, missing, or injured organ.1 this approach has 
been proposed as an alternative to autologous or allogeneic grafts when 
these cannot be used, e.g., because of a lack of donor tissues and potential 
transmission of disease such as infection, or triggered immune response, 
respectively.2,3 Cells and scaffolds play the most significant roles in design-
ing a tissue-engineered organ. te uses different cells and different scaffold 
materials to regenerate vital tissues.4 employment of different cells is associ-
ated with different advantages. two basic types of cells are being considered: 
parenchymal or tissue-specific cells, and progenitor cells or stem cells.5 on 
the other hand, scaffolds provide an appropriate structure for cell growth and 
act as extracellular matrix (eCM) for the incorporated cells until the forma-
tion of innate eCM by these cells.6–8 Moreover, scaffolds have a role in main-
taining and delivering biological components requisite for tissue growth, 
such as growth factors or cytokines.9 therefore, selection of the appropriate 
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scaffold material is essential. in addition, great effort is dedicated to design-
ing 3D-structured scaffolds instead of the typical 2D scaffolds because of 
their superior capability of mimicking the eCM structure.2,10

the engineered tissue should display the highest possible similarity to the 
original organ and, more importantly, proliferate and grow into the regener-
ated tissue. in order to improve the function of a tissue-engineered organ, 
different capabilities, such as gradual degradation and angiogenesis, are 
added to the designed scaffold.11 Different organs are currently under inves-
tigation for te, including the skin, bladder, the liver, the heart, bones, the 
pancreas, cornea, etc.4

the gastrointestinal (gi) tract is a complex organ composed of different 
parts with diverse functions, including ingestion, digestion, nutrient absorp-
tion, and excretion of waste. the small intestine and colon are two major  
sections of the intestinal tract, and form the lower part of the gi tract.12 
Because of its finger-shaped villi structures, the small intestinal epithe-
lium has a large surface area (Figure 12.1). this enlarged surface enables it 
to absorb great quantities of substances such as nutrients, electrolytes and 
water.13,14 a layer of differentiated epithelium covers the villus, extending 
over blood and lymph vessels that absorb the nutrients. the cavities between 
villi are called crypts of Lieberkühn and lie beneath the mucus layer.14 the 
small intestinal epithelium has the highest self-renewal rate among all the 
tissues because of stem cells that are located at the bottom of the crypts. 
the villus–crypt structure of the small intestine acts in an orderly manner to 
impart different functions onto the differentiated cells. Stem cells residing at 

Figure 12.1    (a) hematoxylin and eosin staining of the human intestinal epithe-
lium. the location of stained differentiated cells (goblet cells, entero-
endocrine cells, paneth cells and enterocytes) are highlighted.14 
(reproduced with permission from h. Clevers, Cell, 2013, 154, 274–284. 
Copyright 2013: elsevier). (B) Schematic of finger-like structured 
human intestinal tissue containing stem cells and paneth cells resid-
ing at the bottom of the crypt and differentiated cells (enterocytes, 
goblet cells and enteroendocrine cells) located at the epithelium of the 
villus. Stem cells, by proliferating and migrating upward, differentiate 
into intestinal differentiated cells. reproduced from ref. 106 with per-
mission from the royal Society of Chemistry.
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331Intestinal Tissue Engineering with Intestinal Stem Cells

the bottom of the crypts constantly proliferate, differentiate, and migrate to 
the top of the villus, then die and are shed.15

various types of differentiated cells exist in the intestine, each having a 
distinct functionality. absorptive enterocytes, monolayer polarized epithelial 
cells, are in charge of the brush border structure of the gut epithelium. it 
takes ∼3–4 days for the absorptive cells to migrate from the crypt to the villus 
before they can reside at the mucus intestinal layer.16 enterocytes are respon-
sible for digestion of nutrients as well as controlled antigen uptake. they act 
as a diffusion barrier, with the help of a mucus layer secreted by goblet cells, 
the second category of differentiated intestinal epithelial cells.12,17 the vol-
ume density of goblet cells in the villi increases in the small intestine, from 
the duodenum to the distal ileum, although it is constant in crypts across 
the entire intestine length. as a result, mucin (mucus glycoprotein) secretion 
differs in different parts of the intestine.18 enteroendocrine cells are differ-
entiated cells that are located in deeper parts of the mucosa. they are sparse 
and, therefore, localized far from one other.19 their most important func-
tion is the secretion or export of hormones.12,17 paneth cells comprise the last 
important type of differentiated cells. they are different from the other three 
groups in that upon differentiation they migrate downward from the villus to 
the crypt, where they can remain for almost 23 days before removal by phago-
cytosis.17 Many important roles are attributed to paneth cells, with secretion 
of antimicrobial peptides helping the body's defense system as the most sig-
nificant one. Maintaining the intestinal microbiota homeostasis and nour-
ishing stem cells of the small intestine are their other important functions.20 
the structure of the intestinal epithelium is shown in Figure 12.1. Beneath 
the mucosa layer of the small intestine are two muscle layers, inner and exter-
nal, both containing smooth muscle cells (SMCs), albeit in different orienta-
tions. their main function is the support of intestinal peristaltic function.21

Because of the broad functionality of the intestinal tissue, its defects 
may compromise the operation of the entire body. the intestine may be 
affected by grave diseases. inflammatory bowel disease (iBD), colorectal 
cancer (CrC), and short bowel syndrome (SBS) are the three major intesti-
nal diseases. iBDs belong to a group of diseases that result in the inflam-
mation of any part of the gi tract, including the small intestine.22 genetic 
and environmental factors, such as infection, smoking, stress, etc., are 
now considered as important iBD-predisposing factors.23,24 Diarrhea, fever, 
abdominal pain, vomiting, and weight loss are diagnosed as clinical signs of 
iBD.24 no definite permanent cure for iBD exists. prescribed anti-inflamma-
tory and immunosuppressive agents, removal of inflamed intestinal tissue  
section and drug delivery systems are not fully effective as treatment meth-
ods, respectively because of the dependency of curative capability on the 
intensity of the disease, imposed inconvenience to the patient and the obsta-
cle of direct transport to the inflamed region.24–26 CrC is another serious and, 
unfortunately, common disease of the gi tract.27 environmental and genetic 
factors both lead to CrC development. CrC can be inherited, familial, or spo-
radic.28 Chemotherapeutic agents remain as the only traditional treatment, 
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but molecular targeting agents are also being developed to substitute these 
agents to eliminate their side effects.29 SBS results from insufficient intes-
tine length, as a consequence of surgical resections (e.g., tumor), neonatal 
condition, trauma, or iBD.11,30 the intestine is the major organ of nutrient 
absorption and, therefore, losing intestine during SBS results in an insuf-
ficient absorption area, leading to malnutrition and, subsequently, weight 
loss. Diarrhea, electrolyte imbalance, and vitamin deficiency are other SBS 
symptoms.31 transplantation is considered as a common method to improve 
the life expectancy in SBS patients, which is challenging because of a lack of 
donors, low compatibility between the donor and the acceptor, the require-
ment for immune suppression, high cost, and complexity.11 the Binachi 
method (longitudinally dividing the bowel into two tubes) and parenteral 
nutrition are also counted as treatment methods. however, the efficacy of 
these approaches is disputed.11,32–34

Different methods of curing the intestinal diseases are available, with 
their own shortcomings. to avoid surgical interventions and the risk of 
side effects of conventional drug administration, a great need exists for tis-
sue replacement and this requirement should be met with the help of new 
methods of te.21,34 employing a tissue-engineered intestine would circum-
vent the disadvantages of other therapies and be a conclusive method to cure 
intestinal diseases. however, in order to prepare an effective intestine by te, 
certain obstacles should first be overcome, including identification of the 
appropriate source of cells and materials.35 an appropriate cell source should 
be considered before a useful tissue-engineered intestine can be created. 
Furthermore, the complicated anatomy of the small intestine renders intes-
tinal te complex.21 a thorough understanding of the different elements of 
intestinal te is of great importance and will be required before scientists will 
be able to design an appropriate tissue-engineered small intestine (teSi). in 
this chapter, different teSi components are described and intestinal stem 
cells (iSCs) are introduced as a unique cell source for teSi. Moreover, as iSCs 
should be employed in an appropriate environment in order to regenerate 
into the intestinal tissue, elements contributed to an efficient environment 
or niche of iSCs should be studied. the second major focus of this chapter 
is assigned to the two substantial environments that should be prepared for 
the iSCs in order for them to have their complete functionality. two of the 
most significant environments, specifically chemical and mechanical envi-
ronments, are further discussed and the connectivity between iSCs and envi-
ronmental elements in teSi is highlighted.

12.2   Tissue-Engineered Intestine Components
12.2.1   Cells
Different types of cells can be used to seed the intestinal te scaffolds (shown 
in Figure 12.2). in general, we can categorize these cells into two distinct 
classes: differentiated cells and stem cells. the most used differentiated 
cells possess characteristics most similar to the intestinal epithelial cells.  
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Figure 12.2    Different cells that can be used in teSi. (a) isolated smooth muscle 
cells seeded on the pCL scaffold. Laser cut pores, which are shown 
with arrows, are responsible for vascular and cellular penetration into 
the scaffold.38 (reproduced with permission from C. M. Walthers, 
et al., PLoS One, 2014, 9, 1–20. Copyright (2014) Walthers et al.) (B) 
attachment of Caco-2 cells on hYaFF 3D (hyaluronic acid scaffold).37 
reproduced from Journal of Materials Science: Materials in Medicine, 
hyaluronic acid based materials for intestine tissue engineering: a 
morphological and biochemical study of cell–material interaction, 
17(12), 2006, 1365–1372, esposito, a., Mezzogiorno, a., Sannino, a., 
De rosa, a., Menditti, D., esposito, v., ambrosio, L., with permis-
sion of Springer. (C) Microscopic picture of regenerated intestine, 
16 weeks after implantation of collagen sponge scaffold seeded with 
MSCs in beagle dogs.34 reprinted from Journal of Surgical Research, 
102(2), hori, Y., nakamura, t., Kimura, D., Kaino, K., Kurokawa, Y., 
Satomi, S., Shimizu, Y. experimental Study on tissue engineering 
of the Small intestine by Mesenchymal Stem Cell Seeding, 156–160. 
Copyright (2001), with permission from elsevier. (D) iSC. epithelium 
formation in polyglycolic acid scaffold seed with organoids six weeks 
after implantation in a mouse model.70 reproduced from the Journal 
of Pediatric Surgery, 33(7), Choi, r. S., riegler, M., pothoulakis, C., Kim, 
B. S., Mooney, D., vacanti, M., vacanti, J. p., Studies of brush border 
enzymes, basement membrane components, and electrophysiology 
of tissue-engineered neointestine, 991–997. Copyright (1998) with  
permission from elsevier.
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the Caco-2 cell line, which is derived from gi tumors, is being employed as 
the intestinal epithelial cell model in many in vitro experiments examining 
cell attachment, differentiation, and proliferation on different scaffolds.36

esposito and his research group used Caco-2 cells as a tool to investi-
gate the biocompatibility of hyaluronic acid (ha) ester groups as epithelial 
cell scaffolds. this resulted in greater differentiation of Caco-2 cells on 2D 
scaffolds in comparison with 3D scaffolds, considering the similar surface 
chemistry.37 Caco-2 cell attachment and penetration of a composite scaffold 
have been reported to be enhanced by increasing the amount of ha (Figure 
12.2(B)).37 SMCs have also been used as a differentiated cell type for teSi38 
(Figure 12.2(a)) because, despite the fact that SMCs are present in differ-
ent organs, their functionality differs depending on the tissue.39 therefore, 
nakase attempted to extract SMCs from the stomach wall to use as an autol-
ogous seed for a collagen sponge scaffold to dampen the immune reaction to 
tissue-engineered intestine.39 the development of a muscle layer in addition 
to a well-developed epithelial layer is a positive effect of SMC use.39

other promising cell sources are undifferentiated or stem cells.40 the two 
main characteristics of stem cells are their prolonged proliferation as well 
as their capacity to differentiate into one, multiple, or several cell types.41 
adult tissue-specific or organ-specific stem cells are multi-potent cells that 
can differentiate into multiple cell types. Mesenchymal stem cells (MSCs) 
are specific types of adult stem cells that are normally present in connective 
tissues.40 the ability of MSCs to differentiate into multiple types of cells and 
their easy culture render them a remarkable cell resource for te.42 For these 
reasons, researchers have been investigating the formation of muscle layers 
by seeding autologous MSCs onto collagen sponge scaffolds (Figure 12.2(C)). 
however, the outcome of the long-term use of such tissue-engineered organs 
in Beagles was not satisfactory. in the study, a lack of muscle layer recov-
ery was attributed to the inadequate cell seeding or lack of pre-induction.34 
thus, the demand for a promising cell source still exists. researchers have 
suggested another type of cells, called iSCs, which in addition to retaining 
their ability to differentiate into various types of cells, are more specific to 
the intestinal tissue (Figure 12.2(D)).

12.2.2   Intestinal Stem Cells
as has been illustrated, tissue-specific stem cells reside in most tissues and 
are recognized by their ability to self-renew and differentiate into particu-
lar cells in that organ.43 the high turnover rate of the intestinal epithelium 
(∼3–4 days) in comparison with other mucous layers encourages researchers 
to consider the existence of a source of stem cells with an ability to differ-
entiate into all types of intestinal epithelial cells.44,45 Cheng and Leblond 
first proposed the existence of stem cells at the base of the crypts and intro-
duced the term crypt-based columnar (CBC) stem cells.15 CBC cells are at 
the origin of the differentiating process. as is shown in Figure 12.1(B), CBC 
cells residing among paneth cells start to proliferate into daughter cells 
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335Intestinal Tissue Engineering with Intestinal Stem Cells

(ta cells), which progressively transfer into differentiated cells. as the cells 
move upward through the crypt, their modality changes from progenitor 
to differentiated cells until the crypt–villus junction where two major cate-
gories of epithelial lineage cells, absorptive and secretory lineages, exists. 
enterocytes are included in the absorptive lineage, and goblet and entero-
endocrine cells belong to the secretory lineage. paneth cells are also mem-
bers of the secretory lineage, however, they are located at the bottom of 
the crypt.43 hans Clevers was the one who in 2007 recognized a g protein- 
coupled receptor with leucine rich-extracellular domain (Lgr5) as a marker 
of CBC cycling, and Lgr5+ CBC cells as small intestinal stem cells.46 More-
over, it has been speculated that in addition to Lgr5+ CBC and ta ampli-
fying cells, a specific type of stem cell is located at the +4 position (shown 
in Figure 12.1(B)) above the paneth cells, which is entirely different from 
Lgr5+ CBC cells.46 these +4 cells are also known as Dna label-retaining 
cells with several markers attributed to them including Bmi-1, hopx, mtert, 
and Lrig1.15,47–50 actually, little information is available concerning their 
culture and microenvironment, and more focus is being placed on Lgr5+ 
CBC cells.15

it has been reported that ∼15 Lgr5+ CBC cells are present in every murine 
crypt, and that within a timescale of 24 h, each Lgr5+ CBC cell differenti-
ates into 16–32 epithelial cells, via ta cells.15 the homeostasis and fate of 
Lgr5+ CBC cells are directly related to their niche or microenvironment.43 
Some major pathways that regulate the stemness or differentiation of cells 
will now be briefly delineated (shown in Figure 12.3). one of the most sig-
nificant pathways is Wnt signaling that plays an important role in main-
taining the undifferentiated state of stem cells.51 Wnt signaling is amplified 
by r-spondin family proteins (Wnt agonists) that themselves are activated 
by a Lgr5 stem cell marker.43 Wnt ligand binding leads to accumulation of 
β-catenin inside the nucleus as a result of an intracellular signaling cascade. 
t-cell factor (tcf)/β-catenin transcription is a significant element of stemness 
maintenance. Moreover, the Wnt signal is also responsible for the terminal 
differentiation of paneth cells.51

a second major pathway is the notch pathway. notch signaling plays two 
important roles in the intestine. First, it affords negative regulation that 
inhibits differentiation of stem cells and, as a result, maintains their stem-
ness. Second, it promotes unidirectional cell differentiation, controlling the 
absorptive to secretory lineage ratio. this regulation occurs because of cell-
to-cell signaling. Delta-like or notch ligands of paneth cells (DLL1 and DLL4) 
receive a notch signal from the adjacent CBC cells and bind to the notch 
receptor on the cell surface. upon this binding, proteolytic cleavages result in 
shedding of the extracellular domain of the receptor and the release of notch 
intracellular domain (niCD), niCD translocation to the nucleus and subse-
quent gene expression, with cell differentiation or proliferation as the final 
outcome. this process may inhibit differentiation of CBC cells.43 Loss of con-
tact between DLL1 ligand-containing paneth cells and daughter cells results 
in daughter cell differentiation.15 it can be noted that lateral inhibition is 
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responsible for this type of differentiation. as a result of lateral inhibition, 
notch activation leads to notch ligand production. thus, lower notch activ-
ity accompanies higher notch ligand concentrations, and higher ligand 
concentrations lead to increased notch signaling in proximal cells and, sub-
sequently, reduce the amount of neighboring cell ligands. Decreasing the 
neighboring cell ligands leads to an increase in the original cell ligands to a 
greater extent than upon initial activation and thus, the differentiation fates 
of two neighboring cells are different. notch-high progenitor cells differenti-
ate into enterocytes and, therefore, their neighboring cells will become secre-
tory cells.43

Bone morphogenetic protein (BMp) signaling comprises another regula-
tory pathway in the differentiation of stem cells to epithelial layers. By bind-
ing to type-ii receptor, BMp recruits a type-i receptor that transfers the signal 
to the nucleus and has a role in differentiation. however, noggin (nog),  

Figure 12.3    Major pathways necessary for the homeostasis of Lgr5 CBCs. Wnt, 
notch and egF signaling, which are originated from paneth cells, by 
affecting their receptors, maintain the stemness of Lgr5 CBC. BMp 
located at the surrounding environment and the effect of BMpr is 
blocked by noggin inside CBC that results in the maintaining of the 
CBC undifferentiated state. r-spondin amplifies the effect of Wnt 
signaling.
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an extracellular protein, antagonizes the BMp signal and inhibits its activity, 
leading to the formation of crypt-like structures among villi.44

epidermal growth factor (egF) is activated upon binding to its receptors 
on the cell surface, normally egFr (epidermal growth factor receptors), 
enhancing cell proliferation.52 thus, egF binds egFrs of iSCs and ta cells 
and causes them to divide into the same stem cells.15

Considering the fact that stemness of Lgr5+ CBC cells strongly depends on 
the niche, naturally, there should be an element in the intestine that controls 
the microenvironment and accordingly manages the signaling pathways. 
researchers have demonstrated that the presence of paneth cells adjacent to 
Lgr5+ CBC cells is of great importance for maintaining their proper condi-
tion to stay undifferentiated. paneth cells secrete egF and Wnt3 in addition 
to their bactericidal secretions. production of notch ligands Dll1 and Dll4 
comprises another role of paneth cells. to conclude, paneth cells are con-
sidered a niche-controlling element and the interaction between paneth and 
Lgr5+ CBC cells is critical for cell fate. Moreover, in order to gain the full 
characteristics of a stem cell niche, BMp and r-spondin are provided by non-
paneth cell sources.15

understanding stem cells' homeostasis, the effect of different elements on 
their differentiation, and, generally, the stem cells' biology, as well as their 
potential therapeutic applications, requires long-term ex vivo culturing. 
however, it is generally agreed that conventional long-term culture of adult 
tissues is not feasible.51 although a lot of effort has been dedicated toward 
identifying culture conditions appropriate for iSC culture, only short-term 
maintenance of cells, ∼2–4, weeks could be achieved.53–55 Finally, in 2009, 
Sato succeeded in developing a culture system for maintaining viable cells 
for over 1.5 years.56 Sato simply assumed that inclusion of all the elements 
important for stemness maintenance of stem cells in the culture system, 
i.e., Wnt signaling, r-spondin-1 (Wnt agonist), egF, and nog (BMp inhibitor) 
would aid cellular survival and prepare similar conditions to the natural biol-
ogy of the human intestine for stem cell maintenance. Moreover, cell detach-
ment from the extracellular matrix (eCM) may result in a lack of proliferation. 
therefore, an appropriate matrix, as similar to the crypts as possible, was 
designed for the cells to reside in. Because of the high laminin (α1 and α2) 
content of the crypt base, laminin-rich Matrigel was proposed as a matrix.56 
under the stated conditions, a single Lgr5+ stem cell can be used to generate 
intestinal epithelium that would mimic normal intestinal epithelium. the 
resulting organoid structure consists of several crypts, presented as buds 
around a hollow cyst, and a villus-like epithelium located between the crypts. 
the crypts contain Lgr5+ stem cells in addition to adjacent paneth cells and 
ta proliferating cells that are located at the crypt necks. over the course of 
five days, stem cells at the bottom of the crypts differentiate, move towards 
the cyst, and finally shed into the hollow cyst.51 the organoid structure is 
shown in Figure 12.4. upon culturing a stem cell, a symmetric cyst contain-
ing stem cells forms. after 2–3 days, by the effect of paneth cells, Wnt signal-
ing is initiated and the presence of r-spondin makes the signaling focal.15  
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it is interesting that just as in a normal crypt–villus structure, the EphB/Eph-
rinB interaction underlies bud formation in organoid structures. Eph recep-
tors are a family of tyrosine kinase receptors that specifically bind Ephrin 
ligands. repulsion is a consequence of Eph–Ephrin interactions in cell–cell 
interactions. paneth cells express EphB3, a Wnt target gene. When ta cells 
differentiate, they travel upstream of the Wnt gradient from the crypt to the 
villus and, therefore, express ephrinB1.57

regarding focal Wnt signaling and the subsequent eph/ephrinB repul-
sion, the crypt part of the organoid region containing stem and paneth cells 
is repelled from the cyst and creates buds (Figure 12.5).15

there were some important attainments in Sato's experiment.56 First, 
although Lgr5+ are not dependent on the submucosal layer beneath the 
epithelial layer, some important growth factors were required for cell sur-
vival. Furthermore, it is possible to prevent cell apoptosis (anoikis) by using 
rho-associated protein kinase (roCK).56 Despite the conclusion of garabe-
dian in 1997 that paneth cells are not needed in a stem cell niche, Sato did 
not focus on the effect of paneth cells on Lgr5+ culture in 2009.56,58 never-
theless, in 2010 Sato proved that a direct physical contact between paneth 
cells and stem cells initiates notch signaling.59 Moreover, paneth cells are 

Figure 12.4    organoid structure containing all types of differentiated cells in 
addition to CBCs. the CBCs are located at the buds of the organ-
oid. at the end of the differentiated cell life span, cells shed off into 
the lumen of the organoid (a process called anoikis).51 (reproduced 
with permission from M. Leushacke, et al., Gut, 2014, 63, 1345–1354. 
Copyright 2014: BMJ publishing group Ltd and the British Society of 
gastroenterology).
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responsible for egF and Wnt3 support. it is true that Wnt may originate in 
cells other than paneth cells, however, it has been confirmed that r-spon-
din amplifies local Wnt signaling of paneth cells. Localized Wnt signaling 
of paneth cells also affects the asymmetrical crypt–villus construction in 
organoids. it has been demonstrated that touching paneth cells are vital for 
stem cell maintenance.59 in comparison with 15 Lgr5+ stem cells, there are 
∼10 paneth cells in each crypt. therefore, because of the fewer numbers of 
paneth cells, stem cells should compete for their niche, and, according to 
the “neutral competition model”, the number of stem cells remaining in the 
crypt is related to the size of the paneth cells' surface.14 it has been observed 
that the lack of notch signal leads to the formation of paneth cells capable 
of Wnt signaling and to the production of more paneth cells and stem cells. 
therefore, this would be a positive feedback loop for increasing the num-
ber of stem and paneth cells.14 however, this signaling pathway should be 
balanced to prevent the ever-expanding cryptal growth. an investigation by 
Koo (2012), showed that rnF43 and ZnrF3, Wnt signaling inhibitors, limit 
the crypt size by affecting Frizzled receptors (g protein-coupled receptors in 
the Wnt signaling pathway).60 other reports also demonstrated the effect of 
Lrgi1 (leucine-rich repeats and immunoglobulin-like domains protein 1), a 
+4 stem cell marker, on stem cell proliferation and crypt homeostasis. Lrgi1 
was inversely related to the amount of protein and the activity of receptors 
like the erb B family, and prevented iSC over-expansion by interacting with 
them.61 a long-term organoid culture, with some alterations, was also suc-
cessfully conducted with a human gi epithelium.62,63

Figure 12.5    Bud formation in the organoid structure. Focal Wnt signaling by 
paneth cell (blue parts) results in ephB expression and bud forma-
tion because of the repulsion between ephB and the ephrinB ligand.15 
(reproduced with permission from t. Sato, et al., Science, 2013, 340, 
1190–1194. Copyright 2013: american association for the advance-
ment of Science).
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in conclusion, culturing iSCs for long-term use in the form organoids has 
been extremely successful. therefore, there is great hope in the application 
of iSCs for different medical purposes, including microbial and toxicological 
investigations of different gi tract diseases and employing organoids as dis-
ease models.63 there is also a great potential for using organoid structures in 
the pharmaceutical field, for instance for drug screening and drug targeting 
to treat specific diseases of the gi tract.64 Moreover, a mild gi tract biopsy 
and culturing of the extracted tissues would render organoids an effective 
tool to be used in regenerative medicine.65

12.3   Environmental Factors
Due to the fact that each type of cell needs a specific environment to fulfil 
its requirement, the niche of each cell should be evaluated individually. the 
iSC environment as the focus of this chapter is delineated. the combination 
of iSCs that form epithelial layers of the small intestine with an appropriate 
environment for maintaining stem cell niche and organ structure results in 
teSi. teSi can grow into the intestinal tissue to treat or improve intestinal 
function. the important point in designing a teSi is the selection of appro-
priate factors required for stem cell growth. these important factors can be 
divided into two major groups: mechanical factors, or the environment, and 
chemical environment.

12.3.1   Mechanical Environment
Mechanical environment refers to all the factors that are mechanistically 
required for stem cell growth and they are generally known as scaffolds.

teSi was first introduced in 1988 by the vacanti group that designed differ-
ent scaffolds (polyglactin, polyorthoesters, and polyanhydride) to be loaded 
with parenchymal intestinal cells as a substitute of transplantations with sur-
gical implications, or as a cell suspension injected into the tissue.66 the rate 
of cellular scaffold attachment and survival was acceptable and differenti-
ated epithelium cells were arising on the scaffolds.66

after organoid development, the vacanti group used this source of cells  
as seeds in polyglycolic acid (pga) fiber scaffolds in intestinal te in Lewis 
rats.53,67 pga is a polyester, and polyesters are a group of synthetic bio-
degradable polymers.68 pga undergoes bulk degradation that leads to 
a decrease in its molecular weight even in the first days post implanta-
tion.69 the biocompatibility of its degradation product, glycolic acid,  
renders it appropriate for use in medical fields.68 in vacanti's report, pga was 
shown as a promising organoid-supporting scaffold. Beyond survival, organ-
oids supported by pga were proliferating and differentiating into columnar 
epithelium, goblet cells, paneth cells, and crypt–villus structures typical for 
the intestinal tissue, that were all surrounded by vascularized tissue, fibro-
blast extracellular matrix (eCM) SMCs, and polymer degradation products. 
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341Intestinal Tissue Engineering with Intestinal Stem Cells

Moreover, it was noted that increasing the implant length resulted in larger 
cysts with more natural crypt–villus structures.67

to illustrate the morphological and functional aspects of tissue-engineered 
neointestine, non-woven tubular pga sprayed with pLLa (poly-l-lactic acid) 
and coated with type i collagen was prepared, seeded with organoids, and 
implanted in Lewis rats.70 pLLa is an isomeric form of poly-lactic acid and 
a member of the polyester group of compounds. pLLa is more hydrophobic 
than pga and, therefore, it shows less degradation.68 it was concluded that 
the presence of pLLa on the surface of a degradable tubular scaffold results 
in a lower scaffold degradation rate.70 Collagen is a biomolecule that can 
be extracted from different sources, e.g., bovine skin and tendons, porcine 
skin, and murine tails. this highly compatible polymer is mainly produced 
by fibroblasts and forms the organic part of the eCM.71,72 the presence of 
collagen on the surface of pga/pLLa scaffolds resulted in better engraftment 
and larger cysts. the resulting neointestine mimicked the intestine in the 
formation of polarized epithelium layer with differentiated cells, basement 
membrane, and brush border enzymes. it has been also shown that epithe-
lial maturation occurred over 2–6 weeks, including increased crypt and villus 
formation, numerous differentiated cells, and more mature columnar epi-
thelium. a subepithelial layer containing a fibrous layer similar to lamina 
propria and SMC layers of different thicknesses in different regions were also 
obtained. it was also discovered that transepithelial resistance of the neointes-
tine was similar to the intestine, which indicated that epithelial permeability 
of the neointestine was the same as in the intestine. however, a lesser matu-
ration of the neointestine compared with the intestine resulted in decreased 
ion movement across the epithelial layer.70 other reports presented the for-
mation of complete neomucosa and immune system in tissue-engineered 
neointestines.73,74 these investigations confirmed the existence of B cells, 
t cells, and natural killer (nK) cells in the neointestine, following a period 
of time of ∼20 weeks after anastomosis. Without luminal stimuli or within 
a shorter timeframe (∼10 weeks), the numbers of some immune cells were 
lower with respect to a 20 weeks' timescale.73 it has also been shown that 
teSi can greatly improve the functionality and regeneration of the intestine 
after small bowel resection. teSi-exerted positive effects included decreased 
recovery time, improved absorptive function, and creation of muscular, vas-
cular, and neural components, and a thicker muscularis mucosae layer. an 
attractive insight gained from this experiment was that small bowel resec-
tion positively affected cell differentiation.75 a perfusion bioreactor has been 
designed for the same system to render the stem cell environment more 
similar to natural in vivo conditions in order to make long-term ex vivo cul-
ture feasible. Constant oxygen exposure of cells increased cellular survival, 
proliferation, and differentiation. the possibility of investigating the effect 
of different factors on teSi and dynamic seeding thus constituted the advan-
tages of bioreactor use. however, these experiments were performed for just 
two days and applicable results have not been obtained.76 Sala et al. (2011) 
succeeded in establishing a multicellular approach of cell extraction and 
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seeded the cells onto a collagen-covered pga/pLLa scaffold.11 the method 
involved extracting full-thickness sections of mouse intestine and saving 
the mesenchymal components (muscle and nerve), instead of extracting low 
quantities of single cells for long-time culturing with subsequent cell trans-
formation. Fully-differentiated epithelium, in addition to other vital compo-
nents of teSi, including the muscularis layer, nerves, and blood supply, was 
thus obtained. immediately after implantation, vast amounts of differenti-
ated cells from the full-thickness intestine were dying and the neointestine 
was only generated from the stem cells presented. this may have also been 
caused by a lack of oxygen supply and nutrition in the bulk scaffold. Wound 
healing had just started upon implant insertion, by forming undifferentiated 
flat epithelium at the scaffold ends. it was concluded that “mesenchymal- 
epithelial cross-talk” results in tissue repair and regeneration.11

to decrease the immune response of the body to teSi, it is vital for the 
donor and the host to be the same. Since the ultimate aim of teSi is its 
employment as a substitute of the human intestine, extracting organoids 
from human intestine is a step in the right direction. one of the major prob-
lems necessitating the use of teSi in humans is SBS, which usually occurs 
in newborns. Levin used postnatal human intestine as a source for organoid 
derivation.77 postnatal organoids were seeded onto a collagen-coated pga/
pLLa scaffold and inserted into the omentum of adult non-obese diabetic/
severe combined immunodeficiency (noD/SCiD) gamma chain-deficient 
mice. Clusters of cells were extracted from fresh postnatal small intestine to 
add intestinal subepithelial myofibroblasts (iSeMF) and differentiated epi-
thelial cells to the intestinal cells, with the goal of a fully-functional neointes-
tine. an increased absorptive area associated with the presence of enterocytes 
and flat epithelium, assumed to have the ability to develop into crypt–villus 
structures, was the result of this arrangement. in addition, all secretory cell 
lineages, including goblet cells, enteroendocrine cells, and paneth cells, were 
detected. this teSi also comprised mesenchymal and nerve components in 
addition to adjacent iSeMF and epithelial layers. neurovascular components 
were also confirmed in that experiment. the existence of all types of differ-
entiated cells is an indication of similarity between a normal intestine and 
teSi. the presence of all intestinal factors is an indicator of the full-thickness 
teSi achievement using postnatal organoids.77 it was expected that if teSi 
containing human postnatal organoids placed in a murine omentum has the 
same functional profile as mouse teSi in a mouse, autologous human teSi 
(hteSi) will be practically achievable. it has been reported that mouse teSi 
(mteSi) and hteSi result in the formation of a fully differentiated epithelium, 
containing fully functional secretory cells. a well-polarized epithelium deter-
mined the ion flux potential of both types of teSi. actin localization resulting 
in tight epithelial junctions was observed in both teSis. a high expression of 
cell division control protein 42 homolog (Cdc42) in secretory cells was related 
to tissue development and normal homeostasis, confirming the notion of the 
identical function of teSi and normal intestine. it was also shown that mteSi 
and hteSi expressed enough ion and water transporters and channels to act 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

03
29

View Online

http://dx.doi.org/10.1039/9781788010542-00329


343Intestinal Tissue Engineering with Intestinal Stem Cells

as a normal intestine. Sodium-glucose linked transporter (SgLt-1) teSi local-
ization was similar to a control, confirming adequate nutrient absorption. 
Strong intestinal alkaline phosphatase (iap) activity in mteSi and hteSi 
indicated the integration of the gut barrier properties and an increase in food 
digestion. it can be concluded that satisfactory functional properties were 
achieved by both kinds of teSi and both had similar characteristics, which 
gives hope for using teSis to treat deficiencies such as SBS in humans. how-
ever, engineering an extensive injury treatment remains difficult.78

Matrigel is a soluble extract of basement membrane that converts to a gel 
at 37 °C.79 the principal components of Matrigel are laminin, collagen iv, 
and enactin. Matrigel is widely used in cell culture and it is believed that cell 
responses change after the cells are inserted into Matrigel. this is believed 
to be associated with the presence of growth factors, such as basic fibroblast 
growth factor (bFgF), egF, insulin-like growth factor1 (igF-1), transforming 
growth factor β (tgF-β), platelet-derived growth factor (pDgF), and nerve 
growth factor (ngF) inside a standard Matrigel.80 an engelbreth–holm–
Swarm (ehS) tumor (murine tumor with high eCM content) is the source 
of Matrigel.79 Because of its unique properties, Matrigel can maintain cell 
progeny and pluripotency. thus, it is widely used as the eCM in stem cell cul-
ture.80 Matrigel is also common in intestinal organoid unit culture. however, 
because of its origin, it may provoke a foreign body response and thus might 
not be useful in regenerative applications.81

Collagen has been introduced as a 3D substitute for Matrigel in an ex vivo 
culture of iSCs.10 although the combination of collagen and laminin showed 
lower iSC proliferation than Matrigel, multilineage differentiation and long-
time proliferation of iSCs are indicative of collagen's ability as a 3D matrix 
for iSC culture.10 In vitro culture and in vivo implantation of collagen-coated 
pga organoid scaffolds were also evaluated to determine the effect of colla-
gen presence instead of Matrigel.81 In vitro culture revealed different organ-
oid morphology on Matrigel and collagen structures. as anticipated, crypts 
displayed bud-surrounded lumen on the Matrigel substrate. however, a 
smooth structure without buds arose on the collagen matrix. Moreover, a 
differentiated epithelium monolayer emerged in culture when the collagen 
matrix was used. this was not observed with Matrigel. Cells could survive 
on both matrices and fully differentiated cells, including enterocytes, goblet 
cells, enteroendocrine cells, and paneth cells, in addition to stem cells, were 
observed as enteroid structures on Matrigel and monolayers on collagen. 
however, Lgr5 expression was noticeably higher on Matrigel than on the col-
lagen matrix because of its similarity to the intestine's crypt-like structure. a 
co-culture of organoids and iSeMFs, combined with either collagen or Matri-
gel, was applied to scaffolds and implanted in wild-type mice. Cells within 
both matrices, having been provided with the appropriate niche, proceeded 
through the growth process and the presence of myofibroblasts aided scaf-
fold engraftment. interestingly, collagen-containing scaffolds regained bud 
structure in vivo, which may be associated with the cellular microenviron-
ment.81 the different scaffolds used in iSC te are summarized in table 12.1.
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Table 12.1    Scaffolds used in intestinal stem cell tissue engineering.

Scaffold organoid source Model effect of the scaffold reference

pgaa Lewis rats Lewis rats organoid survival, proliferation, and differentiation to columnar  
epithelium; paneth cells' and goblet cells' formation

67

Collagen-coated 
(pga/pLLab)

Lewis rats Lewis rats Decreased degradation rate, better engraftment and larger cysts;  
formation of columnar epithelial layer, differentiated cells, basement 
membrane, and enzyme brush border; similar transepithelial  
resistance to the intestine but lower transepithelial ion movement

70

Lewis rats Lewis rats Formation of immune system 73
Lewis rats Lewis rats Formation of neomucosa 74
Lewis rats Lewis rats Formation of differentiated epithelium; formation of muscular, vascular, 

and neural components; formation of thicker muscularis mucosae 
layer; decreased recovery time after massive resection; increased 
differentiation

75

Mice (noD/SCiD)c gamma 
chain-deficient 
mice

Mesenchyme-epithelial cross-talk; formation of fully differentiated 
epithelium, muscularis, nerves, and blood vessels; death of large 
numbers of original cells; formation of flat epithelium at the ends of 
scaffold

11

postnatal 
human small 
intestine

(noD/SCiD) gamma 
chain-deficient 
mice

presence of all types of differentiated epithelial cells (enterocytes, goblet 
cells, enteroendocrine cells, and paneth cells); appearance of  
mesenchymal and nerve components, muscularis, and neurovascular 
components

77

Mice C57BL/6d mice Fully differentiated cells, fully functional secretory cells, ion fluxes; tight 
junctions of the epithelium; developed teSi; adequate channels for 
ion-water transport; adequate nutrient absorption and integrated gut 
barrier properties

78

postnatal 
human small 
intestine

(noD/SCiD) gamma 
chain-deficient 
mice

Fully differentiated cells, fully functional secretory cells, ion fluxes; tight 
junctions of the epithelium; developed teSi; adequate channels for 
ion-water transport, adequate nutrient absorption and limiting  
passage of epithelium

78

Collagen-coated 
pga/Matrigel

transgenic 
C57BL/6 mice

Wild-type mice recapitulates stem cell niche; regained crypt-like structure and growth 
of organoids; better engraftment because of iSeMF cells

81

Collagen-coated 
pga/collagen

transgenic 
C57BL/6 mice

Wild-type mice recapitulates stem cell niche; regained crypt-like structure and growth 
of organoids; better engraftment because of iSeMF cells

81

a polyglycolic acid.
b poly-l-lactic acid.
c non-obese diabetic/severe combined immunodeficiency.
d C57 black 6.
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345Intestinal Tissue Engineering with Intestinal Stem Cells

12.3.2   Chemical Environment
the chemical environment encompasses all factors that are chemically 
required for iSC function maintenance, as a te cell source. growth factors 
play the most important role here. Several reports on the effect of different 
growth factors on the proliferation and growth of the epithelium layer have 
been published, concerning specific disease treatment or renewal of the 
intestinal organ.82–84

Circulating growth hormone (gh) binds cellular gh receptors, which leads 
to igF-1 production. Both gh and igF-1 are responsible for somatic growth.85 
inconsistencies in clinical results regarding the administration of recom-
binant gh (rhgh) are considered to be associated with the methods used, 
patient diet, and diet supplements.86,87 igFs can improve the growth of the 
small bowel, where their receptors are expressed.88 Factors, such as bFgFs and 
igFs, are responsible for the proliferative characteristics of the crypts in the 
gut.89 glucan-like peptide-2 (gLp-2), a pgDp (peptide derived from post-trans-
lational processing of proglucagons), has the ability to regulate epithelial cell 
proliferation.90 gLp-2s are peptides that are secreted from enteroendocrine 
cells that, because of their location, can affect the entire length of the intes-
tinal epithelium.91 it has been reported that, unlike igFs, the increase of cell 
proliferation by gLp-2 is “tissue-specific only in the intestine”.90,92 Decreased 
cell apoptosis, and increased crypt cell population and villus height in rodents 
have been attributed to gLp-2 administration.92 Clinical administration of 
gLp-2 is controversial because of its short half-life, and use of teduglutide, a 
gLp-2 analog resistant to enzymatic degradation, is more common. however, 
the variability of results of teduglutide administration should be resolved by 
a comprehensive study.87 administration of egF as another growth factor can 
also enhance the proliferation rate and absorptive properties of the intestine 
by binding to enterocyte receptors.93,94 egF has been successfully used in 
the treatment of different gi tract diseases.87 egF's stimulatory role has also 
been considered in epithelial growth. pDgFs are also regarded as stimulatory 
growth factors.95 Similarly, tgF-α exerts a stimulatory effect on proliferation of 
stem cells in crypts, while tgF-β is mostly known for its inhibitory function.89 
By decreasing the duration of the stem cell mitotic cycle, subsequently increas-
ing the number of dividing cells, egF and tgF-α increase the cell proliferation 
rate in the crypt region. however, tgF-β prevents cell proliferation in 50–75% 
of the crypt region.89 it is worth noting that different tissue reactions would be 
expected because of different cell responses to tgF-β. time-related inhibition 
or stimulatory tgF-β effects can be seen on different timescales. hepatocyte 
growth factor (hgF), a protein synthesized in digestive tissues, is responsible 
for epithelium repair, and mucosal regeneration and recovery.96 interestingly, 
none of these factors can perform their roles in their entirety individually and 
only their combination leads to an appropriate tissue response.89

the brief summary above described the most important growth factors in 
the gi tract, however, not all of these elements are useful in te.97 Some prac-
tical examples of their employment in te will now be delineated.
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gLp-2 has been subcutaneously administered as a growth factor to 
enhance the functionality of teSi formed by a pga scaffold with a pLLa sur-
face layer seeded with organoid units in adult rats.98 Different aspects of the 
effect of gLp-2 on teSi were then investigated. First, endogenous regulatory 
effects of gLp-2, including increased villus length and crypt depth, increased 
crypt cell proliferation, and decreased apoptosis, were successfully observed. 
Moreover, gLp-2 increased nutrient absorption of neointestine epithelium 
by increasing SgLt-1 expression and its distribution along the entire vil-
lus length. Furthermore, gLp-2 affected the expression of sucrase but not 
gLut2, suggesting different regulation mechanisms. these experiments 
confirmed the subepithelial layer localization of gLp-2r.98

in 2011, Wulkersdorfer and his colleagues used locally-delivered growth 
factors (gLp-2, hgF, and transferrin) on pga felt disks to increase growth 
factor bioavailability in target tissue and decrease growth factor require-
ment. the simplicity and lack of protein degradation in this method were 
apparent when compared with the microsphere delivery method.99 Seeded 
growth factor-containing scaffolds were used and tested in Lewis rats. the 
effect of Matrigel was also investigated, by suspending the pga scaffolds in 
a Matrigel solution. although, since Matrigel was used, the distinct effects 
of growth factors in all samples that contained them were not obvious, com-
parisons of teSis with and without growth factors helped in understanding 
some of their effects. Matrigel results in a “complex neomucosal structure 
and increased surface area” (shown in Figure 12.6(C)).99 however, increased 
cyst numbers were attributed to gLp-2. gLp-2 did not affect the diameter 
of the neomucosal area but gLp-2 effects described in ramsanahie's report 
were also observed.98 it was concluded that the localized gLp-2 effects were 
identical to the effects generated by systematic administration. no signifi-
cant hgF effects were observed, which was related to its low dose in teSi 
(shown in Figure 12.6(a)). however, transferrin samples displayed a more 
complex structure in addition to a higher neomucosal surface area (shown 
in Figure 12.6(D)).99

Fgf10 is a fibroblast growth factor that has been used in the intestinal te of 
extensive injuries or deficiencies on account of its attractive gi tract proper-
ties, such as control of epithelium proliferation, differentiation, survival, and 
expression inside the gi tract. it is assumed that Fgf10 overexpression may 
improve teSi formation. therefore, organoids were extracted from trans-
genic mice with inducible Fgf10 overexpression. organoids were seeded on 
pLLa-coated pga scaffolds and implanted in mice. as expected, Fgf10 over-
expression resulted in greater villus length and deeper crypts, which conse-
quently improved the absorptive area (shown in Figure 12.6(B)). proliferation 
of the epithelium in Fgf10-overexpressing teSi was higher than in the con-
trol sample. however, the amount of epithelial proliferation is not enough to 
consider it as an appropriate teSi. Cells should sufficiently differentiate and 
distribute along the epithelium before teSi can be considered suitable for 
mimicking the small intestine. Fgf10-overexpressing teSi contained com-
pletely differentiated cells of all kinds, reminiscent of a normal intestine.100
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347Intestinal Tissue Engineering with Intestinal Stem Cells

Figure 12.6    Different chemical elements used for teSi improvement. (a) using 
hgF on pga scaffolds seeded with organoids showed no significant 
differences in neomucosal structure after four weeks' implantation in 
Lewis rats.99 reproduced from the Journal of Surgical Research, 169(2), 
Wulkersdorfer, B., Kao, K. K., agopian, v. g., Dunn, J. C., Wu, B. M., 
Stelzner, M. growth Factors adsorbed on polyglycolic acid Mesh aug-
ment growth of Bioengineered intestinal neomucosa, 169–178, Copy-
right (2011) with permission from elsevier. (B) Crypt–villus structure 
formed by a teSi-containing organoid-unit-seeded-collagen-coated 
pga/pLLa scaffold and Fgf10 overexpression.100 (reproduced with 
permission from Y. torashima, et al., J Tissue Eng Regen Med, 2016, 
10, 132–139. Copyright 2013: John Wiley & Sons, Ltd.) (C) Complex 
mucosal structure formed by implanting pga scaffolds seeded with 
organoids and treated with Matrigel after four weeks' implantation in 
Lewis rats.99 reproduced from the Journal of Surgical Research, 169(2), 
Wulkersdorfer, B., Kao, K. K., agopian, v. g., Dunn, J. C., Wu, B. M., 
Stelzner, M. growth Factors adsorbed on polyglycolic acid Mesh 
augment growth of Bioengineered intestinal neomucosa, 169–178. 
Copyright (2011) with permission from elsevier. (D) Complex cyst 
morphology obtained from using holo-transferrin in pga scaffolds 
seeded with organoids implanted in Lewis rats for four weeks.99 repro-
duced from the Journal of Surgical Research, 169(2), Wulkersdorfer,  
B., Kao, K. K., agopian, v. g., Dunn, J. C., Wu, B. M., Stelzner, M. 
growth Factors adsorbed on polyglycolic acid Mesh augment growth 
of Bioengineered intestinal neomucosa, 169–178, Copyright (2011) 
with permission from elsevier. (e) high level of neointestinal capillary 
marked by CD31 (endothelial cell marker) in the neointestine, formed 
by an organoid-seeded pga/pLLa scaffold containing pLLa micro-
spheres loaded with vegF, after four weeks' implantation in Lewis 
rats.102 reproduced from Biomaterials, 29(19), rocha, F. g., Sundback, 
C. a., Krebs, n. J., Leach, J. K., Mooney, D. J., ashley, S. W., vacanti, 
J. p., Whang, e. e. the effect of sustained delivery of vascular endo-
thelial growth factor on angiogenesis in tissue-engineered intestine, 
2884–2890, Copyright (2008) with permission from elsevier.
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in order to provide teSi with nutrients and oxygen, rocha et al. used 
pLga ((poly(lactic-co-glycolic acid)), a biodegradable and biocompatible 
polymer101) microspheres containing vegF (vascular endothelial growth 
factor) as an angiogenesis factor.102 pLga/vegF microspheres were loaded 
onto pLLa-coated pga scaffolds that were afterwards seeded with organoids 
and implanted in adult Lewis rats. vegF-containing teSis showed increased 
construct size and weight, which has been related to teSi vegF delivery. a 
higher capillary network density in comparison with control samples was 
observed (shown in Figure 12.6(e)). epithelial cell proliferation increased in 
response to higher amounts of nutrients and oxygen supply, as a result of 
increased vascularity. apoptosis rates were similar to the control sample and 
it thus can be concluded that degradation of pLga does not exert any harm-
ful effects on the teSi function. a te system mimicking the natural intestine 
was thus obtained.102

Considering the probability of microsphere degradation and also the 
inability to control the villus–crypt height, researchers have devised another 
method of vegF application.103 instead of microspheres, vegF overexpres-
sion was used in the rocha system described above.102,103 a triple transgenic 
CMVCre-rtTAflox/flox -tet(o)-VEGF mouse was selected as the donor of organ-
oids and the host of teSi because of its ability to induce vegF overexpres-
sion upon doxycycline treatment. a sustained vegF expression was thus 
attained, unaffected by polymer degradation. Complete neovascularization 
was achieved and nutrient transport to the bulk scaffold resulted in muco-
sal layer growth. increased crypt cell proliferation may also be attributed to 
sufficient nutrition. Complete differentiation of intestinal epithelial cells 
without inhibition took place in the teSi. a fully-developed mucous layer, in 
addition to different types of differentiated intestinal cells, was assumed to 
be associated with the presence of Flt-1 and Flk-1 (vegF receptors) and their 
signaling in the epithelium layer. high villi and deep crypts were observed 
in the vegF overexpression system at a higher density compared with the 
control system.103

it is crucial that, as mentioned before, elements required for stem cell 
niche maintenance should be included in the teSi. in addition to growth 
factors, other factors facilitate acceptable teSi generation. Matrigel is 
an important factor facilitating the formation of a more complex teSi 
structure resembling the naturally occurring crypt–villus structures. an 
increased mucosal surface area and cyst formation were obtained after 
using Matrigel on pLga scaffolds. improved differentiation of cells on 
Matrigel is regarded as an effect of cell–cell interactions on or in the 
Matrigel matrix, and, in consequence, differentiated cells similar to those 
naturally occurring in the organs are formed.79 the complexity of the 
tissue-engineered structure of the intestine is thus explained. Longer,  
narrower, and densely spaced villi were observed when using Matrigel on 
pLga scaffolds, as compared with pLga suspended in hanks' buffered 
saline solution (hBSS). however, cyst numbers decreased when Matrigel 
was used.99
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Some growth factors are also required for preparing important signaling 
pathways to maintain the stem cell nature of cells in culture and for long-
time maintenance, which seems necessary for the long-term usage of these 
cells. in small intestinal murine cultures, enr (murine egF, murine nog, 
and human r-spondin-1) are essential for differentiation of stem cells to all 
types of intestinal cells.56,63,65 addition of Wnt3 to the culture medium results 
in the generation of cells that are mostly undifferentiated. even though the 
specified chemical conditions favored mouse crypt formation, such was not 
the case for human intestinal culture and seven days was the maximum lifes-
pan of human stem cells under these conditions. to improve the efficiency of 
the culture, gastrin (neoendocrine hormone secreted by g-cells in the stom-
ach104) and nicotinamide (a form of vitamin B3 or niacin105) were added to 
the system. gastrin does not play a major role in culture systems and does 
not intervene with differentiation but it was preferred to use gastrin in all 
human culture systems. in contrast, nicotinamide increased the lifespan of 
cells to one month. after one month, the organoids converted from bud-like 
structures to cystic structures and their proliferation decreased significantly. 
By adding a combination of a83-01 (alk4/5/7 inhibitor) and SB202190 (p38 
inhibitor), the viable culture period was increased to six months. Differenti-
ated cells did not arise under these conditions. Wnt3, SB202190, and nicotin-
amide were considered as differentiation-inhibiting factors. Differentiation 
was achieved by eliminating these factors.63 a single biopsy of a patient and 
culturing organoid units of the intestinal tract under the specified chemical 
conditions can lead to generation of a “transplantable epithelium” for treat-
ing intestinal organ malfunction.63 all steps of human iSC culture are shown 
in Figure 12.7. a summary of all chemical factors required for te is presented 
in table 12.2.

12.4   Conclusions and Future Perspectives
intestinal te, as an alternative approach circumventing the limitations of 
other techniques like drug therapy, chemotherapy and surgical methods, 
will help patients to regain their health more easily. however, because of 
the complex intestine structure and functionality, detailed investigations of 
various components of teSi have to be undertaken. teSi components can 
be divided into two distinct categories: cells and the cellular growth envi-
ronment. although different types of cells have been used in teSi design, a 
cell source that meets all the requirements of intestinal structure and also 
affords all functionalities is the best choice. Stem cells comprise a promising 
cell source as they can convert into differentiated cells with the ability to per-
form an intended role in an organ. iSCs, residing at the bottom of intestinal 
crypts, appear to be the best option because they can proliferate into iden-
tical stem cells and can also differentiate into all cell lineages of the intesti-
nal epithelium. the obstacle in their application is that iSCs do not survive 
under conventional cell culture conditions. therefore, an environment 
has to be created that would simulate the niche that they occupy, similar 
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Table 12.2    Chemical factors used in intestinal stem cell tissue engineering.

Chemical 
element organoid source Model effect of the growth factor reference

gLp-2a Lewis rats Lewis rats increased villus height and crypt depth; increased crypt cell 
proliferation; decreased apoptosis; increased nutrient 
absorption; expression of sucrase and absence of gLut2 
expression; location of gLp-2r in the subepithelial layer

98

Lewis rats Lewis rats elevated cyst numbers, increased villus height, increased 
crypt depth

99

hgFb Lewis rats Lewis rats no distinguishable effect 99
Fgf10c Fgf10LacZ, littermate control 

miced or R26rtTA; tet(O)Fgf10 
mutant micee

(noD/SCiD) 
gamma- 
chain-defi-
cient mice

increased villus height, increased crypt depth, increased cell 
proliferation; fully differentiated intestinal cells in  
normal population were obtained

100

vegFf Lewis rats Lewis rats increased size and weight of teSi; increased vascularity and 
epithelial proliferation, no change in apoptosis

102

triple transgenic CMV Cre rtTA-
flox/flox -tet(O)-VEGF miceg

irradiated (350 
cgy) (noD/
SCiD) gamma- 
chain-defi-
cient mice

increased villus height and crypt depth, increased crypt cell 
proliferation, increased mucous thickness, complete cell 
differentiation

103

Matrigel Lewis rats Lewis rats greater surface area and cyst diameter, more complex 
neomucosal structure (longer, narrower, and packed villi)

99

egFh Lgr5–EGFP–ires–CreERT2 
mice,i APCflox/flox mice, 
Axin2-lacZ mice, C57B/6 
wild-type mice

— intestinal proliferation 56,63,65

human —
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noggin Lgr5–EGFP–ires–CreERT2 

mice, APCflox/flox mice, Axin2-
lacZ mice, C57B/6 wild-type 
mice

— expansion of crypts 56,63,65

human —
r-spondin Lgr5–EGFP–ires–CreERT2 

mice, APCflox/flox mice, Axin2-
lacZ mice, C57B/6 wild-type 
mice

— Crypt hyperplasia; Wnt activation 56,63,65

human —
gastrin human — improved culture efficiency 63
nicotinamide human — improved culture efficiency, prolongation of culturing 

period, differentiation inhibition
63

Wnt3 human — Differentiation inhibition 63
a83-01j human — Synergic effect with SB202190 in prolonging the culture 

period
63

SB202190k human — Synergic effect with a83-01 in prolonging the culture period; 
differentiation inhibition

63

a glucan-like peptide-2.
b hepatocyte growth factor.
c Fibroblast growth factor.
d Fibroblast growth factor 10; transgene insertion 24, Margaret e. Buckingham.
e R26rtTA: gene trap roSa 26, philippe Soriano; targeted mutation 1, anton Wutz.
f vascular endothelial growth factor.
g CMV Cre: transgene insertion 1, university of Cologne.
h epidermal growth factor.
i Leucine-rich repeat containing g protein coupled receptor 5; targeted mutation 1, hans Clevers (reproduced from Cell, 154(2), Clevers, h., the intestinal 
Crypt, a prototype Stem Cell Compartment, 274–284. Copyright (2013) with permission from elsevier).

j 3-(6-Methyl-2-pyridinyl)-N-phenyl-4-(4-quinolinyl)-1H-pyrazole-1-carbothioamide.
k 4-[4-(4-Fluorophenyl)-5-(4-pyridinyl)-1H-imidazol-2-yl]phenol.
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to biological microenvironments. Stem cells convert into crypt–villus-like 
structures termed organoids. organoids, or mini guts, contain differentiated 
epithelium-forming cells as well as iSCs that can renew the entire organ. the 
key point here is that organoids should be provided with a proper surround-
ing environment to enable them to grow into a whole organ. Chemical and 
mechanical aspects of the environment should be fulfilled. the chemical 
environment encompasses all the chemical components, such as proteins, 
growth factors, etc., that are necessary to aid organoid proliferation and dif-
ferentiation into intestinal cells capable of carrying out all the necessary 
intestinal epithelial functions, including nutrition, absorption, lubrication, 
and barrier function. the mechanical environment encompasses support-
ing materials required for the organoids to act as an eCM for the cells. this 
chapter presented a comprehensive overview of every concept of iSC te, 

Figure 12.7    Different steps in a long-term culture of human iSCs and the future of 
making a transplantable epithelium to regenerate intestinal tissue.63
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including organoids as the cell source; such chemical elements as gLp-2, 
FgF, and vegF; and scaffolds, e.g., pga and collagen-coated pga/pLLa.

Despite the great effort in iSC te, there are still some sections of this topic 
that have not been evaluated or need further investigations. one of the first 
attempts of future work should be directed towards the culture condition of 
human iSCs. Since a working human intestine is the ultimate goal of teSi, 
further studies should focus on more effective culture conditions to main-
tain long-term human organoids in a more controlled manner and make the 
iSCs able to proliferate constantly and differentiate into epithelial cells. More 
operative factors should be investigated and added to the culture system that 
have positive effects on maintaining the normal niche of iSCs. the other area 
of future research should be assigned to involve polymer technologies in the 
manufacturing and chemical processes of scaffold preparation in order to pro-
vide scaffolds with the highest similarity to the human intestine. Subsequently, 
mimicking the intestinal structure and complete organ functionality can be 
expected from teSi. a similarity between the scaffold and intestine should be 
achieved in diverse aspects including shape and size (possessing the most sim-
ilar shape to the finger-like structure of the small intestine), materials used, 
and surface and bulk properties. these strategies will facilitate the engineer-
ing of a regenerating intestine to replace the native intestine during disease.
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13.1   Introduction
diabetes mellitus (dM) is a metabolic disorder disease caused by a defect 
in insulin secretion (type 1 diabetes),1–3 insulin action (type 2 diabetes)4–6 or 
both. according to the international diabetes Federation, diabetes affected 
over 415 million people in 2015, which is almost 9.1% of the population 
worldwide and the figure is expected to rise to 645 million people by 2040.7

Currently, insulin pumps clinically help to regulate the blood glucose levels 
(BgLs) of type 1 and advanced type 2 diabetic patients, functionalizing as an 
alternative pancreas.8,9 When incorporated with a real-time glucose monitor, 
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the pump can realize closed-loop insulin delivery with an appropriate algo-
rithm, which can deliver precise doses of rapid-acting insulin to closely 
match patients’ needs.10 nevertheless, current glucose sensors, which are 
limited in reliability and accuracy, do not meet the requirements for com-
mercial acceptability.11 Moreover, a high risk of infusion set failure due to 
patients’ education on infusion site care and pump operation ensures that 
this electronic device still strives towards a closed-loop performance.12,13 
Over the last decades, chemically synthesized smart systems as an artificial 
pancreas have been explored for achieving closed-loop insulin delivery.14–16 
generally, glucose-responsive materials are integrated into these systems 
to provide BgL-dependent delivery of insulin.14,17 then the systems can 
sense an increase in BgL and respond accordingly with the release of a cer-
tain amount of insulin for closed-loop therapy, which can mimic the nature 
dynamics of glycemic control. Besides a synthetic-material based therapy, 
the transplant of a pancreatic β-cell offers another approach to treat diabe-
tes. By transplanting exogenous normal β-cells to diabetes patients, insulin 
can then be secreted by implanted β-cells to retain the normal BgLs in the 
body.18 thus these external β-cells may serve as an artificial pancreas. in this 
chapter, synthetic materials for closed-loop insulin delivery and pancreatic 
β-cell-based therapy will be surveyed.

13.2   Smart Synthetic Systems as an Artificial 
Pancreas

artificial pancreas-like synthetic closed-loop insulin delivery systems that 
can simulate normal pancreatic function, and continuously and intelli-
gently release insulin in response to changing blood glucose levels (BgLs) 
have gained increasing attention in recent years. these systems may utilize 
polymeric hydrogels, nanoparticle formulations and swelling or degradable 
membrane-sealed reservoirs to release the insulin with the help of certain 
glucose-sensing factors.19,20 Currently, most of the smart synthetic systems 
are based on glucose-responsive biomaterials with glucose-sensing moieties, 
including glucose oxidase (gOx), phenylboronic acids (pBa), or glucose bind-
ing proteins (gBp). Chemically modified insulin also serves as an alternative 
approach for controlled insulin delivery. the main mechanisms of diverse 
systems and the most recent studies will be discussed in this section.

13.2.1   GOx-Mediated Systems
gOx-based insulin delivery is one of the classic glucose-responsive systems. 
the first development of a glucose-responsive material was a gOx-associated 
ph-sensitive hydrogel.21,22 gOx is a glucose specific enzyme that will oxidize 
glucose to gluconic acid:23

2 2 2
GOx

2Glucose  +  O  +  H O  gluconic acid  +  H O
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during this process, a low ph value, hypoxic environment and h2O2 will 
be generated, which can all serve as the trigger of insulin release. Since the 
over-production of h2O2 can lead to local cytotoxicity and also inhibit the 
activity of gOx, catalase (Cat), an enzyme that can scavenge h2O2 to water 
and O2, is usually introduced into the systems. the following section will 
introduce gOx-integrated glucose-responsive systems based on different 
stimuli.

13.2.1.1  pH-Responsive Materials
gOx-mediated ph-sensitive matrices are widely applied in insulin delivery, 
which usually release insulin via volume change or hydrolysis in response 
to a ph decrease.24,25 Specifically, protonation-induced swelling or shrink-
ing of systems can propel insulin release; or acidity-caused degradation can 
disintegrate the carrier and subsequently release a drug. Wu and coworkers 
designed a glucose-responsive plug to control insulin release from a reser-
voir, which was made of surface-modified silicone.26 the plug consisted of 
crosslinked bovine serum albumin, enzymes (gOx and Cat), MnO2 nanopar-
ticles, and the embedded ph-responsive hydrogel nanoparticles (nps). gOx 
was used to induce a ph stimulus. Meanwhile, Cat was able to quench unde-
sired h2O2 and enhance the gOx half-life. MnO2 nps can not only stabilize 
the enzymes by fully converting h2O2 to O2, but also reinforce the mechan-
ical strength of the plug. under a high BgL, the decrease in ph generated 
through the oxidation of glucose caused the hydrogel nps to shrink, result-
ing in an interconnected porous structure to allow insulin permeation across 
the membrane. they demonstrated the reversibility of this glucose-mediated 
insulin release in vitro. Furthermore, through intraperitoneal implantation 
of the insulin device, the BgLs of diabetic rats can be regulated well in vivo.

gu et al. have reported several acidity-responsive drug carriers for closed-
loop insulin delivery.27–29 they fabricated a chitosan-based sponge-like matrix 
for insulin reservation, which showed a five-fold volume increase in response 
to glucose (Figure 13.1). Chitosan is a natural polysaccharide that can be 
degraded by lysozymes and glycosidases, which are ubiquitous in the body.30 
tripolyphosphate (tpp) crosslinked chitosan entrapped insulin and enzyme 
nanocapsules inside and formed sponge-like microgels. When a high glu-
cose level was sensed, the encapsulated glucose-specific enzyme (gOx) cata-
lyzed glucose into gluconic acid, leading to the protonation of amine groups 
on the polymer chains. thus the microgels continuously swelled as a result 
of the increasing charge in the matrix, which in turn triggered the release of 
insulin. additionally, this system was reversible under normoglycemic con-
ditions, which means the microgels could shrink and cease insulin release 
until the next high glucose challenge.

they also explored dextran as an acidity-sensitive material for glucose 
responsiveness.28 in this system, dextran was modified with an acetal group 
for acid sensitivity, which can be hydrolyzed into water-soluble dextran, etha-
nol and acetone in the presence of gluconic acid. a double emulsion method 
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was utilized to fabricate acetal-modified dextran (m-dextran) nps encapsu-
lating insulin and gOx as well as Cat (Figure 13.2). under hyperglycemic 
conditions, the catalytically-generated gluconic acid degraded m-dextran, 
and subsequently contributed to the collapse of the nps and the release of 
insulin. to further enhance the stability of the nps and make them inject-
able, the 3d-structured nano-network was formed via mixing oppositely 
charged m-dextran nps coated with chitosan and alginate respectively. the 
resulting nano-network had a cohesive and porous structure with micro-
channels. these microchannels allowed the diffusion of glucose and insulin 
throughout the network, thus providing a center for a high-efficiency cat-
alytic reaction. the results demonstrated fast glucose responsiveness and 
insulin release at a hyperglycemic level, while the network was quite stable 
under normoglycemic conditions. One single injection of the nano-network 
could help type 1 diabetic mice maintain normal BgLs for up to 10 days.

recently, gu’s group established a glucose-responsive polymersome by 
packing insulin, gOx and Cat inside.29 the polymersome was self-assembled 
by the amphiphilic polymer peg-poly(Ser-Ketal), which was ph sensitive as 

Figure 13.1    Chitosan-based microgels for glucose-responsive insulin delivery. (a) 
Schematic of insulin and enzyme nanocapsule-encapsulated micro-
gel showing swelling response to glucose. (B) Fluorescence images 
of FitC-stained insulin released from microgels incubated in 400 
mg dL−1 glucose pBS solution at 37 °C. (C) In vitro release profiles of 
insulin from the microgels incubated with different glucose concen-
trations (0, 100 and 400 mg dL−1). (d) the change of BgLs in diabetic 
mice after subcutaneous injection of pBS solution, microgels loaded 
with insulin and enzymes (Mgs(e + i)), microgels loaded with insulin 
only (Mgs(i)), microgels loaded with enzymes only (Mgs(e)). repro-
duced with permission from ref. 27. Copyright 2013 american Chemical 
Society.
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it was supposed to be hydrolyzed into water-soluble peg-polyserine and 
acetone/ethanol under an acidic environment (Figure 13.3). When glucose 
crossed the bilayer membrane of the nanocapsule, gOx converted it into glu-
conic acid and acidified the aqueous core of the polymersome nanocapsule, 
leading to hydrolysis of the polymeric bilayer shell and subsequent dissoci-
ation of the nanocapsule, resulting in a glucose-responsive insulin release. 
a thermoresponsive and biodegradable polymer, pluronic-127 (pF127), 
was mixed with the polymersome to form a suspension. Once subcutane-
ously injected, the suspension quickly formed a stable hydrogel, in which 

Figure 13.2    injectable glucose-responsive nano-network for insulin delivery. (a) 
Schematic of the formation and the glucose-sensitive mechanism of 
the nano-network. (B) a SeM image of the nano-network. inset: a photo-
graph of the gel-like nano-network. (C) In vitro insulin release profile 
of the nano-network in pBS solution with different glucose concentra-
tions at 37 °C. reproduced with permission from ref. 28. Copyright 
2013 american Chemical Society.
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nanocapsules were evenly dispersed, and was able to stabilize the BgLs in 
the normoglycemic state (<200 mg dL−1) for up to five days.

13.2.1.2  H2O2-Responsive Materials
Several polymers, such as poly(acrylic acid) (paa), poly(vinylpyrrolidone) (pVp), 
poly(methacrylic acid) (pMa),and poly(ethylene oxide) (peO) can be degraded 
by h2O2.31 uchiyama and Kiritoshi et al. used poly-2-methacryloyloxyethyl 
phosphorylcholine (pMpC) to form a matrix that could readily be degraded 
in h2O2 aqueous solution.32 the degradation contributed to the main chain 
scission (elimination of the acyl group and the methyl group) of pMpC by 

Figure 13.3    gOx-encapsulated polymersome for closed-loop insulin delivery. (a) 
gOx converts glucose into gluconic acid and acidifies the aqueous core 
of the polymersome nanovesicle, leading to hydrolysis of the polymeric 
bilayer shell and subsequent dissociation of vesicles. (B) the chemi-
cal structure of the ph-sensitive diblock copolymer peg-poly(Ser-Ketal), 
which can be hydrolyzed into water-soluble peg-polyserine and  
acetone/ethanol in an acidic environment. (C) teM image of polymer-
some. Scale bar: 500 nm. (d) the polymersome was mixed with pF127 
to form a thermoresponsive suspension. (e) In vitro accumulated insu-
lin release from the vesicles incubated in the solutions with different 
glucose concentrations. (F) the BgLs of StZ-induced diabetic mice 
after treatment with pBS solution, polymersome encapsulating both 
enzyme and insulin (VS(e + i)) and polymersome encapsulating insu-
lin only (VS(i)). adapted with permission from ref. 29. Copyright 2014 
american Chemical Society.
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hydroxy and/or hydroperoxy radicals (hO• and hOO•) that were produced by 
h2O2. the release rate of the drug model was dependent on the h2O2 concen-
tration. they also applied this material to an implantable artificial pancreas 
device, in which pMpC functioned as a glucose-responsive insulin diffusion 
membrane.33 in these systems, pMpC not only plays a role in responsiveness, 
but also offers enhanced biocompatibility by consuming h2O2.34

13.2.1.3  Hypoxia-Responsive Materials
although gOx-based ph-sensitive materials allow closed-loop insulin deliv-
ery dependent on BgLs, the slow responsiveness has limited their applica-
tion.35 Besides enzymatically-induced ph change, gu’s group took advantage 
of the local hypoxic environment generated by gOx to trigger insulin release 
in response to hyperglycemia.36 a hypoxia-sensitive moiety, 2-nitroimidazole, 
was introduced to hyaluronic acid (ha) for hypoxia-responsive transduction. 
ha is a hydrophilic polysaccharide, which is chosen due to its high biode-
gradability and biocompatibility; while the conjugated side chain, 2-nitro-
imidazole, is a hydrophobic component. thus, this hypoxia-sensitive ha 
(hS-ha) could readily encapsulate insulin and gOx to form glucose-respon-
sive nanoscale vesicles (grVs) (Figure 13.4(a)). Once subjected to elevated 
BgLs, the oxygen could be quickly consumed during the glucose oxidation 
reaction catalyzed by gOx, which leads to local hypoxia. under this condi-
tion, the hydrophobic nitroimidazole groups were bio-reduced into the 
hydrophilic aminoimidazole groups, further causing the disassembly of 
grVs and subsequent release of the cargo. to achieve a convenient adminis-
tration, the grVs were deposited into a microneedle-array patch for continu-
ous and painless insulin delivery. the grVs in microneedles would maintain 
their stability under normoglycemic conditions, while they would quickly 
disassemble to release encapsulated insulin once exposed to high glucose 
levels in the blood and lymph vascular networks. this “smart insulin patch” 
using hypoxic signals as a novel trigger exhibited good responsiveness (Fig-
ure 13.4(d)) for glucose control, and presented a reversible control of insu-
lin release between the normoglycemic and hyperglycemic states (Figure 
13.4(e)). In vivo results implied that with one single patch, the BgLs of type 1 
diabetes mice could stay around 200 mg dL−1 for 4 h (Figure 13.4(F)) without 
causing any risk of hypoglycemia (Figure 13.4(g)) even with one more admin-
istration of a Mn patch. this smart insulin patch provides a promising plat-
form to realize a fast glucose-responsive, pain-free, and safe insulin delivery.

13.2.2   Phenylboronic Acid (PBA)-Modified Systems
pBa was found to have a reversible binding reaction with sugar in 1959 by 
Lorand and edwards.37 pBa has two forms—neutral and anionic—dis-
sociating in equilibrium (pKa = 9) in the aqueous environment.38 Only the 
charged formulation can bind to diols reversibly by the formation of a five- 
or six-membered ring structure (Figure 13.5). Based on this mechanism, 
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pBa and its derivatives were extensively utilized in the detection, analysis, 
and purification of polyol compounds in organisms. in 1994, Kataoka et al. 
first reported a pBa-based glucose-sensitive delivery of insulin.39 Since then, 
diverse pBa-modified materials have been explored for insulin delivery.40–42 
to enhance the sensibility of pBa in a physiological environment (ph ≈ 7.4), 
many derivatives with a lower pKa, such as ddOpBa43 and ameCFpBa,44 were 
explored.

Figure 13.4    hypoxia-sensitive vesicle-loading microneedle array patches for glu-
cose-responsive insulin delivery. (a) Schematic of the formation 
and glucose-responsive mechanism of grV and schematic of the 
grV-loading Mn-array patch for in vivo insulin delivery. (B) a pho-
tograph of the insulin Mn patch (scale bar: 1 cm.) (C) a SeM image 
of the Mn-array patch (scale bar: 200 µm.) (d) In vitro insulin release 
from the grVs in pBS solution with different glucose concentrations 
at 37 °C. (e) pulsatile release profile of grVs by changing the glucose  
concentration between 100 and 400 mg dL−1. (F) BgL changes in 
StZ-induced diabetic mice post-administration of blank Mns, Mns 
loaded with only insulin, Mns loaded with grV(e + i), Mns loaded 
with grV(1/2e + i), and Mns loaded with grV(i). (g) BgL changes 
in mice with an additional Mn-array patch 1 h after treatment of 
grV(e + i)-loaded Mns. adapted with permission from ref. 36. 
Copyright 2015 national academy of Sciences.
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13.2.2.1  Responsive Materials Based on Charge Change
Many systems incorporate pBa in hydrogels to initiate swelling by charge-
change-induced electrostatic repulsion. Matsumoto et al. conjugated 
ameCFpBa to a thermo-sensitive pnipMaam polymer and achieved a glu-
cose-responsive hydrogel (Figure 13.6).44 they applied the localized dehy-
dration of the surface to inhibit the diffusion of insulin. this dehydration 
can be efficiently controlled by the glucose levels between normo- and 
hyperglycemia. Specifically, the equilibrium of ameCFpBa between the 
anionically charged and uncharged structures shifted based on the glu-
cose concentrations, which would lead to the volume change of the gel as 
was driven by counterions’ osmotic pressure. then the resulting abrupt 
and rapid change in the hydration further led to surface dehydration as 
a “skin layer”, which could instantly control the insulin release rate cor-
responding to glucose concentrations from 100 mg dL−1 to 200 mg dL−1 
(Figure 13.6(C)).

de Smedt et al. used a layer-by-layer (LbL) technique to prepare glu-
cose-sensitive hollow multilayer capsules from a phenylboronic-acid-con-
taining polyelectrolyte.45 the polyanion pSS (polystyrene sulfonate) and 
polycation pad (poly-aapBa-co-dMaea) were electrostatically adhered to 
form a pSS/pad polyelectrolyte multilayer, which was stable without glu-
cose. however, when exposed to a certain concentration of glucose, the 
aapBa component in the pad reversed from the uncharged form to a neg-
atively charged form and attracted the positively charged dMaea, then 
led to the decomplexation of the system as well as insulin release (Figure 
13.7). Zhang’s group further explored more sensitive systems based on 
the same mechanism.46 in this case, they fabricated the LbL films from 
poly[acrylamide-co-(acrylamido)phenylboronic acid] [p(aam-aapBa)] and 
poly(vinylalcohol) (pVa) based on the formation of a covalent phenylboro-
nate ester. the obtained pVa/p(aam-aapBa) films could gradually dissolve 
in the glucose solution due to the reversible phenylboronate ester bond-
ing. the enhanced glucose-responsiveness of this system at physiological 

Figure 13.5    equilibrium between different forms of phenylboronic acid (pBa) in 
an aqueous system.
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conditions may be attributed to the adjacent amide group, which further 
stabilized the phenylboronate ester.

the hydrophilic reversion of pBa was also applied as a trigger of system 
dissociation.47,48 Kim and coworkers synthesized an amphiphilic copolymer 
composed of a boroxole-containing styrenic monomer and poly(ethylene 
glycol) (peg) via a reversible addition–fragmentation chain transfer method.49 
the amphiphilic copolymer poly(ethylene glycol)-b-poly(styreneboroxole) 
(peg45-b-pBOx) could form a monosaccharide-responsive polymersome with 
a peg hydrophilic shell and a pBO hydrophobic core by self-assembling. 
When exposed to a monosaccharide solution, the pBO block could bind to 
glucose and form the charged phenylboronate, which converted this hydro-
phobic pBO block into a hydrophilic one. then, the encapsulated insulin was 
released as a result of the disassembled system.

Figure 13.6    a hydrogel containing phenylboronate for glucose-responsive control 
of insulin diffusion. (a) Schematic of glucose-responsive mechanism. 
(B) Structures of the monomers and their optimized molar amounts 
for preparation of a glucose-responsive gel. (C) (top) Fluorescence 
intensity of FitC-tagged insulin released from the glucose-responsive 
gel under physiological conditions over time. (Bottom) the fluctua-
tion of glucose concentration in a corresponding experiment. adapted 
with permission from ref. 44. Copyright 2012 Wiley-VCh.
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13.2.2.2  Responsive Materials Based on Binding Competition
another mechanism is to use the competition between free glucose and 
modified insulin attributed to the reversible affinity of pBa to glucose. 
gluconated insulin (g-lns) was first prepared by Okano and coworkers for 
insulin delivery.50 they discovered free glucose could replace the g-ins that 
was bound in the pBa-containing hydrogel, and realize responsive insu-
lin release to glucose concentration. to further optimize the sensitivity of 
their system under physiological ph, they introduced an amine group to 
decrease the pKa.51 Mesoporous silica nanoparticles (MSn) can also act as 
insulin carriers (Figure 13.8).52 insulin as well as cyclic adenosine mono-
phosphate (caMp) were loaded into MSn, while g-ins was utilized to cap 
the pores by interacting with the pBa-decorated exterior surface. encapsu-
lated insulin could not be released unless glucose replaced the gated g-ins. 
the simultaneously released caMp could also facilitate the BgL regulation 
via stimulating insulin secretion through the activation of Ca2+ channels on 
pancreas β cells.

On the other hand, based on a pBa competition mechanism, a glycopo-
lymer that can bind to pBa can also be designed for glucose-responsive 
drug delivery.45,53 One example is from Li’s group; they synthesized a block 
glycopolymer containing phenylboronic acid (aapBa) and carbohydrates 
(gaMa) named as p(aapBa-b-gaMa) (Figure 13.9(a)).54 the amphiphilic 
glycopolymers could self-assemble into nanocarriers through crosslink-
ing inter- and intramolecular complexation between the phenylboronic 
acid and the diol groups of the carbohydrates. While the diol group of the 
free glucose binds to aapBa and simultaneously breaks the crosslinking 
between gaMa and aapBa, the nps would undergo partial disassembly. 
the different swelling ratios at different glucose concentrations indicated 
the good glucose-responsive capability of the nps (Figure 13.9(B)). the cor-
responding insulin release rate was further verified to be a function of the 
glucose level (Figure 13.9(C)).

Figure 13.7    glucose-sensitive mechanism of the polyelectrolyte bilayer. the blue 
and red circles represent the amino groups and the sulfonates, respec-
tively. the uncharged phenylboronic acid groups are indicated by 
green circles, which can bind to glucose to become anionic (orange 
circles). reproduced with permission from ref. 45. Copyright 2006 
american Chemical Society.
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13.2.3   Glucose Binding Protein (GBP)-Modified Systems
glucose binding proteins are a group of natural carbohydrate-binding pro-
teins, which can bind to glycosylated receptors or lipids to transmit cell sig-
nals. among them, concanavalin a (Con a) is commonly utilized for insulin 
delivery.55,56 Con a has four binding sites under neutral ph, which all show 
good affinity to d-glucose as well as d-glucosyl substances.57 thus Brownlee 
and Cerami creatively developed a glucose-regulated insulin delivery matrix 
via taking advantage of the affinity between Con a and glucose.58 due to α-d-
glucose residues at the terminal of the glycosylated insulin derivative, g-ins 
could complementarily bind to Con a. the release rate of bound g-ins was 
determined by the glucose concentration and the binding constant to the Con 
a. the most generally used g-ins are Sapg-ins and SapM-ins (p-succinylami-
dophenyl-α-d-mannopyranoside-insulin and p-succinylamidophenyl-α-d- 
glucopyranoside-insulin).59 Moreover, the binding capability between natural 
polysaccharide polymers and Con a could be used to design a glucose- 
responsive polymeric matrix for insulin delivery.59–63 Miyata et al. discovered 
the glucose-induced gel–sol transition of pgeMa/Con a (poly (2-glucosy-
loxyethyl methacrylate)-concanavalin a) complexation.64 the different con-
centrations could control the swelling ratio of the hydrogel, which promoted 
its potential application for glucose sensing and glucose-responsive insulin 

Figure 13.8    glucose-triggered g-ins and caMp release from pBa-functionalized 
MSn. reproduced with permission from ref. 52. Copyright 2009 
american Chemical Society.
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delivery (Figure 13.10). nie et al. further established a glucose and ph dual- 
responsive microhydrogel, respectively, based on the complex of Con a and 
glycopolymer (pgeMa), and a ph-responsive polymer (pdMaeMa).62 the 
protonation/deprotonation of tertiary amine groups on pdMaeMa resulted 
in ph-dependent swelling of the hydrogel and release of encapsulated insu-
lin; on the other hand, external glucose reopening the saccharide-binding 
sites also led to the disassociation of hydrogel. MSns were also engineered 
as insulin carriers by Wu et al.65 Con a was used to cap the pores of the MSns 
via its binding to mannose decorated on the surface. through this strategy, 

Figure 13.9    glycopolymeric nanocarriers based on phenylboronate–diol interac-
tions for glucose-responsive insulin delivery. (a) Schematic of the for-
mation and glucose-sensitive mechanism of p(aapBa-b-gaMa) nps. 
(B) the light scattering intensity of p(aapaB4-b-gaMa1) nps in pBS 
solution with different glucose concentrations. (C) In vitro release 
profile of insulin in pBS solution with various glucose concentrations 
(0, 100 and 300 mg dL−1) and medium only for the first 12 h and then 
300 mg dL−1. reproduced with permission from ref. 54. Copyright 
2014 royal Society of Chemistry.
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loaded cargo would only be released if the Con a gates were opened by intro-
ducing a competitive binding with free glucose.

13.2.4   Insulin Modification
Besides chemical synthesis of glucose-responsive materials, modification 
of insulin with glucose-sensing groups would also serve as an alternative 
strategy for controlled insulin delivery.66,67 hoeg-Jensen et al. investigated 
pBa-modified insulin in glucose-responsive therapy.68–70 as insulin is a pro-
tein, its bioactivity is dependent on multiple properties including its mole-
cular weight and structure.71 Monomeric insulin has a faster diffusion rate 
than hexameric insulin, but it also has a shorter half-life time (t1/2 1 hour  
vs. t1/2 2–4 h). insulin bound to high molecular weight proteins has a more 
than 10 h acting period. Based on this mechanism, they modified insulin 
with diol groups and pBa in order to force them to be self-assembled into 
hexamers.68 therefore, injected hexameric insulin would circulate in the blood 
for a relatively longer time without performing a bioactivity. in the presence 
of high BgLs, the reversible self-assembled insulin disassociated within five 
minutes to release bioactive monomeric insulin and regulated the BgLs 
(Figure 13.11).

recently, Langer and anderson’s group demonstrated that aliphatic pBa-con-
jugated insulin had a glucose-responsive and long-lasting ability.72 the pBa 
moieties were modified to the aliphatic domain of insulin through direct ami-
dation of pBa followed by a Suzuki coupling reaction (Figure 13.12(a)). the 
modified aliphatic domain could bind to serum albumin or other hydrophobic 
serum components, which led to a prolonged circulation half-life. the resulting 
insulin derivatives provided good glycemia control in diabetic mice following 
several glucose challenges during 13 hours (Figure 13.12(B)). these insulin 

Figure 13.10    Schematic of glucose-triggered swelling of a poly(geMa)–Con a 
hydrogel. reproduced with permission from ref. 64. Copyright 1996 
Wiley-VCh.
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derivatives exhibited even faster and superior BgL control than native insulin. 
Furthermore, their good glucose responsiveness was revealed to be similar to 
the function of the pancreas by continuous glucose monitoring.

