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v

There is no doubt that the progress of medicine could not be achieved without 
biomaterials research. The elucidation of biological defense mechanisms by 
molecular biology and cell biology has enhanced biomaterials research. This, 
however, does not mean that numerous artificial organs have been realized; even 
though, by all rights, more products should be clinically available.

Human tissues or organs in the body have complicated functions and are not 
easy to replace with conventional artificial materials. We should design and syn-
thesize materials with better performance than ever before.

Biofunctional polymers have been extensively studied for more than 40 years. 
Many interesting research results have been obtained, but their clinical applica-
tions are limited, even though the concepts are superlative. Investigations on a 
wide range of biofunctional polymers are driven by a number of researchers. Some 
of these polymers are defined as materials that respond to chemical stimuli, such 
as the concentration of certain chemicals and pH change, and physical stimuli, 
such as heat (temperature change), magnetic field, light, and electric field. They 
are also classified as intelligent or smart materials. Needless to say, human beings 
are dynamic organisms. Stimuli-responsive materials with intelligence and drive 
are also dynamic. To achieve more sophisticated drug treatment, or to substitute 
biological functions, the use of smart materials is inevitable.

The development of polymer chemistry with precise control of the molecular 
chain has contributed to the development of smart materials. Precise polymeriza-
tion is a very important technology in designing actual materials with higher func-
tions, because, by utilizing a low-molecular-weight distribution, it is possible to 
further improve the performance of smart materials. Moreover, integration with 
nanotechnology is also essential.

In this book, how to design smart materials and how to apply them to biomedical 
fields are described by experts in these fields. In Chap. 1, the significance of mono-
mer design in preparing uniform functions is explained on the basis of simple poly-
mer fundamentals. Chapter 2 provides descriptions on the preparation and application 
of stimuli-responsive smart hydrogels, aiming at biomedical applications. Materials 
showing dynamic movement in response to internal or external stimuli are used as 
actuators, and their combination with nanotechnology can realize new diagnostic 
devices. In Chap. 3, nanoassemblies and nanoparticles are described. They are key 
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materials in developing drug-targeting systems. Some passive drug-targeting systems 
based on enhanced permeation and retention effects are actually in clinical use. Smart 
nanoassemblies are promising for more efficient drug targeting. Chapter 4 deals with 
smart surfaces. It is one of the outstanding examples of a flat solid or particle surface 
modified to control the interaction of biomolecules for chromatographic separation. In 
Chap. 5, nanofibers with smart properties are described. Their biomedical applications 
are currently few, but they will surely be expanded through combination with other 
materials, such as nanoparticles, or surface modification. Chapter 6 presents smart 
bioconjugates. Precise polymerization techniques contribute to the preparation of the 
precursor, and the resulting bioconjugates are very useful in diagnosis. Some of them 
will be applied to the prevention of severe infections in developing countries. Finally, 
in Chap. 7, shape-memory materials are described. There is much research on the 
dynamic movement of polymeric shape-memory materials. This chapter also deals 
with surface shape-memory materials that will be of concern in mechanobiology.

This volume is sure to benefit materials researchers and developers, and we 
feel that it will serve as an invaluable textbook for anyone interested in smart 
biomaterials.

Takao Aoyagi
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1

Looking back 50 years of the history in biomaterials research, at earlier stage, 
it was almost try and error. Based on vigorous and steady research, understand-
ing the biological event at the interface between materials and human body has 
accelerated to develop bio-inert, bio-active polymeric materials or devices. The 
biomaterials research has shifted to next stage now. In order to develop highly-
functional biomaterials, we should actively involve the molecular design based 
on materials science and nano-biotechnology. Nanostructured materials contrib-
ute to fabricate new diagnosis or medical devices and so on. That is, interdiscipli-
nary research including biology, materials science and nanotechnology gives us 
new system or materials to open new generation. One of the examples is ‘smart’ 
biotechnologies using nanostructured stimuli-responsive polymers that respond 
to small changes in external stimuli with large discontinuous changes in their 
physical properties. These ‘smart’ biomaterials are designed to act as an “on-off” 
switch for drug delivery technologies, gene therapy, affinity separations, chroma-
tography, diagnostics etc.

In this book, we would like to describe biomedical applications of smart 
 materials. In terms of material type, the most commonly reported examples of 
stimuli-responsive materials are poly(N-isopropylacrylamide) (PNIPAAm) and 
its derivatives (Fig. 1.1). In terms of the characteristic phase transition behavior 
of hydrogels consisting of PNIPAAm, it was investigated in great detail by Prof. 
Tanaka from the Massachusetts Institute of Technology [1]. Stimuli-responsive 
materials respond to miniscule changes in their environment with drastic changes 
in their physical properties. Usually, when attempting to construct a particular 
response system, fundamental processes such as sensing, processing and actuat-
ing need to be combined. It is conceivable, however, that if stimuli-responsive 
materials are used, these processes can be realized by using a single material and 
that the system would become extremely simple. For this reason, in the nano-bio 
field, there is a strong focus on such materials for the purpose of constructing 
lab-on-chip and other types of microscopic systems. Such materials find applica-
tion in a number of biomedical fields, for instance, as bioconjugates (developed 
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by Hoffman et al.[2]) or in cell sheet engineering, which is actively advanced by 
Okano et al. [3]. The following chapters will present some typical biomedical 
applications. We hope that the contents would stimulate related research and hit on 
the nice idea of other than previous study.

Prior to the each research, the fundamentals and our concept on  molecular 
design for NIPAAm-based functional polymer should be briefly described. 
Temperature-responsive polymers active in aqueous solution undergo revers-
ible conformation changes (for example, coil-globule transformations) following 
the hydration and dehydration of the polymer chain in response to temperature 
changes. These transformations substantially change the solubility of the polymers 
in aqueous media. In terms of molecular structure, a single molecule combines 
amide, ether, amino and hydroxyl groups, which readily form hydrogen bonds, 
and alkyl groups, which have low affinity to water. Classical examples include 
alkylacrylamide, alkylmethacrylamide as well as poly (vinyl ether) with alkyl side 
chains and methylcellulose containing ethylene oxide side chains. These polymers 
are generally soluble in aqueous media at low temperature and suddenly become 
insoluble above a certain temperature threshold. This temperature threshold is 
called the lower critical solution temperature (abbreviated as LCST). Although 
materials which exhibit the opposite characteristics (upper critical solution tem-
perature, abbreviated as UCST) are also known, examples are few.

In our laboratory, we polymerize monomers with new chemical structures 
based on NIPAAm and explore how polymers can be developed into functional 
materials. Considering chemical processes, for example, such as immobilization 
to fixed solid surfaces or nanoparticle and the preparation of conjugates of biomol-
ecules such as peptide, protein, antibody and so on, NIPAAm itself is non- reactive, 
and therefore the problem of preparing functionalized polymers is extremely 
important. Many researchers solve this problem by copolymerization using ordinal 
functional monomer, acrylic acid (AAc) and other common monomers. However, 

Stimuli

Fig. 1.1  Schematic illustration of temperature-responsive phase transition behavior of poly(N-
isopropylacrylamide) (PNIPAAm) in aqueous solution
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in performing copolymerization with functional monomers such as acrylic acid, 
there is a possibility of sensitivity loss due to failure to obtain a random arrange-
ment of monomers due to the copolymerization reactivity ratio. One of the basic 
principles in polymer chemistry is that materials obtained by stopping the copoly-
merization at a rather early stage exhibit a highly random sequence; however, this 
is a problem from the perspective of yield. Low yields are detrimental to the pro-
gress of our research, which is conducted with the aim to develop polymers with 
practical application. Polymers that can be synthesized at low cost in high yield 
are expected to find practical applications with ease.

Figure 1.2a shows the temperature-responsive behavior of a NIPAAm copolymer 
prepared using AAc as a functional monomer. Naturally, the carboxyl group of 
AAc undergoes complete dissociation at a high pH well above the pKa of AAc 
(here, we chose pH 12 as an extreme example). The dissociated carboxyl group 
induces ionic hydration and electrostatic repulsion, as a result of which dehy-
dration of the chain and subsequent aggregation become difficult. It is usually 
expected that a cloud point would not be observed; however, as can be seen in the 
figure, hazing is observed, contrary to expectation. This suggests that the mono-
mer arrangement is not random. That is, if a hydrophilic monomer is inserted at 
probabilistically equal intervals, dehydration and aggregation of the chain would 
be difficult. However, if hydrophilic monomers are distributed disproportionately 
and the NIPAAm chain is continuous, the continuous part would be capable of 
undergoing dehydration and aggregation, similarly to that in homopolymers. The 
copolymerization reactivity ratios of the monomer for NIPAAm and AAc differ 
considerably, and rather than forming a randomly arranged copolymer, they would 
form segments similarly to block copolymers. This is considered to originate from 
the mixing of polymers similarly to the NIPAAm homopolymer. Indeed, it has 
been reported that the copolymerization reactivity ratios can differ by an order of 
2 or more [4]. Therefore, to ensure that the copolymerization reactivity ratios were 