13.3   Pancreatic Cell-Based Systems as an Artificial 
Pancreas

transplants of pancreas or β-cells to type 1 diabetes patients have been widely 
explored as an approach to help retain insulin secretion.18 recently, the 
advance of in vitro differentiation from human pluripotent stem cells (hpSCs) 
into functional pancreatic β-cells has provided a good source of human-insulin- 
producing cells, further promoting the development of a cell-based diabetes 

Figure 13.11    illustration of insulin self-assembly controlled by a carbohydrate. 
reproduced with permission from ref. 68. Copyright 2005 american 
Chemical Society.

Figure 13.12    Chemically modified insulin for glycemia regulation. (a) Chemical 
structures of the four pBa-modified insulin derivatives. (B) BLgs of 
StZ-induced diabetic mice after injection of insulin derivatives or 
native insulin followed by a series of i. p. glucose tolerance tests per-
formed at 4, 7, and 10 h. reproduced with permission from ref. 72. 
Copyright 2015 national academy of Sciences.
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therapy.73 however, allogenic implants typically suffer a foreign body immune 
response, which requires the long-term need of immunosuppressive drugs 
and may pose a challenge for normal function, even the survival of implanted 
cells.74 One alternative strategy is cell encapsulation, which can prevent ther-
apeutic cells being rejected by the immune system via using semi-permeable 
containers. Materials used in cell carriers need to be biocompatible and enable 
immuno-isolation, and allow the diffusion of glucose and insulin. alginate is 
the most commonly used material to form microbeads via electrostatic drop-
let generation for islet encapsulation.75,76 the chemical structures of alginate 
derivatives and the sizes or shapes of alginate microspheres were all studied 
for their effects on immunological responses.77,78 recent work by anderson’s 
group realized a long-term glycemic control of up to 174 days without immu-
nosuppression by using triazole–thiomorpholine (tMtd)-alginate-encapsu-
lated human-stem-cell-derived β-cells (SC-β cells).79 the tMtd alginate beads 
of 1.5-mm diameter showed the longest normoglycemia maintenance in StZ- 
induced diabetic mice after SC-β cell transplantation compared to other groups 
of 500-µm and 1.5-mm alginate spheres (Figure 13.13). it was demonstrated 
that the increased sphere size of the alginate sphere could efficiently mitigate 
the immunological responses.

Besides transplantation of cells, gu’s group reported a new microneedle- 
based cell therapy through transcutaneous administration.80 they integrated 
exogenous pancreatic β-cells with microneedles to achieve glucose-responsive 
insulin secretion without implantation. under a hyperglycemic state, the 
encapsulated β-cells were expected to secrete insulin. in order to transport the 
internal glucose signal to the external β-cells, synthetic “glucose-signal ampli-
fiers” (gSas) were developed and loaded in a Mn matrix to effectively trigger 
the cellular response (Figure 13.14(a)). this gSa contained self-assembled  
polymeric vesicles encapsulating gOx, α-amylase (aM) and glucoamylase 
(ga). gOx would oxidize glucose and consume oxygen, while aM and ga can 
hydrolyze the α-amylose into glucose. in the presence of a high BgL, the gSa 
based on hypoxia-sensitive ha quickly dissociated due to the rapid oxygen 
consumption by gOx. the released enzymes subsequently generated a local 
condensed glucose site, resulting in effective diffusion of glucose to the β-cell 
capsules and further facilitating the insulin secretion. thereafter, the secreted 
insulin diffused into the vascular networks through Mn channels to regulate 
the BgLs. their design involved both live and synthetic glucose-responsive  
systems to amplify the glucose signal to the β-cell capsules for insulin secretion 
and realize transdermal insulin delivery in a painless and convenient manner. 
One single Mn patch was demonstrated to maintain BgLs at a reduced level 
for over 10 h in type-1 diabetic mice (Figure 13.14(e) and 13.14(F)).

13.4   Emerging Translation to Clinical Practice
Chemically controlled closed-loop insulin delivery systems provide highly 
promising platforms for self-regulation of glucose levels. however, they are 
still in their infancy regarding clinical production and implementation. 
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the specificity of pBa and Con a mediated systems remains a concern. Besides 
glucose, they can also react with other sugars, which leads the precise report 
of physiological BgLs in body to be a challenge. For pBa-based materials, 
derivatives with a low pKa at physiological ph (7.4) are needed to adjust the 
in vivo glucose responsiveness of pBa. Moreover, the most existing materials 
reported cannot survive repeatable glucose challenges, as they usually lose 
their responsive ability or drug release control as a result of system destruc-
tion. how to achieve a reversible and stable delivery of insulin is an issue that 
needs to be resolved.

Figure 13.13    tMtd alginate encapsulating SC-β cells for glucose regulation in 
immune-competent diabetic mice. (a) Chemical structure of tMtd 
alginate. (B) Cryo-SeM image of tMtd alginate spheres (scale bar: 
3 µm). (C) representative bright-field images of SC-β cells encap-
sulated in 500-µm alginate microcapsules (left), 1.5-mm alginate 
spheres (middle) and 1.5-mm tMtd alginate spheres (right) with 
various doses (scale bars: 400 µm). (d) BLgs in diabetic mice after 
transplantation of SC-β cells encapsulated in 500-µm alginate micro-
capsules (top), 1.5-mm alginate spheres (middle) and 1.5-mm tMtd 
alginate spheres (bottom) at various doses of cell clusters. the blood 
glucose cut-off for normoglycemia is indicated by the red dashed 
line. reprinted by permission from Macmillan publishers Ltd: 
nature Medicine, ref. 79. Copyright nature publishing group.
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Figure 13.14    (a) Schematic of a microneedle-array patch loaded with glucose sig-
nal amplifiers (gSa) integrated with pancreatic β-cells for glucose 
regulation. (B) a SeM image of the Mn patch. (C) immunofluores-
cence image of the pancreatic β-cell capsules (green: insulin, and 
blue: nucleus). (d) Fluorescence image of the Mn patch loaded with 
gSa (red) and pancreatic β-cell capsules (green). (e) In vivo studies 
of the Mn patches in StZ-induced diabetic mice. Mice were trans-
cutaneously administrated with different Mn samples: blank Mns 
(w/o grS), Mns loaded with only L-grS (L-grS), Mns loaded with 
only S-grS (S-grS), Mns loaded with both L-grS and S-grS (L-S 
grS), Mns loaded with both L-grS and S-grS without gOx (L-S grS 
(w/o gOx)), and Mns loaded with both L-grS and S-grS without α- 
amylose (L-S grS (w/o aM)). (F) BgLs in diabetic mice after additional 
treatment of Mn (L-S grS) six h post administration. Scale bars: 
500 µm. reproduced with permission from ref. 80. Copyright 2016 
Wiley-VCh.

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

03
58

View Online

http://dx.doi.org/10.1039/9781788010542-00358


C
hapter 13

376

Table 13.1    recent Clinical trials evaluating Cell transplantation for the treatment of type 1 diabetes (retrieved from www.clinicaltrials.
gov).

intervention technique Cell type phase
Clinical trial 
identifier Year

novocell peg coating allogenic islets i/ii nCt00260234 2005
Baylor research institute two-layer pancreatic ductal  

preservation method
allogenic islets i nCt00214786 2005

Baylor research institute ductal injection method allogenic islets i nCt00214786 2007
national institute of 

allergy and infectious 
diseases

immunosuppressive drug (antithy-
mocyte globulin, sirolimus, and 
tacrolimus)

allogenic islets iii nCt00434811 2007

university of Chicago intraportal infusion through the  
portal vein in the liver

allogenic islets ii nCt01241864 2010

Living cell technologies 
(diabecell®)

alginate microencapsulation porcine islets ii nCt01736228 2012

ViaCyte (VC-01™) encaptra® allogenic pancre-
atic endoderm 
cells from 
embryonic 
stem cells

i/ii nCt02239354 2014

Medical university of 
South Carolina

— autologous  
mesenchymal 
stromal cells

i nCt02384018 2014

diaVacs immunoregulatory (intradermal 
injection)

autologous  
dendritic cells

ii nCt02354911 2015
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Clinical studies on cell transplantations for type 1 diabetes treatments started 
in the 1890s,81 and significant progress has been achieved during the past sev-
eral decades,82 especially in cell encapsulation.83,84 Many trials have been car-
ried out with different cell sources, biomaterials and techniques to evaluate the 
safety and efficacy of cell transplantations (table 13.1). the key of cell therapy 
is to maintain the bioactivity of implants: how to minimize immunosuppres-
sion and provide sufficient oxygen supply within the islets. immunosuppres-
sive drugs have been introduced to facilitate the cell survival;85–87 materials with 
good biocompatibility and diffusion properties have been explored;88 some 
anti-oxidant enzymes that reduce free radical levels have also been applied 
to help resist the hypoxic environment around the islets.89 Moreover, desired 
revascularization around transplanted islets is also crucial as a rapid response 
to blood glucose levels demands close proximity to blood vessels.90

13.5   Conclusions
diabetes treatments with smart materials and systems have attracted more 
and more attention in the last decade. For closed-loop insulin delivery, a 
number of different systems have been explored. however, more efforts are 
needed for potential clinical applications. First of all, the most challenging 
task is how to achieve fast responsiveness in vivo. to date, many studies have 
presented ideal glucose-responsive behaviors in test tubes without in vivo 
investigations. the real-time monitoring of in vivo pharmacokinetics of for-
mulations in a complex physiological environment is essential to validate the 
performance to further tailor the material and formulation design. Second, 
several safety concerns associated with insulin dosage should be addressed. 
For example, the burst release of insulin should be avoided for depot-based 
formulations. additionally, co-delivery of glucagon might be incorporated 
to serve as a safeguard to prevent the risk of hypoglycemia, a result of the 
release of unexpected insulin in a large amount. third, biocompatibility 
of glucose-responsive formulations or modified insulin should be carefully 
assessed. acute inflammation and long-term immunogenicity should be 
alleviated. in terms of cell-based therapy, how to maintain their long-term 
bioactivity is still the key challenge. high-throughput screening biomateri-
als for evaluating the performance of cell capsules both in vitro and in vivo 
provide an effective strategy to identify excellent candidates. in addition, the 
development of novel methodologies to help by-pass immunology issues, 
such as the way of externally positioning β-cells, would be another direction.
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14.1   Introduction
physical damage to the central nervous system (CnS) and the presence of 
chronic neurodegenerative diseases, such as parkinson’s and alzheimer’s, 
causing loss of neuronal cells, axons, and associated glial support, are the 
main reasons for the disruption of brain architecture.1,2 the self-repairing 
capacity of the CnS and replacement potential of lost neurons are limited 
due to injury or disease-associated inflammatory responses causing microg-
lial infiltration, astrocyte proliferation and glial scarring, as well as reduced 
neuronal proliferation.3 a combination of these effects suppresses the repar-
ative and proliferative processes in the CnS. therefore, the presence of cues 
and signals for cell migration, axonal guidance and synapse formation as 
well as the neuronal phenotypes, are needed in order to facilitate the par-
ticipation of intrinsically derived neurons or implanted stem-cell-based 
therapies in adult CnS repair.3 in addition, the transport of applied drugs 
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or neurotrophic factors across the blood–brain barrier (BBB) to target brain 
sites for long-term activity is also another fundamental challenge.4 On the 
other hand, compared to the adult CnS possessing a growth inhibitory envi-
ronment, the presence of Schwann cells, facilitating axonal regrowth upon 
damage, provides a greater repairing capacity for peripheral nervous system 
(pnS) neurons.5,6 the myelin and axon debris formed after traumatic injury 
to peripheral nerves are removed by macrophages and monocytes migrating 
into the nerve stumps. at the same time, Schwann cells proliferate to secrete 
neurotrophic factors and extracellular matrix (eCM) molecules. these  
synergistic actions facilitate axon regeneration to achieve functional recovery. 
despite the self-healing capacity, peripheral nerve repair with poor functional 
recovery is achieved, particularly for large peripheral nerve gaps.6 in order 
to address these issues in the CnS and pnS, various approaches, including 
delivery of drugs, neurotrophic factors and stem cell therapies, allowing 
reprogramming and transdifferentiation, based on different biomaterials 
and 3d scaffold fabrication techniques, have been applied in neural tissue 
engineering and nerve regeneration.2,7–11

Biomaterials fabricated from natural and synthetic sources, possessing 
many features (including biocompatibility, biodegradability, biological activ-
ity, mechanical properties, surface chemistry, and growth factor binding 
capabilities) have been used for the fabrication of 3d scaffolds providing an 
available eCM microenvironment that enables cell (native or transplanted) 
growth and differentiation along with an efficient drug/neurotrophic factor 
delivery platform.12–33 among these materials, stimuli-responsive smart bio-
materials, that are capable of showing large conformation- or property-based 
responses to small physical or chemical changes, have been addressed as 
promising candidates providing 3d scaffolds and drug/neurotrophic factor 
delivery platforms for neural tissue engineering and nerve regeneration.

this review chapter overviews recent advances in the use of stimuli-respon-
sive smart-biomaterial-based strategies to overcome the key hurdles of neural 
tissue engineering and nerve regeneration. the chapter specifically focuses 
on temperature-, ph-, enzyme- and photo-triggered self-assembling mono- or 
multi-responsive biomaterial-based 3d scaffolds and delivery platforms for 
drug/neurotrophic factors and stem cell therapies used in neural tissue engi-
neering and nerve regeneration. a separate section emphasizing electrically 
conductive materials and graphene is also included. in the last part, surface 
functionalized delivery systems for traversing the BBB and gene delivery 
systems and strategies are mentioned briefly. the chapter ends with a discus-
sion about the clinical potential and applications of smart materials in neural 
tissue engineering followed by concluding remarks and future perspectives.

14.2   Stimuli-Responsive Biomaterials for Neural 
Tissue Engineering and Nerve Regeneration

different types of stimuli-responsive smart biomaterials have been used 
for neural tissue engineering and nerve regeneration purposes as promis-
ing candidates providing 3d scaffolds and drug/neurotrophic factor delivery 
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platforms. they respond sensitively to physical or chemical changes, such as 
temperature, ph, enzymatic reactions, light and electrical stimuli by show-
ing relatively large conformation or property changes. the types of materials, 
their stimuli responses and descriptions are discussed below and outlined in 
table 14.1.

14.2.1   Temperature-Responsive Biomaterials
temperature-responsive materials have been mostly used to develop inject-
able in situ forming hydrogel scaffolds, allowing precise and controlled local-
ization at the desired site in the liquid phase, for neural tissue engineering. 
a commonly used thermoresponsive polymer, poly(N-isopropylacrylamide) 
(poly(nipaaM)), is capable of changing conformation from a coil to a globule 
at temperatures higher than the lower critical solution temperature (lCSt: 
32 °C). at these temperatures, the water molecules attached to the isopro-
pyl side groups are released, leading to poly(nipaaM) phase separation and 
enhancement in hydrophobic interactions.89–92 however, the large shrinkage 
of poly(nipaaM) upon a temperature change reduces the cell encapsulation 
and protein delivery efficacy of this polymer. in order to prevent the shrink-
ing problem and enhance cell entrapment and compatibility, poly(nipaaM) 
chains have been further modified by hydrophilic blocks including acrylic 
acid or polyethylene glycol (peg).93,94 For instance, pnipaam modified with 
peg was used as a biocompatible, injectable scaffold for the treatment of 
spinal cord injuries.34 the temperature-responsive injectable pnipaam–
peg-based scaffold allowed bone marrow stromal cell attachment and a 
sustained release of neurotrophic factors along with providing mechanical 
support matching the native neuronal tissue.34 Besides the large shrinkage, 
the lack of biodegradation of poly(nipaaM) is also another problem for tis-
sue engineering applications. in order to address this issue, poly(nipaaM) 
has been introduced to the backbone of biodegradable polymers such as chi-
tosan, gelatin, hyaluronic acid and dextran.35,36,95,96

Biodegradable and biocompatible gelatin with thermoreversible proper-
ties and facile modification at the amino acid level is considered as another 
potential biopolymer. Below 25 °C, triple helix formation occurs, causing the 
solidification of aqueous gelatin and creation of a rigid 3d network, while 
above 30 °C, the reverse is exhibited through a conformation change from a 
helix to a flexible coil.35,36 Since this thermal behavior of gelatin is opposite to 
what is usually required in biomedical applications, a combination of gelatin 
with other polymers is also needed to show thermal gelation close to body 
temperature. For this purpose, poly(N-isopropylacrylamide)-grafted gelatin 
(pnipaM–gelatin) was also examined as a temperature-responsive biode-
gradable in situ formed injectable 3d scaffold.36

amphiphilic block copolymers, containing both hydrophobic and hydro-
philic blocks, along with temperature-responsive properties (such as peO–
ppO–peO (pluronicF127), plga–peg–plga, peg–plla–peg, pCl–peg–pCl 
and peg–pCl–peg) are other potential scaffold materials for neural tissue 
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Table 14.1    types of biomaterials, their stimuli responses and descriptions.

Material
Stimuli 
response application/description Outcome references

pnipaam–peg thermo-
responsive

injectable scaffold for bone marrow 
stromal cells’ attachment and a 
sustained release of neurotrophic 
factors

provided mechanical support matching the 
native neuronal tissue and enhanced cell 
encapsulation

34

pnipaM–gelatin thermo-
responsive

In situ formed injectable 3d scaffold 
for cells

provided enhanced biodegradability to pnipaM 35 and 36

peg-(poly-l-ala-
nine)

thermo-
responsive

3d hybrid scaffolds comprising neuro-
nal differentiated MSCs and growth 
factor releasing microspheres

exhibited mechanical properties similar to 
brain tissue, capable of baring the micro-
spheres and MSCs throughout 3d culture

37

Methylcellulose- 
tethered 
laminin-1

thermo-
responsive

Bioactive scaffold as a delivery vehicle 
for CnS and neural cell transplan-
tation laminin-1 to methylcellulose 
through Schiff base reaction

enhanced low protein adsorption and cell  
adhesion of methylcellulose for neural  
tissue engineering applications

38

Chitosan/glycero-
phosphate 
salt hydrogel 
with pdla

thermo-
responsive

3d chitosan/glycerophosphate salt 
hydrogels, containing immobilized 
poly-d-lysine onto chitosan via  
azidoaniline photocoupling

Certain peptide polylysine concentrations 
improved neuronal adhesion and neurite  
outgrowth in 3d gel geometry

39

Xyloglucan 
hydrogels

thermo-
responsive

Xyloglucan hydrogel scaffolds  
functionalized through the  
immobilization and grafting of 
poly-d-lysine

promoted neuron adhesion and neurite  
outgrowth for the spinal cord. native spinal 
cord mimicking mechanical properties, 
allowing migration of neural stem cells, 
direction of neurite growth and infiltration 
of axons, astrocytes and neurites with higher 
concentrations

5,40–42

pdeaeM–
pluronicF127–
pdeaeM

ph and  
temperature 
responsive

hydrogels composed of temperature- 
responsive pluronic F127 and ph- 
responsive cationic pdeaeM

potential as 3d scaffolds for cellular growth and 
depot for drug/neurotrophic factor delivery 
for neural tissue engineering applications

43–59

(continued)
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iKVaV, ldlK12, 
rada16 
peptides

Self-assembly nanofibrillar gels and scaffolds  
developed through spontaneous 
self-assembly of ionic  
self-complementary peptides

Mimicking eCM. enhanced neural cell  
attachment, proliferation, migration and  
differentiation. induced neurite outgrowth 
and synapse formation

60–71

photocrosslink-
able meth-
acrylamide 
chitosan

photorespon-
sive

photocrosslinkable methacrylamide 
chitosan-based porous 3d scaffold

provide differentiation of neural stem/ 
progenitor cells into neurons, astrocytes  
and oligodendrocytes

72

amino ethyl 
methacrylate –  
Chitosan

photorespon-
sive

amino-ethyl methacrylate derivatized, 
degradable, photocrosslinkable  
chitosan 3d scaffolds

the scaffolds showed toxic effect against MSCs 
while enhancing the nSC differentiation into 
neurons and astrocytes

73

hrp catalyzed 
gelatin- 
hydroxyphen-
ylpropionic 
acid hydrogels

enzyme 
responsive

provided the stiffness-dependent  
differentiation of human  
mesenchymal stem cells (hMCSs) 
on hrp catalyzed gelatin-
hydroxyphenyl propionic acid 
hydrogels

the hydrogel stiffness stimulated neurogenesis 
and myogenesis of hMSCs along with high 
migration and proliferation rate. hMSCs 
encapsulated in soft hydrogels provided 
enhanced proliferation rate and neuronal 
protein marker expression compared to the 
hydrogels with higher stiffness

74 and 75

hrp catalyzed 
gelatin-hy-
droxyphenyl-
propionic acid 
hydrogels

enzyme 
responsive

provided the stiffness-dependent  
differentiation of adult neural stem 
cells (anSCs) on hrp catalyzed  
gelatin-hydroxyphenylpropionic 
acid hydrogels

Observed self-renewal and differentiation of 
anSCs into central nervous system cell types. 
Stiffer hydrogels enhanced neuronal lineage 
differentiation of anSCs, improved cell  
adhesion, oxidative stress resistance and  
cell proliferation and migration

76

Conductive 
polymers

electrical 
stimuli 
responsive

ngF-doped ppy films,77 ppy–plga,78 
ppy–pdlla79 and plla–pani80 
scaffolds

promoted survival, neurite outgrowth and  
density of viable neurons resulting in neural 
network formation

77–80

Table 14.1  (continued)  

Material
Stimuli 
response application/description Outcome references
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Collagen coated 
ppy scaffold

electrical 
stimuli 
responsive

inkjet-printed collagen-coated  
conductive ppy scaffold with  
guidance tracks

enhanced guided neurite outgrowth 81

gelatin- 
graft-polyani-
line

electrical 
stimuli 
responsive

In situ forming biodegradable  
electroactive gelatin-graft-polyaniline 
hydrogels by crosslinking with  
genipin at body temperature

enhanced MSC adhesion and proliferation upon 
electrical stimuli

82

ppy/pMaS electrical 
stimuli 
responsive

ppy/pMaS composite films enhanced the ngF triggered neural differentia-
tion of cells

83

Fibrillar  
collagen- 
coated ppy

electrical 
stimuli 
responsive

Fibrillar collagen-coated ppy scaffolds enhanced neural differentiation of rat  
pheochromocytoma nerve cells when  
electrical stimulus was applied

84

graphene foam electrical 
stimuli 
responsive

3d porous graphene foam with  
electrically conductive properties

Supported neural stem cell (nSC) growth with 
active proliferation state and enhanced nSC 
differentiation towards astrocytes and  
neurons through efficient electrical stimulation

85

graphene electrical 
stimuli 
responsive

graphene-coated substrate extremely low frequency electromagnetic fields 
enhanced neuronal differentiation of bone 
marrow-derived hMSCs

86

graphene oxide electrical 
stimuli 
responsive

3d conductive nanofibers achieved 
through the controlled assembly of 
graphene oxide sheets into the elec-
trospun polymer nanofiber surface

enhanced electrical stimulation, accelerated  
cellular growth and primary motor neurons

87

graphene oxide 
and gold 
nanoparticles

electrical 
stimuli 
responsive

gold nanoparticles containing 3d 
graphene oxide to monitor and 
detect the differentiation potential 
of neural stem cells (nSCs) using 
surface-enhanced raman  
spectroscopy (SerS)

promoted SerS signals of graphene oxide and 
gold nanoparticles for undifferentiated nSCs. 
promising in situ monitoring tool for stem 
cell differentiation

88
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engineering and cell delivery.97–99 in these stimuli-responsive copolymer 
designs, the amphiphilic polymer chains self-assemble into micellar struc-
tures at low temperatures, whereas more hydrophobic segments leading 
to increased hydrophobicity and micellar aggregation form hydrogels at 
lCSt.100,101 For example, 3d hybrid scaffolds based on a temperature-respon-
sive poly(ethylene glycol)–poly(l-alanine) (peg–l-pa) polymer comprising 
neuronal differentiated tonsil-derived mesenchymal stem cells (tMSCs) and 
microspheres releasing growth factors were developed previously (Figure 
14.1(a)).37 the in situ formed gel mimicked the mechanical properties of brain 
tissue and showed robust characteristics enabling the presence of micro-
spheres in the structure during 3d tMSCs culturing (Figure 14.1(B) and (C)).37

these synthetic block copolymers can also be used in combination with 
natural polymers to enhance their biocompatibility, biodegradability and 
mechanical properties. in a study, thermoresponsive and biodegradable 
scaffolds composed of thermoresponsive poly(N-isopropylacrylamide) (pni-
paam), hydrolytically degradable and hydrophobic poly(l-lactic acid) (plla) 
and enzymatically degradable and hydrophilic natural dextran blocks were 
designed for nerve growth factor controlled release.102

Many natural temperature-responsive materials, such as cellulose deriva-
tives, chitosan, gelatin, dextran etc., have been used alone or in combination 
with synthetic polymers for the fabrication of thermoresponsive scaffolds.103 
among those, a cellulose derivative, methylcellulose (MC), shows thermore-
sponsive gelation between 60 and 80 °C and liquification upon cooling.104,105 
although the lCSt range of MC is not suitable to show a thermoresponsive 
effect by direct body injection, particularly for neural tissue engineering 
applications, adjusting the lCSt range is possible through grafting MC with 
other thermoresponsive materials (i.e. synthetic N-isopropylacrylamide) by 
changing their relative ratios as mentioned in previous work.106 however, 
the application of methylcellulose for neural tissue engineering is limited 
by the low protein adsorption and cell adhesion properties. this issue was 
addressed through a bioactive scaffold, which was developed as a delivery 
vehicle for neural cell transplantation strategies in injured CnS tissue. in this 
strategy, laminin-1 was tethered to thermoresponsive MC through a Schiff 
base reaction occurring between the primary amine groups of laminin and 
the carbonyl groups of the oxidized MC chain.38

another natural material, chitosan, obtained by deacetylation of chitin, 
mostly forms thermosensitive hydrogels with polyol salts.107 a chitosan/glycer-
ophosphate salt hydrogel was first developed for potential neural tissue engi-
neering applications.108 Following that, 3d chitosan/glycerophosphate salt 
hydrogels with thermoresponsive properties, containing immobilized poly-
d-lysine, were fabricated via azidoaniline photocoupling, enhancing neurite 
outgrowth for neural tissue engineering.39 it was noted that certain peptide 
polylysine concentrations improved neuronal adhesion and neurite outgrowth 
in 3d gel architectures mimicking the extracellular matrix. One problem with 
chitosan is the solubility and gelation issue at physiological ph, which can 
also be adjusted by grafting some hydrophilic moieties such as peg.103,109
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Xyloglucan, a biocompatible polysaccharide, shows thermoresponsive char-
acteristics upon removal of more than 35% of galactose residues.110 although 
xyloglucan gels were previously demonstrated as potential drug carriers for 
different applications,107 their application in neural tissue engineering was 
rare due to the limited rheological and morphological characteristics. pre-
vious work examined the gelation properties and morphology of xyloglucan 

Figure 14.1    (a) 3d peg–l-pa thermogel cell culture matrix incorporated with algi-
nate microspheres containing neuronal growth factor. tMSCs’ neu-
ronal differentiation was manipulated by the controlled release of 
neuronal growth factors, BdnF and ngF. (B) SeM images of BdnF-
loaded (BdnF–MS) and ngF-loaded (ngF–MS) alginate microspheres 
and storage (g′) and loss (g″) modulus of peg–l-pa aqueous polymer 
solutions. (C) Cell images of tMSC after 3d culturing 0, 14, and 28 d in 
the absence of growth factor (p), presence of growth factor (gp), and 
3d cell culture (Mp) systems.37 (reproduced with permission from 
patel et al., Adv. Healthcare Mater., 4, 1565–1574, 2015. Copyright 2015: 
John Wiley and Sons.)
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hydrogels at physiological conditions,111 which led to further development 
in thermoresponsive xyloglucan hydrogel scaffold functionalization through 
the immobilization and grafting of poly-d-lysine to promote neuron adhe-
sion and neurite outgrowth for the spinal cord. it was shown that mechanical 
properties mimicking the native spinal cord and allowing neural stem cell 
migration, directed neurite growth and infiltration of axons, astrocytes and 
neurites with higher concentrations, were possible with these gels.5,40–42

14.2.2   pH-Responsive Biomaterials
the copolymerization of poly(nipaaM) or block copolymer hydrogels 
with ph-sensitive acrylates, such as 2-(dimethylamino) ethyl methacry-
late (dMaeMa) or 2-(diethylaminoethyl) methyl methacrylate (deaeMa), 
enables both temperature- and ph-responsiveness. these dual-responsive 
polymers provided extended protein release in previous work.112,113 Simi-
larly, in our group, ph- and temperature-responsive, amphiphilic and cat-
ionic pentablock copolymers, composed of temperature-responsive pluronic 
F127 (poly(ethyleneoxide)-block-poly(propyleneoxide)-block-poly(ethylene-
oxide) (peO-b-ppO-b-peO)) mid-block and ph-responsive cationic pdeaeM 
(poly(2-diethylaminoethyl methacrylate)) end-blocks, were synthesized via 
atom transfer radical polymerization (atrp). these polymers were used 
for both pdna and sirna delivery, as well as a vaccine carrier, due to their 
several advantages in eliminating the intra/extra cellular barriers over their 
counterparts (Figure 14.2). the central triblock, pluronic F127, facilitates 
cellular entry via thermoresponsive micellization while the ph-responsive 
cationic end blocks, pdeaeM, enable complexation with negatively charged 
nucleic acids and endosomal escape.43–47,50,51,54–59 the hydrophobic poly(pro-
pyleneoxide) (ppO) block in the middle of pluronic F127 with a lCSt of ∼8 °C 
is responsible for the thermoreversible micellization. in addition, the hydro-
phobic nature of ppO chains enhances the particle–cell interactions, facili-
tates the particle incorporation into cell membranes and promotes cellular 
entry of delivery systems without altering cell membrane integrity.48,49,53 the 
cationic end blocks, poly(diethylaminoethyl methacrylate) (pdeaeM) with a 
pKa of ∼7.3, provide electrostatic complexation with negatively charged pdna 
or sirna. Moreover, the ph buffering capacity of these segments through the 
presence of protonatable tertiary amine groups, facilitates the endosomal 
escape of the delivery system via the proton sponge mechanism at the low 
ph of the endosome.45,48,57 despite the advantages, ph-responsive hydrogels 
are not generally considered preferred cell carriers due to the in vivo biocom-
patibility and stability concerns. however, adjusting the balance between the 
cationic and non-ionic blocks makes it possible to manipulate the cytotox-
icity of these copolymers.47 in addition, the temperature- and ph-responsive 
gelation of these polymers was also reported as addressing the potential for 
3d scaffolds, providing available space for cellular growth as well as acting 
like a depot for drug/neurotrophic factor delivery for neural tissue engineer-
ing applications.
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14.2.3   Self-Assembling Biomaterials
responsive short peptides with self-assembly properties have shown prom-
ise in the development of 3d scaffolds for tissue engineering.114,115 these 
peptides form higher order self-assembled structures through weak and 
non-covalent interactions. the adjustment of the amino acid sequence 
controls the formation of various secondary structures (such as β-sheets, 
β-hairpins and α-helices) and their bonding interactions (such as hydrogen 
bonding, ionic, electrostatic, hydrophobic and van der Waals), which in 
turn affect the spontaneous formation of nanofibers, 3d hydrogels and scaf-
folds.116,117 these peptides have the advantage of possessing a shear thin-
ning property and they form scaffolds under physiological conditions giving 
the ability of post-stress in situ self-assembly and mechanical recovery. 

Figure 14.2    (a) temperature- and ph-responsive self-assembly and micelle forma-
tion of pentablock copolymer molecules. (B) polyplex formation with 
dna through electrostatic attraction and shielding of excess positive 
charges via pluronic self-assembly. (C) Self-assembly of polyplexes 
with paclitaxel (ptX) encapsulated pluronic to create a carrier loaded 
by both dna and ptX for dual delivery.56 reproduced from Interna-
tional Journal of Pharmaceuticals, 427(1), zhang, B., Jia, F., Fleming, M. 
Q., Mallapragada, S. K., injectable self-assembled block copolymers 
for sustained gene and drug co-delivery: an in vitro study, 88–96, Copy-
right (2012) with permission from elsevier.
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Various self-assembling peptides have successfully been used for neural cell 
culture. For example, nanofibrillar gels and scaffolds have been developed 
through spontaneous self-assembly of ionic self-complementary peptides 
while self-assembling peptide amphiphiles with biological signaling prop-
erties, such as iKVaV (isoleucine–lysine–valine–alanine–valine), have been 
used for 3d cell culture.64,67,70,71 iKVaV, a laminin epitope, has been shown 
to enhance the differentiation of neural progenitor cells into neurons.69 
Similarly, the binding of ldlK12 self-assembling peptide to murine neural 
stem cell (nSC) derived neural precursor cells (npCs) enhanced the viability 
and differentiation.62 On the other hand, the spontaneous self-assembly of 
rada16-like peptides (rada16-i and rada16-ii) into antiparallel β-sheets 
under physiological conditions resulted in the formation of nano and micro-
fibers. these fiber structures mimic the eCM structure, induce neurite out-
growth and synapse formation in pC12 cells65,66 and facilitate neural stem 
cell proliferation and differentiation.61,68 Moreover, rada16-i has also been 
reported to induce osteoblast proliferation, differentiation, and migration. 
rada16-i, possessing 99% water content, can resolve into natural amino 
acids and further be custom designed for the incorporation of functional 
segments (such as BMhp1 and 2). Because of these features, this peptide 
has been addressed as a promising self-assembling peptide for neural  
tissue engineering applications (Figure 14.3).60,63 Considering their proper-
ties, self-assembling peptides are promising candidates for neural tissue  
engineering as responsive polymers.

14.2.4   Photo-Responsive Biomaterials
photopolymerization enables the in situ formation of hydrogel scaffolds at 
physiological ph and temperature. hydrogel scaffolds are mainly formed 
upon visible light/UV exposure through a reaction between free radicals, pro-
duced by decomposition of the photoinitiator, and polymerizable acrylate 
or methacrylate groups. photo stimuli can be used for the encapsulation of 
viable cells without damaging the cell structure and by allowing favorable 
gelation conditions.118 photocrosslinkable polymers, such as poly(ethylene 
glycol)-diacrylate (pegda), poly(ethylene glycol)-dimethacrylate (pegdMa), 
poly(propylene fumarate) (ppF) and oligo(poly(ethylene glyco) fumarate) 
(OpF) have been investigated for tissue engineering applications.119–123 For 
instance, as an alternative to traditional photocuring methods, a 3d hydrogel 
scaffold based on photocurable poly(ethylene glycol) resin using novel cus-
tom built laser-based microstereolithography has recently been developed 
for the manufacture of a nerve growth conduit aimed at large peripheral 
nerve gaps. this method was proposed as a new platform for rapid microfab-
rication and the development of advanced designs.118

as an alternative to synthetic materials, natural photocrosslinkable hydro-
gel materials such as dextran, alginate, chitosan and hyaluronic acid have 
also been investigated recently along with methacrylation or copolymeriza-
tion.124–127 photocrosslinkable methacrylamide chitosan was used to develop 
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a porous 3d scaffold for differentiation of neural stem/progenitor cells into 
neurons, astrocytes and oligodendrocytes.72 in other work, amino-ethyl meth-
acrylate derivatized, degradable, photocrosslinkable chitosan was developed 
to create 3d scaffolds for MSCs and neural stem cells. the scaffolds showed 
a toxic effect against MSCs while enhancing nSC differentiation into neurons 
and astrocytes.73 although the overall scaffolding performance of photo- 
responsive materials for stem-cell-based therapies is promising, they are not 
perfectly applicable for clinical purposes.

14.2.5   Enzyme-Responsive Biomaterials
Some materials show endogenous or exogenous enzyme initiated responses 
by forming in situ cross linking and gelation to create scaffolds. this approach 
is advantageous compared to the other scaffolding techniques by avoiding 
side reactions and potential toxicity issues due to the enzyme specificity. 
although different enzymes have been used to provide in situ crosslinking 
or gelation, transglutaminases and horseradish peroxidases are the most 

Figure 14.3    human neural stem cells cultured on BMhp1-Saps self-assembled 
scaffolds. (a) Branched and adhered cells. (B) live/dead cell assays. (C) 
Cell titer assay of cells cultured for seven days over BMhp1-Sap scaf-
folds. (d) nSCs cultured for 14 diV over B24 scaffolds.63 (reproduced 
with permission from gelain et al., ACS Nano, 5, 1845–1859, 2011. 
Copyright 2011: american Chemical Society.) 
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utilized enzymes to form scaffolds in tissue engineering applications.128  
a family of thiol enzymes, transglutaminases, catalyzes the reaction between 
the free amine groups of lysine and the g-carboxamide group of glutamine in 
a relatively fast time range (5–20 min) resulting in the formation of a stable 
covalent bond that is highly resistant to proteolysis. although the applica-
tions of transglutaminases, particularly for promoting blood clotting, pre-
venting bleeding and enhancing wound healing, are not common in neural 
regeneration, they have been used in combination with peptides or peg for 
various biomedical applications.129

On the other hand, horseradish peroxidase (hrp), catalyzing the conjuga-
tion of phenol and aniline derivatives in the presence of hydrogen peroxide, 
is the most commonly used peroxidase in hydrogel scaffold formation along 
with natural and synthetic polymers for neural tissue engineering providing 
advantages such as adjustable stiffness, reaction rates, mild cross-linking 
conditions and good biocompatibility.128 in particular, this approach pro-
vides wide control over the scaffold stiffness that affects cell proliferation, 
spreading migration and differentiation.

the stiffness-dependent differentiation of human mesenchymal stem cells 
(hMCSs) on hrp-catalyzed gelatin-hydroxyphenylpropionic acid hydrogels 
was shown previously.74 the stiffness of the hydrogels was controlled within 
the range of 629–12 780 pa by manipulating the hydrogen peroxide concentra-
tion. the neurogenesis and myogenesis of hMSCs along with high migration 
and proliferation rate were manipulated by hydrogel stiffness (Figure 14.4).74 
the same group also studied the differentiation behavior of hMSCs cultured 
in 3d hydrogels and reported an enhanced proliferation rate and neuronal 
protein marker expression in soft hydrogels containing hMSCs.75 Similarly, 
adult neural stem cells (anSCs) were cultured on the same 3d hydrogel sys-
tem and showed growth and differentiation of anSCs into central nervous 
system cell types. interestingly, they reported enhanced differentiation of 
anSCs into neuronal lineages in stiffer hydrogels as well as increased cell 
adhesion, proliferation, migration and oxidative stress resistance.76

14.2.6   Conductive, Electrical-Stimuli-Responsive 
Biomaterials

electrical signals provide communication in the nervous system at physio-
logical levels and cause charge gradients across cell membranes and nerves. 
electrical fields or stimulations alter the ion channel distribution, modulate 
voltage-influenced channels and influence nerves at the molecular level by 
affecting proliferation, migration and axonal regeneration of cells.130 Since 
damaged peripheral or spinal nerves require axonal regeneration and func-
tion for recovery, electrical stimulation has been used to enhance axonal 
growth and neuronal, astrocyte, and Schwann cell migration.130–132 in order 
to facilitate these requirements, electrical-stimuli-responsive biomaterials, 
such as conductive polymers, electrets, piezoelectric and photovoltaic mate-
rials, are considered a new class of smart materials that can stimulate cells, 
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Figure 14.4    (a) Formation of gtnehpa hydrogels by enzyme-catalyzed oxidation for 
3d and 2d cell growth and differentiation. (B) Confocal fluorescence 
microscopy of hMSCs cultured on gtnehpa hydrogels. (C) immunoflu-
orescence images of neurogenic protein markers.74 reproduced from 
Biomaterials, 31(33), Wang, l.-S., Boulaire, J., Chan, p. p. y., Chung, 
J. e., Kurisawa, M. the role of stiffness in gelatin–hydroxyphenyl-
propionic acid hydrogels formed by enzyme-mediated crosslinking 
on the differentiation of human mesenchymal stem cell, 8608–8616, 
Copyright (2010) with permission from elsevier.
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regulate specific cellular activities and influence nerve regeneration pro-
cesses upon electrical exposure.133 amongst the others, since the self-pow-
ered electrets and piezoelectric materials do not need an external power 
source to transmit an electrical stimulus, the electrical stimulus control of 
these materials is limited.134,135 On the other hand, conductive polymers, such 
as polypyrrole, polyaniline and poly(3,4-ethylenedioxythiophene), possess-
ing good electrical properties with high conductivity/weight ratios, provide 
wide external control over the electrical stimulus. Moreover, the chemical, 
electrical, physical and structural properties of conductive materials along 
with their biocompatibility and biodegradability can be tailored through the 
incorporation of biological moieties such as antibodies, enzymes and others, 
and further controlled by external or internal stimulation depending on the 
type of application.134–136 Considering the advantages of conductive materi-
als, particularly conductive polymers, and the noted positive effects of elec-
trical stimulation on nerve regeneration, these materials lend themselves as 
excellent scaffolds for neural tissue engineering purposes.

the application of electrical stimuli resulted in significant neurite exten-
sion in nerve cells. For example, pC-12 cells have been reported to show 
enhanced neurite outgrowth on ngF-doped ppy films77 and ppy–plga,78 
ppy–pdlla79 and plla–pani80 scaffolds upon electrical stimuli exposure. 
in a recent study, an inkjet-printed collagen-coated conductive ppy scaffold 
was developed with guidance tracks and showed enhanced guided neurite 
outgrowth along with the direction of the tracks upon electrical stimuli in 
pC-12 cells.81 Similar effects were also reported for the electrically stimulated 
neural cells on nanofibrous pani–pg scaffolds.137 in a different study, the 
potential of small diameter (<400 µm) fibers consisting of electrically con-
ductive polyaniline and polypropylene (pa–pp) blends was addressed for 
neural regeneration. these conductive fibers embedded in an agarose matrix 
along with primary dorsal root ganglion neurons promoted survival, adhe-
sion, neurite outgrowth and density of viable neurons resulting in neural 
network formation directly along the fibers.138 the enhanced neurite growth, 
increased neuron density and formation of neural networks upon electrical 
stimuli could be a result of the improved fibronectin adsorption onto the 
conductive polymer scaffolds along with the formed proteins and ion chan-
nels within the cell membrane.

the applied electrical stimuli can also enhance the adhesion, proliferation, 
spreading and migration of the neural cells. In situ forming biodegradable 
electroactive hydrogel gelatin-graft-polyaniline was developed by crosslink-
ing with genipin at body temperature. this in situ formed degradable elec-
troactive biomimetic hydrogel scaffold provided efficient electrical stimuli 
enhancing MSC adhesion and proliferation.82

Besides the neurite outgrowth, cellular adhesion and proliferation, 
applied electrical stimuli also promote neural differentiation. For instance, 
the 250 hz biphasic current applied through ppy/pMaS composite films was 
observed to enhance the neural differentiation in the presence of ngF.83 Sim-
ilarly, rat pheochromocytoma nerve cells, grown on fibrillar collagen-coated 
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ppy scaffolds, enhanced neural differentiation when an electrical stimulus 
was applied.84 Schwann cells, producing a myelin sheath around neuronal 
axons for the peripheral nervous system, also demonstrated good viability 
and increased ngF and BdnF secretion capacity upon application of an 
electrical stimulus of 100 mV mm−1 on chitosan–ppy composite scaffolds.139 
the enhanced adhesion, proliferation and differentiation of neural cells cul-
tured on hybrid hydrogel scaffolds obtained by chemical and electropoly-
merization of poly(3,4-ethylenedioxythiophene) (pedOt) and polyurethane 
(pU), giving rise to strong bonding of a conductive composite with an elastic 
double-network was also reported.140 the possible mechanisms of electrical 
stimulation on cell differentiation were hypothesized to be based on altering 
membrane potential through hyperpolarization and depolarization,141 mod-
ification of ion channels including density and distribution of receptors, cal-
cium channel activation,142 and up-regulation of the erK pathway.143–145 in 
addition, the activation of various signaling pathways such as MapK, pi3K 
and rOCK,146,147 and the increase in intracellular rOS generation148 were 
pointed out as other reasons of electro-trans differentiation.146,149 however, 
all of these studies used chemical- or growth-factor-based stimuli along with 
the electrical stimuli for the differentiation. therefore, the exact mechanism 
of electrical stimuli in stem cell differentiation is still unresolved.

graphene, composed of a single-atom-thick sheet of carbon atoms 
arranged in a hexagonal lattice, has been extensively used in a plethora of bio-
technological/biomedical applications and translational research including 
bioassays,150 biosensors,151,152 photothermal anticancer therapy,153 electrical 
stimulation of cells154 and drug delivery.155 recently, the potential of this 
non-cytotoxic and biocompatible and conductive material has been exploited 
as a scaffold for cell growth, differentiation, and fate conversion in tissue 
engineering and regenerative medicine.156–159 the unique physical, chemical 
and mechanical properties160,161 as well as the non-toxic, biocompatible, con-
ductive and stable nature of graphene have revealed its potential as a func-
tional scaffold material mediating cell growth, proliferation, differentiation, 
and alteration of cell fate in tissue engineering.86,154,162–168 graphene-based 
conductive substrates support electrically stimulated neuronal differentia-
tion of stem cells and provide a promising platform for neural regeneration. 
it was previously reported that a 3d porous graphene foam with electrically 
conductive properties supported neural stem cell (nSC) growth with an 
active proliferation state and enhanced nSC differentiation towards astro-
cytes and neurons through efficient electrical stimulation implicating the 
potential use of graphene for neural tissue engineering.85 in another study, 
extremely low frequency electromagnetic fields (50 hz, 1 mt) were reported 
to enhance neuronal differentiation of bone-marrow-derived human mesen-
chymal stem cells grown on a graphene-coated substrate (Figure 14.5). it was 
noted that the enhancement in neurogenesis resulted from the alteration of 
gene expression profile, up-regulation of cell adhesion through intracellular 
calcium influx and the activation of the focal adhesion kinase signaling path-
way, which is stimulated by extracellular matrix production.86

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

03
82

View Online

http://dx.doi.org/10.1039/9781788010542-00382


C
hapter 14

398

Figure 14.5    (a) electromagnetic field (eMF)-triggered neuronal differentiation of hMSCs on the graphene-coated substrate. (B) Confocal 
images indicating the immunostaining of nestin, tUJ-1, Map2, and nCaM neuronal markers and quantification of fluores-
cent intensities in hMSCs.86 reproduced from Current Applied Physics, 15, lee, y.-J., Jang, W., im, h., Sung, J.-S. extremely low 
frequency electromagnetic fields enhance neuronal differentiation of human mesenchymal stem cells on grapheme-based 
substrates, S95–S102, Copyright (2015) with permission from elsevier.
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a novel strategy has been introduced to fabricate 3d conductive nano-
fibers through the controlled assembly of graphene oxide sheets into an 
electrospun polymer nanofiber surface providing flexibility, high electrical 
conductivity, and uniform 3d nanofiber morphology. this novel strategy and 
nanofibers enhanced electrical stimulation, accelerated cellular growth and 
primary motor neuron development.87 although the electrically conductive 
nature of graphene promotes many cellular properties, the exact differentia-
tion mechanism mediated by the graphene substrate is not fully understood. 
in addition to being used as a 3d conductive scaffold for neural differentia-
tion, graphene can also be used as a monitoring device. gold nanoparticles 
encapsulated with 3d graphene oxide were used as a non-destructive detec-
tion tool to monitor and detect neural stem cells’ (nSCs) differentiation by 
surface-enhanced raman spectroscopy (SerS). this new material was capa-
ble of promoting the double enhancement effect of graphene oxide and gold 
nanoparticles on SerS signals for undifferentiated nSCs and showed prom-
ise as a non-destructive in situ monitoring tool for the identification of the 
differentiation potential of various kinds of stem cells.88

14.3   Functional Delivery Systems for the BBB
the efficient treatment of neurodegenerative diseases affecting the central 
nervous system lies in the development of smart delivery systems that can 
cross the blood–brain barrier (BBB) and reach target tissues with their pay-
loads. the recent advances in smart and stimuli-responsive natural or syn-
thetic functional materials offer various opportunities for the development 
and design of smart vehicles able to cross the BBB.4

there are two common strategies for nanoparticles to cross the BBB: (1) 
receptor-mediated, which is achieved by ligand binding, targeting the surface 
expressed receptor on the brain capillary endothelial cells or (2) adsorptive 
mediated, in which the particle is adsorbed to the brain capillary endothelial 
cell membrane. these methods have been applied to polymer-, liposome-, 
solid-lipid-nanoparticle- and inorganic-nanoparticle-based delivery systems 
to improve the delivery of therapeutics across the BBB. in the receptor- 
mediated transcytosis, surface nanoparticles were modified by endogenous 
ligands, peptides and antibodies against the receptors including low density 
lipoprotein receptor, transferrins, leptins, epidermal growth factor, diphthe-
ria toxin, and insulin to improve transport through the BBB. Surface mod-
ifications of particles to create smart systems through a receptor-mediated 
approach for BBB penetration were summarized in our previous work.2 
despite the advantages, receptor-mediated endothelial transcytosis is lim-
ited by the quantity of receptors on the cell surface and the lack of specific-
ity. On the other hand, cell-penetrating peptides, responding to intracellular 
or extracellular stimuli, enhance the delivery of nanoparticles by adsorp-
tion-mediated transcytosis. examples include the human immunodeficiency 
virus type 1 transactivator of transcription protein, poly-arginines, and Syn-B  
vectors. the herpes simplex virus type 1 peptide (gh625) has also been shown 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

03
82

View Online

http://dx.doi.org/10.1039/9781788010542-00382


Chapter 14400

to increase the transport of polystyrene particles across the BBB. peptides 
have been used in combination with polymers. recently, a dual-functional 
drug delivery carrier was developed based on a peg–pla polymer surface 
modified by a 12-amino acid peptide, tgnyKalhphng (tgn) and a d- 
enantiomeric peptide, QShyrhiSpaQV (QSh), to target and potentially treat 
alzheimer’s disease. this dual-functional drug delivery system can diminish 
cytotoxicity to normal tissues and help to improve early diagnosis or treat-
ment of alzheimer’s disease.169,170

14.4   Clinical Potential and Applications of Smart 
Materials in Neural Tissue Engineering

Smart biomaterials have been considered as potent tools to overcome various 
clinical challenges in drug delivery, imaging, diagnostics and therapeutics.171 
however, their potential for neural tissue engineering and nerve regenera-
tion is still limited and needs further development.

a number of clinical trials employing bioengineering strategies have been 
conducted for the treatment of spinal cord injuries. in one of the studies, autol-
ogous transplantation of neural stem cells with a biocompatible matrix, rMx 
Biomatrix, for traumatic spinal cord injuries is currently in the recruitment 
phase (nCt0232666) (Federal research Clinical Center of Federal Medical & 
Biological agency 2015). in another study, a company, inVivo therapeutics, 
is testing plga poly-l-lysine-based scaffolds seeded with neural stem cells 
for the treatment of complete thoracic traumatic acute spinal cord injuries 
(nCt02138110). another functional collagen scaffold is also being tested for 
transplantation in acute spinal cord injury patients by the Chinese academy 
of Sciences (nCt02510365). a similar clinical trial based on collagen-scaf-
fold-containing mesenchymal stem cells for transplantation in spinal cord 
injuries has also been supported by the same institute (nCt02352077). there 
are also other biomaterial-based clinical trials for the treatment of periph-
eral nerve damage. Bovine-type-i-collagen-based conduits of varying caliber 
have been tested in clinical trials by neuragen to recover peripheral nerve 
gaps larger than 5 mm.172,173 rWth aachen University sponsored a clinical 
trial to test the porcine-collagen-based nerve guide, neuromaix, to create a 
conduit for axonal growth and to bridge large peripheral nerve discontinuity 
(nCt01884376). neuromaix is composed of two parts: epimaix enables the 
structural characteristics and avoids ingrowth of scar tissue while perimaix 
provides structure-mimicking endoneurial tubes providing guidance for the 
regenerating axons. the University of alberta is conducting a clinical trial 
to evaluate the possible benefit of electrical stimulation of the injured nerve 
following surgery (nCt02403661), which can further be improved by using 
electrically conductive biomaterials for peripheral nerve regeneration.

as summarized above, there is a huge potential and effort for the clinical 
applications of biomaterials to facilitate nerve regeneration. however, the 
clinical translation of smart biomaterials still needs further evaluation and 
development.
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14.5   Conclusions and Future Outlook
as summarized above, stimuli-responsive smart biomaterials serve as 
enabling technologies to overcome significant challenges associated with 
drug- and cell-based therapies addressing disorders in neural tissue engi-
neering and nerve regeneration. as described here, smart-biomateri-
al-based systems with appropriate chemistries and functionalization can be 
extremely promising for safe, effective, targeted, site-specific, and sustained 
delivery of bioactive agents and stem-cell-based therapies to treat disorders 
of the nervous system. a combination of bioactive agent delivery and stem-
cell-based therapies along with the use of smart biomaterials can signifi-
cantly impact neuroregeneration. they also offer new ways for therapeutics 
and imaging agents to traverse the BBB. Future studies will continue to 
investigate strategies using stimuli-responsive smart biomaterials to engi-
neer 3d biomimetic scaffolds with various functionalities that can be used 
to regulate stem cell fate. these smart biomaterials can significantly impact 
not only the therapies of nervous system disorders but also potentially facil-
itate diagnosis for the detection of neural disorders paving the way for trans-
lation to clinic.
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15.1   Introduction
the traditional model for tissue engineering begins with in vitro cell culture. 
Cells, isolated from patients or differentiated from stem cells, are seeded on a 
biomaterial substrate or culture dish and grown in the laboratory until ready 
for implantation (Figure 15.1). In vitro culture of human cells necessarily 
involves removing the cells from their natural environment. Consequently, 
cell behavior and properties in vitro may not be reflective of their character-
istics in vivo. Furthermore, cells can “remember” conditions to which they 
were previously exposed, affecting cellular behavior even after the original 
stimulus is removed.1 this suggests that inappropriate conditions in vitro 
could potentially affect the in vivo response after implantation.

how can tissue engineers avoid subjecting cells to stimuli that will 
negatively impact their performance in vivo? the answer begins with the 
substrate on which cells are grown. Cell culture is traditionally carried 
out on a flat (2d) plastic dish. however, an increasingly large body of 
work has demonstrated that the geometric (2d vs. 3d)2–8 and mechanical 
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(stiffness)9–12 differences between plastic culture flasks and the extracellular 
matrix (eCM) in which cells naturally reside, fundamentally alter cellular 
characteristics. the eCM is a heterogeneous mix of biomolecules ranging 
from fibrillar structural proteins and glycoproteins to growth factors and 
small-molecule signals. its complex structure reflects the vast array of func-
tions it performs. perfectly mimicking the complexity of the eCM is thus an 
extremely challenging task.

despite the difficulty in replicating in vivo conditions, in vitro culture does 
have the distinct advantage of allowing greater access to and greater con-
trol over the growing cells. In vitro, the cell culture substrate is completely 
defined by the researchers, reducing the number of factors that could neg-
atively impact the functionality or viability of cells during the tissue growth 
stage of tissue engineering. the introduction of smart materials as cell cul-
ture substrates allows an additional level of control over the cell culture to be 
realized. rather than a single substrate defining a single environment for cell 
culture, smart substrates are dynamic, changing in response to an external 
stimulus. Most commonly, smart materials have been applied to dynamically 
modulate cell adhesion. the ability to alter the adhesive characteristics of a 
substrate has a wide range of applications from simply enabling facile cell 
collection while maintaining maximum cell viability to the development of 
complex-shaped tissues. due to its pervasiveness in the literature, as well as 
its relevance to clinically translational tissue engineering, modulation of cell 
adhesion is the main focus of this chapter.

Figure 15.1    Schematic of the traditional model of tissue engineering.
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Clinically translational tissue engineering is supported by basic research. 
in discovery-oriented experiments, it is often useful to be able to subject cells 
repeatedly to a stimulus and observe the response in a time-dependent fash-
ion. these stimuli may include the delivery of chemical factors, the appli-
cation of compressive, tensile, or shear stresses to living cells, or even the 
relative positions of cells in co-cultures. Whereas non-responsive substrates 
represent a single set of static culture conditions, the properties of smart 
culture substrates can be altered within a single culture. in addition, smart 
materials may provide the actuation necessary to apply forces at the single 
cellular or subcellular scale. the final sections of this chapter will touch on 
some of these basic science applications of smart cell culture.

15.2   Materials for Modulating Cell Adhesion and 
Detachment

providing cellular adhesion sites can be considered the most critical role of 
tissue culture substrates. adhesion of cells to a substrate provides the struc-
ture that determines the final shape of the tissue being grown. Furthermore, 
the majority of cell types relevant to tissue engineering actually require some 
sort of adhesion for survival, undergoing anoikis (programmed cell death 
caused by lack of adhesion) in the absence of both cell–cell and cell–matrix 
attachment.

the biology behind cell adhesion is extremely complicated and will not 
be discussed in detail here. however, for the purpose of understanding the 
material in this chapter, a few points are worth mentioning. Cell adhesion 
to a substrate can occur through both specific, i.e. receptor–ligand, and 
non-specific interactions. the specific interactions are mediated by various 
cell surface proteins, most notably a family of proteins known as integrins. 
integrins are heterodimers consisting of an α and β subunit of which there 
are several types. altogether, a total of 24 different integrins have been iden-
tified in humans.13 Multiple integrins cluster to form focal adhesions that 
tightly bond cells to the underlying substrate. different integrins recognize 
and adhere to specific amino acid sequences. the arginine-glycine-aspartic 
acid (rgd) motif is especially widely used in in vitro culture substrates as 
it is recognized by a variety of integrin types. in the human body, the rgd 
sequence as well as the other motifs to which integrins bind, occur in eCM 
proteins such as fibronectin or collagen. this highlights an important point 
in understanding cell adhesion: cells adhere to proteins. When developing 
cell culture substrates, even so-called “adhesive” surfaces do not typically 
bind to cells directly. rather, they promote the adsorption of eCM proteins 
to which the cells can then adhere.

in cell culture, the adhesiveness of cells is both a boon and a challenge. 
Cells adhered to a culture dish are relatively easy to wash, observe, and mani-
pulate. however, transferring cells from one substrate to another, e.g. during 
passaging, necessitates that the cells be detached. in cell culture this is most 
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commonly achieved through the addition of a combination of the proteolytic 
enzyme trypsin and ethylenediaminetetraacetic acid (edta). this mix effec-
tively digests focal adhesions as well as adsorbed proteins, causing the cells 
to lift off the surface. however, cell–cell connections that may be important 
for communication or tissue integrity are also digested. Furthermore, this 
process can actually damage the cells themselves, reducing cell viability.14,15

Smart materials provide one possible solution to this dilemma. Materials 
have been developed that have switchable adhesion properties, i.e. in one 
state cells adhere and grow, yet once the material is exposed to a specific 
stimulus, the state switches and cells are released. thermo-responsive mate-
rials are particularly common for this purpose. at physiological tempera-
ture (37 °C), they are designed to adhere to cells, yet when cooled to room 
temperature or below, they release the cells.16,17 Since only the cell–substrate 
interactions are affected, cell–cell adhesions and the natural eCM remain 
intact during detachment, allowing a complete tissue to be released from the 
smart substrate.

15.2.1   Poly(N-Isopropyl Acrylamide), a Material Worth Noting
thermo-responsive biomaterials are based on polymers that decrease in 
solubility above a specific temperature, known as the lower critical solu-
tion temperature (lCSt). Below the lCSt, the polymer is hydrophilic, and 
extended. however, when the temperature of the solution increases beyond 
the lCSt, the polymer collapses, becomes more hydrophobic, and precipi-
tates from solution. in the hydrophilic, extended state, these polymers act 
as a barrier that prevents protein adsorption and cell adhesion, but when 
collapsed, the barrier is removed. thus, thermo-responsive materials are not 
particularly adhesive to cells; rather, they simply do not resist cell attachment 
above the lCSt.

although several types of thermo-responsive biomaterials exist and have 
been applied in the literature, poly(N-isopropyl acrylamide), or pnipaam, is 
by far the most common. in fact, commercially available thermo-responsive 
cell culture substrates are based on this polymer. We therefore felt that pni-
paam merited a more in-depth discussion than the myriad of other smart 
materials in existence. the lCSt of pnipaam is approximately 32 °C. there-
fore, at 37 °C the polymer is collapsed and supports cell adhesion. however, 
at room temperature (∼25 °C), pnipaam becomes more hydrophilic and the 
cells are released.

halperin and Kroger18,19 posited that two main mechanisms are responsi-
ble for cell detachment from pnipaam surfaces (Figure 15.2). the first is a 
force, termed Fcell, which results from the compression of pnipaam brushes 
by an approaching cell membrane. the cell membrane is impermeable to 
the polymer, yet the cell is large enough that it cannot simply attach to the 
underlying substrate between polymer chains. therefore, the cell confines 
the polymer brushes, resulting in the observed force. in their collapsed state, 
the thermo-responsive polymers are closer to the surface already and do not 
resist the approach of a cell as strongly (Figure 15.2(a)). however, when the 
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polymer becomes extended below its lCSt, Fcell increases, putting any focal 
adhesions that have formed between the cell and the substrate under tension 
(Figure 15.2(B)). this tension increases the probability that the integrin–
substrate interaction will break down, facilitating cell detachment.

proteins are smaller than cells and have the potential to insert themselves 
between polymer chains. thus, protein adhesion does not necessarily result 
in polymer brush confinement. rather, the adhesion of a protein to the 
already crowded surface upsets the osmotic balance, resulting in an influx of 
water that drives the protein away from the substrate (Figure 15.2(d)). above 
the lCSt, the thermo-responsive polymer is not only collapsed and takes 
up less space, but also is more hydrophobic, reducing water influx (Figure 
15.2(C)).

despite the logic of these explanations, the presence of a detaching force 
(either Fcell or osmotic pressure) is not sufficient to cause the complete release 
of cells and their associated matrix from a culture substrate. Yamato et al. 
discovered that cells actively participate in the detachment process.20 it was 
previously observed that cell detachment from thermo-responsive surfaces 
occurred more slowly than detachment via trypsin/edta. Furthermore, 
antibodies that block cell surface receptors involved in cell attachment had  
little to no effect at 4 °C, yet caused cell rounding (an indicator of loss of cell 
adhesion) when incubated at 37 °C.21 these results suggested that metabolic 
processes (active only at 37 °C) were involved in cell detachment. Yamato  
et al. further discovered that sodium azide and genistein, inhibitors of atp 
synthesis and tyrosine kinases, respectively, completely eliminated the ability 
of cells to detach from a pnipaam-grafted surface at low temperature. they 
therefore concluded that atp-dependent tyrosine kinase signal transduction 
was a critical part of cell detachment. in addition, both actin stabilizers and 
depolymerizers reduced the ability of cells to detach from the same thermo- 
responsive surface, indicating that cytoskeleton rearrangements were 
involved.

Figure 15.2    the mechanism of cell (a), (B) and protein (C), (d) detachment from a 
pnipaam-coated surface.
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15.2.2   Alternatives to PNIPAAm
although pnipaam scaffolds are rarely implanted directly in vivo, the release 
of tissue engineered constructs from pnipaam surfaces raises the possibility 
that any pnipaam polymers or fragments remaining attached to a cell-sheet 
might cause a toxic reaction following implantation.22 the nipaam mono-
mer has been shown to be cytotoxic in vitro,23 and there is limited evidence 
that the biocompatibility of pnipaam, the polymerized form, may deteriorate 
with repeated use.24 these questions about the biocompatibility of pnipaam 
have led to a search for alternative thermo-responsive materials. it would be 
impossible to describe every thermo-responsive material that has been created 
and could potentially be applied to cell culture, but we will briefly review 
a few here. each new material solves some issues associated with previous 
biomaterials while introducing new issues. depending on the specific tissue 
engineering challenge, some may be more applicable than others.

15.2.2.1  Poly(Ethylene Glycol)-Based Materials
unsurprisingly, the search for pnipaam alternatives began with compounds 
that had already been approved by the Federal drug administration (Fda) for 
other applications. in particular, poly(ethylene glycol) (peg) was an attractive 
candidate. peg has long been applied to in vivo applications, most notably 
as a biocompatible coating through “pegylation”25 of pharmaceuticals or 
drug delivery vehicles. in the majority of biomedical applications of peg, it 
is intended to prevent rather than promote cell adhesion. the anti-adhesive 
properties of peg derive from its highly hydrophilic nature. however, peg 
does display an lCSt above which it becomes more hydrophobic and allows 
cells to adhere.

unfortunately, the lCSt of peg itself is around 85 °C.26 Consequently, 
it is not very useful for tissue engineering applications. a solution to this 
problem was devised by copolymerizing high-lCSt peg derivatives with 
polymers having much lower lCSt values. the methacrylated peg deriva-
tive, oligo(ethylene glycol) methacrylate (oegMa), was co-polymerized with 
2-(2'-methoxyethoxy)ethyl methacrylate (Meo2Ma), which has an lCSt 
around 26 °C.27 oegMa was used rather than an ethylene glycol monomer 
to enable the application of atom transfer radical polymerization, which pro-
vides a higher degree of control over the molecular weight distribution of the 
final polymer than conventional anionic ring-opening polymerization. lutz 
and hoth27 altered the fraction of oegMa to effectively tune the lCSt of 
poly(Meo2Ma-co-oegMa) (pMo) from 28 to 90 °C.

lutz and colleagues later investigated the effectiveness of pMo as a switch-
able culture surface. their studies revealed that cells have a reduced adhe-
siveness for pMo compared with pnipaam surfaces. While cells grown on 
pnipaam achieved 80% attachment after only an hour, it took 48 hours to 
achieve a similar degree of attachment on pMo surfaces. one hypothesis for 
this reduced attachment to pMo was the relatively small temperature gap 
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between the lCSt of the pMo surface (34 °C) and the culture temperature 
(37 °C). therefore, at 37 °C, the pMo may not have been fully collapsed, 
inhibiting cell attachment. interestingly, after multiple cycles of cell attach-
ment and detachment, this effect was reduced, allowing cells to adhere at 
rates comparable to those displayed on pnipaam and tissue culture plastic.24

due to the extraordinary ability of peg to resist protein adhesion, the prin-
cipal challenge associated with developing switchable peg-like materials for 
t issue culture is reducing the non-adhesive capacity sufficiently to achieve 
cell attachment. in the case of pMo, this was achieved by cycling the pMo sur-
faces in the presence of serum proteins. an alternative approach was taken to 
develop a glycerol-based switchable material.28 poly(methyl glycerol) is struc-
turally very similar to peg and displays the same non-adhesive properties. in 
order to allow cells to adhere to the polymer above its lCSt, it was co-polym-
erized with either ethyl glycidyl ether or ethoxy ethyl glycidyl ether.28 these 
monomers are more hydrophobic than glycidyl methyl ether, the monomer 
of poly(methyl glycerol), and thus reduce the ability of this polymer to resist 
cell and protein adhesion. Furthermore, the inclusion of hydrophobic moi-
eties reduces the lCSt from approximately 60 °C to between 30 and 40 °C,28 
making the final product useful for cell culture applications.

15.2.2.2  Cellulose-Based Materials
peg, like many other hydrocarbons, is typically derived from fossil fuel pre-
cursors. this raises concerns about the potential sustainability and cost- 
effectiveness of the large-scale industrial production of peg-based culture 
substrates. Cellulose is one of the most abundant polymers found in nature 
and is a renewable resource. Furthermore, it is highly cytocompatible. Con-
sequently, cellulose-based materials are particularly attractive for large-scale 
cell culture. unmodified cellulose is insoluble in water. therefore, in order 
to make it useful for aqueous applications such as cell culture, it requires 
chemical functionalization. Methylcellulose is an aqueously soluble cellulose  
derivative. it has both hydrophobic and hydrophilic zones. in solution, the 
hydrophilic zones remain hydrated, while the hydrophobic zones condense 
in micelle structures.29 an interesting property of methylcellulose is that it 
forms a gel upon heating. While the precise mechanism is not fully under-
stood, it is believed that heating reduces the amount of hydration of the 
hydrophilic zones, causing the polymer to precipitate from solution in the 
form of a gel. Furthermore, this process is reversible, allowing the polymer 
to go back into solution upon cooling.29,30 hydration of methylcellulose can 
be manipulated through the addition of salt. increasing the salt concentra-
tion in solution draws water away from the hydrated hydrophilic zones of the 
methylcellulose polymer and toward the salt ions. this makes gelation com-
paratively easier and is manifested by a decrease in gelation temperature.29,30

this ability to reversibly become more hydrophobic or hydrophilic com-
bined with the ability to tune the gelation temperature via salt addition makes 
methylcellulose a potential candidate as a switchable culture substrate. Cells 
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were successfully grown on a methylcellulose gel and released upon cooling 
to 20 °C within as little as 10 minutes.30 the extreme rapidity of this release 
process (as compared to the 30–60 min often needed for pnipaam) may 
be due to the extremely low adhesive properties of methylcellulose. in fact, 
in order to allow cells to attach at all, a thin layer of collagen gel over the 
methylcellulose surface was needed. upon cooling, the collagen gel and the 
attached cells lifted off. in repeated cycles of switching between adhesive and 
non-adhesive states, the collagen was continuously replaced, while the methyl-
cellulose was reusable.

in addition to methylcellulose, hydroxypropyl cellulose has also been 
applied as a thermo-responsive culture substrate. like methylcellulose, it 
is a water-soluble derivative of cellulose. unlike methylcellulose, it does not 
form a gel in its natural configuration. in order to create a hydrogel material, 
hydroxypropyl cellulose was modified with photo-cross-linkable methacry-
late groups.31 upon exposure of a hydroxypropyl cellulose methacrylate solu-
tion to uV light, it rapidly crosslinks and forms a hydrogel. the lCSt of this 
polymer was found to be between 37 and 38 °C. this makes it just useable as 
a thermo-responsive culture surface. CoS-7 cells were successfully grown on 
hydroxypropyl cellulose hydrogels and released upon incubation at 4 °C.31

15.2.2.3  Chitosan-Based Materials
Chitosan is another abundant, cytocompatible polymer that has been widely 
used in cell culture applications. it is a polysaccharide found in arthropod 
exoskeletons as well as the cell walls of certain fungi.32 the modification of 
chitosan with hydroxyl butyl groups confers thermo-responsive properties 
on this polymer. originally, hydroxybutyl chitosan was applied as an encap-
sulation material for stem cells and intervertebral disc cells as a treatment 
for vertebral disc degeneration.33 above 26 °C, hydroxybutyl chitosan forms 
a hydrogel. thus, cells bound for implantation can be mixed with a solu-
tion of the polymer kept at cool temperatures, injected, and allowed to gel  
in vivo. Similar to methylcellulose, the same properties that allow temperature 
dependent gelation of chitosan also affect the ability of cells to adhere to a 
chitosan-coated surface. an in-depth study of smooth muscle cell culture on 
hydroxybutyl chitosan substrates demonstrated an 80% reduction in adhe-
sion area within one hour of incubating the culture substrate at 18 °C.34

in another approach to endow chitosan with thermo-responsive properties, 
it was grafted with pMo chains via click chemistry.35 the hydrophobicity of chi-
tosan, combined with the hydrophilicity of pMo, allowed the polymer to form 
micelles in solutions that could swell and shrink reversibly with temperature 
changes. depending on the ratio of chitosan to pMo, the lCSt of the grafted 
polymer was tuned from 29 to 43 °C. although in this particular study, they did 
not apply their polymer to cell culture directly, its lCSt is within a physiologi-
cally relevant range and the component parts have previously been established 
as biocompatible. Consequently, chitosan-graft-pMo has the potential to be 
applied successfully as a thermo-responsive tissue engineering substrate.
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15.2.3   Beyond Thermo-Responsive Materials

15.2.3.1  pH-Responsiveness
the successes of pnipaam-based surfaces have perhaps biased the field of 
cell attachment and detachment control toward thermo-responsive materials. 
Certainly, these are the most commonly studied materials for manipulating  
cell adhesion. however, research on switchable surfaces for controlling 
adhesion of cells has not been limited to thermo-responsive materials alone. 
in fact, some of the materials that were discussed in the context of ther-
mo-responsive substrates above are, in fact, better suited to other stimulus 
methods. Chitosan is a good example. in its natural state, chitosan is not 
thermo-responsive at all. however, amino groups that can be protonated 
and deprotonated at near physiological ph heavily populate the backbone 
of chitosan. these functional groups confer on chitosan natural ph-respon-
siveness. in general, ph is not a stimulus considered for cell culture due to 
the relatively high sensitivity of mammalian cells to even small ph changes. 
however, the isoelectric point of chitosan happens to be approximately 7.4, 
the ph generally considered to be physiologically normal.36–38 Below this ph, 
a higher proportion of the amino groups are protonated, giving chitosan a 
positive charge. Both cell membranes and the majority of eCM proteins 
have a net negative charge at physiological ph. Consequently, even min-
ute changes of the net charge of the chitosan backbone can have dramatic 
effects on the ability of cells and proteins to adhere to a chitosan surface (see 
Figure 15.3).

Chen et al.36 took advantage of this unique feature of chitosan to create 
a ph-responsive, switchable cell culture surface. at ph 7.2, both hela cells 
and fibronectin adhered strongly to the surface. however, when the medium 
ph was increased to 7.65, the proteins and cells detached with greater than 
80% efficiency. Furthermore, viability studies showed that greater than 95% 
viability was maintained in the detached cells. perhaps the most intriguing 
result of this study was that the ph changes required for efficient cell detach-
ment could be achieved simply by altering the partial pressure of Co2 in the 
incubator. the majority of cell culture incubators supplement the ambi-
ent Co2 with external tanks. it is therefore exceedingly simple to adjust the 
percentage of Co2 in a standard cell culture incubator in order to reduce or 
increase the ph of the media.

15.2.3.2  Electro-Responsiveness
electro-responsive surfaces may be broadly classified into two main catego-
ries: reversible and non-reversible. here we consider a surface reversibly elec-
tro-responsive if after the application of a voltage the surface can be returned 
to its original state without the need to add additional materials. Conversely, 
a surface is non-reversible if after the electrical stimulus is applied a physical  
change has taken place such that new chemical reactions must occur in 
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order to return the surface to its original state. the langer lab first developed 
reversible electro-responsive surfaces in 2003.39 the concept is simple, yet 
was challenging to create in practice. a polymer brush of (16-mercapto) hexa-
decanoic acid (Mha) was grown on a gold surface. Mha consists of a long 
hydrophobic chain capped by a hydrophilic, anionically charged carboxylate 
group. in the absence of a stimulus, only the hydrophilic carboxylate is exposed, 
rendering the entire surface hydrophilic. however, with the application of 
an electrical potential, the negatively charged carboxylate is attracted to the 
positively charged gold surface, bending the polymer chains and exposing 
the hydrophobic regions (Figure 15.4(a)). When the voltage is removed, the 
polymer returns to its original conformation. in this way, the application of 
an electrical potential switches the surface from hydrophilic to hydrophobic 
in a reversible manner.

the challenge associated with creating such a surface is the crowding of 
the polymer chains. Self-assembled monolayers (SaMs), such as the layer of 
Mha on gold, are typically tightly packed. therefore, the polymer does not 
have the freedom to bend despite the electrical driving force. in order to over-
come this challenge, lahaan et al.39 created first an SaM of Mha modified 
with a bulky head group. although the head groups became tightly packed, 
the hydrophobic chains were relatively sparsely distributed. Following hydro-
lytic cleavage of the head group, the much smaller carboxylate was left with 
sufficient spacing between polymer chains to allow for bending.

Figure 15.3    Cell adhesion and detachment from a ph-responsive chitosan surface. 
at low ph, the amines on the chitosan backbone become protonated 
resulting in a net positive charge, which promotes cell adhesion.
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Figure 15.4    reversible (a)–(C) and non-reversible (d), (e) electro-responsive sur-
faces. (a) the original mechanism proposed for electro-responsive 
surfaces. (B) Cells can adhere to an rgd peptide only when unob-
structed by the charged head group. (C) the oxidation of ferrocene by 
an applied voltage results in water influx and swelling that disrupts 
cell adhesion. (d) oxidation of hydroquinone to benzoquinone makes 
a surface reactive to diene-modified rgd peptides. (e) densely packed, 
hydrophobic alkane-thiols resist cell adhesion, but desorb from a gold 
surface under electrical stimulation.
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Building on this original work, electro-responsive technology has been 
extended to reversibly switch cell adhesion. in one approach, a SaM com-
posed of hexa(ethylene glycol) was modified with rgd adhesion peptides 
and bulky, charged head groups.40 the bulky head groups concealed neigh-
boring rgd peptides, preventing cell adhesion. however, with the applica-
tion of an electrical charge, the head group would bend toward the surface, 
exposing the rgd and allowing cells to adhere (Figure 15.4(B)). Furthermore, 
regions of the surface were engineered to respond differently to the same 
electrical potential by altering the type of charged head group in that region 
(either negatively charged sulfonate or positively charged ammonium).

Yet another approach toward the development of a reversible electro- 
responsive surface focused on controlling bulk swelling of a multilayered 
surface to render it non-adhesive to cells.41 dna (negatively charged polymer) 
and poly(ethylene imine) (pei, positively charged polymer) were alternately 
deposited in a layer-by-layer assembly approach. the pei was modified 
with ferrocene. Ferrocene changes from a reductive to oxidative state when 
exposed to an electrical voltage. this change altered the ionic balance in the 
assembly, causing the influx of counter ions to neutralize the charge differ-
ences and creating an osmotic gradient. the ensuing water influx caused the 
assembly to swell, detaching adhered cells (Figure 15.4(C)).

reversible electro-responsive surfaces are relatively permanent construc-
tions. as such, they are continuously reusable. this can be highly advan-
tageous for applications in which cell layers are grown and released in a 
repeated fashion. however, for many research applications, an adjustable 
surface with the capability of altering the exposed ligand is desirable. taking 
advantage of redox chemistry, Mrksich and co-workers developed just such a 
surface. they created a SaM of oligo(ethylene glycol) on a gold film to which 
cells would not attach and terminated the ethylene glycol chains with hydro-
quinone. upon application of a voltage, the hydroquinone is oxidized to a 
benzoquinone that reacts via the diels–alder reaction with a diene. an rgd 
peptide was modified with a diene tag, allowing it to be covalently bonded to 
the benzoquinone-terminated oligo(ethylene glycol)42 (Figure 15.4(d)). What 
is particularly interesting about this methodology is the redox reaction is 
reversible and the ligand can be released with the application of the oppo-
site voltage.43 Since cells are bound exclusively to the rgd ligand, once it is 
released, the cells are released as well. thus, dynamic control over cell adhe-
sion is achieved. Furthermore, once one ligand is released, it can be washed 
away and replaced with a second, different ligand, changing the functionality 
of the surface.43

in the presence of serum proteins such as fibronectin, cells have a remark-
able ability to adhere to surfaces without the need for specific modification 
of the surfaces with adhesive ligands. as such, the removal of a barrier to 
protein adhesion is sufficient to induce cell attachment. alkane-thiols may 
provide this type of removable barrier. the Whitesides lab has performed 
extensive work patterning alkane thiols onto gold substrates via micro 
contact printing.44,45 the spontaneous reaction between thiol-functional 
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groups and gold allows rapid, permanent transfer of alkane-thiol “ink” from 
an elastomeric stamp to a gold substrate. the highly hydrophobic alkane- 
thiols resist cell and protein adhesion, thus allowing certain regions of a 
gold-coated surface to be protected from cell attachment. an electric stimulus 
can cause the alkane-thiol SaMs to desorb from the gold, removing the bar-
rier and allowing cell adhesion to occur46,47 (Figure 15.4(e)). Clearly such an 
approach is not particularly useful as a method for cell-sheet engineering, as 
the cells cannot be uniformly released from the surface. however, it may be 
applicable as a tool to study certain cellular behaviors such as cell migration. 
Cells can be confined to a pattern defined by regions not coated by alkane-thi-
ols and then spontaneously allowed to begin migration from those patterns 
by releasing the surrounding alkane-thiol SaM.46

Compared to other types of smart materials (e.g. thermo-responsive or 
ph-responsive), electro-responsive materials are relatively difficult to con-
struct. in order to transmit the electrical stimulus, such surfaces must be 
formed on a conductive electrode, typically gold. Furthermore, the chemis-
try involved in creating surfaces such as the hydroquinone-terminated oligo 
(ethylene glycol) requires a certain level of expertise with organic chemistry that 
is beyond many cell biology or tissue engineering laboratories. What then 
is the advantage of electro-responsive materials? one could argue that the 
application of an electrical impulse is less likely to have a damaging effect on 
cells than would changes in temperature or medium ph. While there is some 
truth to this, the evidence in the literature supports the conclusion that the 
temperature changes or ph changes required to achieve cell detachment 
have minimal to no harmful effects on cell viability. however, unlike any 
other smart material type, the development of electro-responsive surfaces 
provides the opportunity for collaboration between the fields of cell biology 
and tissue engineering and modern electronics. the techniques perfected 
for creating integrated circuitry are potentially applicable to electro-respon-
sive cell culture as well, allowing a degree of control over cell culture that is 
difficult to otherwise achieve.

perhaps the simplest example of such fine-tuned control is the ability to 
manipulate the adhesion of single cells. in a culture of thousands or mil-
lions of cells, this goal may seem unrealistic. however, by borrowing from 
computer technology, such a feat may be possible.48 Cells can be seeded on 
an array of individually addressed elements that can be electrically stimu-
lated one at a time. Considering these addressable elements as pixels, the 
same technology that is employed to develop computers can be applied to 
create electrically responsive cell substrates. persson et al.48 recently cre-
ated a “passive” array of 64 pixels capable of individually responding to an 
electrical stimulus to release cells attached to that pixel exclusively. a sin-
gle patterned gold wire addresses each row and column of the array. the 
pixel itself consists of a layer of poly(4-(2,3-dihydrothieno[3,4-b]-[1,4]-dioxin- 
2-yl-methoxy)-1-butanesulfonic acid) (pedot-S : h). When oxidized by a 
positive voltage above a certain threshold, this polymer desorbs from the 
surface to which it is attached. Because a certain minimum threshold is 
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necessary to achieve desorption, only the pixel corresponding to both the 
row and column to which voltages are applied is activated. although other 
pixels along the row or column may experience an increase in electrical 
potential, it does not exceed the threshold necessary to cause detachment. 
the system was demonstrated with a co-culture of primary keratinocytes 
and fibroblasts as a method to segregate these two cell types. While far from 
fully developed, this technology is suggestive of the potential of collabora-
tion with computer engineering to transform the field of cell-culture and 
tissue engineering.

15.3   Modulation of the Culture Environment
Cells are constantly exposed to a plethora of signals ranging from soluble 
paracrine signals to cell–cell contact to cell–eCM interactions. the signals 
themselves are transduced into cellular behaviors through lengthy, highly 
integrated signal cascades. in order to understand these signaling networks 
to the degree necessary to design effective tissues, researchers require the 
ability to controllably and predictably introduce and remove the signals a 
few at a time. Such precise control over cell signaling is not easily achievable 
in conventional cell culture. the relatively large volumes of conventional 
culture flasks make the high throughput experiments needed to investigate 
extensive signaling networks impractical and expensive. on the other hand, 
manual handling of small volume cell cultures such as multi-well plates is 
extremely time consuming and typically results in high losses and low repro-
ducibility. With the introduction of electronic control systems and robotics, 
high-throughput, low volume, reproducible cultures are possible. however, 
pipetting robots are expensive, and cannot be directly used to study the effect 
of mechanical signals. Smart materials provide inexpensive automation that 
can be adapted to small volumes easily. in addition, since the mechanical 
properties of smart materials can dynamically be adjusted, smart cell culture 
can potentially be used to investigate mechanical signals as well.

15.3.1   Microfluidic-Based Cell Culture
Microfluidic devices are flexible and powerful platforms for high-through-
put cell culture. By definition, they use low volumes (microliter scales) thus 
consuming few resources. this has inspired the use of microfluidics to cre-
ate drug discovery platforms that allow many drug candidates to be rapidly 
screened for effectiveness in vitro.49–51 in addition, the small size of micro-
fluidic channels results in low reynold's number, laminar flows, allowing 
highly predictable flow patterns to be created. Finally, microfluidic technol-
ogy has been combined with tissue culture to generate tissues or even organs 
on a chip,52–54 allowing multiple physiological systems and their interactions 
to be studied simultaneously. organ systems that have been simulated on 
microchips include the liver, kidneys, lungs, vasculature, and the gastroin-
testinal tract.54
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there are two principle advantages to gaining precise control over fluid 
flow. First, precise control allows for controlled transport of solutes between 
cells or tissues. this is particularly useful for studying cell–cell paracrine 
signaling or cellular response to soluble ligands in general. For example, 
clever microfluidic designs have been applied to create concentration  
gradients supporting studies of chemotaxis (cellular migration in response 
to soluble chemical stimuli).51,52 the second major benefit of precise fluid 
control is the ability to apply defined shear stress to cells in culture. Many 
cell types not only sense and respond to mechanical stress, but also depend 
on the presence of stress for many of their functions. In vivo, endothelial 
cells, blood cells such as neutrophils, macrophages and erythrocytes, and 
bone cells, among others, are all regularly exposed to significant mechanical 
stress. in microfluidic cell culture systems, the fluid flow applies shear stress 
to the cells cultured inside. thus, microfluidic systems are a convenient 
platform for studying the effect of shear stress on a variety of cell types.51,52 
in order to control flow in microfluidic devices, smart materials have been 
applied to create microvalves.55–58 Valves in microfluidics extend far beyond 
smart materials.59,60 however, without responsive materials, automation, i.e. 
self-regulation, of microfluidic valves requires computer-based controllers. 
Such systems typically require external power sources, can be expensive, and 
may require significant electronics expertise to construct. responsive mate-
rials, on the other hand, can be implemented as valves without reliance on 
expensive electronics technology.

Some of the first smart valves consisted of small ph-responsive hydrogels 
polymerized in situ in microfluidic channels.56 hydrogels displaying ph- 
responsiveness typically gain a net positive charge in acidic (cationic hydro-
gels) or net negative charge in basic conditions (anionic hydrogels).61 the 
presence of a net charge is balanced by an influx of counter ions, upsetting 
the osmotic balance and causing the hydrogel to swell.62 in the original work 
of Beebe et al.,56 the hydrogel micro-valve swelled under basic conditions 
closing off the channel. When returned to an acidic environment, the hydro-
gel shrank to its original size and shape allowing free fluid flow. in order 
to create such valves, a mixture of monomers (acrylic acid, 2-hydroxyethyl 
methacrylate, and ethylene glycol dimethacrylate) and a photoinitiator were 
injected into the channel. a specific region was then exposed to uV light 
through a photomask to initiate polymerization. importantly, the authors 
noted that the uV exposure required to form such a hydrogel is achievable 
with a standard fluorescence microscope.56 therefore, their method is acces-
sible to a variety of biological laboratories, even those lacking the specific 
expertise or equipment necessary for advanced microfabrication.

one potential pitfall with using ph-responsive valves is that actuation of 
the valve depends on changing the ph of the fluid in the microfluidic channel. 
While the precise ph at which the valve transitions from a closed to an open 
ph can be tuned, even small ph changes can have a devastating effect on 
live cells. as such, such valves may have limited applicability to cell culture. 
thermally-responsive materials represent an alternative to ph-responsive 
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valves that can be actuated with minimal risk of cell damage. as thermal-
ly-responsive materials such as pnipaam collapse and contract above their 
lCSt value, they can also be applied to block fluid flow. thermo-responsive 
valves were first demonstrated on a macro scale (cm length scales) in 1997.63 
pnipaam chains were grafted to a porous polymer monolith and blocked 
the flow through the pores upon immersion of the entire system in a warm 
water bath. the same group later applied their method to micro-channels, by 
polymerizing a pnipaam monolith in situ.58 in this system, the valves were 
actuated via an external array of thermoelectric elements opening or closing 
the valves in 3.5 and 5.0 seconds, respectively. this thermoelectric array pro-
vided more precise spatial control over the heating of the thermo-responsive 
valves than did their original method of immersing the entire device in a 
heated water bath.

While resistive heating circuits are relatively simple to construct, they 
do require some degree of expertise with circuits. Furthermore, if such cir-
cuits were created by hand, it would be nearly impossible to achieve spatial 
resolutions on the order of microns or even tens of microns. instead, more 
advanced electronic fabrication methods would be needed. a more recent 
paper investigated light as an actuation method for thermo-responsive 
valves.57 a halogen light source was focused on the valve in a plastic chan-
nel causing local heating and rapidly opening the valve (∼4 sec). When the 
light was turned off, the heat quickly dissipated and the valve reopened (∼6.2 
sec). light can be easily focused with standard optics supplies enabling high 
spatial resolutions to be achieved. polymers that directly respond to light 
rather than heat generated by the light, i.e. photoresponsive polymers, have 
also been applied as micro-valves. however, once opened, the valves returned 
to their original state at a much slower rate (∼1 hour) effectively restricting 
them to a single use during a given experiment.64

15.3.2   Mechanical Actuation
although microfluidics can be used to apply defined amounts of shear stress 
to cell culture, cells also experience compressive and tensile stresses in vivo. 
the same ability of smart materials to expand and contract that makes them 
effective as valves can make them effective actuators of compressive and ten-
sile stresses as well. pelah et al. implemented a pnipaam actuator to com-
press and stretch red blood cells.65,66 in order to apply a compressive stress, 
cells were confined between two layers of pnipaam beads. as the tempera-
ture was decreased below 32 °C, the beads expanded, compressing the red 
blood cells (see Figure 15.5(a)). in order to stretch cells, they were confined 
between a single layer of pnipaam and a coverslip. as the temperature was 
increased to 37 °C, the pnipaam became more hydrophobic allowing the red 
blood cells to adhere. at the same time, the pnipaam gel contracted, stretch-
ing the adhered cells (see Figure 15.5(B)).

Mechanical actuation has even been achieved at the molecular level 
through the streptavidin–biotin interaction. Streptavidin is a protein that 
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binds biotin with a remarkably high affinity (Kd on the order of femtomo-
lar).67 however, this interaction can be interrupted in a reversible manner by 
conjugating pnipaam to the biotin-binding site of streptavidin. When below 
its lCSt, the extended pnipaam polymer had little effect on the ability of 
streptavidin to bind biotin. When the temperature was raised above its lCSt, 
the pnipaam collapsed, blocking access to the binding site.68 in cells, such 
a methodology might be used to reversibly interrupt protein–ligand inter-
actions providing molecular level insight into cellular processes. toward 
this end, biotin was conjugated to pnipaam and packaged in erythrocyte 
ghosts.69 erythrocyte ghosts are intact red blood cell membranes lacking 
the internal components of red blood cells. they can fuse with other plasma 
membranes and thus act as effective delivery vehicles. as an illustration, 
the pnipaam-conjugated biotin was delivered to other erythrocyte ghosts 
containing streptavidin. upon binding to the pnipaam-conjugated biotin, 
the streptavidin could be reversibly aggregated by increasing the tempera-
ture above pnipaam's lCSt. While such a system is clearly useful only as 
a demonstration, the same experimental methods could be employed to 
aggregate more biologically important proteins, thus rapidly restricting their 
accessibility.

Besides pnipaam, there is a vast collection of materials that display 
mechanical actuation in response to non-mechanical stimuli including 
thermo-responsive, ph-responsive, light-sensitive, electro-responsive and 
even magneto-responsive polymers.70 in addition, novel hydrogel actua-
tors have been created from composite materials. in one study, elastin-like 
synthetic peptides (elps) were combined with graphene oxide to create a 

Figure 15.5    Mechanical actuation achieved through thermo-responsive materials. 
(a) pnipaam beads expand on cooling, compressing a red blood cell. 
(B) a red blood cell confined between a glass coverslip and a layer of 
pnipaam is stretched when the pnipaam contracts with increasing 
temperature.

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

04
09

View Online

http://dx.doi.org/10.1039/9781788010542-00409


Chapter 15426

light-responsive mechanical actuator.71 the elps are thermally responsive, 
and like pnipaam, collapse and become insoluble upon heating. graphene 
oxide generates heat when exposed to near-infrared radiation. the elps were 
bound to a graphene oxide sheet and then exposed to near-infrared radia-
tion. this caused local heating of the graphene oxide and subsequent col-
lapse of the elps at the site. as a result, the entire material bent.

15.3.3   Repositioning of Cells
the spatial organization and position of cells affects not only the architec-
ture of a tissue, but its function as well. as discussed more fully in earlier sec-
tions of this chapter, cells arranged in three-dimensions behave differently 
than cells grown on 2d substrates. in addition, many types of cell signaling 
are dependent on cell–cell contacts rather than soluble signaling molecules. 
Finally, the specific organization of multiple cell types in co-culture or in vivo 
often defines tissue function. Consider for example, the organization of vas-
cular tissue: an inner sheath of endothelial cells wrapped by vascular smooth 
muscle cells and pericytes. the role of each cell type is defined by its position 
in the tissue and is specialized accordingly.

Smart materials allow researchers to gain control over the spatial position-
ing of cells in tissue culture. this enables the elucidation of the effects and 
mechanisms behind cell–cell contacts as well as the creation of complex tis-
sue architectures. Magnetically-responsive materials are the principle work-
horses of such studies. Magnetic nanoparticles, typically made of magnetite 
(Fe3o4), can be incorporated into cell culture substrates, bound to cell sur-
faces or delivered to the cytoplasm of cells. under a magnetic field, these 
systems can be repositioned quickly and efficiently.

Magnetite particles, like other nanoparticles, are naturally endocytosed by 
cells and incorporated into the cytoplasm upon introduction to cell culture 
media.72 packaging of the magnetic nanoparticles in drug-delivery vehicles 
may increase the uptake efficiency. Cationic liposomes were designed for 
just such a purpose.73 the positive charge on the surface of the liposomes 
allows them to bind to anionic cell membranes. the liposomes then fuse 
with the plasma membrane, dumping their load of magnetite nanoparticles 
into the cytoplasm.

dynamic aggregation of magnetically labeled cells has led to insights into 
cell–cell adhesive properties. Building on previous work by their group with 
magnetically labeled MSCs,74 Frasca et al. tested the cohesive properties of 
nine different cell types.75 the cells were labeled with maghemite nanopar-
ticles and aggregated to form spheroids with a magnet. once the magnetic 
field was removed, the shape of the cell aggregate evolved, providing insight 
into the ability of the cells to adhere to one another. adherent cell types 
such as fibroblasts retained a stable spheroid structure, while aggregates of 
non-adherent cell types such as monocytes disintegrated under gravitational 
force. unlike conventional methods of forming spheroids via non-adhesive 
culture surfaces (discussed below), magnetically driven cell aggregation can be  
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applied to virtually any cell type. thus, the methods developed by Frasca and 
colleagues can be applied to study cell–cell adhesive capacity in cells derived 
from a wide variety of tissues.

Separate studies have taken advantage of magnetically manipulable cells 
to study cancer invasion.76,77 BalB/3t3/v-src cells, a type of malignant fibro-
blasts, were aggregated and embedded in type i collagen gel.76 the BalB/ 
3t3/v-src cells were labeled with cationic liposomes and positioned over 
an array of magnetized iron pins. this generated a large number of cell 
aggregates enabling high throughput study of their invasion into the sur-
rounding collagen. as a further demonstration of the utility of their system, 
the authors exposed the cells to matrix metallo-protease (MMp) inhibitors, 
restricting the invasive capacity of the malignant cells. in the future, a sim-
ilar setup might be used to screen drug candidates designed to limit cancer 
cell metastasis.

Magnetic manipulation is not limited to the formation of spheroids. Cells 
can be patterned into stripes78 and magnetic fields have even been focused 
to manipulate individual microparticles.79 this fine-tuned method of pat-
terning cells can be harnessed to study the effect of the spatial arrangement 
of cells. For example, skeletal myoblasts have been proposed as a potential 
treatment for cardiac failure.80 however, there is concern that the lack of con-
ductive properties of these cells may interrupt the propagation of electrical 
signals through the heart thereby generating arrhythmias.81 in order to test 
this hypothesis, skeletal myoblasts were magnetically labeled with cationic 
liposomes and co-cultured with cardiomyocytes.78 the conductivity and cal-
cium transport through the culture were monitored to assess the enervation 
of this in vitro heart model. it was discovered that randomly dispersed skele-
tal myoblasts significantly impaired cardiac conductivity, while localizing the 
myoblasts to a striped region via magnetic manipulation mitigated this effect.

Cells themselves do not need to be labeled to enable magnetic reposition-
ing. Cell culture substrates have been designed that incorporate magnetic 
nanoparticles. Magnetite nanoparticles take on a negative charge in neutral 
ph allowing them, along with gold nanoparticles, to crosslink positively 
charged filamentous viral phages together to form a hydrogel.77,82 the phages 
were engineered to display a peptide sequence specific to the αv integrin 
allowing cells to adhere to the hydrogel. neural stem cells cultured within 
this hydrogel were magnetically levitated at the air–media interface, creating 
a static suspension culture.77

Magnetite nanoparticles were also embedded in molded peg-hydrogels.83 
the hydrogels were dispersed on a surface and impregnated with cells to 
generate small cell culture “bricks” that could be recombined to form com-
plex geometries. a magnetic field was employed to aggregate the peg gels 
over curved, dome-shaped or tubular molds forming a signal tissue struc-
ture. Before the magnetic field was removed, the entire construct was cross-
linked within a fresh layer of peg to preserve its shape.83

in a recent study, magnetically responsive vortex ring particles were 
reported that are broadly applicable for cell encapsulation.84 the unique 
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torus shape of these particles maximizes the diffusion of nutrients and 
oxygen necessary to keep encapsulated cells alive. iron oxide nanoparticles 
embedded in the vortex rings provide a mechanism by which the rings can 
be manipulated and efficiently organized. this capability suggests that cells 
growing on and in the vortex ring particles could be rapidly reorganized into 
a variety of complex geometries.

15.4   Applications of Smart Cell Culture and Clinical 
Perspectives

15.4.1   Cell-Sheet Engineering
thermo-responsive technology has inspired a fundamentally new tissue 
engineering paradigm known as cell-sheet engineering.14 the concept is to 
harvest 2d sheets of cells with cell–cell junctions and eCM intact from the 
tissue culture substrate (see Figure 15.6). it should be noted that cell-sheet 
engineering is not strictly limited to thermo-responsive culture substrates. 
For example, itabashi et al. produced myocardial cell-sheets simply by grow-
ing cells on a fibrin layer that was gradually digested by proteases secreted by 
the cells themselves.85 in addition, cell-sheets have been derived from elec-
tro-responsive, ph-responsive, photo-responsive and even magnetic-respon-
sive substrates.86

the applications of cell-sheets are diverse. they may be implanted directly 
when a monolayer format is relevant, as in the case of epithelial cells.87 alter-
natively, they may be layered together to form more complex three-dimen-
sional tissues.14 Furthermore, cell-sheets containing different cell types may 
be easily combined, creating co-cultures that more accurately model physi-
ology.88 in recent years, cell-sheet engineering has been applied to develop 
therapies for an impressive array of different tissue types and diseases. these 
have included myocardial infarction, mandibular defects, tracheal grafts, islet 
therapies (for treatment of diabetes), and even as in vitro tumor models.89–93 
in addition to the flexibility of cell-sheet engineering, the ability to completely 
separate cells from the biomaterial substrate reduces the chance that the 
implantation of the tissue-engineered construct will result in a toxic reaction.

Figure 15.6    Cell-sheet engineering. this is a unique paradigm for tissue engineer-
ing in which cells are grown on a layer of thermo-responsive pnipaam 
and then released as a 2d sheet upon cooling of the substrate below 
its lCSt (32 °C).
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one of the disadvantages of completely isolating cell layers from the bio-
material substrate prior to implantation is the lack of mechanical support. 
Without the presence of a biomaterial, the cellular junctions must withstand 
the stresses associated with manipulation of the cell-sheet on their own. in 
order to overcome this difficulty, layers of gelatin, chitosan and alginate were 
deposited on a cell-sheet, forming a supportive backing that enabled easier 
physical manipulation.94 While the addition of such “nano-clothing” has the 
desired effect of enabling easier manipulation of the cell-sheet, the potential 
for a negative host response to the gelatin, alginate and chitosan is a concern.

nevertheless, the combination of cell-sheet engineering with appropriate 
biomaterial scaffolds can be a formidable tool in the tissue engineer's arse-
nal. Cell-sheets can rapidly assume the shape of a scaffold, while cells seeded 
as a suspension may take weeks to reach the same level of scaffold cover-
age. Vascular grafts are a good example of when this property of cell-sheet 
engineering is advantageous. Blood vessels consist of a lining of endothelial 
cells supported by a basement membrane and vascular smooth muscle cells.  
humans do not naturally endothelialize (generate an endothelial lining) vas-
cular grafts,95 frequently leading to a thrombotic response and graft failure.  
in order to improve graft outcome, extensive research has focused on the 
addition of cells to vascular grafts prior to implantation, especially the addi-
tion of endothelial cells.96–98 Cell-sheet engineering has been applied to 
accomplish the same goal with smooth muscle cells. Scaffolds were electro-
spun from poly(caprolactone) and collagen i and wrapped with a smooth 
muscle cell–cell-sheet.99 this resulted in more rapid and complete coverage 
of the graft with a cell layer compared to seeding with a cell suspension.

the ubiquitous interactions between multiple cell types in vivo, such as 
endothelial and smooth muscle cells in blood vessels, highlights the impor-
tance of the co-culture of two or more cell types in tissue engineering. Fur-
thermore, in many tissues, different cell types occupy separate regions of the 
tissue in well-defined architectures. applying conventional micro-patterning 
techniques, cells can be organized during the initial in vitro culture, thus 
creating a patterned cell-sheet. For example, in one study, a thermo-respon-
sive substrate was patterned with stripes of fibronectin (an eCM protein) to 
which human epidermal fibroblasts were adhered.100 the spaces between the 
stripes were then filled with bovine aortic endothelial cells. once the cells 
reached confluency, the entire cell-sheet consisting of both cell types was 
separated from the culture substrate.100

Cell-sheet engineering in particular holds the advantage of allowing mul-
tiple cell types to be combined simply by layering together different cell-
sheets. therefore, even if two cell types cannot easily be cultured together 
in vitro (e.g. due to different media requirements), they can still be combined 
via cell-sheet technology. in addition, layering of cell-sheets enables the com-
bination of multiple tissue types to form an organ. While a fully functional 
engineered organ has not yet been realized, remarkable steps toward this 
goal have been made. one such step has been the successful vascularization 
of implantable tissues. the diffusion of nutrients, especially oxygen, is one 
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of the major factors limiting the engineering of large (millimeter scale and 
greater) tissues and organs.101 this limitation can be circumvented if native 
vasculature can be encouraged to connect and penetrate the tissue-engi-
neered organ. Following up on their original work with cell-sheet engineer-
ing, the okano lab has tackled this problem in the context of cardiac tissue 
engineering.102 they created thick cardiac tissue by layering together multiple 
sheets of cardiomyocytes. in order to ensure that the sheets would become 
well vascularized upon implantation, they interspersed the cardiomyocytes 
with endothelial cells. In vivo, the endothelial cells migrated through the cell-
sheets and combined to form a vascular network that connected with blood 
vessels at the implantation site.103 By repeating this procedure with several 
sets of a few cell-sheets at a time, a vascularized cardiac tissue with a total 
of twelve layers was created.103 a similar process was achieved in vitro with a 
specially designed bioreactor consisting of microchannels embedded in col-
lagen gel through which media could flow.104

desiring to create vascular networks with more controlled structures, the 
okano lab began investigating methods to pattern the endothelial cells incor-
porated into these tissue structures. they discovered that orientation of one 
cell-sheet could affect the orientation of cells in another sheet.105,106 endo-
thelial cells previously aligned in a stripe pattern lost their orientation when 
put in contact with a randomly oriented cell-sheet. however, by sandwiching 
a randomly oriented endothelial cell-sheet between two aligned fibroblast 
cell-sheets, the endothelial cells spontaneously formed an aligned pattern.105 
Furthermore, the aligned fibroblasts were shown to produce higher levels of 
vascular endothelial growth factor (VegF), a stimulator of angiogenesis (new 
blood vessel growth).107 this suggests that such aligned sheets may be vascu-
larized more easily than their randomly oriented counterparts.

15.4.2   3D Culture
Cell-sheet engineering inherently depends on 2d cell culture, i.e. cells cul-
tured on a flat substrate. however, cells in vivo exist in three-dimensional 
matrices. For more than a decade, evidence has been steadily mounting 
showing that cells behave fundamentally differently on 2d vs. more realistic 
3d culture substrates.2–8 notably, gene expression regulation is altered by the 
dimensionality of the culture substrate, suggesting that even once released 
from a 2d surface, its effect would linger.108 as such, it is desirable to trans-
late the flexibility and utility of cell-sheet engineering to 3d platforms.

in order to accomplish this, a variety of 3d fiber matrices (polypropylene, 
polyethylene terephthalate, and nylon) were grafted with pnipaam via solu-
tion free-radical polymerization.108 in this particular study, two hepatocyte 
cell lines were grown on the 3d scaffold (hC04 and hepg2). hepatocyte cells 
are known to have reduced expression of cytochrome p450 (CYp) isozymes, 
a family of proteins important for drug metabolism, when cultured on 2d 
surfaces.109,110 rossouw et al. showed significantly higher expression of sev-
eral forms of CYp on the thermo-responsive 3d substrates compared with 
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a 2d control. Furthermore, as with other thermo-responsive substrates, the 
viability of harvested cells was higher than that obtained by trypsin-medi-
ated release. Cells released from a 3d culture substrate do not form a single 
sheet as they do when released from 2d substrates. two geometries were 
observed depending on the cell type. hC04 formed multi-layered strips of 
cells, while released hepg2 cells formed spheroids. While the activities of 
these hepatocyte constructs released from the thermo-responsive matrix 
were not tested in vivo, it is reasonable to expect that their 3d nature would 
enable them to maintain the phenotype developed in vitro leading up to and 
through implantation.

although not every cell type will form spheroids, many cells do form spher-
oids spontaneously when cultured on a non-adherent surface. Spheroids are 
perhaps the simplest form of 3d culture and are one of the oldest methods 
to culture cells in 3d. Furthermore, spheroids obviate the need for a realistic 
3d culture substrate, since they are composed exclusively of the cells them-
selves and any matrix excreted by those cells. the greatest challenge with 
spheroids is controlling the size. Since they are formed spontaneously, it is 
difficult to ensure that a specific number of cells aggregate in each spheroid. 
thermo-responsive surfaces have provided one solution to this issue. Since 
the adhesiveness of thermo-responsive surfaces can be precisely controlled, 
cells can be grown to a particular density, detached and then aggregated into 
a single multicellular spheroid.

this phenomenon was originally observed with fibroblasts.111 When cul-
tured on collagen conjugated with pnipaam, the fibroblasts proliferated 
until reaching confluency. the fibroblasts were released as a cell-sheet 
and then transferred to a second hydrophobic surface (coated with pni-
paam without collagen). rather than attaching to the plate, the fibroblasts 
coalesced to form a multicellular spheroid. the size of the spheroid is thus 
dependent on the size of the cell-sheet.

later work performed by the same group took advantage of this fact to 
create multiple size-controlled spheroids.112 Collagen is a naturally uV-cross-
linkable polymer.113 exploiting this property, pnipaam-conjugated collagen 
was patterned into defined pads via photolithography. Cell-sheets grown 
on these pads were restricted to the size of the collagen pattern and there-
fore produced spheroids with defined diameter and cell number. the idea 
of using collagen conjugated with pnipaam to produce spheroids has been 
extended to a variety of cell types. in a 1995 study, Yamazaki et al. systemati-
cally tested 23 different cell types on this type of substrate, 15 of which were 
found to form spheroids.114 in addition, heterospheroids containing both 
fibroblasts and hepatocytes in a single spheroid have been created.115

Besides simply providing a more natural environment for cells, 3d in vitro 
culture allows for more geometrically complex tissue engineering constructs 
to be generated. a tubular endothelial cell construct was created with the 
aid of a thermo-responsive 3d substrate.116,117 endothelial cells form a single 
monolayer in vivo, and therefore it is not necessary to develop in vitro tissues 
consisting of multiple layers of endothelial cells. however, endothelial cells 
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in vivo are wrapped in a tubular configuration on the luminal surface of blood 
vessels. this raises the possibility that cells grown in other configurations  
in vitro might be phenotypically different from cells in vivo. While this tubu-
lar configuration can and has been achieved by wrapping cell-sheets around 
a cylindrical scaffold (see Section 15.2.3.1),99 culturing cells initially in a 
2d environment can result in lasting changes to gene expression. Matsuda  
circumvented this issue by directly seeding and culturing endothelial cells on 
the luminal side of a capillary tube, thus mimicking the in vivo geometry.117 
the capillary tube was coated with a layer of pnipaam-grafted gelatin. the 
gelatin created a favorable environment for cell attachment and growth while 
the pnipaam chains allowed for thermally induced release of the confluent 
endothelial cell construct. this approach successfully produced an intact 
tubular graft consisting exclusively of endothelial cells. one may speculate 
that such approaches could be made more complex in the future in order 
to incorporate the other cell types (smooth muscle cells and pericytes, etc.) 
necessary to create a complete, functioning blood vessel.

15.4.3   Cell Segregation
tissues are composed of a heterogeneous cell population. although tis-
sue engineering methods often attempt to recapitulate this heterogeneity 
through co-cultures, controlled in vitro culture requires that cell types must 
be fully purified and segregated from neighboring cells.118 Conventional 
methods for cell separation, such as flow activated cell sorting (FaCS), often 
rely on specific cell labeling making them expensive and technically chal-
lenging. a simpler method was devised to separate cell types based on differ-
ing surface tension and proliferative capacity employing microwells.119 in a 
similar vein, differential adhesive capabilities provide a convenient route for 
segregating cell types with thermo-responsive materials. even among cells 
that do adhere to pnipaam, there is significant variability in the strength 
of adhesion. Furthermore, these differences in adhesive capacity can be 
enhanced through the reduction of the total surface area available for cell 
attachment. three different cell lines (hela cells, huVeCs and 3t3 fibro-
blasts) were segregated on a striped pattern of pnipaam.118 the stripes 
were only 3 µm in diameter, far smaller than the cellular footprint. the area 
between the stripes was filled with polyacrylamide, a polymer that resists cell 
adhesion. as such, cells extended over both adhesive pnipaam and non-ad-
hesive polyacrylamide, causing cells with lower adhesive capacities to more 
easily detach from the pnipaam surface. hela cells did not attach to the 
pnipaam at all. huVeCs (human umbilical vein endothelial cells) attached 
for the first 12 hours and then detached. only fibroblasts were able to remain 
attached to the surface over an extended period. in order to recover these 
cells, the surface was cooled to 20 °C, hydrating the pnipaam stripes and 
causing the cells to lift off the pattern.

in a separate study, immune cells (monocytes, macrophages and foreign body 
giant cells) were segregated based on their differential adhesive properties.120 
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over time, in culture, monocytes differentiate into macrophages, which then 
fuse to form foreign body giant cells. all three cell types might therefore be 
found in a single culture necessitating some form of separation. When cul-
tured on pnipaam, monocytes, macrophages and foreign body giant cells 
adhere. however, monocytes more rapidly detach from the culture surface 
upon cooling than do macrophages, and macrophages more rapidly detach 
than foreign body giant cells. therefore, by cooling the thermo-responsive 
surface for increasing times, the cell types may be segregated.

15.4.4   Clinical Perspectives
ultimately, any tissue engineering technology is only useful as long as it bene-
fits patients in the clinic, either directly or by advancing scientific knowledge 
of health and disease. Smart cell culture has the potential to achieve both. 
Smart tissue culture substrates have produced viable engineered tissues in 
complex geometries and containing multiple cell types with direct clinical 
applications. Furthermore, the control afforded by smart materials over the 
culture environment promises to provide unique insights into cell biology.

as with any tissue engineering substrates, the toxicity and immunogenic-
ity of smart materials are potential barriers to clinical translation. as noted in 
section 15.4.1, cell-sheet engineering reduces the chance of a toxic reaction 
to culture substrates by allowing the substrates to be completely separated 
from the engineered tissue. this characteristic, combined with its simplicity, 
makes cell-sheet engineering one of the most readily clinically translatable 
smart cell culture technologies. in fact, cell-sheet engineering has already 
been applied with reasonable success in human trials.121 autologous epithe-
lial cells derived from the oral mucosa were cultured on a thermo-respon-
sive surface to form cell-sheets that were subsequently implanted to replace 
opacified corneal tissue. in their study, nishida et al. noted that the implants 
integrated seamlessly with the surrounding tissue and remained transpar-
ent throughout a 14 month follow-up period. thus, the intervention restored 
sight to all patients participating in the study. While still a far cry from the 
ultimate goal of tissue engineering of regenerating complex 3d organs and 
tissues, this case demonstrates the immediate and impactful clinical appli-
cations of smart cell culture.

15.5   Conclusion
In vitro culture is an important stage of the tissue engineering process during 
which researchers have maximum control over the cell culture conditions. 
Smart materials provide an additional level of autonomous control over a 
variety of aspects of cell culture including cell adhesion, cell signaling, and 
mechanical actuation, among others. this control has resulted in significant 
advancements in the development of more complex tissue engineered con-
structs such as 3d, vascularized myocardial tissue and endothelialized vascu-
lar grafts. Furthermore, these constructs can be rapidly separated from the 
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smart substrates, reducing the likelihood of a negative host reaction to the 
biomaterial. Smart cell culture has also contributed to an improved under-
standing of cellular biology through its incorporation into in vitro culture 
models. the field of tissue engineering is reaching ever closer to the de novo 
creation of functional organs. Smart materials promise to play a vital role in 
this technological development, providing an active role for in vitro culture 
substrates in replicating the complexities of human physiology.
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16.1   Introduction
tissue engineering aims to assemble functional constructs that restore, 
maintain, or improve damaged tissues or whole organs. to achieve this goal, 
the field has focused on designing materials capable of providing function-
ality to biological systems,1–4 assessing biological activity,5,6 and mimicking 
the properties of biological systems.7,8 traditionally, constructs developed 
for tissue engineering are composed of scaffolds, cells, and biologically 
active molecules that attempt to recreate the chemical and mechanical com-
position of many biological environments. however, with many advances in 
electroceuticals9 and discoveries of the underlying mechanisms of excitable 
membranes,10–14 there has been a momentous push to incorporate electron-
ics into tissue engineering. in this chapter, we will focus on the work done 
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over the past decade in designing and implementing micro- and nanoscale 
electronics in biological systems.

Cell membranes are embedded with many different types of ion pumps 
and ion channels that are selective for transporting na+, K+, Cl−, and Ca2+ 
ions, among others, across a cell’s semipermeable membrane.15 the trans-
port of these ions is governed by the electrochemical gradients established 
across the cell membrane, creating an asymmetric ion distribution between 
the intra- and extracellular fluids. the unequal distribution of charged mol-
ecules in addition to the selective permeability of cell membranes give rise 
to membrane potentials, which can be probed using electrodes or field effect 
transistors. Virtually all biological cells exhibit this bioelectric behavior 
and have either stable or variable membrane potentials. in particular, some 
eukaryotic cells, such as neurons, cardiomyocytes, smooth and skeletal 
muscle cells, and some secretory cells, are electrically excitable since cellu-
lar events can lead to the opening and closing of ion channels. in excitable 
cells, the membrane potential can be depolarized or hyperpolarized relative 
to resting potential (between −40 and −80 mV for most cells) depending on 
which ion channels are activated. neurons in the brain and cardiomyocytes 
in the heart use these electrophysiological signals to communicate and trig-
ger processes such as propagation of information and the heartbeat.

excitable cells can assemble into tissues and organs such as the brain, 
heart, and muscles, which partially use bioelectric signals to maintain proper 
function. For example, the human brain is composed of approximately 100 
billion neurons and each makes approximately 7000 connections to other 
neurons. this leads to complex electrical patterns across the central nervous 
system and proper brain function being dependent on the reliable signal-
ing between neurons. damaged or diseased states can disrupt this electrical 
signaling in specific areas of the brain. the activity of cardiomyocytes in the 
heart is coordinated by similar electrical signals. traditionally, these systems 
have been interrogated with bulky electrodes, such as patch-clamp electro-
physiology16 and multi-electrode arrays,17 which are not suitable for long-
term probing. traditional probes tend to be highly invasive both because 
of their large-scale dimensions and mechanical mismatch with targeted 
tissue.18,19 as a solution to bulky and invasive probes, flexible micro- and 
nanoscale materials could be developed with the capacity to read out the 
activity of these tissues and provide electrical signals where such function 
has been lost. this alternative would significantly advance the maintenance 
and treatment of many disorders that pertain to natural or engineered neural 
and cardiac tissues.

in general, there are two main approaches to fabricating micro- and 
nanoscale objects commonly referred to as top-down and bottom-up para-
digms.20 in the top-down approach, combinations of lithography, etching, 
and deposition are used to create small patterns in bulk materials. in the 
bottom-up approach, the intrinsic chemical properties of atomic, molecular, 
and nanoscale building blocks are employed to assemble structures and pat-
terns. these approaches are used exclusively or together to create complex 
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electronic structures and devices. With these techniques, micro- and nano-
electronic devices fabricated at the same length scales of many sub-cellular 
structures can be developed to interface biological systems. specifically, the 
similar size scale of micro-/nanostructures and biological building blocks 
facilitates the seamless integration of electronics with cells and tissues and 
enables promising opportunities for the development of engineered tissues 
and biomedical prosthetics. recent studies have demonstrated that devices 
with small-scale dimensions exhibit increased biocompatibility and create 
less invasive interfaces with cells and tissues. these studies include exper-
iments showing the internalization of nanoscale inorganic devices by indi-
vidual cells, in vitro cell culture on substrates containing nanopillar arrays, 
and single-cell nanowire endoscopy.21–23 From a material and device perspec-
tive, micro- and nanoscale devices can have improved spatial resolution, 
enhanced carrier transport properties, and reduced power consumption. 
existing evidence suggests that flexible micro- and nanoscale electronics rep-
resent new avenues for tissue engineering.

16.2   Material Building Blocks and Their Interfaces 
with Cells and Tissues

Before going into detail about state-of-the-art bioelectronic devices, a basic 
understanding of the nanostructured material building blocks used in the 
design and development of these devices is required. a variety of novel 
nanomaterials exhibiting strengthened carrier transport have emerged 
over the past several decades, including zero-dimensional nanoparticles, 
one-dimensional nanotubes24–26 and nanowires,26–28 and two-dimensional 
nanosheets.29,30 nanoparticles have unique properties due to quantum 
confinement31,32 and large surface areas; but their use in electronics has 
been limited by challenges in establishing robust and reproducible electri-
cal contacts. on the other hand, one-dimensional nanostructures, such as 
nanowires and nanotubes, represent the smallest material systems that can 
efficiently transport electrical carriers. the small-scale dimensions of these 
materials dramatically decreases the mechanical rigidity of devices while act-
ing as electrodes, field effect transistors, and diodes.33,34 the unprecedented 
augmented physical properties in these materials are advantageous for tis-
sue engineering applications, because they can lead to the fabrication of flex-
ible electronic devices that are desired for biointerfaces.

the key component in a micro- or nanoscale bioelectronic device is the 
active device element used to interface with a biological component with 
the purpose of recording or stimulating a biological event. the high sur-
face-to-volume ratio of nanomaterials offers high sensitivity to surface pro-
cesses.35 in addition, the size scale of nanostructures can be comparable to 
biological building blocks, such as proteins and nucleic acids, offering new 
ways to perturb living systems from subcellular to tissue levels,36 which can 
be particularly useful in a tissue engineering process. indeed, recent work 
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has shown that the structure, size, morphology, and topography of nanoscale 
materials determine their chemical and physical properties needed for bio-
logical interfaces.37 therefore, the development of bioelectronic devices 
involves rational design in order to exploit the unique properties of different 
nanomaterials with the goal of providing unique capabilities of interfacing 
with and studying diverse biological behaviors. the following sections in 
this chapter will focus on the synthesis, structure, and properties of silicon- 
and carbon-based nanomaterials, nanostructured polymers, and nanoscale 
metal electrodes.

16.2.1   Inorganic Semiconductors
one-dimensional semiconductor nanomaterials, including nanowires, nano-
tubes, and nanorods, have been of particular interest over the past several 
decades because of their novel electrical, optical and mechanical properties, 
and demonstrated applications in biology and medicine. For example, semi-
conductor nanowires have been exploited in a wide range of device configu-
rations, such as light-emitting diodes,38 lasers,39,40 biological and chemical 
sensors,41,42 and solar cells.43 silicon nanowires (sinWs) are particularly pow-
erful, and they are generally synthesized via the vapor–liquid–solid growth 
mechanism, where a metallic nanoparticle catalyzes the formation of a metal- 
semiconductor alloy in the presence of a vapor-phase silicon source above 
the eutectic temperature.44 during the synthesis, vapor-phase silicon is con-
tinuously fed into the growth system, allowing the liquid alloy to become 
supersaturated and in this state the semiconductor solid can nucleate and 
precipitate. this process over time leads to the vertical growth of sinWs on 
a substrate. overall, the ability to control and modulate the doping,45,46 com-
position,47,48 crystal structure,49 and morphology21,41,50 of semiconductor 
nanowires during the synthesis process has allowed researchers to explore 
various applications of nanowires.

the morphology and surface topography of sinWs are of great importance 
since these features dictate how the material will interact with target cells 
and tissues. the rational design and fabrication of complex nanowires offers 
great potential for creating integrated systems capable of exploring novel 
bioelectronic interfaces. For example, tian et al. demonstrated how tran-
sient modifications of growth parameters can lead to in situ morphological 
changes in one-dimensional materials during their synthesis.41 specifically, 
kinks were introduced along the length of nanowires by creating abrupt pres-
sure variations.41 this method also confers control over the stereochemistry 
of adjacent kinks, which can be beneficial for the synthesis of complex 2d 
and 3d structures.41 as shown in Figure 16.1(a) and (b), this method was 
used to introduce two cis-linked kinked units in sinWs to yield 60° angle 
probes.41 in addition, dopants were introduced during the synthesis of these 
nanowires in order to fabricate a nanoscale Fet capable of performing intra-
cellular recordings from excitable cells.41 results from this study emphasize 
how nanowire-based bioprobe arrays could be particularly advantageous for 
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probing cellular networks of an excitable engineered tissue, or recording from 
acute brain slices and possibly in vivo. Kinked sinWs have also been used as 
a probe for intracellular and intercellular force dynamics.21 in experiments 
by Zimmerman et al., human umbilical vein endothelial cells (hUVeCs) and 
human aortic smooth muscle cells (hasmCs) internalized singly-kinked 
sinWs via the cells’ natural endocytic pathway.21 the kink in the internalized 
nanostructure served as an anchoring point that limited the rotation and 
translation of the sinWs and enabled accurate monitoring of the deflection 
over time during live cell imaging. intracellular forces experienced by single 
cells during ordinary cellular processes, such as cell migration, division, and 
contraction, were calculated by applying the euler–Bernoulli beam theory on 
the measurements of kinked-sinW bending.21

as mentioned above, kinked nanowires can be utilized as building blocks 
for integrated bioelectronics; however, in situ perturbations are not the only 
way of fabricating 1d structures with innovative morphology. the morphology 
of traditional, straight sinWs can also be modified post-synthesis. recent 
work in Charles Lieber’s research group at harvard University described  

Figure 16.1    silicon nanomaterials as building blocks for biomedical devices. (a) 
double kinked sinW two-terminal Fet probe for electrophysiological  
recordings. (b) sem image of a free-stranding three-dimensional 
device with kinked probe sandwiched between sU-8 polymer and 
metal contacts. (c) shape-controlled assembly of U-shaped silicon 
nanowire arrays. (d) sem image of large-scale three-dimensional 
curved nanowire probe with bend up geometry. (e) skeleton-like si 
spicules synthesized by pressure modulation and selective etching of 
silicon. reproduced with permission from B. tian et al., Science, 2010, 
329(5993), 830 (a), (b), reprinted with permission from Y. Zhao et al., 
Nano Lett., 2016, 16, 2644, copyright (2016) american Chemical society 
(c), (d), from Z. Luo et al., Science, 2015, 348(6242), 1451, reprinted 
with permission from aaas (e).
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a novel technique for the large-scale assembly of U-shaped nanowires with 
well-defined curvature.50 in this study, the authors employed a modified 
version of the nanocombing technique previously described by Yao et al. for 
aligned assembly of nanowires.50,51 essentially, the nanocombing technique 
is comprised of sliding the nanowire growth substrate over a target substrate 
containing lithographically patterned trenches that serve as anchoring 
regions for nanowires. Zhao et al. used photolithography to pattern U-shaped 
trenches with a 1.5 µm radius and 260 nm depth on a si wafer. their experi-
ments showed that the trench depth was ∼4 times the nanowire diameter or 
greater and a trench with >2 µm yielded a >90% success rate for the assembly 
of U-shaped nanowires.50 (Figure 16.1(c)) experimental data and modeling 
suggest that the U-shape trenches serve to initially anchor and mechanically 
trap the nanowires, and then the shear force produced during the transfer 
bends the nanowires around the shaped trench and aligns their arms in the 
transfer direction.50 the assembly of nanowires with defined curvature could 
lead to novel applications not feasible with straight wires. For this reason, 
the authors explored the potential of these curved nanowires for the fabri-
cation of large-scale three-dimensional (3d) nanowire bioprobe arrays. as 
demonstrated in Figure 16.1(d), U-shaped silicon nanowires were organized 
in a 3d bent geometry similar to the studies testing kinked sinWs.41 analysis 
of device conductance and signal-to-noise ratios revealed yields comparable 
to, or better than, the performance of kinked nanowire devices,50 suggest-
ing that U-shaped nanowires could provide improved signal recording. Zhao 
et al. were able to attain innovative structural configurations for integrated 
nanodevices by combining the strengths of wafer-scale top-down fabrication 
with the tunable properties of one-dimensional building blocks.

so far, we have reviewed several techniques for the modification of sinW 
morphology. another key parameter to be considered for nano-bioelec-
tronics is the surface topography of one-dimensional building blocks as it 
determines the interactions that occur at the material–biology interface. 
mesoscale and nanoscale patterning on one-dimensional materials has been 
limited due to the resolution of top-down approaches and the need for pre-
cise and controlled assembly of molecular building blocks in the bottom-up 
approach.52 While lithography at these length scales remains a difficult task, 
some research groups have developed techniques capable of fabricating 
meso- and nanostructured 1d semiconductors. For example, Luo et al. took 
advantage of the pressure-dependent au diffusion in si to create etchant-re-
sistant patterns in sinWs during synthesis. as you can see in Figure 16.1(e), 
post-synthesis wet chemical etching removed si in the regions that were not 
protected by au, creating silicon spicules with complex surface topography.53 
here, gold had two functions in the fabrication of these structures: (1) as a 
catalyst to nucleate and elongate silicon nanowires from the vapor phase and 
(2) as a mask to protect si from etchants. Varying the pressure of the growth 
process altered the rate of gold diffusion along the surface of the wire. the 
authors were thus able to make a series of mesoscale ridges and notches in 
one-dimensional silicon materials strictly by chemical methods. the anisotro-
pic mesoscale topography of si spicules, when compared to more isotropic si 
structures, suggests that these structures could experience enhanced surface 
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interactions with surrounding environments such as hydrogels or biological 
tissues. these enhanced surface interactions were measured by atomic force 
microscopy (aFm) experiments. single mesostructured si spicules mounted 
onto cantilever tips via focused ion-beam (FiB) lithography were inserted and 
retracted from collagen type i hydrogels while monitoring the force and work 

Figure 16.2    interface between sinWs and biological systems. (a) interaction 
between internalized kinked sinWs and cytoskeletal elements in 
hUVeCs. (b) mouse embryonic stem cells cultured on a si substrate 
with vertically aligned sinW array. reproduced with permission from 
J. F. Zimmerman et al., Nano Lett., 2015, 15(8), 5492, copyright (2015) 
american Chemical society (a) and reprinted with permission from 
W. Kim et al. J. Am. Chem. Soc., 2007, 129(23), 7228, copyright (2007) 
american Chemical society (b).
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of the spicule–matrix interactions. these aFm experiments indicated that 
the si spicule probe exhibits a higher detachment force (∼4.16 nn) compared 
to un-etched nanowires (∼0.455 nn), modulated nanowires (∼1.03 nn), and 
nanoporous nanowires (∼0.827 nn).53 these results highlight the potential 
for creating tight junctions in tissue engineering or bioelectronics by adopt-
ing mesostructured si spicules to interface with soft materials.

a final hurdle for nano-bioelectronics is biocompatibility. the biocompati-
bility of sinWs has been evaluated by internalization experiments performed 
by Zimmerman et al. and has been confirmed by other studies evaluating 
cell activity and viability. Zimmerman et al. used confocal microscopy and 
histochemical analysis to reveal extensive interactions of the internalized 
sinWs with the cytoskeletal elements of cells (Figure 16.2(a)).21 Confluence 
and metabolic activity experiments demonstrated that these interactions did 
not cause a significant effect on cell viability. studies from peidong Yang’s 
research group at the University of California, Berkeley, have also demon-
strated that cell–nanowire interactions do not create conflicts with routine 
cell behavior. For example, in experiments where embryonic stem cells were 
cultured on penetrating vertical silicon nanowire arrays (Figure 16.2(b)), 
they reported cell survival up to seven days.22 in addition, no cell toxicity was 
observed when nanowires penetrating cells were used as endoscopes.23 the 
design capabilities, enhanced electronic performance, and the high biocom-
patibility of sinWs make them an excellent candidate for building blocks for 
tissue engineering devices.

16.2.2   Carbon-Based Materials
Carbon nanostructures, including single-walled carbon nanotubes 
(sWCnt), multi-walled carbon nanotubes (mWCnt), graphene sheets, 
and graphene ribbons, are allotropes of carbon that represent an organic 
alternative to the semiconductor building blocks we discussed above. 
these nanoscale materials are typically synthesized to have dimensions 
ranging from several hundred nanometers to several microns54 and they 
exhibit large aspect ratios (above 106).55 the length scale of these materials 
is similar to that of subcellular structures,56 making carbon nanomaterial 
solutions noninvasive. the large aspect ratio of these materials is able to 
provide a large surface area57 for functionalization and interaction with bio-
logical targets. Carbon nanostructures are uniquely poised to advance the 
field of tissue engineering because their electrical, mechanical, and surface 
properties depend heavily on the structural configurations of these build-
ing blocks. With an extensive range of potential geometric orientations and 
physical properties, carbon nanostructures have great potential for use in a 
wide array of applications. in particular, the highly tunable electrical prop-
erties can result in promising novel solutions for interfacing electrically 
excitable cells, such as neurons or cardiomyocytes. in addition, the flexible 
and resilient nature of Cnts makes them a good candidate to conform to 
soft tissue interfaces.
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due to the heavy dependence of physical properties on structure, meth-
ods for synthesizing carbon nanoscale building blocks with controlled 
morphology have become crucial.58 there are many established synthetic 
methods including arc discharge,59 laser ablation,60 electrolysis, flame syn-
thesis,61 and the most commonly used method chemical vapor deposition 
(CVd). CVd becomes a preferred technique then because it affords more con-
trol over quality and type of Cnts produced and bulk production is less of 
a challenge.60 CVd for Cnt growth is determined by the metallic nanopar-
ticle catalyst that serves as a decomposition site for carbon feedstock gas 
and the template for Cnt elongation. one of the most elusive challenges has 
remained the difficulty in synthesizing specific geometries with a high yield. 
purification and isolation steps are employed to circumvent difficulties in 
synthesizing monodisperse products. solution phase separation,54 tube sort-
ing via chromatography, density gradient centrifugation, electrophoresis, 
and purification by refluxing Cnts in an oxidizing acid like nitric acid63 have 
all been used for this purpose.

single-walled carbon nanotubes (sWnt) are generally thought of as 
graphene sheets rolled into hollow tubes. this encompasses a wide range 
of structural orientations defined by the chiral index (n,m). Within these 
parameters there are three types of geometries: zigzag (n,0), armchair (n,n), 
and rest are considered chiral nanotubes. the chiral index denotes the ori-
entation and magnitude of the chiral vector, and determines the electronic 
properties of the sWnt. the morphology, size, and diameter of the nanotube 
will determine the electrical properties that can range from a metallic state 
to a semiconducting state. For this reason, electronic applications require 
monodisperse samples that are isomerically pure and electronically similar. 
multi-walled carbon nanotubes consist of coaxial nanotubes with a spacing 
of around 0.34 nm.61 Cnts are not biodegradable64 meaning that cell–
material interfaces created with these materials are stable and well suited for 
long-term applications such as neural prostheses.

although there are effective solution-based separation and isolation 
techniques, synthetic routes for the fabrication of tailored carbon nano-
structures will provide the most effective method for accessing the unique 
electronic properties these materials can provide. often the focus is on 
tailoring the shape and composition of the metallic nanoparticles used in 
CVd as a method of patterning the resulting geometry,54 but other methods 
include end-cap engineering or cloning.62 several groups have made excit-
ing advances towards this goal by demonstrating the high yield synthesis of 
single-chirality single-walled carbon nanotubes and graphene nanoribbons 
with zigzag edge topology. these advancements indicate that improvements 
in synthetic techniques will continue to advance the potential for the bot-
tom-up synthetic direction of nt geometry for specific purposes.

sanchez-Valencia et al. successfully synthesized single chirality (6,6) arm-
chair carbon nanotubes via a two-step bottom up synthetic strategy.62 the 
first step involves patterning a precursor compound that undergoes intramo-
lecular cyclodehydrogenation to produce ultra-short seeds of (6,6) sWnts. 
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in the second step, these seeds underwent selective epitaxial growth into 
monodisperse sWnts. Both careful precursor design and use of a planar cat-
alyst gave this method a significant advantage over other synthetic patterning 
approaches. the rational design of the precursor compound resulted in sin-
gly capped ultra-short sWnt seeds that dictated the unidirectional growth 
and precise geometry of subsequent sWCnt growth. Furthermore, integra-
tion of planar pt(111) as the catalyst, in lieu of traditional metal nanoparti-
cles, suppressed spontaneous production of seed structures, which would 
elongate into Cnts of varied geometries and reduce the overall purity of the 
fabrication technique. in a different approach to directing Cnt geometry, 
Yang et al. tailored the size and composition of the metallic nanoparticle 
(W6Co7) catalyst key to the CVd growth of carbon nanotubes (Figure 16.3).65 
With this approach they were able to grow single chirality (12,6) sWCnts 
at an abundance of 92%. previous attempts to tailor catalysts had resulted 

Figure 16.3    Carbon-based nanomaterial building blocks. Chirality-specific growth 
of single-walled carbon nanotubes on solid alloy catalysts. diagram 
(upper) of the W–Co solid nanocrystal catalyst that templates sWCnt 
with specific (n,m). raman spectrum (lower left) of sWCnt templated 
from W–Co nanocrystal catalyst. hrtem of sWCnt perpendicular 
to W–Co nanocrystal (lower right). reproduced with permission from 
macmillan publishers Ltd: F. Yang et al., Nature, 2014, 510, 522, copy-
right (2014).
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in the highest yields around 55% of a single chirality, so the authors looked 
to alloy nanoparticles that could provide very specific structural features for 
directing Cnt growth. to achieve this drastic increase in purity, a tungsten 
alloy with a high melting point was used as the CVd growth catalyst. W6Co7 
nanoparticles likely retain their crystalline structure and ordered facets 
during CVd growth at 1030 °C as they remain crystalline in a vacuum up to 
1100 °C. this indicates that the solid nanoparticles are able to provide opti-
mized structural association with carbon atoms arranged around the nano-
tube circumference; a key parameter in directing strict (12,6) Cnt structure 
growth. aFm height profile measurements supported this uniform growth 
confirming the diameter of about 1.28 nm for sWCnts. although carbon 
nanostructures have the potential to produce a large diversity of interesting 
electrical properties, the sensitivity of these properties to structural condi-
tions necessitates the development of precise and tunable fabrication methods. 
advancements such as these towards synthetic control over highly pure 
carbon nanostructures will be essential to the future developments of carbon 
nanostructures and their integration into tissue engineering applications.

the tailorable electrical conductivity, flexible and resilient mechanical 
properties, and large surface area have allowed carbon nanostructures to 
be a popular research topic for bio-integration. early studies that interfaced 
Cnts with cellular platforms saw long term viability and alterations in cell 
morphology including increased neurite length and branching when neu-
rons were cultured on functionalized mWnt supports.64,66 in a related study 
by malarkey et al.67 sWnt films with a specific conductivity range and sur-
face coatings promoted the greatest increase in cell body area. these results 
indicated that Cnts, with tailored conductivity and functionality, could have 
success in serving as a platform for neural prostheses in cases where long-
term directed growth would be required. in the case of implants for neural 
regeneration with damaged brain or spinal cord tissue, Cnts seemed to have 
the proper requirements to serve as scaffolds that would promote growth 
and reestablishment of neuron connections. Following these studies, Gabay 
et al.68 patterned substrates with Cnt islands such that neurons and glial 
cells preferentially migrated to Cnt-coated locations. patterned geome-
tries directed network formation between the islands. Gabay et al. then 
utilized this lithographically patterned island network and neuronal inter-
face to develop a micro electrode array.68 Lithographically defined titanium 
nitride conductors were deposited on a silicon dioxide substrate and then 
dense islands of Cnts were grown via CVd on top of the defined electrode 
array. this fabrication process resulted in a 3d microelectrode array that 
promoted neuronal attachment without further functionalization. sponta-
neously induced extracellular signals were recorded from the neuron culture, 
which demonstrated typical signal shapes and a high signal-to-noise ratio 
due to strong cell–electrode coupling. expanding on this concept david-pur 
et al. integrated a Cnt microelectrode array into a soft polymeric support 
with the goal of demonstrating efficacy as a neuro-prosthetic device.69 this 
soft implantable microelectrode array was designed to record and locally 
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stimulate nervous system activity. to fabricate this device, they lithographi-
cally patterned the circuit and grew the mWnt islands via CVd (Figure 16.4). 
then the polymeric support pdms or polyimide was cast over the patterned 
circuit and cured, making intimate contact with the mWnts. the device was 
tested by recording electrical activity from an embryonic chick retina. as with 
previous studies, the Cnt islands anchored the neuronal cells, making inti-
mate contact for recording and stimulation. they were able to record spon-
taneous extracellular activity, but also demonstrated stimulation of cellular 
activity with currents of 4 µa and a pulse width of 1 ms (Figure 16.4). these 
prior results have demonstrated the potential of utilizing Cnts’ electrical 
and physical properties for interfacing with excitable cells such as neurons, 
but further fundamental studies of the cell–nanostructure interface will 
be critical. research to this end will be greatly supported by developments 
in synthetic approaches and greater degrees of control over nanostructure 
architecture and purity.

as our understanding of the carbon nanostructure cellular interface 
advances, the biocompatibility of these structures will become increasingly 

Figure 16.4    Carbon nanotube bio-interface. all-carbon-nanotube flexible 
multi-electrode array for neuronal recording and stimulation. demon-
stration of flexible pdms polymeric support bearing fabricated Cnt 
micro electrode array (upper panel). embryonic chick retina (white 
dotted line) is mounted onto the flexible microelectrode array (lower 
left). recording of stimulated activity of chick retina (lower right). elec-
trical response matched a typical pre-synaptic cell activation. repro-
duced from m. david-pur et al., Biomed. Microdevices., 2014, 16(1), 43.
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important. Currently, research on this topic is inconsistent and there is a 
large degree of contradictory evidence.55 But, for these materials to be truly 
advantageous in tissue engineering developments, they must be decidedly 
biocompatible so a comprehensive understanding of the carbon nanostruc-
ture–biology interface must be established. initial toxicology studies indi-
cated the potentially harmful effects of these nanomaterials. pulmonary 
studies by Lam et al.70 indicated a higher toxicity for Cnts compared to 
carbon black from inhalation exposure, with a study of the lungs of mice 
after seven and 90 days showing interstitial inflammation and in some cases 
necrosis. Cui et al.71 investigated the toxicity of sWnts in heK293 kidney 
cells and observed inhibition of cell proliferation, limited cell adhesion, and 
signs of apoptosis evident above 25 µg mL−1 sWnt. despite these observa-
tions, numerous other studies demonstrated long-term cell survival and 
general biocompatibility with Cnts.64,66 dumortier et al.72 investigated the 
immune response of functionalized Cnts. they observed no effect on pri-
mary immune cell viability in vitro with functionalized Cnts. some stud-
ies even observe greater cell viability with Cnt platforms. Gheith et al.73 
demonstrated long-term viability of 94–98% of neurons cultured on sWnt 
thin polymer films. notably, they observed that for cells grown on films with-
out the sWnt, cell viability dropped to 65%, indicating that the sWnt con-
tributed to the biocompatibility of the polymer films. although there is no 
clear answer regarding the biocompatibility of carbon nanomaterials, new 
research developments such as functionalized Cnts supporting neuron 
growth and development64,66 are promising steps towards biocompatible car-
bon nanomaterials for tissue engineering.

16.2.3   Nanostructured Polymers
in their native environments, cells rely on various mechanical and bio-
chemical cues provided by the extracellular matrix (eCm) to maintain 
proper function. nanostructured polymer scaffolds developed for tissue 
engineering have evolved to mimic natural cellular microenvironments 
and provide proper cues to encourage cell viability, growth, adhesion, or 
proliferation.74 implantable devices fabricated from soft elastomeric mate-
rials can minimize inflammatory responses75 and improve intimate asso-
ciation with the curvilinear surfaces of complex biological systems. Both 
natural and synthetic polymers can be modified via chemical methods to 
obtain scaffolds with structural configurations and chemical functionality 
that closely resemble the natural eCm of many tissues. numerous reports 
have demonstrated that these scaffolds can generate morphological anisot-
ropy,76 provide a compressive modulus and mechanical properties simi-
lar to native eCm,75 and replicate high aspect ratio structures seen with 
collagen or other eCm fibers. in addition to favorable mechanical proper-
ties, polymer scaffolds can also be designed to exhibit electronic proper-
ties important for interfacing with excitable cell types, such as neurons or 
cardiomyocytes.6,77,78
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recent work in this field has provided a wide array of biocompatible or 
biodegradable options of elastomeric polymers that can be synthesized, 
functionalized, or hybridized to produce nanostructured geometries and 
physical properties tailored for varied cell types and applications. poly-
mer systems include (1) natural polymers: collagen,79 gelatin,80 chitosan,84 
silk76 or alginate,6,81 (2) synthetic biodegradable polymers: poly(l-lactic 
acid),77,82 poly(glycerol sebacate),80 or polycaprolactone,83 and (3) hybrid 
systems of synthetic polymers, natural polymers, and inorganic nano-
structures. alterations in structure and material properties are achieved 
by modifying synthetic methods: solvent casting, phase separation82 elec-
trospinning,77 molecular self-assembly,85 and lyophilization via freeze- 
drying.76,80

hybridizing soft elastomeric polymers with inorganic nanomaterials 
such as Cnts,78–80 sinW,86 gold nanowires,6 and silver nanoparticles81 pres-
ents a platform for improving electronic functionality, mechanical proper-
ties, or the nanostructure geometry of non-conducting polymer scaffolds. 
soft polymers are advantageous for tissue integration due to their flexible 
nature, but often these scaffolds face challenges due to poor mechanical 
and electrical properties. For example, alginate gels provide many desir-
able mechanical and biological cues required for cell growth and viability; 
however, their insulating nature is a challenge for excitable tissues.6  
a common solution is integrating inorganic nanostructures to improve 
material conductance, while maintaining desired flexible and elastomeric 
properties. as demonstrated by dvir et al., gold nWs6 integrated into alginate 
scaffolds improved electrical conductivity and allowed the propagation of 
bioelectric signals along a 3d cardiac patch. immunostaining for troponin 
i and connexin-43, two indicators for cardiomyocyte viability, revealed 
higher expression of both factors and a more aligned and physiologically 
relevant phenotype.

in addition, nanostructure polymeric components serve as key interme-
diates between cellular components and the electrical sensing/stimulat-
ing components used for bioelectronic devices. tian et al. developed a 3d 
synthetic nanoelectronic network5 based on a flexible nanowire scaffold 
hybridized with macroporous polymers for intimate cellular support (Figure 
16.5(a)). in this work, the authors used a variety of techniques, including gel 
casting, lyophilization, and electrospinning, to functionalize this scaffold 
with several common biomaterials to demonstrate its potential in various 
types of engineered tissues. each polymer was fully entangled in the mesh 
framework and demonstrated the potential to recruit cellular components 
to the surfaces of sensing elements. results from this study highlight how 
interactions between inorganic nanostructures and polymer components 
can lead to the generation of synthetic 3d tissues with the potential for real-
time local monitoring functionality.

in another approach to sensing and stimulating tissue activity, Feiner  
et al. utilized an electroactive polymer to integrate regulatory drug-delivery 
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Figure 16.5    synthesis of nanostructured polymers and bio-interface. (a) macropo-
rous nanowire nanoelectronic scaffolds for synthetic tissues, showing 
an sem image of a nanoes mesh, a diagram of a nanoes mesh seeded 
with cells, a bright-field micrograph of a nanoes/pLGa fibers hybrid 
construct, a confocal fluorescence image of a hybrid nanoes/collagen 
matrix, and an sem image of a nanoem/alginate scaffold. (b) engi-
neered hybrid cardiac patches with multifunctional electronics for 
online monitoring and regulation of tissue function, showing an optical  
image of hybrid polycaprolactone-gelatin nanocomposite fibers/
electronic mesh, an sem image of a sensing and stimulating electrode 
surrounded by electrospun polymer fibers, a confocal image of cardiac 
cells grown on a hybrid construct, and typical recording traces. repro-
duced with permission from macmillan publishers Ltd: B. tian et al., 
Nat. Mater., 2012, 11(11), 986–994, copyright (2012) (a) and reprinted 
with permission from macmillan publishers Ltd: r. Feiner et al., 
Nature Mater., 2016. doi: 10.1038/nmat4590, copyright (2016) (b).
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functionality into a cardiac patch device (Figure 16.5(b)).87 two types of 
electroactive polymers were tested for storage and release of biological 
factors in the form of negatively charged small molecules or positively 
charged proteins: polypyrrole and chondroitin-4-sulfate crosslinked with 
ethylene diglycidyl ether, respectively. the charged compounds loaded into 
the pores of the swollen hydrogel fibers due to electrostatics. to demon-
strate the proof of concept of this functionality, the authors loaded the 
hydrogel with the negatively charged drug dexamethasone, an anti-inflam-
matory drug. When stimulated, the polypyrrole gel released the trapped 
drug, indicating the potential to, in vivo, monitor and curb inflammation 
caused by device implantation. to test the positively charged protein 
release, the authors stored stromal cell-derived factor-1 (sdF-1), a chemokine 
protein involved in the recruitment of bone-marrow-derived stem cell 
migration.87 When the chondroitin-4-sulfate hydrogel was stimulated  
in vitro, cell migration greatly increased. devices such as this pave the way 
towards engineered tissue implants that can monitor and respond to cel-
lular activity, release sdF-1 or dexamethasone, to recruit stem cells and 
direct vascularization or limit inflammatory responses to implantation. 
With a widely explored range of polymeric supports, fabrication methods, 
and hybridization capabilities, biocompatible polymers can truly be tai-
lored to both mimic natural eCm nanostructure cellular environments and 
confer improved functionality and physical properties to advance tissue 
engineering scaffolds.

16.3   Flexible Micro- and Nanoelectronics for 
Monitoring Biological Activity

the development of intracellular recording technology was a groundbreak-
ing invention that revealed the biophysical mechanisms by which individ-
ual neurons transmit electrical information, communicate, and compute 
sub-threshold synaptic information.10,15 electrophysiological recording 
of brain tissue has become common practice for diagnosing and treating 
neurological disorders such as epilepsy, parkinson’s disease, and depres-
sion. the current technology available for recording brain activity relies on 
sharp micrometer-sized electrodes or electrode arrays on planar rigid sub-
strates that are mechanically invasive and not suitable for implantation. the 
mechanical mismatch between these electrodes and the target tissue leads to 
excessive inflammation and scarring. these clinical needs motivate efforts to 
develop flexible electrode technologies for neurophysiologic monitoring that 
incorporate inorganic and organic nanomaterials. as previously discussed, 
the rational design of next generation devices requires a fundamental 
understanding of the properties of these materials and how they depend on 
dimensionality and size. the following sections will discuss state-of-the-art 
developments in the fabrication of flexible, implantable, and bioresorbable 
recording electrodes using semiconductor, metallic, carbon, and polymer 
nanomaterial building blocks.
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16.3.1   Nanoscale Electronics Based on Field-Effect Transistor 
Technology

the field-effect transistor (Fet) has become one of the most important devices 
for high-density integrated circuits. transistors, by definition, are three-termi-
nal devices where the channel resistance between two of the contacts is con-
trolled by a third contact, called the gate. in Fets, the channel is controlled 
capacitively by an electric field facilitating carriers to flow from source to drain. 
the first Fets were designed during the first half of the 20th century and since 
then, various semiconductor Fets have been made with Ge, si, and Gaas using 
many different oxides and insulators, such as sio2, si3n4, and al2o3. Currently, 
the si–sio2 system is the most widely used system because of the extensive 
fabrication techniques for silicon. as previously described in section 16.2.1, 
numerous studies have demonstrated that one-dimensional semiconductors 
building blocks are capable of transporting electronic carriers with high effi-
ciency. semiconductor nanowires synthesized with controlled doping levels 
exhibit gate voltage-dependent conductance behavior,46 allowing them to func-
tion as Fets.33 the insulating oxide layer that forms on the surface of sinWs 
plays a role in enabling large conductance modulations observed in nanowire 
Fets.39 sinW Fets have been configured by placing the nanowires on the sur-
face of an insulating substrate, making source and drain contacts at the nanow-
ire ends, and then configuring either a bottom or top gate electrode.28,33,46

one advantage of semiconductor nanowires is that they are fabricated in 
bulk, representing a readily available material for assembling devices. Con-
trolled assembly and integration of these building blocks into high-density 
array devices have led to the design of novel and innovative technologies.88 sili-
con nanoscale Fet arrays have been fabricated for many applications in biology, 
including the detection of ionic species,42 nucleic acids,89 proteins,42,90 cancer 
biomarkers,91 and electrophysiological events.41,92,93 patolsky et al. described 
one of the most impressive uses of nanoscale Fets.92 in their study, they report 
the electrical detection of single virus particles using sinWs whose surfaces 
were modified to contain antibody receptors against influenza a.92 the under-
lying principle for this detection scheme relies on conductance changes upon 
binding/unbinding events. For instance, when a virus particle binds to the 
conjugated antibody receptor on a nanowire surface, the conductance of that 
device should change from the baseline value, and when the virus unbinds, the 
conductance returns to the baseline. in addition, this detection scheme allows 
for the monitoring of the binding and unbinding of single virus particles in real 
time; making this device capable of providing insight on the binding/unbind-
ing kinetics of virus particles on receptors.92 this is just one example of how 
silicon nanoelectronics can revolutionize the medical diagnostics industry.

devices based on sinW Fets have also been used to monitor the acti vity 
of excitable cells and tissues.41,92,93 one limitation of traditional microelec-
trodes is that the tip size (usually between ∼0.2 to 5 µm) needs to be small 
enough to minimize cell damage during membrane rupture, but large 
enough to minimize impedance and maintain a favorable signal-to-noise 
ratio. an advantage of Fet technology is that device performance does not 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

04
39

View Online

http://dx.doi.org/10.1039/9781788010542-00439


Chapter 16456

depend on impedance; therefore, it can be designed to have dimensions as 
small as tens of nanometers. tian et al. demonstrated that kinks can be intro-
duced along the length of sinWs to fabricate sharp nanoscale probes.41 in 
their experiments, two cis-linked kinks were introduced into heavy-doped 
sinWs via pressure perturbations during synthesis to create 60° tip angles. 
a Fet detector region was also incorporated into these wires by introducing 
a ∼200 nm lightly-doped region following the kinks in heavily n-type doped 
nanowires.41 after synthesis, the kinked sinWs were modified to include a 
phospholipid bilayer along their surface and they were assembled into a 3d 
bent configuration (Figure 16.6(a)). the phospholipid coating allows for the 

Figure 16.6    sinW-based devices for monitoring electrophysiological activity. (a) 
schematic of the fabrication of a three-dimensional kinked nanowire 
Fet device using sU-8 and pmma as sacrificial layers. (b) differential 
interference contrast microscopy images (upper panels) and electri-
cal recording (lower panel) of a hL-1 cell and nanowire probe as the 
cell approaches (i), contacts and internalizes (ii), and is retracted from 
(iii) the nanoprobe. (c) electrical recording of ph over time in a vas-
cular nanoelectronic hybrid construct. reproduced with permission 
from B. tian et al., Science, 2010, 329(5993), 830 (a) and reproduced 
with permission from macmillan publishers Ltd: B. tian et al., Nat. 
Mater., 2012, 11(11), 986–994, copyright (2012) (b).
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fusion of these probes with the membrane of voltage-clamped hL-1 cells. the 
sinW Fets achieved accurate and stable recordings of the clamped potential 
while the probe tip was within the cell and returned to baseline once the cell 
was retracted (Figure 16.6(b)). in comparison, Fets without the phospholipid 
modifications exhibited baseline fluctuations, highlighting the importance 
of the surface chemistry in the interactions between nanoscale electronics 
and biological systems.

other nanoscale devices capable of monitoring bioelectric signals have 
been fabricated based on similar Fet technologies.5,93–95 For example, 
duan et al. reported the intracellular recording of action potentials using 
sio2 nanotubes that branch off from p-type sinW Fets.93 in this device, the 
sio2 nanotube connects the cytosol of the targeted cell to the Fet detec-
tor region of the sinW. results from these studies emphasize the potential 
of nanoscale probes as routine tools in electrophysiology. nevertheless, 
devices capable of multiplexed recordings would be ideal to monitor activ-
ity across larger brain areas. in a landmark study, tian et al. were able to 
merge nanoelectronic scaffolds (nanoes) with biomaterial matrices and 
cells to design the first electrically bioactive synthetic tissue.5 the authors 
constructed hybrid, synthetic tissues by incorporating biomimetic and bio-
logical elements into a nanoelectronic scaffold in a stepwise fashion. First, 
sinW Fets were synthesized by the VLs mechanism and lithographically 
patterned to form a freestanding, flexible macroporous network. second, 
natural or synthetic extracellular matrix (eCm) elements, such as type i 
collagen, matrigel, alginate, and poly(lactic-co-glycolic acid) (pLGa), were 
combined with the nanoes network (Figure 16.5(a)), creating a three- 
dimensional environment suitable for cell culture. Lastly, neurons, cardio-
myocytes, or smooth muscle cells were cultured in the nanoes hybrid envi-
ronment. Viability assays showed no significant differences between cells 
cultured in the nanoes system versus those cultured in an eCm gel, empha-
sizing the biocompatibility of this platform.

the nanoes has great bioelectronic sensing capability since it is an assem-
bly of highly efficient electrical transporting building blocks. in fact, the 
semiconductor network exhibited an average conductance of ∼3 µs and a 
sensitivity of ∼7 µs V−1. in addition to its electrical properties, this device is 
highly flexible and it can be rolled up into a tubular configuration, enabling 
the use of this platform for vascular tissue engineering applications. once 
seeded with neurons, cardiomyocytes, or smooth muscle cells, multiplexed 
recordings demonstrated that the nanoes hybrid platform can be used to 
measure physiological activity, study the effect of drugs on tissue activity, 
and detect time-dependent ph changes during fluid flow5 (Figure 16.6(c)). 
this study and the work done by Liu et al.96 demonstrate how nanoes can be 
a powerful device for the spatial-mapping and time-dependent monitoring of 
activity in engineered tissues. these devices also demonstrate the novel idea 
of implementing synthetic engineered tissues as a device that can extract 
information from a biological system.5,96
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16.3.2   Implantable Devices for In vivo Recordings
thus far, we have discussed how nanomaterials can be incorporated into 
flexible high performance integrated devices capable of interfacing biologi-
cal tissues and monitoring their activity. however, in order for these devices 
to be practical in a clinical setting, they need to be mechanically robust for 
delivery and implantation to specific anatomical regions and they must 
be durable for their intended lifetime. this can be somewhat challenging 
when working with nanoscale building blocks that are flexible, foldable, 
and stretchable. therefore, device administration and delivery are design 
parameters that need to be considered during development. in a study 
by Kozai et al., the authors developed novel composite materials to create 
an ultra-small organic electrode interface that is mechanically compliant 
and capable of long-lasting device performance.97 they fabricated micro-
thread electrodes (mtes) by mounting 7-µm-diameter carbon fibers onto 
a microelectrode printed circuit board following subsequent deposition of 
layers of poly(p-xylylene), poly((p-xylylene-4-methyl-2-bromoisobutyrate)-co-(p- 
xylylene)), and poly(ethylene glycol) methacrylate (peGma) as an antifouling 
polymer.97 Finally, a poly(3,4-ethylenedioxythiophene)/poly(styrenesulfon-
ate) (pedot:pss) recording site was added to the tip of the probe via elec-
trochemical deposition. the calculated stiffness of mtes is approximately 
∼4540 n m−1, which is an order of magnitude lower than that for silicon 
microelectrodes of similar dimensions, ∼151 000 n m−1.97 these flexible 
mtes were implanted 1.6-mm-deep into a rat motor cortex and were able 
to record spikes from individual neurons in vivo. after implantation, an ini-
tial inflammation period lasting up to one week was reported where the sig-
nal-to-noise ratio decreased. however, after this inflammation period, the 
authors observed an increase in signal-to-noise ratio until it stabilized. elec-
trophysiological recordings performed five weeks after the initial implanta-
tion did not show any evidence of signal degradation, suggesting that mtes 
represent a novel platform for long-term monitoring of brain activity.

Flexible and stretchable nanoelectronics are mechanically compliant and 
can create better interfaces with biological tissues. however, these devices 
are fabricated using biologically foreign materials and device rejection can 
occur. the medical electronics industry aims to design devices that seam-
lessly integrate into biological systems. For these reasons, some studies have 
taken measures to include bio-integration aiding elements in their device 
fabrication process.98 For example, Kim et al. fabricated a cell-sheet-coated 
mesh-patterned au–graphene hybrid electrode to achieve high quality inte-
gration for simultaneous monitoring and therapy of muscle tissue. the 
au doping on the graphene mesh electrode helps reduce impedance and 
increase the conductivity of the material. an advantage of this platform is 
that the device is composed of transparent materials, allowing for optical 
imaging or stimulation of the tissue below. this flexible hybrid device was 
implanted onto the hind limb skeletal muscle region of mice and tested for 
effective electromyography (emG) sensing.98 in their experiments, they were 
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able to couple nanoelectronic emG sensing with optogenetics by expressing 
channelrhodopsin (Chr2), a light-activated ion channel, in the muscle cells 
of the hind limb. Chr2 enables the use of blue light to control the open-
ing and closing of these channels and therefore the activation and inacti-
vation of these cells. the cell-sheet graphene hybrid was implanted into a 
Chr2-expressing region of the hind limb and using a 470-nm blue Led, they 
simultaneously performed optical stimulation and in vivo recordings. the 
successful stimulation was confirmed visually since twitching of the legs 
was also observed. these elegant experiments demonstrate that cell-sheet 
graphene hybrid electrodes are a highly flexible, stretchable, and bio-inte-
gratable platform for in vivo electrophysiological recording capable of keep-
ing tissues optically accessible.

as one can imagine, implantable devices capable of monitoring brain activ-
ity have potential for many applications in medicine, such as the tracking of 
seizures in epileptic patients. researchers from Charles Lieber’s group were 
able to fabricate a device and a delivery method that minimizes the implan-
tation footprint.99 Liu et al. demonstrated that flexible mesh electronics can 
be delivered into biological materials by syringe injection.99 the mesh flexi-
ble electronics platform used by Liu et al. was fabricated using similar meth-
ods as those designed by tian et al. (discussed above).5 as shown in Figure 
16.7(a)–(e), glass needles with outer diameters on the scale of hundreds of 
micrometers were used to inject the mesh electronic device into the lateral 
ventricle and hippocampus of live mice.99 this delivery method reduces 
the invasiveness of the surgery since the dimensions of the cranial window 
that are needed are much smaller than those of other electronic platforms. 
imaging of brain slices using confocal microscopy revealed that (1) the mesh 
expands from the initial 200-µm needle diameter to integrate within the local 
extracellular matrix (Figure 16.7(f)), (2) cells around the mesh stained with 
neuronal marker neun form tight junctions with the device, and (3) brain 
regions with and without the mesh device show very similar levels of glial 
fibrillary acidic protein (an indicator of inflammation in the central nervous 
system). the authors report the accurate multiplexed recordings of local 
field potentials in the hippocampus of anaesthetized mice (Figure 16.7(g) 
and (h)). although the injectable electronics was demonstrated in vivo, the 
approach can be readily extended to existing engineered tissues for biological 
activity monitoring and control.

16.3.3   Bioresorbable Electronics
the treatment and care of many neurological disorders involve the constant 
monitoring of brain activity or monitoring after specific procedures. in many 
cases, recording electrodes are implanted and used to monitor brain activity, 
but a second surgery is required to remove the device once it is no longer nec-
essary. this increases the cost, risk, and footprint of the treatment. the use 
of bioresorbable electrodes for these implants would eliminate the risk and 
cost of removing electrodes at the end of treatment periods. this idea can 
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equally be applied to engineered tissues. a research team led by John rogers 
has developed unprecedented technology through designing the first biore-
sorbable electrodes for transient electrophysiological recordings of neural 
tissue. Bioresorbable pressure and temperature sensors have been recently 
reported;100 but, in vivo multiplexed recordings of neural activity on a tran-
sient interface were not possible until Yu et al., from John rogers’ group, 
fabricated an implantable platform based on highly-doped silicon nano-
membrane technology. their device consists of a photolithographically pat-
terned, n-type 300-nm-thick silicon nanomembrane encapsulated between a 
100-nm layer of sio2 and a 30-µm sheet of pLGa, which is also a bioresorb-
able polymer101(Figure 16.8(a)). the dissolution of si under physiological 

Figure 16.7    implantable devices for monitoring neuronal activity. (a) schematics 
of the delivery of a syringe-injectable expanding network into a mouse 
brain. (b) three-dimensional schematic of the stereotaxic injection of 
a mesh nanoelectronic through a syringe into a mouse brain. (c) photo-
graph of an in vivo experiment. (d) image of mesh electronic network 
inside a glass needle before injection. (e) Bright-field image of a coro-
nal slice of the hip five weeks after injection. (f) Confocal microscopy 
images showing tight association between neurons and mesh elec-
tronics. (g) In vivo 16 channel recording from nanoelectronic mesh 
network. (h) single unit recording from one channel. reproduced with 
permission from macmillan publishers Ltd: J. Liu et al., Nat. Nanotech-
nol., 2015, 10(7), 629, copyright (2015).
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conditions occurs by hydrolysis into silicic acid, si(oh)4, and the kinetics of 
this process depend on factors such as ionic content, ph, temperature, and 
doping level of silicon. Yu et al. observed101 that the fabricated 300-nm-thick 
si nanomembranes dissolved at a rate of 11 nm/day in artificial cerebrospi-
nal fluid at physiological temperature and the total dissolution of the device, 
including the sio2 and pLGa layers, takes place over a ∼5–6 week period 
(Figure 16.8(b)). this represents a long enough time window for the monitoring 
of activity during the recovery of different treatments and procedures.

Yu et al. implanted the si nanomembrane electrode array on the cortical 
surface of the left hemisphere of an anaesthetized rat in a stereotaxic appara-
tus to test the efficiency of this platform in performing electrophysiological 
recordings in vivo.101 in their experiments, the authors applied bicuculline 
methoxide to induce seizures in the brain and recorded epileptiform spiking 
activity using bioresorbable electrodes and a control electrode.101(Figure 
16.8(c)) in addition to epileptiform activity, evoked cortical activity was 
reported by using the bioresorbable multiplexed array on the surface of the 
barrel cortex of these rats. evoked potentials were observed when the whis-
kers were mechanically stimulated. these results demonstrate that biore-
sorbable recording platforms can intracortically record stimulus-evoked 

Figure 16.8    monitoring of electrophysiological activity using bioresorbable mate-
rials. (a) schematic of a si nanomembrane device on a bioresorbable 
pLGa substrate with a silicon dioxide insulating layer. (b) plot showing 
the thickness degradation of the si nanomembrane in pBs. (c) epilep-
tiform activity recorded using the bioresorbable device and a control 
electrode. reproduced with permission from macmillan publishers 
Ltd: K. J. Yu et al., Nat. Mater., 2016, doi: 10.1038/nmat4624, copyright 
(2016).
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physiological and pathological activity with high signal-to-noise ratio. the 
principles discussed in this section provide a very promising argument about 
the capabilities of bioresorbable implantable electrode technology for vari-
ous clinical problems, including post-operation monitoring of brain activity 
and electrical monitoring of organ function. Likewise, this technique can be 
applicable to various types of engineered tissues as well.