CIPAAm 5 mol%

CIPAAm 26 mol%

CIPAAm 1 mol%

CIPAAm 12 mol%

CIPAAm 0 mol%

AAc 5 mol%

AAc 26 mol%
AAc 1 mol%

AAc 12 mol%

AAc 0 mol%

(a) (b)

Fig. 1.2  Temperature-dependent transmittance changes of aqueous solutions of NIPAAm copol-
ymers at pH 12. a NIPAAm-co-AAc and b NIPAAm-co-CIPAAm
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similar, we prepared the polymer, as shown in Fig. 1.3, from a NIPAAm  derivative 
with a carboxyl group, 2-carboxyisopropylacrylamide (CIPAAm) [5]. The car-
boxyl group, which has strong effects on hydration and dehydration, was placed 
at the end of the isopropyl group, where the obstruction of the continuity of the 
isopropylamide group is minimal even after polymerization, and the polymeriz-
able group is in the acrylamide form. As expected, the copolymer of NIPAAm and 
CIPAAm does not have a cloud point at pH 12 (Fig. 1.2b). Indeed, the copoly-
merization reactivity ratios were found to be similar, resulting in an ideal copo-
lymerization reaction with a random distribution of comonomers [6]. Copolymers 
were also prepared from the monomers with amino groups and hydroxyl groups 
(as shown in Fig. 1.3), and it was found that they respond sensitively to tempera-
ture [7, 8].

As mentioned above, NIPAAm-based temperature-responsive polymers 
exhibit a cloud point in solution, which is governed by hydrophilicity and hydro-
phobicity. The concept of cloud point refers to a change in turbidity, which is 
of two types: phase transition from liquid to solid and liquid-liquid separation. 
LCST is generally used only as an index of temperature responsiveness, without 
distinguishing between these two types of change. Here, we introduce research 
aiming to clarify this point. In our research, we used the copolymer shown in 
Fig. 1.2b, which is based on NIPAAm and contains hydroxyl groups. We used 
this copolymer because it is non-ionic and is not affected by the pH of the sur-
rounding environment, and also because it allows a margin for altering the mono-
mer combinations owing to the low amount of hydration relative to that of ionic 
groups. We investigated the changes in cloud point of copolymers of NIPAAm 
monomers and NIPAAm-based monomers containing hydroxyl groups, whose 
cloud point shifts roughly linearly toward higher temperatures with increasing 
2-hydroxylisopropylacrylamide (HIPAAm) content [8]. It is extremely inter-
esting that a rather distinct cloud point is observed even when 50 % or more 
of the monomers contain hydroxyl groups. The results of differential scanning 
calorimetry (DSC) of NIPAAm-HIPAAm copolymers are also highly indica-
tive of their temperature responsiveness. In the case of an HIPAAm content of 

Fig. 1.3  Chemical 
structures of newly designed 
N-isopropylacrylamide-based 
functional monomers
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50 mol%, although there is a distinct cloud point, there is no peak in the DSC 
data. This means that the increase in turbidity is due to phase separation rather 
than phase transition with a high transition enthalpy change. Therefore, to esti-
mate the expansion of the polymer chain in aqueous solutions and the hydra-
tion of the functional groups, we conducted 1H-NMR measurements to examine 
the behavior of NIPAAm-HIPAAm copolymers with high and low HIPAAm 
contents below and above the cloud point. In copolymers with a low content of 
hydroxyl groups, which exhibited a clear heat absorption peak in DSC, a nota-
ble peak reduction was observed at a higher content of HIPAAm. This indicates 
that dehydration occurs following the increase in temperature of the solution, and 
molecule mobility is drastically reduced. Conceivably, in this case, dehydration is 
insufficient and molecule movement is possible. That is, the observed cloud point 
possibly includes phase transition and phase separation, and this point can be elu-
cidated by using a method such as 1H-NMR [9].

The changes in turbidity as a characteristic of polymers with hydration-dehydration 
temperature response include coil-globule phase transition induced by dehydra-
tion and liquid-liquid phase separation following the formation of coacervates 
with insufficient dehydration. Although polymers such as NIPAAm homopolymers 
typically undergo coil-globule transition, this shifts toward phase separation in the 
case of copolymerization with comonomers with high hydrophilicity. This is not 
limited to temperature-responsive polymers of the acrylamide type because partial 
hydrolysates of vinylacetamide and hydrophobic proteins such as the well-known 
biopolymer elastin form coacervates. Incidentally, and in contrast, the phase tran-
sition temperature can be effectively lowered by copolymerization with highly 
hydrophobic comonomers, which has been the subject of extensive research. The 
modulation of temperature threshold is critical to developing biomedical applica-
tions because the temperature of the human body changes within a few degrees. 
Moreover, the sharpness of the phase transition is sometimes important to realize 
the fabrication of sensitive biomedical systems. As stated above, we hope that the 
following chapters will stimulate further research and generate unexpected novel 
ideas.

In Chap 2, we focus on the synthesis, characterization, and applications of 
smart hydrogels. Because hydrogels contain a large fraction of aqueous solvent 
within their structure, smart hydrogels have been used especially for the ‘on-
off’ control of drug release. In Chap. 3, we focus on smart nanoparticles includ-
ing nanoassemblies. Because nanosized particles demonstrate unique properties, 
they can provide a particularly useful platform for wide-ranging therapeutic appli-
cations. In Chap. 4, we present rationally designed smart surfaces that exhibit 
switchable capture/release of biomolecules and cells. In Chap. 5, we describe 
recent advances of smart nanofibers fabricated by different methods. In Chap. 6, 
we focus on smart bioconjugates. The conjugation of a smart polymer to a single 
molecule can generate a nanoscale switch. In Chap. 7, we focus on shape-memory 
materials, especially shape-memory polymers. Recent reports on shape-memory 
surfaces are also included (Fig. 1.4).
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2.1  Introduction

This chapter focuses on the synthesis, characterization, and applications of 
 stimuli-responsive hydrogel-based materials. Hydrogels are three-dimensional 
(3D) materials with the ability to absorb large amounts of water while maintain-
ing their dimensional stability. The 3D integrity of hydrogels in their swollen 
state is maintained by either physical or chemical crosslinking [1–3]. Chemically 
crosslinked networks have permanent junctions, while physical networks have 
transient junctions that arise from either polymer chain entanglements or physical 
interactions such as ionic interactions, hydrogen bonds, or hydrophobic interac-
tions [4]. Indeed, there are many different macromolecular structures that are pos-
sible for physical and chemical hydrogels. They include the following: crosslinked 
or entangled networks of linear homopolymers, linear copolymers, and block or 
graft copolymers; polyion-multivalent ion, polyion–polyion or H-bonded com-
plexes; hydrophilic networks stabilized by hydrophobic domains; and interpen-
etrating polymer networks (IPNs) or physical blends. Hydrogels may also have 
many different physical forms, including (a) solid molded forms (e.g., soft con-
tact lenses), (b) pressed powder matrices (e.g., pills or capsules for oral ingestion), 
(c) microparticles (e.g., as bioadhesive carriers or wound treatments), (d) coatings 
(e.g., on implants or catheters; on pills or capsules, or coatings on the inside capil-
lary wall in capillary electrophoresis), (e) membranes or sheets (e.g., as a reservoir 
in a transdermal drug delivery patch; or for 2D electrophoresis gels), (f) encap-
sulated solids (e.g., in osmotic pumps), and (g) liquids (e.g., that form gels upon 
heating or cooling) [5]. Hydrogels can also be separated into two groups on the 
basis of their natural or synthetic origins [6, 7]. Hydrogel-forming natural poly-
mers include proteins such as collagen and gelatin, and polysaccharides such as 
alginate and agarose. These hydrogels have many advantageous features, includ-
ing low toxicity and good biocompatibility, because their chemical structures are 
similar to those of the bioactive glycosaminoglycan (GAG) molecules (e.g., hepa-
rin sulfate, chondroitin sulfate, and hyaluronan) present in the native extracellular 
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matrix (ECM). Synthetic polymers that form hydrogels are traditionally prepared 
using chemical polymerization methods. Approaches applying genetic engineering 
and biosynthetic methods to create unique hydrogel materials have recently been 
reported [8, 9].

Hydrogels have been of great interest to biomaterial scientists for many years 
since the pioneering work of Wichterle and Lim in [10] on crosslinked 2-hydroxy-
ethyl methacrylate (HEMA) hydrogels. Lower interfacial tension, soft and tissue 
like physical properties, higher permeability to undersized molecules, and release 
of entrapped molecules in a controlled manner have made hydrogels a focus of 
exploration in different biomedical fields. Successful examples include wound 
dressings [11–13], superabsorbents [14], drug delivery systems [15–18], and tis-
sue engineering [17, 19]. In particular, hydrogels have been used extensively in the 
development of drug delivery systems, because hydrogels can not only protect the 
drug from hostile environments but also control drug release by changing the gel 
structure in response to environmental stimuli. Hydrogels containing such ‘sen-
sor’ properties can undergo reversible volume phase transitions or gel–sol phase 
transitions upon minute changes in the environmental condition. These types of 
stimuli-responsive hydrogels are also called ‘smart’ hydrogels (Fig. 2.1) [20, 21]. 
Many physical and chemical stimuli have been applied to induce various responses 
of the smart hydrogel systems. The physical stimuli include temperature, electric 
fields, solvent composition, light, pressure, sound and magnetic fields, whereas the 
chemical or biochemical stimuli include pH, ions and specific molecular recogni-
tion events. Smart hydrogels have been used in diverse applications, such as in 
making actuators [22–25] and valves [26–28], in the immobilization of enzymes 
and cells [20, 29–31], in sensors [16, 32, 33], and in concentrating dilute solutions 
in bioseparation [34, 35].

Despite significant advances in smart hydrogels, however, conventional hydro-
gels have limited utility in manipulating their swelling/shrinking kinetics for prac-
tical applications owing to their size dependence [36]. As both gel swelling and 

Stimuli

Fig. 2.1  Schematic illustration of a smart hydrogel that can undergo reversible volume phase 
transitions upon minute changes in environmental condition
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shrinking kinetics are typically governed by diffusion-limited polymer network 
transport in water, the inverse of the rate is proportional to the square of the gel 
dimension [37]. Therefore, the molecular design of polymer architectures of smart 
hydrogels is particularly important to show the potentially powerful combina-
tion of thermodynamic and kinetic regulation of smart hydrogels. Fast-response 
hydrogels, for example, benefit from converting external stimuli into local altera-
tion of mechanical or physical properties that then prompt drug release and smart 
actuators. To increase the response of gel dynamics, several strategies have been 
explored. Owing to the intrinsic diffusion dependence, reducing gel size is one 
technique known to achieve rapid kinetics. Other techniques include making the 
gel heterogeneous, such as producing a microporous gel structure to increase the 
contacting surface area between polymer and solvent [38]. Novel strategies focus-
ing on different hydrogel architectures have also been proposed [39–41].

This chapter focuses on smart hydrogels from the viewpoints of their prepa-
ration methods, characterizations and applications. Sections 2.2 and 2.3 describe 
the classifications of smart hydrogels on the basis of the preparation methods 
and stimuli, respectively. Special attention has been paid to the effects of hydro-
gel architecture son ‘on-off’ switchable swelling/shrinking properties, because the 
characteristics and some potential applications of the gels are related to their prep-
aration methods. The characterization methods are discussed in Sect. 2.4. In Sect. 
2.5, certain applications of the smart hydrogels are discussed. The chapter ends 
with a look at some of the future trends in the applications in biotechnology and 
biomedicine.

2.2  Classification on the Basis of Preparation Methods

Hydrogels can be classified in several ways depending on the preparation meth-
ods. Among them, one of the important classifications is based on their crosslink-
ing nature. The detailed classification is presented in Table 2.1. In chemically 
crosslinked gels, covalent bonds are present between different polymer chains. 
Therefore, they are stable and cannot be dissolved in any solvents unless the cova-
lent crosslink points are cleaved. In physically crosslinked gels, dissolution is pre-
vented by physical interactions, which exist between different polymer chains. 
They are advantageous for a great number of pharmaceutical and biomedical 
applications because the use of crosslinking agents is avoided.

2.2.1  Physically Crosslinked Hydrogels

In recent years, there has been increasing interest in physically crosslinked gels. 
The main reason is that the use of crosslinking agents in the preparation of such 
hydrogels is avoided. To create physically crosslinked gels, different methods 

2.1  Introduction
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have been investigated. Alginate is a well-known example of a polymer that 
can be crosslinked by ionic interactions. It is a polysaccharide with mannuronic 
and glucuronic acid residues and can be crosslinked by calcium ions (Fig. 2.2a) 
[42]. Crosslinking can be carried out at room temperature and physiological pH. 
Therefore, alginate gels are frequently used as a matrix for the encapsulation of 
living cells [43] and for the release of proteins [44]. Interestingly, the gels can be 
destabilized by the extraction of Ca ions from the gel by a chelating agent. The 

(a) (b)

(d) (e)(c)

Fig. 2.2  Schematic of methods for formation of physically crosslinked hydrogels via. a Ionic 
interactions, b hydrophobic interactions, c self-assembling of stereocomplex formation, d coiled-
coil interactions, e specific molecular recognition

Table 2.1  Methods for synthesizing physically and chemically crosslinked hydrogels

Physically crosslinked hydrogels

• Ionic interactions (alginate etc.)
• Hydrophobic interactions (PEO–PPO–PEO etc.)
• Hydrogen bonding interactions (PAAc etc.)
• Stereocomplexation (enantiomeric lactic acid etc.)
• Supramolecular chemistry (inclusion complex etc.)

Chemically crosslinked hydrogels

• Polymerization (acryloyl group etc.)
• Radiation (γ-ray etc.)
• Small-molecule crosslinking (glutaraldehyde etc.)
• Polymer–polymer crosslinking (condensation reaction etc.)
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activity of incorporated proteins within the gel can be modulated by treating 
the particles with anionic polymers [45]. Iskakov et al. [46] have demonstrated 
time-programmed release of macromolecular drugs from calcium alginate gel 
beads modified with an anionic polymer, poly(carboxy-n-propylacrylamide-co-
dimethylacrylamide) (P(CNPAAm-co-DMAAm), of varying coating thickness 
from 25 to 125 μm. The lag time for pulsatile release of dextran was regulated 
by adjusting the copolymer coating thickness. The hydrolytic degradation of gel 
microspheres based on calcium crosslinked phosphazene polyelectrolytes, poly
[di(carboxylatophenoxy)phosphazene] (PCPP) and poly[(carboxylatophenoxy) 
(glycinato)phosphazene] (PCGPP) was also demonstrated by Andrianov et al. 
[47]. The degradation rates can be increased by the incorporation of hydrolysis-
sensitive glycinato groups as the pendant structures in the polymer. Alginate gel is 
also formed by gelation with polycations such as polylysine [48]. Ionic interaction 
is also formed by mixing negatively and positively charged microspheres. Dextran 
microspheres coated with anionic and cationic polymers exhibit spontaneous 
gelation upon mixing owing to ionic complex formation between the oppositely 
charged microparticles [49].

Hydrophobic interactions have also been exploited to design physically 
crosslinked gels. Amphiphilic block and graft copolymers can self-assemble in 
water to form organized structures such as polymeric micelles and hydrogels, 
in which the hydrophobic segments of the polymers are aggregated (Fig. 2.2b). 
Physically crosslinked hydrogels are generally obtained from multiblock copoly-
mers or graft copolymers. The latter can be composed of a water-soluble poly-
mer backbone, for example, a polysaccharide, to which hydrophobic units are 
attached, or hydrophobic chains containing water-soluble grafts. The most com-
monly used thermogelling polymers are Pluronics®and Tetronics® [50]. Micelles 
are formed at low concentrations in water, and at higher concentrations, thermo-
reversible gels are formed. Some of them have been approved by the FDA and 
EPA for applications in food additives, pharmaceutical ingredients and agricul-
tural products. To add a biodegradable capacity, the PPO segment of PEO–PPO–
PEO block copolymers is often replaced by a biodegradable poly(l-lactic acid) 
(PLLA) [51] or poly(dl-lacticacid-co-glycolic acid) (PLGA) [52] segment. When 
low-molecular-weight PEG versus high-molecular-weight PLGA was used, the 
aqueous solution of PEG–PLGA–PEG triblock copolymer forms a solution at 
room temperature, where as at body temperature, it becomes a gel within a few 
seconds. The molecular architecture was not limited to the A-B-A-type block 
copolymer, but expanded into three-dimensional, hyper branched structures, such 
as a star-shaped structure [53]. Proper combinations of molecular weight and 
polymer architecture resulted in gels with different LCST values. Hydrophobic 
cholesterol-bearing pullulan also forms hydrogel nanoparticles upon self-aggrega-
tion in water [54, 55]. Chitosan solutions containing glycerol-2-phosphate (β-GP), 
which undergo temperature-controlled pH-dependent sol–gel transition at a tem-
perature close to 37 °C, have recently been proposed [56, 57]. The combination 
of chitosan and PEG also forms a gel that releases bovine serum albumin (BSA) 
over 70 h [58]. Other chitosan hydrogels that respond to external changes have 
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been prepared by grafting with PNIPAAm [59]. This type of gel-forming  polymer 
has recently become increasingly attractive as an injectable hydrogel for the 
development of therapeutic implants.

Hydrogen bonding interactions can also be used to form physically crosslinked 
gel-like structures. Mixtures of two or more natural polymers can display rheo-
logical synergism, meaning that the viscoelastic properties of the polymer blends 
are more gel-like than those of the constituent polymers measured individu-
ally [60–62]. Blends of, for example, gelatin–agar, starch–carboxymethyl cel-
lulose, and hyaluronic acid–methylcellulose form physically crosslinked gel-like 
structures that are injectable. Poly(acrylic acid) (PAAc) and poly(methacrylic 
acid) (PMAAc) form complexes with PEG. These complexes are held together 
by hydrogen bonds between the oxygen of the PEG and the carboxylic group of 
PAAc or PMAAc, where hydrophobic interactions also play a role [63]. Hydrogen 
bonding has also been observed in poly(methacrylic acid-g-ethylene glycol) 
[P(MMc-g-EG)] [64]. The hydrogen bonds are only formed when the carboxylic 
acid groups are protonated. This implies that the swelling of these gels is strongly 
dependent on the pH. However, hydrogen-bonded networks can dilute and dis-
perse over a few hours owing to the influx of water, restricting their use to rela-
tively short-acting drug release systems [65].