16.4   Flexible Electronics for the Stimulation of 
Excitable Tissues

as discussed above, electronic nanostructures can be used to monitor the 
electrophysiological activity of a wide range of tissues; but they also have 
the potential to provide electrical stimulation to the tissues into which they 
are incorporated. stimulation can provide electronic functionality to syn-
thetic tissues and aid in the treatment of many diseases. recent studies have 
described the extensive communication between the brain and the immune 
system, suggesting that immune cells have the capacity of understanding the 
bioelectric signals used by the nervous system.9 this opens up a wide array 
of opportunities for using electronic devices as therapeutics for boosting or 
suppressing immune responses. in fact, leading pharmaceutical companies, 
such as GlaxosmithKline, predict that “electroceuticals”, or nanoelectronic 
biomedical devices, could take the place of many prescription drugs on the 
market today. Currently, electronic stimulation has become a common treat-
ment for many medical conditions. For example, cochlear implants restore 
hearing in deaf patients, deep brain stimulation alleviates symptoms of  
parkinson’s disease, pacemakers regulate the rhythm of heartbeats, and spinal 
cord neuromodulation attenuates chronic neuropathic pain. however, the 
current stimulation technologies cannot be applied to all scenarios because 
of the dimensional and mechanical gaps between the electronics and tar-
geted tissues. this section will cover the emerging flexible and nanoscale 
technologies for achieving localized electrical stimulation of biological 
systems.

inorganic nanostructures can be incorporated into eCm scaffolds for 
enhanced bioelectric control over the electrophysiological activity of the 
embedded cells. in the following example, dvir et al. created an alginate 
and gold nanowire (alg–nW) nanocomposite scaffold6 by mixing nanow-
ires with sodium alginate with the purpose of fabricating functional cardiac 
patches. alginate has been used extensively in cardiac regeneration applica-
tions because of its defined porous structure and biocompatibility. But, the 
insulating nature of the scaffold prevents the propagation of electric signals 
and ultimately limits the potential of pristine alginate scaffolds for regenera-
tion of damaged cardiac tissue. in this study, the authors demonstrated that 
the inclusion of metal conductive nanowires was sufficient to add electronic 
functionality to alginate scaffolds and induce synchronous cell contraction.6 
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results from conductive aFm showed that alg–nW scaffolds exhibit conduc-
tive properties, while the scaffolds with no nanowires do not (Figure 16.9(d)). 
Cardiomyocytes were cultured in the alg–nW scaffold and were incubated 
with a calcium-sensitive dye to test for the capability of electrophysiological 
stimulation. as shown in Figure 16.9(e) and (f), imaging of calcium transients 
demonstrated that bioelectric signals efficiently propagated through the car-
diomyocytes in the alg–nW scaffold.6 signal propagation and synchronous 
cardiomyocyte contraction highlight the potential for this device to restore 
function in infarcted hearts.

devices capable of the simultaneous delivery of electrical and chemical 
therapy would be ideal for cases in which drugs are necessary to reduce 
side effects and achieve seamless biointegration. minev et al. constructed 
an implantable spinal cord device,19 which they termed e-dura, by pattern-
ing microfluidic channels and platinum/silicone electrodes with stretchable 
gold interconnects onto a transparent silicone substrate (Figure 16.9(a)). 
the microfluidic channels enable the localized delivery of drugs into the tar-
geted tissue, while the electrodes and gold interconnects allow for electri-
cal excitation. the e-dura was implanted into the spinal subdural space of 
adult rats that received a thoracic contusion to induce a spinal cord injury. 
serotonergic replacement therapy (5ht1a/7 and 5ht2 agonists) was admin-
istered through the microfluidic channels along with continuous electrical 
stimulation.19 after a six-week rehabilitation period, the rats were placed on 
a treadmill to test their ability to walk. as shown in Figure 16.9(b), e-dura 
implanted rats missed significantly fewer steps on the treadmill test com-
pared to sham-operated and stiff implant rats.19 this suggests that flexible 
and stretchable implants capable of concurrent delivery of electrical and 
chemical therapy are more effective in promoting spinal cord healing than 
their stiff counterparts. in addition, another advantage of the e-dura is that 
the silicone substrate is transparent, leaving the tissue below the implant 
optically accessible for other applications such as optogenetics and imaging.

the work by minev et al. demonstrated that the combination of electri-
cal and chemical methods of treatment can lead to improved therapy and 
that implantable devices for concurrent stimulations can be fabricated.19 
similarly, targeting multiple cellular pathways in engineered tissues, such as 
biochemical and bioelectric ones, increases the demand of devices capable 
of fine control over both drug and electrical delivery. in their recent work, 
Feiner et al. introduced a novel device that can be controlled remotely to 
deliver electrical stimulation, release charged biomolecules, and sense engi-
neered tissue activity.87 the foundation of this device was based on similar 
nanoes technology to that first presented by tian et al.5 specifically, Feiner 
et al. designed a nanoelectronic mesh network that included microme-
ter-scaled gold electrodes and deposited electroactive polymers for drug load-
ing. incorporation of electroactive polymers onto these electrodes enables 
fine control over the release of biological factors that may promote tissue 
growth and tissue integration. this electronic network was integrated into a 
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Figure 16.9    Flexible electronics for the stimulation of neural tissue. (a) optical 
image of electronic dura mater spinal cord implant, along with sem 
images of the gold film and platinum–silicone composite. (b) Bar plot 
showing the average percentage of missed steps in sham operated, 
e-dura implanted, and stiff implant groups. (c) sem image of alginate 
scaffold showing aunWs at 1 mg ml−1 for star-shaped aggregates. (d) 
plot showing increased electrical conductivity in aunW-modified 
alginate scaffolds. (e) Fluorescence image of cardiac cells in an algi-
nate–aunW scaffold incubated with a calcium dye. Circles represent 
recording sites i–V. the white arrow shows the direction of the prop-
agation of the initial stimulation. (f) Calcium transients recorded at 
all points. reproduced with permission from i. r. minev et al., Sci-
ence, 2015, 347(6218), 159, reprinted with permission from aaas (a), 
(b) and reprinted with permission from macmillan publishers Ltd: t. 
dvir et al., Nat. Nanotechnol., 2011, 6(11), 720, copyright (2011) (c)–(f).
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polycaprolactone–gelatin nanofiber matrix to create a biocompatible micro-
environment for cardiac cells. Confocal microscopy revealed that cardiac 
cells cultured in this hybrid device made intimate interactions with nano-
fibers and showed elongated conformation indicative of cell maturation.87 
electrical stimulation through the gold electrodes synchronized the contrac-
tion of mature cardiac cells, demonstrating the potential of this device as 
an implantable patch for cardiac pacing. this device represents a novel plat-
form capable of unprecedented control over engineered tissues by providing 
on-demand, remote interference through electrical stimulation and delivery 
of biochemical factors.

16.5   Clinical Applications of Smart Materials in 
Tissue Engineering

While there have been many advances in optical tools for brain science, from 
imaging techniques such as CLaritY102 and optical sensors103,104 to stimula-
tion techniques like optogenetics,105 the synaptic physiology of deep brain 
circuits and their role in disease remain poorly understood in part because of 
the limited tools available for recording. For decades, invasive in vivo record-
ings were the only possible way to gain access to the human brain and many 
clinical neurology studies relied on bulky and rigid electrodes to attempt 
to understand how neural activity is affected in diseased states, such as  
parkinson’s, stroke, tumors, and other neurodegenerative diseases.106 even 
with these electrodes, it has become apparent that aberrant neural conditions 
can originate from the activity of a small number of neurons. For example, 
smith et al. recently demonstrated that the sustenance and termination of 
seizures depend on the intense activity of small, spatially restricted popula-
tions of neurons.107 as already discussed in this chapter, devices fabricated 
from flexible nanomaterials exhibit higher spatiotemporal resolution and 
are suitable for long-term experiments since they are mechanically compliant. 
recordings from next generation devices can extract physiological information 
from the brain with cellular resolution. We believe that such devices will 
bridge the gap in clinical neurology with the information necessary to under-
stand how neurons interact to form functionally coherent cell assemblies 
and if diseases are correlated to the disruption of circuit activity.108

in addition to the use of nanoelectronics as research tools, these can 
also play a more direct role in the clinic as therapeutics and health mon-
itors. For example, bioresorbable electronics can reduce the surgical foot-
print associated with epilepsy,101 multi-site nanoscale electrodes can provide 
long-term monitoring of tissue with reduced inflammation and scarring,99 
and these devices can be equipped for localized drug delivery,19 which is 
particularly advantageous for drugs incapable of crossing the blood–brain 
barrier. implantable nanoelectronic devices have the potential of restoring 
the neural activity of postsynaptic targets when inputs are lost. For example, 
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mandel et al. were able to restore light-evoked responses in the primary 
visual cortex (V1) of blind rats by implanting a microscale photodiode array 
in the inner nuclear layer of the retina of these animals. this device con-
verts photons of light into a current capable of stimulating retinal bipolar 
cells, the cells responsible for relaying information from the photoreceptors 
onto the output neurons of the retina.109 this is just one example of how 
nanoscale devices can restore normal neural activity. Lastly, the use of nano-
electronic devices in medicine does not have to be restricted to patients with 
symptoms of brain damage. We expect that next generation devices will also 
help in the prevention of disease. as electronic circuits become smaller and 
devices are fabricated to be flexible, bendable and stretchable, we can imag-
ine technologies that are easily integrated with the body. several research 
groups are working on fabricating ultra-thin devices that can adhere on to 
the surface of the skin and monitor vital signs, such as blood pressure,110 
temperature,110,111 hydration,111 and arterial stiffening.112 these platforms, 
termed “wearable electronics”, aim to bring healthcare into homes and aid 
in the early detection of disease onset and progression.

16.6   Conclusions and Outlook
in this chapter, we have discussed the role flexible micro- and nanoelectron-
ics will play in the design and implementation of next generation engineered 
tissues. the work presented here emphasizes the advantages of nanostruc-
tured building blocks in interfacing, monitoring, and manipulating the 
activity of soft tissues. in particular, we have addressed how scientists and 
researchers have overcome many challenges and limitations that current 
technologies face, such as fabricating mechanically compliant materials, 
designing easily implantable devices, reducing autoimmune responses, and 
exerting fine control over tissue interference. the enhanced physical and 
chemical properties observed at the nanoscale led the way for novel material 
platforms in electronics and has also sparked an interest in the study of the 
physical laws governing these phenomena. in addition, the similar length-
scale of nanomaterials and biological structures has enabled the interroga-
tion of cells and tissue with increased spatial resolution. as described in this 
chapter, we have observed a rise in the number of nanoscale platforms avail-
able for monitoring the activity and manipulating the bioelectric signals in 
engineered tissue systems. nevertheless, there are still many possibilities for 
new discoveries and the fabrication of novel systems that can revolutionize 
modern regenerative medicine. We can imagine the design of a tissue engi-
neering platform that incorporates sensing and stimulating elements into 
a logic-gated feedback loop. this platform would be able to provide electri-
cal stimulation when atypical bioelectric signals are detected. in addition, 
we envision a push for stimulation devices that can be triggered by wireless 
stimuli, such as light or radio frequencies.
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17.1   Introduction
Many serious diseases, such as parkinson’s disease (pd), acute myocardial 
infarction (Mi), and acute low back pain (Lbp), are caused by either tissue/
organ degeneration or accident damage and they interrupt the normal daily 
activities of patients.1–3 Stem cell therapy, as a potential treatment for these dis-
eases, is currently being intensively explored by many researchers.4 Stem cells, 
such as embryonic stem cells (eSCs) or adult stem cells, together with biocom-
patible support materials are injected into the defect or damaged site, allowing 
stem cells to proliferate and then differentiate into target cells in situ. in the last 
decades, more and more researchers have focused on the applicability of the 
implanted materials for stem cell cultivation.5 Scaffolds or hydrogels generated 
from various materials are modified to mimic the properties of the extracellular 
matrix (eCM),6 which is an essential component of the surrounding environ-
ment of cells to provide mechanical supports for stem cells and facilitate signal 
communications between cells or cells–eCM. however, most of the reported 
materials provide passive supports for the stem cells,7 while only a few have 
functions of active regulation in the proper differentiation of stem cells.8
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Smart materials, just like traditional normal biomaterials, can provide 
eCM-like topography for stem cells. More importantly, smart materials 
can be physically or chemically modified by actively responding to external 
stimuli, such as temperature, electricity, ph, shear stress, light and ions.9,10 
Smart materials with finely tuned properties can be utilised to accurately and 
directly regulate differentiation of the encapsulated stem cells (Figure 17.1) 
because stem cell differentiation, to a great extent, depends on the mechani-
cal/chemical properties of the surrounding microenvironment.11,12

Smart materials are divided into groups according to external stimuli, such 
as thermosensitive (temperature), thixotropic (shear stress), conductive/elec-
troactive (electricity), photo-responsive (light), ph-responsive (ph) and oth-
ers. they are widely reported to be used as injectable materials in the liquid 
form of hydrogels containing stem cells, which can turn into the gel form and 
encapsulate stem cells inside the hydrogels in response to temperature, light, 
shear stress, or ph after injection.13,14 these hydrogels further recruit inter-
nal chemical growth factors or signal factors, or receive physical simulations  
in situ9 so that the encapsulated stem cells are differentiated into cell types in 
the damaged site for effective repair and regeneration.1 Stem cell differentiation 

Figure 17.1    differentiation of stem cells in response to external stimuli. Chemical 
stimuli, such as rgds, ionic strength, growth factors and enzymes, 
facilitate directing the differentiation of stem cells into a wide range 
of cell types,14 while neurogenesis, cardiogenesis and osteogenesis are 
enhanced through electrical stimulus20 and mechanical stimulus of 
the supported materials.15 Moreover, shear stress is often utilised to 
induce bone and cartilage formation.10
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can also be regulated by either the property changes or inherent stiffness and 
topography of the smart materials.15 Conductive/electroactive materials that 
have bulk property changes in response to electrical stimuli have been widely 
applied in osteogenesis and neural differentiation for bone and neural regen-
eration, respectively.16,17 Light-responsive and ph-responsive hydrogels allow 
control of the concentration and distribution of incorporated biomolecules 
in the gel, which play a role in guiding the differentiation of stem cells.14 each 
type of smart material can even respond to more than one single stimulus18 
and a combination of two or more smart materials is used to achieve spatial 
and temporal control over stem cell differentiation.19

there have been excellent reviews on smart materials. a few reviews 
address the application of smart materials in drug/gene delivery for cancer 
treatment14,21,22 and some of them focus on the modelling of physical cues 
and elucidation of the mechanisms that influence cell behaviours,12,23 such 
as cell attachment, spreading and proliferation. however, very few of them 
cover the details in the differentiation of stem cells.10,11 among a very few 
of them, piezoelectric materials are comprehensively reviewed in regulating 
stem cell fate.20 therefore, the present review focuses mainly on the applica-
tion of smart materials, including scaffolds and hydrogels, in guiding stem 
cell differentiation in response to external stimuli, such as temperature, elec-
tricity, ph, shear stress, light and ions.

17.2   Thermosensitive Materials
thermosensitive materials, usually in the form of hydrogels for applications 
in tissue engineering and regenerative medicines, not only have a hydrophilic 
property but also allow a sol–gel transition by a simple increase or decrease 
of the surrounding temperature (Figure 17.2). the gelation can be initiated 

Figure 17.2    Schematic of encapsulation of stem cells in thermosensitive, photo- 
active, ph-sensitive or thixotropic hydrogels due to external stimuli. 
the incorporated biomolecules or the conjugated rgds interact with 
the integrin of the encapsulated stem cells and direct differentiation 
of stem cells into defined cells.14 adapted from ref. 25 with permission 
from the royal Society of Chemistry.
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above the lower critical solution temperature (LCSt) or below the upper crit-
ical solution temperature (uCSt). LCSt thermosensitive hydrogels, such 
as polyethylene glycol (peg)-based copolymers, polyethylene oxide-poly-
propylene oxide-polyethylene triblock copolymers (peO–ppO–peO)24 and 
poly(N-isopropylacrylamide) (pnipaam),25,26 are more popularly utilised 
since the LCSt is close to body temperature (table 17.1). in addition, the 
inherent properties of LCSt thermosensitive hydrogels, including stiffness, 
biocompatibility and gelation temperature, can be adjusted by copolymer-
izing with other biocompatible components. Conjugation of rgd peptides/
proteins with the hydrogels facilitates cell binding to the receptors of cells for 
better adhesion or guided differentiation.27

17.2.1   Facilitating Cell Differentiation by in vivo Gelation
because of the adjustability of the gelation temperature for thermosensitive 
materials, LCSt thermosensitive hydrogels are often employed as injectable 
carriers for stem cells, which can not only supply in situ gel formation to 
localize stem cells in the damaged/degenerative site, but also provide assis-
tive functions for guiding stem cell differentiation. after implantation, the 
hydrogels turn into a three-dimensional (3d) gel-like network structure to 
retain the encapsulated stem cells, avoiding stem cell migration into other 
sites or circulation in the blood vessels. physiological stimuli produced by 
the host are received by cells through the thermosensitive hydrogels, and 
these localized stimuli can guide differentiation of stem cells into specific 
lineage cells in the injection site. For instance, gao et al. directly injected rat 
adipose-derived mesenchymal stem cells (aSCs), which were encapsulated in 
a chitosan-based thermosensitive hydrogel (chitosan chloride and β-glycero-
phosphate (β-gp)), into the ischemia-induced acute kidney injury site.28 Four 
weeks after the transplantation, pre-labelled rat aSCs were found to hold a 
positive epithelial cell marker (anti-pan-CK antibody) and vascular endothe-
lial cell marker (anti-Cd31 antibody), which indicated that the encapsulated 
stem cells were induced for differentiation into renal epithelial cells and vas-
cular endothelial cells. through analysing the concentration level of creati-
nine and blood urea nitrogen (bun), it was shown that the concentration of 
both components continuously decreased from a significant value to a rel-
atively normal level during the implantation period, which meant that the 
function of the injured kidneys was repaired and improved by the thermo-
sensitive hydrogel–aSCs hybrid. another in vivo study of the impact of ther-
mosensitive hydrogels upon the differentiation of stem cells was reported by 
Li et al., who injected dil-labelled brown aSCs and a single-wall carbon nano-
tube-modified poly(N-isopropylacrylamide) (pnipaam) mixture into myocar-
dial infarction (Mi) lesion sites.29 the improvement in the left ventricular 
shortening fraction (LVSF) and the left ventricular ejection fraction (LVeF) 
was observed by echocardiography in four weeks. in addition, the Mi area 
and the thickness of the ventricular wall at the Mi lesion site was significantly 
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decreased and prominently increased, respectively. the immunofluorescent 
images of the cardiac section also indicated that the implanted aSCs differ-
entiated towards cardiac lineage cells with expression of cardiac proteins, 
such as ctnt and α-Sa.

17.2.2   Determining Cell Differentiation by Gel Modification
thermosensitive hydrogels can also induce differentiation of stem cells 
through changes of their hydrogel properties.5 it was reported that over 76% 
of bone-marrow-derived MSCs cultured in the stiffer thermosensitive hydro-
gel (nipaam/aac/naS/heMa-ptMC) at a Young's modulus of 45 kpa and 65 
kpa for fourteen days were detected to proceed with cardiac differentiation 
by expressing specific genes and proteins (ctni and MeF2C).30 Moreover, 
incorporation of biomolecules inside the thermosensitive hydrogel and con-
jugation of proteins/peptides with the thermosensitive polymers are both 
effective methods to regulate the fate of stem cells (Figure 17.2). l-alanine 
was copolymerized with ethylene glycol to form a thermosensitive polymer 
poly(ethylene glycol)-block-poly(l-alanine) (peg-l-pa) by Yeon et al.31 the 
aSCs encapsulated in the thermosensitive hydrogel expressed a high level of 
collagen ii in vitro and generated sulfated glycosaminoglycan in vivo, which 
indicated chondrogenic differentiation of aSCs within the hydrogels. Chun 
et al. also conjugated the grgdS peptide, a cell-binding ligand, into poly(or-
ganophosphazene) and investigated expression of genes and proteins for 
rabbit MSCs encapsulated in the poly(organophosphazene)–rgd hydrogel.32 
Four weeks after transplantation of the MSCs–hydrogel hybrid in mice, it was 
observed that osteocalcin (OCn) and collagen i were significantly expressed 
in addition to calcium deposition. this illustrated that the thermosensitive 
hydrogel poly(organophosphazene)–rgd can be utilised to direct osteogen-
esis of stem cells. apart from peptide/protein conjugation, bioactive mole-
cules can also be incorporated into the hydrogel and regulate differentiation 
of the encapsulated stem cells. by co-encapsulating tgF-β3 and human-
bone-marrow-derived MSCs (hbMSCs) into the thermosensitive hydrogel, the 
hbMSCs were directed to osteogenesis with the evidence of collagen ii and 
glycosaminoglycan (gag) expression.33 in addition, it was reported that the 
encapsulated bFgF inside the thermosensitive hydrogel, nipaam/aac/naS/
heMa-ptMC, improved survival of MSCs and their differentiation towards 
cardiomyocyte-like cells, which could be potentially applied in the treatment 
of myocardial infarction.34 researchers also attempted to incorporate other 
small components inside the thermosensitive hydrogels to achieve fate reg-
ulation of stem cells. For instance, nanohydroxyapatite (nhap) was shown 
not only to enhance the properties of the thermosensitive hydrogel, such as  
swelling and protein adsorption, but also to promote expression of osteo-
genic genes and proteins, such as runx2, aLp, COL-i and OCn, as well as cal-
cium deposition for the encapsulated mouse MSCs inside the chitosan-based 
hydrogel.35
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Table 17.1    thermosensitive materials and their regulation for the fate of stem cells.

Material
Crosslink 
method biodegradability

phase 
change 
temperature 
range

responded 
property 
change

dimen-
sion 
(2d/3d)

encapsu-
lated cell 
type

differentia-
tion type

differentiation 
evidence application

refer-
ences

pnipaam/
SWCnts (sin-
gle-wall carbon 
nanotubes)

— no 32 °C phase change: 
sol under  
32 °C and gel 
above 32 °C

3d aSCs Cardiac  
differen-
tiation

In vivo test; 
protein: 
ctnt, α-Sa

injectable gel 
formation 
for myocar-
dial repair

29 and 
71

poly (nipaam/
aac/naS/
heMa-ptMC) 
molar 85 : 6 : 5 : 4 
(adjust stiffness 
by bFgF)

ionic 
cross-
linking 
(dpbS, 
ph 7.4)

degradable  
(thermal 
transition 
temperature 
of degraded 
hydrogel  
elevated to 
49.4 °C)

23.8 ± 0.6 °C phase change 
at 23.8 ± 0.6 
°C; rapid 
gelation at 
37 °C <7 s

3d bMSCs 76% Car-
diomyo-
cyte-like 
cells

mrna: 
MeF2C, 
CaCna1c; 
protein: 
ctni

injectable in 
situ gel for-
mation for 
infarcted 
hearts

30 and 
72

poly(nipaM-co-
heMa-co-dba)-
b-pCL-poly-
(nipaM-co-
heMa-co-dba) 
(adjust stiffness 
by collagen i)

ionic 
cross-
linking 
(dpbS, 
ph 7.4)

degradable 
(LCSt of 
degraded 
hydrogel is 
47.5 °C)

17.7–22.4 °C rapid gelation 
at 37 °C <5 s

3d Cardio-
sphere- 
derived 
cells 
(CdCs)

Mature 
cardio-
myocyte 
lineage

Cardiac mark-
ers: ctnt, 
MYh6; 
pre-mature 
cardiac 
marker: 
gata4; pro-
tein: ctni

injectable  
in situ gel 
forma-
tion for 
infarcted 
hearts

73

aminated 
hyaluronic 
acid-g-poly(N- 
isopropylacryl-
amide) (aha-g- 
pnipaam)

— partially 30 °C phase change: 
sol under  
30 °C and 
gel above 
30 °C

3d haSCs — In vivo test adipose tissue  
engineering

74
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pnipaam-aa- 
heMa-macro-
mers (oligoLa/
oligohb/
oligotMC)

— degradable 
(LCSt of 
degrade 
production 
poly(nipaam-
co-aac-co-
heMa) is 44 
°C)

14.6–23.7 °C phase change: 
sol at 4 °C 
and gel at 
37 °C within 
7 s

3d mbMSCs Myogenic 
differen-
tiation

Myosin heavy 
chain 
(MhC), 
myogenin, 
Myod1, 
MeF2 in 
14 days 20 
kpa elastic 
expansion 
moduli

Skeletal mus-
cle regen-
eration

75

pnipaam-co-aac 
with tgF- β3

— no — — 3d hbMSCs Chondro-
genesis

In vivo test; 
collagen ii; 
glycosami-
noglycan 
(gag) for 
eCM

Chondro-
genic engi-
neering

33

pnipaam–paa — no — phase change: 
sol under 37 
°C and gel 
above 37 °C

3d maSCs adipocyte In vivo test depressed 
defects

76

pnipaam- 
Maa-mpegMa-
MdO-ta (pn-ta)

— degradable 39–31 °C phase change: 
sol at25 °C 
and gel at 
37 °C

3d rat cardiac 
myoblast 
h9c2

— In vivo test 
inflam-
matory 
responses, 
enhance the 
intracellu-
lar calcium 
level and 
induce a 
large intra-
cellular 
calcium 
transient

Myocardial 
infarction 
therapy

77

(continued)
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Chitosan-g- 
pnipaam

ionic 
cross-
linking 
(pbS, 
ph 7.4)

no 25–37 °C phase change: 
sol under 37 
°C and gel 
above 37 °C

3d Mouse 
embryo-
nic mes-
enchymal 
progeni-
tor cells  
C3h/ 
10t1/2

— — regenerative 
medicine

78

Chitosan/nanohy-
droxyapatite/
collagen

ionic 
cross-
linking 
(β-glyc-
erophos-
phate , 
β-gp)

no 31 °C phase change: 
sol under 31 
°C and gel 
above 31 °C

3d rat bMSCs — In vivo test Cell delivery 79

2.5 wt% Chitosan 
and 1 wt%  
gelatin + Sr

ionic 
cross-
linking 
(β-gp)

degradable 36 °C phase change: 
sol under 36 
°C and gel 
above 36 °C

3d human 
exfoliated 
decidu-
ous teeth 
(Sheds) 
MSCs

Osteoblast aLp; mrna: 
Collagen i, 
runx2, Op, 
On; protein: 
bMp-2; 
calcium 
deposit

bone 
formation

71

Zinc-doped chi-
tosan/nanohy-
droxyapatite/
beta-glycero-
phosphate (Zn-
CS/nhap/ β-gp)

ionic 
cross-
linking 
(β-gp)

degradable 37 °C phase change: 
sol at 4 °C 
and gel at 
37 °C

3d mMSCs Osteoblasts In vivo; mrna: 
runx2, aLp, 
COL-i, OCn; 
protein: 
runx2; 
calcium 
deposition

bone regen-
eration

35

Table 17.1  (continued)  

Material
Crosslink 
method biodegradability

phase 
change 
temperature 
range

responded 
property 
change

dimen-
sion 
(2d/3d)

encapsu-
lated cell 
type

differentia-
tion type

differentiation 
evidence application

refer-
ences
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Chitosan chloride ionic 
cross-
linking 
(β-gp)

degradable 37 °C phase change: 
sol under  
37 °C and 
gel above 
37 °C

3d maSCs renal 
tubular 
epithe-
lial-like 
and 
vascular 
endothe-
lial-like 
cells

In vivo test 
pan-CK for 
epithelial 
cells and 
Cd31 for 
vascular 
endothelial 
cells

acute kidney 
injury

28

poly(ethylene gly-
col)-b-poly(l- 
alanine) 
(peg-l-pa)

— degradable the sol-to-gel transition tem-
peratures decreased from 
47 to 20 °C, from 34 to 14 
°C, and from 18 to 6 °C as 
the concentrations were 
increased from 8.0 to 17.0 
wt%, from 2.0 to 6.0 wt%, 
and from 1.0 to 2.0 wt% 
for p50–06, p50–11, and 
p50–25, respectively

3d aSCs Chondro-
genesis

Collagen ii  
in vitro;  
sulfated  
glycosami-
noglycan  
in vivo

injectable tis-
sue engi-
neering

31

tetronic–tyramine 
with Fn or rgd

— no 37 °C phase change: 
sol at 4 °C 
and gel at 
37 °C

2d hMSCs — In vivo test Cell patch 80

poly(organophos-
phazene)-rgd

— degradable 37 °C phase change: 
sol under 37 
°C and gel 
above 37 °C

3d rabbit 
MSCs

Osteoblast In vivo test; 
mrna: 
OCn; 
calcium 
deposition; 
protein: col-
lagen i

bone tissue 
engineer-
ing

32
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Table 17.2    electroactive materials and their regulation for the fate of stem cells.

Material Stimuli

dimen-
sion 
(2d/3d)

Culture 
medium

encapsulated 
cell type

differentiation 
type

differentiation 
evidence application

refer-
ence

Laminin- 
coated 
ppy-dbS

±0.25 ma cm−2 bipha-
sic waveform of 
100 µs pulses with 
20 µs interphase 
open circuit poten-
tial and a 3.78 ms 
short circuit  
(250 hz) 8 h day−1 
for 3 days

2d differentiation 
media

hnSCs neurons and 
glial cells

β-iii tubulin (tuJ1) 
for neurons and 
glial fibrillary 
acidic protein 
(gFap) for glial 
cells

In vitro modelling, 
translational 
drug discovery 
and regeneration 
medicine

43

ppy direct current field 
(dCF), 0.035, 0.35, 
3.5 V cm−1 for 2, 4, 
12 h

2d differentiation 
medium

rat bone mar-
row stro-
mal cells 
(rbMSCs)

Osteoblasts up-regulated mrna: 
core binding 
factor 1 (Cbfa1), 
osteocalcin 
(OCn); earlier 
expressed alka-
line phosphatase 
activity (aLp); 
improved calcium 
deposition and 
mineralization

Coating on the 
medical devices 
with a transpar-
ent appearance

44

(Fibronectin/pyr-
role/2-hydroxy- 
5-sulfonic  
aniline)-coated 
pVdF

3 d without stimula-
tion, 6 d with stim-
ulation at 100 mV 
mm−1 for 4 h day−1, 
no stimulation 
thereafter

3d differentiation 
medium

hbMSCs Osteoblasts improved aLp 
express, calcium 
and collagen 
deposition, 
mineralization

Formation of calci-
fied extracellular 
matrix associated 
with bone

17
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(Collagen i alone 
or  
with sulfated 
hyaluronan)- 
coated pani 
(pani/Col i/
shya)

pulsed electric field 
(peF) 7 ms rect-
angular pulses 3.6 
mV cm−1  
10 hz

2d differentiation 
medium

primary 
hMSCs

Osteoblasts up-regulated aLp 
and OCn, calcium 
deposition

regulate stem 
cell behaviour 
with controlled 
physicochemical 
cues and opti-
mal stimulation 
modalities

40

(Laminin/poly-l- 
ornithine)- 
coated 
pedOt:pSS

pulsed stimulation 
potential 100 hz 24 
h during the first 4 
days’ culture with 
egF, FgF-2 and 
b27 on crosslinked 
pedOt:pSS and 12 
h during differenti-
ation time (follow-
ing 8 days)

2d differentiation 
medium

human neural 
progenitor 
cell line 
(rencell 
VM)

neuronal 
and glial 
lineages

tuj1 for neurons neuronal 
engineering

41

hCl doped pani 10 days of 100 mV 
cm−1 electrical field 
stimuli in cycle of 
10 min day−1

2d Standard cell 
culture 
medium

hMSCs neural-like 
cells

decreased expres-
sion in nestin and 
higher expression 
of  
β-iii tubulin

integrating sub-
strate conductiv-
ity and external 
electric stimuli to 
manipulate the 
cell functionality  
in vitro

42
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Chapter 17484

17.3   Electroactive/Conductive Materials
electroactive materials are conductive and they change their bulk properties 
in response to different frequencies of applied electricity. electrochemistry 
and inverse piezoelectricity are the two main contributing factors for bulk 
change when applying alternating electricity. electrochemistry utilises the 
ionic exchange between the electroactive materials and the electrolytes to 
achieve swelling and contraction,36 while inverse piezoelectricity induces 
deformation due to the inherent inverse piezoelectric property of the elec-
troactive materials in an applied electrical field.20 hence, electroactive mate-
rials can be divided into two categories: (a) electrochemical materials, such 
as polypyrrole (ppy) and ppy-coated films/scaffolds, polyaniline (pani) and 
pani-coated films/scaffolds, poly(3,4-ethylenedioxythiophene) (pedOt) 
and pedOt-coated films/scaffolds, and (b) piezoelectric materials, such 
as polyvinylidene fluoride (pVdF), pVdF-co-polymers, and collagen (table 
17.2). Moreover, piezoelectric materials can also generate electricity due to 
mechanical deformation, which is called piezoelectricity.

17.3.1   Electrochemical Materials
Firstly, the effect of electroactive materials on differentiation of stem cells 
can be merely based on the inherent conductivity and stiffness. it was 
reported that polylactide with chondroitin sulfate-doped ppy (pLa–ppy) 
slightly improved expression of alkaline phosphatase (aLp), an osteogenic 
marker, while this enhancement was considered as a typical impact of 3d 
scaffolds on the haSCs supplied with the standard cell culture medium.37 
the effect of electrical stimulation on the early osteogenic differentiation of 
haSCs was not observed, however, electrical stimulation-induced differenti-
ation into fibroblastic and vasculogenic cells was detected in another study 
by tandon et al. in the standard cell culture medium.38 Furthermore, when 
supplying haSCs with the osteogenic medium in a two-dimensional (2d) sys-
tem, mineralization and expression of osteogenic genes and proteins were 
observed.39 Compared to direct chemical stimulation, electrical stimulation 
showed less influence on the early osteogenesis of haSCs, because electri-
cal stimulation helps in improving osteogenic induction of the osteogenic 
medium on haSCs but not osteogenic initiation. in addition, the source of 
stem cells may also play a role in the tendency of cell differentiation, which 
could explain why haSCs showed fibroblastic and vasculogenic behaviour 
rather than osteogenesis in response to electrical stimulation in the standard 
cell culture medium.

Secondly, when appropriately combining electrical and chemical stimu-
lation, differentiation of stem cells can be well controlled (Figure 17.3(a)). 
electrical stimulation in the osteogenic or neurobasal medium induced 
osteogenesis17,40 or neural differentiation,41 respectively. even without the 
neurobasal medium, hMSCs were found to differentiate into neuron-like 
cells on a hCl-doped pani film charged with a cycled electrical field.42 Stewart 
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485Smart Materials to Regulate the Fate of Stem Cells

et al. reported that human neural stem cells (hnSCs) were predominantly 
differentiated into neurons, while fewer glial cells were detected, seven days 
after they were cultured on a dodecylbenzenesulfonate-doped polypyrrole 
(ppy-dbS) film in the neurobasal medium and exposed to an alternating elec-
trical field.43 in addition, accelerated osteogenesis was also reported when 
rat bone marrow stromal cells (rbMSCs) were cultured on the ppy film in the 
osteogenic medium in a direct current field.44

17.3.2   Piezoelectric Materials
piezoelectric materials can be utilised to direct differentiation of stem cells 
by piezoelectricity or inverse piezoelectricity (Figure 17.3(b)). piezoelectric-
ity was applied to direct haSCs towards osteogenic differentiation.45 the 
haSCs dynamically cultured on the β-poly(vinylidene fluoride) (β-pVdF) film 
coating with fibronectin in a standard cell culture medium expressed much 

Figure 17.3    Schematic of electroactive materials regulating the fate of stem cells. 
Swelling and contraction of the electroactive scaffolds due to external 
electricity are shown in (a). When an altered electrical field is applied 
to the electroactive scaffolds, the scaffolds contract and swell due to 
the ion exchange between the scaffold and the electrolyte36 or the 
inverse piezoelectricity.20 hence, the attached stem cells are stimu-
lated by mechanical stress to induce specific cell differentiation. the 
electricity produced by piezoelectric materials is shown in (b). When 
the scaffolds are stressed or attached stem cells contract, the piezo-
electric materials produce electricity on the surface, which is in turn 
utilised as an electrical stimulus to differentiate the stem cells, such 
as neurogenesis or osteogenesis.45 adapted with permission from 
Journal of Biomedical Materials Research A, 136, ribeiro, C., Sencadas, 
V., Correia, d. M., Lanceros-Mendez, S. piezoelectric polymers as bio-
materials for tissue engineering applications, 46–55, copyright (2015) 
with permission from elsevier.

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

04
73

View Online

http://dx.doi.org/10.1039/9781788010542-00473


Chapter 17486

higher aLp than those statically cultured. Furthermore, Lee et al. success-
fully directed human neural progenitors (hnpCs) into mature neural cells 
on a piezoelectric scaffold, which was generated by electrospinning poly-
(vinylidene fluoride trifluoroethylene) (pVdF-trFe, 65/35), even without a 
cell differentiation medium. pVdF-trFe produced electricity, due to a cell- 
induced minute bulk change, and enhanced expression of the neuronal cell 
marker (β-iii tubulin) (Figure 17.4).16 in addition, a longer neurite was observed 
on the enhanced piezoelectric, micro-, and aligned pVdF-trFe scaffolds.

17.4   Photo-Responsive Materials
photo-responsive materials respond to certain wavelengths of light and 
change their properties, for instance, photo-polymerization induced by pho-
to-initiators and gelation of acrylated monomers or biopolymers, such as 

Figure 17.4    immunofluorescent staining of hnpCs cultured on piezoelectric 
micro- and nano-sized pVdF-trFe as-spun (without annealing), 
annealed (enhanced piezoelectricity), random and aligned scaffolds 
in control and induced medium at day nine.16 green: nestin; red:  
β-iii tubulin; blue: gFap and dapi. (Scale bar = 50 µm). reproduced 
with permission from Lee Y. S., et al., Tissue Eng Part A, 18, 2063, 2012. 
Copyright 2012: Mary ann Liebert, inc.
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487Smart Materials to Regulate the Fate of Stem Cells

acrylamide, acrylic acid, hydroxyethyl acrylate, nipaam, and peg-monoac-
rylate.13 in addition, photo-responsive materials may be activated to release 
electrons to induce electricity,19 or activate reactive oxygen species (rOS) 
inside the cells.46 Moreover, photo-responsive polymers can perform photol-
ysis47,48 or reversible isomerization10 in response to a certain wavelength of 
light.

according to the reversibility of the responsive behaviour, photo-respon-
sive materials can be divided into two categories: (a) photo-activatable/
photo-cleavable materials, such as tiO2, 5-aminolevulinic acid (5-aLa), 
polymers containing o-nitrobenzyl (onb) moieties, 2-(2-nitrophenyl) propyl 
2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethoxycarbamate (n3-teg-Onh-np-
pOC), 3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl (dMnpb), and (b) reversible 
isomers, such as azobenzene groups or spiropyran groups containing poly-
mers (table 17.3).

17.4.1   Photo-Activatable Materials
When exposed to a certain wavelength of light, photo-initiated polymeriza-
tion and gelation of a hydrogel (Figure 17.2) can provide mechanical support 
for the encapsulated stem cells to form a 3d in-vivo-eCM-mimicking environ-
ment, where the inherent stiffness of the hydrogel and the incorporated bio-
molecules can play a synergistic role in the differentiation of stem cells. Shell 
et al. successfully initiated the gelation of bis(acrylamide) and peg-diacrylate 
with a vitamin b12 derivative, alkyl-cob(iii)alamins Cy5-labeled ethyl-Cbl at  
a wavelength of 660 nm.13 due to the biocompatibility and biodegradability 
of peg and the vitamin b12 derivative, stem cells were mixed with the pho-
to-responsive materials and the peg-diacrylate monomers, and the hybrids 
were implanted into the damaged cartilage. In situ gel formation was initi-
ated under irradiation at 660 nm, which falls within the “optical window of 
tissue” (600–900 nm), a range of light wavelengths that allow maximal tissue 
penetration.13 after gelation, stem cells were retained inside the hydrogel 
and further differentiated into chondrocytes for regeneration of the dam-
aged cartilage by responding to the internal stimuli generated by the host.

apart from polymerization and gelation for in situ regulation of stem cells, 
photo-responsive materials can also generate rOS under irradiation.46 a 
high level of rOS is toxic to cells, but rOS at a certain dosage range can reg-
ulate intracellular signalling, and therefore, change the final cell lineage of 
stem cells.49 Kushibiki et al. exposed the photo-responsive material, 5-ami-
nolevulinic acid (5-aLa), to weak illumination to generate a low level of rOS 
inside primary rat MSCs.46 the generated rOS promoted osteogenesis of 
MSCs by regulating the activator protein-1 (ap-1)-mediated signalling path-
way. in addition, the excited photo-responsive materials generate electric-
ity on the conductive substrate by accumulating released electrons (Figure 
17.5(a)) and the minute electricity stimulated hnSCs to differentiate into 
mature neurons rather than glial cells.19
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Table 17.3    photo-responsive materials and their regulation for the fate of stem cells.

Material Stimuli

responded 
property 
change

dimen-
sion 
(2d/3d)

Status 
(hydrogel/
scaffold) Culture medium

encapsu-
lated cell 
type

differentia-
tion type

differentia-
tion evidence application

refer-
ence

reduced 
graphene 
oxide 
(rgO)/tiO2 
heterojunction

repeated pulse 
duration of 
4 s and fre-
quency of 1 
hz (4 flashes 
s−1 with xenon 
lamp) with 
intervals of 
60 s for a total 
time of 30 min 
at each 12 h

excited 
electrons 
transported 
from tiO2 
to cells on 
rgO through 
ti–C and 
ti–O–C 
bond

2d Film extracellular 
medium: 140 
mM naCl, 5.0 
mM KCl, 2.0 
mM CaCl2, 1.5 
mM MgCl2, 15.0 
mM ascorbic 
acid (under the 
optimum con-
ditions of this 
work), 10 mM 
4-(2-hydroxyeth-
yl)-1-pipera-
zineethane-
sulfonic acid 
(hepeS), 10 mM 
glucose at ph 6.4

human 
neural 
stem 
cells

neurons 
(23-fold 
increase 
in the neu-
ronal to 
glial cell 
ratio)

neuron-spe-
cific β-iii 
tubulin 
(tuJ1), glial 
fibrillary 
acidic pro-
tein (gFap)

as nano-
structure 
scaffold 
in neural 
regenera-
tion and 
repair

19

5-aLa irradiation at 
635 nm 30 
mW cm−2 for 
0, 24, 67, 102 
sec (0, 1, 2, 3 J 
cm−2)

intracellular 
reactive oxy-
gen species 
(rOS) forma-
tion (Cell-
rOX reagent 
became flu-
orescent red)

2d Film differentiation 
medium (com-
plete medium 
+ 10 nM dexa-
methasone +  
10 mM β-glycero-
phosphate +  
50 ug mL−1 
ascorbic acid)

rat 
bMSCs

Osteogenic 
differenti-
ation

Calcium depo-
sition with 
alizarin red 
staining; 
aLp (early 
osteogenic 
marker) 
and osteo-
calcin (late 
osteogenic 
marker) 
expression

bone engi-
neering

46
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Vitamin b12 
derivative 
alkyl-cob(iii)
alamins  
(unlabeled  
and Cy5- 
labeled ethyl- 
Cbl)

Certain wave-
length illu-
mination 
520 nm for 
unlabeled and 
Cy5-labeled 
ethyl-Cbl, and 
660 nm for 
Cy5-labeled 
ethyl-Cbl

photohomolysis  
of unla-
beled or 
Cy5-labeled 
ethyl-Cbl 
at 520 nm 
or 660 nm, 
respectively, 
induces 
polymer-
ization or 
gelation of 
acrylated 
monomers 
or biopoly-
mers (by the 
ethyl radical)

3d hydrogel — — — — Light- 
induced 
injectable 
hydrogel 
for tissue 
regen-
eration 
(photo-
therapeu-
tics)

13

heparin photo-
gel contains 
thiolated 
heparin mole-
cules and peg 
molecules 
with bifunc-
tional acryl 
terminated 
photolabile 
o-nitrobenzyl 
moieties

365 nm 600 W 
uV light expo-
sure for 10 s

heparin photo-
gel degraded

2d hydrogel 
(FgF2 
inside)

differentiation 
medium con-
tains iMdM  
+ 1% FbS + 2% 
penicillin/strep-
tomycin + 0.001 
M nonessential 
amino acids + 
0.5 u mL−1 insu-
lin + 14 ng mL−1 
glucagon + 100 
× 10−9 M dexa-
methasone for 
4 d and 1% FbS 
replaced with 1% 
b27 after 4 d

meSCs endoderm 
(encapsu-
lated FgF2 
induce 
differenti-
ation)

Sox17 and 
FOXa2

Stem cell 
culture 
and study

81

(continued)

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

04
73

View Online

http://dx.doi.org/10.1039/9781788010542-00473


SpaaC-based 
gel (peg, 10 
wt%), nppOC-
(photo-caged) 
for vitronec-
tin-onb to 
anchor (cells 
attach)

Collimated uV 
light (wave-
length 365 
nm, 5–20 mW 
cm−2, 0–600 
s) with a pat-
terned chrome 
photomask or 
pulsed laser 
light for 3d 
photomedi-
ated protein 
ligation or 
photorelease

uV exposure 
to photolyze 
nppOC and 
then immo-
bilize Vtn-
ChO onto 
the gel and 
same light 
exposure to 
induce pho-
toremoval of 
Vtn-ChO

3d hydrogel stemXVivo human 
osteogenic 
inductive 
medium + 1% 
penicillin/
streptomycin

hbMSCs Osteogenic 
differen-
tiation 
(differ-
entiation 
media 
induced 
together 
with cell 
attach-
ing and 
spreading 
because of 
vitronec-
tins)

OCn and aLp tissue engi-
neering

50

Cyclic rgd 
peptide (cyclo-
[rgdfK])-
&cyclo [rgd-
(dMnpb)]
fK]-tethered 
SaMs of 
alkanethiols

irradiation at 
355 nm 3.5 
mW cm−2 for 
3 min

decaged 
rgd and 
phototrig-
gered cell 
attachment

2d Monolayer dMeM + 1% 
peni cillin-
streptomycin + 
1% insulin- 
transferrin- 
selenium-X (itS)

Murine 
C2C12 
myo-
blast

Myogenic 
differenti-
ation

Sarcomeric 
myosin 
positive

biomedical 
devices

47

peg5000 con-
taining o-nb 
caged pFSSt-
KtC peptide 
(SaM)

uV exposure for 
5 min

detachment 
of peg 
shell and 
enhance-
ment of cell 
attachment

2d Monolayer dMeM + 10% FbS 
+ 1% penicillin- 
streptomycin

rat 
bMSCs

Osteogenesis Calcium 
deposition 
and Opn 
expression

regener-
ation 
medicine

48

Table 17.3  (continued)  

Material Stimuli

responded 
property 
change

dimen-
sion 
(2d/3d)

Status 
(hydrogel/
scaffold) Culture medium

encapsu-
lated cell 
type

differentia-
tion type

differentia-
tion evidence application

refer-
ence
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dynamic pho-
to-responsive 
zwitterionic 
hydrogel con-
sists of static 
zwitterionic 
monomer car-
boxybetaine 
acrylamide 
(Cbaa), 
cyclic-rgd 
(crgd)-func-
tionalized 
Cbaa and 
photo-switch-
able monomer 
spiropyran 
methacrylate 
(SpMa), cross-
linked with 
zwitterionic 
carboxybetaine 
dimethacrylate 
(CbdMa)

illumination at 
near-infrared 
light (nir, 800 
nm, 50 mW); 
ng-1 (50 mW 
nir + 10 mW 
visible green 
light); ng-2 
(50 mW nir + 
30 mW visible 
green light); 
visible green 
light (560 nm, 
50 mW) for 
continuous 14 
days

nir transfers 
closed-ring 
hydrophobic 
form isomer 
(spiropy-
ran, Sp) to 
zwitterionic 
hydrophilic 
form isomer 
(merocy-
anine, MC) 
by two-pho-
ton exci-
tation (tpe); 
visible green 
light trans-
fers MC to 
Sp by Spe

2d and 
3d

hydrogel bipotential (osteo-
genic and 
adipogenic) 
differentiation 
media

hMSCs Osteogenesis 
and adi-
pogenic 
differenti-
ation

adipogenic 
surface 
antigens 
(pparg 
and Fabp4) 
and neu-
tral lipids; 
osteogenic 
surface 
antigens 
(runx2 and 
Opn) and 
aLp

regener-
ative 
medicine

82
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17.4.2   Photo-Cleavable Materials
Some photo-responsive materials provide specific binding sites for stem 
cells by conjugating the materials with rgd peptides/proteins or a cage to 
prevent such specific binding (Figure 17.5(C) and (d)). When irradiated at 
a certain wavelength, the covalent bonds between the photo-responsive 
materials and the rgd peptides/proteins are broken by photolysis. the 
released rgd peptides/proteins either are detached from the main structure 
of the polymer backbone or become available for cell binding after open-
ing the caged components. both approaches can be employed to control the 
duration and intensity of binding by adjusting the concentration of rgd 
binding ligands in the hydrogels. based on this concept, Weis et al. caged 
cyclo[rgdfk]-tethered self-assembled monolayers (SaMs) with dMnpb and 
successfully achieved a controllable concentration of the rgd for cell bind-
ing on the SaMs by sequential irradiation.47 the seeded myoblasts on the 
substrate were guided towards myogenic differentiation and achieved the 
maximal myogenesis when rgd was exposed to cells under illumination 
for six hours. polymers are also modified to control caging and uncaging of 
rgd peptides under illumination. For instance, peg with a photo-sensitive 

Figure 17.5    Schematic of photo-responsive materials regulating the fate of stem 
cells. (a) When a certain wavelength of light is applied to the pho-
to-activatable materials, the excited electrons are released and play a 
role in stem cell differentiation.19 (b) When illuminated by a certain 
wavelength of light, the rgds conjugated to the isomers are reversibly 
exposed to the stem cells by light-induced isomerization and the dif-
ferentiation of stem cells is regulated by the concentration of rgds.10 
(C) the rgds are pre-conjugated to the photo-cleavable materials and 
released upon illumination from the surface of scaffolds/hydrogels, 
which leads to stem cell detachment from the surface. (d) the rgds 
mounted on the scaffolds/hydrogels are caged by the photo-cleavable 
materials, but released and exposed to the stem cells after illumina-
tion. in both ways, the concentration and the exposure time of rgds 
in the scaffolds/hydrogels can be manually controlled for defined reg-
ulation of stem cell differentiation.10
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o-nitrobenzyl group was utilised to control the concentration of the pep-
tides exposed to rat bMSCs. it was shown that the uncaged pFSStKtC (pro–
phe–Ser–Ser–thr–Lys–thr–Cys) peptide improved cell attachment5 and 
directed rat bMSCs towards osteogenic differentiation in the standard cell 
culture medium.48 Moreover, deForest et al. reported the use of photo- 
cleavable materials to achieve defined distribution of proteins within a 
hydrogel.50 briefly, the first protein, bovine serum albumin (bSa488) modified 
with 2,5-dioxopyrrolidin-1-yl 4-(4-(1-((4-(4-formylbenzamido)butanoyl)oxy)
ethyl)-2-methoxy-5-nitrophenoxy)butanoate (nhS-onb-ChO), was combined 
with peg hydrogel.50 On the other hand, the alkoxyamine groups of the peg 
hydrogel were caged by nppOC and these groups were activated upon illumi-
nation to anchor the second protein. hence, when irradiation was applied to 
the peg hydrogel, bSa488-obn-ChO was first photo-cleaved from the hydro-
gel by photolysis of obn; at the same time, the cage by nppOC was open to 
release the alkoxyamine groups to form the second protein complex bSa594-
obn-ChO. based on the concept, it was able to achieve controlled anchor or 
removal of vitronectins from the peg hydrogel. by controlling concentration 
and spatial distribution of vitronectins exposed to hbMSCs, the stem cells 
were significantly promoted to express the early osteogenic marker aLp at 
day 4. after removal of vitronectins from the peg hydrogel, expression of aLp 
in hbMSCs dropped back to the initial level at day 10.

17.4.3   Reversible Isomers
photo-induced isomerization of spiropyran- or azobenzene-polymers can help 
to regulate differentiation by balancing specific and non-specific cell adhesion 
(Figure 17.5(b)). Cis-transition of azobenzene-polymers is triggered upon illu-
mination of uV/visible light, which results in a complete change in the elec-
tronic structure, shape and polarity of the polymer. through the transition, 
specific binding between the conjugated rgd sequences and stem cell integ-
rin receptors can be manipulated and therefore the stem cell fate can be regu-
lated. peg is often incorporated inside the hydrogels to minimize non-specific 
binding.8 On the contrary, spiropyran-polymers perform reversible transition 
between the hydrophilic zwitterionic form (merocyanine, MC) and the hydro-
phobic closed-ring form (spiropyran, Sp), which has been used to demonstrate 
the effect of non-specific binding on stem cell differentiation. When near-in-
frared (nir) light was applied to the photo-responsive hydrogel, the spiropyran 
moieties were transformed to the merocyanine moieties, and this transfor-
mation was inversed when a visible green light illuminated on the hydrogel. 
exposure to green light resulted in an increase in the spiropyran form, thus an 
increase in non-specific cell–substrate interactions.10 it was demonstrated that 
hMSCs hardly performed differentiation under the pure nir light (in the zwit-
terionic form), while osteogenesis was preferred under the green light and adi-
pogenesis was predominant after illumination under the ng-1 light (50 mW 
nir and 10 mW green) (Figure 17.6). it was also noticed that differentiation 
of hMSCs was suspended after switching from the green light back to nir.51
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17.5   Thixotropic Materials
thixotropic materials change their properties in response to an applied 
shear stress. the viscoelasticity of thixotropic materials allows them to 
reversibly change their status between gel and sol at different shear stress 
levels. When being stressed or pipetted, the viscous property is over the 
elastic one, namely the loss modulus g″ is higher than the storage modulus 
g′, and the thixotropic hydrogel becomes sol.14 under stressed conditions, 
molecular interactions inside the thixotropic material, such as hydrogen 
bonding and hydrophobic and/or electrostatic interactions, become weak, 
which results in mechanical deformation of the hydrogel to form the sol sta-
tus. after the stress is removed, the internal interactions are reconstructed 
and the mechanical gel structure is reformed. the recovery process from the 
sol back to the gel status is dependent on time as well as the interactions in 
the hydrogels,14 and the process can be selectively manipulated by tempera-
ture,14,52 ph,53 or ionic components.18

Figure 17.6    (a) immunofluorescent staining of hMSCs cultured on the photo-re-
sponsive hydrogel in the osteogenic and adipogenic differentiation 
media under different illumination (nir (800 nm): 50 mW; ng-1: 50 
mW nir + 10 mW green; ng-2: 50 mW nir + 30 mW green; green (560 
nm): 50 mW at day 14). red: tritC-phalloidin; blue: dapi. (Scale bar = 
15 µm). (b) histological staining of adipogenic and osteogenic hMSCs 
by Oil red O and Fast blue salt, respectively, in the osteogenic and adi-
pogenic differentiation media under different illumination at day 14. 
red: neutral lipids; blue: alkaline phosphatase. (Scale bar = 100 µm). 
(C) adipogenesis and osteogenesis level under various illumination  
(p < 0.05).51 adapted from ref. 51 with permission from the royal  
Society of Chemistry.
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495Smart Materials to Regulate the Fate of Stem Cells

thixotropic materials used in regeneration medicines are divided into two 
categories: (a) polymeric hydrogels formed by covalent crosslinking, such as 
a blend of silk fibroin (SF) and hydroxypropylcellulose (hpC), a blend of hyal-
uronic acid (ha) and methylcellulose, polyethylene glycol–silica (peg–silica), 
nanofibrillar cellulose (nFC), and (b) supra-molecular hydrogels formed by 
non-covalent self-assembly, such as naphthalene-oligopeptide, the Max fam-
ily (MaX1 and MaX8), tryptophan (W)-rich oligopeptides (CC 43 and nedd 
4.3), amyloids, and SF protein (table 17.4).

17.5.1   Stiffness-Induced Cell Differentiation
Stem cells are homogeneously dispersed into thixotropic hydrogels in the 
form of a sol. the cell–sol hybrid is directly injected into the lesion site, and 
under stressed conditions, the hybrid is in the form of a sol so the solution 
can exactly fit into the in vivo damaged tissue (Figure 17.2). in the lesion site 
after removal of the applied stress, the hybrid turns back into a gel to retain 
stem cells in the damaged tissue. the injected hydrogel also plays a role in 
directing the fate of the incorporated stem cells by the stiffness of the hydro-
gel and in vivo electrical, mechanical, and chemical stimulation under phys-
iological conditions. pek et al. cultured hbMSCs in a 3d peg-silica-based 
thixotropic hydrogel and demonstrated that various stiffnesses of the inject-
able hydrogel, which were measured by the minimal liquefaction stress (τy) 
required to transform gel to sol, promoted differentiation of the encapsulated 
stem cells towards different lineages: neural differentiation, myogenesis and 
osteogenesis at τy of 7 pa, 25 pa and 75 pa, respectively.54 in addition, when 
cell-binding rgd peptides were conjugated to the peg-silica hydrogel, osteo-
genesis at a τy of 75 pa was markedly enhanced with 13% higher expression 
of runx2 and OCn, because the specific binding between the immobilized 
rgd ligands and the cellular membrane integrin at a stiffer hydrogel was 
tighter, and the tighter binding induced osteogenic differentiation.54 Jacob 
et al. adjusted the inherent stiffness of an amyloid hydrogel by changing the 
concentrations of amyloid and ions, at which the encapsulated hbMSCs were 
detected to differentiate into the neural lineage.55 the peptide nap-gFFYgg-
KOgeOgKOgSO in the supra-molecular-peptide/protein-formed thixotropic 
hydrogels was reported to work as a stimulus and selectively improved dif-
ferentiation of mouse eSCs into vascular progenitor cells with a significantly 
high expression of the Flk 1 gene.56

17.5.2   Stress Stiffening/Relaxation-Induced Cell 
Differentiation

Most hydrogels generated from filamentous biopolymers, such as collagen, 
F-actin and fibrin, become stiffer when the applied stress is above their critical 
stress (σC) level, which is called stress stiffening. it was recently reported that 
stress stiffening also plays an important role in regulation of stem cell fate 
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Table 17.4    thixotropic materials and their regulation for the fate of stem cells.

Material

dimen-
sion 
(2d/3d) Culture medium

encapsulated 
cell type differentiation type

differentiation 
efficiency

differentiation 
evidence application

refer-
ence

rgd-conjugated 
peg-silica gel (with 
varied liquefaction 
stress and rgd 
concentration)

3d Culture media hbMSCs neural differenti-
ation for 7 pa; 
myogenic differ-
entiation for 25 
pa; osteogenesis 
for 75 pa

rgd promoted 
proliferation and 
differentiation of 
hMSCs for stiffer 
gels with lique-
faction stress 
>75 pa

neural (ENO 
2), myogenic 
(MYOG). Osteo-
genic (Runx2, 
OCN) transcrip-
tion factors

tissue 
engineering

54

amyloid hydrogel 
(Fmoc-conjugate 
peptides (aβ42)), 
varying stiffness 
by changing 
peptide and salt 
concentration

2d Knockout dMeM 
+ 10% FbS + 
2 mM gluta-
max + 0.25% 
penicillin and 
streptomycin

hbMSCs neuronal lineage 
for softest gel p5 
6 mg mL−1

— Maximal spreading 
and elongation, 
β-iii tubulin 
enO2, gria3

tissue 
engineering

55

nap-gFFYggKO-
geOgKOgSO

2d differentiation 
media

meSCs Vascular 
progenitors

— Mesoderm marker 
(Flk 1)

Vascular for-
mation 
in regen-
eration 
medicine

56
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rgd-piCs; modify the 
critical stress by 
changing the poly-
mer length

3d 1 : 1 v/v osteogenic 
and adipogenic 
media

hMSCs adipocyte lowest 
critical stress 
∼9.4 pa; pre-
dominant osteo-
genesis over 
adipogenesis 
with increasing 
critical stress

— rsterix stain and 
Runx2 rt-pCr 
for osteogene-
sis; neural lipid 
and PPAR-γ for 
adipogenesis

tissue 
engineering

57

alginate (crosslinked 
with calcium and 
covalently coupled 
with rgd); modify 
stress relaxation 
time by changing 
the molecular 
weight polymers 
and the crosslinking 
densities of calcium

3d dMeM + 10% 
FbS + 1% pS 
+ 50 mg mL−1 
l-ascorbic 
acid + 10 mM 
β-glycerophos-
phate + 0.1 µM 
dexamethasone

mbMSCs adipocyte at ∼9 kpa 
and osteoblast at 
∼17 kpa

adipogenesis 
differentiation 
decrease in 
rapidly relaxing 
gels ∼1 minute; 
osteogenic 
differentiation 
significantly 
enhanced with 
faster stress 
relaxation

neural lipid for 
adipogenesis 
and aLp for 
osteogenesis

bone regener-
ation

58
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besides the inherent stiffness of the hydrogel.57 by simply changing the poly-
mer length of rgd-conjugated helical oligo(ethylene) glycol polyisocyano-
peptides (rgd-piCs), the σC was accordingly adjusted without any influence 
on the stiffness and the density of rgd peptides. When hMSCs were encapsu-
lated in the hydrogel, hMSCs were attached to the rgd ligand through specific 
interactions between rgd and cellular integrin (Figure 17.2), during which 
cells applied traction stress on the surrounding gel and the traction triggered 
stress stiffening of the hydrogel. the stress stiffening in turn affected differ-
entiation of the stem cells.57 it was shown that adipogenic differentiation was 
predominantly performed at a lower σC (∼9.4 pa), while osteogenesis was pre-
ferred at a higher σC (14.6–19.3 pa).57 Furthermore, it was reported that the 
stress relaxation time of the rgd-alginate hydrogel also influenced the dif-
ferentiation of mouse mbMSCs.58 decreased adipogenesis at a stiffness of ∼9 
kpa and significantly enhanced osteogenesis at a stiffness of ∼17 kpa in the 
faster relaxing gel (∼1 minute) were observed, because the relaxation time of 
the hydrogel influenced the interaction between rgd and the cell integrin, 
and accordingly played a role in cell adhesion and differentiation.58

17.6   pH-Sensitive Materials
ph-Sensitive materials usually have certain pendant groups or bonds, which 
can be ionized or broken when the external ph is higher or lower than their 
acid dissociation constants (pKa).14 ionization increases the osmotic pres-
sure inside the hydrogel, which leads to water absorption and hydrogel swell-
ing. in addition, electrostatic repulsion generated by the ionized anionic 
or cationic pendant components further enhances the ionization impact. 
Opposite to swelling, the hydrogel may also contract by simply inhibiting 
ionization of pendant groups and electrostatic repulsion.14 ph-Sensitive 
materials include zwitterionic amino acid/peptide amphiphiles (h2n-pep-
tide/oligopeptide-COOh)59 or polymers that consist of an amino group  
(–nh2), or carboxyl group (–COOh),60 or catechol (C6h4(Oh)2),61 or a hydro-
gen bond (–nh–CO–),62,63 or an ionic bond (–nh4

+⋯OSO3
−–),64 or an imine 

bond (–n=Ch–).65

Most ph-sensitive materials are reported as carriers for drug/gene deliv-
ery, because the bonds in the drug-immobilized ph-sensitive materials are 
ionized in the abnormal ph condition of the tumour, and then the drug 
is released to achieve target treatment.14,66,67 based on this concept, bone 
morphogenetic protein 2 (bMp-2) was immobilized to ph-sensitive chi-
tosan-functionalized mesoporous silica nanoparticles through hydrogen 
bond formation and the protein was selectively released to rat bMSCs, to 
control differentiation towards osteogenesis with the evidence of enhanced 
expression of aLp, runx2, Opn and Col i.62

Furthermore, chondrogenic differentiation, adipogenesis, and osteogen-
esis of haSCs were all demonstrated when the stem cells were encapsulated 
inside a ph-sensitive chitosan-poly (acrylic acid) (chi-paa) hydrogel, which 
might be due to the contraction and swelling properties of the chi-paa 
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hydrogel.63 in addition, ionization and bond dissociation always improve 
the hydrophilicity of the hydrogels. hence, ph-sensitive materials are eas-
ily transformed between sol and gel by simply varying the ph value (Figure 
17.2), and they can be potentially applied as injectable hydrogels to provide 
an in vivo eCM-mimicking environment for encapsulated stem cells at phys-
iological ph. growth factors and rgd peptides/proteins are also incorpo-
rated or conjugated into the ph-sensitive hydrogels for regulation of stem 
cell fate (Figure 17.2). dai et al. achieved selective improvement in expression 
of aLp and calcium deposition by encapsulating mbMSCs in a thermosensi-
tive and ph-sensitive hydrogel (pnipaam–aa).60 the ionized carboxyl groups 
of pnipaam–aa may play an important role in the capture of calcium, which 
is an osteogenic stimulus and further promotes osteogenesis of stem cells 
(Figure 17.7).60

17.7   Smart Materials in Clinical Applications
Currently, most cell culturing systems made of smart materials for stem 
cell therapy are still at the in vitro or in vivo animal research stage.24 they 
were mainly designed to maximally mimic the properties of the extracellular 
matrix (eCM) so as to facilitate functioning of implanted stem cells similar 
to host cells via in vivo physiological stimulation. thus, the stem cells can 
be induced to transform to the required cell types. One of the few success-
ful applications of smart materials in the clinical trails of stem cell therapy 
was reported by Menasché et al. in 2015.68,69 a hybrid of enzyme-sensitive 
fibrinogen and heSCs-derived cardiac progenitor cells was induced to form a 
thin layer of a 3d fibrin gel by thrombin, which was then implanted onto the 

Figure 17.7    Schematic of ph-sensitive materials regulating the fate of stem cells. 
the carboxyl groups of pnipaam–aa were ionized as the anions when 
the ph was higher than their pKa, which could attract cations, such as 
Ca2+. as a result, the encapsulated stem cells were surrounded by the 
rich Ca2+ hydrogel and enhanced osteogenesis.25,60
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infarcted area of a patient suffering from Mi. three months after the implan-
tation, an improved left ventricular ejection fraction (LVeF) from 26% to 36% 
and contractility in the infarcted area were found. in addition, no adverse 
complications were shown. even though it was hard to say that the improve-
ment of cardiac function was due to the differentiation of the implanted 
heSCs-derived cardiac progenitor cells since vascular bypass surgery in a no- 
infarcted area was performed at the same time, the smart material utilised 
in this trial showed a good example for their future clinical applications. 
in addition, a monolayer of autologous oral mucosal epithelium was gen-
erated from the temperature-sensitive material pnipaam and implanted 
into a patient suffering total bilateral corneal limbal epithelial stem cell defi-
ciency, which showed another possible clinical application of smart mate-
rials.70 however, before full regulation of stem cells in clinical applications, 
the complicated mechanism of cell differentiation should be completely and 
clearly understood. then the fate of stem cells can be controlled well either  
in vivo or in vitro by physical or chemical modification of the smart materials.24

17.8   Conclusions and Perspectives
Compared to traditional materials, smart materials are better alternatives for 
advancing stem cell therapy because they allow remote control of regulating 
the fate of the encapsulated stem cells both in vitro and in vivo. Most smart 
materials are easily modified for injectable stem cell carriers for implanta-
tion, and they not only facilitate delivery of stem cells into the lesion site but 
also provide an in situ eCM-mimicking environment for the stem cells.

Smart materials are also employed to direct the differentiation of stem 
cells through a variety of physical/chemical cues, including inherent stiff-
ness, controlled release of encapsulated biomolecules, hydrophobic or elec-
trostatic interactions, generated electricity or reactive oxygen species, and 
others, when they change their properties in response to external stimuli, 
such as temperature, ph, stress, or light.

however, how these physical/chemical cues created by the smart materials 
in response to external stimuli switch the gene expression of stem cells to 
another remains to be clarified. More importantly, precise control of interac-
tions between these physical/chemical cues and stem cells are mandatory for 
spatially and temporarily regulating stem cell differentiation, which requires 
the development of novel "smarter" biomaterials. these biomaterials are able 
to make the cues available for stem cells by external stimuli when requested 
by cellular differentiation.
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18.1   Introduction
in tissue engineering (te), there is a growing demand for target-selective  
drug delivery systems (ddss) with high clinical efficacy and long-term thera-
peutic properties. in conventional drug delivery methods, plasma drug 
concentration tends to peak rapidly and then declines. despite some posi-
tive pre-clinical results, many of these “first-generation” ddss display less 
optimistic results in the clinic due to their inability to control drug release, 
insufficient access to target tissues and difficulty averting pre-mature degra-
dation.1 the limitations of “first-generation” ddss prompted research into 
smarter forms of ddss that induce “rate-controlled release” in response to 
certain physical, chemical or biochemical processes, such as ph gradient 
or enzymatic activity.2 additionally, these systems were also able to induce 
“feed-back control” by altering the drug release characteristics in response 
to physiological or pathological conditions.

the concept of smart drug delivery was first introduced in the 1970s 
when liposomes where designed to induce local release in response to 
hyperthermia.3 the last decade has witnessed a great deal of research using 
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stimuli-responsive nanoparticles (nps) and macromolecular carriers as effi-
cient drug carriers for improving the efficacy of chemotherapeutics in vivo, 
particularly in cancer therapy.4 since then, there has been great progress in 
thermo-, light-, ph-, magnetic field- and other responsive ddss. smart ddss 
fall within the area of polymer therapeutics, which is a sub-category of nano-
medicine. in 2009, the global market of smart biomaterials was estimated at 
$47 billion; by 2025, this figure will increase to $113 billion, according to a 
eu report on nanotechnology.5

smart ddss are systems that exert a noticeable microscopic shift in their 
properties in response to small environmental triggers (Figure 18.1).6,7 they 
aim to maintain drug levels at a therapeutically desirable range by increasing 
bioavailability to target sites, while minimizing adverse effects.3 they mimic 
the smartness of natural systems in the body by displaying environmentally 
driven responses. Just as immune cells are programmed to migrate to spe-
cific regions in response to specific chemical signals, smart ddss respond by 
releasing drugs in response to environmental triggers. they enable targeted 
delivery using variations that exist between healthy and diseased tissues,  

Figure 18.1    schematic diagram of external stimuli (e.g. electric and magnetic field, 
light and ultrasound) that act as triggers for smart drug delivery sys-
tems (ddss). nir = near infrared, lCst = low critical solution tem-
perature, uCst = upper critical solution temperature. (reproduced 
with permission from Karimi M., et al., 1–3, 2015. Copyright 2015: 
Morgan & pool publishers.)
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for example ph and temperature.8 this offers the possibility of using environ-
mentally responsive ddss as therapy in response to external (light, magne-
tism, electric field, etc.) or internal (ph, temperature) environmental stimuli.

stimuli-responsive (or smart) ddss are mostly made from biocompatible 
materials, such as peptides, polymers, and lipids, which react in a dynamic 
manner in response to specific signals in their microenvironment.9 stimuli- 
responsive materials are designed to enhance the localization and efficacy 
of drugs compared to the free form of drugs. the unique stimuli-responsive 
physiochemical behaviour exhibited by these materials is exploited in the 
development of drug carriers (e.g. hydrogels, polymersomes, nps, etc.), which 
respond to variations in physiological and/or pathological conditions.9 in 
addition to achieving targeted delivery, they also aim to decrease toxicity, deg-
radation or immunogenicity of active drugs.10 often, these materials mimic 
human molecules with naturally derived stimuli-responsive physiochemical 
properties (e.g. tropoelastin).

this chapter aims to give an overview of stimuli-responsive or “smart” ddss. 
a range of smart delivery vehicles will be discussed first to emphasize the 
diverse drug carriers used in novel ddss. subsequently, a review of the diverse 
self-regulated and externally controlled “smart” ddss will be provided (in 
addition to their biomedical applications). due to the vastness of this subject, 
only selected examples will be discussed. examples that are not covered can be 
easily accessed using a number of available reviews on this field.11–13

18.2   Smart Drug Delivery Vehicles
Common problems of conventional drugs relate to poor bioavailability, sol-
ubility and dissolution velocity. it is estimated that around 40% of newly 
developed drugs are poorly soluble. thus, efforts have focused on developing 
strategies to improve the solubility of poorly soluble drugs. this led to for-
mulation techniques designed to overcome the solubility and bioavailabil-
ity problems, such as pro-drug formulations, emulsions, liposomes, micelle 
systems and soft gelatine capsules. entrapment techniques are incorporated 
in the formulation using passive and active strategies. selecting the best 
encapsulation design is important in order to obtain the desired release pro-
file (fast or slow release) (Figure 18.2). Finding the right vehicle is vital for 
ensuring that the medication arrives intact at its destination, just as it is eas-
ier to transport a solution in a beaker rather than on a petri dish.

nanoparticles (nps) are taken up by cells more efficiently than larger mac-
romolecules and enable effective transport of drug molecules due to their 
ability to enter the cytoplasmic space across the cellular membranes.14 a 
decrease in size (e.g. nps, dendrimers, etc.) below 100 nanometres has shown 
advantageous properties in novel ddss used in drug targeting, diagnostics 
and te. nps are divided into two categories: organic and inorganic nps (Fig-
ure 18.2). organic nps are further sub-divided into three categories: poly-
meric matrix nps, lipidic matrix nps (e.g. nano-emulsions, liposomes and 
lipid nps), and drug nanocrystals (nCs).
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apart from nps, increasingly, more ddss are utilising complex polymeric 
materials, such as hydrogels and scaffolds, which have favourable properties. 
hydrogels in particular have been used for many clinical applications due 
to their cross-linked network that transitions from a collapsed (shrunken) 
to an expanded (swollen) state. additionally, surface modifications may be 
applied to a polymer chain to make it responsive to small changes in environ-
mental parameters. For example, adding ph-sensitive polymers can make 
the polymer network responsive to ph. additionally, dual-stimuli responsive 
hydrogels can respond to two environmental parameters, such as ph and 
temperature, simultaneously. this reversible behaviour exhibited by hydro-
gels is attractive for use in ddss because it can be used to provide a pulsed 
form of drug delivery.15

18.2.1   Polymersomes
polymersomes are a class of polymeric vesicles that range from 50 nm to 5 µm 
depending on the preparation process used. they are composed of an aque-
ous hydrophobic hollow core surrounded by a bilayer membrane composed 
of a hydrophobic middle part and surrounded by hydrophilic coronas.16 the 
function of the hydrophilic bilayer membrane is to protect the core from 
the external medium. therapeutic biomolecules can be encapsulated in the 

Figure 18.2    summary of different types of organic and inorganic nanoparticle 
(np) materials. there are two basic types of nps used to synthesize 
multifunctional nps: organic (liposomes, polymersomes, nanogels, 
micelles, dendrimers) and inorganic (gold nps, quantum dots (Qds) 
nps, superparamagnetic iron (spio) and lanthanide ions).
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aqueous core of polymersomes prepared with different properties, including 
stimuli-responsiveness, membrane thickness (3–4 µm) and permeability.16

polymersomes have received substantial attention over the last decades due 
to their unique properties such as large surface-to-volume ratio, small size 
and a tuneable surface chemistry. they provide many advantages, including 
stability of volatile therapeutic agents, cost efficiency and the ease to formu-
late them into large quantities using many proven methods. improved bio-
availability, increased half-life for clearance and target specificity are some of 
the key advantages of using polymersomes. these advantages lead to higher 
intracellular uptake and sustained release of drug payload.17 this may result 
in a reduction in the quantity of drug needed to induce a therapeutic effect 
and enables the delivery of potentially toxic therapeutic drugs safely to tar-
get regions. polymersomes also provide protection to non-targeted regions 
of the body from exposure and severe side effects.18 the coating provides a 
protective barrier to active therapeutic agents, which prevents rapid diffu-
sion and/or erosion, which increase drug circulation time. polymersomes are 
becoming increasingly prevalent as drug delivery carriers for a wide range 
of applications because they are particularly good at passing organ barriers, 
such as the blood–brain barrier (BBB), and cell membranes.19

polymersomes are functionalised into smart drug delivery vehicles via pas-
sive and active targeting strategies. passive targeting relies on the enhanced 
permeation and retention (epr) effect to selectively accumulate in targeted 
tissues—a pathophysiologic characteristic of tumour blood vessels.20 alterna-
tively, active targeting strategies increase the binding affinity to target tissues 
using targeting moieties such as antibodies, peptides and other small mole-
cules. active biomolecules are easily loaded into the polymersome system due 
to the versatility of their structure e.g. large surface area and multiple sub-com-
partments. polymersomes are a unique platform that can form multimodal 
targeted delivery systems leading to effective treatment and fewer side effects.21

18.2.2   Liposomes
liposomes are vesicular microstructures composed of an aqueous core and 
surrounded by a hydrophobic phospholipid bilayer. they are synthesised by 
extrusion of phospholipids through filters of specific sizes, which typically 
range from 15–200 nm. liposomes are characterised based on size, surface 
charge, and number of bilayers present. liposomes are generally regarded 
as safe, which minimizes the potential for severe side effects. liposomes can 
function as drug delivery vehicles because they are able to encapsulate both 
hydrophilic and hydrophobic drugs in the core without any chemical modi-
fications.19 to promote the release of their contents, liposomes fuse with 
other bilayers after systemic administration. additionally, functionalities are 
inserted into liposomes via surface modifications to enhance drug potency, 
stability and to enable preferential delivery in vivo. therefore, they are a suit-
able platform for delivery of biotech drugs, such as insulin, antibacterial, 
antivirals and plasmid dna.
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in the 1960s, scientists started experimenting with the use of liposomes as 
possible drug or protein carriers for treatment of disease.22 since then, there 
have been great advances in the field due to increasing knowledge and fund-
ing. the us Fda has approved several liposome-based therapeutic products 
for clinical and preclinical development.23 however, many of these “first gen-
eration” nanomedicines were not designed with selectivity towards biological 
targets. the liposomal formulation of doxil®, for example, is a first genera-
tion nanomedicine approved by the Fda in 1995, which significantly improved 
circulating half-life and maximized drug accumulation in tumour tissue.23 
however, it failed to provide controlled release, stability, and localisation in 
metastatic breast cancer, ovarian cancer and multiple myeloma.23 since then, 
an increasing number of liposomal formulations of active biomolecules have 
been in the process of clinical development, e.g. liposomes which incorporate 
surface modifications, including cisplatin, cytarabine and daunorubicin.23

issues regarding non-targeted delivery are solved by means of utilising 
smart delivery liposomes that selectively target tumour cells. increasing the 
liposome circulation time is vital for application in targeted liposomal drug 
delivery. the intermolecular forces dictate the type of interaction between 
the liposome and proteins. thus, the incorporation of molecules that achieve 
target specificity in addition to circulation longevity should improve drug 
efficacy. Conjugating surface modification using targeting peptides (e.g. poly-
ethylene glycol (peg)) into the liposome design (i.e. pegylation) increases 
the circulation lifetime.24 peg prevents rapid clearance by forming a steric 
and hydrated barrier that shields defective regions in the lipid bilayer and 
inhibits protein adosprtion.25 it has been attempted to improve the pharma-
cokinetics and delivery of cargo across the BBB by first coating liposomes 
with peg to ensure prolonged circulation time in the plasma, then function-
alizing the liposomes with ligands that target specific cell types in the brain. 
results showed a four-fold increase in the efficacy of targeted liposomes 
compared to non-targeted liposomes.26

18.2.3   Hydrogels
hydrogels are three-dimensional polymeric networks with the capacity to 
transition from a solution to a viscous gel (sol–gel) when exposed to external 
stimuli. hydrogels are composed by simple reactions combining monomers 
together into a polymer chain. hydrogels swell by water occupying free space 
between macromolecules and collapse, due to breakdown of polymeric net-
works, in response to an external stimulus. hydrogels exhibit the unique 
ability to swell and retain a large portion of water within their structure 
but they do not become dissolved in the same medium. hydrophilic func-
tional groups attached to the polymeric backbone give hydrogels the ability 
to absorb water, while cross-links between their network chains give them 
resistance to dissolution. Volume phase transition results from changes in 
the polymer's physical properties, such as size, shape, hydrophobicity and 
degradation rate, which depend on the nature of the intermolecular forces.27 
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hydrogels are used for a range of biomedical applications due to their flexi-
bility and similarity to natural tissues because of their large water content.

increasingly, synthetic hydrogels are replacing natural hydrogels due to 
improved shelf life and their modification opportunities. Moreover, functional 
groups are easier to implement in synthetic polymers due to their well-defined 
structure, which can be modified and functionalised to obtain a desired degrad-
ability. it is also a relatively simple procedure to synthesize them using “classi-
cal” chemical reactions such as polymerization and cross-linking techniques. 
this tailored approach to polymer design is an advantage because properties 
such as biodegradation, mechanical strength and biological response to stimuli 
can be fine-tuned in the robust polymer framework.28

hydrogels can be functionalised by cross-linking stimuli-responsive poly-
mers to equip hydrogels with multifunctional capabilities, such as biologi-
cal response to stimuli. this allows for a range of possibilities. For example, 
temperature-sensitive hydrogels are currently being exploited for multiple 
purposes, which involves administering therapeutic agents to local targets. 
tailoring the gel's properties by altering the cross-linking density of the 
polymer chains or changing molecular weight may optimize the rate of drug 
release and allow for an effective form of drug delivery.29,30

18.2.4   Dendrimers
dendrimers have emerged as an attractive drug delivery vehicle due to their 
ability to control their molecular structure and incorporate surface function-
alization. surface functionalization enables conjugation of drug targeting 
moieties, which enhances their versatility. they are distinguished from other 
vehicles by the presence of multiple functional groups at the periphery and 
internal cavities. dendrimers are composed from monomers using either step-
growth or convergent polymerization. they are typically composed of one or 
more of the following polymers: poly(l-glutamic acid) (pg), polyethyleneimine 
(pei), poly(ethylene glycol) (peg), or chitin. drug molecules are incorporated 
into dendrimers using encapsulation or complexion techniques. dendrimers 
have been used as drug or gene delivery vehicles, for example, as carriers of 
antibiotics and anticancer drugs.31 they have a strong potential for use as drug 
carrier systems because they have a well-defined structure, which can be easily 
fine-tuned by manipulating the dendritic architecture. due to the small size of 
dendrimers (∼10 nm), it is reasonably easy for them to cross cell membranes 
and avoid premature clearance from the body. thus, they have the potential to 
exert a clinical effect and target specific tissues in the body.

18.2.5   Other Delivery Vehicles
silicon-, carbon- and metal-based vehicles have received a lot of attention 
in the last few years for use in drug delivery systems. this is mainly because 
their size and architecture can be accurately controlled. Moreover, they allow 
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for surface modification such as platinum coating. their hollow nature and 
small size can range from tens to hundreds of nanometers, which further 
adds to their usability as drug delivery vehicles. these unique vehicles have 
been used as drug- and dna-based carriers for drug delivery applications 
because their hollow nanoshells are able to incorporate drug molecules. 
Metal-based vehicles are usually composed of one of the following metals: 
gold, silver, platinum or palladium metals. they are incorporated (linked or 
imbedded) within polymeric drug carriers (e.g. hydrogels) to induce thermal 
release when excited by light or a magnetic field.

18.3   Self-Regulated Smart Drug Delivery Systems 
and Their Applications

smart drug delivery systems (ddss) are categorised into either open or closed-
loop systems.12 open-loop systems are externally regulated by electrical,  
ultrasonic, thermal or magnetic stimuli. Closed-loop systems are self- 
regulated and use rate-controlled mechanisms, such as ph-sensitive poly-
mers or ph-dependent drug solubility. self-regulated systems are controlled 
by internal signals (e.g. glucose blood levels, ph and temperature), which 
regulate the release rate in response to feedback control.