Crystallization of polymers has also been used to form physically crosslinked 
gels. When aqueous solutions of poly(vinyl alcohol) (PVA) undergo a freeze–thaw-
ing process, a strong and highly elastic gel is formed. Gel formation is ascribed to 
the formation of PVA crystallites that act as physical crosslinking sites in the net-
work [66]. Stenekes et al. [67] have reported the preparation of dextran hydrogels 
and microspheres based on crystallization. Although dextrans are known to be 
highly soluble in water, precipitation was observed in concentrated aqueous solu-
tions of low-molecular-weight dextran. The precipitation process was accelerated by 
stirring and by the presence of salts. The precipitates were insoluble in water at room 
temperature, but readily dissolved in boiling water or dimethyl sulfoxide (DMSO).

A novel hydrogel concept based on the self-assembly of a stereocomplex for-
mation has been reported (Fig. 2.2c). The ability of PLA to form stereocomplexes 
was first described by Tsuji et al. [68]. In general, stereocomplex formation occurs 
in, for example, PLLA and PDLA. To create hydrogels crosslinked by stereocom-
plex formation, enantiomeric lactic acid oligomers were coupled to dextran [69]. 
In recent years, hydrogels have been described for drug delivery systems based on 
stereocomplex formation. In blends of triblock copolymers of PLLA–PEG–PLLA 
and PDLA–PEG–PDLA, stereocomplex formation occurs. The release of bovine 
serum albumin (BSA) from microspheres based on these triblock copolymers has 
been studied by Lim and Park [70]. The major advantage of this system is that 
a hydrogel was easily formed upon dissolving each product in water and mixing 
the solution. One significant limitation of stereocomplexation is, however, the rela-
tively restricted range of polymer compositions that can be used.

The ubiquitous noncovalent interactions in biological systems are also being 
used to generate hydrogels with unique, dynamic functions [71]. Biological systems 
are dominated by noncovalent interactions, which can be defined as intermolecular 
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 interactions, in which there is no change in either chemical  bonding or electron 
 pairing [72]. These interactions provide an excellent mechanism for dynamically 
regulating the assembly and function of biological systems. Petka et al. [8] have cre-
ated hydrogels based on the “leucine zipper” motif. The formation of coiled-coil 
aggregates of the terminal domains in near-neutral aqueous solutions triggers the 
formation of a three-dimensional polymer network, with the polyelectrolyte segment 
retaining solvent and preventing precipitation of the chain. Dissociation of the coiled-
coil aggregates through the elevation of pH or temperature causes dissolution of the 
gel and a return to the viscous behavior that is characteristic of polymer solutions. 
Another distinctive quality of proteins has been used to design proteins that self-
assemble into fibers. In a particularly well-characterized example, repeating strands 
of β-sheet-forming peptides are used to drive the stacking assembly of amyloid-like 
nanofibers [73]. In addition, heterodimeric proteins with subunits that interact with 
one another via specific hetero-subunit interactions [74, 75] have been designed to 
assemble into two-dimensional protein filaments of less than 100 nm in diameter. 
Cappello et al. [76, 77] prepared sequential block copolymers containing a repeti-
tion of silk-like and elastine-like blocks, in which the insoluble silk-like segments are 
associated in the form of aligned hydrogen-bonded beta strands or sheets. Stewart et 
al. [9, 78] investigated natural and engineered proteins that show coiled-coil interac-
tions and used the mas crosslinkers for poly(N-(2-hydroxypropyl)methacrylamide) 
(PHPMA) (Fig. 2.2d). One end of the proteins was attached to the polymer backbone 
by metal complexes between histidine tags and metal-chelating ligands on the poly-
mer. The hydrogel including the natural protein showed a temperature-induced col-
lapse close to the melting temperature of the coiled-coil protein, which was attributed 
to the change from an elongated rod-like coiled-coil conformation to random coils. 
Thus, the large number of known protein–protein interactions and the now routine 
ability to synthesize new proteins or fusion proteins via recombinant DNA technol-
ogy suggest that noncovalent assembly via protein-domain recognition could become 
an adaptable synthetic mechanism in bio-nanotechnology.

Gels can be formed by crosslinking interactions that occur upon antigen– 
antibody binding. Miyata et al. [79] prepared such a hydrogel by grafting the anti-
gen and corresponding antibody to the polymer network, so that binding between 
the two introduces crosslinks in the network (Fig. 2.2e). Competitive binding of 
the free antigen triggers a change in gel volume owing to the breaking of these 
noncovalent crosslinks. Reversible swelling/shrinking was observed upon alternat-
ing exposure of the hydrogel to antigen-containing and antigen-free solutions. In 
addition, hydrogel membranes displaying on/off switching behavior with respect 
to protein permeation through the membranes were prepared, suggesting that this 
approach might permit drug delivery in response to a specific antigen. A highly 
specific interaction between glucose and Concanavalin A (Con A) has also been 
used to form crosslinks between glucose-containing polymer chains. Since Con A 
exists as a tetramer at physiological pH and each subunit has a glucose binding 
site, Con A can function as a crosslinking agent for glucose-containing polymer 
chains. Because of the noncovalent interaction between glucose and Con A, the 
formed crosslinks are reversible [80–82].

2.2  Classification on the Basis of Preparation Methods
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2.2.2  Chemically Crosslinked Hydrogels

While physically crosslinked hydrogels have the general advantages of  forming 
gels without the need for chemical modification or the addition of crosslink-
ing entities, they also have limitations. It is difficult to decouple variables such 
as gelation time, network pore size, chemical functionalization, and degrada-
tion time; this restricts the design flexibility of a physically crosslinked hydrogel 
because its strength is directly related to the chemical properties of the constitu-
ent gelators. In contrast, chemical crosslinking results in a network with a rela-
tively high mechanical strength and, depending on the nature of the chemical 
bonds in the building blocks and the crosslinks, relatively long degradation times. 
Chemically crosslinked gels are also mechanically stable owing to the cova-
lent bond in these gels. Chemically crosslinked gels can be obtained by radical 
polymerization of low-molecular-weight monomers in the presence of a crosslink-
ing agent (Fig. 2.3a). One of the most widely used methods for the preparation of 
NIPAAm-based hydrogels is a redox polymerization using ammonium persulphate 
(APS) as an initiator and N, N, N′, N′-tetramethylethylenediamine (TEMED) as 
a catalyst. TEMED accelerates the rate of formation of free radicals from persul-
fate, and these in turn catalyze polymerization. The persulfate free radicals con-
vert monomers to free radicals that react with unactivated monomers to begin 
the polymerization chain reaction. The elongating polymer chains are randomly 
crosslinked by a crosslinker, resulting in a gel with a characteristic formulation 
that depends on such parameters as the polymerization conditions and monomer/

(a) (b)

(c)

(d)

Fig. 2.3  Schematic of methods for formation of chemically crosslinked hydrogels by radical 
polymerization of a vinyl monomers and b macromonomers c reaction of pendant functional 
groups, and d high-energy radiation
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crosslinker concentrations. This is a very efficient system that results in the rapid 
formation of the gel even under mild conditions. Moreover, stimuli-responsive 
hydrogels can be easily obtained by copolymerization with, for example, NIPAAm 
or AAc. A great variety of smart hydrogels have been synthesized by this proce-
dure [41, 79, 83–85]. However, unreacted peroxydisulfate and TEMED as well as 
their degradation products must be extracted from the gel before in vivo applica-
tion. Moreover, this initiator system can also damage proteins once they are pre-
sent during the preparation of the gels. In particular, methionine residues of the 
protein can be oxidized [86].

Aside from radical polymerization of mixtures of vinyl monomers, chemically 
crosslinked hydrogels can also be obtained by radical polymerization of poly-
mers derivatized with polymerizable groups (macromonomer) (Fig. 2.3b). (Meth)
acrylate groups can be introduced in water-soluble polymers using, for exam-
ple (meth)acryloyl chloride, methacrylic anhydride, and bromoacetyl bromide. 
Moreover (meth)acrylic groups have been introduced in mono- and disaccharides, 
which can be used for the synthesis of hydrogels [87]. A hydrogel is formed after 
the addition of an APS/TEMED initiator system to an aqueous solution of the 
methacryl-dextran-containing N, N′-methylene-bis-acrylamide (MBAAm). Water-
soluble polymers other than dextran, namely, albumin [88] (hydroxyethyl)starch 
[89], poly-aspartamide [90], poly(vinyl alcohol) [91] and hyaluronic acid [92], 
have also been derivatized with (meth)acrylic groups. In recent years, UV-induced 
polymerization has been frequently used to prepare hydrogels [93–96]. Moreover, 
with UV-induced polymerization, patterned structures can be prepared. It should 
be noted that when the UV polymerization is carried out in the presence of a drug, 
the network structure might be affected [97]. Moreover, the type of photo initia-
tor as well as the solvent in which it is dissolved should be selected with care, 
since they may leak out from the formed hydrogel. Finally, once the polymeriza-
tion is carried out in the presence of a protein, the potential damage of the radicals 
formed on the protein structure should be assessed [98].

If polymers have pendant functional groups (e.g., OH, COOH, and NH2), 
covalent linkages between polymer chains can be established by the reaction of 
functional groups with complementary reactivity such as an amine-carboxylic 
acid or an isocyanate-OH/NH2 reaction, or by Schiff base formation (Fig. 2.3c). 
For example, water-soluble polymers with hydroxyl groups can be crosslinked 
using glutaraldehyde [99, 100]. Amine-containing polymers can be crosslinked 
with the same reagent under mild conditions whereby so-called Schiff bases are 
formed. This has been investigated particularly for the preparation of crosslinked 
proteins [101, 102]. Because glutaraldehyde is a toxic compound that even at 
low concentration shows cell growth inhibition, alternatives have been devel-
oped. Crosslinking of gelatin using polyaldehydes obtained by partial oxidation 
of dextran has been reported [103]. Lee et al. [104] have reported crosslinking 
of poly(aldehyde guluronate) (PAG)with adipic acid dihydrazide. When an anti-
neoplastic agent, daunomycin, was present during the hydrogel formation pro-
cess, the drug was grafted onto the polymer matrix through a covalent linkage. 
Owing to the hydrolysis of this linkage, daunomycin was released in a time frame 
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of 2 days to 6 weeks [105]. Hyaluronic acid hydrogels were also obtained by the 
 derivatization of hyaluronic acid with adipic dihydrazide followed by crosslinking 
with a macromolecular crosslinker. These gels are enzymatically degradable with 
hyaluronidase and therefore have the potential to act as a delivery matrix for sus-
tained release of drugs at wound sites [106]. Water-soluble polymers can also be 
converted into hydrogels via addition reactions. For example, polysaccharides can 
be crosslinked with 1, 6-hexamethylenediisocyanate [107], divinyl sulfone [108], 
or 1, 6-hexane dibromide [109] and many other reagents. The network properties 
can be easily tailored by adjusting the concentration of the dissolved polymer and 
the amount of crosslinking agent. However, the crosslinking reactions are prefera-
bly carried out in organic solvents, because water can also react with the crosslink-
ing agent. Furthermore, since the crosslinking agents are toxic, the gels must be 
extracted extensively to remove traces of unreacted agents.

Condensation reactions between hydroxyl groups or amines with carboxylic 
acids or derivatives are frequently applied to the synthesis of polymers to yield 
polyesters and polyamides, respectively. These reactions can also be used for the 
preparation of hydrogels. A very efficient reagent to crosslink water-soluble pol-
ymers with amide bonds is N, N-(3-dimethylaminopropyl)-N-ethyl carbodiimide 
(EDC). Kuijpers et al. [110] described the preparation of gelatin hydrogels using 
this reagent. During the reaction, N-hydroxysuccinimide (NHS) is added to sup-
press possible side reactions and to have better control over the crosslink density 
of the gels. Eiselt et al. [111] developed a method to covalently crosslink alginate 
and PEG-diamines using EDC in order to obtain alginate gels with better mechani-
cal properties than the ionically crosslinked gels. The mechanical properties 
could be controlled by adjusting the amount of PEG-diamine in the gel and the 
molecular weight of PEG. de Nooy et al. [112, 113] have described the synthesis 
of polysaccharide hydrogels via the Passerini and Ugi condensation reactions. In 
the Passerini condensation, a carboxylic acid and an aldehyde or ketone are con-
densed with an isocyanide to yield an α-(acryloxy)amide. In the Ugi condensa-
tion, an amine is added to this reaction mixture, finally yielding an α-(acylamino) 
amide. The reaction canbe carried out in water at slightly acidic pH and at room 
temperature. Since the Passerini condensation yields hydrogels with ester bonds in 
their crosslinks, these gels degrade at ambient temperature and pH 9.5. Since gels 
prepared using the Ugi condensation contain amide bonds in their crosslinks, these 
gels were stable under these conditions. Yoshida et al. [114] have prepared tem-
perature-responsive hydrogels using NIPAAm copolymers with poly(amino acid)s 
as a side-chain group and activated ester groups. The hydrogels easily crosslinked 
with the degradable poly(amino acid) chains upon merely mixing the copolymer 
aqueous solutions (Fig. 2.4).

A novel hydrogel concept based on enzymatic reaction has also been reported. 
A tetrahydroxy PEG was functionalized with glutaminyl groups (PEG-Qa). PEG 
networks were then formed by the addition of transglutaminase to aqueous solu-
tions of PEG-Qa and poly(lysine-co-phenylalanine) [115]. This enzyme catalyzes 
the reaction between the γ-carboxamide group of the PEG-Qa and the ε-amine 
group of lysine to yield an amide linkage between the polymers. Poly(lysine-
co-phenylalanine) was also replaced by lysine end-functionalized PEG, and 
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hydrogels were formed once transglutaminase was added to an aqueous solution 
of  peptide-modified macromers [116].

High-energy radiation, such as gamma (γ) and electron beam radiation, can be 
used to polymerize unsaturated compounds (Fig. 2.3d). On exposure to γ or elec-
tron beam radiation, aqueous solutions of polymers form radicals on the polymer 
chains (e.g., by the hemolytic scission of C–H bonds). Also, the radiolysis of water 
molecules generates the formation of hydroxyl groups that can attack polymer 
chains, again resulting in the formation of microradicals. Recombination of these 
microradicals on different chains results in the formation of covalent bonds and 
finally in a crosslinked structure. PVA [117], PEG [118], and PAAc [119] are well-
known examples of polymers that can be crosslinked with high-energy irradiation. 
The swelling and permeability characteristics of the gel depend on the extent of 
polymerization as a function of polymer and radiation dose (in general, crosslink-
ing density increases with increasing radiation dose). Hirasa et al. [120, 121] have 
reported on fast-response, temperature-sensitive poly(viny1 methyl ether) (PVME) 
and PNIPAAm hydrogels prepared by γ-ray irradiation [122]. The structure of 
PVME hydrogels is dependent on the intensity of the γ-rays and the temperature 
during irradiation. When the radiation intensity is lower than 1.5 kGy h−1, the tem-
perature of the PVME solution does not change at room temperature during irra-
diation. Under this condition, PVME was crosslinked below LCST; therefore, a 
transparent gel with a homogeneous and dense structure was formed. On the other 
hand, the temperature of the PVME solution was increased by exposure to radia-
tion of high intensity (9.8 kGy h−1). At this position, an opaque gel with a hetero-
geneous and microporous structure was formed. This gel had a large surface area 
for its volume, and swelled and shrank very quickly upon changing the tempera-
ture. The author’s group has designed photo-crosslinkable NIPAAm copolymers 
with a UV-reactive benzophenone (BP) conjugated comonomer [31, 123]. The 
photo-crosslinking was carried out by making use of the photo chemistry of the BP 
groups, the photochemically produced triplet state of which can abstract hydrogen 
atoms from almost any polymer, thus generating radicals (Fig. 2.5). In general, BP 
is excited indirectly to the lowest triplet state (π–π*) by direct absorption into the 

Fig. 2.4  Preparation of 
a temperature-responsive 
hydrogel crosslinked with 
biodegradable poly(amino 
acid) chains via condensation 
reaction [114]
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singlet state (π–π*) upon irradiation with UV light. The BP ketyl radical and an 
on-chain polymer radical readily recombine to generate a new C–C bond, thereby 
resulting in crosslinking within the polymer networks. The advantage of using this 
process for gel formation is that it can be carried out in water under mild condi-
tions without the use of a crosslinking agent. However, there are some drawbacks 
to using this method; the bioactive material must be loaded after gel formation, as 
irradiation might damage the agent. Also, in some gels such as PEG and PVA, the 
crosslinks consist of C–C bonds, which are not biodegradable.

2.3  Classification on the Basis of Stimuli

Smart hydrogels could be further classified as either physical- or chemical-stimuli-
responsive hydrogels. The physical stimuli, such as temperature, electric or mag-
netic fields, and mechanical stress, will affect the level of various energy sources 
and alter molecular interactions at critical onset points (Fig. 2.6). Chemical stim-
uli, such as pH, ionic factors and chemical agents, will change the interactions 
between polymer chains or between polymer chains and solvent at the molecular 
level. Recently, biochemical stimuli have been considered as another category that 
involves the responses to antigen, enzyme, ligand, and other biochemical agents. 
Some systems have been developed to combine two stimuli-responsive mecha-
nisms into one polymer system, the so-called dual-responsive polymer systems.