18.3.1   pH-Responsive
there are remarkable variations in ph in the human body (blood ph 7.35–
7.45; stomach ph 1.0–3.0; duodenum ph 4.8–8.2; colon ph 7.0–7.5; endo-
somal ph 5.0–6.0; lyosomal ph 4.5–5.0; extratumoral ph 6.5–7.2).8 this 
variation in body ph is exploited for controlled drug delivery by using ph- 
responsive ddss. ph-responsive polymers are polyelectrolytes, meaning 
they either accept or release protons in response to environmental ph, 
depending on the pedant acidic or basic groups present.

ph-responsive polymers are polyelectrolytes that contain a large number 
of ionisable groups in their chemical structure, as side groups or end groups. 
they typically consist of cationic and/or anionic functional polymers, such as 
poly(N,N′-diethyl-aminoethyl methacrylate) (pdeaeM) and poly(acrylic acid) 
(paa), respectively, which possess phase transition behaviour in response to 
external environmental ph conditions.8 phase transition behaviour can be 
explained as a charge along the polymer backbone, which undergoes electro-
static repulsion exerted by adjacent ionised groups, leading to an increase 
in hydrodynamic volume in the polymer.15 ph-responsive systems are mod-
ulated by choosing the most suitable polyacids or polybases to match the 
desired ph range.

polymers such as paa (e.g. Carbopol®), polyacrylamide (paam) and 
poly(methacrylic acid) (pMaa) are known as polyacids (or polyanions) 
because they contain a large number of ionisable acid groups such as car-
boxylic and sulfonic acids in their molecular structure. at low ph values, 
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carboxylic groups accept protons and at high ph values, they release 
them. When exposed to high ph values, a paa-based hydrogel swells due 
to electrostatic repulsions created from the negatively charged groups 
(Figure 18.3(a) and (B)).

ph-sensitive polymers with alkaline functional groups are referred to 
as polybases (or polycations) because they contain amino groups in their 

Figure 18.3    (a) schematic diagram of a specific drug carried by an anionic polymer 
e.g. poly(acrylic acid) (aa). at low ph values, the pendent carboxylic 
acid groups are not ionised and the polymer retains the drug in its 
interior. (B) however, at high ph values, the carboxylic acid groups 
become ionised and the groups undergo electrostatic repulsions 
and enable drug release. (C) schematic representation of a cationic 
polymer e.g. poly(vinyl amine) (nh2) with a specific drug. the amino 
groups remain un-ionised at high ph and retain their drug molecule 
in their interior. (d) at an acidic ph environment, however, the amino 
groups become protonated, which results in swelling of the polymeric 
net due to electrostatic repulsion between the positive groups. (repro-
duced with permission from ‘stimuli-sensitive particles for drug deliv-
ery’ from Biologically-Responsive Hybrid Biomaterials, grainger s. J. and 
el-sayed M. e. h., 171–190, 2012. Copyright 2012: World scientfic.)
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structure, such as poly(N,N-dimethylaminoethylmethacrylate) (pdMaeMa) 
and poly(2-diethylaminoethylmethacrylate) (pdeaeMa). in alkaline (or 
basic) ph environments, polybases become deprotonated, while at acidic ph 
values they become positively ionized (or protonated) by gaining protons from 
their acidic environment. at acidic ph values, polybases will undergo phase 
transition by swelling due to the electrostatic repulsions created between the 
positively charged groups by protonation of the amino groups.32 this will  
usually result in a shift in balance between hydrophilicity and hydrophobicity 
of the matrix surface of the polymer resulting from the decrease in ph value 
(Figure 18.3(C) and (d)).33

When ph-responsive polymer chains are cross-linked into hydrogels, 
micelles, or hollow nps, they can be used for drug and gene delivery. For 
example, ph-sensitive vehicles have been used to trigger release of encapsu-
lated materials from the inner hollow compartment.15 the unique feature 
of ph-responsive materials to undergo phase transition in response to ph 
makes them an attractive vehicle for drug delivery. this shift in solubility is 
exploited in the delivery of therapeutic agents locally to regions where ph val-
ues are abnormal, for example the tumour microenvironment, where values 
can drop as low as ph 6.5. Moreover, the nature of ph-responsive polymers 
can be manipulated by the addition of alkaline or acidic functional groups, 
depending on the region that is being targeted.

ph-sensitive polymers have potential for application in cancer immuno-
therapy. one promising application for ph-responsive polymers is to func-
tion as carriers of dna molecules because it is difficult to transfect “naked” 
dna into cells. there is a considerable potential for using nucleic acid 
molecules as therapy against cancer, inflammation and neurodegenerative 
disease. the success of these molecules depends on their ability to reach 
intracellular cell compartments. however, nucleic acids are usually degraded 
by nuclease enzymes after systemic administration. thus, the body elimi-
nates them before cells take them up. additionally, dna molecules are too 
electronegative and large to incorporate successfully inside cells. in such 
cases, ph-responsive polymers can function as an effective strategy for incor-
poration of dna into cells.

ph-responsive nanocarriers (∼200 nm) are used as gene carriers due to 
favourable bio-related functions. For example, ph-responsive liposomes are 
able to condense membrane impermeable substances (e.g. proteins, dna, 
rna) into spherical-shaped polymers and transfer them across cellular 
membranes to enhance protein and dna intracellular transfection.34,35 this 
is due to their ability to retain drug and dna molecules at physiologic ph yet 
they are capable of inducing release of their contents into the cytosol as they 
undergo destabilization and merging with endosomes under mildly acidic 
microenvironments. it is due to the fusogenic property of these ph-sensitive 
liposomes that they have access into the cytosol via membrane-destabilising 
mechanisms that originate from the liposomal lipid's intrinsic character.13 
upon internalisation, the cationic ph-responsive polymers will undergo 
a phase transition in response to low intracellular ph values by altering 
their hydrophobicity. this leads to disruption of the endosome membrane, 
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resulting in the delivery of the encapsulated content into the nucleus (Figure 
18.4). this mechanism of intracellular delivery is regarded as highly import-
ant and the use of ph-sensitive liposomes has been exploited to improve the 
delivery of biomolecules (dna, proteins) to intracellular targets. ph-respon-
sive polymers can be used to give liposomes added functionality via surface 
modifications. this gives the added benefit of producing stable yet highly 
membrane-permeable liposomes with strong membrane fusion properties 
efficient for cytoplasmic delivery.

18.3.2   Temperature-Responsive
thermosensitive polymers are soluble in aqueous solutions at low tempera-
tures and undergo phase separation in response to higher temperatures 
(Figure 18.5). the temperature at which the thermoresponsive polymer will 
enter phase separation is called the lower critical temperature (lCt) or lower 
critical solution temperature (lCst). at lower temperatures, the polymer dis-
solves in water due to favourable hydrogen bonding between water molecules 
and the polymer chains (i.e. hydration). however, at higher temperatures the 
polymer chains will undergo phase separation because the supermolecu-
lar interaction strength decreases and water molecules will start to diffuse 
back into the aqueous solution, leaving behind partially dehydrated polymer 
chains.36 this phenomenon is completely reversible because the polymer 
chains can once again become miscible in aqueous solution by reversing 
the temperature. the upper critical temperature (uCt) is the temperature at 
which thermoresponsive polymers reverse their configuration.

thermoresponsive polymers are currently being exploited to improve the 
physicochemical stability of therapeutic agents by controlling the rate of drug 

Figure 18.4    schematic diagram of gene delivery through ph-responsive gene car-
rier. ph-responsive nps (e.g. dMaeMa/heMa) release dna upon 
experiencing the low ph value of the endosome. (reproduced with 
permission from You J.-o., et al., J. Biol. Eng., 4, 15, 2010. Copyright 2010: 
Biomed Central.)
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release and maintaining the biological activity of drugs. a common practice 
in using thermoresponsive polymers is to alter the lCt to body temperature 
by chemical modifications of the polymer structure. increasing the polymer 
molecular weight will usually decrease the lCt due to enhanced polymer–
polymer interactions.37 Moreover, introducing hydrophilic (co)monomers to 
the polymer chain or hydrophilic end-groups will increase the lCt. attempts 
have been made to reduce the initial burst drug release of thermosensitive 
polymer gels by optimising the chain length ratio between hydrophobic and 
hydrophilic segments, which has shown significant improvements in the 
release profile.8 Moreover, incorporating poly(ethylene glycol) (peg) into a 
polymeric chain has shown significant improvements in the initial burst and 
displayed sustained release for over one month.8

there is a wide variety of thermoresponsive polymers available that have 
been covered extensively in a number of reviews.8,38,39 the most widely 
investigated thermoresponsive polymer is poly(N-isopropylacrylamide)  
(pnipaM) (Figure 18.6(a)) owing to its lCt of 32 °C, robust phase behaviour 

Figure 18.5    schematic representation of collapsed and swollen states of poly-
meric chains of thermoresponsive hydrogels in response to external 
temperature.

Figure 18.6    Chemical structures of thermoresponsive polymers (a) poly(N-isopro-
pylacrylamide) (pnipaM), (B) poly(N-vinyl caprolactam) (pVCl) and 
(C) poly(oligo ethylene glycol)methacrylate (poegMa).
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and biocompatibility, which make this polymer an ideal candidate for biomed-
ical applications. since the discovery of pnipaM, a new thermosensitive poly-
mer was described with a similar lCt (31 °C) and biocompatibility roughly 
similar to pnipaM, called poly(N-vinyl caprolactam) (pVCl) (Figure 18.6(B)). 
despite the relative similarity of pnipaM and pVCl, pnipaM remains the gold 
standard of thermoresponsive polymers possible due to its wide availability.

pnipaM and pVCl present opportunities as drug carriers for in situ drug 
delivery and other biomedical applications. interestingly, functional end-
groups or conjugation with biological species can be inserted into the poly-
mer chain to enable preferential binding to biological targets. however, 
their use remains limited due their very high glass transition temperature  
(Tg = ∼140–150 °C). Tg is the temperature at which polymer transition from 
a hard glassy-like material to a soft gel-like rubbery material occurs.37 Below 
the Tg, pnipaM and pVCl become very hard and brittle, like glass—a pro-
cess known as hysteresis. poly(oligoethylene glycol) methacrylate (poegMa)  
(Figure 18.6(C)) is an alternative polymer with thermoresponsive behavior sim-
ilar to pnipaM. poegMa is composed of a poly(meth)acrylate backbone with 
oligoethylene glycol side chains which can be modified by varying the number 
of ethylene glycol repeats and side-chain functionality.37,40 More importantly, 
poegMa does not have a high Tg like pnipaM and does not show hysteresis in 
response to repeated exposure to high- and low-temperature cycles.36

18.3.3   Glucose-Responsive
diabetes is a major health problem and it is estimated that it will affect 4.4% 
of the world's population by the year 2030, equal to 366 million sufferers 
world-wide.41 in 2012, 1.5 million deaths were caused by diabetes, according 
to the World health organization (Who).42 diabetic patients are normally 
given frequent intravascular injections of insulin, which leads to low patient 
compliance. thus, there is an urgent need to resolve this inconvenience for 
patients suffering from diabetes and to develop alternative effective forms of 
insulin administration.

glucose-responsive insulin delivery systems are a relatively new concept 
that has garnered considerable attention recently. they can be divided 
into three main categories: glucose oxidase, lectin, and phenylboronic acid 
(pBa)-modified systems.43 the aim is to mimic insulin secretion in the same 
controlled manner as natural endogenous insulin secretion by responding 
to external stimuli. in addition to controlled insulin delivery, glucose-respon-
sive systems are used in diagnostics to monitor glucose concentrations.6

glucose-oxidase-based glucose systems consist of the glucose oxidase 
conjugated to the side chains of a ph-responsive polymer backbone. glu-
cose oxidase catalyses the oxidation of glucose in the blood to gluconic acid 
and hydrogen peroxide (h2o2). the continuous conversion of glucose to glu-
conic acid leads to a decrease in the ph of the solution, eventually trigger-
ing swelling or deswelling of the ph-responsive groups, depending on the 
type of group used (alkaline or acid). as a result, the polymer will release 
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encapsulated insulin molecules from the polymer network in response to 
the by-products from the enzymatic oxidation of glucose.6 polycationic poly-
mers, such as paa, are incorporated into insulin delivery polymers because 
paa carboxylate moieties become protonated by the acidic environment as a 
result of glucose oxidation, which finally facilitates insulin release.44 unfor-
tunately, this system has several disadvantages when applied to clinical 
practice, such as low stability and high toxicity. other forms of glucose-sys-
tems utilise the unique carbohydrate/glucose affinitive properties of lectins. 
Concanavalin (Con a), for example, is a lectin with four different binding 
sites with a strong affinity for glucose, which has been complexed with a sac-
charide-modified polymer chain.42 insulin will become released when free 
glucose molecules become attached to Con a, leading to displacement of 
the complex and eventually the release of insulin within the surrounding 
tissue.

phenylboronic acid (pBa) plays a central role in glucose-responsive sys-
tems because they become converted to hydrophilic moieties in response 
to elevated glucose levels.42 additionally, pBa-based systems are less toxic 
compared to glucose-oxidase- and lecti- based glucose-responsive systems. 
insulin carriers, such as nanogels, are functionalized with pBa and used to 
encapsulate and release insulin at therapeutic doses in vitro (Figure 18.7). 
upon increasing glucose concentrations, boron atoms bind to the hydroxyl 
groups of glucose molecules forming a glucose–pBa complex. it induces a 
conformational change resulting in swelling and subsequent release of insu-
lin due to negative ionisation of pBa.38

Figure 18.7    self-regulated glucose delivery systems composed of a phenylboronic 
acid (pBa)-based nanogel. glucose molecules bind to boron atoms 
and induce negative ionization of pBa leading to swelling and release 
of insulin. (reproduced from ref. 42 with permission from the royal 
society of Chemistry.)
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nanogels are exploited in self-regulating glucose-responsive systems 
because they exhibit excellent biocompatibility and glucose-responsive fea-
tures. For example, poly(l-glutmate-co-N-3-l-glutamylphenylboronic acid) 
(pgga) graft polymer double-layered nanogel was used to release insulin 
controllably in vitro.42 incorporating nanogels into glucose-responsive sys-
tems is beneficial because they provide a unique network structure as car-
riers of insulin molecules. the cross-linking density of glucose-responsive 
nanogels usually decreases as the concentration of glucose increases, which 
facilitates the release of insulin molecules from the eroded gel.6 the unique 
ability of nanogels to bounce back into their original structure after glucose 
molecules are absorbed away from the blood by insulin makes them an ideal 
delivery vehicle for targeted insulin delivery.

pBa-modified glucose-responsive nanogels can incorporate nps for 
added therapeutic benefit. a recent study showed sustained release of insu-
lin encapsulated in poly(lactic-co-glycolic acid) plga nps from pluronic® 
(F-127) nanogels over a few days in a rat following subcutaneous injection.45 
additionally, silver (ag)-np-based nanogels can function as biological probes 
for monitoring blood glucose levels by capping them with phenylboronic 
acid (pBa) derivatives to bind preferentially to glucose (Figure 18.8).43 results 
from the study showed that the incorporation of silver nps provided stronger 
fluorescence signals due to higher excitation coefficients, which displayed 
significant improvement in the fluorescence intensity.46

18.3.4   Multiple-Responsive Drug Delivery Systems
ddss can respond to multiple stimuli, simultaneously. in addition, they 
may combine delivery of a drug with other functionalities such as real-time 
imaging. diseased tissues are known for having different environmental 

Figure 18.8    glucose-responsive insulin delivery system composed of silver (ag) nps 
coated with glucose-responsive boronate derivative poly(4-vinylphen-
ylboronic acid-co-2-dimethylamino)ethylacrylate, [p(VpBa-dMaea)], 
nanogel network chains. upon exposure to glucose (∼30 mM), the gel 
shell will adapt to the surroundings by releasing preloaded insulin (d 
= diameter). (reproduced from ref. 64 with permission from the royal 
society of Chemistry.)
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conditions, including temperature and ph. For this reason, polymeric mac-
romolecules have been developed to respond to these two stimuli simul-
taneously by combining pnipaM temperature-responsive polymers with 
ph-responsive polymers, like acrylic acid (aa) and its alkyl ester, methacrylic 
acid (Maa).36 Moreover, adjusting the molar ratio of pnipaM to Maa can sig-
nificantly increase the permeability of the ph/temperature-responsive nps.47

18.4   Externally Regulated Smart Drug Delivery 
Systems and Their Applications

externally regulated smart drug systems release drug molecules in response 
to external stimuli. in this section, light, electric-field, and magnetic-field- 
responsive ddss will be reviewed. external environmental triggers are used 
to localise drug carriers in the region being exposed to the stimulus. above 
a certain threshold, environmental triggers permit stimuli-responsive vehi-
cles to undergo abrupt changes in their microstructure, such as protonation, 
swelling or degradation.6,39,48 subsequently, the smart material returns to its 
initial state after the triggering factor is removed.49

18.4.1   Magnetic-Field-Responsive
Magnetic nps (Mnps) have been traditionally used for their intrinsic mag-
netic properties to enable local delivery of imaging agents e.g. contrast 
agents for magnetic resonance imaging (Mri).50 Mnps provide favourable 
properties which can be used to tailor drug release characteristics and 
improve treatment efficacy. additionally, immunogenicity and side effects 
can be minimised. More importantly, imaging agents and drugs have been 
combined to enable in vivo drug delivery and diagnostic imaging by real-time 
treatment tracking.51 some examples of Mnps include metallic, bimetallic 
and superparamagnetic iron oxide nps (spions).

the blood–brain barrier (BBB) protects the brain from potentially harmful 
foreign substances and prevents therapeutic agents greater than 400 da from 
entering into the brain parenchyma. rather than significantly decreasing the 
molecular weight of therapeutic agents, the use of low-energy focused ultra-
sound (Fus) was found to disrupt the BBB locally by increasing its permea-
bility, which allowed the passage of large therapeutic agents into the brain.52 
results from this experiment led to the development of magnetic-field sen-
sitive ddss, which rely on Fus providing a window of opportunity to achieve 
local delivery of chemotherapeutic agents in the brain. Mnps can then be 
used as drug carriers to enhance the deposition of therapeutic agents at  
target sites where a combination of magnetic targeting (Mt) and Fus is used 
to enhance deposition of Mnps at the target site. essentially, Fus provides 
the window of opportunity to deliver therapeutic Mnps passively via the epr 
effect in solid tumours, whilst magnetic forces actively increase the local 
deposition of Mnps of target tissues (Figure 18.9).
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one application of using magnetic-field-sensitive ddss is for delivery of 
therapeutic biomolecules into brain tumours. For instance, gemcitabine is 
a widely used drug to target solid tumours in a variety of tissues. however, 
it has several drawbacks, including short biological half-life and tumour 
resistance. in an attempt to improve its anticancer activity, squalenoyl gem-
citabine, a pro-drug of gemcitabine was coated to the shell of Mnps com-
posed of magnetite nuclei, which were designed to induce drug release  
in vivo to solid tumour tissue in response to an externally applied magnetic 
field. optical microscopic images obtained showed alignment of Mnps in 
response to the magnetic field.53 Moreover, they resisted rapid deamination 
and overcame drug resistance in vitro. they also presented superior antican-
cer activity compared to the free-form of gemcitabine, e.g. in the treatment  
of leukaemia, which resulted in several long-term survivors.54 other similar  
studies dealing with the application of the Fus/Mt treatment showed 
enhanced local deposition of doxorubicin-Mnps in breast carcinomas.55

18.4.2   Light-Responsive
exposure to light induces phase transition in light-sensitive polymers. 
light-sensitive polymers, like many other smart polymers in this section, 
have several advantages for incorporation in novel ddss including water 
solubility, biocompatibility and biodegradability. they have the capacity to 

Figure 18.9    a cross-section of a central nervous system (Cns) capillary with intact 
BBB. (a) an intact Cns capillary block delivery of therapeutic agent 
into the brain parenchyma. (B) presence of focused (low-energy) ultra-
sound (Fus) increases the permeability of the BBB, which enhances 
deposition at the target site. (C) the combination of magnetic target-
ing (Mt) and Fus actively targets magnetic nps to the brain. (a, astro-
cytes; eC, endothelial cell; n, neuron; p, pericyte). (reproduced with 
permission from h. l. liu., et al., Proc. Natl. Acad. Sci., 107, 15 205–
15 210, 2010. Copyright 2010: pnas.)
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trigger and control drug release in response to external irradiation from a 
light source. they are classified as either visible-light-sensitive or uV-sensi-
tive, depending on the wavelength of the light source that triggers the phase 
transition. however, visible light sources are preferred because they are read-
ily available, safe and easy to use.

the polymer structure of uV-sensitive hydrogels consists of a “leuco” deriv-
ative molecule (Figure 18.10), such as bis(4-dimethylamino)phenylmethyl 
leucocyanide. in response to uV irradiation, the leuco derivative molecule 
becomes ionised, which produces triphenylmethyl cations by dissociating 
into ion pairs. this leads to swelling of the hydrogel, because the increase in 
osmotic pressure within the gel results in the formation of isocyanide ions. 
once the light source is removed, the hydrogel polymer returns to its original 
collapsed form.56 the temperature increase is proportional to the light inten-
sity registered by the chromophores.

Visible light hydrogels (e.g. poly(N-isopropylacrylamide)) contain light- 
sensitive chromophores, such as trisodium salt or copper chlorophyllin, 
designed to absorb light within the wavelength of 488 nm. this light then 
dissipates locally as heat by radiationless transitions.56 the temperature- 
sensitive polymers, as incorporated into the polymer structure, respond to 
the increase in heat by altering its swelling behaviour.

light-sensitive polymers are particularly attractive for biomedical applica-
tion because the intensity and wavelength of the light source can be easily 
manipulated. light-sensitive micelles and vesicles induce site-specific release 
of encapsulated agents in vivo using an external stimulus in the drug delivery 
field. upon light exposure, the micelles and vesicles will release their con-
tents to diseased tissues, such as tumours, using selective irradiation of the 
target site.57 site-specific delivery of drugs can improve the therapeutic index 
and enable a greater dose of drug release at the target site, which reduces 
systemic exposure and debilitates side effects associated with non-targeted 
delivery.

light-responsive catanionic vesicles have also been used as carriers to 
improve non-viral gene delivery, where light illumination is used to induce 
vesicle formation and disruption.58 ruptured vesicles trigger the release of 
the dna molecules into the external environmental milieu. Catanionic light- 
responsive surfactants are used to trigger vesicle disruption and spontaneous 

Figure 18.10    structure of leuco-derivative molecule, bis(4-dimethylamino)-phenyl-
methyl-leucocyanide. reprinted from Advanced Drug Delivery Reviews, 
53(3), Qiu Y. and park K., environment-sensitive hydrogels for drug 
delivery, 321–339, Copyright (2001) with permission from elsevier.
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reformation because they allow a combination of electrostatic attractions 
between the surfactant head groups and hydrophobic interactions between 
the surfactant tails (Figure 18.11).57 the light-sensitive liposomes remain rel-
atively stable in “trans” conformation with little release taking place. how-
ever, upon uV light exposure (350 nm), isomerisation from the “trans” to the 
“cis” conformation takes place and results in release of dna molecules.57 the 
photo-isomerisation process is reversible as exposure to 436 nm visible light 
(or thermal relaxation) leads to reassembly from “cis” to “trans”. thus, upon 
uV illumination, the vesicles will rupture (cis form) and release dna, which 
leads to higher dna transfection efficiencies.58

18.4.3   Electric-Field-Responsive
electroactive polymers (eaps) are divided into two categories based on the 
activation mechanism: electronic eaps, which are driven by the electric field 
forces, and ionic eaps, which are driven by the movement of ions.59 the phy-
sical structure of electronic eaps undergoes physical changes in response to 
an externally applied electric field. Chitosan, alginate and hyaluronic acid are 
naturally occurring polymers commonly employed in eaps. some major syn-
thetic electro-sensitive polymers have also been used, including allyl amine, 
vinyl alcohol and methacrylic acid. natural and synthetic polymers have also 
been combined simultaneously to construct novel electro-sensitive ddss. 
eaps are mostly polyelectrolytes that undergo anisotropic deformation in 

Figure 18.11    schematic diagram depicting the self-assembly of macromolecular 
structures. (a) self-assembly of lipid molecules into vesicle structures 
composed of a hydrophobic head and hydrophilic tail. (b) larger 
vesicles composed of diblock copolymers of hydrophilic and hydro-
phobic blocks. (c) light-responsive vesicles. (d) isomerisation of 
azo-containing lipids with uV-light. (e) uV-light-induced changes to 
the hydrophilic/hydrophobic balance of macromolecules leading to 
micelle breakdown. Black = hydrophobic, grey = hydrophilic. (repro-
duced with permission from Katz J.s. and Burdick J.a., Macromol. 
Biosci., 10, 339–348, 2010. Copyright 2010: John Wiley and sons.)

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

05
05

View Online

http://dx.doi.org/10.1039/9781788010542-00505


Chapter 18524

response to stress caused by an electric field leading to swelling or de-swell-
ing, depending on the direction in which the charged ions move—towards 
either the cathode or anode.6

eaps offer advantageous properties for applications in biotechnology 
and smart drug delivery, similar to the other stimuli-responsive materials 
described previously. By inducing drug release in response to an external 
stimulus, eaps can provide treatment of chronic conditions requiring medi-
cation on a daily basis. For example, conducting polymeric materials and 
implantable electronic devices have been used previously to facilitate drug 
release in response to external electrical stimuli in the delivery of neurotrans-
mitters (such as γ-aminobutyric acid (gaBa), glutamate, aspartate). a variety 
of nervous system disorders and neuropsychiatric disorders can be treated 
by modulating neurotransmitters (e.g. anxiety and depression).

eaps are widely used in smart ddss and in other te applications, for 
example, in sensory applications such as hepatic sensing, blood pressure 
and pulse monitoring or even chemical sensing.59–61 Conducting polymeric 
materials and electronic delivery devices have been used to trigger release of 
molecules using electric stimuli. this is due to the electro-kinetic phenom-
enon, which provides several favorable properties, such as high mechanical 
stability, flexibility and customizable capabilities.

a group from Kyoto university in Japan developed an organic electronic 
device composed of electronically insulating yet ionically conducting bio-
compatible conducting polymers.62 these devices were found to be capable 
of mimicking nerve synapses by precisely delivery neurotransmitters in vivo 
and in vitro. When a voltage is applied, it leads to the establishment of an 
electrochemical circuit, which leads to modulation of mammalian sensory 
functions by precisely delivering neurotransmitters using an organic electric 
device. this form of smart drug delivery has several advantages including 
regulation of cell signalling, on–off functionality and it is minimally disrup-
tive. overall, it offers a good prospect for the treatment of central nervous 
system disorders because it is able to deliver pulsed, rather than a contin-
uous, delivery of neurotransmitters. Continuous delivery is problematic to 
the Cns because it desensitises the receptors leading to down-regulation or 
malfunctioning signalling pathways.62

the disadvantage of using electronic delivery devices is that they require 
implantation, which can be invasive. however, polymerization techniques for 
drug encapsulation provide an alternative delivery vehicle to produce a stim-
uli-triggered localised release of cargos in response to a small external elec-
tric field. Conducting polypyrrole nanoparticles are used as drug reservoirs 
using polymerization techniques to encapsulate drug compounds designed 
for electric-field-triggered release. smart ddss often incorporate a combina-
tion of other stimuli-responsive materials. For example, conducting nanopar-
ticles are suspended in temperature-responsive hydrogels to develop a hybrid 
delivery system able to induce local release of drugs in vivo. this mixture com-
posed of conducting nanoparticles and thermosensitive hydrogels can then 
be applied locally to induce electric-field-triggered release of drug compounds  
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(Figure 18.12). Conducting materials, such as poly(3,4-ethylenedioxythio-
phene) (ped-ot)-coated poly(l-lactide) (plla) or plga nanofibers have incor-
porated drugs to controlled release of dexamethasone (dex), a corticosteroid.63

18.5   Conclusion and Future Perspective
smart environmentally-sensitive polymers will play a crucial role as advanced 
delivery vehicles for the future treatment of a wide range of diseases. over the 
last decade, there has been tremendous interest in using targeted drug deliv-
ery systems as carriers for tissue- and cell-specific drug delivery. this has coin-
cided with the development of sophisticated carriers that can trigger release 
of their contents in a controlled fashion. the next generation of stimuli- 
sensitive carriers will become more advanced by continuing to exploit the 
physiological differences that exist between a diseased (cancer, inflamma-
tion) and non-diseased (ph variations in the gi tract) human body state. this 
will be achieved by combining polymeric structures with natural biological 
motifs to enable them to reach their target tissue.

despite the great potential of stimuli-sensitive polymers, many have unfor-
tunately failed to make it to clinical trials. this is because there are issues 
regarding the cytotoxicity of peptides, proteins or nucleic acid molecules 
associated with the delivery of bimolecular drugs. slow responding polymers 
are another reason why polymers have not made it past pre-clinical drug 
development, where faster-acting polymer systems are desired. Biodegrad-
ability is another disadvantage because many molecules used in smart ddss,  
such as acrylic acid or acrylamide polymers, are, unfortunately, not hydrolyti-
cally degradable and in most cases are associated with neurotoxicity, which 
limit their usability as targeted polymeric drug systems.

Figure 18.12    application of an electric-field-sensitive system for the delivery of 
drugs. (a) polymer solution containing nanoparticles is (b) subcu-
taneously applied into a mouse, which is followed by (c) applica-
tion of an electric current (dC) to facilitate release of encapsulated 
nanoparticles into the surrounding tissue. (reproduced with permis-
sion from ge J., et al., ACS Nano, 6, 227–233, 2012. Copyright (2012)  
american Chemical society.)
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another issue with high molecular weight smart polymers is that despite 
their effective targeting properties, they cannot be eliminated by the body 
leading to their accumulation, deeming them non-biodegradable. this is 
one major reason why many smart polymers have not been tested in clini-
cal trials. despite the successful targeting strategies employed by stimuli- 
responsive polymers, they are unable to completely remove cancerous cells 
due to rapid metastasis of these cells, which makes them very difficult to kill. 
it also presents a huge barrier to the clinical use of smart polymers.

the molecular microstructure of the smart polymers needs to have an appro-
priate balance of hydrophobicity and hydrophilicity for the phase transition to 
take place.49 stimuli-responsive polymers are becoming increasingly attractive 
for biotechnology and nanomedicine because they provide versatility and add 
functionalities, which allow them to interact more locally and effectively with-
out compromising healthy tissues around the body. the versatility of smart 
polymers makes their use widespread for many applications, from active tar-
geting drug delivery systems to smart diagnostic agents, which is an equally 
important field. smart ddss will continue to exploit stimuli-responsive poly-
mers that incorporate delivery vehicles to achieve a desired therapeutic effect.
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19.1   Introduction
Severe sudden focal CnS damage that occurs following stroke, traumatic 
spinal cord injury (SCi) or brain injury (tbi) in humans causes irreversible 
destruction of neural circuitry, often resulting in permanent dysfunction or 
paralysis. in these conditions, large lesions of non-neural repair tissue persist 
that contain diverse cellular and extracellular elements such as fluid-filled 
cysts, abundant inflammatory cells and a surrounding border of astrocyte 
scar.1–4 the large areas of persistent non-neural tissue are key impediments 
to endogenous axonal regrowth across CnS lesions. bridging neuronal con-
nections to re-establish functionally meaningful neural activity across such 
large and complex lesions is a major goal of, and a major challenge for, 
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therapeutic approaches to focal CnS injury. by contrast, chronic neurodegen-
erative CnS diseases such as glaucoma, retinopathies, parkinson’s, multiple 
sclerosis and amyotrophic lateral sclerosis (alS) display pathophysio logy 
characterized by the progressive loss of functionally distinct neuronal cell 
populations in anatomically defined sites within the CnS.5–7 for such dis-
eases, therapeutic options that recapitulate the vital cellular functions of lost 
cells remain largely elusive.

CnS tissue engineering, involving the transplantation of neural cells or 
neural-cell-derived tissue aided by supporting biomaterial matrices and/
or bioactive morphogens, represents a potential therapeutic approach for 
re-establishing neuronal circuitry and/or function, either by providing tro-
phic support and substrates for growth of host axons, and/or by providing 
a source of new neurons that may restore lost functionality.8,9 despite the 
promise of cell therapies for a variety of CnS diseases, this treatment par-
adigm faces considerable unresolved challenges including: (i) widespread 
death of grafted cells upon transplantation; (ii) uncontrolled migration and 
cell fate decision making in the surviving cell population; (iii) localized and 
extended tumor and ectopic colony formation; (iv) inadequate cellular inte-
gration with apposed endogenous tissue, and (v) immune rejection of the 
graft.9–14 Unsatisfactory control over one or many of these properties has 
impaired the extent of functional benefits provided by grafted cells. realizing  
the potential of cell transplantation in CnS disease is likely to benefit from 
innovative biomaterial engineering strategies that: (1) enhance the survival 
of cells injected into sub-acute or chronic tissue lesions; (2) control/guide 
progenitor differentiation and cell functionality in vivo; and (3) optimize 
interactions between host and grafted cells. in this review we focus on how 
biomaterials are being used to address CnS cell transplantation challenges 
and discuss how emerging innovation in the biomaterials field can be applied 
to develop “smarter” materials for this application.

19.2   A Brief History of CNS Cell Transplantation
the concept of transplanting viable CnS cells or tissue as a means of treating 
CnS injury or disease has its origins in the late 19th century when the first 
known report of a cortical tissue transplant in dogs and cats was published.15 
(for an excellent early historical overview of CnS transplantation the reader 
is directed to dunnett et al., 2009.16) although there was a smattering of 
individual reports throughout the subsequent decades that built on this 
early work, the widespread study of cell transplantation in the CnS did not 
gain significant traction or systematic investigation until the 1970s. in this 
decade a number of pioneering studies set the scene for the modern day field 
of CnS cell transplantation. Such studies included: (1) olson’s work on graft-
ing catecho lamine expressing cells from the adrenal medullar into the eye 
demonstrating survival and partial reinnervation of functioning cells;17 (2) the 
first transplantation of developing CnS tissue into another developing brain 
by das and altman;18 (3) the first use of “dispersed cell culture in the brain”  
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by bjorklund and colleagues who transplanted embryonic-brainstem-de-
rived neural cells that expressed several catecholamines such as dopamine 
and observed partial reinnervation of the denervated hippocampus;19 and 
(4) the first reports of partial functional restoration of a chronic CnS disease 
state using dopamine-expressing neurons implanted adjacent to a damaged 
caudate nucleus.20 the concept of cell graft “bridging” across traumatic CnS 
lesions emerged shortly thereafter when aguayo and others extended the 
work of Cajal and tello from the early 1900s21,22 by using peripheral nerve 
grafts to explore: (i) the reconnection of the completely transected mid-tho-
racic spinal cord,23,24 (ii) extraspinal linkage of the medulla oblongata and 
the upper thoracic spinal cord with a peripheral graft to bypass a spinal cord 
lesion,25 and (iii) the re-establishment of functional synapse connectivity 
between the retina and brain so as to restore light responses.26 these studies 
introduced the idea of using a growth supporting environment containing 
exogenous cellular and extracellular constituents to encourage regrowth of 
damaged neural fibers. however, unsatisfactory integration of peripheral 
nerve grafts limited outcomes in these studies and as a result, immature CnS 
tissue grafts were subsequently explored. in addition to providing bridging 
support for host axon regrowth, these CnS fetal tissue grafts demonstrated 
the potential to be a source of new viable CnS neurons to replace those lost 
by injury and recapitulate local neuronal circuitry as well as deliver specific 
local trophic support.27–30 the cell transplantation field has subsequently 
focused on transplanting more purified populations of neural cells in order 
to augment specific effects that were seen within these pioneering grafted 
tissue studies.31

19.3   Objectives and Challenges for Modern CNS Cell 
Transplantation

there are many diverse cell candidates that have been investigated to date 
as possible treatments for a multitude of CnS disease and injury states. Cell 
candidates that have been explored across a number of independent studies  
in the CnS include: olfactory ensheathing glial cells,32 Schwann cells,33 
bone marrow stromal cells,34–36 human umbilical cord blood (hUCb) stem 
cells37 and a variety of neural stem progenitor cells38,39 (nSpCs) derived from 
primary, embryonic or genetically induced sources. nSpCs are currently 
regarded as preferred candidates for cell grafting because their fate is suffi-
ciently restricted that tumor formation is improbable, but they still possess 
the adequate immaturity to survive injection into CnS lesions. furthermore, 
nSpCs, unlike the other cell types explored, have the capacity to recapitulate 
neural tissue as well as support host cell survival and axon growth through 
production of contact-mediated and diffusible bioactive cues. a number 
of different neural progenitor cell candidates have been applied to CnS 
lesions including embryonic stem (eS)-cell-derived progenitors,40,41 fetal 
and adult neural stem cells9,42,43 and induced pluripotent stem (ipS) cells.44  
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Various transplanted progenitors show a capacity to differentiate into glial 
or neuronal phenotypes. Some grafted cells favorably impact on host neuro-
nal survival, axon regeneration, re-myelination and lesion re-vascularization, 
which in several cases has been correlated with some behaviorally observable 
motor and sensory recovery.

a number of different strategies for CnS cell transplantation have been 
employed to date with the approach largely depending on the specific CnS 
disease or injury type under investigation (figure 19.1). for chronic neuro-
degenerative diseases, nSpCs have been used to derive specific neuronal 
subtypes that demonstrate cellular functions that can be used to replace 
the equivalent host cells that have been lost or damaged due to the disease 
pathology. for example, eS-derived nSpCs with midbrain characteristics 
were differentiated into dopamine expressing neurons, which have demon-
strated a capacity to promote functional recovery in a parkinson’s disease 
model.45,46 Similarly, in a model of retinal degeneration, transplantation 

Figure 19.1    there are at least two categories of CnS injury/disease that may be 
amenable to CnS cell transplantation therapies: (a) chronic neurode-
generative diseases, which are characterized by the progressive loss 
of functional neural cell populations, and (b) focal traumatic inju-
ries, which result in large lesions of non-neural repair tissue and a 
surrounding border of astrocyte scar. the two main strategies for 
CnS cell transplantation are to: (c) provide a cell source to replace 
the equivalent host cells that have been lost or damaged in chronic 
neurodegenerative diseases, and (d) provide a cell source that offers 
trophic support and substrates for growth of host axons as well as a 
population of new neurons that may restore lost functionality follow-
ing traumatic injury.
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of post-mitotic rod photoreceptor precursors integrated well into the host 
and improved visual function.47 While results using the cell replacement 
approach have been promising to date, it is important to note that success 
with such strategies has been mostly limited to cases where sufficiently 
restricted progenitors that are destined for the desired cell fates are used 
for transplantation. by contrast, the more immature and multipotent nSpCs 
often fail to satisfactorily differentiate into the desired cell candidates when 
transplanted into the host disease site. the ability to generate and preserve 
the viability of sufficient numbers of these more restricted progenitors rep-
resents a considerable manufacturing challenge. Smart biomaterials may 
assist in overcoming these challenges by allowing for directed differentiation 
of the more immature nSpCs into the specific cell type in vivo.

an alternative strategy for cell transplantation, apart from direct cell 
replacement, is to use grafted cells to induce or impart some effect on the 
host either by: (i) acting as local reservoirs for the production and delivery 
of bioactive molecules, (ii) supporting cell growth through cell–cell con-
tacts or (iii) by acting as major players in newly formed relay circuits that 
may re-establish viable neural connections. early studies, as described 
above, demonstrate the capacity for cell grafts of various types to be used 
to deliver dopamine and neurotrophic support. this concept was subse-
quently expanded upon by employing genetically modified cells to over- 
produce and deliver neurotrophic factors at local sites of injury or disease in 
order to: (i) provide neuroprotection from stressors, (ii) to keep host neurons 
from degenerating,48 or (iii) to attract regrowing axons.49–52 the concept of 
being able to direct the transplanted cell secretome either through genetic 
manipulations or through specific physiochemical biomaterial properties is 
a concept that is starting to gain traction within the CnS cell transplantation 
field.53,54 finally, endogenous propriospinal neurons can form new relay con-
nections that mediate hindlimb locomotor recovery in the absence of long 
descending supraspinal connections.55,56 recently, it has been shown that 
fetal-spinal-cord-derived nSpC can give rise to neurons when grafted into 
SCi lesions,9,57 raising the possibility that if their differentiation and integra-
tion can be regulated, nSpC-derived neurons may be able to form functional 
relay circuits.

despite extensive investigations of many different cell types and strategies 
for CnS cell transplantation, there remain several unresolved challenges 
that continue to limit efficacy and represent barriers for potential clinical 
translation (figure 19.2). the first main challenge involves keeping the cell 
grafts viable both during injection procedures (as a result of shear stresses 
imparted on the cells during injection through narrow diameter needles and 
glass pipettes) as well as upon exposure to the harsh CnS injury/disease envi-
ronment (figure 19.2(a) and (b)). it has been shown that injured CnS tissue 
significantly decreases transplanted cell survival58,59 and as few as 10–15% 
of transplanted cells remain viable after a few days post injection into the 
CnS.13 given that CnS lesions represent inhospitable environments with 
poor tissue integrity, a second challenge affecting CnS cell transplantation 
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is the uncontrolled migration of transplanted cells away from inhospitable 
damaged CnS10,59 (figure 19.2(c)). associated with this is the formation of 
ectopic colonies elsewhere in the CnS as a result of uncontrolled migration 
along open tissue planes such as within the central canal in the spinal cord, 
along the ventricles within the brain, or through the periependymal and 
periventricular tissue niches that provide hospitable environments for adult 
neural progenitor cells throughout life. developing strategies that ensure 
cells stay localized to the lesion transplant site is imperative for CnS cell 
transplantation success. as mentioned above, controlling the differentiation 
in vivo of nSpCs represents another currently unaddressed challenge (fig-
ure 19.2(d)). more mature/restricted neurons and glia do not survive trans-
plantation, yet neural progenitors with greater viability after implantation 
can turn into a variety of cell types without appropriate direction and can 
pose a tumorigenic risk if too immature.60–63 poor integration of grafted cells 
with host tissue can also significantly influence grafting outcomes and can 
lead to physical rifts within the graft and at the host tissue interface (such 
as that seen in SCi transection studies), which disrupts the integrity of the 
transplant64,65 (figure 19.2(e)). Unsatisfactory integration has been a major 
issue for retinal engraftment of stem cells.66 finally, transplanted cell 
immunological rejection is a major challenge facing the field with the effect 

Figure 19.2    there are several unresolved challenges impacting CnS cell trans-
plantation outcomes. these challenges include: (a), (b) widespread 
transplant cell death due to injection shear stresses and injury envi-
ronment stressors; (c) migration of transplanted cells away from the 
inhospitable lesion core (lC); (d) inadequate control over the differen-
tiation of transplanted progenitor cells; (e) unsatisfactory integration 
of grafted cells with host tissue due to inflammation and/or fibrosis 
that is induced upon cell transplantation; and (f) immunological 
rejection of cell transplants, which can lead to the death of the graft 
and neighboring host cells by elements of the innate immune system.
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of mismatched stem cell histocompatibility antigens on graft immunogenic-
ity as well as clonal variations in induced autologous stem cells often being 
underappreciated67 (figure 19.2(f)). evidently, there are still considerable 
barriers that need to be overcome in order to realize the full potential of CnS 
cell transplantation. irrespective of the specific source or protocol used to 
derive cells, realizing the potential of cell transplantation in CnS disease and 
injury is likely to benefit from innovative bioengineering strategies that: (1) 
enhance the survival of cells injected into sub-acute or chronic tissue lesions; 
(2) control/guide progenitor differentiation in vivo; and (3) optimize interac-
tions between host and grafted cells.

19.4   The Development of Biomaterials for CNS Cell 
Transplantation

the application of biomaterials as carriers for the transplantation of cells 
into the diseased and injured CnS has an extensive history with a variety 
of different formulations being explored (figure 19.3). the concept of using 

Figure 19.3    a number of different biomaterial-based approaches have been used 
to improve cell transplant outcomes in CnS applications: (a) semiper-
meable synthetic membrane capsules can be used to protect cells from 
immune rejection following transplantation; (b) bulk 3d scaffolds 
provide seeded cells with a solid support to adhere and grow while 
the porous structure facilitates nutrient and waste exchange; and (c) 
injectable hydrogels can be used to suspend cells for grafting and can 
be applied to host tissue using minimally invasive procedures.
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biomaterials for molecular delivery in the CnS dates back to the late 19th 
and early 20th centuries and the pioneering experiments of Cajal, tello 
and others.21,22 these authors had observed that injured CnS axons that 
were unable to grow across CnS lesions, were, however, able to regrow into 
grafts of peripheral nerves. Subsequent experiments to investigate poten-
tial mechanisms showed that axons did not regrow into peripheral nerves 
that had been killed (with chloroform), suggesting that axon growth might 
be induced and attracted by chemical factors produced by live cells in the 
peripheral nerves. to test this possibility, the authors prepared high concen-
tration extracts from peripheral nerves and soaked these into elder pith (pith 
from the elder tree), a well-known and widely available porous material. the 
elder pith was then implanted in injured CnS, and pith previously soaked in 
peripheral nerve extract attracted CnS axons, whereas pith soaked in control 
liquid did not (see pages 79–80, 188–127 and 742–750 of ref. 22). these exper-
iments represent imaginative and powerful early experimental applications 
of biomaterials for molecular delivery in the CnS. the resulting observations 
enabled Cajal to extend his theory of “chemotactism” or chemical attraction 
of nerve growth by “neurotropic substances” (a term that he first coined) 
from occurring only in the developmental stage to also occurring after injury 
of axons (see pages 388–392 and 742–750 of ref. 22). more recent studies have 
confirmed these early experiments and have shown that live peripheral nerve 
grafts contain Schwann cells that produce a variety of different neurotrophic 
substances that attract the ingrowth of CnS axons.68–70

more recently, in an effort to address the major CnS cell transplantation 
challenges, cell biologists have searched for excipients or carrier systems 
that can be used to enhance cell integration, localization and viability in vivo. 
as a first approach, researchers applied immunosuppressive drugs such as 
Cyclosporin a systemically as an adjunct therapy to improve survival of cross-
species-grafted cells in the CnS.71 however, despite improved outcomes, the 
still unsatisfactory cell survival achieved prompted the search for alterna-
tive strategies. in a series of papers by aebischer and colleagues, the first 
use of a modern biomaterial vehicle was described and involved using semi-
permeable synthetic membrane capsules to protect xenogeneic cells upon 
transplantation as part of a dopamine replacement therapy in models of par-
kinson’s disease72–75 (figure 19.3(a)). Specifically, non-resorbable polyvinyl 
chloride acrylic copolymer xm-50 tubes were used as an isolating capsule 
to implant embryonic mouse mesencephalon72 or an immortalized cell line 
derived from an adrenal medulla pheochromocytoma (pC12)73–75 into the 
rat parietal cortex. in these pioneering studies, the researchers attempted to 
provide a xenograft source of dopamine-expressing cells that could be lever-
aged to provide localized delivery of this important neurotransmitter, which 
is depleted in parkinson’s disease as a result of the death of dopaminergic 
neurons in the substantia nigra. they rationalized that encapsulation of cells 
within a material possessing a semipermeable membrane (50 kda cut-off) 
would allow for free transport of nutrients from the local environment to 
xenogeneic cells as well as diffusion of neurotransmitters to local host targets 
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but would ultimately exclude elements of the local immune attack system 
(e.g. complement complex, leukocytes etc.). in all these studies, preserved 
transplanted cells were identified within the tubes upon retrieval at chronic 
implantation time points. interestingly, the same authors noted that the 
extent of fibrosis (or extent of local collagen deposition) seen at the capsule– 
brain tissue interface was significantly reduced compared to that seen when 
the same system was implanted into other places in the body such as in 
the subcutaneous space, peritoneal cavity or near visceral organs.76 Subse-
quent studies in non-human primates identified that the polymer capsules 
promoted survival of cells for up to five months and this corresponded with 
behaviorally detectable improvements in a model of parkinson’s disease.77 
application of similar cell encapsulation technology has progressed to clini-
cal trials for other CnS relevant diseases such as alS, macular degeneration 
and chronic retinal degeneration with engineered immortalized cells being 
used in these instances as a means of delivering the neurotrophin, Cntf.78,79 
the cell isolation and encapsulation strategy provides for a potentially effec-
tive means of prolonging the availability of secreted soluble biologically 
active factors to the local CnS environment. however, the inability to control: 
(i) cell viability and proliferation within the capsule; and (ii) the distribution 
and concentration of secreted factors will likely limit the widespread adop-
tion of this technique in CnS applications.

the use of non-resorbable synthetic membranes such as those described 
above to isolate cell therapies prevents any transplanted cell integration or 
synaptic reconnection with the host. in many of the CnS diseases amenable 
to possible cell transplantation therapy, satisfactory host integration is fun-
damental to ensuring long-term viability of the graft as well as for promoting 
the repopulation of viable new neural tissue at the local diseased or injured 
site. an alternative strategy that emerged shortly after the cell encapsula-
tion approach involved the use of porous scaffolds/membranes or hydrogel 
vehicles that could act to guide the regrowth of endogenous tissue as well 
as support transplanted cell integration with the host. Silver and colleagues 
in a series of papers explored the use of nitrocellulose membranes, alone or 
in combination with grafted immature astrocytes, to guide the axon growth 
of the corpus callosum upon implantation within acallosal mice.80–83 in the 
first of these studies, they showed that postnatal formation of the disrupted 
corpus callosum was amenable to manipulation or guidance via the implan-
tation of the nitrocellulose bridge (at t = p4), which subsequently became 
coated with host-derived immature glial cells on the surface, creating a 
favorable substrate/scaffold for aligned fiber growth.80 following these excit-
ing observations, the same group explored the potential of grafting similar 
exogenously sourced immature astrocytes onto the nitrocellulose scaffold, 
demonstrating a capacity to promote similar axon growth in older, adult 
acallosal mice81,82 but that this capacity was lost when mature astrocytes 
were grafted.83 Similar axon regrowth guidance results using the immature 
astrocyte-grafted nitrocellulose implants were observed for dorsal root fibers 
in the spinal cord.84 others subsequently explored similar strategies using 
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laminin- or polylysine-coated nitrocellulose membranes to graft dissociated 
cells derived from the forebrains or spinal cords of p1 rat pups into the spinal 
cords of neonate rats and the capacity to guide the growing CSt along the 
substrate was characterized.85 these grafted cells were predominately gfap 
positive cells, characteristic of immature astrocytes similar to those used in 
the Silver studies. it was observed that the cell- and laminin-coated implants 
supported the adhesion and growth of CSt axons while the polylysine-coated 
and uncoated control did not. Similar results were subsequently seen for the 
regrowth of sensory axons into the dorsal root entry zone when fetal spinal 
cord cells were grafted on nitrocellulose aided by bound ngf.86 these early 
studies are important reading for anyone developing smart biomaterials for 
CnS cell transplantation applications.

While exciting results were obtained using these relatively inert nitrocellu-
lose membranes, the desire to establish three-dimensional grafts, the need 
to facilitate direct host–graft adhesion/contact as well as the ability to per-
form transplantation via a minimally invasively injection led to the investiga-
tion of hydrogel-based systems for use in CnS cell grafting. the foundation 
work for the hydrogel CnS cell transplantation field was performed by Woerly 
and colleagues.87–91 in this work, a thermally induced physically crosslinked 
collagen gel was used to introduce fetal grafts into induced cortex injuries. 
at chronic time points post implantation, a modest number of grafted cells 
was observed to have survived using this hydrogel system. an interesting 
observation in these studies was that only after two months of implantation, 
and once the collagen network had been consumed and replaced by a glial 
cell containing matrix, did any observable host axon regrowth occur.88,91 Just 
like in the nitrocellulose membrane experiments, it would seem that axon 
contact with supporting astrocytes is necessary for facilitating regrowth.88 
furthermore, the authors suggest that some extent of glial reorganization at 
the hydrogel scar interface results in a more permeable matrix, allowing pen-
etration of the regrowing axons into the newly produced glial matrix. in a fol-
low-up study, the same group used a hydrogel composed of co-precipitated 
chondroitin-6-sulfate (C-6-S) and collagen to form a heterogeneous strength-
ened network. the C-6-S incorporation increased the residence time of the 
hydrogel matrix in vivo within the CnS lesion and again it was the glial-con-
taining secondary matrix formed upon resorption of the implanted material 
that facilitated the axonal regrowth.90 there was no observed inhibition of 
axon growth associated with the C-6-S-containing hydrogel. these findings 
are not only consistent with, but anticipate, transgenic loss-of-function stud-
ies showing that newly proliferated scar-forming astrocytes aid, rather than 
inhibit, the regeneration of damaged axons.92

Since the first uses of materials for grafting cells in the CnS, a greater diver-
sity of materials has been explored using a variety of naturally and syntheti-
cally derived polymers that provide unique properties. these systems can be 
broadly classified into two main groups: (1) bulk three-dimensional porous 
scaffolds whereby cells are seeded onto and/or within the structure and then 
implanted (figure 19.3(b)); or (ii) as hydrogels whereby cells are suspended 
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within the hydrated network of the material and then injected (figure 
19.3(c)). porous scaffolds made of a poly(lactic-co-glycolic acid) (plga) or 
block copolymer of plga-polylysine formed through solvent casting/particu-
late leaching processes have been used to graft various cell candidates in spi-
nal cord injury models in rats93–95 and primates.96 the use of these resorbable 
materials results in the formation of remodeled tissue within the implant 
site that forms as host cells migrate into the scaffold structure and the mate-
rial degrades by hydrolysis through a combination of surface and bulk ero-
sion processes. this newly synthesized tissue, which appears to be formed 
by predominantly glial and fibroblast-like cells as part of a general foreign 
body response to the implant appears to be a permissible environment for 
the regrowth of CnS axons. Similar porous materials made of the synthetic 
low hydration polymer poly(2-hydroxyethyl methacrylate) (phema) that 
were coated with collagen, have been used to graft Schwann cells into the 
optic nerve.97 in this study by plant and harvey, gfap-positive astrocytes 
were the dominant infiltrating cell, with these cells appearing to support the 
regrowth of axon fibers. the authors observed that the seeded Schwann cells 
acted to recruit larger numbers of gfap-positive astrocytes into the pores 
of the implant resulting in increased axon regeneration compared to the 
cell-free implants.97 in a follow-up study employing an rgd-peptide-coated 
porous bulk implant made of a similar polymer to that of phema, poly N-(2- 
hydroxypropyl)-methacrylamide (hpma), Woerly and harvey seeded onto 
the material genetically engineered fibroblasts that produce high concen-
trations of neurotrophic factors bdnf and Cntf.98 this resulted in a con-
struct that when implanted into the optic nerve demonstrated enhanced 
fiber growth in a neurotrophin-production-dependent manner. another bulk 
scaffold with aligned pores made of the natural polymer alginate was used to 
graft adult primary neural progenitor cells into a dorsal hemisection spinal 
cord injury.99 in this study, the scaffold supported the non-directed differ-
entiation of the grafted cells that included subpopulations with immature 
astrocyte-like morphology that seemed to support axon growth. a common 
and important observation in all these studies, and which was consistently 
noted in the original nitrocellulose membrane work discussed above, is that 
regrowing axon fibers seem to prefer growing upon cellular-based bridges 
usually provided by astrocytes or fibroblasts rather than along the material 
itself regardless of whether the material contains specific bioactive mole-
cules (e.g. laminin, fibronectin or rgd/iKVaV peptides) on its contact sur-
face. however, it is apparent that these different bioactive molecules likely 
influence the type and phenotype of the cell that is able to interact with the 
surface of the material, which may greatly influence the performance of 
these cellular bridges. regardless, these observations suggest that focusing 
on modulating the grafted or host cell type that predominately adheres/inter-
acts with the surface of these biomaterial scaffolds will likely be the key reg-
ulator of axon growth outcomes. While the results from the growing body of 
bulk scaffold literature studies provides important information, a significant 
limitation of the bulk scaffold structures is the need to implant the material 
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into a “free space” or cavity within the CnS. in many of the preclinical rodent 
studies that are used to study these materials in models of CnS injury such 
as in the spinal cord for example, a hemisection lesion is used, which has 
the benefit of creating both the injury and the scaffold implantation cavity in 
the same procedure in a very anatomically controlled way. Since most clini-
cal CnS lesions are non-penetrating irregularly shaped injuries, the physical 
implantation of these bulk structures requires additional injury to the CnS 
tissue to be made via a myelotomy or similar procedure in order to be able 
to implant the scaffold.100 the desire for minimally invasive implantation of 
biomaterial–cell constructs has led to an increased interest in injectable bio-
materials as an alternative to bulk scaffolds.

Since the collagen hydrogel work of Woerly in the early 1990s as described 
above, a number of other naturally-derived and synthetic-based polymers 
have also been explored for CnS cell grafting. the dominant materials by far 
in these studies have been fibrin-based constructs, which are fibrous matri-
ces established through the thrombin-induced polymerization of fibrin-
ogen. Using this system, tuszynski and colleagues have produced several 
reports exploring the grafting of various neural progenitor cell candidates 
(derived from eS, ipS and e14 spinal cord origin) in models of transection 
SCi.9,101,102 in these studies, the fibrin matrix is loaded with a cocktail of 
several growth factors that ensures local survival of the grafted cells within 
transection injuries. these progenitors differentiate into a mixed population 
of neural cells that support host axon growth of the corticospinal tract and 
other axon fibers again through an apparent cell contact mediated mecha-
nism.102 identification of ectopic colonies of grafted cells within the brain 
and brainstem using this biomaterial system in follow-up studies suggests 
that the material and cocktail of growth factors may not be sufficient for 
ensuring localization of the graft at the injury site in all cases.10,64 Sakiya-
ma-elbert and colleagues have used similar fibrin-based biomaterials to 
graft eS-cell-derived neural progenitors.103–106 aided by co-suspended hep-
arin binding peptides and growth factors (nt-3 and pdgf), the nSpCs have 
showed increased cell survival and neuronal differentiation in vivo in a dorsal 
hemisection spinal cord injury model.105,106 Using injectable hydrogels com-
posed of the predominant eCm biomacromolecule, hyaluronan, Shoichet’s 
group have produced shear thinning hyaluronan-methylcellulose blended 
(hamC) hydrogels107 and demonstrated enhanced survival and integration 
of retinal stem cell (rSC)-derived rods upon transplantation into the eye108,109 
leading to improved visual function in a model of retinal injury. this bioma-
terial system has also been employed for nSpC grafting into stroke injuries, 
resulting in enhanced graft cell survival108 as well as in SCi where the same 
group used conjugated pdgf to induce a modest increase in oligodendro-
cyte differentiation.110 hyaluronan interacts specifically with Cd44 receptors  
present on nSpCs, which may influence intracellular survival pathways.108 
the Cd44 receptor is also highly expressed on endothelial cells allowing hyal-
uronan to stimulate proliferation of these cells by the host and consequently 
enhance local angiogenesis at the graft site, which has been attributed to 
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an improved overall performance of hyaluronan biomaterials in cell trans-
plant studies.111 others have utilized covalently crosslinked hydrogels that 
contain hyaluronan as carriers for nSpCs derived from eS origin in order to 
graft these cells into brain lesions in a stroke model.112 the use of this par-
ticular biomaterial carrier, which also included collagen and heparin com-
ponents within the network, promoted increased cell survival as well as a 
reduction in macrophages and microglia infiltrating into the graft. however, 
in a follow-up study by the same group using ipS-derived nSpCs suspended 
in a similar hyaluronan-containing material (with additional rgd and mmp 
degradable peptide fragments), the presence of hyaluronan did not confer a 
survival advantage to grafted cells at the examined one week time point but 
did enhance differentiation towards a neuronal phenotype.113 other inject-
able hydrogel materials derived from alternative natural materials such as 
salmon fibrin114 or decellularized CnS extracellular matrix115,116 may provide 
other uniquely favorable bioactive properties than those offered by the cur-
rently studied selection of materials and may warrant further exploration as 
in vivo cell carriers in the future.

despite their promise, some major limitations associated with natu-
rally-derived materials include an inability to meaningfully tune the phys-
iochemical properties of the matrix as well as inherent immunogenic risks 
associated with pyrogens and other potential contaminants that cannot be 
readily removed from these biologically sourced materials. although there is 
considerable in vitro literature describing the use of synthetic polymers such 
as peg, pVa, peg-plga, and poloxamers for neural tissue engineering appli-
cations there are seldom in vivo reports employing such materials in the CnS.

to enhance the performance of nSpC grafted into the CnS, a small con-
tingent including ourselves are developing synthetic biomaterial vehicles 
that can provide favorable and versatile microenvironments in vivo and also 
possess the capacity to deliver vital molecular cues in a controlled spatial 
and temporal manner. for our studies the synthetic biomaterial vehicles 
used are based on diblock copolypeptide hydrogels (dCh), which we have 
shown to be versatile carriers that are compatible with the CnS in vivo.117 
dCh are fabricated using synthetic copolymer amphiphiles derived from the 
controlled living polymerization of cyclized N-carboxyanhydride amino acid 
derivatives, and can be synthesized with highly tunable mechanical, chemi-
cal and biological properties.118 dCh can be modified to demonstrate ther-
moreversible gelation and/or shear thinning behavior allowing for facile and 
minimally invasive delivery of cargo molecules such as polypeptide neuro-
trophic factors and small molecule hydrophobic drugs to the CnS.117,119,120 
recent studies from our lab also indicate that transplantation of mouse- 
fetal-brain-derived primary neural stem cells (pnSC) after SCi in dCh vehi-
cles without cargo molecules improves pnSC viability, localization and 
integration compared to pnSC in culture media alone.121,122 the dCh plat-
form offers unprecedented versatility and control over the delivery of cells 
and molecules compared to many of the other hydrogel materials currently 
studied in CnS applications.123 others have applied related synthetic small 
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peptide-based amphiphiles also capable of self-assembling into hydrogels to 
deliver cells in a model of stroke.124 by attaching the iKVaV peptide sequence 
derived from the cell binding motif of laminin the authors showed enhanced 
neuronal differentiation in vivo whereas in the absence of this bioactive pep-
tide sequence, the hydrogels demonstrated increased astrocyte differentia-
tion. developing new synthetic biomaterials that provide tunable chemical, 
mechanical, biological and stimuli-responsive properties that allow for the 
systematic evaluation of important cell transplantation parameters should 
be the focus of future work in the neural biomaterials space.

19.5   Emerging Smart Biomaterials for CNS-Based 
Cell Delivery Applications

in the final section of this chapter we provide emerging concepts from smart 
biomaterials research using synthetic biomaterials that may be of poten-
tial benefit for improving CnS cell transplantation outcomes. there are a 
number of promising smart material approaches and concepts developed in 
recent times that may be applied to address the challenges posed by CnS cell 
therapy transplantation (figure 19.4). Within this section we detail concepts 
that may have not yet been studied in CnS applications but that are prime for 
future exploration in this space.

19.5.1   Protecting Cells during CNS Cell Transplantation
arguably the greatest challenge for CnS cell transplantation is the abil-
ity to ensure adequate cell viability both during CnS transplantation and 
during initial exposure to a hostile CnS lesion. Smart biomaterials are being 
developed to address both of these stressors of cell survival. Smart bioma-
terials that demonstrate the capacity to self-heal upon shearing or possess 
thermoresponsive mechanical properties may be used to aid injection and 
improve survival of cells injected through narrow gauge needles or glass 
pipettes (figure 19.4(a)). our group has demonstrated that non-ionic dCh 
formulations, which contain γ-[2-(2-methoxyethoxy)ethyl]-l-glutamate (ep2) 
functional groups within the hydrophobic segments, provide for thermo-
responsive materials which undergo a sol to gel transition near physiologi-
cal temperatures as a result of a lCSt of the ep2-containing segments that 
desolvate from water leading to aggregation of the α-helical hydrophobic 
domains. this thermoresponsive dCh provides a liquid at room tempera-
ture with tunable viscosity that allows for facile surgical injection of the 
cell material construct into the CnS but is still sufficiently viscous to pre-
vent cell sedimentation and clumping within the pipette.121,122 this system 
demonstrated improved cell viability upon gelation and recovery immedi-
ately following injection through the pipette as well as after three weeks’ 
post transplantation in vivo. Using other polypeptide-based materials that 
also leverage non-covalent chemical interactions to facilitate gelation,  
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the heilshorn lab has developed smart biomaterial systems for improved cell 
survival during injection. their mixing-induced two-component hydrogels 
(mitCh), which make use of engineered proteins that contain conserved 
tryptophan and proline-rich peptide domains on individual chains that asso-
ciate together upon mixing, demonstrated shear thinning and self-healing 
properties as well as being supportive of cell encapsulation.125 to improve 
the in vivo longevity and strength of these hydrogels the same group next 
developed multifunctional star-shaped proline peptide-polyethylene glycol 
(peg)-poly(N-isopropylacrylamide) (pnipam) copolymers, which when com-
bined with the linear tryptophan-rich-domain-containing polymers resulted 
in materials with a reinforced network at physiological temperatures owing 

Figure 19.4    there are a number of promising smart material approaches that can 
be used to improve CnS cell transplant outcomes: (a) thermorespon-
sive, shear thinning and/or self-healing injectable materials can be 
used to mitigate cell death during injection by minimizing the shear 
stress at the pipette–hydrogel boundary; (b) using materials to estab-
lish chemotactic gradients or the application of magnetic nanoparti-
cles and fields to encourage the transplanted cells to localize to the 
CnS lesion; (c) smart materials that provide specific differentiation- 
directing cues, such as bioactive morphogens or physical stimuli, can 
be used to ensure the establishment of a heterogeneous tissue graft 
from transplanted neural progenitor cells; (d) smart materials that 
minimize the foreign body response can improve graft–host integra-
tion outcomes; (e) electrical conducting materials and neurotransmitter- 
based materials may be used to stimulate grafted cells in order to form 
specific network connections with the host.
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to the thermally-induced phase transition and aggregation of the pnipam 
segment.126 Using human adipose-derived stem cells as a model cell system 
this strengthened hydrogel provided for enhanced survival following injec-
tion through a 28 gauge needle as well as improved local retention of cells 
for up to 14 days within a subcutaneous site compared to that achieved with 
the media carrier alone. interestingly, this group has also demonstrated that 
for these and other hydrogel materials, a storage modulus of less than 50 
pa provides the most protective physical environment for suspended cells 
during the injection procedure.127 it is theorized that these low strength 
easily injectable hydrogels may protect cells by a phenomenon known as 
shear banding in which the hydrogel creates a central wide plug flow region 
that consequently reduces cell membrane shearing and disruption during 
injection.127,128 however, it is likely that high dynamic viscosity of the car-
riers at high strain also contributes to enhanced cell viability by mitigating 
cell sedimentation and clumping. further development of facile synthetic 
materials that can provide for highly tunable dynamic viscosity and flow 
properties in order to rigorously study and optimize cell viability outcomes 
during injection will be important future work. an alternative approach to 
furthering cell viability gains during injection, in addition to the develop-
ment of new material carriers, may be to modify the surface properties of 
the injection tools themselves with smart functionalities. for example, by 
leveraging standardized silanization chemistry129 or oxidized polydopamine 
derivatives,130 it would be possible to functionalize the surface of the glass 
pipettes with a variety of different non-fouling or protective functional moi-
eties that may act to favorably modify the boundary layer flow profile of the 
viscous hydrogel carrier to enhance the plug flow profile achieved during 
injection. however, to date, this has been an under-researched area and it is 
unclear how significant such modifications will be on improving cell viabil-
ity outcomes.

once the cell–biomaterial construct is transplanted into the site of CnS 
injury it is barraged by a multitude of stressors including (but not limited to): 
damage-associated molecular pattern molecules (damps), highly reactive 
lipid peroxidation products and constituents of the innate immune system 
which create a hostile injury CnS microenvironment.131 Smart biomaterial 
systems could be used to mitigate the effects of these injury induced stress-
ors by either: (i) delivering stressor antagonizing drugs locally, (ii) scavenging 
reactive injury stressors through some sacrificial functional groups on the 
biomaterial itself, or (iii) by providing a physical protection barrier between 
the stressors and the cells. langer and colleagues used a biomaterial local 
drug delivery system in combination with a porous scaffold to protect neu-
ral stem cells grafts from peroxynitrite-induced death upon transplantation 
into SCi.132 others are developing smart biomaterials and polymers which 
possess chemical functionality that can mitigate cell death upon exposure to 
various stressors as can occur during cryopreservation.133,134 Similar bioma-
terial approaches could be applied to transiently protect transplanted cells 
during the initial in vivo incubation periods.
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19.5.2   Localizing Transplanted Cells to CNS Injuries and 
Preventing Migration

localization of transplanted cells to CnS lesions can be challenging given 
that these injury regions are often not very supportive microenvironments 
because they are devoid of adequate vascularization and supportive glial 
cells. as such, migration of grafted cells away from injured tissue is frequently 
observed. to ensure localization of transplanted cells a number of different 
smart biomaterial approaches may be used (figure 19.4(b)). recently, mag-
netic cell localization techniques have been explored by a number of groups 
as an approach to localize or “home” neural stem cell therapies to sites of 
CnS injury in models of stroke and spinal cord injury.135–137 by first labeling 
cells with magnetite-containing poly(lactic acid) (pla)-coated nanoparticles, 
superparamagnetic iron oxide nanoparticles or ferumoxide and then subse-
quently applying magnetic fields locally, these groups were able to improve 
the numbers of cells that homed to sites of CnS injury when injected intra-
venously or transplanted within the intrathecal space. Similar approaches 
could be applied periodically to locally injected cells in order to prevent 
excessive cell migration away from lesions. Smart biomaterial systems have 
also been used to establish chemotactic gradients of bioactive molecules 
that act to recruit endogenous neural stem cells to sites of injury.138,139 With 
the identification of appropriate bioactive molecules, such approaches could 
also be easily adapted to maintain grafted cells locally within the lesion site 
over a chronic time course.

19.5.3   Regulating Grafted Cell Differentiation In vivo
in order to facilitate the re-establishment of functional neural tissue at sites 
of CnS injury or disease, repopulation of the CnS lesions with an appropri-
ately proportioned distribution of neuronal and glial cells will be necessary. 
as has been demonstrated within endogenous tissue, graft-derived neurons 
will not survive on their own without appropriate glial support. the most 
viable approach to achieve a heterogeneous cell graft is to transplant mul-
tipotent progenitors and guide differentiation in vivo in an appropriately 
controlled manner. Using smart biomaterials to present multiple diverse dif-
ferentiation directing cues to grafted cells in a specific spatiotemporal man-
ner will be critical to realizing the recapitulation of functionally viable neural 
tissue (figure 19.4(c)). these cues can include: (i) the delivery of hydrophilic 
growth factors and small molecules that modulate transcription factors or 
other intracellular processes, (ii) the selection of the compliance/mechanical 
properties of the biomaterial substrate that the cells are seeded upon/within, 
or (iii) by presenting specific extracellular moieties or cell adhesion mole-
cules to grafted cells that interact with specific transmembrane receptors. 
While there is considerable literature on the use of biomaterials to direct dif-
ferentiation of neural progenitors in vitro using all three of these approaches, 
there are few reports of corresponding studies in vivo. however, some studies 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

05
29

View Online

http://dx.doi.org/10.1039/9781788010542-00529


Chapter 19546

have emerged that warrant a mention here. Using biotin-streptavidin immo-
bilization of specific growth factors known to regulate nSpC differentiation 
to chitosan conduits, leipzig and colleagues studied directed differentiation 
outcomes upon implantation of the cell loaded conduits into the subcutane-
ous space of rats over a four-week period.140 Using immobilized interferon-γ 
(ifn-γ), platelet derived growth factor-aa (pdgf-aa), or bone morphogenic 
protein-2 (bmp-2) as a bioactive cue to induce neuronal, oligodendrocyte 
and astrocyte differentiation respectively, some qualitative enhancement of 
desired cell populations was observed. however, a systematic evaluation to 
determine the relative proportional increase of one cell type over another 
was not performed in this study and it is uncertain whether comparable 
results would be obtained upon transplantation within a CnS injury envi-
ronment. directed differentiation of nSpC can be controlled through careful 
selection of the mechanical properties of the biomaterial used to suspend/
seed the cells for transplantation.141,142 in many in vitro studies, softer mate-
rials have been consistently shown to result in predominant neuronal phe-
notypes while slightly stiffer materials confer an astrocyte fate. the effects 
of biomaterial mechanical properties on in vivo directed differentiation are 
primed for further study and open up many unique possibilities for new 
smart biomaterials that may be capable of undergoing temporally or exter-
nal stimuli guided mechanical property changes in vivo in order to influence 
differentiation outcomes at various points in time post transplantation.143 
Such a dynamic approach would seem analogous to how the endogenous 
neural stem cell niche alters the structural and mechanical properties of the 
extracellular environment in order to guide differentiation changes.144 the 
chemical functionality of the biomaterial matrix can also be used as a way 
of directing differentiation outcomes of neural progenitors with a variety of 
different synthetic chemistries having recently demonstrated some interest-
ing differentiation outcomes in vitro.145–147 however, much like the effect of 
biomaterial mechanical properties, no systematic evaluation of directed dif-
ferentiation outcomes in vivo has been reported as yet and will certainly be 
required as part of future exploration to validate the legitimacy of such an 
approach for guiding CnS transplantation outcomes.

19.5.4   Promoting Optimal Cell Graft–Host Integration 
through Modulation of the Biomaterial Host Interface

While it is generally recognized that favorable integration of the grafted cells 
with the host is imperative for achieving favorable CnS cell transplant out-
comes, there is limited literature that directly addresses this property. as 
mentioned above, hyaluronan-based materials have generally shown good 
cell–host integration perhaps due to the fact that hyaluronan is a major 
constituent of the host eCm and also because it directly stimulates local 
angiogenesis, which likely aids favorable local eCm remodeling. a major 
determinant of cell graft–host tissue integration is the extent/severity of the 
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foreign body response that is induced upon introduction of the transplant 
into the CnS injury site. an unfavorable foreign body response involving 
the walling off of the implant through an activated microglia/macrophage 
and astrocyte response limits the extent of graft integration (figure 19.4(d)). 
recently, langer and anderson have developed a library of modified algi-
nate-based polymers and demonstrated how certain chemical modifications 
could be used to modulate the foreign body response of the material when 
encapsulating progenitor-derived islet cells within the material and implant-
ing it within subcutaneous tissue sites.148,149 Similar approaches using these 
or other non-fouling materials containing similar triazole or sulfoxide func-
tional groups or even zwitterionic moieties150 may be useful for various CnS 
cell transplantation applications. another approach to improving integrat-
ing could be to include specific biological cues delivered from smart bioma-
terials to stimulate transplanted or host cells to synthesize and reorganize 
the local extracellular matrix within the lesion non-neural tissue to improve 
graft integration. Some applicable examples could include: (i) stimulating 
host astrocytes around the CnS lesion to synthesize important extracellular 
matrix molecules such as laminin, which appear necessary for supporting 
and guiding regrowing neural tissue92 or (ii) stimulating the re-synthesis of 
the dominant extracellular matrix constituent, high molecular weight hyalu-
ronan,151 by up-regulating hyaluronan synthase (has1, has2) activity in 
grafted or local host cells analogous to processes used by the neural stem 
cell niche and in neural tissue development.152

19.5.5   Stimulating Transplanted Neural Cells with Smart 
Biomaterials

electrical and/or neurotransmitter stimulation of host neurons such as the 
propriospinal neurons in the spinal cord can facilitate favorable circuitry 
rewiring after injury and has been correlated with recovery of function in 
various models of CnS injury.153,154 Smart biomaterials that employ similar 
functional stimulation of transplanted cells may be useful in guiding the 
formation of new circuits between host and grafted cells (figure 19.4(e)). 
electrically conductive polymers such as polypyrrole, polyaniline and carbon 
nanotubes (Cnt) have already been incorporated extensively as biomateri-
als in peripheral and central nerve regeneration applications.155–158 further-
more electrically conducting biomaterials have demonstrated the potential 
to guide differentiation outcomes.159,160 however, while the use of electri-
cally conducting materials for cell transplantation applications appears to 
have exciting prospects, mitigating the potential cytotoxicity associated with 
these materials as well as tuning and dynamically controlling the amount 
of electrical stimulation still remain to be adequately addressed and as such 
there are no in vivo studies involving cell transplantation with electrically 
conductive materials reported to date. an alternative smart biomaterial plat-
form approach that may find utility in guiding circuit reorganization would 
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be neurotransmitter functionalized materials.161,162 biomaterials that con-
tain pendant dopamine and acetylcholine have demonstrated promising in 
vitro primary neuron sprouting results, however, again the use of these mate-
rials in vivo remains to be explored. overall, these stimulation-based mate-
rials represent a class of materials with exciting potential that are ready to 
undergo in vivo evaluation as part of a CnS transplantation strategy.

19.5.6   Clinical Potential and Applications of Smart Materials 
for Central Nervous System Tissue Engineering

the past decade has seen the commencement of a number of institutional 
review board (irb) and regulatory agency approved clinical trials of neu-
ral cell therapies applied to a variety of CnS disease and injury conditions 
such as alS,163 SCi,164 stroke,165 macular degeneration166 and others. how-
ever, concurrently there have also been a multitude of reports describing the 
effects of an unregulated stem cell tourism industry where for-profit compa-
nies across the world exploit vulnerable patients with unsafe and unproven 
cell therapies resulting in alarming adverse events.61,167 While the progres-
sion of cell grafting approaches to clinical evaluation should be viewed as 
encouraging progress, it is clear that there are still many cell manufacturing, 
quality assurance and in vivo performance issues such as the ones raised in 
this review that make such treatment paradigms in their current form far 
from optimal.168 if preclinical results are any indication, smart biomaterials 
may be a powerful means of improving the clinical performance of CnS cell 
therapies. however, other than a number of different cell encapsulation bio-
material systems,169 to date there has been limited investigation of the use of 
smart biomaterials for improved delivery of cell therapies in human CnS dis-
ease. in order to ensure clinical conversion of smart biomaterials, important 
design considerations such as manufacturability, scalability, material ster-
ilization and packaging, surgical preparation and use as well as cost must 
be examined with priority during the preclinical research and development 
process. following newly defined aStm and iSo guidance documents for tis-
sue engineering medical products170 will assist in these efforts, although the 
development of specific standards for CnS disease and injury applications is 
still desperately needed in order to aid translation efforts.

19.6   Conclusions and Future Directions
this chapter provided an overview of the research to date that has applied 
biomaterial carriers to aid CnS cell transplantation. here we document how 
the use and development of biomaterials, from initial primitive substrates 
to formulations with advanced smart properties, have evolved in tandem 
with the study of various cell candidates as therapeutic strategies for a vari-
ety of different CnS injuries and diseases. moving forward, the CnS tissue 
engineering field should focus on advancing the many smart biomaterial 
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concepts raised in this chapter that have demonstrated promising in vitro 
results through to systematic in vivo study in models of CnS disease. as new 
biological techniques and tools such as in vivo imaging, cell-type-specific 
rna isolation from whole tissue and gene editing begin to see more wide-
spread adoption, the rigorous in vivo evaluation and biomolecular profiling 
of cell transplantation outcomes will become possible. Using these emerging 
tools in conjunction with smart biomaterials to aid cell transplant survival, 
differentiation outcomes and graft–host integration will be critically import-
ant in furthering our understanding of the potential and limitations of CnS 
cell transplantation. as the field strives to develop even smarter biomaterials 
for CnS cell transplantation applications in the future, a key focus should be 
on creating dynamic systems that can demonstrate the capacity to evolve or 
modulate properties so as to best meet the needs and demands of the cells 
suspended or seeded within them which will undoubtedly be different during 
the injection phase as well as at acute or chronic implant time points. fur-
thermore, developing smart biomaterials that can control the presentation 
of survival or differentiation directing cues to suspended cells in response to 
some external stimuli from the host would seem to be worthy of future study. 
to achieve such dynamic biomaterial systems, researchers should consider 
learning from, and replicating, how the neural stem cell niche and other bio-
chemical allosteric regulation mechanisms are used by biology to respond to 
altered environmental states. Such materials are already in the works171 and 
further progress in these and other smart and dynamic biomaterial systems 
will be essential for realizing the therapeutic potential of cell transplantation 
for CnS injury and disease.
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20.1   Introduction
human body tissues and organs encounter many medical problems, such 
as disease, lesions, trauma and aging, which require appropriate therapy 
for repair or regeneration. at present, severe dysfunctions or massive loss 
of human body tissues or organs are normally treated by prosthesis implan-
tation or organ transplantation. however, implanted prostheses cannot per-
fectly substitute the original human body tissues or organs and will degrade 
gradually after implantation and hence a second surgery is often required. 
as for the use of donated organs, immune rejection and risk of infection are 
inherent problems. Besides, there is a large gap in the numbers between 
patients on the organ transplantation waiting list and available donated 
organs. to address the drawbacks of these medical treatments, tissue engi-
neering, also termed “regenerative medicine”, has emerged in recent decades, 
offering an alternative or advanced therapy for treating diseases or defects in 
human body tissues and organs.1–3 tissue engineering, which requires multi-
disciplinary efforts in biology, chemistry, physics, engineering and medicine, 
has attracted worldwide attention. the structure and functions of human 
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body tissues can be restored, maintained, or remodelled by applying suitable 
tissue engineering strategies. Unlike conventional approaches which use 
non-viable materials for tissue substitutes, tissue engineering aims to utilize 
bioactive materials/scaffolds for better promoting the native tissue regenera-
tion process or to build artificial, live tissue-like constructs for implantation.

With our increasing knowledge in the life sciences and the rapid devel-
opment in manufacture technology, tissue engineering has achieved some 
degree of success for the regeneration of human body tissues with relatively 
simple structures, such as skin,4,5 cartilage,6,7 and bone.8,9 however, due to 
the high complexity of the structures and functions of some body tissues 
and solid organs and the complex tissue regeneration process in human 
bodies, many problems in tissue engineering still require major research 
efforts.10–13 in particular, the regeneration and remodelling of whole organs 
with complex structures and complicated physiological functions pose great 
challenges.14–16 Biomaterials or bioactive constructs built for the regenera-
tion or remodelling of these complex human body tissues should be carefully 
designed and fabricated, and sometimes need to be “smart” and “multifunc-
tional” to meet specific clinical requirements.

this chapter focuses on the advances in tissue engineering scaffolds for 
promoting tissue regeneration, including new biomaterials as well as tech-
nologies for scaffold manufacture, with an emphasis on the recent progress 
in smart multifunctional tissue engineering scaffolds. Various smart mul-
tifunctional tissue engineering scaffolds can be fabricated using different 
novel techniques, which exhibit superior properties for tissue regeneration.

20.2   Materials and Fabrication Techniques for 
Tissue Engineering Scaffolds

20.2.1   Tissue Engineering Strategies
there are three key components in human body tissues that determine the 
native tissue regeneration process, which are the cell, bio-signals and extra-
cellular matrix (eCM). With different emphases, different tissue engineering 
strategies, including cell-based tissue engineering, factor-based tissue engi-
neering and scaffold-based tissue engineering, have been investigated and 
developed.

in cell-based tissue engineering, cells or cell clusters are normally intro-
duced into the defect sites of diseased or damaged tissues for assisting tis-
sue regeneration.17 Sources of cells for implantation include autologous 
cells from the patients themselves, allogeneic cells from human donors, and 
xenogeneic cells from other species. Since the utilization of xenogeneic cells 
for tissue repair have the risk of transmitting animal pathogens to humans,10 
allogeneic cells or autologous adult cells are commonly selected. however, 
cells or cell clusters alone are not adequate for the repair of large defects of 
human body tissues due to their low structural stability. Scaffolds are usually 
used to provide mechanically stable platforms for cell incorporation and to 
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subsequently make cell-laden constructs for implantation. For example, neo-
natal dermal fibroblasts obtained from humans (either the patients them-
selves or other people) can be cultured on a porous biodegradable scaffold 
and then incubated in a customized bioreactor. after cell expansion, the cell-
laden constructs formed, which resemble the dermal layer of skin, can be 
employed for skin transplantation.18

to engineer complex tissue-like multicellular constructs via a cell-based 
strategy, a novel method, namely cell assembly, has been developed.19 dif-
ferent types of living cells were assembled to a multicellular system through 
the bonding of dna strands pre-grafted on the cell membrane. also, a cell 
sheeting technique has been investigated for building laminated multicel-
lular structures at the tissue level.20 in the cell sheeting approach, cells are 
accumulated and expanded on a film coated by eCM proteins to form a cell 
monolayer. after repeating this cell accumulation procedure, multilayered 
cell sheets can be made through this bottom-up approach. the number of 
layers, cell type, and cell location can be controlled. and the ingrowth of vas-
cular structures can be achieved with the accumulation of endothelial cells 
in interlayers, which shows great promise in making living substitutes for 
laminated tissues such as skin.