2.3.1  Physical Stimuli

Temperature-responsive hydrogels are probably the most commonly studied class 
of environmentally sensitive polymer systems. Temperature-responsive hydro-
gels can be classified as positive or negative temperature-responsive systems. 

UV

Fig. 2.5  Photo-crosslinking of UV-reactive benzophenone conjugated temperature-responsive 
copolymer [31, 123]
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Physically crosslinked thermosensitive hydrogels may undergo sol–gel phase 
transitions instead of volume change at a critical solution temperature. Positive 
temperature-responsive hydrogels show phase transition at a critical temperature 
called the upper critical solution temperature (UCST). Hydrogels made from poly-
mers with UCST shrink when cooled below their UCST. Negative temperature-
responsive hydrogels have a lower critical solution temperature (LCST). These 
hydrogels shrink upon heating at above their LCST (see Chap. 1). Chemically 
crosslinked thermosensitive hydrogels undergo volume change rather than sol–gel 
transitions. Certain molecular interactions, such as hydrophobic associations and 
hydrogen bonds, play a vital role in the abrupt volume change of these hydrogels 
at the critical solution temperature. In the swollen state, water molecules form 
hydrogen bonds with polar groups of polymer backbone within the hydrogels 
and organize around hydrophobic groups as iceberg water. At the critical solu-
tion temperature, hydrogen bonding between the polymer and water, compared 
with polymer–polymer and water–water interactions, becomes unfavorable. This 
forces the quick dehydration of the system and water is released out of the hydro-
gel with a large gain in entropy, resulting in shrinkage of the polymeric structure. 
Of the many temperature-responsive polymers, PNIPAAm is probably the most 
extensively used because its LCST is close to body temperature. Copolymers of 
NIPAAm can also be made using other monomers to alter the LCST.

Fig. 2.6  Photographs of a 
temperature- b alternating-
magnetic-field-, and c 
photoresponsive hydrogels
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In general, the sudden temperature changes from below to above the  transition 
temperature lead to the formation of dense and less permeable surface skin layers 
on PNIPAAm gels [124]. The PNIPAAm gel changes from transparent to opaque 
after temperature change (Fig. 2.7a). To accelerate gel shrinkage, the introduc-
tion of hydrophilic molecules such as AAc into gels is one promising strategy 
(Fig. 2.7b). However, random introduction of a large amount of hydrophilic mono-
mers into PNIPAAm hydrogels without compromising their intrinsic temperature 
sensitivity has proven difficult [125]. To overcome this, the authors have synthe-
sized a new 2-carboxyisopropylacrylamide (CIPAAm) with structural similarity 
to NIPAAm side chains but also including a carboxylate group [126]. NIPAAm-
CIPAAm hydrogels exhibited large and sensitive volume phase transitions in 
response to temperature changes even though carboxylate groups in CIPAAm exist 
in dissociated states at pH 7.4 [40, 127]. Initially transparent gels turned opaque 
upon heating from 10 to 40 °C owing to skin layer formation at the gel surface 
(Fig. 2.7c). However, gel shrinking was not stopped, regardless of the skin layer 
formation, owing to the sufficient hydrophilic carboxylate content allowing water 
movement [128]. Therefore, maintaining the isopropylamide side chain alignment 
within the copolymer chains may facilitate the introduction of large amounts of 
functional groups into NIPAAm copolymer gels without losing phase transition 
behavior. The new monomer, CIPAAm, should prove useful in introducing func-
tional carboxyl groups into temperature-responsive PNIPAAm hydrogels while 

(b) (c)(a)

Heating

Fig. 2.7  Photographs of shrinking behaviors of a PNIPAAm, b P(NIPAAm-co-AAc), and c 
P(NIPAAm-co-CIPAAm) hydrogels after temperature change from 10 to 40 °C [128]
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maintaining their intrinsic temperature-sensitive behavior. Certain types of block 
copolymers made of poly(ethylene oxide)(PEO) and poly(propylene oxide) (PPO) 
also possess an inverse temperature-sensitive property. Because of their LCST 
at around body temperature, they have been used widely in the development of 
controlled drug delivery systems based on the sol–gel phase conversion at body 
temperature. A large number of PEO–PPO block copolymers are commercially 
available under the names of Pluronics® (or Poloxamers®) and Tetronics® [50]. 
Temperature-sensitive hydrogels can also be made using temperature-sensitive 
crosslinking agents. A hybrid hydrogel system was assembled from water-soluble 
synthetic polymers and a well-defined protein-folding motif, the coiled coil [9]. 
The hydrogel under went temperature-induced collapse owing to the cooperative 
conformational transition. Using temperature-sensitive crosslinking agents adds a 
new dimension in designing temperature-sensitive hydrogels.

Photoresponsive hydrogels have been used in a number of biotechnologyap-
plications, such as photocontrolled enzymatic bioprocessing [129], phototriggered 
targeted drug delivery systems [130], and photocontrolled separation/recovery 
systems in bioMEMs formats. Since the light stimulus can be imposed instantly 
and delivered in specific amounts with high accuracy, light-sensitive hydrogels 
may possess special advantages over others [131]. For example, the sensitiv-
ity of temperature-sensitive hydrogels is rate limited by thermal diffusion, while 
pH-sensitive hydrogels can be limited by hydrogen ion diffusion. The capacity for 
instantaneous delivery of the sol–gel stimulus makes the development of light-sen-
sitive hydrogels important for various applications in both engineering and bio-
chemical fields. Photoresponsive hydrogels can be separated into UV-sensitive and 
visible-light-sensitive hydrogels. Unlike UV light, visible light is readily availa-
ble, inexpensive, safe, clean and easily manipulated. Typical photoreactive guests 
in polymersare azobenzene [132], triphenylmethane [133] and spiropyran [134] 
groups, which have been entrapped, crosslinked, and introduced as side chains 
or part of the main chain in polymermatrices. The UV-sensitive hydrogels were 
synthesized by introducing a leuco derivative molecule, bis(4-dimethylamino)phe
nylmethylleucocyanide, into the polymer network [133]. Triphenylmethane leuco 
derivatives are normally neutral but dissociate into ion pairs under ultraviolet irra-
diation, producing triphenylmethyl cations. Because the leuco derivative molecule 
can be ionized upon ultraviolet irradiation, the UV-light-induced swelling was 
observed owing to an increase in osmotic pressure within the gel. Sumaru et al. 
[134] have prepared a photo responsive hydrogel by radical copolymerization of 
NIPAAm, a vinyl monomer having a spirobenzopyran residue, and a crosslinker. 
It was observed that the permeability for a 1 mM HCl aqueous solution increased 
twofold in response to the blue light irradiation, and this photo response of the 
permeability was confirmed to be repeatable. Takashima et al. [135] have designed 
a photo responsive supramolecular actuator by integrating host–guest interac-
tions and photoswitching ability in a hydrogel. A photoresponsive supramolecular 
hydrogel with α-cyclodextrin as a host molecule and an azobenzene derivative as 
a photoresponsive guest molecule exhibits reversible macroscopic deformations 
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in both size and shape when irradiated by ultraviolet light at 365 nm or visible 
light at 430 nm. The deformation of the supramolecular hydrogel depends on the 
incident direction. The selectivity of the incident direction allows plate-shaped 
hydrogels to bend in water. Irradiating with visible light immediately restores the 
deformed hydrogel. A light-driven supramolecular actuator with α-cyclodextrin 
and azobenzene stems from the formation and dissociation of an inclusion com-
plex by ultraviolet or visible light irradiation. Visible-light-sensitive hydrogels can 
also be prepared by introducing alight-sensitive chromophore (e.g., trisodium salt 
of copper chlorophyllin) to NIPAAm hydrogels [136]. When light (e.g., 488 nm) 
is applied to the hydrogel, it is absorbed by the chromophore, and then dissipated 
locally as heat by radiationless transitions, increasing the ‘local’ temperature of 
the hydrogel. The temperature increase alters the swelling behavior of NIPAAm 
hydrogels. The authors have integrated a photoinitiated proton-releasing reac-
tion of o-nitrobenzaldehyde (NBA) into pH-responsive hydrogels [137]. NBA-
integrated hydrogels demonstrated quick release of protons upon UV irradiation, 
allowing the pH inside the gel to decrease below the pKa of the polymer within 
one minute. Spatial control of gel shrinkage was also made possible by irradiating 
UV light to a limited region of the gel through a photomask.

Electric current can also be used as an environmental signal to induceresponses 
of hydrogels. Hydrogels sensitive to electric current are usually made of poly-
electrolytes, as are pH-sensitive hydrogels. Electrosensitive hydrogels undergo 
shrinking or swelling in the presence of an applied electric field. Sometimes, the 
hydrogels show swelling on one side and shrinking on the other side, resulting in 
the bending of the hydrogels. Osadaand and Hasebe [138] reported an electrically 
activated artificial muscle system that is contracted by an electrical stimulus under 
isothermal conditions. They reported that the addition of NaCl increased the rate 
of water release, whereas the addition of organic solvents such as ethanol, acetone, 
or water reduced the rate of water release, and the contraction that resulted from 
the electrostatic interaction between charged macromolecules and the electrodes 
led to extensive dehydration of the gel. Tanaka et al. [139] studied the effect of 
electric current on the contraction behavior of partially hydrolyzed polyacrylamide 
gels in a mixture of 50 % acetone and water. They observed that the contraction 
was most significant and rapid in water, whereas with increasing acetone percent-
age, the rate of contraction decreased gradually.

The concept that hydrogels may undergo pressure-induced volume phase tran-
sition originates from thermodynamic calculations based on the uncharged hydro-
gel theory. According to the theory, hydrogels that are collapsed at low pressure 
would expand at higher pressure. Experiments with PNIPAAm hydrogels con-
firmed this prediction [140]. The effect of hydrostatic pressure on the swelling of 
temperature-sensitive gels has also been studied by measuring the volume change 
of the beads of PNIPAAm gel, poly(N-n-propylacrylamide) gel, and poly(N, 
N-diethylacrylamide) gel under pressure up to 120 atm [141]. The excess enthalpy 
and excess volume of the gel-water systems during the volume phasetransition 
of the gels were measured. The degree of swelling of hydrogels increased under 
hydrostatic pressure when the temperature was close to its LCST.
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2.3.2  Chemical Stimuli

While physical stimuli are advantageous because they allow local and remote 
control, they result in a discontinuous response when the stimulus is turned ‘off’. 
In other words, only the illuminated region is active, and continuous illumina-
tion is necessary. In the human body, however, the appearance of numerous bio-
active molecules is tightly controlled to maintain a normal metabolic balance via 
the feedback system called homeostasis. For example, hormones or cytokines not 
only act locally (local signals), but also travel to other locations in the body via 
blood circulation (remote signals) [142]. These signals are sometimes amplified 
or transferred to another signal by sequentially interacting with many other differ-
ent molecules. A representative process is blood coagulation, which is a complex 
sequence involving numerous clotting factors. The concentration gradients of pro-
tons (pH), ions, and oxidizing or reducing agents are also important characteristics 
observed in living systems. The human body exhibits variations in pH along the 
gastrointestinal tract, tumoral areas, inflamed or infected tissues, and the endoso-
mal lumen.

pH-responsive hydrogels are made of polymeric backbones with ionic pen-
dant groups that can accept or donate protons in response to an environmental 
pH change. As the environmental pH changes, the degree of ionization in a pH-
responsive hydrogel is dramatically changed at a specific pH known as pKa or 
pKb. This rapid change in the net charge of ionized pendant groups causes abrupt 
volume transition by generating electrostatic repulsive forces between ionized 
groups, which creates a large osmotic swelling force. There are two types of pH-
responsive hydrogels: anionic and cationic hydrogels. Poly(acrylic acid) (PAAc) 
becomes ionized at high pH, where as poly(N, N′-diethylaminoethyl methacrylate) 
(PDEAEM) becomes ionized at low pH. pH-sensitive hydrogels have been most 
frequently used to develop controlled release formulations for oral administration. 
The pH inthe stomach (<3) is quite different from the neutral pH in the intestine, 
and such a difference is large enough to elicit pH-dependent behavior of polyelec-
trolyte hydrogels. Hydrogels made of PAAc or PMAAc can be used to develop 
formulations that release drugs in a neutral pH environment [143]. Hydrogels 
made of polyanions (e.g., PAA) were developed for colon-specific drug delivery. 
Swelling of such hydrogels in the stomach is minimal, and thus, the drug release 
is also minimal. The extent of swelling increases as the hydrogel passes down the 
intestinal tract owing to the increase in pH leading to the ionization of the car-
boxylic groups. However, only in the colon can the azoaromatic crosslinks of the 
hydrogels be degraded by azoreductase produced by the microbial flora of the 
colon [144]. On the other hand, when a drug is loaded into hydrogels made of 
copolymers of MMA and N, N′-dimethylaminoethyl methacrylate (DMAEM), it 
is released at zero order at pH 3–5, but not released at neutral pH [145]. The lower 
extracellular pH of solid tumors has also been exploited in many therapeutic strat-
egies based on drug delivery [146]. These extra cellular microenvironments have 
an acidic pH primarily because of the accumulation of excess lactic acid, which 

2.3  Classification on the Basis of Stimuli



26 2 Smart Hydrogels

is produced because of the high rate of glycolysis in tumor  microenvironments 
[147]. Some other pathologic tissues, such as ischemic or infected sites, are also 
more acidic than normal tissues. In addition, the pH values of endosomal and 
lysosomal vesicles inside cells are lower than that of the cytosol, and this differ-
ence has been utilized for intracellular delivery [148]. Garbern et al. [149] have 
reported the use of pH- and temperature-responsive injectable hydrogels, synthe-
sized from copolymers of NIPAAm and propylacrylic acid (PAAc), for delivering 
drugs to regions of local acidosis. P(NIPAAm-co-PAA) exhibits a sharp transition 
near body temperature, as indicated by its LCST in the pH range of 5–6. This sys-
tem undergoes reversible gelation at moderately acidic pH values (~pH 5–6), but 
remains soluble at normal physiological pH (7.4). In general, the incorporation 
of carboxylic acid-derived monomers, such as AAc or MAAc, results in low pKa 
values, which limit the use of these polymers for drug targeting to very low pH 
systems, such as the stomach. Because PAA polymers can also destabilize mem-
branes in the endosome, this pH-responsive system has been shown to enhance the 
cytosolic delivery of nucleic acids [150], anticancer drugs [151], and an internal-
izing antibody [152].

Glucose-sensitive hydrogels have also been developed by many researchers 
because one of the most challenging problems in controlled drug delivery is the 
development of self-regulated (modulated) insulin delivery systems. The deliv-
ery of insulin is different from the delivery of other drugs, since insulin must be 
delivered in an exact amount at the exact time of need. Thus, self-regulated insu-
lin delivery systems require glucose-sensing ability and an automatic shut-off 
mechanism. Many hydrogel systems have been developed for modulating insulin 
delivery, and all of them have a glucose sensor built into the system. Con A has 
been frequently used in modulated insulin delivery [82]. In this type of system, 
insulin molecules are attached to a support or carrier through specific interactions 
that can be interrupted by glucose itself. This generally requires the introduction 
of functional groups onto insulin molecules. In one approach, insulin was chemi-
cally modified to introduce glucose, which binds particularly to Con A [153]. 
Glucose-sensitive phase-reversible hydrogels can also be prepared without using 
Con A. Kataoka and coworkers have developed a self-regulated insulin delivery 
system using phenylboronic acid (PBA), a synthetic molecule capable of revers-
ibly binding with 1, 2- or 1, 3-cis-diols including glucose [16, 154–156]. PBA 
and its derivatives are known to form covalent complexes with polyol compounds 
including glucose (Fig. 2.8). The glucose-dependent shift in the equilibrium of 
PBA between the uncharged and anionically charged forms, when coupled with a 
properly amphiphilic three-dimensional backbone (or gel), could induce a revers-
ible change in the volume of the gel. The resultant rapid change in hydration under 
certain conditions could cause a localized dehydration of the gel surface, that is, 
the so-called skin layer, thus offering a method for instantly controlling the per-
meation of gel-loaded insulin.

For some biomedical applications, it is highly desirable and useful to develop a 
material or device that can respond to specific proteins such as antigens [157]. The 
concept is the same as that used in glucose-sensitive phase-reversible hydrogels. A 
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semi-interpenetrating network hydrogel was prepared by grafting an antigen and 
a corresponding antibody to different polymer networks [79]. The gel is formed 
by crosslinking interactions that occur upon antigen–antibody binding. Hydrogel 
swelling is triggered in the presence of free antigens that compete with the poly-
mer-bound antigen, leading to a reduction in the crosslinking density. Suzuki et al. 
[158] reported thrombin-induced infection-responsive hydrogels for the controlled 
release of antibiotics at the site and time of infection. PVA hydrogels loaded with 
grafted gentamycin were prepared. Gentamycin was chemically attached to the 
polymer backbone through peptide linkers that can be enzymatically degraded by 
thrombin. Exudates from the dorsal pouch of rats infected by Pseudomonas aerug-
inosa showed significantly higher thrombin like enzymatic activity toward a cer-
tain peptide sequence than exudates from noninfected wounds. DNA-responsive 
hydrogels have also been reported to be capable of swelling and shrinking in 
response to specific DNAs [159, 160].

Yoshida and coworkers have demonstrated an autonomic swelling-shrinking 
oscillation by integrating the chemical oscillation of the Belousov–Zhabotinsky 
(BZ) reaction into the hydrogel [161–163]. The BZ reaction is often analogically 
compared with the TCA cycle, which is a key metabolic process taking place in 
the living body. The over all process of the BZ reaction is the oxidation of anor-
ganic substrate, such as malonic acid (MA) or citric acid, by an oxidizing agent 
(bromateion) in the presence of a strong acid and a metal catalyst. A copolymer 
gel that consists of NIPAAm and ruthenium tris(2, 2′-bipyridine) (Ru(bpy)3

2+) 
was prepared. The Ru(bpy)3

2+, acting as a catalyst for the BZ reaction, was 
appended to the polymer chains of NIPAAm. The poly(NIPAAm-co- Ru(bpy)3

2+) 
gels have a phase transition temperature owing to the thermosensitive constituent 
NIPAAm. They have further demonstrated a novel biomimetic ‘self-walking’ gel 
actuator that can walk spontaneously with a worm like motion without switching 
of external stimuli [23].