Stem cells are attracting increasing attention now in regenerative medi-
cine for their high capabilities of self-renewal and specialized progeny.21 
Stem cells play a vital role in the tissue regeneration process. When injury, 
disease or damage occurs in human tissues, stem cells will release suit-
able bio-signals to activate surrounding cells, proliferate and differentiate 
towards specific cell lineages for assisting tissue regeneration. in cell-based 
tissue engineering, appropriate stem cells can be implanted into the defects 
of target tissues to work as either the factory of bio-signals or the cell source 
for directing the regeneration or neo-formation of human body tissues. Cate-
gorized by their different sources, stem cells include embryonic stem cells, 
adult stem cells, and induced pluripotent stem cells (ipSCs). embryonic stem 
cells derived from blastocysts are pluripotent and can differentiate to any cell 
lineages. But the use of embryonic stem cells has problems such as limited 
cell sources, immune tolerance and controversial ethical issues. adult stem 
cells have the capability to differentiate towards specialized cell lineages, 
which have been widely employed for the regeneration of different body tis-
sues. But the relatively low self-renewal of adult stem cells in vitro leads to 
the difficulty to yield adult stem cells with clinically useful cell numbers. in 
comparison, ipSCs hold greater promise since they have similar properties 
to embryonic stem cells but a wider cell source, which can be derived from 
adult cells, such as somatic skin fibroblasts.22 Moreover, the self-renewal 
potential of ipSCs in cell culture is unlimited, which makes the in vitro mas-
sive expansion of ipSCs for tissue regeneration feasible.

in the tissue regeneration process, bio-signals such as growth factors, 
chemokines, and cytokines, are important factors in directing cell functions, 
which have been predominantly used in factor-based tissue engineering to 
modulate cell behaviours in vitro. in particular, growth factors are widely 
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used due to their direct and obvious effects on promoting tissue regener-
ation.23 growth factors are mostly proteins which can affect various cell 
behaviours, including cell proliferation, migration, differentiation, etc. nor-
mally, growth factors can be produced by healthy cells for repairing diseased 
or damaged tissues and organs by the human body itself. however, when 
tissues have low capability of self-regeneration or the regeneration process 
does not occur naturally, appropriate growth factors need to be provided 
exogenously for properly activating cell functions and simultaneously pro-
moting tissue regeneration. different types of growth factors have different 
biological effects on affecting cell functions, which are summarized in table 
20.1. appropriate administration of specific growth factors into the human 

Table 20.1    Biological activity of major growth factors for tissue regeneration.

growth factors abbreviation primary activity

Bone morphogenetic protein-2 BMp-2 osteoinductive agent that 
stimulates chondrogenic 
differentiation of MSCs and 
induces endochondral bone 
formation

Bone morphogenetic protein-7 BMp-7 osteoinductive agent and 
stimulating cartilage 
maturation

epidermal growth factor egF promoting proliferation of 
mesenchymal, glial and  
epithelial cells

Basic fibroblast growth factor bFgF promoting proliferation of 
many cell types, inhibiting 
some stem cells and  
inducing mesoderm to  
form in early embryos

insulin-like growth factor-i igF-i promoting proliferation of 
many cell types

insulin-like growth factor-ii igF-ii promoting proliferation of 
many cell types primarily of 
fetal origin

nerve growth factor ngF promoting neurite outgrowth 
and neural cell survival

platelet-derived growth factor-BB pdgF-BB promoting proliferation of 
connective tissue, glial and 
smooth muscle cells

transforming growth factor-beta tgF-β anti-inflammatory, promoting 
wound healing and  
inhibiting macrophage and 
lymphocyte proliferation

Vascular endothelial growth factor VegF regulating blood vessel  
formation, stimulates  
skeletal muscle regeneration, 
regulating endothelial cell 
proliferation, angiogenesis, 
and vascular permeability
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body can facilitate the native regeneration process of diseased or damaged 
tissues and organs, whereas the improper utilization of growth factors may 
incur carcinogenic risks.

owing to the crucial role of the eCM in the native tissue regeneration pro-
cess, numerous efforts have been made to form artificial eCM with similar 
structure and functions for promoting tissue regeneration, which leads to 
“scaffold-based tissue engineering”. tissue engineering scaffolds can be 
developed as the structural platform for cell incorporation and as the reser-
voir for the delivery of bio-signals. For achieving good regenerative effects, 
the structure and properties of tissue engineering scaffolds should be well 
designed and controlled. the materials for scaffolds and fabrication tech-
niques for scaffold manufacture should be carefully considered.

20.2.2   Materials for Tissue Engineering Scaffolds
For achieving good cell incorporation and suitable host responses upon 
implantation in the human body, materials for making tissue engineering 
scaffolds should be firstly biocompatible. and to avoid a second surgery, the 
degradability of tissue engineering scaffolds is required. a series of biocom-
patible and biodegradable synthetic polymers, such as poly(lactic acid) (pla), 
poly(glycolic acid) (pga), poly(ε-caprolactone) (pCl), poly(hydroxybutyr-
ate-co-hydroxyvalerate) (phBV), and co-polymers poly(lactic-co-glycolic acid) 
(plga) and poly(lactic acid-co-caprolactone) (plaCl), have been widely used 
for making tissue engineering scaffolds to meet these two requirements.24 
Most of these synthetic polymers have been approved by the U.S. Food and 
drug administration (Fda) for biomedical applications. these polymers are 
either crystalline or amorphous, which exhibit different properties under 
mechanical loading and in degradation. the biological performance of tis-
sue engineering scaffolds is influenced by the synthetic polymers used. For 
example, pCl and plga scaffolds formed by the same fabrication technique 
were examined for bone tissue engineering.25 the pCl scaffolds with rela-
tively slow degradation rate showed a tendency to regenerate more dense 
bone tissues as compared to the plga scaffolds. Besides, due to the high 
elastic modulus of plga over pCl, urinary tract stromal cells cultured on 
the plga scaffolds were found to exhibit a contractile phenotype and a rela-
tively low proliferation rate, while the pCl scaffolds formed under the same 
conditions showed better potential for the tissue engineering of the bladder 
and other soft tissues.26 Some biocompatible and water-soluble synthetic 
polymers, such as poly(vinyl alcohol) (pVa), poly(ethylene glycol) (peg) and 
poly(ethylene oxide) (peo), are also widely used to make blends with bio-
degradable polymers for the manufacture of tissue engineering scaffolds, 
where the properties and structure of scaffolds are modified.

enzymatically degradable natural polymers such as proteins, polysac-
charides, lipids and polynucleotides, are also suitable materials for tissue 
engineering scaffolds. these natural polymers usually have superior biocom-
patibility. however, tissue engineering scaffolds made of natural polymers 
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are limited by their poor physical and mechanical properties, which may be 
improved through appropriate post-treatments such as crosslinking. another 
common problem for scaffolds made of allogeneic or xenogeneic sourced 
natural polymers is the immune rejection by patients, which demands an 
additional procedure for minimizing the immunogenicity of materials.27 
de-cellularized eCMs are the best nature-simulating scaffolds with totally 
preserved structural cues and residual growth factors, which are effective 
for the regeneration or neo-formation of tissues with an identical or similar 
structure.28 however, using de-cellularized eCMs as tissue engineering scaf-
folds also has limitations.29 the sources for obtaining adequate de-cellularized  
eCM are limited. Moreover, due to the dense structure of de-cellularized 
eCM, it is hard to achieve homogeneous cell distribution in the scaffolds. 
and the incomplete removal of antigenic components for de-cellularized 
eCM could cause severe problems for patients.

in recent decades, bioactive materials such as bioceramics have emerged 
as “new materials” for tissue engineering scaffolds with specific bioactivity. 
Commonly used bioceramics include hydroxyapatite (ha) and bioactive cal-
cium phosphates (Ca-p) such as tricalcium phosphate (tCp) and biphasic 
calcium phosphate (BCp, which contains ha and tCp in different propor-
tions), which exhibit osteoconductive capabilities in promoting osteoblast 
growth and the mineralization process.30 among them, tCp and BCp are 
biodegradable, which holds great promise for bone tissue engineering. the 
biocompatibility of tissue engineering scaffolds made by bioceramics can 
be improved through surface modification using natural polymers such as 
collagen.31 For making tissue engineering scaffolds with optimized proper-
ties, synthetic polymers, natural polymers and bioceramics should be care-
fully selected. appropriate composite or hybridization approaches are also 
promising.32–35

20.2.3   Technologies for Scaffold Manufacture

20.2.3.1  Conventional Techniques
technologies used for scaffold manufacture play a major role in affecting 
the properties of resultant tissue engineering scaffolds. For achieving good 
cell incorporation, the structure of scaffolds should be three-dimensional 
(3d) and highly porous, which can allow the migration and growth of cells. 
Various common techniques for making porous tissue engineering scaffolds, 
such as particulate leaching/solvent casting, gas foaming and phase separa-
tion, have been developed and are discussed here.

in the particulate leaching/solvent casting process, suitable porogens of 
appropriate average size (usually water-soluble inorganic compounds such as 
naCl and/or sugars) are firstly added to a polymer solution of proper viscos-
ity to form a solid polymer–porogen mixture in a mold. highly porous scaf-
folds are then fabricated by the subsequent leaching of porogens through an 
immersion treatment using a suitable liquid. this technique takes advantage 
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of the insolubility of porogens in the organic solvent of a polymer solution. 
and the porogens can be selectively removed through immersion treatment, 
which leaves the water-insoluble polymer component with a highly porous 
structure. porous and biodegradable polymer scaffolds fabricated by solvent 
casting/particulate leaching using grinded naCl particles as porogens were 
investigated for tissue engineering scaffold fabrication, which showed high 
cost-effectiveness.36 however, it is difficult to use the solvent casting/particu-
late leaching technique for making porous scaffolds with homogeneous and 
interconnected pores. and the pore size in the scaffolds, which was highly 
dependent on the size of porogens, could not be easily adjusted. Besides, the 
properties of scaffolds, particularly their mechanical properties, would be 
degraded during the salt leaching process. the cytotoxicity of residual poro-
gens and the difficulty of incorporating bio-signals (e.g. growth factors) both 
limit the application of the solvent casting/particulate leaching technique for 
tissue engineering scaffold fabrication.

the gas foaming technique is another frequently used method for 
porous tissue engineering scaffold fabrication. a typical gas foaming pro-
cess involves an inflation process to dissolve gas molecules (e.g. nitrogen, 
helium and carbon dioxide) with high pressure into a polymer solution or 
molten polymer and a subsequent deflation process to let the gas pressure 
return to ambient pressure, which leads to the release of gas molecules 
from the polymer matrix. in the inflation–deflation process, gas molecules 
tend to form clusters for minimizing their free energy, and pores are con-
sequently formed with the escape and diffusion of gas molecules to the 
surroundings. the inflation process causes a significant expansion of the 
polymer volume, which results in final polymer scaffolds with a highly 
porous structure (e.g. 95%).37 the gas foaming process is influenced by 
different processing parameters, including the type of gas used and the 
molecular weight of the raw polymer. Compared to nitrogen and helium, 
carbon dioxide has been found to be a better foaming agent as the scaffolds 
formed possessed a more porous structure, which was supposed to result 
from the higher intermolecular interactions between carbon dioxide and 
the carbonyl groups of commonly used polymers (e.g. plga).38 polymers 
with a relatively low molecular weight (low intrinsic viscosity) used in the 
gas foaming process result in scaffolds with high porosity, which is caused 
by the more homogeneous distribution of gas molecules in the inflation 
process.39 however, pores in the scaffolds formed by gas foaming are usu-
ally closed pores, not interconnected with one another. With the assistance 
of solvent casting/particulate leaching, the porosity and pore structure 
of scaffolds produced by gas foaming can be significantly improved.40 in 
this hybrid process, polymers and porogens are pre-mixed in a suitable 
ratio and homogeneously mixed prior to the inflation process. additional 
immersion treatment is performed after the deflation process for removing 
the embedded porogens. Scaffolds made by this hybrid method are sponge-
like and highly porous, and the pores formed in the scaffolds are open and 
interconnected.
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the formation of interconnected pores is important for porous scaffolds 
in tissue engineering, since the interconnected pores can provide space for 
cell metabolism and cell contacts. developing simple and effective methods 
for fabricating scaffolds with open porous structures is thus crucial in regen-
erative medicine. through thermally induced phase separation (tipS), inter-
connected porous structures can be simply built, which makes tipS popular 
for the fabrication of tissue engineering scaffolds.41 in a typical tipS pro-
cess, the temperature of a polymer solution is reduced to a specific value to 
induce the separation of the original polymer solution into two phases: one 
is the polymer-rich phase with a high polymer concentration, and the other is  
the polymer-lean phase with a low polymer concentration. the solvent 
is subsequently removed through extraction, evaporation, or sublimation, 
which results in the formation of open pores in the polymer-lean phase and 
the solidification of polymer in the polymer-rich phase to form the scaffold 
skeleton. the properties of the polymer solution (particularly the solvent 
in the polymer solution) and the operating temperature strongly influence 
tipS processes, causing either the solid–liquid phase separation process or 
liquid–liquid phase separation process to proceed. Biodegradable scaffolds 
with interconnected pores ranging from several micrometres to hundreds 
of micrometres can be made by tipS,42 which have been extensively investi-
gated for tissue regeneration.

20.2.3.2  Additive Manufacture
While different conventional techniques have been investigated and devel-
oped for making porous tissue engineering scaffolds, the generation of 
scaffolds with customized shapes and well-controlled macro- to micro-archi-
tectures is generally difficult. With the emergence of different additive manu-
facturing techniques, which were initially developed in engineering fields for 
fabricating complex engineering parts, additive manufacturing has attracted 
the attention of researchers in the biomedical field. in recent decades, addi-
tive manufacture technologies have become popular for manufacturing tis-
sue engineering scaffolds with complex, designed architectures.43 Several 
specific types of additive manufacturing techniques have been investigated 
for making 3d porous tissue engineering scaffolds, which include melt extru-
sion/fused deposition modelling,44 stereolithography,45 inkjet printing,46 and 
selective laser sintering (SlS).47

SlS is a popular additive manufacturing technique for making tissue 
engineering scaffolds due to its high efficiency and accuracy in building 
3d porous structures.48 the fabrication of tissue engineering scaffolds via 
SlS involves two steps: object modelling and object construction. For object 
modelling, a data file describing the 3d structural information of the target 
object is created, which can be obtained from a 3d computer model of the 
object created by either software or 3d images captured by modern medical  
imaging techniques, such as computed tomography (Ct) or magnetic 
resonance imaging (Mri).49 the data file created is then processed to be 
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sliced into many-layered two-dimensional (2d) files, which will be used for 
directing the operation of the hardware of a SlS machine. Subsequently, a 
3d object is constructed through a computer controlled layer-by-layer (lBl) 
manufacturing process in the SlS machine. the raw materials to be used for 
making porous tissue engineering scaffolds via SlS can be either polymers or 
the composites of polymers and bioceramics, which must be in the form of 
granules with suitable sizes. the SlS machine consists of a part bed, a pow-
der dispensing roller on one side of the part bed and a laser beam on the top. 
in a typical SlS object construction process, the part bed is preheated by the 
laser to a temperature just below the glass transition temperature of the poly-
mer for reducing the energy required in the subsequent laser-caused fusion 
process of granules. a layer of powders is then spread over the part bed by the 
powder dispensing roller and subsequently fused by the laser scanning in a 
programed way to form a specific solidified 2d pattern in a layer. afterwards, 
the part bed moves downward to a specific distance as programed and the 
powder dispensing roller travels over the part bed to deposit another layer 
of fresh powders on the solidified pattern, where another layer of a 2d pat-
tern is built. through repeating these procedures, scaffolds with designed 
architectures can be made lBl. post-processing is then conducted to remove 
loose, un-sintered powders in the scaffolds. through SlS, high-quality nano-
composite scaffolds with anatomy specific exterior architectures and totally 
interconnected porous interior architectures can be made for bone tissue 
engineering.50

20.2.3.3  Technologies for Fibrous Scaffolds
the structure of the eCM in human body tissues and organs is nanofibrous; 
tissue engineering scaffolds with eCM-like nanofibrous structures are there-
fore very attractive. through some conventional scaffold manufacture tech-
niques with specific modifications, scaffolds with fibrous structures can be 
made. For example, a novel solvent casting/particulate leaching technique 
with the assistance of a complex extrusion process has been studied for mak-
ing scaffolds with fibrous structures.51 Besides, polymer microspheres with 
nanofibrous topography could be fabricated by a novel concurrent surfac-
tant-free emulsification and liquid–liquid phase separation method.52 how-
ever, the fabrication of fibrous scaffolds using these techniques requires the 
use of special materials and hence have many limitations in the tissue engi-
neering field. there is a clear requirement for an effective and versatile tech-
nique suitable for making fibrous tissue engineering scaffolds.

the self-assembly of suitable macromolecules through complex non-cova-
lent interactions, such as van der Waals forces, electrostatic forces, hydrogen 
bonding and/or π stacking, is an effective bottom-up approach for making 
fibrous structures.53 these self-assembly processes mimic the native forma-
tion process of eCM proteins and the self-assembled nanofibrous structures 
have been investigated for different tissue engineering applications.54 how-
ever, nanofibrous structures formed by macromolecular self-assembly are 
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usually short in length and weak in mechanical properties, which result in 
difficulties in offering adequate structural cues to cells. Besides, the complex 
mechanisms involved make it difficult to control the nanofibrous structures 
formed by self-assembly.

in contrast, electrospinning, a mature engineering technique, can produce 
submicron- and nano-fibers in a simple manner using various materials (poly-
mers, ceramics, and their composites) with desired efficiency,55 which have 
been widely studied for making fibrous tissue engineering scaffolds.56–58 the 
setup for conducting electrospinning is simple and low-cost; it consists of a 
syringe filled with precursor solution (usually polymer solution), a syringe 
pump for controlling the solution feeding rate, a high-voltage power supply, 
and a grounded collector. in a typical electrospinning process (Figure 20.1), 
droplets of the precursor solution flowing out of the syringe spinneret are 
stretched by the electrostatic force generated in the electric field between the 
metallic syringe spinneret connecting to the power supply and the grounded 
collector. the jetting of precursor solution then occurs when the electro-
static force overcomes the surface tension of droplets out of the spinneret. 
the solvent in the solution evaporates during the journey of the jet towards 
the collector, and fibers with diameters ranging from dozens of nanometres 
to tens of micrometres are finally collected. the morphology and structure 
(e.g., fiber diameter, fiber uniformity, surface pore structure) of fibrous scaf-
folds formed by electrospinning are governed by different solution prop-
erties (e.g., viscosity, conductivity, polymer molecular weight, and polymer 

Figure 20.1    a schematic diagram illustrating the conventional electrospinning 
process.
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solution concentration) and processing parameters (e.g., feeding rate, field 
strength, nozzle configuration). through specific electrospinning processes, 
scaffolds with either randomly oriented fibers or aligned fibers (parallel or 
radially oriented) can be fabricated.59,60 electrospun scaffolds with different 
fibrous architectures can cause different cell responses (e.g., contraction or 
elongation) and result in different cell behaviours (e.g., attachment, migra-
tion, proliferation, and differentiation). through some modifications of 
electrospinning, such as blend electrospinning, emulsion electrospinning or 
coaxial electrospinning, bioactive agents can be incorporated in electrospun 
fibers, resulting in bioactive fibrous scaffolds with superior biological perfor-
mance in promoting tissue regeneration.61

20.3   Design and Manufacture of Multifunctional 
Tissue Engineering Scaffolds

20.3.1   Complexity in Native Tissue Regeneration Process
in the human body, many tissues and organs have a regenerative capability 
for repairing and regenerating themselves even when there is no, or only a 
simple, therapeutic intervention involved. For instance, bone fractures and 
skin wounds below a critical size can self-heal. a healthy liver, with its com-
plex structure and functions, can also regrow to its original size after being 
partially excised.62 however, the regenerative capabilities of different tissues 
or for different individuals are different. For old-age people and patients 
with disorders or diseases in tissues, usually, the self-regenerative capability 
is not sufficient for repairing or regenerating lost tissues perfectly. therapy 
for enhancing tissue regeneration is thus required. tissue engineering aims 
to develop appropriate approaches for stimulating the innate regenerative 
potential of human tissues and organs that have insufficient regenerative 
capability. to achieve this goal, the native tissue regeneration process should 
be understood well.

For different types of human tissue, their regeneration processes have 
similarities and differences. For all the tissue regeneration processes, the 
involvement of cells, bio-signals, and the eCM and their interactions are 
important. But different cell lineages participate in the regeneration process 
of different human tissues. the spatiotemporal administration manners of 
multiple bio-signals are different in different tissue regeneration processes. 
even for some human tissues with relatively simple structures, such as bones 
and blood vessels, their regeneration processes still involve complex biologi-
cal processes with complicated interactions among cells, bio-signals and the 
matrix.

For instance, once a bone fracture occurs, inflammatory cells and fibro-
blasts will migrate towards the fracture site to form granulation tissue as 
the platform for the subsequent cell migration and vascular ingrowth in the 
early stage of healing. the collagen matrix is then mineralized by the osteoid 
secreted by osteoblasts to form a soft callus for repairing the lost bone in 
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the first 4–6 weeks. eventually, bone remodelling is completed and the bone 
regrows to its original shape and strength in the subsequent months as parts 
of osteoblasts differentiate towards osteocytes in the new bone and osteo-
clasts works to remove the foci of damaged bone.63 during the whole bone 
healing process, different types of growth factors are present in a sequen-
tial manner for regulating different cell functions.64 For example, BMp-2 and 
VegF are mainly expressed in the early stage for supporting the recruitment 
of osteoblasts and for vascular ingrowth, respectively. BMp-7 is a critical 
growth factor directing bone maturation in the late stage of the bone healing 
process. the sequential secretion of different growth factors is determined 
by specific cell–cell and cell–matrix interactions in the designated stage of 
bone healing. and any abnormal condition during the bone healing process 
may result in severe conditions such as osteoporosis and paget's disease.65 
likewise, the formation of new blood vessels is not a simple process and 
involves the participation of different cell lineages and growth factors.66 in 
the early stage of new blood vessel formation, endothelial cells are recruited 
and self-organized into tube-like structures which are activated by the admin-
istration of VegF. pdgF-BB is then expressed to stimulate the migration and 
proliferation of smooth muscle cells. Smooth muscle cells are coated on the 
outer layer of the endothelial tube to form matured new blood vessels.

20.3.2   Requirements for Multiple Functions of Scaffolds in 
Tissue Regeneration

Current tissue engineering strategies (i.e., cell-based tissue engineering, 
factor-based tissue engineering and scaffold-based tissue engineering) for 
promoting tissue regeneration have their respective advantages. in all these 
strategies, tissue engineering scaffolds play a crucial role as structurally sta-
ble platforms in supporting cell attachment, cell growth and incorporation of 
bio-signals. in the human body, eCM is the natural “scaffold”, directing the 
native tissue regeneration process. it is a highly difficult task to make “ideal” 
artificial scaffolds ex vivo that can recreate all the features of natural eCM 
due to its complexity in components and properties. Fortunately, suitable 
tissue engineering scaffolds with simplified eCM-mimicking characteristics 
can be appropriately designed and fabricated to meet specific requirements 
for properties and functions to affect cell behaviours, which can stimulate 
the innate regenerative potential of human body tissues and promote tissue 
regeneration.67

For achieving good therapeutic effects in promoting tissue regeneration, 
multiple properties and functions are required for tissue engineering scaf-
folds (Figure 20.2). First, scaffolds should be 3d and highly porous to offer 
space for cell incorporation and the ingrowth of cells from host tissues 
after implantation. the 3d and porous structure of scaffolds should have 
sufficient strength and rigidity to maintain their structural stability under 
mechanical loading. Second, materials used in making tissue engineer-
ing scaffolds should be biocompatible and scaffolds should have suitable 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

05
58

View Online

http://dx.doi.org/10.1039/9781788010542-00558


Chapter 20570

surface chemistry in supporting cell attachment. Besides, scaffolds should 
degrade at a suitable rate to match the remodelling process of neo-tissue 
formation. the degradation process and the by-products generated during 
in vivo degradation of scaffolds should have no, or minimum, adverse effects 
on tissue regeneration and the host human body. For the new generation 
of biomaterials and tissue engineering scaffolds, both a suitable biodegra-
dation property and good bioactivity are required.11 For instance, bioactive 
scaffolds for bone tissue engineering should have osteoconductive capability  
in enhancing the growth of osteoblasts and the mineralization process and 
also osteoinductive potential in inducing the osteogenic differentiation 
of progenitor cells and stem cells.68 tissue engineering scaffolds should 
be both biodegradable and bioactive, which exhibit suitable properties in 
directing cell functions for better in situ tissue regeneration and can be grad-
ually degraded within the entire tissue remodelling process. the most direct 
way to affect cell behaviours is to incorporate suitable bio-signals such as 
growth factors and genes into tissue engineering scaffolds.69 Scaffolds func-
tionalized with growth factors have been popular in tissue engineering.70 
according to the complexity of the native tissue regeneration process and 
the specific sequence of different growth factors administrated in certain tissue 
regeneration processes, multiple growth factors should be incorporated and 
the incorporated growth factors should be released in an appropriate spa-
tiotemporal manner for different therapeutic purposes.71 although many 
growth-factor-incorporated scaffolds can provide good biological perfor-
mance in directing cell functions and have achieved some degree of success 

Figure 20.2    an illustration for the multiple requirements for advanced tissue engi-
neering scaffolds.
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in promoting the regeneration of some human body tissues with relatively 
simple structures such as bones and blood vessels, the reconstruction and 
regeneration of whole functional tissues and organs such as the gastrointes-
tinal tract, heart, lungs and kidneys, are still big challenges. these tissues 
and organs have complex multicellular structures, where different layers of 
tissues and organs consist of different types of cells with specific cell mor-
phologies and cell arrangements.13 Scaffolds for promoting the regeneration 
of these complex tissues and organs should possess biomimetic multilayer 
structures, in which different layers of scaffolds can have suitable proper-
ties for promoting the regeneration of specific tissue layers. Furthermore, 
in the tissue regeneration process, particularly for the regeneration of solid 
tissues with large thicknesses, the ingrowth of vascular structures, including 
blood vessels, lymphatic vessel and nerves, into the scaffolds after implanta-
tion is necessary for metabolism and specific functions. a “living” scaffold is 
required to achieve good vascularization.72 Moreover, some additional func-
tions, such as antibacterial or anticancer effects, are required for scaffolds 
used in specific clinical applications. overall, “ideal” tissue engineering scaf-
folds should be multifunctional and exhibit appropriate characteristics in 
structure, physical properties, chemistry, biology, as well as good cell incor-
poration and bio-signal delivery.

20.3.3   Composite or Hybridization Approaches in Developing 
Multifunctional Tissue Engineering Scaffolds

as stated previously, tissue engineering scaffolds should be multifunctional 
to meet multiple requirements when used for promoting the regeneration 
of tissues and organs. it is very difficult or impossible to use one single bio-
material for scaffold fabrication and function to meet the multifunctional 
requirements for scaffolds. Composite or hybridization approaches are 
therefore being investigated and employed in developing multifunctional 
tissue engineering scaffolds. due to the nano-composite nature of native 
bone, biodegradable and bioactive porous composite scaffolds have been 
extensively investigated for bone tissue engineering.73 Bioactive bioceramics 
such as ha, tCp and BCp show good osteoconductive properties in enhanc-
ing osteogenesis. however, porous scaffolds made by neat bioceramics are 
fragile and lack sufficient elasticity,74 which require improvement by using 
suitable biodegradable polymers. the addition of bioceramics in a polymer 
matrix also reinforces the mechanical strength and compressive modulus of 
neat polymer scaffolds. popular techniques for producing porous composite 
scaffolds are developed on the basis of conventional techniques for making 
porous polymer scaffolds such as particulate leaching and phase separation/
freeze-drying. in the particulate leaching process, a compound solution is 
used, which contains polymer solution, dispersed bioceramic particles and 
dispersed porogens.32 Using different fabrication methods, various biode-
gradable and bioactive composite scaffolds such as ha/pCl,75 ha/phBV,33 
ha/phBV/pla,34 ha/pla/collagen,76 tCp/pga,77 tCp/chitosan/gelatin,78 
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BCp/chitosan79 and BCp/pCl80 have been fabricated and studied for bone 
tissue engineering. Both the structure (e.g., pore size, pore shape, pore inter-
connectivity, etc.) and components (e.g., polymer, size of bioceramic parti-
cles, bioceramic content, dispersion of bioceramics in polymer matrix, etc.) 
of porous composite scaffolds influence their mechanical and degradation 
properties and also affect their biological performance for bone tissue engi-
neering.73 due to limitations of various existing fabrication techniques, the 
formation of porous composite scaffolds with designed interconnected 
pores, biomimetic micro- to nano-architecture, customized shape, suitable 
mechanical properties, and good bioactivity is still challenging.

apart from using the composite approach to enrich and improve the 
properties of tissue engineering scaffolds, hybridization strategies such as 
scaffold surface functionalization are alternatives to make scaffolds with spe-
cific functions. By tailoring the surface chemistry of tissue engineering scaf-
folds through techniques such as plasma treatment, interactions between 
scaffolds and proteins are affected as the wettability and surface charge of 
scaffolds are changed, which subsequently influences cell attachment on 
scaffolds.81 the method more commonly used for the surface functionaliza-
tion of tissue engineering scaffolds is to graft functional molecules onto the 
scaffold surface. Since cell behaviours, including cell polarization, spreading, 
migration, proliferation and differentiation, highly depend on the interac-
tive signalling between cell integrin and the eCM,82 eCM-adhesive proteins 
such as laminin and fibronectin or the short peptide sequences in the 
eCM-adhesive proteins affecting the cell binding such as YiSgr (displayed 
in laminin) and tri-peptide arginine–glycine–aspartic acid (rgd, displayed 
in fibronectin) have been immobilized on the surface of tissue engineering 
scaffolds for improving the cell–scaffold anchorage, which is particularly 
important in directing cellular fate in a stem cell culture.83 growth factors 
play important roles in guiding cell functions in the tissue regeneration 
process. Surface functionalization using growth factors towards tissue engi-
neering scaffolds has become popular for making bioactive scaffolds, where 
growth factors are commonly immobilized onto scaffold surfaces through 
covalent bonding.84 the co-immobilization of growth factors, such as VegF, 
and drug molecules, such as the anti-inflammatory and anti-thrombogenic 
drug acetylsalicylic acid, onto conventional biodegradable polymer scaffolds 
could achieve synergistic effects in activating cell functions, such as enhanc-
ing endothelial growth in promoting new blood vessel formation.85 however, 
the bioactivity of covalently bonded molecules, especially proteins, may be 
influenced by the lesser mobility of the molecular structure or the change 
of active molecular conformation after immobilization. Chemicals used for 
molecular grafting, which remain in the functionalized surface of tissue 
engineering scaffolds, may also reduce scaffold biocompatibility. to address 
these drawbacks, the non-covalent incorporation of bioactive components 
within tissue engineering scaffolds has been studied by many researchers 
for achieving multifunction for scaffolds. a wide range of bioactive sub-
stances, ranging from bioactive polymers, proteins, peptides, and genes to 
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small molecular drugs, can be incorporated to make multifunctional tissue 
engineering scaffolds. the addition of natural polymers such as gelatin, col-
lagen and hyaluronic acid into synthetic biodegradable polymer scaffolds 
through surface coating or blending can significantly enhance the bioac-
tivity of scaffolds. For instance, the attachment of chondrocytes on porous 
plga scaffolds for bone tissue engineering made by using a gas forming/salt 
leaching method and with the surface modification of hyaluronic acid was 
much enhanced when compared to the unmodified scaffolds, and the pro-
liferation and differentiation of chondrocytes were also stimulated.86 as for 
the incorporation of bioactive proteins or genes in tissue engineering scaf-
folds, the preservation of bio-functionality for the molecules to be delivered 
is critical. Scaffolds functionalized with heparin or polydopamine on the sur-
face can form specific binding sites for some growth factors such as VegF, 
bFgF and BMp-2, which subsequently achieves the incorporation of these 
growth factors in scaffolds.87–89 another approach for effective incorporation 
of growth factors or genes in scaffolds is to make tissue engineering scaffolds 
with core–shell structures through advanced fabrication techniques such as 
emulsion electrospinning/electrospray and coaxial electrospinning/electro-
spray, where bioactive substances are protected in the core, which provides 
a biocompatible microenvironment.90 Small molecular drugs with different 
therapeutic effects such as anti-inflammation, anti-infection and anti-cancer 
functions have also been widely investigated for incorporation in tissue engi-
neering scaffolds for realizing different functionalities.91,92 to better mimic 
the native tissue regeneration process, scaffolds with the incorporation of 
multiple bioactive factors are emerging in tissue engineering. For instance, 
tCp/plga composite scaffolds with dual-released dexamethasone and pro-
teins were developed for bone tissue engineering.93 Bi-layered biodegradable 
fibrous scaffolds with one layer incorporated with VegF and one layer incor-
porated with pdgF-BB were found to simultaneously stimulate the activities 
of endothelial cell and smooth muscle cells, which could therefore facilitate 
vascularization.94 inappropriate administration of growth factors can cause 
problems in bio-safety and cost-effectiveness.95 For tissue engineering scaf-
folds capable of multiple bioactive factor delivery, how to design and control 
the release profiles of different factors in a specific spatiotemporal manner 
is really challenging.

20.4   Fabrication, Properties and Biological 
Evaluation of Multifunctional Tissue 
Engineering Scaffolds—Case Studies

Multifunctional tissue engineering scaffolds hold great promise for effective 
tissue regeneration through comprehensive interventions. the design and 
fabrication of suitable multifunctional tissue engineering scaffolds for spe-
cific clinical applications are of high importance. over the years, our research 
group, as well as many other researchers, has investigated different types of 
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multifunctional tissue engineering scaffolds formed by using different fab-
rication techniques. the multifunctional scaffolds can be either specifically 
designed bioactive composite scaffolds or functional cell-laden scaffolds, 
which have their respective advantages for promoting the regeneration of 
different types of human body tissues or organs. this section presents some 
of our research on multifunctional tissue engineering scaffolds.

20.4.1   Selective Laser Sintered Multifunctional Scaffolds for 
Bone Tissue Regeneration

tissue engineering scaffolds for promoting bone tissue regeneration need 
to possess well-designed macro- to micro-architectures. Compared to con-
ventional techniques for scaffold manufacture, additive manufacture tech-
niques have distinctive advantages in controlling the shape, structure, and 
pore size of scaffolds formed. as one member of the additive manufacture 
family, selective laser sintering (SlS) is effective for processing a wide range 
of biomaterials, ranging from biopolymers and bioceramics to composites. 
hence SlS has been investigated by our research group and a few other 
groups for making multifunctional tissue engineering scaffolds for bone tis-
sue engineering.

the fabrication of tissue engineering scaffolds through SlS involves the 
preparation of raw biomaterials in the particulate form, the design and build-
ing of target 3d computer-aided design (Cad) models, and the construction 
of scaffolds using an SlS machine. during the formation of scaffolds in an 
SlS machine, one layer of the raw biomaterial powders is spread on the part 
bed of the SlS machine and heated up to a pre-set temperature by a laser 
beam scanning in a programmed route, which leads to the fusion of powders 
and subsequent formation of a solid structure with a designed pattern. after 
one layer of scaffold structure is formed, new biomaterial powders are spread 
over the formed part and then sintered in the same way to form another solid 
layer of the scaffold. through repeating these processes, tissue engineering 
scaffolds with a designed structure and controlled pore size, according to the 
Cad model previously built, can be fabricated. Biodegradable polymers such 
as pCl and poly(l-lactic acid) (plla) have been studied for making porous 
tissue engineering scaffolds via SlS.96 the scaffolds formed exhibit both 
anatomy specific exterior architecture and totally interconnected porous 
interior architecture, which are intended for customized tissue engineering 
applications.

For bone tissue engineering, composite scaffolds containing osteoconduc-
tive bioceramics are preferred. Using SlS techniques, different composite 
scaffolds have been investigated for bone tissue engineering, in which differ-
ent biomaterials were used, including ha/poly(etheretherketone) (peeK),97 
ha/pCl,98 and carbonate ha/plla.99 although these composite scaffolds 
made by SlS exhibit favourable properties in facilitating osteogenesis, draw-
backs still exist. according to the biomaterials used, these scaffolds cannot 
be totally degraded (synthetic ha is perceived as a stable bioceramic); and the 
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dispersion of bioceramic particles in the polymer matrix is inhomogeneous 
since blends of polymer powders and bioceramic powders are co-sintered in 
the SlS process for making these composite scaffolds. these drawbacks limit 
the scope of clinical applications of the scaffolds for bone regeneration.

to make good biodegradable composite scaffolds using the SlS technique, 
raw biomaterials in a new form should be prepared instead of using dry-
blended powders. through a solid-in-oil-in-water (s/o/w) emulsion solvent 
evaporation process, plla/carbonate ha nanocomposite microspheres with 
uniformly dispersed bioceramic nanoparticles were produced,100 which would 
be suitable as raw biomaterials for the optimized SlS process for making com-
posite scaffolds. however, carbonate ha in the composite scaffolds cannot be 
completely degraded. Using bioactive Ca-p nanoparticles (which are similar to 
tCp in composition) synthesized in-house and a natural biodegradable poly-
mer (phBV), through a similar fabrication process, biodegradable Ca-p/phBV 
microspheres were made, which were suitable as raw materials for construct-
ing totally biodegradable composite scaffolds via SlS.35

detailed studies were conducted for fabricating suitable phBV and Ca-p/
phBV nanocomposite microspheres for the SlS process. First, phBV micro-
spheres were prepared using a water in oil (o/w) emulsion solvent evapora-
tion, where phBV polymer solution (dissolved in chloroform, “oil phase”) was 
added in a pVa aqueous solution and then stirred at room temperature until 
the solvent was evaporated, followed by filtering, washing and freeze-drying. 
the phBV microspheres formed had a uniform spherical shape with an aver-
age diameter of around 50 µm. as for the preparation of Ca-p/phBV nano-
composite microspheres, Ca-p nanoparticles with diameters ranging from 
10–30 nm were firstly synthesized. the phBV microspheres filled with Ca-p 
nanoparticles were then formed using a previously established s/o/w emul-
sion solvent evaporation method,35 where the as-synthesized Ca-p nanopar-
ticles were dispersed in the phBV polymer solution. the average diameter 
of the Ca-p/phBV nanocomposite microspheres formed was slightly smaller 
than that of neat phBV microspheres, about 48 µm. For the composite micro-
spheres, the distribution of Ca-p nanoparticles in the phBV polymer matrix 
of microspheres was uniform, which would be suitable for the SlS process.

For making Ca-p/phBV nanocomposite scaffolds with a preciously con-
trolled structure (i.e., desired dimensional accuracy, structural stability and 
mechanical properties) using the SlS technique, various processing param-
eters during the SlS process should be carefully studied and optimized. the 
influence of five SlS parameters, namely laser power, laser scan speed, laser 
scan spacing, part bed temperature and powder layer delay interval, on the 
properties of the Ca-p/phBV nanocomposite scaffolds formed was systemat-
ically investigated and the optimized SlS processing parameters for the scaf-
fold manufacture were demonstrated.47 a previous study also indicated that 
the mechanical properties of scaffolds formed by SlS were affected by the 
laser scanning direction. Sintered scaffolds exhibited the weakest strength 
in the axis parallel to the laser scan direction,101 which should be considered 
too in the fabrication of tissue engineering scaffolds via SlS.
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Using the optimized parameters, Ca-p/phBV nanocomposite scaffolds 
with a customized structure, orthogonal interconnected pore (square-shaped 
or round-shaped) and controlled pore size were successfully fabricated by 
SlS.47,102 the scaffolds with square-shaped pores had a strut size of 0.5 mm 
and a pore size of 1.0 mm. as for the scaffolds with round-shaped pores, the 
diameters of the strut and pore were 1.0 mm and 0.8 mm, respectively. the 
microstructure of the scaffolds formed mainly preserved a spherical shape 
while only the surfaces of the microspheres were fused to connect with each 
other to form solid structures in both sintered phBV scaffolds (Figure 20.3(a)) 
and Ca-p/phBV nanocomposite scaffolds (Figure 20.3(b)). owing to the 
microspherical shapes of raw materials for SlS, good porosity was achieved 
for the scaffolds. Compared to the neat phBV scaffolds, the scaffolds with 
embedded Ca-p nanoparticles exhibited an enhanced compressive strength 
and modulus. Besides, for the sintered Ca-p/phBV nanocomposite scaffolds 
with different pore sizes, the scaffolds with a relatively small pore size had 
the higher compressive strength and modulus. there would be a balance 
between the suitable pore size for cell ingrowth and mechanical properties 
for stable structural loading in the fabrication of porous composite scaffolds 
using the SlS technique.

porous and biodegradable composite scaffolds alone can only provide 
appropriate structural cues and osteoconductive properties in promoting 
bone tissue regeneration. the incorporation and controlled delivery of suit-
able bioactive molecules as bio-signals for better directing cell functions, 
particularly for guiding the osteogenic differentiation of stem cells, are of 
high importance for the new generation of bone tissue engineering scaffolds. 
For tissue engineering scaffolds made by SlS, it is difficult or impossible to 
directly incorporate biomolecules during SlS since the high temperature 
generated in the SlS process can cause the denaturation of bioactive mol-
ecules. to investigate the protection of the bioactivity of biomolecules to 
be incorporated, a solid-in-water-in-oil-in-water (s/w/o/w) double-emulsion 

Figure 20.3    Structure of scaffolds formed by SlS: (a) phBV scaffold; (b) Ca-p/phBV 
nanocomposite scaffold. (insets: SeM micrographs showing the 
sintered struts of respective scaffolds.)
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solvent evaporation method was developed and a model biomolecule, bovine 
serum albumin (BSa), was encapsulated in the nanocomposite microspheres. 
Using BSa-encapsulated nanocomposite microspheres, Ca-p/phBV nano-
composite scaffolds with incorporated BSa could be formed by SlS and the 
encapsulation and release behaviours of BSa in the scaffolds were studied.103 
Since only surfaces of nanocomposite microspheres were fused during SlS, 
the BSa of about 13% could be successfully loaded in the scaffolds and sub-
sequently gradually released over time. however, the low encapsulation effi-
ciency of BSa in scaffolds caused by denaturation and loss of BSa molecules 
during the fabrication process limits the potential of these direct biomole-
cule-incorporated scaffolds for tissue engineering. post-Sla treatment, such 
as surface modification of scaffolds, is an alternative for the scaffolds made 
by SlS to contain and deliver biomolecules. For instance, Ca-p/phBV nano-
composite scaffolds made by SlS were modified by a gelatin coating through 
a physical entrapment method, which improved the surface wettability of the 
scaffolds and enhanced the attachment and proliferation of osteoblasts on 
the modified scaffolds.104 Furthermore, through a 1-ethyl-3-(3-dimethylami-
nopropyl)-carbodiimide hydrochloride (edC)/N-hydroxysuccinimide (nhS)- 
catalysed reaction, heparin could be successfully grafted onto the surface of 
gelatin-coated Ca-p/phBV nanocomposite scaffolds. through the specific 
binding between heparin and growth factor, an osteoinductive factor such as 
BMp-2, could be incorporated with a Ca-p/phBV nanocomposite with high 
efficiency.102 the Ca-p/phBV nanocomposite formed by SlS and modified 
by gelatin coating, heparin grafting and BMp-2 incorporation could achieve 
customized macro- to micro-architectures, good mechanical properties, 
osteoconductive potential and the sustained delivery of growth factor. these 
scaffolds exhibited an enhanced bone regeneration capability, meeting the 
multiple requirements for bone tissue engineering.105,106

20.4.2   Electrospun Multicomponent Scaffolds for Bone 
Tissue Regeneration

electrospinning is a simple and effective method for producing fibrous scaf-
folds, which resemble the nanofibrous structure of native eCM and hence 
have caught attention in the tissue engineering field. Submicron- or nano- 
fibers of various biopolymers can be made by electrospinning.107 With  
specific adaptions, modified electrospinning techniques have been developed 
to make multifunctional fibrous scaffolds for tissue engineering. For exam-
ple, electrospun multicomponent scaffolds with the incorporation of bio-
active agents, including bioceramics and growth factors, can be formed by 
advanced electrospinning techniques, which display enhanced osteoconduc-
tive and osteoinductive potential for bone tissue engineering.59,108,109

Conventional electrospinning can process a polymer solution to form 
monocomponent scaffolds consisting of dried polymer nanofibers. For 
bone tissue engineering scaffolds, nanocomposite fibers with suitable com-
binations of bioceramics nanoparticles and biodegradable polymers are 
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desirable. to make these nanocomposite fibers, electrospinning techniques 
need to be investigated and tuned. one conventional technique, blend elec-
trospinning, can be used for making electrospun multicomponent fibers. 
in blend electrospinning, the mixture solution containing different com-
ponents is electrospun to form composite fibers. Blend electrospinning 
has been widely investigated to make polymer scaffolds loaded with small 
molecular drugs for drug delivery and tissue engineering,58,110 where drug 
molecules are embedded in the polymer matrix of as-electrospun fibers. the 
release of loaded drugs from electrospun fibers made by biodegradable poly-
mers via blend electrospinning usually follows almost a zero-order kinetic.111 
Blend electrospinning is also used for making tissue engineering scaffolds 
consisting of polymer blend fibers. For instance, fibrous scaffolds with fibers 
composed of one synthetic biodegradable polymer such as plga and pCl 
and one natural polymer such as gelatin and elastin were fabricated by blend 
electrospinning,112,113 which combined the advantages of different polymers 
and were structurally stable in an aqueous environment without crosslink-
ing. these composite fibrous scaffolds had adequate mechanical stability 
and exhibited improved biocompatibility in promoting cell attachment and 
cell growth. the fibrous scaffolds made by polyaniline/gelatin blends were 
biocompatible and had enhanced conductivity to better promote the growth 
of rat cardiac myoblast cells.114 Blend electrospinning has also been inves-
tigated for making composite fibrous scaffolds using bioceramic nanopar-
ticles and biodegradable polymers. Using plga solution with the addition 
of Ca-p nanoparticles, fibrous nanocomposite scaffolds were fabricated 
by blend electrospinning.109 Compared to the neat plga scaffolds formed 
under the same formulation, the morphology and fiber diameter for the 
Ca-p/plga nanocomposite scaffolds had no obvious change, both exhibiting 
uniform nanofibrous structure (Figure 20.4(a)). a homogeneous distribution 
of Ca-p nanoparticles in the electrospun nanocomposite fibers was observed 

Figure 20.4    Fibrous Ca-p/plga nanocomposite scaffolds made by blend electro-
spinning: (a) fibrous morphology of a scaffold; (b) dispersion of Ca-p 
nanoparticles in fibers.
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under teM (Figure 20.4(b)). the incorporation of Ca-p nanoparticles also 
enhanced the hydrophilicity of resultant scaffolds,115 which would be  
beneficial for cell attachment.

the incorporation of osteoinductive growth factor is a challenge for electro-
spun tissue engineering scaffolds. Blend electrospinning of a protein-containing 
polymer solution was investigated for making lysozyme-incorporated pCl/peo 
scaffolds.116 however, blend electrospinning has inherent limitations for the 
incorporation of growth factors. Specifically, since the use of, and direct contact 
with, organic solvent can cause the denaturation of growth factors, only blend-
ing solution made by water-soluble polymers using water as a “solvent” can 
be suitable for blend electrospinning to make effective growth-factor-incorpo-
rated scaffolds. But the scaffolds made of water-soluble polymers are difficult 
to handle for tissue engineering applications and usually require additional 
post-electrospinning treatments such as crosslinking to stabilize the scaffolds. 
as stated previously, a desired approach for growth factor delivery is to make a 
core–shell structured delivery vehicle with a biocompatible microenvironment 
(the “core”) for protecting the bioactivity of the growth factor. Coaxial electro-
spinning and emulsion electrospinning can make polymer fibers with desired 
core–shell structures. through coaxial electrospinning using a coaxial needle 
where the inner capillary was fed by a protein-containing aqueous solution and 
the outer capillary was fed by a polymer solution of a suitable biodegradable 
polymer, biomolecules such as BSa and lysozyme were successfully encapsu-
lated in core–shell structured fibers.117 the bioactivity of incorporated biomole-
cules was well preserved and the subsequent controlled release of biomolecules 
was achieved. growth-factor-incorporated fibrous scaffolds, such as ngF- 
incorporated plaCl scaffolds, were also fabricated by coaxial electrospin-
ning, which could effectively enhance the bioactivity of the scaffolds and pro-
mote peripheral nerve regeneration in rats.118 however, the process of coaxial 
electrospinning is often difficult to control since two separated immiscible 
solutions are involved. the changes in the properties of two solutions, feed-
ing rates for these two solutions, nozzle diameters, field strength, and even 
environmental factors will affect the structure of the fibers formed, and hence 
the encapsulation and release of growth factors. the repeatability of coaxial 
electrospinning as a technique to make growth-factor-incorporated scaffolds 
may therefore be influenced. in contrast, emulsion electrospinning to make 
core–shell structured nanofibers and the evolution of the core–shell structure 
during emulsion electrospinning have been studied in detail.119,120 in the emul-
sion electrospinning process, a stable water-in-oil emulsion is subjected to 
electrospinning where a biomolecule-containing aqueous solution (the “water 
phase”) is dispersed in a polymer solution (the “oil phase”) with the addition 
of a suitable surfactant that does not compromise the biocompatibility either. 
the formation of a core–shell structure is strongly related to the utilization 
of surfactant and the fraction of water phase in the emulsion system, which 
can be relatively easily controlled. Using optimized processing parameters, 
poly(d,l-lactic acid) (pdlla) scaffolds with core–shell structured nanofibers 
(Figure 20.5), where BMp-2 was encapsulated in the aqueous core, could be 
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formed by emulsion electrospinning.109 the bioactivity of incorporated BMp-2 
was well protected and the release behaviours could be changed by varying 
the ratio between the water phase and oil phase. the sustained release of 
BMp-2 for more than one month was achieved along with the degradation of 
polymer fibers, which displayed promising osteoinductive potential for bone 
tissue engineering. although the release of growth factors from fibrous scaf-
folds made by emulsion electrospinning have drawbacks, such as initial rapid 
release due to the charge repulsion effect, improvements such as control over 
the surface charge of emulsion electrospun scaffolds have been investigated, 
which were shown to be effective in modulating the release behaviours of 
growth factors.121 after incorporating an appropriate negatively charged poly-
electrolyte, namely cellulose acetate, in emulsion electrospun plga scaffolds 
through different approaches, a designed steady and sustained release of pos-
itively charged growth factors such as bFgF could be achieved from the modi-
fied fibrous scaffolds (Figure 20.6).

to combine the osteoconductive potential of fibrous nanocomposite 
scaffolds made by blend electrospinning and the osteoinductive poten-
tial of BMp-2 incorporated scaffolds made by emulsion electrospinning, 
a novel multi-source multi-power (MSMp) electrospinning approach was 
established for making multicomponent fibrous scaffolds.108 a similar 
multi-jet electrospinning technique had been investigated for the mass 
production of electrospun fibrous scaffolds while one single polymer solu-
tion source was used. the interactions among the applied electrostatic field 

Figure 20.5    Core–shell structure of a pdlla nanofiber made by emulsion 
electrospinning.
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and multiple charged jets were investigated.122 in the MSMp electrospin-
ning process, multiple electrospinning nozzles are fed by different polymer 
solution sources and connected to different power supplies. to minimize 
the influence of electric interactions on fiber collection, the blend elec-
trospinning source for making nanocomposite fibers and the emulsion 
electrospinning source for making growth-factor-incorporated fibers were 
placed on the two sides of a grounded collecting drum, which could move 
reciprocally along its long axis and simultaneously rotate to ensure that 
the collected fibers were evenly distributed on the collector surface (Fig-
ure 20.7). through MSMp electrospinning, multicomponent fibrous scaf-
folds with intermeshed Ca-p nanoparticle-embedded plga nanofibers and 
BMp-2-incorporated pdlla nanofibers were successfully fabricated, which 
exhibited synergistic effects on promoting the mineralization process and 
osteogenic differentiation of mesenchymal stem cells (Figure 20.8), hence 
significantly improving bone tissue regeneration.108 MSMp electrospinning 
could be extended for making fibrous scaffolds with controlled delivery 
of multiple growth factors required in the tissue regeneration process of 
tissues such as bone123 and peripheral nerves.124 For instance, through a 
previously described MSMp electrospinning process108 with the addition of 
another emulsion electrospinning source using a VegF-containing plga 
emulsion, tricomponent fibrous scaffolds with the dual delivery of BMp-2 
and VegF were formed.123 Sequential release of VegF and BMp-2 from the 
new tricomponent fibrous scaffolds was achieved according to the different 
degradation rates for the plga and pdlla fibrous vehicles, which holds 
promise for the regeneration and neo-formation of vascularized living 
bone.

Figure 20.6    release profiles of bFgF from emulsion electrospun plga scaffolds 
with or without Ca incorporation.
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20.4.3   Nanofibrous Cell-Laden Scaffolds for the Regeneration 
of Complex Body Tissues

“ideal” tissue regeneration requires the integration of scaffolds, cells and 
bio-signals. Cell incorporation is particularly important for tissue engineer-
ing scaffolds. remarkable achievements have been made by using electrospun 
nanofibrous scaffolds for promoting the regeneration of various human body 
tissues with relatively simple structures. But electrospun scaffolds have limita-
tions in poor cell infiltration due to very dense nanofibrous structures and 
small interconnected pores, which lead to a difficulty in forming 3d cell-laden 
structures for promoting the regeneration of complex body tissues and organs. 
the construction of multifunctional scaffolds with optimized incorporation 
of bio-signals and cells, in which the cell–scaffold organization is 3d and bio-
mimetic, is a major challenge for electrospun tissue engineering scaffolds.125

different efforts have been made for fabricating 3d cell-laden scaffolds 
via electrospinning. a direct way is to enlarge the sizes of interconnected 
pores in electrospun nanofibrous scaffolds, which aims to enhance cell 
infiltration and consequently make 3d cell-laden scaffolds. Combining 

Figure 20.7    a schematic diagram showing the MSMp electrospinning setup.

Figure 20.8    MSCs cultured on multicomponent fibrous scaffolds: (a) MSCs with 
alkaline phosphatase staining showing osteogenic differentiation; (b) 
MSCs with immunochemical staining showing MSC mineralization. 
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electrospinning with some other techniques, such as particulate leaching 
and gas foaming,126,127 nanofibrous scaffolds with enlarged pores were fabri-
cated. however, the engineered micropores in the scaffolds generated using 
these methods were usually neither interconnected nor homogeneous, and 
sometimes were unstable. increasing the diameters of electrospun fibers is 
another method for making fibrous scaffolds with enlarged and structurally 
stable pores, which was shown to achieve improved cell infiltration,128 while 
microfibrous scaffolds would influence cell attachment and 3d cell–scaf-
fold organization.129 it is of high importance to develop effective strategies 
that can effectively enlarge the pore sizes of electrospun scaffolds without 
disturbing their nanofibrous structures. our investigations demonstrated 
a method of using concurrent electrospinning on a MSMp electrospinning 
setup to make bicomponent scaffolds with intermeshed nanofibers, where 
one component was a water-soluble polymer, namely gelatin, and one com-
ponent was a biodegradable water-insoluble polymer, namely plga. after 
post-electrospinning immersion treatments to selectively remove the sac-
rificial gelatin fibers, as-formed nanofibrous plga scaffolds with some 
large interconnected micropores over 20 µm were fabricated, which would 
be adequate for cell migration and deep cell infiltration.130 however, after 
the removal of sacrificial nanofibers from the bicomponent scaffolds, the 
mechanical properties, particularly ultimate tensile strength, of the scaffolds 
formed were reduced. an alternative approach of concurrently performing 
the positive voltage electrospinning and negative voltage electrospinning 
was then investigated.131 due to the charge neutralization effect, the nano-
fibrous plga scaffolds formed exhibited relatively loose-packed structures 
and slightly enlarged interconnected pores as compared to electrospun scaf-
folds made by conventional positive voltage electrospinning. the influence 
of this fabrication method on the mechanical properties of scaffolds was 
noticeable but small. however, this fabrication method also had a problem 
in that the effect to enlarge the pore sizes of scaffolds was limited.

existing techniques for making electrospun nanofibrous scaffolds with 
enlarged pore sizes have respective drawbacks. Furthermore, even with effec-
tive cell infiltration, cells in electrospun scaffolds via conventional manual 
cell seeding will be inhomogeneous; and for the application of regenerating 
complex body tissues with different layers of cells, the particular type of cell 
cannot be distributed in the specific location of the scaffolds. to build nano-
fibrous cell-laden scaffolds with biomimetic 3d cell-scaffold organization 
and precisely controlled cell distribution, different novel cell incorporation 
methods for electrospun scaffolds have been studied.132,133 For instance, dif-
ferent layers of cells were manually seeded onto electrospun scaffolds during 
electrospinning intervals.132 through a concurrent electrospinning–electro-
spray process, a cell suspension was sprayed via electrospray with simultane-
ous deposition of polymer nanofibers via electrospinning, which resulted in 
3d cell-laden scaffolds.132,133 the scaffolds formed using this method showed 
superior cell penetration while cell viability was affected due to inadequate 
protection during the direct electrospraying of an aqueous cell suspension.
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through electrospinning or electrospraying with specific modifications, 
cell-encapsulated structures can be produced for better cell protection. 
Compared to the electrospinning process, which leads to fibers that are too 
thin to effectively encapsulate mammalian cells and involves a high inter-
facial shear force causing cell death,134 cell electrospraying, also termed 
“bio-electrospraying” by some researchers, has attracted much attention for 
cell microencapsulation and cell delivery.135 Using suitable bio-polymers, 
semi-rigid, cell-bearing structures could be formed by electrospraying, where 
cell viability was well preserved. to ease handling in tissue engineering, 
the cell electrospray technique for making solidified live cell-encapsulated 
microspheres and subsequent controlled cell delivery were investigated by 
our group. Similar to the delivery of bioactive proteins, the delivery of live 
mammalian cells also needs to have a biocompatible microenvironment 
to protect the bioactivity. Coaxial electrospraying is an effective method for 
making core–shell structured microspheres with a polymer shell and a core 
filled with an aqueous component, which have been widely investigated for 
the delivery of drugs and proteins.136 the structures (microsphere diameter, 
polymer shell thickness, aqueous core volume, etc.) and degradation proper-
ties of coaxial electrosprayed microspheres are adjustable by using different 
process parameters. Using optimized conditions and carefully selected bio-
polymer blends (gelatin and sodium alginate), a coaxial electrospray process 
with the inner capillary fed by a cell suspension was studied to make solid-
ified polymer microspheres for live cell microencapsulation.137 although 
microspheres with an average diameter of about 5 µm could be formed 
(Figure 20.9(a)), the number of cells successfully encapsulated in the micro-
spheres was low and the viability of encapsulated cells was not high (Figure 
20.9(b)). to increase cell encapsulation efficiency and improve cell viability, 
a new coaxial electrospray method for making cell-encapsulated hydrogel 

Figure 20.9    polymer microspheres formed by coaxial electrospray for cell encap-
sulation: (a) morphology of microspheres; (b) cells in a microsphere 
revealed by live/dead cell staining.
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microspheres was developed.138 the jetting of cell-containing alginate micro-
droplets, instead of the direct formation of solidified cell-encapsulated poly-
mer microspheres, was done during the coaxial electrospray process, and the 
microdroplets were then solidified in a collecting bath filled with an aqueous 
CaCl2 solution for alginate crosslinking. through this novel coaxial electro-
spray process, cell-encapsulated alginate-based hydrogel microspheres with 
an average diameter of around 100 µm could be successfully formed under 
suitable solution properties and processing parameters (Figure 20.10(a)). 
the results of a live/dead cell viability assay indicated that a very high cell 
survival rate (over 95%) was achieved by using this cell encapsulation tech-
nique (Figure 20.10(b)). Moreover, since the microspheres were formed by 
the crosslinking of alginate with calcium ions, through dripping a sodium 
citrate aqueous solution for disrupting alginate-based hydrogel structures, 
cell-encapsulated microspheres could be broken down and live cells would 
be released.

as effective live cell encapsulation and controlled cell delivery could be 
achieved through the novel coaxial cell electrospray approach, a combined 
process in which coaxial cell electrospray and emulsion electrospinning 
were concurrently performed to simultaneously fabricate cell-encapsulated 
alginate-based hydrogel microspheres and growth-factor-incorporated plga 
nanofibers was then developed for making complex nanofibrous growth- 
factor-incorporated and cell-laden scaffolds.139 in the complex scaffolds, 
microspheres with encapsulated cells were randomly deposited on the polymer 
nanofibers with core–shell structures (Figure 20.11). after the dripping 
of sodium citrate solution, the encapsulated cells could be triggered to be 
released from the microspheres to be directly laid in the nanofibrous scaf-
folds. Using this method, nanofibrous plga scaffolds with incorporated 

Figure 20.10    Cell encapsulation by alginate-based hydrogel microspheres formed 
via coaxial electrospray: (a) morphology and structure of micro-
spheres; (b): cell-encapsulated microsphere with live/dead cell 
staining.

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

05
58

View Online

http://dx.doi.org/10.1039/9781788010542-00558


Chapter 20586

VegF and endothelial cells (eCs) could be fabricated. the subsequent sus-
tained release of VegF (Figure 20.12(a)) and good spreading of eCs in the 
nanofibrous matrix of scaffolds (Figure 20.12(b)) highly resembled natu-
ral conditions during vascular formation and development. Compared to 
the growth of eCs on normal plga scaffolds using a conventional post- 
electrospinning manual cell seeding method, eCs grown in the complex scaf-
folds showed enhanced cell proliferation owing to the sustained delivery of 
VegF and exhibited better cytoskeleton development due to the 3d and bio-
mimetic cell–scaffold organization, which both offered positive stimuli for 
vascular tissue engineering. Furthermore, through sequentially performing 
the concurrent coaxial cell electrospray and emulsion electrospinning using 
different cells, biodegradable polymers and growth factors, multilayered 
nanofibrous scaffolds with different scaffold layers in accordance with the 

Figure 20.11    Complex fibrous scaffolds made by a concurrent fabrication pro-
cess: (a) a scaffold with embedded cell-encapsulated microspheres; 
(b) growth factor-containing core–shell structured nanofibers in the 
complex scaffolds.

Figure 20.12    Complex scaffolds with incorporated cells and growth factor: (a) 
release behaviour of VegF from the scaffolds; (b) spreading of eCs in 
the complex scaffolds after two-day cell culture.
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different tissue layers of complex body tissues could be made. For example, 
multilayered scaffolds with one non-woven plga nanofibrous layer with 
incorporated VegF and eCs and one aligned nanofibrous pdlla layer with 
incorporated pdgF and smooth muscle cells (SMCs) were formed by using 
this concurrent fabrication method.140 VegF and pdgF were released in a 
controlled manner and in turn, due to the different degradation rates of 
plga fibers and pdlla fibers (Figure 20.13), which respectively promoted 
the proliferation of eCs and SMCs and mimicked the native tissue regener-
ation process for angiogenesis and smooth muscle layer remodelling. over-
all, the nanofibrous cell-laden scaffolds formed by concurrent coaxial cell 
electrospray and emulsion electrospinning can provide multiple functions 
including a biodegradable scaffold matrix, eCM-like nanofibrous structural 
cues, spatiotemporally controlled delivery of multiple growth factors, and a 
3d biomimetic cell–scaffold organization, which hold great promise for the 
regeneration of complex human body tissues.

20.4.4   Theranostic-Embedded Scaffolds for Cancer Patients
For some specific medical applications, tissue engineering scaffolds with only 
a regenerative capability are not adequate. For instance, postoperative can-
cer patients usually have an urgent need for tissue regeneration as surgery is 
still the most commonly used method for cancer treatment and the resection 
of parts of cancerous tissues can cause abnormal functions of human body 
tissues or severe complications.141,142 Furthermore, cancer patients after sur-
gical resection also confront a high risk of cancer recurrence, which has been 

Figure 20.13    release profiles for the dual delivery of VegF and pdgF from multi-
functional nanofibrous cell-laden scaffolds.

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

05
58

View Online

http://dx.doi.org/10.1039/9781788010542-00558


Chapter 20588

the main cause of death for cancer patients. additional functions, such as 
the ability to monitor and inhibit cancer recurrence, are necessary for the 
tissue engineering scaffolds used for postoperative cancer patients.

Conventional techniques for fulfilling the anti-cancer property for tis-
sue engineering scaffolds is to incorporate anti-cancer drugs in scaffolds 
through different approaches.143 electrospinning is a promising technique 
for making fibrous scaffolds enabling controlled delivery of anti-cancer  
drugs and simultaneously to promote tissue regeneration.58 through 
blend electrospinning, fibrous plga scaffolds with a loaded hydrophobic 
anti-cancer drug, paclitaxel, were formed.144 a high drug loading efficiency 
(90%) and the sustained release of paclitaxel over 60 days were achieved, 
showing potential in chemotherapy. however, untargeted chemotherapy 
can bring problems such as toxicity to the surrounding healthy tissues. as 
effective agents for cancer detection and simultaneously cancer therapy, var-
ious functionalized nanoparticles, termed “theranostics”, have emerged in 
recent years for cancer diagnosis and treatment.145 typical examples are gold 
nanoparticle (aunp)-based theranostics, which can achieve cancer targeting 
through the functionalization of tumor-specific ligands, non-invasive cancer 
detection on the basis of their unique properties of surface-enhanced raman 
scattering (SerS) activity or surface plasmon resonance (Spr) absorption, 
and cancer treatment arising from laser-irradiation-induced photo-thermal 
effects or the capability of anti-cancer drug delivery. our group has devel-
oped a simple one-pot synthesis method to make folic-acid-chitosan-capped 
aunps as potential theranostics for cancer.146 through coaxial electrospray-
ing, aunp-based theranostics could be effectively encapsulated in core–shell 
structured plga microspheres (Figure 20.14(a)). the electrospray process 
was then combined with a concurrent pdlla electrospinning process and, 

Figure 20.14    Multifunctional scaffolds for cancer patients: (a) plga microspheres 
with encapsulated aunp-based theranostics; (b) theranostic- 
embedded scaffolds formed by concurrent coaxial electrospray and 
electrospinning.
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consequently, novel nanofibrous composite scaffolds with embedded ther-
anostics were subsequently formed.147 in these new scaffolds, theranostic- 
encapsulated plga microspheres were randomly laid in the pdlla nanofibrous 
matrix (Figure 20.14(b)). the encapsulated theranostics would be released 
along with the degradation of the plga microsphere shells while their SerS 
activity was well maintained for cancer detection. the released theranostics 
would be desirable agents for detecting cancer recurrence and also for the 
targeted clearance of residual cancer cells for cancer patients after tumor 
resection. at the same time, the pdlla nanofibrous matrix with a relatively 
slow degradation rate would provide desired eCM-like microenvironments 
for promoting the healing and in situ regeneration of resected tissue. these 
theranostic-embedded scaffolds investigated in our studies have great poten-
tial to offer combined therapies for postoperative cancer patients.

20.5   Concluding Remarks
Smart multifunctional scaffolds are needed for meeting the multiple require-
ments for promoting the regeneration of human body tissues. the structure, 
property and microenvironment of the target tissue to be regenerated must 
be carefully considered when designing the multifunctional scaffolds, which 
should possess essential, desired functional abilities. there are a variety of 
fabrication techniques for constructing tissue engineering scaffolds. While 
conventional scaffolds can be produced by many of these techniques, the 
fabrication of smart multifunctional scaffolds is often difficult and can use 
only one or just a few techniques due to the limitations or shortcomings of 
other techniques as well as the additional requirements when scaffold multi-
functionality is to be achieved. For the manufacture of smart multifunctional 
tissue engineering scaffolds, biomaterials should be carefully chosen, which 
should meet the requirements for the target tissue and be suitable for the 
specific scaffold fabrication technique to be used, and very often novel scaf-
fold fabrication techniques need to be developed.

Worldwide, researchers in different countries are investigating different 
multifunctional scaffolds according to their philosophy and strategy for tis-
sue regeneration. in this chapter, using our research work, four examples 
have been given for the design, fabrication and properties of multifunctional 
scaffolds for tissue engineering, with their potential applications for regen-
erating different body tissues and for cancer patients. Using SlS and with the 
assistance of nanocomposite and surface functionalization, biodegradable 
nanocomposite scaffolds with customized architecture, controlled pore size 
and porosity, incorporated osteoconductive component and sustained deliv-
ery of osteoinductive growth factor could be made, which showed excellent 
performance in promoting bone tissue regeneration. new multifunctional 
scaffolds for bone tissue engineering could be made via MSMp electrospin-
ning, where multiple components, including biodegradable polymer nano-
fibers, well-dispersed osteoconductive Ca-p nanoparticles, and controlled 
released growth factors (BMp-2 and VegF), could be integrated in one fibrous 
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scaffold. Furthermore, nanofibrous growth-factor-incorporated and cell-
laden scaffolds better resembling the native 3d cell–eCM organization and 
the spatiotemporal administration of multiple growth factors could be made 
through concurrent coaxial cell electrospraying and emulsion electrospin-
ning, which could be used for achieving better regeneration of complex body 
tissues. For postoperative cancer patients, aiming to achieve the synergetic 
effects of promoting tissue regeneration after surgical removal of cancer and 
simultaneously preventing cancer recurrence, nanofibrous tissue engineer-
ing scaffolds with controlled release of anti-cancer theranostics could be 
produced by concurrent electrospinning and coaxial electrospraying. these 
multifunctional scaffolds would provide comprehensive care for people suf-
fering from cancer.

Current multifunctional scaffolds have shown great potential for tissue 
regeneration. With more and a better understanding of the development 
and regeneration of human body tissues and organs as well as significant 
advances in new biomaterials and engineering techniques, novel multifunc-
tional scaffolds will be designed and investigated, accelerating the pace of 
developments in the tissue engineering field.
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21.1   Introduction
Microfluidics is a multidisciplinary subject, which employs fluids in micro-
channels to solve miscellaneous problems from physics, chemistry and 
biology.1–8 in the field of biology, microfluidic systems have proved to be parti-
cularly useful due to their micro-sized feature that perfectly matches the 
dimension of cells.1,7,8 as a result of that, microfluidic systems are extensively 
used in the areas of biomedical science and engineering, such as single cell 
analysis, disease diagnosis, biosynthesis and tissue engineering.7–22
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among these applications, tissue engineering has attracted a lot of atten-
tion because of the enormous growth in the population with degenerative 
diseases, including heart diseases, diabetes, osteoporosis, atherosclerosis,  
and macular degeneration.23 For those patients suffering from severe 
symptoms, transplantation is their last resort.24,25 however, this is seriously 
restricted by the small number of donors available in stark contrast to the 
huge amount of patients in need.24,25 in the past few decades, the huge pro-
gresses in tissue engineering has ignited new hope for those patients thanks 
to the great advances made in stem cell technology, materials science and 
manipulation techniques.26–39 the achievement in stem cell technology has 
provided human beings with unlimited amounts of specialized cells with 
desired biological functions while the development of new materials has 
rendered us with resources to construct various scaffolds with competent 
performance for artificial tissues.19,26,29–31,34,37 Moreover, the emergence of 3d 
bioprinting and new microfluidic systems has given mankind the ability to 
build complex tissues or even integrated organs using a bottom-up strategy 
from the cellular level.40–46

as a powerful tool, microfluidic systems play an important role in tissue 
engineering.44–46 Specifically, smart microfluidic systems have emerged as a 
new platform for fundamental studies and practical applications in this area 
in recent years.47–57 this sort of system is capable of sensitively responding 
to changes or stimuli generated in the surrounding environment, thus pos-
sessing unique functions that are not owned by conventional microfluidic 
devices.58 as a relatively new field, it has great potential in biomedical science 
and engineering. in this chapter, we will briefly introduce some of the smart 
microfluidic systems based on the stimuli they respond to. their applica-
tions in tissue engineering will also be covered.

21.2   Thermo-Responsive Microfluidic System
temperature is one of the most important factors that is frequently utilized 
to tune the properties of materials.59–62 poly(N-isopropylacrylamide) (pni-
paam) is probably the most well-known polymer, which has a lower criti-
cal solution temperature (LCSt) around 32 °C.63–69 it is hydrophilic below 
the LCSt and transforms into a hydrophobic polymer above it.63–69 Because 
of this unique character, it is widely applied as a thermo-responsive coating 
on common substrates such as a glass slide, polystyrene culture dish and 
silicon water.63–69 a surface grafted with a layer of pnipaam is cell-adhesive 
when the temperature is above 32 °C in a normal incubator so that it can pro-
mote cell adhesion and the formation of a compact monolayer of cells.65–69 
When the temperature is lowered below 32 °C, it becomes hydrophilic and 
anti-cell-adhesive.65–69 therefore, cells are detached and can be harvested as 
an integrated sheet with careful manipulation.65–69 Compared to detachment 
by trypsin treatment, cells are much less impaired and their junctions as well 
as extracellular matrix (eCM) are well preserved, making the cell sheet ideal 
for the fabrication of artificial tissues based on layer-by-layer stacking.65,67,68
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it is not surprising that pnipaam has also found applications in microflu-
idic systems for tissue engineering. Kitamori et al. reported a good study.51 
they designed and made a separable microchip-based cell culture and recov-
ery device (Figure 21.1(a)). the microchip was assembled with two identi-
cal glass substrates, each containing half parts of the microfluidic channels. 
Cells were seeded in the microchannels grafted with a layer of pnipaam. 
the culture medium was kept within the microchannels by Laplace pressure 
induced by octadecyltrimethoxysilane (odS)-modified microchip surfaces 
that are hydrophobic.70,71 When the cells had grown to confluence, the tem-
perature was lowered to release the cells from the surface as a result of the 
wettability transition of pnipaam. in the end, the top and bottom substrates 
of the microchip were split to recover the cells from the microchannels. With 
the increase of photoinitiator concentration (0 to 10 wt%), the grafting den-
sity of pnipaam on the substrate increased correspondingly (Figure 21.1(b)), 
leading to over 70% detached cells when the temperature was reduced (Fig-
ure 21.1(c)). this study demonstrated that a living cell monolayer could be 

Figure 21.1    Cultivation and recovery of human aortic endothelial cells (haeCs) 
in thermo-responsive microchannels of a separable microchip.51 (a) 
Schematic illustration for the device. (b) Water contact angles on bare, 
octadecyltrimethoxysilane (odS)-modified, and pnipaam-grafted 
(0 to 10 wt% initiator solutions) glass substrates at 25 °C and 37 °C. 
(c) detachment rate of haeCs grown on bare and pnipaam-grafted 
(0 to 10 wt% initiator solutions) glass substrates at 25 °C. reprinted 
from Biomaterials, 32(10), Cultivation and recovery of vascular endo-
thelial cells in microchannels of separable micro-chemical chip. t. 
Yamashita, Y. tanaka, n. idota, K. Sato, K. Mawatari and t. Kitamori, 
2459–2465, Copyright (2011) with permission from elsevier.
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recovered in a thermo-responsive microfluidic system for the first time, thus 
it may be a useful technique for vascular tissue engineering.

human eyes can readily tune their focus by adjusting their lens’ shape with 
the aid of ciliary muscles despite their compactness.72,73 the development of 
optical systems that mimic the functions of human eyes has wide applica-
tions in photonics, displays and biomedical engineering.74–76 however, tradi-
tional artificial ones rely on the displacement of lenses to achieve focusing, 
which requires complicated mechanical accessories. in the past few decades, 
the enormous progress in miniaturization technology has brought about 
new optical systems that are no longer dependent on them.47,77–80 among 
these works, an intriguing biomimetic “eye” based on a microfluidic system 
was presented by Jiang et al. (Figure 21.2(a)).47

in their work, they created a meniscus-shaped interface between water and 
oil, which acted as an optical lens. its focal length can be adjusted by tuning 
the curvature of the meniscus. the core of the design is a ring made of a stim-
ulus-responsive hydrogel (pnipaam for thermo-responsiveness) in a micro-
channel that is sandwiched between a glass plate and an aperture slip with 
an opening centered over the ring. the microchannels were filled with water, 
and oil was added on top of the aperture slip, which was further covered with 
a cover slip. a meniscus-shaped interface between water and oil was gener-
ated due to interfacial tensions. in their device, a polymer protecting layer 
was made around the hydrogel ring so as to prevent water leakage and phys-
ically restrict the latter’s movement at its inner periphery (Figure 21.2(c)).  
When pnipaam is prepared as the hydrogel ring, its volume can be tuned by 
temperature (i.e. expands when lowering it and shrinks when raising it) so 
that the curvature of the meniscus can be adjusted. By tuning the tempera-
ture, the focal length can be adjusted from divergent (−11.7 mm to −∞ at 23 to 
33 °C) to convergent (+∞ to 22.8 mm at 33 to 47 °C) (Figure 21.2(d)).

21.3   pH-Sensitive Microfluidic System
ph, another crucial stimulus, is often applied in smart systems.60,81,82 despite 
that, there are almost no reports about the applications of ph-sensitive 
microfluidic systems in tissue engineering, probably on account of the lability  
of mammalian cells to even a small change of environmental ph from the 
physiological condition. in fact, the system designed by Jiang et al. can 
also be made ph-sensitive by replacing the pnipaam-based hydrogel with 
a ph-sensitive polymer such as a poly(acrylic acid) (paa)-based one (Figure 
21.3(a)).47,83 the paa-based hydrogel contracts and expands at acidic and 
basic phs, respectively (Figure 21.3(b) and (c)). therefore, the microlens’ focal 
length can be controlled by environmental ph (Figure 21.3(d)). as a proof 
of concept, they demonstrated the smart focusing of two objects by simply  
changing the ph of the aqueous solution in the microchannels (Figure 
21.3(e)). When the ph was 2.0, both objects were out of focus. When the ph 
was increased to 4.0, the needle tip was focused. at ph 6.0, the focus point 
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moved to somewhere between the two objects while at ph 10.0, the ball was 
finally focused.

21.4   Electro-Active Microfluidic System
electrical stimulation is also an essential trigger for smart systems.60,84,85 
rubloff et al.52 developed an electro-active microfluidic system for three- 
dimensional (3d) cell assembly (Figure 21.4(a)). in their work, they used angled 

Figure 21.2    Biomimetic “eye” based on a thermo-responsive microfluidic sys-
tem.47 (a) operational mechanism of the biomimetic “eye”. the blue 
dashed lines indicate the expanded state of the hydrogel ring (‘ih’), 
corresponding to the divergent microlens (‘im’). the red dashed lines 
show the contracted state of the hydrogel ring (‘iih’), corresponding to 
the convergent microlens (‘iim’). (b) pictures showing the adjustment 
in the shape of the liquid microlens with the increase of local envi-
ronmental temperature. Scale bars: 1 mm. (c) optical images of the 
device. the dashed lines delineate the boundaries of the inner periph-
ery of the hydrogel ring at two distinct temperatures. Scale bars: 2 mm 
in the left image, 500 µm in the right ones. (d) the temperature depen-
dence of the focal length of the microlens. (adapted by permission 
from Macmillan publishers Ltd: ref. 47, copyright 2006.)
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thermal evaporation of chromium and gold with the aid of a bent shadow 
mask to fabricate several parallel electrodes and leads on a glass plate. they 
placed two identical glass plates with the electrodes and leads side by side 
with a spacing of 1 mm, and sandwiched them between two pieces of poly(di-
methylsiloxane) (pdMS) slab to construct a microfluidic system. a deposi-
tion solution composed of sodium alginate, CaCo3 particles and cells filled 
the microchannel. By applying an electric potential, h+ ions were generated 
at the anode by the electrolysis of water, which dissolved the CaCo3 particles 
and released Ca2+ ions. the crosslinking of sodium alginate was then trig-
gered by the presence of free Ca2+ ions.86 3d cell assembly was subsequently 
achieved by the sol–gel transition (Figure 21.4(b)). Since CaCo3 particles can 
prevent the accumulation of h+, ph deviation from neutral was so minimal 
that the cells encapsulated in the hydrogel maintained a high viability (Fig-
ure 21.4(c)). Besides multiple parallel electrodes, an electrode array (Figure 
21.4(d)) was made as well with photolithography so that the spatially pro-
grammable assembly of cells was realized. the assembled 3d tissue enables 

Figure 21.3    Biomimetic “eye” based on a smart ph-sensitive microfluidic sys-
tem.47 (a) a bright-field image of the device. pnipaam-based hydrogel 
was replaced by a poly(acrylic acid) (paa)-based one for ph-sensi-
tivity. Scale bar: 1 mm. (b), (c) the contracted (b) and expanded (c) 
states of the hydrogel ring at ph 2.0 and ph 12.0, respectively. the 
red and black dashed lines indicate the boundaries of the inner and 
outer peripheries of the hydrogel ring, respectively. Scale bars: 500 
µm. (d) the dependence of the focal length of the microlens on ph. 
(e) “Smart” focusing of two objects (a pillar connected to a ball and a 
needle tip, with a distance of 1.38 cm). (adapted by permission from 
Macmillan publishers Ltd: ref. 47, copyright 2006.)
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Figure 21.4    an electro-active microfluidic system for 3d cell assembly.52 (a) design of the electro-active microfluidic system. angled 
thermal evaporation was used to build the parallel sidewall electrodes. (b) Schematic for the mechanism of 3d cell assembly 
through electrodeposition of calcium alginate hydrogel. (c) assembly of mammalian cells (mouse B cells) on the sidewall of 
an electrode in a microfluidic device. Live (green)/dead (red) staining demonstrated a high viability of the assembled cells. 
(d) Spatially programmed assembly of E. coli cells expressing red fluorescent protein (rFp), green fluorescent protein (gFp), 
and blue fluorescent protein (BFp) on a 5 × 5 electrode array. (all the images were adapted from ref. 52 with permission from 
the royal Society of Chemistry.)
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the in vitro study of interactions between cells and their behaviors to stimuli 
at a more biologically relevant state.

dielectrophoresis (dep) is a physical phenomenon in which an external 
force is exerted on a particle when it is subjected to a non-uniform electric 
field.87,88 in microfluidic systems, it is normally exploited as a tool for manipu-
lating microparticles including mammalian cells.89–91 Liu et al.54 successfully 
reconstructed a liver tissue on a chip by making use of dep. in their work, a 
lobule-mimetic stellate electrode array was constructed on a glass substrate, 
which consisted of two sets of electrodes, one for trapping hepatic cells and 
the other for endothelial cells (Figure 21.5(a)). a microfluidic system was 
then built by bonding the glass substrate to a transparent indium–tin–oxide 

Figure 21.5    Liver-cell patterning on a microfluidic chip by dielectrophoresis 
(dep).54 (a) the fundamental structures of a hepatic lobule in liver and 
a stellate electrode array that mimics lobule. (b) the configuration and 
operational principle of heterogeneous lobule-mimetic cell pattern-
ing based on dep. (c) dep-based cell patterning on a chip in parallel. 
Bright-field pictures exhibit the lobule-mimetic electrode array before 
(left) and after (middle) cell infusion. after an alternating potential of 
5 V at 1 Mhz was applied, the originally randomly distributed hepg2 
were patterned and snared onto the electrode array, as revealed by the 
fluorescence image (right). Scale bars: 500 µm. (d) the biomimetic 
liver tissue with heterogeneous distribution of hepg2 and huVeC 
cells. (all the images were adapted from ref. 54 with permission from 
the royal Society of Chemistry.)
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(ito) glass slide with inlet and outlet openings (Figure 21.5(b)). By applying 
alternating potentials, Homo sapiens carcinoma (hepg2) cells and human 
umbilical vein endothelial (huVeC) cells were patterned and trapped 
sequentially onto the electrode array that mimics the lobule (Figure 21.5(d)), 
generating a centimeter-scale engineered liver tissue that recapitulated the 
structure of native hepatic lobules. this technique was claimed to be highly 
biocompatible for cell assembly as about 95% of cells were still alive after cell 
patterning based on dep. More interestingly, the liver function (as reflected 
by CYp450-1a1 enzyme activity) of the biomimetic tissue (hepg2+huVeC) 
exhibited an 80% enhancement over the non-patterned pure hepg2 after 
two days’ culture.

21.5   Light-Responsive Microfluidic System
Light is an extremely valuable energy source for triggering chemical reac-
tions.92–95 By virtue of its ease of manipulation, it is also a powerful tool in 
the manufacture of microchips, specifically for micropatterning using pho-
tolithography.96–100 Some microfluidic systems even exploit light to create 
engineered microtissues. For instance, Kwon et al.49 established a micro-
fluidic system for fabricating heterogeneous 3d microstructures based on 
optofluidic maskless lithography. as shown in Figure 21.6(a), their system 
is basically composed of a pdMS microfluidic channel with tunable height 
and an optical module that can generate desired digital patterns. the height 
of the channel is controlled under pneumatic pressure via the deformation 
of the pdMS membrane of the top chamber. through programmed height 
regulation of the channel, prepolymer solution injection (Figure 21.6(b)) and 
digital pattern projection, heterogeneous 3d micron-scale objects can be 
formed. By substituting hydrogel precursor solutions encapsulating different 
cell types (Figure 21.6(c)) for prepolymer solutions, microtissues with com-
plex 3d structures can be engineered (Figure 21.6(d)). Since the ultraviolet 
(uV) light exposure time for patterning was relatively short (0.2 s), high via-
bilities (>90%) of cells were maintained in the micro-tissues (Figure 21.6(e)). 
the proposed technique is simple and allows rapid synthesis of complex 3d 
heterogeneous microtissues so that it is a robust platform for studying cell-
to-cell interactions and for microfluidic bioassays.

although the technique invented by Kwon et al.49 can generate complex 
heterogeneous 3d structures, it is not capable of engineering microtissues 
on a large scale even in one dimension such as with muscle fibers. our 
group has established a light-responsive microfluidic system that can pro-
duce cell-responsive grooved microfibers via spinning (Figure 21.7(a)).56 to 
introduce a grooved feature on the microfibers, a special micronozzle with a 
complementary structure was fabricated via repeated replica molding (Fig-
ure 21.7(b)), which was then connected to a syringe through a needle. Meth-
acrylamide-modified gelatin (gelMa) solution was prepared as the scaffold 
material for cell encapsulation or seeding. the hydrogel precursor solution 
was injected through the micronozzle and immersed in cold ethanol.  
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the as-prepared fibers were crosslinked by uV exposure. to generate gelMa 
microfibers continuously, the solution of gelMa was kept warm (60 °C) in the 
syringe before being injected into the micronozzle.

as shown by scanning electron microscopy (SeM) images (Figure 21.7(c)), 
gelMa microfibers with well-defined grooves could be acquired with our 
device. owing to the outstanding biocompatibility of gelatin, high viabilities 
(>80%) of cells were achieved for both those cultured on it (Figure 21.7(d)) 
and encapsulated in it (data not shown). Moreover, a nice alignment of cells 
was achieved with the assistance of the grooved structure on gelMa fibers, 
in contrast to the random orientation of cells on smooth ones (Figure 21.7(d) 
and (e)). encouragingly, our gelMa fibers can even support the co-culture of 
different cell types as demonstrated by the simultaneous seeding of huVeCs 
in the microfibers and C2C12 cells on them (Figure 21.7(f)). it is believed 

Figure 21.6    Fabrication of heterogeneous 3d microstructures using the defor-
mation of soft membrane and maskless optofluidic lithography.49 
(a) Schematic illustration of the microfluidic system. (b) Control of 
microfluids for exchanging prepolymer solutions for generating 
hybrid microstructures. prepolymer solutions can be loaded through 
the same inlet sequentially (top) or multilaminar flow (bottom). (c) 
diagram depicting the fabrication of heterogeneous 3d hydrogel 
microstructures encapsulating living cells. (d) Confocal laser scan-
ning microscope (CLSM) images of a heterogeneous hydrogel block 
containing sequentially patterned Homo sapiens cervix adenocarci-
noma (heLa) cells (left: differential interference contrast image; right: 
fluorescence image). (e) Cell viability assay in a cell-containing hydro-
gel block (left: bright-field image; right: fluorescence image). (all the 
images were adapted from ref. 49 with permission from the royal 
Society of Chemistry.)
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that this co-culture model can facilitate the construction of complicated tis-
sues such as blood vessels, which are constituted of smooth muscle cells and 
endothelial cells. Because of the merits of our system, it would be helpful in 
engineering artificial tissues with well-aligned structures such as muscle and 
blood vessels.

Figure 21.7    grooved cell-responsive microfibers prepared by microfluidic spin-
ning.56 (a) Schematic for the principle of the spinning of grooved 
methacrylamide-modified gelatin (gelMa) microfibers. the fibers 
are crosslinked by uV exposure. (b) Workflow for the fabrication pro-
cess of a pdMS micronozzle. (c) Scanning electron microscopy (SeM) 
images showing the grooved gelMa microfibers spun at varying flow 
rates. Scale bars: 20 µm. (d) Fluorescence images revealing the align-
ment of Mus musculus muscle (C2C12) cells caused by the induction 
of the grooved microstructures on the surface of gelMa fibers. the 
top panels present live (green)/dead (red) cell assay results while the 
bottom ones exhibit the orientation of filamentous actin (red) and 
cell nuclei (blue), respectively. (e) Quantification of cell alignment 
on grooved gelMa microfibers and smooth ones. (f) Fluorescence 
images displaying co-culture of two different cell types. huVeCs (red) 
were encapsulated in the grooved gelMa microfibers and C2C12 cells 
(green) were seeded on them. (Scale bars: 200 µm) (From ref. 56. Copy-
right © 1999–2016 by John Wiley & Sons, inc. reprinted by permission 
of John Wiley & Sons, inc.)
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21.6   Magneto-Responsive Microfluidic System
it is generally known that many organs and tissues such as the heart, stom-
ach, bone and blood vessels possess multi-layered structures with varying 
orientations in each layer.101–105 So it is imperative to fabricate multi-layered 
scaffolds with tunable alignment in each layer for the purpose of engineering 
tissues that resemble their native counterparts. Jiang et al.48 have designed a 
magneto-responsive microfluidic system to spin aligned nanofibers (Figure 
21.8(a)). the key part of their apparatus is a set of two parallel-positioned per-
manent magnets, which generates a magnetic field that can induce the align-
ment of electrospun fibers doped with magnetic particles. poly(vinyl alcohol) 
(pVa) nanofibers with excellent alignment were successfully obtained (Fig-
ure 21.8(b)). By rotating the substrate after each cycle of fiber collection (Fig-
ure 21.8(c)), multi-layered fibrous grids with varying orientations could be 
formed (Figure 21.8(d)). Compared to other methods, their approach has at 
least the following advantages: (a) the whole system is simple, only including 
two additional magnets in contrast to conventional designs; (b) the magnetic 
field can be readily handled; (c) multi-layered fibrous grids with any orienta-
tions can be formed; (d) a much larger area of aligned fibers can be harvested 
compared to other methods.

to facilitate more precise control, Sun et al.57 invented a smart system using 
microfluidic printing for 3d magnetic assembly of alginate microfibers (Figure 
21.9). in their system, a permanent magnet disc was placed under a culture 
dish filled with deionized water. Fe3o4 magnetic nanoparticles (Mns)-doped 
sodium alginate solution was laden with cells and injected into a microfluidic 

Figure 21.8    Magnetic electrospinning of aligned nanofibers.48 (a) Schematic illus-
tration for the preparation of aligned fibers using magnetic electro-
spinning (MeS). the two parallel-positioned permanent magnets 
generated a magnetic field that induced the alignment of fibers. (b) 
SeM images of the aligned poly(vinyl alcohol) (pVa) nanofibers. (c) 
Strategy for the formation of multi-layered fibrous grids with varying 
orientations. (d) SeM images of two-layer fibrous grids with differ-
ent angles of rotation. (From ref. 48. Copyright © 1999–2016 by John 
Wiley & Sons, inc. reprinted by permission of John Wiley & Sons, inc.)
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chip. the solution was partially crosslinked in the microchannel by Ca2+ from 
other inlets and ejected from the device. the magnetic force imposed on the 
magnetic alginate microfibers (MaMs) could counteract the buoyancy of the 
water so that they would deposit onto a supporting substrate fixed in a petri 
dish. guided by the magnetic field, the movement of MaMs in the z direction 
made it possible to fabricate 3d assemblies with well-defined alignment of 
microfibers simply by moving the microfluidic device on the xy plane. owing 
to the excellent biocompatibility of alginate, the cells maintained a high viability 
in the fibers. By using this “bottom-up” approach, 3d assemblies of MaMs 
with complex geometries can be produced since various shapes of the support-
ing substrate can be manufactured with modern technologies.

21.7   Enzymatically Degradable Microfluidic System
in the past few years, enzymatically degradable microfluidic systems have 
come out for the purpose of mimicking biological phenomena at tissue level 
in microfluidic chips.50,53,55 among these studies, the one reported by Chung 
et al.53 is likely to be the most representative. their device (Figure 21.10(a) 
and (b)) is made up of four major parts, i.e. a cell culture channel, two hydro-
gel channels, a stimuli channel, and a control channel. all the channels 
were firstly loaded with poly(l-lysine) (pLL) solution for surface coating to 

Figure 21.9    printed 3d assembly of magnetic alginate microfibers using a micro-
fluidic method.57 (a) diagram of the system for 3d magnetic assembly. 
(b) image of a microfluidic print head for the system. (c) Mechanism 
of the 3d magnetic assembly. (ref. 57, with permission of Springer.)
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enhance cell adhesion. Collagen hydrogel was then formed in the hydro-
gel channels to mimic the eCM. Subsequently, cells were injected into the 
cell culture channel (Figure 21.10(c)) and the hydrostatic pressure pushed 
the suspended cells onto the collagen hydrogel (Figure 21.10(d)). after the 
attachment of cells, media with and without stimulating reagents were added 
into the stimuli channel and control channel, respectively. due to the pres-
ence of the pLL coating, cells attached onto the surface of the microchannel 
and formed a tight monolayer (Figure 21.10(e)). as collagen is enzymatically 
degradable, cells could digest the hydrogel and grow into it, being attracted 

Figure 21.10    Simultaneous culture of multiple types of cells on the surfaces of a 
channel and within an enzymatically degradable collagen hydrogel in 
a microfluidic system.53 (a) Schematic of the microfluidic system for 
cell culture. the units of all the figures are µm. (b) photograph of the 
microfluidic chip. (c) Seeding of cells into one reservoir connected to 
the central channel. (d) hydrostatic pressure gradient pushing the 
suspended cells onto the collagen hydrogel. (e) optical images show-
ing suspended human microvascular endothelial cells (hMVeCs) 
right after cell seeding (top) and tight cell monolayer at day one (bot-
tom). Scale bars: 250 µm. (f) optical images exhibiting angiogenesis 
of the hMVeC monolayer into the collagen hydrogel induced by the 
diffusion of vascular endothelial growth factor (VegF) from the right 
channel. (adapted by permission from Macmillan publishers Ltd: 
ref. 53, copyright 2012.)
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by growth factors or chemoattractants, as demonstrated by the angiogenesis 
of human microvascular endothelial cells (hMVeCs) into the collagen hydro-
gel induced by the diffusion of vascular endothelial growth factor (VegF) 
from the right channel (Figure 21.10(f)).

in addition to biochemical reagents, a second cell type could be raised 
in the stimuli channel to investigate interactions between different types 
of cells. Cells may even be embedded in the hydrogel for 3d culture. Well- 
defined biochemical and biophysical stimuli could be established by using 
this platform to study various biological phenomena. thereby, it can help 
researchers to better understand fundamental issues in developmental biol-
ogy, disease and tissue engineering.

21.8   Conclusion and Outlook
in this chapter, we have briefly reviewed several representative smart micro-
fluidic systems according to the type of responsiveness, and their applica-
tions in tissue engineering. although microfluidics is a discipline with a 
history of about 30 years, smart microfluidic systems have emerged only in 
the past decade. as a matter of fact, the number of reports about the appli-
cations of smart microfluidic systems in tissue engineering is still relatively 
small. With the continuous growth in the population with degenerative dis-
eases in contrast to the scarcity of donor organs and tissues, one can foresee 
that more and more resources will be invested into tissue engineering. as a 
powerful technique to manipulate cells at the microscale, it comes naturally 
that microfluidics will continue to serve purposes related to biomedical sci-
ence and engineering. Smart microfluidic systems based on other response 
mechanisms or capable of solving new problems are expected to come out. 
it is definite that they will prove their great value in tissue engineering and 
even demonstrate their clinical potential. hopefully, with the advances in 
this, and other new techniques such as 3d bioprinting, practically implant-
able artificial tissues or even organs would be constructed in the near future.
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22.1   Introduction
the developments and breakthroughs of metals and ceramics have been in 
place for many years, while for polymers, it was not until 100 years ago that 
there had been shown some major progress. Compared with metals and 
ceramics, the chemical structures of polymers are not only more complex 
but also can be devised at will. as a result, the variations in their proper-
ties can be even more complicated. For applications in tissue engineering, 
human bones are of a great hardness that can be replaced by metals and 
ceramics. however, the mechanical properties of these two types of materials 
are difficult to adjust. Moreover, the biomimeticity of metals and ceramics 
is unfavorable for use in human bodies. For these reasons, choosing poly-
mers that are more similar to organisms in terms of biological properties for 
the development of smart materials allows us to fine tune the mechanical 
properties to meet the standards for use in human bodies as well as mak-
ing up microenvironments with the real tissues through various mecha-
nisms. Besides, metals and ceramics are mostly bio-inert and therefore are 
hardly degradable or absorbable in human bodies. in contrast, certain kinds 
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of polymers such as polyester-based ones can be decomposed gradually by 
hydrolytic enzymes and subsequently released from human bodies without 
the need of removal by surgery.

Most structures in organisms can adjust or respond to changes in the sur-
rounding environment. For example, when they encounter changes in light, 
temperature, ph value, magnetic field or biomolecules, the natural materials 
in organisms will adapt automatically. therefore, developing polymers with 
auto-adjusting abilities is a reasonable strategy from the viewpoint of bio-
mimicry, for which these materials are also called smart polymers. By both 
physical and chemical mechanisms, polymers can exhibit various kinds of 
reversible properties and consequently have many applications. different 
aspects of smartness may play distinctive roles for use in the biomedical 
field. therefore, we will list the developments of a variety of smart polymers 
in the biomedical field in recent years including smart polymer hydrogels, 
shape-memory polymers, conductive and piezoelectric smart polymers, 
detailing the applications in the three-dimensional (3d) printing of these 
polymers.

22.2   Smart Materials
Smart materials are specifically designed materials that could serve a wide 
range of purposes, in which they are able to respond to stimuli in their sur-
roundings, i.e. pressure, temperature, ph, electric field, and magnetic field, 
etc. these responses include shape memory and self-healing, and the materials 
could be metals or polymers.1

22.2.1   Smart Polymers
Smart polymers cover a wide variety of materials including shape-memory 
polymers, self-healing polymers, and environment-sensitive hydrogels. as 
mentioned above, they could adjust in response to changes in the environ-
ment.2 among these materials, smart degradable polymers have been widely 
used in the biomedical field, which include polylactide (pLa), polycapro-
lactone (pCL), polyglycolide (pga), and poly(lactic-co-glycolic acid) (pLga), 
which can be prepared through different physical or chemical processes.

22.3   The Introduction of Hydrogels
hydrogels are networks of hydrophilic polymers that are formed by cross-
linking, in which a large quantity of water is trapped inside the network 
structure, leading to gels whose fluidity is between that of solids and liquids.3 
the crosslinking process can be classified into two types depending on how 
the crosslinks form, namely chemical crosslinking and physical crosslink-
ing. Chemical crosslinking relies on the crosslinking agents to form covalent 
networks between polymers, whereas physical crosslinking generally refers 
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to the networks created through secondary interactions such as electrostatic 
force, hydrogen bonding, or hydrophobic interactions (Figure 22.1).4 the 
hydrogels are of excellent biocompatibility because of the high water con-
tent, and therefore are commonly used for biomedical applications includ-
ing tissue engineering, as drug carriers, or 3d printing inks.5 the hydrogels 
can be categorized into two groups based on the materials from which they 
are prepared: natural polymers and synthesized polymers. natural polymers 
include collagen, gelatin, hyaluronic acid, chitosan, alginate, and agar. these 
polymers are suitable for the preparation of hydrogels. Moreover, the raw 
materials to synthesize these polymers are obtained from natural sources; 
thus, they have good biocompatibility and are easily acquired due to their 
abundance in nature. these polymers are much cheaper, yet their stability 
could be a concern. Synthesized polymers include various plastic, synthetic 
fibers, and synthetic rubber, such as those made from polyethylene glycol 
(peg), pLa, poly(2-hydroxypropyl methacrylamide) (phpMam), poly(vinyl 
alcohol) (pVa), poly(2-hydroxyethyl methacrylate) (pheMa), poly(methyl 
methacrylate) (pMMa), and polytetrafluoroethylene (ptFe). in the same way 
as mentioned previously, we can prepare hydrogels from synthetic polymers 
through crosslinking.6,7

in order to serve as biomaterials, the properties of hydrogels should meet 
certain standards: (1) superior biocompatibility, (2) good oxygen permeability, 
(3) soft and tissue-like physical properties, (4) microporous structures 
for additional transport channels, and (5) low protein adsorption and cell 
adhesion. in short, apart from adopting materials that have good biocom-
patibility, different hydrogels are prepared based on the conditions in which 

Figure 22.1    typical crosslinking mechanisms of hydrogels.
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they are being used and the purposes they are going to serve. in this way, the 
hydrogels work the most effectively and pose the least danger to organisms. 
Biomedical hydrogels are mostly used as drug carriers, cell or dna carriers, 
and scaffolds in tissue engineering.8

22.3.1   Environment-Responsive Hydrogels
“environment-responsive hydrogels” refers to the hydrogels that can adjust 
to slight changes in the environment, in which the crosslinking networks 
may become either more compact or collapse altogether, consequently affect-
ing the swelling, mechanical properties, and water permeability of the hydro-
gels. Some common changes include temperature, ph, enzymatic catalysis, 
visible and ultraviolet light, electric field, magnetic field, and pressure. the 
subtle changes of these variables may have a huge influence on the proper-
ties of hydrogels.9,10

22.3.1.1  Thermo-Responsive Hydrogels
in recent years, much research on hydrogels has been done because of the 
wide range of applications. in particular, biomedical applications such as 
drug carriers, injectable hydrogel systems, scaffolds in tissue engineering, 
and even biosensors have all been considered. the mechanisms by which the 
hydrogels work are pretty simple.11 For example, a thermo-responsive hydro-
gel with excellent biocompatibility could be prepared, which is designed to 
be in liquid form at room temperature. Meanwhile, upon a temperature rise 
to body temperature, that is 37 °C, crosslinking occurs and the liquid trans-
forms into a gel. this enables us to mix the thermo-responsive hydrogels with 
drugs, and then inject the solution into the human body through a syringe. 
upon injection into the human body, with a temperature change to 37 °C, 
the gel forms in a short period of time with the drugs embedded inside. the 
subsequent drug release can be adjusted depending on the circumstances. 
in this way, a non-intrusive therapy is accomplished that reduces the cost of 
labor as well as avoids the pain caused by other treatments. thus, treatments 
involving thermo-responsive hydrogels have great potential in biomedical 
areas.12

22.3.1.2  pH-Responsive Hydrogels
ph-responsive hydrogels involve polymers with ionic groups carrying elec-
tric charges such as COO3

−, nh3
+, or SO3

+ on the polymer chain, which can 
either be proton-donors or proton-acceptors in order to adapt to changes 
in ph in the surrounding environment. When the ph value in the environ-
ment reaches a certain pKa or pKb, the electrostatic interaction on the poly-
mer chain would be altered, leading to strong repulsive forces that change 
the total volume instantly. Based on the ionic groups, the hydrogels can be 
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classified into two categories: anionic and cationic hydrogels. When the ph 
value is larger than that of the pKa, the ionic groups in anionic hydrogels 
would release protons into their surroundings, and therefore increase the 
swelling of the hydrogels. On the other hand, when the ph value is smaller 
than that of pKb, cationic hydrogels can accept protons in the environment 
and also increase the swelling, leading to larger volumes. therefore, these 
hydrogels can be fine-tuned to respond to ph changes in order to achieve the 
expected goals.13

22.3.1.3  Light-Responsive Hydrogels
Light-responsive hydrogels can form crosslinking structures in a short time 
and in a highly accurate way; thus are advantageous over the other types of 
environment-responsive hydrogels.14 however, in the light-induced crosslink-
ing process, crosslinking agents are required. Moreover, ultraviolet (uV) light 
must be applied to prompt the chain reactions and the subsequent chemical 
crosslinking to occur. Both crosslinking agents and uV light are somewhat 
hazardous to organisms, and therefore must be used with caution.14,15

22.3.2   Environment-Responsive Hydrogels in 3D Printing
previously we have mentioned that in a number of works and literature, stimu-
li-responsive polymers that could transform into gels were used as substrates 
for 3d cell culture. in recent years, there has been a surge in the research 
on 3d printing, and much has been invested in the development of smart 
hydrogels. among them, bio-inks involving cells have drawn much attention. 
the additive layer manufacturing technique not only overcomes problems 
in the freeze-drying process of the traditional preparation of 3d scaffolds, it 
also allows mixing of the hydrogel in liquid form with cells beforehand, and 
then the biomimetic tissues are printed out layer by layer into a 3d structure. 
in the following paragraphs, we introduce the strategies and applications 
of smart polymers serving as bio-inks in recent years, roughly categorizing 
them into degradable and non-degradable ones.

22.3.2.1  Degradable Hydrogels
gelatin is a natural degradable polymer with arginyl-glycyl-aspartic acid (rgd) 
peptides. in addition, it can undergo reversible sol–gel transition, in which, at 
30 °C or higher, gelatins are liquid-like, while below 20 °C, they are in the solid 
state. aortic valves consist of two types of structures, namely vessel walls and 
valves. Butcher et al. fabricated the scaffolds of aortic valves by 3d bioprint-
ing of gelatin/alginate hydrogels incorporated with aortic root sinus smooth 
muscle cells (SMCs) and aortic valve leaflet interstitial cells (ViCs) through a 
uniaxial double nozzle. By adjusting the volumes of vessel walls and valves, 
cell viability could be raised to over 80%. Furthermore, alginate improved the 
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ductility of the hydrogels.16 On the other hand, owing to the lysine functional 
groups on the peptides of gelatins, light-induced crosslinking bio-inks could 
be prepared by modifying the amide part on the lysine functional group into 
methacrylamide, which was named gelatin methacrylate (gelMa).17 gelMa 
incorporated gelatins that have excellent biocompatibility as well as intro-
duced methacrylamide that underwent crosslinking under uV light after 
printing was completed. Moreover, the hydrogels would degrade in human 
bodies within two months. dubruel et al. fabricated scaffolds by 3d printing at 
low temperatures, exposed them to uV light to solidify the material, and inves-
tigated the varying activity of hepg2 cells when printer nozzles of different 
geometric shapes were used.18 ali et al. employed gelMa and agarose for the 
printing of scaffolds for blood vessels. First, they combined agarose and cells 
to print out a cylindrical-shaped structure, namely, the blood vessel template. 
gelMa embedded with SMCs was then added to wrap up the blood vessel tem-
plate and gelMa was cured. Lastly, agarose was washed away by water, forming 
blood vessel channels inside gelMa,19,20 functioning as the scaffolds for blood 
vessels. Kolesky et al. used pluronic F127 (poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) (peO-ppO-peO)) thermo-sensitive hydrogels as 
a fugitive ink in order to form open channels in the gelMa substrate. they 
made use of the lower critical solution temperature of pluronic F127. in detail, 
pluronic F127 was 3d-printed within gelMa at a temperature above the lower 
critical solution temperature (LCSt) of pluronic F127, followed by photopoly-
merization of gelMa. the temperature was then dropped below the LCSt of 
pluronic F127, at which pluronic F127 changed to a liquid form that could be 
removed easily.21

alginate is a responsive hydrogel based on polysaccharides, and its water 
absorption could reach 200 to 300 times as much as the original total volume. 
huang et al. took advantage of this peculiar property to prepare a hydrogel 
solution containing both alginate and calcium ions to print out zigzag cellu-
lar tubes, which mimicked the scaffolds of blood vessels that have angles.22 
On the other hand, Yu et al. developed a process that could overcome the dif-
ficulties in the hydrogel printing operation concerning the exceedingly high 
viscosity, in which they applied the methods of coaxial bioprinting and dual 
solutions. Specifically, the solution of alginate with unreactive ions was placed 
in the outer tubes, while the inner tube was filled with a solution containing 
calcium ions that could cause crosslinking of alginate to occur. By simultane-
ously printing the two solutions and solidifying them, bioprinting involving 
cells was achieved in the absence of shear stress, which is harmful to cells.23

hsu et al. employed biodegradable waterborne polyurethane (pu) to 
develop thermo-sensitive hydrogels for 3d printing, finding out that by com-
bining pCL diol with poly(l-lactic acid) (pLLa) diol, poly (d,l-lactic acid) 
(pdLLa) diol or pLLa-peg diol to serve as soft segments of pu, the prepared 
pu nanoparticle dispersions underwent sol–gel transition to form a hydro-
gel at some specific temperatures (Figure 22.2).24–26 the mechanism was 
based on the changes in secondary forces of pu polymer chains upon the 
rise in temperature, leading to the swelling of particles, reduced interparticle 
distance, and subsequent aggregation. this kind of pu hydrogel had good 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

06
15

View Online

http://dx.doi.org/10.1039/9781788010542-00615


621Smart 3D Printing Materials for Tissue Engineering

Figure 22.2    the rheological properties, processing properties, and cytocompat-
ibility of thermoresponsive pu hydrogels. (a) Sol–gel transition of 
thermoresponsive pu inks at 37 °C. (B) images of 3d printed stacking 
fibers of pu hydrogels. (C) the cell viability of mesenchymal stem cells 
embedded in 3d printed pu hydrogels. adapted from ref. 26. Copy-
right 2015 american Chemical Society.
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cytocompatibility as well as the possibility to adjust the gelation time and 
mechanical strength of the fabricated 3d-printed scaffolds by altering the 
designed chemical structure. recent research also demonstrated the capac-
ity of the 3d-printed neural stem cells with pu hydrogels in central nerve 
regeneration.27

22.3.2.2  Non-degradable Hydrogels
although peg diacrylate (pegda) is non-degradable, compared with other 
natural polymers, they have superior mechanical properties. in addition, 
the methacrylate groups at the end of the polymer chains are able to photo- 
crosslink under uV light. Zhang et al. adopted digital light processing (dLp) 
to form lithographic patterns on pegda substrates to fabricate porous 
scaffolds. they further modified pegda by grafting rgd onto the struc-
ture, significantly improving the mechanical properties, bioadhesivity, and 
biocompatibility.28 Lewis et al. printed non-degradable pheMa and then 
exposed the scaffolds to uV light to induce the photopolymerization and 
photocrosslinking. the pheMa microperiodic scaffolds with fibers were in 
the scales ranging from sub-micrometer to tens of micrometers. Moreover, 
the pores on the fibers were of sizes comparable to those of cells and could 
guide the cell growth.29 it was also observed that the pheMa microperiodic 
scaffolds could promote the growth and alignment of neuronal cells.30

22.3.3   Self-Healing Hydrogels
the development of self-healing hydrogels originated from phenomena seen 
in organisms. Once the microstructure is damaged, some chemical reactions 
occur through certain mechanisms, in which biological materials repair them-
selves and restore the original functions. this is the fundamental concept of 
self-healing materials. By combining 3d network hydrogels and a self-heal-
ing function, biomimetic smart hydrogels with properties resembling real 
tissues could be prepared. Self-healing hydrogels could be classified into two 
categories: autonomic and non-autonomic self-healing. the latter requires 
some stimulus such as light, heat, magnetic field, acids or bases to trigger the 
healing process. in contrast, autonomic self-healing does not need any stimu-
lus; the damage itself sets off the repair.31 physical self-healing of hydrogels 
is obtained through the formation of non-covalent bonds, such as hydrogen 
bonding, van der Waals forces, ionic forces, and electrostatic forces, whereas 
chemical self-healing involves covalent crosslinking.

in the literature regarding physical self-healing, research teams made use 
of the self-assembly of liposomes into microscopic spherical vesicles in an 
aqueous environment. physical crosslinks formed between self-assembled 
liposome vesicles and the cholesterol-end-capped peg (Chol-peg-Chol), 
and liposome gels with a quick self-healing behavior were prepared. three 
possible ways of binding Chol-peg-Chol to the liposomes existed. the first 
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was named ‘bridge’, referring to the case when both ends of Chol-peg-Chol 
were embedded into the bilayers of two separate vesicles. ‘Loop’ indicated 
that the two cholesterol ends on the modified peg were inserted into the 
same vesicle. the last one was called ‘dangling’ and simply meant only one 
end of Chol-peg-Chol successfully bound to the liposome with the other 
end still in contact with water. rheological analyses were used to investigate 
the self-healing ability of the liposome gels. upon high deformation, cho-
lesterol groups were squeezed out of the bilayers, causing the gel to collapse 
and transform back into a liquid form. nevertheless, when the deformation 
strain was reduced, a sol–gel transition occurred again and the gels recov-
ered the original mechanical strength in a very short time. even if a 1000% 
deformation strain was applied, which destroyed the networks completely, 
the self-healing ability of the gels remained unaffected.32

Chen et al. obtained a self-healing elastomer with hydrogen bonding. a 
polystyrene (pS) backbone was chosen as the hard segment and polyacry-
late amides (pa-a) grafted onto the backbone served as the soft phase. the 
nitrogen atoms on pa-a allowed hydrogen bonds to form between pa-a soft 
segments, leading to the self-assembly and the subsequent self-healing 
behavior. the pS hard segment contributed to the stiffness and elasticity of 
the material, while the self-healing ability was attributed to the soft segments 
due to the formation of hydrogen bonds. the designed polymer structure 
consisted of the hard backbone of pS and the soft ‘brush’ of pa-a. When 
placed in a polar solvent, the synthesized polymers would self-assemble into 
a hydrophobic core–shell nanostructure, with the interior consisting of pS 
and the exterior covered with pa-a brushes. the polymers further assembled 
to a nanostructure in which pS and pa-a part aggregated into two phases 
separately. the hydrogen bonding between the pa-a segments on the shell 
enabled the polymers to repair themselves after mechanical damage.33

another commonly known chemical self-healing process involves the 
dynamic crosslinking of imine. the two hydroxyl ends of peg were modi-
fied by reacting with benzaldehydes to act as crosslinking agents. the modi-
fied peg reacted with chitosan solutions at low concentrations, in which the 
amine groups on chitosan underwent Schiff base (a class of imine) reactions 
to form hydrogels with metastable secondary amine groups. upon mechan-
ical damage, metastable amines formed; thus, the material is capable of 
self-healing. a research group has employed the self-healing gels in repairing 
the central nervous system of zebrafish embryos (Figure 22.3).34 according 
to the study, the expression of neural stem cells (nSCs) was influenced by the 
hardness of hydrogels.12,35,36

22.3.4   Self-Healing Hydrogels in 3D Printing
the development of additive manufacturing and self-healing hydrogels has 
been very active in recent years. however, when combining the two, one would 
encounter some contradicting aspects. in particular, the structure of the 
manufactured scaffolds would be damaged by the self-healing of hydrogels. 
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therefore, one research group chose monomers that could undergo revers-
ible diels–alder (d–a) reactions for use in inkjet printing on carbon fibers. 
in detail, the cracks on the carbon-fiber composite could be repaired and 
the mechanical strength was restored through the reversible d–a mecha-
nism.37 in the biomedical field, Burdick et al. adopted direct 3d printing of 

Figure 22.3    Self-healing properties of chitosan-based hydrogels and functional 
assay for central nervous system rescue in zebrafish embryos by injec-
tion of neural stem cell-laden self-healing hydrogels. (a) gross appear-
ance of self-healing hydrogels. (B) the spontaneous contraction of the 
zebrafish embryos. Wt represents wild-type blank control. etOh rep-
resents the untreated damaged group. adapted from ref. 34. Copyright 
2015: Wiley-VCh Verlag gmbh & Co. Kgaa.
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shear-thinning hydrogels into self-healing hydrogels. non-covalent, revers-
ible bonds between the two hydrogels were disrupted under shear stress and 
re-formed after the mechanical stimulus was removed. these hydrogels are 
based on modified hyaluronic acids (has). the materials could be used in 
the printing of stem cells and fibroblasts and in the fabrication of specific 
structures such as tunnels within the substrate via various techniques.38

Combining 3d printing techniques and smart hydrogels enables us to pro-
duce cell-laden 3d-printed scaffolds. Moreover, by choosing different chem-
ical structures, densities of polymer networks, and mechanical strengths of 
the hydrogels, the proliferation and differentiation of cells can be adjusted. 
in fact, the density of networks and mechanical strength are influenced by 
the designed chemical structure and the degree of response of hydrogels 
to the surrounding environment when being printed. in addition, the scaf-
folds fabricated via 3d printing of self-healing hydrogels may self-heal when 
being damaged. the ph-sensitive self-healing hydrogels could be degraded 
by acidic products during the cell culture, providing sufficient space for the 
cells to proliferate.12 therefore, combining smart hydrogels and 3d printing 
techniques to fabricate cell-laden 3d-printed scaffolds is very promising for 
applications in tissue engineering.

22.4   Shape-Memory Materials
Shape-memory materials refer to the stimulus-responsive materials that 
change to a temporary shape in response to external stress, but return to 
their original shape when an appropriate stimulus is applied, such as heat, 
light, magnetic field, electric field, ph value, and solvents.15,39–43

Shape-memory alloys were the earliest shape-memory materials to be 
developed. the first one-way shape-memory alloys were the gold–cadmium 
alloys observed by Chang and read in 1951. the shape-memory effect took 
place in the form of martensitic transformation in which no diffusion of 
atoms occurred. the shape-memory effect of alloys was mainly controlled by 
changes in temperature.41

next to shape-memory alloys are shape-memory polymers. these poly-
mers have some characteristics including the facts that the volume could 
either expand or contract, and the stimuli inducing the shape-memory effect 
could be changes in temperature as well as light, ph value or solvents (Figure 
22.4).44 For example, the elasticity of polymer chains might be a function of 
temperature. One possible switch for the shape-memory effect is the transi-
tion temperatures in a certain range. When placed at a temperature lower 
than the transition temperature, which could be the melting temperature 
(Tm) or glass transition temperature (Tg) of the polymer, the elasticity of the 
polymers was limited.40 in contrast, when the temperature rose above the 
transition temperatures, the polymer chains became softer and the shape of 
the material started to change. the temperature was then made to drop to 
obtain a fixed temporary shape. Lastly, the temperature was raised to over 
the transition temperatures once again to verify the shape-memory ability of 
the material.
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22.4.1   Shape-Memory Materials for Biological Applications
Shape-memory polymers are very promising for applications as biomedical 
materials, which include medical devices in minimally invasive techniques,45 
drug delivery systems,46 and implants in tissue engineering.47,48

pLLa is one polymer with a shape-memory ability. the shape-memory effect 
is attributed to the small crystallites and the amorphous phase in the struc-
ture of the material.49,50 in addition, pLLa could be used as a shape-memory 
dressing because of its spinnability.51 pCL polymers can also be employed as 
shape-memory materials by chemically crosslinking pCL using pentaeryth-
ritol tetrakis(3-mercaptopropionate) as the crosslinking agent. the crys-
tallites in the structure of pCL served as the stationary phase, whereas the 
crosslinked amorphous pCL chains were the reversible phase. pCL scaffolds 
with shape-memory ability were prepared in this way.52 pVa is a water-soluble 
polymer that is commonly used as a biomedical hydrogel. it can be used to 
prepare shape-memory polymer hydrogels as well. First, chemical networks 
formed in pVa solutions by using glutaraldehyde as a crosslinking agent. 
then pVa polymers were deformed and the shape of the material was fixed 
by crystallites forming in freeze–thaw cycles. these materials recovered to 
the original shape upon heating, which caused the crystallites to melt.53,54

pu is a commonly used biomedical elastomer that has a shape-memory 
property.55,56 pu elastomers have many applications in the biomedical field. 
the pu polymer chains consist of soft and hard segments that undergo 
microphase separation. the extent of the microphase separation may affect 
the physio–chemical properties and biocompatibility of the material. as hsu 
et al. mentioned in their study, by choosing poly(3-hydroxybutyrate) (phB) 
diol, which is biodegradable and has fairly good biocompatibility, as part 
of the soft segment along with pCL diol at a ratio of 2 : 8 to synthesize pu 
elastomers, materials with excellent mechanical properties, processability, 

Figure 22.4    illustration of the shape-memory effect.
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biocompatibility, and biodegradability could be obtained. in addition, these 
pu elastomers have some shape-memory behavior (up to ∼80% shape recov-
ery) (Figure 22.5).57 therefore, the materials belong to a new category of 
potential biomaterials for cardiovascular applications.

22.4.2   Applications of Thermo-Responsive Shape-Memory 
Materials

thermo-responsive shape-memory polymers are deformed and processed 
above transition temperatures, whereas below transition temperatures, the 
redefined shape can be temporarily fixed. the crystallization temperatures, 
Tm, or the Tg of thermo-responsive shape-memory polymers can be used as 
switches at which the shape-memory effect occurs.49,51,52,58–61

Moreover, in materials with significant microphase separation, the 
shape-memory effect is more obvious, such as that of pus, which possess 
hard and soft segments that could serve as stationary and reversible phases, 
respectively. thermo-responsive shape-memory materials have the potential 
for applications in minimally invasive surgeries. those used in minimally 
invasive surgeries generally have a particular property, namely, their tran-
sition temperatures are close to the human body temperature. therefore, 
the materials could be compressed to the minimum volume and remain 
stable at low temperatures. after being implanted into the human body, 
the materials would respond to the rising temperature, which causes the 
shape-memory effect to occur, and subsequently return to their original 
shape. For example, like those described in the study of Wang et al., through 
minimally invasive techniques, the scaffolds made of a shape-memory poly-
mer consisting of alginate were put into the tibialis anterior muscles of mice, 
and the repair of injured skeletal muscles was observed.62 guillaume et al. 

Figure 22.5    images of the recovery process of shape-memory pu films at 37 °C. 
adapted from ref. 57. Copyright 2015: the royal Society of Chemistry.
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implanted shape-memory porous alginate scaffolds in the smallest volume 
into the human body and then rehydrated them, restoring the scaffolds to 
their initial geometry. these scaffolds could be used in the repair of annulus 
fibrous enclosing the intervertebral discs.63 rychter et al. fabricated porous 
shape-memory scaffolds for the ingrowth of osteoblasts, and then implanted 
the cultured cells into the bone defects.45

22.4.3   Applications of Photo-Responsive Shape-Memory 
Materials

apart from the thermo-responsive shape-memory materials, photo-respon-
sive shape-memory materials are of another commonly seen category. the 
shape-memory effect of these materials is controlled by wavelengths of light, 
which cause different chemical bonds to form, leading to the contraction, bend-
ing or volume changes of the polymers. as described in the study of Lendlein 
et al., polymers containing cinnamic groups can be deformed and fixed into a 
certain shape upon exposure to uV light at different wavelengths. in detail, the 
material was stretched, irradiated with uV light at a wavelength over 260 nm 
to fix the elongated shape. then uV light with a wavelength under 260 nm was 
applied to make the material recover its original shape. the shape-memory 
behavior was due to the C–C double bonds on the cinnamic groups, which 
were able to undergo photoreversible [2+2] cycloaddition reactions when 
exposed to certain wavelengths. upon exposure to uV light of a wavelength over 
260 nm, the elongated shape was fixed by the photo-induced crosslinks. On 
the contrary, when exposed to uV light of a wavelength under 260 nm, the 
crosslinks were cleaved; and thus, the material returned to its original shape. 
the photo-responsive shape-memory effect of liquid-crystal polymers con-
taining azobenzene was also reported, in which azobenzene entities changed 
from a trans-conformation to cis-conformation upon exposure to light of 
wavelengths ranging from 300 to 400 nm. Meanwhile, when exposed to visible 
light, azobenzene changed from a cis-conformation to trans-conformation.64,65

For photo-responsive shape-memory materials, the strain-recovery rates 
are comparable with those of thermo-responsive materials, whereas the 
strain-fixity rates are much lower due to the different fixation mechanisms. 
nevertheless, the unique characteristics of photo-responsive shape-memory 
polymers enable the remote activation of shape recovery at ambient tem-
peratures. Furthermore, the constraints on temperatures at which the ther-
mo-responsive polymers are employed for applications involving external 
heating can be eliminated.66

22.4.4   Applications of Other Shape-Memory Materials Such 
as pH-Sensitive Polymers

Besides the aforementioned thermo-responsive and photo-responsive 
shape-memory polymers in Sections 22.2 and 22.3, there are other widely 
used stimuli that could induce the shape-memory effect, such as electric 
field, magnetic field, and ph.
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Some less commonly seen shape-memory materials are stimulated 
by ultrasonication. Li et al. prepared a pVa hydrogel containing a small 
amount of melamine. the shape recovery was triggered by the ultra-
sound-induced thermal effect.67 ph-responsive polymers contain atoms 
that could be protonated at low ph and deprotonated at high ph. the com-
monly adopted approach is introducing pyridine rings into the chemical 
structure. For example, Chen et al. introduced pyridine rings by incorporat-
ing N,N-bis(2-hydroxylethyl)isonicotinamine (Bin) into the backbones of 
pu. the synthesized pu could maintain the redefined shape at a ph value of 
10 and recover to the original shape at a ph value of 1.3. the shape-memory 
behavior was employed in a controlled drug release system. under acidic 
conditions, pyridine rings swelled and released the drug, whereas under 
basic conditions, the formation of hydrogen bonds led to de-swelling of the 
material and therefore the drug release was suppressed.68 Li et al. blended 
pu with functionalized cellulose nanocrystals (CnCs). the cellulose part 
was modified with carboxyl groups via 2,2,6,6-tetramethyl-1-piperidiny-
loxy (teMpO)-mediated surface modification. the CnCs formed hydrogen 
bonds at low ph values, while they were ionized and negatively charged at 
high ph values, resulting in electrostatic repulsions. therefore, the pre-
pared pu could be deformed and processed at a ph value of 10, and then 
the shape was fixed at a ph value of 1. When the ph value changed to 10 
again, the shape recovery occurred.69

22.4.5   Applications of Shape-Memory Polymers in 3D 
Printing

the products fabricated by 3d printing shape-memory polymers not only 
have the advantages of 3d-printed scaffolds such as high accuracy, but the 
materials are also capable of self-sensing and self-actuating. therefore, 
the process is also called four-dimensional (4d) printing.70 in determining 
whether a certain kind of material is suitable for 3d printing of shape-mem-
ory scaffolds, not only should the shape-memory behavior be taken into 
account, but the processability of the material also needs to be considered. 
Zhang et al. used 3d-printed shape-memory pLLa, forming a two-dimen-
sional (2d) hexagonal pattern consisting of several circular rings, which 
could change shape under varying temperatures.71 Yang et al. fabricated 
three-jaw grippers by 3d printing the shape-memory pLLa material. the 
material was deformed as the temperature changed, enabling the device to 
pick up items.72 Yu et al. used epoxy as 3d-printable ink for the fabrication 
of 3d-printed interlocking components with shape-memory ability. these 
components underwent shape changes that transformed the unlocking 
structure into the locking structure upon changes in temperature.73 ge 
et al. used 3d-printed shape-memory acrylate-based polymers in box-like 
shapes, which would self-fold or self-unfold depending on the tempera-
ture, leading to the opening and closing of the boxes.74 Balasubramanian 
et al. printed acrylate polymers into microfluidic networks in an attempt 
to mimic the expansion and contraction of human blood vessels.75,76  
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So far, there has been very little research on the applications of shape-memory 
polymers combined with 3d printing techniques in the biomedical field. 
nonetheless, the combination has both the advantages of 3d printing and 
shape-memory polymers, i.e. the ability to fabricate highly accurate com-
plex structures that can deform in response to different environments. 
therefore, more biomimetic and multi-functioning biomedical products 
may be fabricated by the technique and they have a lot of potential appli-
cations in the biomedical field in the future.

22.5   Conductive Polymers Combined with 3D 
Printing Techniques for Applications in Tissue 
Engineering

Because conventional polymer backbones consist of C–C single bonds, the 
electrons cannot move freely, and this leads to non-conductivity. Currently, 
there are two types of approach to make polymers conductive. the first type 
involves blending polymers with conductive inorganic materials, such as 
metal particles, carbon black, or carbon nanotubes, to fabricate the conduc-
tive composites.77–79 the second approach is to incorporate π–π conjugated 
double bonds onto the polymer backbone, on which π electrons could move 
freely via resonance structure, leading to the conductivity of the polymers. 
Some commonly seen conductive polymers include polyacetylene, polypyr-
role, polythiophene, and polyanilines,79,80 whose chemical structures are 
shown in Figure 22.6. Conductive polymers combine the conductivity of 
inorganic materials and the softness of organic materials and therefore are 
currently used in the fields of storage energy, electromagnetic interference 
shielding, and biomedical materials.80

Figure 22.6    Chemical structures of some common conductive polymers.
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22.5.1   Applications of Conductive Polymers in Tissue 
Engineering

in the field of biomedicine, conductive polymers were mainly used in bio-
sensors. Studies conducted between the years of 1990 and 2000 established 
that the cell activity of nerves, bones, cardiac muscles, and skeletal muscles 
was affected by electrical stimulation, which altered the cell adhesion, cell 
migration, and protein adsorption.81–84 these polymers also have excellent 
biocompatibility. apart from the nerves, bones, and muscles, damage to the 
skin and cartilage was reported to have better repair by electrical stimula-
tion.85,86 therefore, in recent years, conductive polymers have been used in 
neural probes as well as in tissue engineering.87

polypyrrole is a frequently used conductive polymer in tissue engineering. 
despite the fact that it is non-biodegradable, polypyrrole showed excellent 
biocompatibility after six months of in vivo experiments.82 Moreover, the 
extracts of pyrrole were also non-cytotoxic. the immune response of poly-
pyrrole after two weeks was lower than that of pLga, implying the favorable 
bio-inert property.82,88 Schmidt et al. cultured pC-12 neuron-like cells on the 
polypyrrole substrate and found that in comparison with those grown on the 
surface of pLa and pLga, pC-12 cells had higher adhesion. in addition, when 
electrical stimulation was applied, the median neurite length was about twice 
as long as that of the cells cultivated without the stimulus (18.14 µm com-
pared with 9.5 µm).82 Shi et al. prepared polypyrrole nanoparticles in diame-
ters ranging from 50 to 200 nm, which organized into a conductive network 
within a pdLLa matrix, and found that the growth of fibroblasts cultured on 
the polypyrrole/pdLLa membrane was promoted by electrical stimulation.89 
Moreno et al. conducted osteoblast cultures on the polypyrrole films and also 
found that the cell proliferation was enhanced by electrical stimulation.90 
however, the melting point of polypyrrole is almost 300 °C. in addition, the 
solubility of polypyrrole is low in most solvents. therefore, the material is 
difficult to process and manufacture into scaffolds for tissue engineering. to 
overcome these disadvantages, surface modifications were usually applied, 
or alternatively, the polymerization of pyrrole took place on templates and 
the templates were then removed to obtain the scaffolds. gomez et al. used 
e-beam lithography and electropolymerization to fabricate polypyrrole 
microchannels, onto which embryonic rat hippocampal cells were cultured. 
the results showed that the cells proliferated significantly faster on the con-
ductive polymers and the axon orientations were more aligned.91 Sudwilai  
et al. modified electrospun pLa fibrous scaffolds with polypyrrole and cultured 
neural progenitor cells on the scaffolds. under electrical stimulation, the 
neural progenitor cells were differentiated into neurons and exhibited long 
neurite outgrowths.92 Kai et al. blended polypyrrole with pCL/gelatin solution 
to fabricate electrospun fibers, and then cultured cardiac cells on the eletro-
spun fibrous scaffolds. it was observed that the growth rate of cardiac cells 
was higher on the electrospun fibrous scaffolds containing polypyrrole.93 
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Chen et al. adopted electropolymerization to polymerize polypyrrole onto 
templates. after the templates were removed, polypyrrole tubes serving as 
a guidance channel for nerve regeneration were obtained. after these tubes 
were implanted into rats for 20 weeks, the action potential of the repaired 
sciatic nerves was very close to those of the normal nerves.94

polyaniline has several advantages, such as low cost, good environmental 
stability,95 and no signs of allergic reactions in contact with human skin.96 
inflammation associated with the implantation of various forms of polyani-
line was insignificant after 50 weeks, indicating excellent biocompatibility.97 
Wang et al. blended pCL, silk fibroin, and polyaniline all together to prepare 
electrospun fibers. then C2C12 myoblasts were cultured on the electrospun 
fibrous scaffolds, on which cellular elongation and a subsequent myogenic 
differentiation were observed.98 Zhao et al. used chitosan-grafted polyaniline 
with oxidized dextran as the crosslinker to prepare conductive hydrogels and 
found that mesenchymal stem cells and C2C12 cells cultured on the hydro-
gel had faster proliferation rates.99 Borriello et al. mixed polyaniline short 
fibers with pCL to prepare electrospun fibers. Mesenchymal stem cells were 
cultured onto the nanofiber scaffolds. these pCL/polyaniline electrospun 
fibrous scaffolds were found to promote the differentiation of mesenchymal 
stem cells into the cardiac phenotype.100

poly(3,4-ethylenedioxythiophene) (pedOt) is a derivative of polythio-
phene, which contains an additional dioxyalkylene bridging group that tends 
to lower the band gap, leading to superior conductivity.101 McKeon-Fischer  
et al. mixed pedOt with pCL solution, and added multi-walled carbon nano-
tubes into the solution for the electrospinning process. Skeletal muscle cells 
cultured on the fabricated scaffolds displayed an elongated morphology.102 
niu et al. coated pedOt on a pLLa microfibrous network, on which fibro-
blasts were cultured under electrical stimulation. the pLLa/pedOt scaffolds 
were found to provide a favorable environment for the proliferation of fibro-
blasts.103 pires et al. blended pedOt with polystyrene sulfonate (pSS) to pre-
pare films. the films promoted the elongation of neural stem cells and the 
subsequent differentiation into neurons.104 Srivastava et al. cultured embry-
onic stem cells on pedOt/pSS films and found that the neural differentiation 
was enhanced.105

22.5.2   3D Printing of Conductive Polymers for Applications 
in Tissue Engineering

in recent years, the developments of conductive polymers combined with 3d 
printing techniques have drawn more attention than ever.106,107 however, few 
research had been done regarding biomedical applications. hamedi et al. 
used pedOt/pSS to fabricate channels via 3d printing to serve as promising 
neural probes.108 Mire et al. conducted extrusion printing and inkjet printing 
separately to deposit pedOt/pSS polymers and found that extrusion print-
ing offered lower printing resolution, yet they had better electrical char-
acteristics.109 harman et al. compared the cytotoxicity of pedOt/pSS and  
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pedOt/dextran sulfate (dS), concluding that the latter had better cytocom-
patibility. in addition, pedOt/dS could be fabricated into scaffolds by either 
extrusion printing or inkjet printing. these scaffolds could be used in tissue 
engineering to promote tissue repair in the future.110 runge et al. fabricated 
polypropylene fumarate scaffolds through 3d printing with polypyrrole, 
and cultured osteoblasts on the scaffolds to examine if they supported bone 
regeneration. the alkaline phosphate activity of the cells was observed on 
the scaffolds, demonstrating that the polypyrrole-modified polypropylene 
fumarate scaffold was suitable for applications in bone regeneration.111 
there have been only a few reports or research work so far on the topic of 
fabricating scaffolds for tissue engineering through 3d printing of conductive  
polymers. given the capability to promote the differentiation of mesen-
chymal stem cells or muscle cells as well as the regeneration of bones and 
nerves, there is a lot of potential yet to be discovered.

22.5.3   Piezoelectric Materials for Applications in Tissue 
Engineering

piezoelectricity refers to the effect that converts mechanical energy into 
electric energy in a reversible way. the effect was first discovered in the 
non-centrosymmetric crystals of inorganic materials. On the other hand, 
the piezoelectricity of polymers results from the strengths of the dipole 
moments of the functional groups on the polymer chains, where external 
stress causes the amount of electric charges to change, leading to measured 
electric potentials. Currently, some common piezoelectric materials include 
polyvinylidene fluoride (pVdF) and poly(vinylidenefluoride-co-trifluoroeth-
ylene) (pVdF-trFe). in recent years, pLLa was also discovered to be slightly 
piezoelectric. the chemical structures of these polymers are shown in Figure 
22.7. among them, both pVdF and pLLa must be stretched to attain piezo-
electricity. after being stretched, pVdF changed from α phase to β phase, each 
with a distinctive conformation, and an increase in the dipole moment was 
observed.112 the stretching of pLLa induced the transformation of α-crystal-
line into β-crystalline, resulting in the formation of dipole moments.113 the 
effect of stretching pVdF is illustrated in Figure 22.8. in contrast, since the 
conformation of pVdF-trFe leads to large remnant polarization and strong 
piezoelectric activity, a stretching process is unnecessary.114 piezoelectric 
materials are currently used in transducers, sensors, and actuators.115,116

Figure 22.7    Chemical structures of some common piezoelectric polymers.
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Yasuda et al. reported that human bones exhibited piezoelectric properties. 
this was due to the fact that bones contain collagen, of which the triple helix 
conformation was altered under external stress, consequently causing the 
direction of the dipole to change and leading to piezoelectricity.117,118 Other 
tissues containing collagen, such as ligaments,119 cartilage,120 and dentin,121 
are also known to be piezoelectric. aebischer et al. employed α- and β-phase 
pVdF to fabricate nerve guidance channels and separately implanted them 
into the bodies of mice to repair a 4-mm-wide gap sciatic nerve injury. the 
results indicated that nerve guidance channels consisting of β-phase pVdF 
enhanced nerve regeneration.122 in addition, neuroblastoma cells cultured 
on piezoelectric substrates made of β-phase pVdF were shown to exhibit 
greater outgrowths and neurite lengths.123 arinzeh et al. used pVdF-trFe 
to fabricate 3d electrospun fibrous scaffolds and cultured neural stem/pro-
genitor cells on the piezoelectric scaffolds, and found out that the material 
promoted the differentiation of the cells.124 guo et al. prepared pVdF/pu 
scaffolds via electrospinning. Because of the stretching during the electro-
spinning process, the conformation of pVdF changed from the nonpiezo-
electric α-phase into the piezoelectric β-phase. Co-electrospinning with pu 
contributed to improved elasticity. the fibroblasts cultured on the pVdF/
pu scaffolds showed enhanced migration, adhesion, and secretion. there-
fore, these scaffolds have potential for wound healing applications.125  
damaraju et al. cultured mesenchymal stem cells onto the electrospun fibrous 
scaffolds made of β-phase pVdF. the scaffolds were capable of supporting 
osteogenic differentiation.126 Fukada et al. made use of pLLa of which the 

Figure 22.8    after being stretched, pVdF changed from α phase to β phase, result-
ing in the piezoelectric effect.
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piezoelectricity and high strength are comparable to those of human bones. 
the material was implanted into the tibiae of cats to promote fracture heal-
ing. Compared with scaffolds composed of polyethylene (pe), those made of 
the piezoelectric β-crystalline pLLa were shown to enhance bone formation 
after four weeks due to the piezoelectric currents generated by the mechani-
cal strains caused by the moving legs of the cats.127

22.5.4   3D Printing of Piezoelectric Materials for Applications 
in Tissue Engineering

piezoelectric materials combined with 3d printing techniques are becoming 
more common for biomedical applications. nonetheless, there have been 
only a few applications in tissue engineering. pabst et al. fabricated actuators 
and sensors from pVdF-trFe by 3d printing and demonstrated that they were 
promising for lab-on-a-chip applications.128 Kim et al. incorporated barium 
titanate (BatiO3, BtO) nanoparticles into polyethylene glycol diacrylate to fab-
ricate piezoelectric scaffolds with patterned microstructures via 3d printing. 
the composites might be used as sensors or for applications in tissue engi-
neering in the future.129 Marino et al. doped commercially available Ormo-
Comp® photopolymer with piezoelectric BtO and conducted 3d printing to 
fabricate scaffolds for bone regeneration. human SaOS-2 osteosarcoma cells 
were then cultured onto the scaffolds. the amount of type i collagen pro-
duced by SaOS-2 and the deposition of hydroxyapatite were both significantly 
greater. therefore, the material was suitable for supporting bone regenera-
tion.130 the applications of piezoelectric materials combined with 3d printing 
techniques in tissue engineering developed so far are still limited and most 
of these materials are non-biodegradable. however, pLLa is both biodegrad-
able and piezoelectric. Besides, pLLa has been frequently reported to promote 
the regeneration of bones, cartilage, and nerves.131 therefore, pLLa is suitable 
for the 3d printing of piezoelectric scaffolds. the fabricated scaffolds could 
enhance tissue regeneration owing to the piezoelectric currents generated by 
recurring external stress. the advantages of combining a distinctive smartness 
and 3d printing techniques, which include accuracy and customization, make 
the materials very promising for applications in tissue engineering.

22.6   Potential Clinical Applications of Smart 
Materials Combined with 3D Printing 
Techniques

thus far, there have been only a few studies that have evaluated the poten-
tial of smart materials combined with 3d printing in terms of clinical use, 
with most concentrating on environment-sensitive 3d printed hydrogels. Chi  
et al. blended peg dimethacrylate photo-responsive hydrogels with chon-
drocytes, and assessed the potential clinical applications in an ex vivo osteo-
chondral defect model.132 the results indicated that peg dimethacrylate 
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photo-responsive hydrogels mixed with chondrocytes facilitated the repair of 
osteochondral defects. Cohen et al. blended alginate with CaSO4 and loaded 
the hydrogel into a syringe, followed by direct printing onto osteochondral 
defects in a process named in situ orthopaedic repair printing.133 hsu et al. 
mixed thermo-responsive pu hydrogels with neural stem cells to perform 3d 
printing and the printed constructs were proven to promote central nervous 
system repair of zebrafish.27 Since environment-sensitive hydrogels could be 
developed into bioinks for 3d bioprinting and affect cell behavior and dif-
ferentiation, the materials show great potential for clinical applications in 
the future. despite a lack of reports considering the potential clinical use of 
self-healing hydrogels, shape-memory polymers, and conductive polymers 
combined with 3d printing, these smart materials endowed printed scaf-
folds with smartness as well as influenced cell proliferation and differenti-
ation. therefore, the clinical applications of the materials might gradually 
come into focus in the medical field in the near future.

22.7   Conclusion
Currently, the combination of 3d printing and smart materials in the bio-
medical field is mainly involved in the fabrication of environment-responsive 
hydrogels. the reason is that 3d-printed hydrogels may provide a bio-mim-
icking 3d environment for cells to grow. however, apart from smart hydro-
gels, shape-memory, conductive, and piezoelectric materials have been 
reported in the biomedical field to add even more functions to the prepared 
scaffolds. For instance, shape-memory materials deform in response to the 
environment, which is seen as an analog to human cardiac muscles or skel-
etal muscles that contract when stimulated by signals. thus, shape-mem-
ory materials combined with 3d printing and other biofabrications could 
be used as biomimetic actuators, or they could serve as scaffolds in tissue 
engineering for minimally invasive surgeries. the electrical stimulations 
that arise from conductive and piezoelectric materials have been reported 
to have a lot of potential in the repair of bones, muscles and nerves. there-
fore, customized artificial scaffolds for bones, nerve guidance conduits, or 
artificial scaffolds for muscles fabricated by 3d printing may facilitate tissue 
regeneration. in the future, the combined use of 3d printing/biofabrication 
techniques and smart materials can help tissue engineering overcome the 
technical barriers and attain more breakthroughs to develop more biomi-
metic and multifunctional smart scaffolds for applications in the field.
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23.1   Introduction
stimuli-responsive materials are significant in tissue engineering due to 
their ability to change in response to the environment, allowing instanta-
neous formation of biocompatible and complex structures. as scaffolds, 
smart materials offer the ability to crosslink in a controlled and quick man-
ner, therefore minimizing the risk of contamination and long exposures to 
room-temperature environments where experiments are often facilitated. 
the concentration and configuration of polymers allow for fine-tuning desir-
able features in scaffolds, offering the ability to design a biomimetic environ-
ment for cells to thrive.

Microfluidics are also a popular platform for cellular assays due to 
minimal solution requirements, user-friendly control, and high throughput 
qualities. Many microfluidics can be rapidly prototyped to compare and 
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determine the optimal geometry for the desired application. due to these 
benefits, microfluidic platforms are increasingly used in tissue engineering 
for controlled cell culture and tissue constructs. in partnership with smart 
materials, microfluidics can be used to create dynamic, hybrid materials for 
mimicking extracellular matrices to create biomimetic scaffolds. the hydro-
dynamic focusing capabilities of microfluidic devices allow for unique struc-
tures, such as fibers and droplets, to be formed and used as tissue implants 
or three-dimensional cell research. additionally, smart materials can be 
locally controlled as pumps and valves in microchannels for precise fluid- 
flow control. entire channels can even be produced from smart materials 
and lined with endothelial cells to mimic vascular systems. the techniques 
and methods for tissue engineering utilizing microfluidics and smart mate-
rials will be discussed, along with the cell types used and specific benefits of 
each technique.

23.2   Chemically-Reactive Smart Materials in 
Microfluidics for Tissue Engineering

a popular substrate for the crosslinking hydrogel scaffolds is chemically- 
responsive materials, polymerizing upon exposure to an external solution. 
some of the benefits of this method include rapid response, minimal bench 
top equipment, and non-exposure to stimuli that can be harmful for cells, 
such as ultra violet radiation. additionally, microfluidics offer a platform 
by which small volumes of co-reactive materials can interact, utilizing flow 
and geometry to create unique structures. a variety of microfluidic devices, 
chemically-reactive smart materials, and cell types will be discussed in rela-
tion to practical applications in tissue engineering.

23.2.1   Microfiber Fabrication Using Chemically-Responsive 
Smart Materials

Microfluidic-formed microfibers as a platform for tissue engineering is an 
emerging topic due to the ability to rapidly form micro-sized, cell-laden 
vessels. Microvessels have a wide variety of applications, including cell studies, 
organ-on-chip devices, and in vivo vessel replacements.

Microvessels come in many orientations, with or without a lumen. Microves-
sels without a lumen can be fabricated for cell capture1–3 or to observe cell 
affinity with controlled protein release.4 Figure 23.1(a) and (b) displays solid 
microfibers laden with cells. targeted cell types are trapped within the vessel 
during fabrication, allowing for single cell handing and observation. 
Microvessels with a lumen can alternatively be used for co-culture with con-
tinuous core flow, as displayed in Figure 23.1(e).5 in all forms, microvessels 
are unique in that they can be fabricated meters at a time, producing high 
throughput groups of similar species.6 Figure 23.1(c) demonstrates a high 
throughput method to create many microstrands simultaneously though the 
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Figure 23.1    Microfluidic devices can be used to create cell-laden microvessels from chemically-responsive materials. (a) pancreatic islets 

were seeded into a microvessel using collagen alginate and CaCl2. reprinted from Biomaterials, Vol. 33 issue 34, yesl Jun, Min 
Jun Kim, yong hwa hwang, eun ae Jeon, ah ran Kang, sang-hoon lee, dong yun lee, Microfluidics-generated pancreatic 
islet microfibers for enhanced immunoprotection, pages 8122–8130. Copyright 2013, with permission from elsevier.2 (b) 
Micro-fibers were engineered using different cell types and geometries with the same device. reproduced with permission. 
reprinted by permission from Macmillan publishers ltd: Nature Materials,1 copyright 2013. (c) Multiple alginate microfibers 
were produced simultaneously, seeded with mouse embryonic stem cells. reproduced with permission. reprinted from 
Biomaterials, Vol. 32 issue 20, nurazhani abdul raof, Michael r. padgen, alison r. gracias, Magnus Bergkvist, yubing Xie, 
one-dimensional self-assembly of mouse embryonic stem cells using an array of hydrogel microstrands, pages 4498–4505, 
Copyright 2011, with permission from elsevier.6 (d) a coaxial microfluidic device was used to create an amphiphilic aBa tri-
block copolymer microfiber. reproduced from ref. 4 with permission from the pCCp owner societies. (e) Microfibers encase 
mouse fibroblast cells, imaged with phase microscopy and fluorescence microscopy. scale bars represent 500 µm. reprinted 
from Biochemical Engineering Journal, Vol. 49 issue 1, takayuki takei, naoya Kishihara, shinji sakai, Koei Kawakami, novel 
technique to control inner and outer diameter of calcium–alginate hydrogel hollow microfibers, and immobilization of 
mammalian cells, pages 143–147. Copyright 2010, with permission from elsevier.5
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use of microchannels in a filter. additionally, through altering flow rates and 
patterns, complex structures can be produced with numerous cell types.7 
the rapid fabrication and tunable features of microvessels are facilitated 
by the use and incorporation of stimuli-responsive polymers. in particular, 
many fabrication techniques involve the coaxial microfluidic flow of a hydro-
gel that polymerizes upon contact with a biocompatible chemical, such as 
CaCl2. Coaxial microfluidic flow for microfiber fabrication is diagramed in 
Figure 23.1(d), where an amphiphilic aBa triblock copolymer is used to form 
a 200 µm fiber.

the geometry and size of a microvessel allow for studies that look at 
very specific interactions between cells, and the role of single cell types in 
an organ system. For example, microfibers have been used to culture and 
observe the interactions between hepatocytes and other cell types. Co-flow-
ing microfluidic systems have been used to create alginate hydrogel fibers 
housing hepatic cells.8 alginate gelatin was used to capture hepatocytes 
between 3t3 fibroblasts. polymerized with a CaCl2 sheath, alginate acted as 
a scaffold allowing 3t3 fibroblasts to orient around hepatocytes, creating an 
organoid upon enzymatic removal. the fabrication process and cell orien-
tation of the hepatocytes and 3t3 fibroblasts is displayed in Figure 23.2(a). 
this group demonstrated the use of smart hydrogel materials in microflu-
idics for the culture and formation of a biomimetic micro-organoid. simi-
larly, fabricated chitosan microfibers were embedded with hepatoma cells as 
a potential method for liver tissue engineering.5,9 solid, pure chitosan fibers 
were fabricated using a co-axial microfluidic channel with chitosan in con-
tact with crosslink-inducing sodium triphosphate pentabasic (stp) as the 
outer sheath layer. diagramed in Figure 23.2(b), post-fabrication hep2 hepa-
toma cells were seeded into a micro-device containing fibers, and self-aggre-
gated into spheroids on top of the microfibers. the spheroid orientation and 
liver function displayed by the hep2 cells confirmed the possible application 
of chitosan fibers in liver tissue engineering. as an alternative to stp polym-
erization, it was also demonstrated by the same group that chitosan–algi-
nate can be used as a substrate for hep2 growth, polymerized with CaCl2.10 
Cells were both encapsulated within fibers and seeded onto the fiber surface, 
displaying a high viability and adherence. Cells are observed to have better 
viability within the chitosan–alginate fiber as compared to the pure alginate 
fiber in Figure 23.2(c).

Microfluidic devices used for fabricating microvessels are often simple, 
optically transparent coaxial structures, allowing a layered flow.1,3–5,10–12 alter-
natively, more complex devices allow the creation of concentration gradients 
and high-throughput parallel fabrication.6,13 some devices include external 
controls for digitally tuning fiber design, allowing structures and cell types 
to be ordered to fit a specific application.7,14 Kang et al. created a digitally 
tunable device that mimicked the silk spinning techniques of a spider.14 
Valves were pneumatically controlled to precisely choose the sample type and 
order for the final fiber. a spool was used to rotate the final cell-laden fibers, 
allowing the formation of twisted fibers for co-culture of different cell types.  
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Figure 23.2    hepatocytes can be seeded around or inside microfibers to function 
as a bioartificial liver. (a) Mouse hepatocytes were surrounded by 
mouse feeder cells to create a liver organoid. reprinted from Bioma-
terials, Vol. 33 issue 33, Masumi yamada, rie utoh, Kazuo ohashi, 
Kohei tatsumi, Masayuki yamato, teruo okano, Minoru seki, Con-
trolled formation of heterotypic hepatic micro-organoids in anisotro-
pic hydrogel microfibers for long-term preservation of liver-specific 
functions, pages 8304–8315, Copyright 2012, with permission from 
elsevier.8 (b) hepatocytes grew on top of chitosan microfibers wound 
around a pdMs frame. reproduced from ref. 9 with permission from 
the pCCp owner societies. (c) hepatocytes cultured on chitosan–alginate 
were compared to those cultured on calcium–alginate through using 
a live–dead stain. reprinted with permission from lee, Bo ram,  
et al., "Microfluidic wet spinning of chitosan–alginate microfibers and 
encapsulation of hepg2 cells in fibers." Biomicrofluidics 5.2 (2011): 
022 208. Copyright 2011, aip publishing llC.10 (d) through using a 
digitally-tunable microfluidic device, hepatocytes were seeded within 
a fibroblast sheath. reprinted by permission from Macmillan publish-
ers ltd: Nature Materials,14 copyright 2011.
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When coded serially, segments of different solutions can be deliberately 
ordered, while parallel coding allows for numerous fibers to orient side-
by-side. serial fibers can be created to have spindles, joints, and segments 
with varying material properties and size, and parallel fibers can be used to 
create grooves for cell adhesion. the parallel techniques were used to create 
a fiber organoid, with fibroblasts encasing hepatocyte cells as displayed in 
Figure 23.2(d), as well as culture neurons on top of grooved fibers to observe 
adhesion and orientation along the fiber. the serial technique was used to 
observe neutrophil migration along a fiber, by alternating fiber sections with 
and without neutrophils. these devices display the expansive variability and 
user control permitted in tissue engineering through the use of microfluidic 
devices.

23.2.2   Microvessel Network Fabrication and Application 
Using Chemically-Responsive Smart Materials

an alternative to microfluidic fabrication of long vessels, channels can be cre-
ated within a smart polymer to allow the flow and interaction of cell-laden solu-
tions. Microfluidic devices are traditionally fabricated using soft lithography, 
etching, or hot embossing to create permanent, durable channels in plastics 
or polymers. the downside of this approach in tissue engineering is that cells 
are unable to interact between channels, cannot infiltrate the device material, 
and are often restricted to planar movement. to combat these issues, smart 
polymers can be used to create permeable and porous channels of variable 
thickness for cells to communicate and travel through. Xu et al. designed and 
created a microvessel network by 3d-printing “hurdles” onto a surface.15 the 
hurdles were composed of biocompatible alginate, gelatin, and fibrin, cross-
linked with CaCl2. Co-culture adipose-derived stem cells’ and hepatocytes’ 
motility and orientation around and on top of the hurdles were observed.  
Morphological changes and interactions were also noted, suggesting 3d 
printing biocompatible responsive polymers as a promising approach to tissue  
engineering. Fluid flow within the channels and hepatocyte proliferation 
around the hydrogel can be observed in Figure 23.3(a).

similarly, Mu et al. created a 3d vascular network using a collagen/algi-
nate hydrogel to mimic a nephron.48 a liquid mold in partnership with 
polydimethylsiloxane (pdMs) barriers was used to create the hydrogel chan-
nels, crosslinked with CaCl2. a cell solution was introduced to the channels, 
allowing passive diffusion between a channel containing human umbilical vein 
endothelial cells (huVeCs) and a channel containing Madin–darby canine kid-
ney (MdCK) cells. the endothelial-lined channel mimicked a vessel, while the 
MdCK-lined channel mimicked a tubule, therefore accurately representing 
the structure of a nephron. dye was introduced inside one channel, and per-
fusion was observed into the other channel and quantified. the hydrogel 
microchannels facilitate a biomimetic environment for passive transfer of 
molecules between channels with tunable perfusable properties. huVeCs 
seeded within a molded hydrogel channel is demonstrated in Figure 23.3(b).
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Figure 23.3    Microchannels can be formed in smart materials to create biomimetic microvasculature. (a) alginate/gelatin/fibrin hurdles 
were created between parallel microchannels and seeded with hepatocytes and adipose-derived stem cells. reprinted from 
Biotechnology & Bioengineering, Vol. 12 issue 8, yufan Xu and Xiaohong Wang, Fluid and cell behaviors along a 3d printed 
alginate/gelatin/fibrin channel, pages 1683–1695. Copyright 2015 with permission from John Wiley and sons.15 © 2015 Wiley 
periodicals, inc. (b) huVeCs were seeded into molded hydrogel microchannels. reproduced from ref. 48 with permission 
from the pCCp owner societies.
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23.2.3   Microsphere Fabrication in a Microfluidic Device 
Using Chemically-Responsive Materials

it is well recognized that cells represent in vivo activity more closely when 
cultured in three-dimensions in comparison to a two-dimensional pla-
nar culture.16 In vivo cells are seldom restricted to a planar environment, 
therefore cellular interactions and morphologies are best studied in three- 
dimensions. three-dimensional cultures require scaffold material that is 
representative of the extracellular matrix (eCM), allowing cells to self-orient 
and receive the proper nutrients from their surroundings. smart materials 
make great three-dimensional scaffolds due to their tunable properties and 
rapid response to environmental conditions. hydrogels can be engineered 
to have porosity similar to the eCM found in the desired organ system, as 
well as rapid crosslinking to maintain short-term cell exposure to stressful or 
room-temperature environments.

Microspheres are a commonly used platform for three-dimensional cell 
studies. Microspheres are a valuable tool for single cell encapsulation, as 
well as the study and isolation of cell spheroids. Commonly fabricated from 
hydrogels, microspheres allow the self-orientation of small amounts of cells 
within a restricted environment. this permits the study of specific cell secre-
tions, interactions, and morphologies. traditionally, microspheres are fabri-
cated through emulsion and manually forming droplets from syringes. these 
methods do not create uniform structures, therefore reducing the repeatability  
of experiments. additionally, these methods require manual handing of 
microspheres post-production to observe single spheres. as an alternative, 
microfluidic devices can be used to fabricate uniform microspheres that are 
linearly spaced and easily imaged post-production.

Fabrication of chemically reactive hydrogels within a microfluidic device 
is often performed using two immiscible solutions.17 Many groups form 
microspheres with a three-channel laminar flow design. the three channels 
will converge, with the outer two channels containing oil with a crosslinker 
solution and the inner channel containing the microsphere solution. the 
oil channels will “pinch” the middle channel into a single sphere and diam-
eter can be controlled via flow rates. the spheres are crosslinked upon the 
introduction of reacting chemicals. this technique is described in Figure 
23.4(a). headen et al. fabricated four-arm pegMal microspheres to encap-
sulate mesenchymal stem cells. the four-arm pegMal material function-
alizes at a physiological ph, and crosslinks when exposed to dithiothreitol 
(dtt). Cell-laden pegMal is pinched by oil with dtt emulsions, forming a 
sphere that quickly crosslinks. the tunable properties offered in this method 
allow a robust system by which cells can be captured and studied. similarly, 
hung et al. compared solvent extraction and evaporation from two different 
emulsion-based microfluidic designs.18 the solvent extraction design is 
particularly interesting, combining droplets of water and poly(lactide-co- 
glycolide) (plga)–dimethyl sulfoxide (dMso). When exposed to water, the 
dMso is immediately extracted, creating a miniature bioreactor forming 
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Figure 23.4    Cell-laden microdroplets and microparticles can be created using smart materials in a microfluidic device. (a) a four-arm 
pegMal macromer is pinched into cell-encapsulating microspheres using a three-channel microfluidic device. reprinted 
from Advanced Materials, Vol. 26 issue 19, devon M. headen, guillaume aubry, hang lu, and andrés J. garcía, Microfluidic- 
Based generation of size-Controlled, Biofunctionalized synthetic polymer Microgels for Cell encapsulation, pages 3003–
3008, Copyright 2014 with permission from John Wiley and sons.17 © 2014 Wiley-VCh Verlag gmbh & Co. Kgaa, Weinheim. 
(b) solvent extraction and solvent evaporation polymerization methods were tested and compared. reproduced from ref. 
18 with permission from the pCCp owner societies. (c) Xanthan–K2(Ql)6K2 microcapsules were created in a microfluidic 
device with three peptide concentrations, imaged with bright field microscopy. reprinted with permission from Mendes, 
ana C., et al., "Microfluidic fabrication of self-assembled peptide–polysaccharide microcapsules as 3d environments for cell 
culture." Biomacromolecules 13.12 (2012): 4039–4048. Copyright 2012 american Chemical society.19
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plga particles. the non-toxicity of the solvents used in this method preserve 
the biocompatible integrity of the method. Modifying the polymer compo-
sition changes the degradation rate, making plga particles a viable candi-
date for degradable scaffolding in tissue engineering. Comparison between 
the extraction and evaporation methods is shown in Figure 23.4(b), with the 
evaporation method resulting in larger microspheres.

Microfluidic devices facilitate high-throughput fabrication of uniform 
microspheres with controllable size, microsphere-material-determining 
porosity and structure of the final product. Many hydrogels possess an 
uncontrollable “randomness” in structure at the nano-level that can have 
negative effects on the macroscale function. Mendes et al. suggested a 
method to combat this variability by microencapsulating a self-assembled 
peptide to ensure uniform and predictable assembly at the nanoscale.19 they 
chose a K2(Ql)6K2 peptide along with xanthum gum used as the self-assembly  
“trigger”. By changing the ratio of peptide to polysaccharide, different 
properties could be observed in the microsphere. as shown in Figure 23.4(c), 
chondrocyte cells were encapsulated in the microspheres to examine long-
term culture capabilities, demonstrating that the cells maintained viability 
for over 21 days. self-assembled peptides are presented as a great tool for 
precise control of structure, shape, and performance of micro particles in 
partnership with tissue engineering.

23.3   Photo-Responsive Smart Materials in 
Microfluidics for Tissue Engineering

smart materials that respond to environmental light sources offer a variety 
of benefits unattainable with the previously discussed chemically-responsive 
hydrogels. they do not require supplementary solutions, therefore additional 
channels and collection chambers to facilitate reactions are not necessary. 
Microfluidic devices are commonly fabricated from an optically transpar-
ent material, such as pdMs or acrylic, to allow the imaging and analysis of 
intra-channel components. this feature also allows an external light source 
to enter a channel, therefore facilitating a light-induced response to whatever 
material is inside the device. additionally, many light sources are minimally 
harmful to cells when at low intensity, making light-responsive smart mate-
rials suitable for tissue engineering. photo-responsive smart materials, and 
their application for tissue engineering using smart materials, will be further 
discussed in regards to microfibers, microvessel networks, microspheres, 
and channel valves.

23.3.1   Microfiber Fabrication and Applications Using  
Photo-Responsive Smart Materials

as discussed previously regarding chemically-responsive smart materials, 
microfibers are a powerful tool in mimicking microvessels in vitro and can 
be rapidly and uniformly fabricated using a microfluidic device. as opposed 
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to the methods previously discussed, photo-responsive materials facilitate 
the controlled polymerization of fibers in-channel with simplified additional 
reagents. rather than using alginate as the fiber bulk, photo-polymerization 
allows the use of gelatin-based hydrogels. gelatin is more representative of 
eCM in comparison to alginate due to the more randomized and textured 
microsurface. the cell affinity for microgrooved alginate fibers was exper-
imentally compared to microgrooved methacrylamide-modified gelatin 
(gelMa).20 the gelMa material was photopolymerized after flowing through 
a patterned microdevice into an ethanol or saline bath, while the alginate 
material flowed through the same device, but into CaCl2 for polymerization. 
through analyzing cell orientation and viability, it was determined that 
gelMa possessed desirable cell response with minimally intensive fabrica-
tion. Cells were seeded inside and on top of the fibers, displaying cell align-
ment along the grooved surfaces as well as successful cell encapsulation. Cell 
alignment and co-culture can be seen in Figure 23.5(a). the biocompatibility 
and cellular response in gelMa were experimentally proven to be superior 
to those of alginate due to the porosity and surface roughness offered. addi-
tionally, the fiber strength and processing ease suggested gelMa as a prom-
ising scaffold for tissue engineering.

rather than using pure gelMa, polymers can be tailored to display ideal 
characteristics through adjusting ratios and introducing new components. 
daniele et al. demonstrated the creation of a bio/synthetic interpenetrat-
ing network (Biosinx) containing four-arm poly(ethylene glycol) (peg) and 
gelMa.21 When exposed to ultra-violet light, the network crosslinks to cre-
ate a highly cyto-compatible scaffold with lessened gelatin dissolution when 
compared to other gelatin and hydrogel scaffold materials. a microfiber, 
microtubule, coaxial microfiber, and triaxial microfiber fabricated from the 
Biosinx are displayed in Figure 23.5(b). the un-crosslinked Biosinx mate-
rial was introduced to a hydrodynamic-focusing microfluidic device to create 
microfibers.22 the microdevice utilized a chevron-shaped wall structure to 
allow for passive and uniform hydrodynamic focusing of the Biosinx mate-
rial, as demonstrated in Figure 23.5(c). adjusting the flow rates and number 
of channels into the microfluidic device allows the dynamic, controlled cre-
ation of hollow tubes of varying shapes, dimensions, and layers. endothe-
lial cells remained viable when entrapped in the lumen of the vessel.21 this 
method can be used to create bio-similar blood or lymph vessels, seeded with 
various cell types and perfused with media to facilitate cellular interaction 
and orientation along the vessel.

23.3.2   Microvessel Network Fabrication and Application 
Using Photo-Responsive Smart Materials

one of the greatest benefits of using a photo-responsive material is the 
control offered in exposing devices to light. rather than attempting to pre-
cisely control flow of solutions, light sources can be focused and directed to 
polymerize the desired area. this is especially useful when fabricating lay-
ered devices, as displayed by hasan et al.23 a multilayered blood-vessel was 
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Figure 23.5    photo-responsive polymers were used within microfluidic devices to make cell-laden microfibers. (a) huVeCs and myo-
blasts were seeded onto and inside gelMa microfibers, photopolymerized within a microfluidic device. reprinted from 
Advanced Functional Materials, Vol. 25 issue 15, Xuetao shi, serge ostrovidov, yihua Zhao, Xiaobin liang, Motohiro Kasuya, 
Kazue Kurihara, Ken nakajima, hojae Bae, hongkai Wu, and ali Khademhosseini, Microfluidic spinning of Cell-responsive 
grooved Microfibers, pages 2250–2259, Copyright 2015, with permission from John Wiley and sons.20 © 2015 Wiley-VCh 
Verlag gmbh & Co. Kgaa, Weinheim. (b) Microfibers with varying geometries and layers were fabricated using a hydrody-
namic shaping microfluidic device. reproduced from ref. 22 with permission from the pCCp owner societies. (c) Cells were 
encapsulated into a bio/synthetic interpenetrating network microfiber using a hydrodynamic shaping microfluidic device. 
reprinted from Biomaterials, Vol. 25 issue 6, Michael a. daniele, andré a. adams, Jawad naciri, stella h. north, Frances s. 
ligler, interpenetrating networks based on gelatin methacrylamide and peg formed using concurrent thiol click chemis-
tries for hydrogel tissue engineering scaffolds, pages 1845–1856, Copyright 2014, with permission from elsevier.21
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created in a pdMs mold through the use of concentric needles. the proce-
dural steps are outlined in Figure 23.6(a). each cell type was introduced and 
polymerized step-wise to create an ordered layer of fibroblasts, smooth mus-
cles cells, and endothelial cells. gelMa was used as the crosslinked scaffold, 
allowing tunable mechanical properties and dependable cell viability. the 
lumen of the device is determined from the needle diameter for the precise 
control of size and repeatability. Fabricating microfluidic channels by photo- 
polymerizing gelMa around a needle is a well-defined method for quick 
experimental analysis of smart materials in tissue engineering, as displayed 
in Figure 23.6(c).24

another useful biocompatible photo-reactive material for creating micro-
channels is poly(ethylene glycol) diacrylate (pegda).25 pegda is a well- 
understood perfusable material that supports high cell viability when used as a 
scaffold, providing a platform for 3d tissue engineering. signaling gradients 
can be facilitated within the pegda scaffold, creating a dynamic environ-
ment for tissue fabrication, demonstrated in Figure 23.6(d) with toluidine 
blue. Cell motility, as well as controlled exposure can be utilized in single cell 
and co-culture studies with an easily tunable slow-release polymer, such as 
pegda. an alternative to slow release, polymers can be engineered to have 
a controlled release of substances. Chueh et al. demonstrated a method to 
pattern co-cultured devices by utilizing a light-directed release of calcium in 
a microfluidic device.26 By selectively applying uV light, certain segments of 
a microchannel could be polymerized while the rest remained in solution. 
this method allows for location control of cell types, such as MC3t3 cells 
and huVeCs, to observe interactions and motility. Figure 23.6(b) outlines 
the steps required to obtain an endothelial cell and osteocyte co-culture. 
additionally, by selectively and rapidly directing polymerization within a 
channel, flow can be directed and altered during experimentation without 
requiring expensive and complex external equipment.

23.3.3   Microparticle Fabrication in a Microfluidic Device 
Using Photo-Responsive Smart Materials

a popular method for tissue engineering, demonstrated throughout this dis-
cussion, is to create a cell-laden scaffold, seeded either before or after polym-
erization, and to allow the cells to self-orient within the scaffold. although 
an effective way to create macro-sized groups of tissues, lin et al. argues that 
this method prevents effective control of the entire tissue structure, specif-
ically considering inner properties.27 rather than performing bulk tissue 
engineering, this team suggests the creation and organization of cell-encap-
sulated microbeads, allowing precise control of the microbead structure, 
and using them to create a larger assembly. an optically switched dielec-
trophoretic force (odep) was used to assemble alginate microbeads laden 
with articular chondrocytes from 18–24 month steers, within a microfluidic 
device.27 groups of cells captured within microbeads are displayed in Figure 
23.7(b), demonstrating viability within the alginate structures. odep forces 

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

06
42

View Online

http://dx.doi.org/10.1039/9781788010542-00642


Chapter 23656

Figure 23.6    Microchannels with varying properties and controlled fluid flow can 
be produced using photo-responsive hydrogels. (a) a tri-layered vessel 
was created by uV-polymerizing concentric layers containing different 
cell types using needles of varying sizes. reprinted from Biomedical 
Microdevices, a multilayered microfluidic blood vessel-like structure, 
Vol. 17 issue 5, 2015, pages 1–13, anwarul hasan, arghya paul, adnan 
Memic, and ali Khademhosseini. © springer science + Business Media 
new york 2015. With permission of springer.23 (b) Channels were pat-
terned by selectively applying uV to alginate, trapping endothelial and 
osteoblast cells. reprinted from Biomedical Microdevices, patterning 
alginate hydrogels using light-directed release of caged calcium in 
a microfluidic device, Vol. 12 issue 1, 2009, pages 145–151, Bor-han 
Chueh, ying Zheng, yu-suke torisawa, amy y. hsiao, Chunxi ge, susan 
hsiong, nathaniel huebsch, renny Franceschi, david J. Mooney, and 
shuichi takayama. © springer science + Business Media, llC 2009. 
With permission of springer.26 (c) Fibroblasts were seeded and imaged 
in gelMa microchannels, polymerized with uV light. reprinted from 
Biomaterials, Vol. 31 issue 21, Jason W. nichol, sandeep t. Koshy, 
hojae Bae, Chang M. hwang, seda yamanlar, ali Khademhosseini, 
Cell-laden microengineered gelatin methacrylate hydrogels, pages 
5536–5544, Copyright 2010, with permission from elsevier.24 (d) a 
multilayered microfluidic device was perfused with toluidine blue to 
display diffusion properties. reprinted from Biomaterials, Vol. 31 issue 
21, Michael p. Cuchiara, alicia C. B. allen, theodore M. Chen, Jordan 
s. Miller, Jennifer l. West, Multilayer microfluidic pegda hydrogels, 
pages 5491–5497, Copyright 2010, with permission from elsevier.25
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were created by sandwiching a pillar array between a glass substrate coated 
with photoconductive material and an indium–tin–oxide glass substrate. a 
10 V aC voltage was applied between the top and bottom glass substrates to 
create an electric field, and microbeads were organized using a digital pro-
jector and mask. different microbead organization patterns created using 
this technique are demonstrated in Figure 23.7(a). Microbeads were created 
using a micro-vibrator, polymerized in CaCl2. this method allows for the 
precise control of bulk tissue microstructure through microbead assembly 
through a bottom-up assembly approach.

as an alternative to emulsion-based particle production, stop-flow lithog-
raphy can be used to create microparticles within a microchannel. this 
allows for the formation of particles with unique geometry, as well as vary-
ing properties and sizes. stop-flow lithography is performed by introducing 
a mask to the area of a channel exposed to a light source. the mask allows 
the exposure and therefore polymerization of the particle, while leaving the 
rest of the channel in solution. this is done by seizing flow while the light 
source is turned on, allowing the crosslinking of particles, and then the 
flow continues to move on to an unpolymerized portion.28–35 this method 
can be used to create magnetic particles for separation from solutions28,31 
as well as particles with varying opacity.29 stop-flow lithography is used to 
create microbeads in Figure 23.7(c), and microparticles with a height gradi-
ent in Figure 23.7(d). Magnetic particles fabricated using stop-flow lithog-
raphy are imaged in Figure 23.7(e), engineered in varying shapes and sizes 
for specific applications. it was demonstrated that by controlling the oxy-
gen concentration in the device, colloidal disks as small as 0.8 µm could be 
created, appropriate to flow through endothelial lined microvasculature.35 
this technique, modeled in Figure 23.7(f), could be used to test molecule 
effect on vasculature with controlled and precisely engineered micropar-
ticles. stop-flow lithography formed microparticles have been engineered 
to carry oxygen, similar to red blood cells.34 the microparticles were cre-
ated with uV-crosslinkable per-fluorocarbon oil-in-water nanoemulsions 
embedded in pegda. the nanoemulsions are capable of facilitating oxy-
gen transport, making them a platform by which to deliver oxygen to engi-
neered tissue in vitro. oxygen-carrying particle size and oil volume fractions 
are compared in Figure 23.7(g), demonstrating that a larger percentage of 
oil in the particle results in larger particles. Microparticles produced using 
stop-flow lithography have also been demonstrated as viable platforms for 
cell culture.33 pegda-based microparticles were patterned with different 
substrates to compare cell-adhesive surfaces on a single particle. Breast 
cancer cells are imaged at different time points to display the effects of a 
poly-l-lysine coating in Figure 23.7(h).

Beyond cell capture and experimentation, microdroplets have also been 
used as valves within a microfluidic device. Jadhav et al. demonstrated the 
fabrication and testing of photoresponsive microvalves made of poly(N-iso-
propylacrylamide) and polypyrrole nanoparticles controlled with a near 
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Figure 23.7    photo-responsive microparticles were fabricated and patterned using 
stop-flow lithography and selective light exposure. (a), (b) an optically 
switched dielectrophoretic force was used to manipulate and assemble 
cell-laden microbeads. reproduced from ref. 27 with permission from 
the pCCp owner societies. (c) stop-flow photolithography within a 
microfluidic device was used to create peg-da hydrogels. reprinted with 
permission from lewis, Christina l., et al., "Microfluidic fabrication of 
hydrogel microparticles containing functionalized viral nanotemplates." 
Langmuir 26.16 (2010): 13436–13441. Copyright 2010 american Chemical 
society.31 (d) stop-flow lithography was used within a microfluidic device 
to create opaque hydrogel particles with a height gradient. reprinted 
with permission from suh, su Kyung, et al., "using stop-flow lithography 
to produce opaque microparticles: synthesis and modeling." Langmuir  
27.22 (2011): 13 813–13 819. Copyright 2011 american Chemical 
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infrared (nir) laser.36 trapped microgels in pdMs shrink when exposed to 
nir, allowing cell solution to flow through the channel. the shrunken micro-
gels remained trapped in the device, allowing flow to escape above the par-
ticle, while the expanded microgels blocked all flow. the device was tested 
with a549 epithelial cells to observe pulsed drug treatment. a quick response 
was observed and the device was displayed to maintain pulsatile and laminar 
flow within a microchannel. the pulsatile flow is especially useful for in vitro 
vessel systems to mimic the types of flow found in the human body. this 
method could also be used for in-device cell culture, remotely controlling the 
introduction and removal of media and other solutions.

23.4   Thermo-Responsive Smart Materials in 
Microfluidics for Tissue Engineering

thermo-responsive smart materials are valuable tools for tissue engineer-
ing due to their ability to change geometry or operation when transferred 
from physiological temperature to room temperature. this provides a valu-
able tool for on-chip cell culture and cellular release from activated surfaces. 
hydrogel and polymer orientation and surface properties can be greatly 
modified with a temperature change of just a few degrees Celsius, provid-
ing the precise control required for tissue engineering. additionally, small 
volume requirements in microfluidics facilitate a rapid temperature change 
and hydrogel response prevents the extended exposure of cells to undesir-
able environments. the use of thermo-responsive smart materials is also 
displayed in microvalves and pumps, which are an avenue to avoid the use of 
large and invasive exterior equipment while still possessing precise control 
of fluid flow and transfer within microchannels. these applications will be 
discussed, as well as current and possible applications in tissue engineering, 
smart materials, and microfluidics.

society.29 (e) Magnetic particles of varying geometries were produced 
using stop-flow lithography in a microfluidic channel. reprinted with 
permission from suh, su Kyung, et al., "synthesis of nonspherical super-
paramagnetic particles: in situ coprecipitation of magnetic nanoparticles 
in microgels prepared by stop-flow lithography." Journal of the American 
Chemical Society 134.17 (2012): 7337–7343. Copyright 2012 american 
Chemical society.28 (f) Colloidal disks were fabricated in a microfluidic 
channel using oxygen-controlled flow lithography. reproduced from ref. 
35 with permission from the pCCp owner societies. (g) stop-flow lithog-
raphy within a microfluidic device was used to create oxygen-carrying 
microparticles. reproduced from ref. 34 with permission from the pCCp 
owner societies. (h) anisotropic particles were photo-polymerized in a 
microfluidic channel, coated with a poly-l-lysine-coated middle chan-
nel, and breast cancer cells grew on top of the particles, imaged at three 
timepoints. reprinted with permission from Bong, Ki Wan, et al., "syn-
thesis of Cell-adhesive anisotropic Multifunctional particles by stop 
Flow lithography and streptavidin–Biotin interactions." Langmuir 31.48 
(2015): 13 165–13 171. Copyright 2015 american Chemical society.33
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23.4.1   Microchannels Utilizing Thermally-Responsive Smart 
Materials

as previously examined, microfluidics are a great platform for creating vessel- 
like microchannels. the ability to create masks with very small features 
allows for the repeatable fabrication of micro-sized channels for small vol-
umes of fluid flow. additionally, small channels and the surrounding matrix 
can be fabricated out of biomimetic polymers suitable for cell infiltration. 
the polymers chosen are specifically engineered for the cell types and appli-
cation, utilizing hybrid, dynamic hydrogels to create the most suitable end-re-
sult. Many of these polymers and hydrogels respond to temperature changes 
to facilitate a cellular response, or form the proper geometry. as an example, 
park et al. created a cylindrical microchannel with micro-pores formed by 
leaching sucrose crystals.37 Micropores are an important feature when imi-
tating the extracellular matrix in engineered tissue structures. they allow for 
cellular infiltration into the matrix and proper chemical exchange between 
cells. the protocol for micropore fabrication in agarose is diagramed in Fig-
ure 23.8(a). sucrose, agarose, and cells were mixed and rapidly cooled in a 
pdMs mold with a needle inserted to create the capillary channel. Micropo-
res were created through dissolving sucrose with rapid cooling, and sucrose 
concentrations determined micro-pore distributions in the gel. a hepg2 cell 
line was seeded into the scaffold, displaying high cell viability and diffusion 
of biomolecules. these features are especially important for cell studies in 
order to observe signaling molecules secreted from cells, as well as cellular 
responses to treatments and materials.

it is a common technique to use a needle or mask to create microchan-
nels due to the repeatability and economical benefits.37,38 an alternative to 
this method is 3d printing, offering more dynamic geometry and allowing 
phase changes between different hydrogels. lee et al. utilized 3d printing 
of a collagen and cell-gelatin matrix to create a vascular channel.39 Collagen 
layers were printed around a cell-gelatin, which liquefied with a change in 
temperature and was rotated every fifteen minutes to allow cellular adhesion 
on all walls of the vessel. after sufficient cell culture, the liquefied gelatin was 
perfused out of the channel and replaced with cell media. different densities 
of huVeCs were tested, and the outer collagen matrix was also seeded with 
endothelial cells. Whenever cells are seeded into a device, it is important 
to operate around 37 °C, a proper cell culture temperature condition. the 
gelatin used in this vascular network liquefied at 37 °C, allowing for seeding 
and proliferation of cells at a biologically stable temperature. huVeCs dis-
played angiogenic properties in the collagen matrix of the microvessel, as 
well as biomimetic gene expression to display the potential of 3d printed vas-
cular networks in vascular tissue engineering. Cell adhesion and orientation 
within the bioprinted channels is displayed in Figure 23.8(b).

along with using the thermo-responsive properties of smart materials for 
hydrogel polymerization or hydrogel properties, they can also be used as a 
method of capturing and releasing cells in a microchannel. When performing 
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Figure 23.8    Microchannels were fabricated on-chip utilizing thermo-responsive 
materials. (a) Microporous hydrogel channels were fabricated by 
dissolving sucrose in a channel polymerized around a capillary, and 
seeded with hepatic cells. reproduced with permission. reprinted 
from Biotechnology & Bioengineering, Vol. 106 issue 1, Jae hong park, 
Bong geun Chung, Won gu lee, Jinseok Kim, Mark d. Brigham, Jae-
sool shim, seunghwan lee, Chang Mo hwang, naside gozde durmus, 
utkan demirci, and ali Khademhosseini, Microporous cell-laden 
hydrogels for engineered tissue constructs, pages 138–148. Copy-
right 2010 with permission from John Wiley and sons.37 © 2010 Wiley 
periodicals, inc. (b) Bioprinted channels were seeded with endothe-
lial cells and imaged over time. reprinted from Biomaterials, Vol. 35 
issue 28, Vivian K. lee, diana y. Kim, haygan ngo, young lee, lan 
seo, seung-schik yoo, peter a. Vincent, guohao dai, Creating perfused 
functional vascular channels using 3d bio-printing technology, pages 
8092–8102. Copyright 2014, with permission from elsevier.39 (c) Cells 
were captured and released using a smart interface thermo-responsive 
material within a microchannel. reprinted from Advanced Healthcare 
Materials, Vol. 1 issue 5, umut atakan gurkan, savas tasoglu, derya 
akkaynak, oguzhan avci, sebnem unluisler, serli Canikyan, noah 
MacCallum, and utkan demirci, smart interface Materials integrated 
with Microfluidics for on-demand local Capture and release of Cells, 
pages 661–668, Copyright 2012 with permission from John Wiley and 
sons.41 © 2012 Wiley-VCh Verlag gmbh & Co. Kgaa, Weinheim.
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on-chip cell culture, it is important to consider the method by which cells 
will be harvested or passaged after proper growth. trypsin is commonly used 
for cell release from cultured surfaces, a detriment to some cell surface pro-
teins. this cell damage can affect experimentation and tissue growth if tryp-
sinization is used as a cell detachment method for many passages. as an 
alternative, poly(N-isopropylacrylamide) (pnipaam) is a thermo-responsive 
smart material that has been coated in microchannels for chemical-free cell 
release.40 When the temperature is lowered below 32 °C, pnipaam becomes 
hydrophilic, therefore releasing cells bound to the surface. pnipaam was per-
manently bound to pdMs microchannels, and cultured with fibroblast cells. 
the cells detached at room temperature, allowing passaging after three days 
of culture without a dramatic or damaging temperature change. higher cell 
viability was observed when compared to tripsinized cells, presenting pni-
paam surface modification as a platform for on-chip cell-based assays. sim-
ilarly, gurkan et al. utilized pnipaam in conjunction with Cd4 lymphocyte 
antibodies. this method facilitated the capture and release of lymphocytes 
from unprocessed human whole blood without cell damage or non-specific 
antibody binding.41 Microchannel surfaces etched into polymethyl-methac-
rylate (pMMa) were coated with pnipaam, sealed to form closed channels, 
and treated with biotinylated anti-Cd4 antibody. Whole blood was man-
ually pumped through microchannels at 37 °C. Cd4-positive lymphocytes 
attached to the microchannel surface, while additional blood components 
flowed to the channel outlet. additional cells were washed away with pBs, 
followed by the introduction of red blood cell lysis solution. the final bound 
Cd4-positive cells were locally released by the introduction of cooling mod-
ules to the chip surface. released cells were washed into the outlet chan-
nel, collected, and counted to determine viability. the user-controlled local 
capture and release of specific cell types was demonstrated using pnipaam 
and proven as an appropriate method for cell assays on a micro-chip. Figure 
23.8(c) outlines the capture and release mechanics of cells within a microflu-
idic channel using a thermo-responsive material.

23.4.2   Thermo-Responsive Microdroplet Fabrication in a 
Microfluidic Device

thermo-responsive materials also have a practical application for tissue 
engineering in droplet form. it has been demonstrated that human cells 
can be captured and selectively delivered through the use of thermo-respon-
sive microcapsules.42 agarose and gelatin were combined in microcapsule 
form. agarose is a stable solid from 30 °C to 60 °C, while gelatin becomes 
liquid when heated above 35 °C. this difference in state at similar tempera-
tures allows for the gelatin to melt when at 37 °C, releasing cellular com-
ponents through pores in the microdroplets. Fibroblasts and huVeCs were 
proven to remain viable and proliferate in this system, as well as escape 
when exposed to a biologically relevant temperature. Fibroblast release 
from agarose–gelatin–fibrin microparticles is displayed in Figure 23.9(a).  
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Figure 23.9    Microparticles can be fabricated within a microfluidic device to respond to physiological temperatures. (a) human fibroblast 
cells are released from agarose–gelatin–fibrin microparticles when at 37 °C, and compared to agarose-only controls, and 
non-encapsulated fibroblasts over a 60 hour time period. reprinted from Journal of Functional Biomaterials, Vol. 6 issue 2, 
Wing Cheung Mak, Kim olesen, petter sivlér, Chyan-Jang lee, i. Moreno-Jimenez, Joel edin, david Courtman, Mårten skog, 
and May griffith, Controlled delivery of human cells by temperature responsive microcapsules, pages 429–453. Copyright 
2015, with permission from the Multidisciplinary digital publishing institute. all rights reserved.42 (b) Microdroplets fab-
ricated in a microfluidic device shrink when at physiological temperature and swell when at room temperature. reprinted 
from Journal of Micromechanics and Microengineering, Vol. 24 issue 8, Kyoung duck seo and dong sung Kim, Microfluidic  
synthesis of thermo-responsive poly (N-isopropylacrylamide)–poly (ethylene glycol) diacrylate microhydrogels as chemo- 
embolic microspheres, page 085 001, Copyright 2014 iop publishing. reproduced with permission. all rights reserved.43
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the released fibroblasts are compared to agarose-only controls and non- 
encapsulated fibroblasts at different time points. thermo-responsive hydrogels 
can be used in controlled cell release in in vivo models, as well as in vitro  
biomimetic models. although this method did not utilize microfluidic 
devices in droplet production, it is a viable technique for uniform production 
and precise control, as discussed previously. seo et al. displayed this method 
through creating thermo-responsive hydrogel droplets using microfluid-
ics.43 a hydro-dynamic focusing microfluidic device was utilized to create 
thermo-responsive poly(N-isopropylacrylamide)–poly(ethylene glycol) (pni-
paam–pegda) hydrogel spheres. uV irradiation was used to polymerize the 
microspheres, and the crosslinker concentration was changed to determine 
the ratio of sphere diameter to temperature. the diameter of the spheres 
decreased when at higher temperatures, displaying an approximate 300 µm 
diameter at 36 °C compared to a 400 µm diameter at room temperature, as 
described in Figure 23.9(b). remaining at biological temperature limits, 
droplet swelling under a temperature drop suggests a possible application 
in cellular release for in-chip cell culture and co-culture assays. additionally, 
the materials used were tested in an animal model to display biocompatibility 
as well as the ability to release trapped molecules.

23.4.3   Thermo-Responsive Microvalves and Pumps in 
Microfluidic Devices

thermo-responsive materials are ideal for use as microvalves and pumps 
due to their ability to rapidly and predictably deform and change shape in 
response to a temperature change. Fluid flow can be directed and pushed 
through the use of responsive hydrogel strips. electroactive valves have been 
displayed as a reliable and effective method to pump liquids through a micro-
fluidic device.44 Kwon et al. uses an electroactive valve as a micropump within 
a microfluidic device for biomedical applications. the device mechanics are 
diagramed and described in Figure 23.10(a). the microfluidic device was fabri-
cated from pdMs with a responsive strip made from hydrogel and crosslinking 
agents 4-hydroxybutyl acrylate (4-hBa), 2,2-dimethoxy-2-phenylacetophenone 
(dMpa), ethylene glycol dimethacrylate (egdMa), and acrylic acid (aa). the 
responsive hydrogel strip was manipulated toward the inlet or outlet due to 
the presence of electrodes on either side, acting as a pump. the pumping capa-
bilities of this design was accredited to an asymmetrical design and bending 
motion. anti-cancer drug effects on human cancer cells were observed in the 
device with controlled pumping of adriamycin to a 96-well plate containing 
MCF-breast cancer cells. low energy consumption and high durability were 
also demonstrated through long-term device testing. this proposed device 
provides a system for delivering solutions to cells cultured on-chip without 
requiring complex external equipment and additional tubing and connec-
tions. as an alternative to drug delivery, the same group demonstrated the use 
of electroactive valves in cell sorting.45 a symmetric, forked microfluidic chan-
nel was used in partnership with a hydrogel strip, facilitating sorting of mouse 
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embryoid bodies (meBs) according to size. a hydrogel-4-hBa strip was incor-
porated into a straight channel, with a silver electrode on either side of the 
strip, as diagramed in Figure 23.10(b). the device operated at low driving volt-
ages to prevent bubbles, and in cell media for cell survival. the meBs flowed 
linearly in a channel, monitored using video inspection for the manual oper-
ation of the hydrogel strip. depending on size, cells were directed to a “small” 

Figure 23.10    thermo-responsive materials can be used as valves and pumps within 
microfluidic devices for on-chip cell culture. (a) a thermo-responsive 
strip is used to pump fluid through a microfluidic device. repro-
duced from ref. 44 with permission from the pCCp owner societies. 
(b) a thermo-responsive strip is used to sort mouse embryoid bodies 
in a microfluidic device. reproduced from ref. 45 with permission 
from the pCCp owner societies. (c) an electroactive polymer is used 
as a valve in a microfluidic device. reprinted from sensors and actu-
ators B: Chemical, Vol. 184, yo tanaka, tomohiro Fujikawa, yutaka 
Kazoe, and takehiko Kitamori, an active valve incorporated into a 
microchip using a high strain electroactive polymer, pages 163–169, 
Copyright 2013, with permission from elsevier.46 (d) a shape-memory  
polymer can be used as a pump or valve to direct fluid flow in a 
microfluidic channel. reproduced from ref. 47 with permission from 
the pCCp owner societies.
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or “large” cell collection chamber by user discretion. a 1 V-applied voltage, 
causing the strip to bend when the voltage was on, allowed cell flow into the 
selected channel. the cells were sorted without damage, maintaining plurip-
otency and differentiating into three germ layers following sorting. tanaka  
et al. presented another method for cell sorting, using a microchannel etched 
in glass, an electroactive polymer film, and carbon electrodes.46 Figure 23.10(c) 
diagrams a voltage applied to the polymer film, deforming it downwards to 
create a stop valve on the chip and preventing flow from continuing through 
the channel. this four-layer device allowed for precise control of fluid flow in 
a microfluidic channel, with a response time similar to that of a piezoelectric 
actuator valve. the dynamic, durable nature of electroactive valves allows for 
customizable and biocompatible platforms by which to manipulate, sort, and 
provide media for cells in a microfluidic channel.

rather than including just one thermo-responsive biomaterial com-
ponent in a microfluidic, entire channels and surrounding structures can 
be fabricated from smart materials to create a bulk response. ebara et al. 
demonstrated a shape-memory polymer that deforms under a temperature 
stimulus, and can return back to its original shape when the temperature 
is returned back to the original temperature.47 shape-memory poly(3-capro-
lactone) (pCl) is formed against silicone molds to create permanent and 
temporary channel geometries as a method for flow control. Channel shapes 
and dimensions are shown in Figure 23.10(d). the shape-memory polymer 
could return to the original shape with a recovery of almost 100%, making 
the device reliable and reusable. When the polymer device was placed on a 
hot plate, fluid would flow from one side to the other due to the gradual clos-
ing of the channel along with heat transfer. the device could also be utilized 
as a microvalve with localized heating, causing the opening or closing of a 
particular part of the channel. pCl can be engineered to operate at physio-
logical temperatures, making it a possible platform for on-chip cell assays. 
additionally, the use of a single polymer simplifies the fabrication process, 
in comparison to a device with many different components, making shape- 
material biomaterials a desirable platform for microfluidic control.

23.5   Conclusions
the use of microfluidics for tissue and cell culture is an area of increasing 
interest in the field of tissue engineering. this is due to precise control capa-
bilities, minimal solution requirements, and rapid fabrication techniques. 
through introducing smart materials to tissue engineering in microfluidics, 
incredibly complex and dynamic materials can be created at a micro-level. 
Cellular interactions can be magnified to specifically observe processes that 
are otherwise clouded by confounding factors. extremely small physiologi-
cal features can also be mimicked, such as vasculature or lymph systems, to 
create realistic organ-on-chip systems for drug discovery and biomolecular 
research. Furthermore, on-chip cell-culture can be achieved through the use 
of cell-releasing materials and in-chip actuators and pumps. the applications 
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and techniques utilizing smart materials in microfluidic devices for tissue 
engineering will continue to flourish as new materials, device geometries, 
and possible tissue constructs are discovered.

23.5.1   Clinical Potential and Applications
the clinical potential of smart materials-based microfluidic systems is expan-
sive, with applications ranging from replacement organs to drug develop-
ment. the major benefit of combining smart materials and microfluidics 
is the increased precision of both material synthesis and microscale control. 
For example, microfluidic systems provide for manipulation of single cells 
within a well-defined scaffold, providing a platform for bottom-up tissue 
engineering. specifically, cell-laden fibers and organoids can be organized, 
stacked, and weaved together to create a more complex tissue with possible 
applications in organ transplantation or organ augmentation. additionally, 
different cell types can be placed in close proximity to facilitate controlled 
cell interactions, similar to those found in human organ systems. this delib-
erate placement would be highly user intensive or unattainable without the 
aid of microfluidic systems and smart materials. traditional fabrication 
techniques do not provide the same level of heterogeneous material control.

perhaps one of the most enticing potential applications for the integration 
of smart materials and microfluidic systems is the creation of vasculature. 
stimuli-responsive properties and microscale manipulation are the hall-
marks of smart materials and microfluidics, respectively. these properties 
are direct analogs to the required characteristics of both healthy vasculature 
and any engineered blood vessel. scientists have recognized these similar-
ities and are approaching this issue through the methods described previ-
ously by reproducing vasculature with smart materials and microfluidics. 
engineers currently are constrained by nutrient diffusion limits; however, 
the capability to generate large vascular networks will enable the expansion 
of engineered tissue volumes and lead to new clinical uses for engineered 
tissue, including transplantation.

another application of microfluidics in tissue engineering that has gained 
great traction in the scientific community is organ-on-chip devices. these 
devices are designed to mimic human organ systems, with translational 
potential in the pharmaceutical industry. rather than relying on mouse mod-
els or homogeneous cell culture, organ-on-chip devices offer a platform for 
dynamic analysis of drug interactions with microscale organ systems. Mul-
tiple cell types can be intricately co-cultured to recapitulate an organ, dis-
playing functionality similar to in vivo conditions. When run in parallel, high 
throughput candidate selection and drug screening may be achieved. smart 
materials are especially valuable in this application due to the ability to con-
trol cell location, co-culture interactions, and flow spontaneously with an 
environmental stimulus. the need for external pneumatic controls can even 
be omitted through the use of environmentally responsive pumps incorpo-
rated within a channel, similar to vascular valves.
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ultimately, the combination of stimuli-responsive materials and micro-
fluidic controls provides unique possibilities to mimic in vivo anatomy and 
function, which can lead to new applications in regenerative medicine and 
pharmacoengineering.
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biological applications, shape- 

memory materials, 625–7
biological-based scaffold, heart valve 

tissue engineering, 246–7
biologic materials

extracellular matrix, 52–4
cell infiltration on, 57–8
degradation of, 55–7
modulation of the 

immune response, 
54–5

future challenges for  
translation of, 59–60

polysaccharide-based  
materials, 51–2

protein-based materials, 48–50
structure, 40–41

biomaterials
for biomolecular delivery, 

173–8
for biosensing, 179–82

biomer, 240
biomimetic nanofibrous matrix, 262
biomolecular delivery, biomaterials 

for, 173
nucleic acids, 176–8
peptides and proteins,  

173–5
small molecules, 176

biomolecules, 262–3
bioresorbable electronics, 459–62, 

464
bioresorbable polymers, 172
biosensing, biomaterials for, 179

extracellular conditions, 
biomaterial constructs to 
report, 179–81

monitor intracellular  
expression, biomaterial  
constructs to, 181–2

biostable synthetic polymers, 
239–40

bio/synthetic interpenetrating  
network (BioSINx), 653

biosynthetic materials, 45–7

biphasic calcium phosphate (BCP), 
73, 563

bis(acrylamide), gelation of, 487
blend electrospinning, 578
blood–brain barrier (BBB), 520

functional delivery systems for, 
399–400

blood vessel regeneration, magnetic 
cell therapy for, 316–17

BMPs see bone morphogenetic pro-
teins (BMPs)

BMP-scaffold systems, 174
bone and cartilage

multifunctional scaffolds, 
applications of, 2–3

hybrid polymer/inorganic 
materials, 11–13

hybrid synthetic/natural 
polymers, 13–15

inorganic materials, 9–11
natural polymers, 3–6
synthetic polymers, 6–9

bone marrow-derived mesenchymal 
stem cells (MSCs), 263

bone marrow mesenchymal stem 
cells (BMSCs), 73

bone marrow stromal cells (BMSCs), 
6, 10–11

bone morphogenetic protein 2 
(BMP-2), 4–5, 9, 10–13, 15, 498, 
546

chemical structures, 7
DNA plasmid, 176
growth factor, 569

bone morphogenetic protein 4 
(BMP-4), 148

bone morphogenetic protein 7 
(BMP-7), 6

growth factor, 569
bone morphogenetic proteins 

(BMPs), 42, 173–4
signaling, 336

bone tissue engineering, 124–7
bone tissue engineering, multi- 

functional biomaterials for, 
169–70
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active scaffolds, 173–84
clinical applications of, 184–5
passive biomaterials for 

mechanical support, 170–72
bone tissue regeneration

electrospinning for, 577–82
selective laser sintering for, 

574–7
bone, tissue repair and  

regeneration, 73–5
boronic ester-based polymers, 268
bovine serum albumin (BSA488), 493
brain-derived neurotrophic factor 

(BDNF), 121
brown adipose derived stem cells 

(BADSCs), 80

Caco-2 cell line, 334
calcium metaphosphate (CMP), 42
calcium peroxide, 148
camphorsulfonic acid (CPSA), 129
cAMP signaling see intracellular 

cyclic AMP (cAMP) signaling
Ca-P/PHBV nanocomposite, 575–7

electrospinning, 575–7
carbon delivery vehicles, 511
carbon nanofiber (CNF), 132
carbon nanotubes (CNTs), 114, 

446–51
Carbopol®, 512
cardiac cells, three-dimensional  

cultures of, 291
cardiac patch, 291
cardiac tissue engineering, 129–32
cardiomyocytes, magneto-mechani-

cal stimuli effects, 312–14
cardiovascular disease (CVD)

multifunctional scaffolds, 
applications of, 21

surface coatings to 
enhance endotheliali-
zation, 22–4

tissue engineered, 24–5
tissue repair and regeneration, 

80–82
cardiovascular tissue engineering

clinical motivation, 230–31
clinical potentials and  

applications of, 248–9
decellularized vascular  

scaffolds, 235–6
heart valve tissue engineering, 

245–8
magnetic-responsive materials 

applications see magnetic- 
responsive materials 
applications

myocardial tissue engineering, 
243–5

natural polymeric biomaterials,  
236–9

polymeric scaffold, 239–43
vascular neotissue formation 

and TEVG remodeling, 
231–4

cartilage tissue engineering, 196
bioactive-agent-releasing 

matrices, 209–11
for cartilage repair, 196–8
creation and development of, 

195
dynamic loading, 211–13
matrix metalloproteinase 

response, 213
natural polymers see natural 

polymers
overview of, 193–6
pH-responsive systems, 204–7
physicochemical and  

biological properties of, 197
research, 196–7
self-assembling peptides, 

207–9
shape-memory systems, 

213–16
synthetic polymers see  

synthetic polymers
thermo-responsive matrices, 

202–4
cartilage, tissue repair and regenera-

tion, 75–8
catheters, 58
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CBC stem cells see crypt-based 
columnar (CBC) stem cells

cell adhesion and detachment, 
materials for modulating, 411–12

cell-based tissue engineering, 559
cell behaviors, 155
cell culture, modulating

applications and clinical 
perspectives

cell segregation, 432–3
cell-sheet engineering, 

428–30
3D culture, 430–32

mechanical actuation, 424–6
microfluidic, 422–4
repositioning of cells, 426–8

cell differentiation
stiffness-induced, 495
stress stiffening/relaxation- 

induced, 495–496
by in vivo gelation, 476–7

cell electrospraying, 584
cell encapsulation, smart  

biomaterials for, 144–5
direct cell phenotype, 155–9
foreign body reaction, 152–5
injectable smart biomaterials, 

160–61
native microenvironment, 145–8
overcome suffocation, 148–50
shape memory polymers 

(SMPs), 162
vascularization, 150–51

cell graft–host integration, 546–7
cell infiltration, on extracellular 

matrix, 57–8
cells, 332–4
cell segregation, 432–3
cell-sheet engineering, 428–30, 433
cell therapy, 291, 309, 314

for blood vessel regeneration, 
316–17

for heart regeneration, 315–16
cell transplantation

central nervous system see cen-
tral nervous system (CNS)

cellulose, 415–16
cellulose nanocrystals (CNCs), 629
central nervous system (CNS) cell 

transplantation
clinical potential and  

applications of smart  
materials, 548

development of biomaterials, 
535–42

history of, 530–31
localization and migration of 

cells and injury, 545
objectives and challenges for 

modern, 531–5
optimal cell graft–host  

integration, 546–7
protecting cells during, 542–4
regulating grafted cell  

differentiation in vivo, 545–6
stimulating transplanted  

neural cells, 547–8
ceramics, 42, 172
cerium oxide nanoparticle  

(CONP)-composite hydrogel, 149
channelrhodopsin (ChR2), 459
chemical environment, 345–9
chemically-reactive smart materials

microfiber fabrication, 643–8
microsphere fabrication in 

microfluidic device, 650–52
microvessel network fabrica-

tion and application, 648–9
see also photo-responsive 

smart materials; thermo- 
responsive smart materials

chemotactism, 536
chemotherapeutic agents, 331–2
CH-GP-HEC see chitosan-β-glycero-

phosphate-hydroxyethyl cellulose
chitosan, 52, 199–200, 238, 416

cell adhesion and detachment 
from, 418

pH-responsiveness, 417
chitosan/β-glycerol phosphate  

(β-GP), tissue repair and  
regeneration, 73, 80, 104, 388
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chitosan-β-glycerophosphate- 
hydroxyethyl cellulose  
(CH-GP-HEC), 210

chitosan-poly (acrylic acid) (chi-PAA) 
hydrogel, 498–9

Chol-PEG-Chol, 622–3
chondroitin-4-sulfate crosslinked 

with ethylene diglycidyl ether, 454
chronic wounds, 258, 259, 264
clinical translation, extracellular 

matrix, 58–9
CNF see carbon nanofiber
CNT-GelMA scaffolds, 132, 133
CNTs see carbon nanotubes
coaxial electrospraying, of  

nanofibrous cell-laden scaffolds, 
584–7

coaxial microfluidic flow, 646
collagen, 49–50, 198, 341

hydrogel, 609–10
scaffolds, 236–7

collagen (Type I), 24
colorectal cancer (CRC), 331
commercial anti-adhesion agent, 

271
common injectable hydrogels, 161
composite/hybridization, for  

multifunctional tissue  
engineering scaffolds, 571–3

composite hydrogel, 148, 160
concanavalin (Con A), 518
conductive materials, for tissue 

engineering
advantages of, 132
biocompatibility, 115–16
biodegradability, 116–17
bone tissue engineering, 124–7
cardiac tissue engineering, 

129–32
conductive polymers, 112–13
modification of, 117–18
muscle tissue engineering, 

127–9
nerve regeneration, 394–9
nerve tissue engineering, 

118–24

novel conductive  
nanomaterials, 114–15

overview of, 110–11
piezoelectric polymeric  

materials, 113–14
self-assembled conductive 

hydrogels, 115
conductive polymers, 45

applications, 631–2
piezoelectric, 633–5

chemical structures of, 630
polyaniline, 112–13
polypyrrole, 112
polythiophene derivatives, 113
3D printing of, 632–3

of piezoelectric materials, 
635

conductive scaffolds, 117
co-polymers, 172
co-precipitated chondroitin-6- 

sulfate (C-6-S), 538
core–shell structure, PDLLA  

nanofiber, 579–80
CorMatrix ®, 235
CPAs see cryoprotectant agents
CRC see colorectal cancer (CRC)
CRDTEGE-ARG SVIDRC peptide, 70
cryoprotectant agents (CPAs), 194–5
crypt-based columnar (CBC) stem 

cells, 334, 338
crypts of Lieberkühn, 330
crypt-villus junction, 335
curcumin-PPS microspheres, 265
β-cyclodextrin (β-CD), 71–2, 81
cyclosporin A, 536
cytokines, 262
cytoplasmic nanoparticles, 299

decellularized vascular scaffolds, 
235–6

degradable hydrogels, 619–22
degradable synthetic scaffolds, 

heart valve tissue engineering, 
247–8

degradation, ROS-responsive  
materials via, 265–8

 
Pu

bl
is

he
d 

on
 0

3 
M

ay
 2

01
7 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

17
88

01
05

42
-0

06
71

View Online

http://dx.doi.org/10.1039/9781788010542-00671


Subject Index676

dendrimers, 511
deprotonation, 204
DEX see dexamethasone (DEX)
dexamethasone (DEX), 13, 15, 276
diblock copolypeptide hydrogels 

(DCH), 541
dielectrophoresis (DEP), 603
Diels–Alder reaction, 420
2-(diethylaminoethyl) methyl  

methacrylate (DEAEMA), 390
3-(4,5-dimethoxy-2-nitrophenyl)- 

2-butyl (DMNPB), 492
2-(dimethylamino) ethyl meth-

acrylate (DMAEMA), 390
2,5-dioxopyrrolidin-1-yl 

4-(4-(1-((4-(4-formylbenzamido)
butanoyl)oxy) ethyl)-2-methoxy- 
5-nitrophenoxy)butanoate (NHS-
oNB-CHO), 493

direct cell phenotype, 155–9
directionally-oriented  

collagen-based scaffold, 318
dodecylbenzenesulfonate-doped 

polypyrrole (PPy-DBS) film, 485
doped nHAp, 181
dorsal root ganglion (DRG), 120
Doxil®, 510
DRG see dorsal root ganglion
drug delivery systems, 262
drug-eluting stents (DES), 21, 28

ECM see extracellular matrix
EGF see epidermal growth factor 

(EGF)
EHS tumor see Engelbreth– 

Holm–Swarm (EHS) tumor
elastin, 50, 237–8
elastin-like synthetic peptides 

(ELPs), 425–6
electrical stimulation, 111

of neurons, 547
electrical-stimuli-responsive  

biomaterials, nerve regeneration, 
394–9

electric field-responsive drug  
delivery systems, 523–5

electro-active microfluidic system, 
600–604

electroactive polymers (EAPs), 523–4
electroactive shape memory  

polymers, 17
electroactive valves, 664
electrochemical materials, 484–5

regulating fate of stem cells, 
485

electro-magnetic fields, effects on 
cells, 317–18

electronic drug delivery devices, 524
electrophysiological activity, 461
electro-responsiveness, 417–22
electrospinning, 567–8, 588

for bone tissue regeneration, 
577–82

Ca-P/PHBV nanocomposite, 
575–7

of nanofibrous cell-laden  
scaffolds, 582–7

electrospun fibers, 146
electrospun multicomponent scaf-

folds, for bone tissue regenera-
tion, 577–82

electrospun scaffold, 240
embedded CONPs, 148
embryonic stem cells, 24, 560
encapsulated adipose-derived stem 

cells (ADSCs), 160–61
encapsulating donor cells, 160
encapsulating growth factors, 150
endocytosis, of magnetic  

nanoparticles, 296–7
endothelial cells

dysfunction, 299
magnetic targeting of, 316–17
morphological re-arrangement 

of, 309
endothelial cell-sheet, 430
endothelial cells (ECs) versus SMCs, 

21–2
endothelialization, surface coatings 

to enhance, 22–4
endothelial nitric oxide synthase 

(eNOS), 299
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endothelial progenitor cells (EPCs), 
315

Engelbreth–Holm–Swarm (EHS) 
tumor, 343

engineered gel, 150–51
eNOS see endothelial nitric oxide 

synthase (eNOS)
enteroendocrine cells, 331
environment-responsive hydrogels, 

618–19
for clinical applications, 636
in 3D printing, 619–22

enzymatically degradable  
microfluidic system, 608–10

enzyme-responsive biomaterials, 
nerve regeneration, 393–4

enzyme-responsive injectable  
hydrogels, 70–71

enzyme-responsive materials in 
wound healing, 273–9

enzyme-sensitive fibrinogen, 499
EPCs see endothelial progenitor 

cells (EPCs)
EphB/EphrinB interaction, 338
epicardial patches, 245
epidermal growth factor (EGF), 261, 

337, 345
epithelial cell proliferation, 348
ethylenediaminetetraacetic acid 

(EDTA), cell adhesion, 412, 413
externally drug delivery systems 

(DDSs), applications
electric field-responsive, 523–5
light-responsive, 521–3
magnetic-field-responsive, 

520–21
extracellular conditions, biomaterial 

constructs to report, 179–81
extracellular matrix (ECM), 52–8, 

117, 118, 145–6, 148, 195, 232, 
233, 235, 329, 337, 451

bone, 2
cell adhesion, 411–12
cell infiltration on, 57–8
clinical translation of, 58–9
decellularization, 52–3

de-cellularized, 563
degradation of, 55–7
functionalization of synthetic 

polymer materials with, 55
modulation of the immune 

response, 54–5
role in tissue regeneration  

process, 562
self-assembly, 54
solubilization, 53–4
structure of, 53

ex vivo culture, 343

fate of stem cells, regulating
electrochemical materials, 

484–5
photo-activatable materials, 

487–91
photo-cleavable materials, 

492–3
photo-responsive materials, 

486–7
pH-sensitive materials, 498–9
piezoelectric materials, 484–6
thermosensitive materials, 

475–6
thixotropic materials see  

thixotropic materials
feasible sterilization methods, 171
Fenton's reaction, ROS-responsive 

materials via mediation of, 268–9
FGF-1 see fibroblast growth factor 1 

(FGF-1)
Fgf10, 346
fibrin, 201, 238
fibrin-based scaffold, 238
fibrin polymer spray, 263
fibroblast growth factor 1 (FGF-1), 

148
fibrocartilage, 217
fibronectin, 50, 200–201, 420
fibrotic scarring, 309
field-effect transistor (FET),  

monitoring electrophysiological 
activity, 455–7

“first generation” scaffolds, 171
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flexible micro- and nanoelectronics
for biological activity, 454

bioresorbable  
electronics, 459–62

field-effect transistor 
(FET), 455–7

clinical applications of, 465–6
stimulation of excitable  

tissues, 462–5
flow activated cell sorting (FACS), 

432
fluid flow control, 423
fluorescein diacetate (FDA), 99
focused ion-beam (FIB) lithography, 

silicon nanowires (SiNWs), 445
foreign body reaction, 152–5
Förster resonance energy transfer 

(FRET), 267
four-dimensional (4D) printing, 629
FRET see Förster resonance energy 

transfer (FRET)
functional cardiac tissue generation, 

309–14
functionalization of scaffolds, 173
functional TEVG, 248

β-galactosidase-responsive hydrogel, 
274

β-glucuronidase (β-GUS), 277
gas foaming technique, 564
Gαs protein, 303
gastrin, 349
gastrointestinal (GI) tract, 330
gelatin, 237, 619–20
gelatin methacrylate (GelMA), 620

hydrogels, 115
gel–sol transitions

PEO-PLLA copolymer, 69
PEO-PLLA-PEO, 68–9

gel-to-sol transition, 70–71
gemcitabine, 521
gene therapy in biomaterials, 

280–81
GFs see growth factors (GFs)
GI tract see gastrointestinal (GI) tract
glucan-like peptide-2 (GLP-2), 345

glucose-oxidase-based glucose  
systems, 517

glucose-responsive drug delivery 
systems, 517–19

glucose-responsive insulin delivery 
systems, 517, 519

glycosaminoglycans (GAG), 45
glycosyl-nucleosylfluorinated  

compounds, 75
gold–cadmium alloys, 625
gold nanoparticle (AuNP), 399

theranostics, 588
gold nanowire (Alg–NW)  

nanocomposite, 462–3
GORE® PROPATEN® Vascular Graft, 

239
graphene, 114–15, 397, 399
grooved methacrylamide-modified 

gelatin (GelMA) microfibers, 
604–6

growth factors (GFs), 319–20
growth hormone (GH) binds cellular 

GH receptors, 345
GtneHPA hydrogels, 395, 399

Hanks' buffered saline solution 
(HBSS), 348

hASCs, 484, 485, 498
HBSS see Hanks' buffered saline 

solution (HBSS)
heart attacks, 290–91
heart regeneration

biomaterial construction  
principles for, 243–4

magnetic cell therapy for, 
315–16

heart valves, 232
heart valve tissue engineering, 245–6

biological-based scaffold, 
246–7

degradable synthetic scaffolds, 
247–8

hemostasis, 259, 260
heparin, auto-regulation, 71
hepatocyte cells (HepG2), 430–31
hepatocyte growth factor (HGF), 345
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hepatocytes, 647
herpes simplex virus type 1 peptide 

(gH625), 399
hESCs-derived cardiac progenitor 

cells, 499–500
HGF see hepatocyte growth factor 

(HGF)
high-affinity immunoglobulin E 

(IgE) receptors, 303–4
high porosity, 171
HM see hollow microsphere (HM)
hNSCs see human neural stem cells
hollow microsphere (HM), 269
homopolymer, 172
horseradish peroxidases  

(HRP), 394
hTESI see human TESI (hTESI)
human bone marrow stromal cells 

(hBMSC), 11
human ISCs culture, 349, 352
human mesenchymal stem cells 

(hMSCs), 20, 127, 394, 484,  
493–4

EMF-triggered neuronal  
differentiation, 398

human neural progenitors (hNPCs), 
485, 486

human neural stem cells  
(hNSCs), 124

neural differentiation of, 125
human postnatal organoids, 342
human TESI (hTESI), 342–3
human umbilical vein endothelial 

cells (HUVECs), 432
hyaluronan, 198
hyaluronic acid (HA), 22, 51, 198–9

ester groups, 334
hyaluronic acid-g-chitosan-g- 

poly(N-isopropylacrylamide) 
(HA-CPN), 73

hybrid polymer/inorganic materials, 
11–13

hybrid synthetic/natural polymers, 
13–15

hydrogel injection, for cardiovascular  
tissue engineering, 244

hydrogels, 146, 510–11, 616–18
environment-responsive 

hydrogels, 618–19
in 3D printing, 619–22

self-healing see self-healing 
hydrogels

hydrophilic, 203, 208
hydrophobicity, 203, 208
hydroxyapatite (HA), 6, 9–12, 42, 563
hydroxyapatite (HA)/β-tricalcium 

phosphate (TCP), 11
hydroxypropyl cellulose, 416
hypoxia tolerance, 148

IAP activity see intestinal alkaline 
phosphatase (IAP) activity

IGFs see insulin-like growth factor 
(IGFs)

IKVAV, 158
Ilizarov limb-lengthening, 185
immunogenicity, smart materials, 

433
implantable devices

for monitoring neuronal  
activity, 460

for in vivo recordings, 458–9
induced pluripotent stem cells 

(iPSCs), 305–7, 314
inflammation, 259–61
inflammation reduction, thermo- 

responsive materials for, 271
injectable biohybrid matrix, 161
injectable biomaterials, myocardial 

tissue engineering, 244–5
injectable hydrogels, 160
injectable smart biomaterials, 

160–61
injectable smart materials, for tissue 

repair and regeneration
bone, 73–5
cardiovascular disease, 80–82
cartilage, 75–8
skeletal muscle and tendon, 82
skin, 78–80

injectable supramolecular  
hydrogels, 71–2, 79
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injectable thermosensitive hydrogel, 
78, 80, 82

inorganic materials, 9–11
inorganic semiconductors, 442–6
insulin-like growth factor (IGFs), 345
intestinal alkaline phosphatase 

(IAP) activity, 343
intestinal microbiota homeostasis, 

331
intestinal stem cells (ISCs), 332, 334

intestinal tissue engineering 
(TE) with, 329–32, 334–40

intestinal stem cell tissue engineering 
(ISC TE), 343–4, 353

chemical factors in, 350–51
intestinal subepithelial  

myofibroblasts (ISEMF), 342
intestinal tissue engineering (TE) 

with intestinal stem cells, 329–32, 
334–40

cells, 332–4
environmental factors, 340–49

intracellular cyclic AMP (cAMP)  
signaling, 303

intramolecular hydrogen bonds, 270
in vitro culture, 343
in vivo gelation, cell differentiation 

by, 476–7
in vivo ligament healing, 111
ion-triggered shape memory  

hydrogel, 162
iPSCs see induced pluripotent stem 

cells (iPSCs)
ISCs see intestinal stem cells (ISCs)
ISC TE see intestinal stem cell tissue 

engineering (ISC TE)
ISEMF see intestinal subepithelial 

myofibroblasts (ISEMF)
isoleucine–lysine–valine–alanine–

valine (IKVAV), 392

keratinocytes, 261

localization of cells, 545
LCST see lower critical solution 

temperature

leaching/solvent casting process, 
563–4

left ventricular ejection fraction 
(LVEF), 476

left ventricular shortening fraction 
(LVSF), 476

leucine rich-extracellular domain 
(LGR5), 335

expression, 343
LGR5 see leucine rich-extracellular 

domain (LGR5)
light-responsive drug delivery  

systems, 521–3
light-responsive microfluidic  

system, 604–6
light-sensitive liposomes, 523
light-sensitive polymers, 522
lipopolysaccharide-stimulated  

macrophages, 267
liposome gels, 622
liposomes, 509–10
living cells, 170
localized gene delivery, 151
long-term cell encapsulation, 150
lower critical solution temperature 

(LCST), 202–3
PNIPAAm, 412–13
poly(ethylene glycol) (PEG), 

414–15
lower critical solution temperature 

(LCST) thermosensitive  
hydrogels, 476

macrophages, 260
for tissue remodeling, 54–5

Madin–Darby canine kidney 
(MDCK) cells, 648

MagBICE see magnetic bifunctional 
cell engager (MagBICE)

magnesium (Mg) alloys, 41
magnetic alginate microfibers 

(MAMs), 607–8
magnetically-enhanced cell  

engraftment, 315
magnetically-responsive polymer 

scaffold, 300–302
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magnetic bifunctional cell engager 
(MagBICE), 316

magnetic cell therapy, 314
for blood vessel regeneration, 

316–17
for heart regeneration, 315–16

magnetic electrospinning of  
nanofibers, 607

magnetic-field-responsive drug 
delivery systems, 520–21

magnetic force-based tissue  
engineering (Mag-TE), 296, 307, 310

magnetic force bioreactors, 292–5
magnetic nanoparticles (MNPs), 

291–300
magnetic NPs (MNPs), 520–21
magnetic-responsive materials 

applications, 290–92, 320–21
anisotropic morphology/

topography, 318–19
cell therapy, 314–17
electro-magnetic fields effects 

on cells, 317–18
functional cardiac tissue  

generation, 309–14
mechanical cues application 

via magnetic force, 292–305
remote controlled release  

scaffold, 319–20
vascularization, 305–10

magnetite-cationic liposomes 
(MCLs), 296

magnetite nanoparticles
dynamic aggregation of, 426–7
in repositioning of cells, 426–8

magneto-mechanical cues
applied via magnetic particles, 

292–300
applied via magnetic scaffolds, 

300–302
cellular response to  

mechanical stress, 302–5
magneto-responsive microfluidic 

system, 607–8
Mag-TE see magnetic force-based  

tissue engineering (Mag-TE)

marrow mesenchymal stem cells 
(BMSCs), 13

Matrigel, 343, 346, 348
matrix metalloproteinase- 

responsive materials in wound 
healing, 273–4

matrix metalloproteinases (MMPs), 
261, 274

matrix metalloproteinase-sensitive 
peptides, 213

matrix metalloproteinase 
(MMP)-sensitive peptides, 70–71

maturation, 261
MCLs see magnetite-cationic  

liposomes (MCLs)
mechanical actuation,  

microfluidics, 424–6
mechanical environment, 340–44
mechanical heart valves, 245
mechanical strain, 313
mechanical support, passive  

biomaterials for, 170–72
16-mercapto hexadecanoic acid 

(MHA), 418
mesenchymal stem cells (MSCs), 11, 

151, 185, 334
mesoporous bioactive glasses 

(MBG), 11
mesoporous silica nanoparticles, 268
messenger RNA (mRNA), 281
metal delivery vehicles, 511
metalloproteinase (MMP)- 

responsive peptide, 81
methacrylamide chitosan, 392–3
methacrylamide-modified gelatin 

(GelMA), 653
methoxypoly(ethylene glycol)- 

graft-chitosan, 263
methylcellulose, 415–16
methylcellulose (MC), 388
MI see myocardial infarction (MI)
microdroplet fabrication, in  

microfluidic devices, 662–4
microfiber

fabrication, 643–8
and applications, 652–3
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microfluidic cell culture, 422–4
microfluidic system

electro-active, 600–604
enzymatically degradable, 

608–10
light-responsive, 604–6
magneto-responsive, 607–8
pH-sensitive, 599–600
thermo-responsive, 597–9

micro/nanoparticle systems with 
pH-responsive properties, 272

microparticle, fabrication in a 
microfluidic device, 655–9

micropores, 660–61
microRNA (miRNA) for wound  

healing applications, 281
microscale photodiode array, 464
microsphere, fabrication in a  

microfluidic device, 650–52
microthread electrodes (MTEs), 458
microvalves, in microfluidic devices, 

664–6
microvessel network, fabrication 

and application, 648–9, 653–5
migration of cells, 545
mixing-induced two-component 

hydrogels (MITCH), 543
MMP-degradable PEG hydrogel 

(M-PEG), 272
MNPs see magnetic nanoparticles 

(MNPs)
monitor intracellular expression, 

biomaterial constructs to, 181–2
monodomain gel, 147
mouse TESI (mTESI), 342–3
M-PEG see MMP-degradable PEG 

hydrogel (M-PEG)
mRNA see messenger RNA (mRNA)
MSCs see mesenchymal stem cells 

(MSCs)
mTESI see mouse TESI (mTESI)
mucin (mucus glycoprotein)  

secretion, 331
multi-functional biomaterials for 

bone tissue engineering, 169–70
active scaffolds, 173–84

clinical applications of, 184–5
passive biomaterials for 

mechanical support, 170–72
multifunctional polyoxalate-based 

micelles, 267
multifunctional scaffolds,  

applications of
bone and cartilage, 2–3

clinical potential and 
applications, 27–8

hybrid polymer/inorganic 
materials, 11–13

hybrid synthetic/natural 
polymers, 13–15

inorganic materials, 9–11
natural polymers, 3–6
synthetic polymers, 6–9

cardiovascular diseases, 21
surface coatings to 

enhance endotheliali-
zation, 22–4

tissue engineered, 24–5
clinical potential and, 26–8
muscle, 15–17
neural tissue engineering, 25–6
skin tissue engineering, 17–20

multifunctional tissue engineering 
scaffolds

composite/hybridization 
approaches, 571–2

electrospinning, for bone  
tissue regeneration, 577–82

requirements in tissue  
regeneration, 569–71

selective laser sintering, for 
bone tissue regeneration, 
574–7

theranostic-embedded, for 
cancer patients, 587–9

multiple-responsive drug delivery 
systems, 519–20

multi-source multi-power (MSMP) 
electrospinning, 580–82

multi-walled carbon nanotubes 
(MWCNTs), 127, 172, 446, 450

murine islet transplant model, 151
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muscle, 15–17
muscle–tendon junction (MTJ), 17
muscle tissue engineering, 127–9
musculoskeletal repair, 58
musculoskeletal tissue engineering, 

185
myocardial infarction (MI), 291
myocardial tissue engineering, 

243–5

nanocomposite hydrogel, 75
nanofibrous cell-laden, for  

regeneration of complex body  
tissues, 582–7

nanogels, 519
nanohydroxyapatite (nHAp), 73, 477
nanomaterial building blocks

and their interfaces with cells 
and tissues, 441–2

carbon-based materials, 
446–51

inorganic  
semiconductors, 442–6

plymers, 451–4
nanoparticles (NPs), 507–8

safety in cells, 297–300
nano-scale materials, 172
nanostructured polymers, 451–4

synthesis and bio-interface, 
453

Nap-FFGEY peptide, 72
native microenvironment, 145–8
native tissue regeneration process, 

complexity in, 568–9
native valvular interstitial cells 

(VICs), 159
natural in vivo cellular  

microenvironment, 155
natural polymeric biomaterials, 

236–9
natural polymers, 3–6

alginate, 201
chitosan, 199–200
collagen, 198
fibronectin, 200–201
hyaluronic acid, 198–9

natural polysaccharides, 262
nerve growth factor (NGF), 120–21
nerve tissue engineering, 118–24
neural stem cells (NSCs)

differentiation, 399
growth, 397

neural stem progenitor cells 
(NSPCs), 531–4

neural tissue engineering, 25–6
Neuromaix, 400
neurotransmitter stimulation, of 

neurons, 547
“neutral competition model”, 339
neutrophils, 260
NGF see nerve growth factor
NICD see Notch intracellular domain 

(NICD)
NIPAA m/AAc/NA S/HEMA-PTMC 

hydrogel, 477
N-isopropylacrylamide, 70
nitric oxide (NO), production of, 

299, 300
Noggin (Nog), 336–7
non-degradable hydrogels, 622
non-degradable polymeric scaffolds, 

239
non-obese diabetic/severe  

combined immunodeficiency 
(NOD/SCID) gamma chain- 
deficient mice, 342

Notch intracellular domain (NICD), 
335

Notch signaling, 335, 338
novel biomaterials, 145
novel conductive nanomaterials, 

114–15
nucleic acids, 176–8

obstructive coronary artery disease, 
316

O-carboxymethyl chitosan (O-CMC), 
160

O-CMC see O-carboxymethyl  
chitosan (O-CMC)

oligo(poly(ethylene glycol)  
fumarate) (OPF), 210
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oligo(ethylene glycol) methacrylate 
(OEGMA), 414

o-nitrobenzyl (oNB) moieties, 493
OPF see oligo(poly(ethylene glycol) 

fumarate)
optically switched dielectrophoretic 

force (ODEP), 655, 657
optimal cell graft–host integration, 

546–7
organoids, 346, 352
osteoarthritis (OA), 194
osteoconductive scaffolds, 171
osteoinductive scaffolds, 171
oxidative stress, 148
oxygen, 149

sufficient generation of, 148

P(DMAEMA) see poly((2-dimethyl 
amino)ethyl methacrylate)

P(NIPAAm-co-VI) see poly(N-isopro-
pylacrylamide-co-vinylimidazole)

paclitaxel, 28
Paneth cells, 335, 338–9

adjacent, 337
PANI see polyaniline
passive biomaterials for mechanical 

support, 170–72
patch-forming scaffolds, 245
PCBMA-based zwitterionic hydrogel, 

154
PCL see poly(ε-caprolactone) (PCL)
PCL/PA Ni/pSi composite, 102–3
PDGF see platelet-derived growth 

factor (PDGF)
PDMAEMA content see poly(di-

methylaminoethyl methacrylate) 
(PDMAEMA) content

PEDOT see 
poly(3,4-ethylenedioxythiophene)

PEG-g-PLGA see poly(dl-lactic acid-
co-glycolic acid)-poly (ethylene 
glycol)

PEGMAL microspheres, 650
PEG–PCL–PEG copolymer, 74
PEGylation, 510
PEO–PLLA copolymer, gel–sol  

transitions, 69

PEO–PLLA–PEO copolymer, gel–sol 
transitions, 68–9

PEO–PPO –PEO triblock copolymer, 
73

peptide amphiphiles (PAs), 208
peptide-based supramolecular 

hydrogels, 78
peptides, 173–5, 204
Perimaix, 400
PGA see poly(glycolic acid) (PGA)
PGA fiber scaffolds see polyglycolic 

acid (PGA) fiber scaffolds
PGS see poly(glycerol-sebacate) 

(PGS)
PHA see polyhydroxyalkanoates 

(PHA)
PHEMA see poly(2-hydroxyethyl 

methacrylate)
pHEMA microperiodic scaffolds, 

622
phenylboronic acid (PBA), 518

glucose-responsive nanogels, 
519

photo-activatable materials, 487–91
and their regulation for fate of 

stem cells, 492
photo-cleavable materials, 492–3
photodiode array, 464
photopolymerization, 392
photo-responsive applications, 

shape-memory materials, 628
photo-responsive biomaterials, 

nerve regeneration, 392–3
photo-responsive miR-148b, 184
photo-responsive smart materials, 

486–7
microfiber fabrication and 

applications, 652–3
microparticle fabrication in a 

microfluidic device, 655–9
microvessel network fabrication 

and application, 653–5
and their regulation for fate of 

stem cells, 492
PHPMA see poly(2-hydroxypropyl 

methacrylate) (PHPMA)
pH-reporting scaffold, 181
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pH-responsive biomaterials, nerve 
regeneration, 390–91

pH-responsive drug delivery  
systems, 512–15

pH-responsive hydrogels, 182, 
618–19

pH-responsive injectable hydrogels, 
69–70

pH-responsive materials for wound 
healing, 272–3

pH-responsiveness, 417
pH-responsive systems, 204–7
pH-responsive valves, 423–4
pH-sensitive materials, 498–9
pH-sensitive microfluidic system, 

599–600
pH-sensitive polymers, 618–19, 

628–9
piezoelectricity, 633
piezoelectric materials, 484–6
piezoelectric polymers, 113–14

chemical structures, 634
plasmid transfection, 176
plasmin-degradable PEG hydrogel 

(P-PEG) mimicking ECM, 272
platelet-derived growth factor 

(PDGF), 6, 261, 277, 345
platelet-derived growth factor  

receptor (PDGFα), 293
platelet-released chemokines, 260
platelet-responsive materials in 

wound healing, 279–80
PLGA see poly(lactic-co-glycolic acid) 

(PLGA)
PLGA/PCL/HA nanocomposite, 13
PLGA-PEG-PLGA, 210
PLGA-PLL nanoparticles see poly-

(lactic-co-glycolic) acidpoly-l- 
lysine (PLGA-PLL) nanoparticles

PLGA/TCP scaffolds, 12
PLGA/VEGF microspheres, 348
PLL see alginate poly-l-lysine (PLL)
PLLA/PEDOT scaffolds, 632
Pluronic F127, 620
PNIPAAm see poly(N-isopropylacryl-

amide) (PNIPAAm)
PNIPAAm–AA hydrogel, 499

PNIPA M-co-ALA see poly(N-isopropy-
lacrylamide)-co-allylamine (PNIPA 
M-co-ALA) nanogels

POEGMA-CNC nanocomposite 
hydrogels, 161

poly((2-dimethyl amino)ethyl  
methacrylate) (P(DMAEMA)), 204

poly(2-hydroxyethyl methacrylate) 
(PHEMA), 115, 539

poly(2-hydroxypropyl methacrylate) 
(pHPMA), 270

poly(3,4-ethylenedioxythiophene) 
(PEDOT), 113, 116

poly(3-hydroxybutyrate) (PHB), 626
poly(acrylic acid) (PAA), 512–13, 599
poly(β-amino ester) (PBAE), 9
poly(d,l-lactic acid) (PDLLA), 121

nanofiber
core–shell structure, 

579–80
fabrication, 581

poly(d,l-lactide-co-ε-caprolactone) 
(PDLCL), 120

poly(diethylaminoethyl  
methacrylate) (PDEAEM), 390

poly(ε-caprolactone) (PCL), 117, 
242–3, 562, 626

poly(ether-urethane urea), 240
poly(ethylene glycol) (PEG), 392, 

414–15
lower critical solution  

temperature of, 414–15
poly(glycerol-sebacate) (PGS), 129, 

243
poly(glycolic acid) (PGA), 241–2
poly(l-lactic acid) (PLLA), 121, 242

nerve regeneration, 388
poly(lactic-co-glycolic acid) (PLGA)

microsphere, 268
nanoparticles, 262

poly(lactide-co-ethylene oxide-co- 
fumarate) (PLEOF), 75

poly(l-lactic acid) (PLLA), 215
poly(MEO2MA-co-OEGMA) (PMO), 

414–15
poly(N,N′-diethyl-aminoethyl meth-

acrylate) (PDEAEM), 512, 514
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poly(N-isopropylacrylamide) 
(PNIPAAm), 68, 73, 80, 81, 203, 
209–10, 270, 412–13, 516–17, 522, 
597–9, 662

actuator, 424–6
cell segregation, 432–3
copolymerization of, 390
3D cell culture, 430–32
lower critical solution  

temperature, 412–13
microfluidic cell culture, 423–4
nerve regeneration, 384, 388
pH-responsiveness, 417

poly(N-isopropylacrylamide-co- 
vinylimidazole) (P(NIPAAm-co-VI)),  
210

poly(N-vinyl caprolactam) (PVCL), 
517

poly(propylene sulfide) (PPS), 264, 
265

poly(propyleneoxide) (PPO), 390
poly(styrene-b-isobutylene-b- 

styrene) (SIBS), 117
poly(vinylidene fluoride) (PVDF), 

113, 114, 127
poly(vinylidene fluoride trifluoro-

ethylene) (PVDF-TrFE), 486
β-poly(vinylidene fluoride) (β-PVDF), 

485
poly(lactic-co-glycolic) acidpoly-l- 

lysine (PLGA-PLL) nanoparticles, 
280

polyacrylate amides (PA-A), 623
polyacrylic acid (PAAc), 69
polyaniline, 632
polyaniline (PANI), 102, 112–13, 121
polyaniline and polypropylene  

(PA–PP) blends, 396
poly(lactic acid) (PLA)-based MNPs, 

297, 300
poly(ethylene glycol)-block- 

poly(l-alanine) (PEG-l-PA), 477
poly(ethylene glycol)-b-polycaprolac-

tone-(dodecanedioic acid)- 
polycaprolactone-poly(ethylene 
glycol) (PVL–PEG–PVL), 81

poly butyric acid, 201–2

poly(dimethylsiloxane) (PDMS)-
CaO2 disk, 148

poly(N-isopropylacrylamide)-co- 
allylamine (PNIPA M-co-ALA) 
nanogels, 272

poly(ε-caprolactone) (PCL)/collagen 
fibers, 17

poly(dimethylaminoethyl methacry-
late) (PDMAEMA) content, 272

poly(ethylene glycol) (PEG)- 
diacrylate, 487

poly(ethylene glycol) (PEG)- 
diacrylate (PEGDA), 622

poly(ethylene glycol) diacrylate 
(PEGDA), 655, 657

poly(ethylene glycol) (PEG) 
dimethacrylate

for clinical applications, 636–7
polyelectrolytes, 512
polyesters, 240–41
poly(polyethylene glycol 

citrate-co-N-isopropylacrylamide) 
(PPCN) gel, 271

polyglycolic acid (PGA) fiber scaf-
folds, 212, 340

poly(ethylene glycol) (PEG)-grafted 
PLGA (PLGA-g-PEG), 74

poly(l-glutamic acid)-graft- 
tetraaniline/ poly(l-lysine)-graft- 
tetreaniline, 8

poly(vinyl alcohol) (PVA) hydrogel, 629
polyhydroxyalkanoates (PHA), 45–7, 

243
poly(ε-caprolactone)-2-hydroxylethyl 

methacrylate (PCL-HEMA), 81
polylactic acid (PLA) composites, 44
polylactide with chondroitin  

sulfate-doped PPy (PLA–PPy), 484
poly-l-lactic acid (PLLA), 341, 626, 

629, 633–5
with collagen fibers, 17

polymeric delivery systems, 262
polymeric scaffold

biodegradable synthetic  
polymers, 240–43

biostable synthetic polymers, 
239–40
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polymer micelles, 271
polymersomes, 508–9
poly(oligoethylene glycol)  

methacrylate (POEGMA), 517
poly(lactic-co-glycolic acid) (PLGA) 

nanofibers, 180
poly(vinyl alcohol) (PVA) nanofibers, 

607
poly(l-glutmate-co-N-3-l-gluta-

mylphenylboronic acid) (PGGA) 
nanogel, 519

polyoxalate-based materials, 267
poly(lactic-co-glycolic acid) (PLGA) 

particles, 652
poly-(1,4-phenyleneacetone  

dimethylene thioketal)  
(PPADT), 265

poly(l-lactic acid)-Pluronic L35-
poly(l-lactic acid), 80

poly(3,4-ethylenedioxythio-
phene):poly(4-styrene sulfonate) 
(PSS), 126–7

poly(dl-lactic acid-co-glycolic acid)-
poly (ethylene glycol) (PEG-g-
PLGA), 208

poly(ethylene glycol)–poly(l-alanine-
co-l-phenyl alanine), 75

poly(lactic-co-glycolic acid) (PLGA) 
poly-l-lysine, 400

poly(vinyl alcohol) (PVA) polymers, 
626

poly(α-caprolactone-co-lactide)– 
poly (ethylene glycol)–poly(α- 
caprolactone-co-lactide), 70

poly(ethylene glycol)–poly(l- 
alanine) (PEG–l-PA), 388, 389

poly(3,4-ethylenedioxythiophene) 
(PEDOT)/polystyrene sulfonate 
(PSS), 632–3

poly(3,4-ethylenedioxythiophene)/
PSS polymers, 632–3

polypyrrole (PPy), 112, 454, 631–2
poly(organophosphazene)–RGD,  

477
polysaccharide-based materials, 

51–2
polysaccharide hydrogel, 620

poly(lactic-co-glycolic acid) (PLGA) 
scaffolds, 562

poly(l-lactic acid-co-ε-caprolactone)/
silk fibroin (PLCL-SF), 121

polytetrafluoroethylene (PTFE), 127, 
201–2, 239

polythiophene derivatives, 113
poly(vinylidene fluoride) (PVDF)- 

trifluoroethylene (PVDF-TrFE), 
124, 127

poly(ester urethane)urea elastomers 
(PEUUs), 44, 240

polyurethane (PU), 201–2, 240, 
626–7

hydrogel, 620–21
polyvinylidene fluoride (PVDF), 

633–4
pore structure control, 95
porosity, 40
porous silicon (pSi)

cell attachment and  
differentiation on, 97

pore structure control, 95
shapes and forms, 91–5
as “smart” biomaterial, 101
surface chemistry, 95–6

porous silicon/polycaprolactone 
(pSi/PCL) composites

advantages of composites as 
implants, 97–101

clinical potential aplication, 
103–5

as “smart” biomaterial,  
101–3

positively charged polymer, 420
postnatal organoids, 342
PPADT see poly-(1,4-phenyleneac-

etone dimethylene thioketal) 
(PPADT)

PPCN gel see poly(polyethylene 
glycol citrate-co-N-isopropylacryl-
amide) (PPCN) gel

PPS see poly(propylene sulfide) (PPS)
PPy-coated poly(lactic-co-glycolic 

acid) (PPy-PLGA), 120
PPy-functionalized graphene  

(PPy-G), 121
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PPy-G see PPy-functionalized 
graphene

PPy-PLGA see PPy-coated  
poly(lactic-co-glycolic acid)

primary neural stem cells (pNSC), 541
proliferation, 261
Pro–Phe–Ser–Ser–Thr–Lys–Thr–Cys 

(PFSSTKTC), 493
propylacrylic acid, 70
protein-based materials, 48–50
proteins, 171, 173–5
protonation, 204
PTFE see polytetrafluoroethylene
pumps in microfluidic devices, 

664–6
purmorphamine, 176
PVDF see poly(vinylidene fluoride)
PVI-AN hydrogel, 162
pyridine, 629

RADA 16, 158
RADA16-II peptides, 392
RADA16-I peptides, 392
RAD16-I (RADARADARADARADA- 

PuraMatrixTM) hydrogel, 207
reactive hydroxyl radicals, 268
reactive oxygen species (ROS), 299
reactive oxygen species (ROS)- 

responsive materials for  
inflammation treatment, 263–9

regulating grafted cell  
differentiation in vivo, 545–6

remodeling, 261
remote controlled release scaffold, 

319–20
repositioning of cells, 426–8
responsive short peptides, 391–2
resveratrol (RSV), 97
retinal ganglion cells (RGCs), 121
reversible isomers, 493–4
RGCs see retinal ganglion cells
Rho-associated protein kinase 

(ROCK), 338
RNA moieties, 177
ROCK see Rho-associated protein 

kinase (ROCK)

ROS see reactive oxygen species 
(ROS)

R-spondin family proteins, 335
rTIMP-3, 70, 71, 274, 276
runt-related transcription factor 2 

(RUNX2), 177
RUNX2 see runt-related  

transcription factor 2 (RUNX2)

SAP see self-assembling peptide 
(SAP)

SBS see short bowel syndrome (SBS)
scaffold-based technologies, 281–2
scaffold-based tissue engineering, 

562
scaffold manufacture technologies

additive manufacture, 565–6
for fibrous scaffolds, 566–8

scaffold-mediated delivery, 173
scaffolds, 169–71
SDF-1α see stromal cell-derived  

factor-1α (SDF-1α)
selective laser sintering (SLS), 565–6

for bone tissue regeneration, 
574–7

self-assembled conductive hydro-
gels, 115

self-assembled monolayers (SAMs), 
418–20, 492

self-assembling biomaterials, nerve 
regeneration, 391–2

self-assembling peptide (SAP), 78, 
158, 207–9, 392

self-healing gels, 623
self-healing hydrogels, 622–3

in 3D printing, 623–5
self-regulated drug delivery systems 

(DDSs), applications
glucose-responsive, 517–19
multiple-responsive, 519–20
pH-responsive polymers, 

512–15
temperature-responsive  

polymers, 515–17
semiconductor nanowires,  

advantage of, 455
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semi-interpenetrating polymer  
network (sIPN), 81

serotonergic replacement therapy 
(5HT1A/7 and 5HT2 agonists), 463

shape-memory effect, 625
shape-memory materials, 625

applications
photo-responsive, 628
polymers, in 3D printing, 

629–30
thermo-responsive, 627–8
see also conductive 

polymers
shape-memory poly(3-caprolactone) 

(PCL), 666
shape memory polymers (SMPs), 

162, 625
in 3D printing, 629–30

shape-memory systems, 213–16
shear-thinning hydrogel (STG), 82
short bowel syndrome (SBS), 332
SIBS see poly(styrene-b-iso butylene-

b-styrene) (SIBS)
silicon delivery vehicles, 511
silicon nanowires (SiNWs)

biocompatibility of, 446
FETs, monitoring  

electrophysiological activity, 
455–7

interfaces, 445
morphology and surface 

topography of, 442–4
silk fibroin, 239
silk fibroin proteins, 48
silver (Ag)-NP-based nanogels, 519
Si nanomembrane electrode, 461
single-walled carbon nanotubes 

(SWCNT), 446–51
chemical vapor deposition 

(CVD) for, 447–9
conductivity, 449

sirolimus (rapamycin), 28
SIS see small intestinal submucosa 

(SIS)
skeletal muscle, tissue repair and 

regeneration, 82

skin tissue engineering, 17–20
skin, tissue repair and regeneration, 

78–80
skin wound healing, 261
small intestinal submucosa (SIS), 

235
small molecules, 176
smart biomaterials for cell  

encapsulation, 144–5
direct cell phenotype, 155–9
foreign body reaction, 152–5
injectable smart biomaterials, 

160–61
native microenvironment, 

145–8
overcome suffocation, 148–50
shape memory polymers 

(SMPs), 162
vascularization, 150–51

smart biomaterials systems, 282
smart drug delivery vehicles, 507–8

dendrimers, 511
hydrogels, 510–11
liposomes, 509–10
other delivery vehicles, 511–12
polymersomes, 508–9

smart matrices (scaffolds)
bioactive-agent-releasing 

matrices, 209–11
pH-responsive systems, 204–7
self-assembling peptides, 

207–9
thermo-responsive matrices, 

202–4
smart polymers, 616

chemical and physical  
crosslinking, 616–17

SMCs see smooth muscle cells 
(SMCs)

smooth muscle cells (SMCs), 232, 
233, 331, 334

ECs versus, 21–2
SMO–PCLA–PEG–PCLA–SMO  

copolymer, 70
SMPs see shape memory polymers 

(SMPs)
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sodium bicarbonate, 272
sodium-glucose linked transporter 

(SGLT-1) TESI localization, 343
soft lithography, 648
solid peroxide, 148
sol-to-gel transition, 70
solubility switch, ROS-responsive 

materials via, 264–5
solvent casting/particulate leaching 

technique, 566
spherical nanoparticles, 274
sphingosine 1-phosphate receptor 3 

(S1PR) agonist, 282
SPION see superparamagnetic iron 

oxide nanoparticles (SPION)
spiropyran polymers, 493
S1PR agonist see sphingosine 

1-phosphate receptor 3 (S1PR) 
agonist

stem cells, 155, 330–31, 352, 560
delivery, 281–2
differentiation of, 474

stem cell therapy, 499
in wound repair, 263

stent thrombosis (LST), 21
stiffness-induced cell  

differentiation, 494–5
stimuli-responsive biomaterials, 

nerve regeneration, 383–4
conductive, electrical-stimuli- 

responsive biomaterials, 
394–9

enzyme-responsive  
biomaterials, 393–4

photo-responsive biomaterials, 
392–3

pH-responsive biomaterials, 
390–91

self-assembling biomaterials, 
391–2

temperature-responsive  
biomaterials, 384–90

stimuli-responsive injectable  
polymeric hydrogels, 68–71

stop-flow lithography, 657
stromal cell-derived factor-1  

(SDF-1), 454

stromal cell-derived factor-1α  
(SDF-1α), 267

sufficient generation of oxygen, 148
sufficient mechanical properties, 

171
suffocation, 148–50
sulfamethazine oligomers (SMOs), 

70
sulfated glycosaminoglycan, 212
superparamagnetic iron oxide 

nanoparticles (SPION), 296
supramolecular biomaterials, 147
supramolecular interactions,  

reversibility of, 147
surface coatings to enhance  

endothelialization, 22–4
surface-enhanced Raman scattering 

(SERS), 588–9
surface-grafted chitosan, 172
surface plasmon resonance (SPR) 

absorption, 588
surface topography, 197
synthetic materials, 41–5
synthetic polymers, 6–9

poly butyric acid, 201–2
polytetrafluoroethylene, 201–2
polyurethane, 201–2

T-cell factor (Tcf)/β-catenin  
transcription, 335

TCP see tissue culture plates (TCP)
teflon see polytetrafluoroethylene
TEHV see tissue engineered heart 

valve (TEHV)
temperature-responsive biomaterials,  

nerve regeneration, 384–90
temperature-responsive drug  

delivery systems, 515–17
temperature-responsive injectable 

hydrogels, 68–9
temperature-responsive materials 

for wound healing, 270–72
temperature-responsive self-assembly, 

391
temperature-sensitive hydrogels, 80
temporomandibular joint disorders, 

217
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tendon, tissue repair and  
regeneration, 82

TESI see tissue-engineered small 
intestine (TESI)

2,2,6,6-tetramethylpiperidine-N-oxyl 
(TEMPO) moieties, 272

TEVG, 237, 248
remodeling, 231–4

theranostic-embedded scaffolds for 
cancer patients, 587–9

theranostics, 588
thermally hydrocarbonized porous 

silicon (THCPSi) microparticles, 
97

thermally induced phase separation 
(TIPS), 565

thermoplastic polymer, 202
thermo-responsive applications, 

shape-memory materials,  
627–8

thermo-responsive hydrogels, 618
thermo-responsive materials, 270
thermo-responsive matrices,  

202–4
thermo-responsive microfluidic  

system, 597–9
thermo-responsive polymer  

solutions, 271
thermo-responsive smart materials, 

659
microchannels utilizing, 

660–62
microdroplet fabrication in 

microfluidic device, 662–4
microvalves and pumps in 

microfluidic devices, 664–6
thermo-responsive technology, 428
thermo-sensitive hydrogels, 78
thermosensitive materials, 475–6

and their regulation for fate of 
stem cells., 478–83

thermosensitive polymers, 515–17
thioketal-based materials, 265–7
thioketal nanoparticles (TKNs), 266
thixotropic materials, 494–5

stiffness-induced cell  
differentiation, 495

stress stiffening/relaxation- 
induced cell differentiation, 
495–8

and their regulation for fate of 
stem cells, 496–7

viscoelasticity of, 494
3D graphene foams (3D-GF), 115
thrombin, 71
thromboxane A2 (TXA2), 259–60
TiO2 nanotube arrays, 22
tissue culture plates (TCP), 124
tissue engineered cardiovascular 

diseases, 24–5
tissue engineered heart valve 

(TEHV), 245
tissue-engineered small intestine 

(TESI), 332, 333, 340–42, 347, 348
tissue engineering materials, 562
tissue regeneration process,  

560–62
growth factors, 560–61
requirements for multiple 

functions of scaffolds in, 
569–71

titanium (Ti), 172
TKNs see thioketal nanoparticles 

(TKNs)
tonsil-derived mesenchymal stem 

cells (TMSCs), 388
toxicity, smart materials, 433
transform growth factor-β (TGF-β), 

209
transglutaminases, 393–4
TREK-1 ion channels, 293, 296
tricalcium phosphate (TCP), 9, 563
trypsin, cell adhesion, 412, 413
TXA2 see thromboxane A2 (TXA2)
type I collagen, 236

upper critical solution temperature 
(UCST), 203

vancomycin (VCM), 97
vapor–liquid–solid growth, 442
vascular endothelial growth factor 

(VEGF), 15, 261, 277, 430
vascular grafts, 429–30
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vascularization, 150–51
vessel structure formation, 305
vessel structure organization, 

induction of, 305–10
vascularized bone flaps, 185
vascular neotissue formation, 231–4
vascular scaffolds, 237
vascular smooth muscle cells 

(VSMCs), 316
VEGF see vascular endothelial 

growth factor (VEGF)
VEGF-releasing hydrogel, 151
veins, cardiovascular structures, 232
vessel structure organization,  

induction of, 305–10
VICs see native valvular interstitial 

cells (VICs)
VSMCs see vascular smooth muscle 

cells (VSMCs)

water-in-oil-in-water double  
emulsion, 268

water-soluble fullerene biomaterial, 
149

Wnt ligand binding, 335
Wnt signaling, 337–9
wound dressings, 262

temperature-responsive  
materials as, 270–71

wound healing, smart materials for, 
18, 258–9, 342

advances in immunotherapy, 
282

current methods and  
material applications in, 
262–3

gene therapy in biomaterials, 
280–81

stages, 259–61
stem cell delivery, 281–2
stimuli-responsive materials 

for, 263–80
wound repair, stem cell therapy in, 

263

xyloglucan, 389–90

zwitterionic PCBMA hydrogel, 154
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