OH-

+   2H2O
 

Fig. 2.8  Glucose-dependent equilibria of phenylboronic acid [16, 154–156]
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2.4  Characterization Methods

A variety of techniques for characterizing hydrogels have been reported in the 
literature. The physical behavior of hydrogels is dependent on their equilibrium 
and dynamic swelling behavior in water, since upon preparation, they must be 
brought into contact with water to yield the final, swollen network structure. 
The most important parameters that define the structure and properties of swol-
len hydrogels are the polymer volume fraction in the swollen state, the effective 
molecular weight of the polymer chain between crosslinking points, and the cor-
relation distance between two adjacent crosslinks [164, 165]. Rubber-elasticity 
theory and equilibrium-swelling theory are extensively applied to describe these 
three dependent parameters. The theoretical basis for the understanding of poly-
mer solutions was developed independently by Flory [166] and Huggins [167] 
70 years ago. Hydrogels have a variety of properties, such as absorption capac-
ity, swelling behavior, permeability, surface properties, optical properties and 
mechanical properties, which make them promising materials for a wide variety 
of applications. The characteristics of the polymer chains and the crosslinking 
structures in these aqueous solutions play an important role in the outcome of the 
properties of the hydrogel.

2.4.1  Water in Hydrogels

When a dry hydrogel begins to absorb water, the first water molecules enter-
ing the matrix will hydrate the most polar, hydrophilic groups, leading to ‘pri-
mary bound water’. As the polar groups are hydrated, the network swells and 
exposes hydrophobic groups, which also interact with water molecules, leading 
to hydrophobically bound water or ‘secondary bound water’. Primary and sec-
ondary bound water are often combined and simply called ‘total bound water’. 
After the water has interacted with both hydrophilic and hydrophobic sites, the 
osmotic driving force of the network chains allows the network to absorb more 
water. Finally, the balance between the retraction force and the infinite dilution 
force establishes an equilibrium swelling level. The additional water absorbed 
beyond the total bound water is defined as ‘free water’ or ‘bulk water’ [21]. There 
are a number of methods for estimating the relative amounts of free and bound 
water, as fractions of the total water content. The use of small molecular probes, 
DSC, and NMR are the three major methods. When probe molecules are used, 
the labeled probe solution is equilibrated with the hydrogel, and the concentration 
of the probe molecule in the gel at equilibrium is measured. The use of DSC is 
based on the assumption that only the free water may be frozen, so it is assumed 
that the endotherm measured when warming the frozen gel represents the melt-
ing of the free water, and that value will yield the amount of free water in the 
 hydrogel sample being tested.
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2.4.2  Thermodynamics of Hydrogel Swelling

The physical behavior of hydrogels is dependent on their equilibrium and dynamic 
swelling behavior in water. The Flory-Huggins theory can be used to calculate the 
thermodynamic behavior of hydrogel swelling [166, 167]. Considering the iso-
tropic crosslinked structure of hydrogel, the total Gibbs free energy change of the 
system, upon swelling, can be written as

Here, ΔGelastic is the contribution due to the elastic retractive forces and ΔGmixture rep-
resents the thermodynamic compatibility of the polymer and the swelling agent (water).

In order to express the chemical potential change of water in terms of elastic 
and mixing contributions at any time of swelling, the differentiating Eq. (2.1) with 
respect to the water molecules in the system gives

Here, μ1 is the chemical potential of water within the gel and μ1,0 is the chemical 
potential of pure water.

At equilibrium, the chemical potentials of water inside and outside of the gel 
must be equal. Therefore, the elastic and mixing contributions to the chemical poten-
tial will balance one another at equilibrium. The change in chemical potential upon 
mixing can be determined from the heat of mixing and the entropy of mixing. Using 
the Flory–Huggins theory, the chemical potential of mixing can be expressed as

where χ1 is the polymer–water interaction parameter, υ2,s is the polymer volume 
fraction of the gel, T is the absolute temperature, and R is the gas constant.

This thermodynamic swelling contribution is counter balanced by the retractive 
elastic contribution of the crosslinked structure. The latter is usually described by 
the rubber elasticity theory and its variations. Equilibrium is attained in a particular 
solvent at a particular temperature when the two forces become equal. The volume 
degree of swelling, Q (i.e., the ratio of the actual volume of a sample in the swollen 
state divided by its volume in the dry state), can then be determined from Eq. (2.4).

2.4.3  Swelling Ratios

The swelling behavior of hydrogel systems is an important parameter governing 
their applications specifically in pharmaceutical, ophthalmology and tissue engi-
neering. The polymer chains in a hydrogel interact with the solvent molecule and 
tend to expand to the fully solvated state, while the crosslinked structure applies 

(2.1)�G = �Gmixture + �Gelastic.

(2.2)µ1 − µ1,0 = �µmixture + �µelastic.

(2.3)�µmixture = RT(In(1 − 2v2,s) + v2,s + χ1v2
(2,s)),

(2.4)v2,s = Vp/Vgel = 1/Q

2.4  Characterization Methods
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a retractive force to pull the chains inside. Equilibrium is achieved when these 
expanding and retracting forces counter balance each other. The equilibrium swell-
ing ratio or water content, given by Eq. (2.5), is generally used to describe the 
swelling behavior of hydrogels.

Here, Wswollen is the weight of the swollen gel, and Wdry is the weight of the dry 
gel.

The swelling kinetics of hydrogels can also be determined from the swelling 
kinetic curves. First, the weight of the dry gel (W0) is determined. The dried gel 
was then immersed in an excess amount of water until the swelling equilibrium 
was attained. The weight of the wet gel (Wt) was determined after the removal of 
the surface water. The swelling ratio was calculated with the following equation.

Many groups have investigated the swelling/shrinking kinetics of PNIPAAm gels 
when the temperature is increased or decreased to above or below the LCST, 
respectively. For example, Yoshida and coworkers have compared the shrinking 
kinetics of PNIPAAm gels with different architectures. Comb-type PNIPAAm 
hydrogels collapsed from a fully swollen state in less than 20 min, whereas sim-
ilar gels without grafted side chains took more than one month to undergo full 
shrinking [41, 168]. They also reported a comb-type grafted hydrogel composed of 
PEO graft chains in the crosslinked PNIPAAm network [125]. The swelling char-
acteristics are crucial to the use of hydrogels in biomedical and pharmaceutical 
applications since the equilibrium swelling ratio affects the solute diffusion coeffi-
cient, surface wettability and mobility and optical and mechanical properties of the 
hydrogel. The swelling properties are determined by many factors, including the 
type and composition of monomers, crosslinking density and other environmental 
factors such as temperature, pH and ionic strength.

2.4.4  Mechanical Properties

The mechanical properties of hydrogels depend on their composition and structure 
[169]. Generally speaking, the polymer gels are very weak, i.e., gels are soft and 
brittle, and the gel cannot with stand large deformation. This is mainly due to the 
fact that gels are far from fully connected polymer networks and contain various 
types of inhomogeneities, such as dangling chains and loops. Biopolymers, such 
as gelatin gels and polysaccharides, have been extensively investigated because of 
their variety of applications in products such as cosmetics and foods. The mechan-
ical performance of conventional hydrogels can be expressed as elastic modulus. 
The elastic modulus can range from kPa to MPa, e.g., gelatin gel and agarose. 
The mechanical properties of these gels, however, have been mostly evaluated 
by shearing or compression, not by stretching, because of poor deformability. 

(2.5)Equilibrium swelling ratio = Wswollen/Wdry

(2.6)Swelling ratio = (Wt − W0) /W0
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Chemical gels, made via the copolymerization of a monomer in the presence of a 
crosslinker or by crosslinking of polymer chains, are also mechanically weak. The 
mechanical properties of the hydrogel are affected by the comonomer composi-
tion, crosslinking density, polymerization conditions and degree of swelling. The 
mechanical strength of the hydrogel is often derived entirely from the crosslinks 
in the system, particularly in the swollen state where physical entanglements are 
almost nonexistent. The dependence of mechanical properties on crosslink density 
has been studied intensively by many researchers. However, it should be noted that 
when the crosslinking density is altered, changes in properties other than strength 
also occur. Recently, new types of gels capable of large deformation have been 
developed. Okumura and Ito [170] developed a slide-ring (SR) gel (also called 
topological gel) by crosslinking polyrotaxane, which consists of PEG threaded 
through a ring molecule of cyclodextrin (CD). Because CDs are not covalently 
bonded to the axis polymer, the crosslinks can slide along the axial chain, and 
thus, the SR gels show unique mechanical and swelling properties. Gong et al. 
[171] have succeeded in creating double-network (DN) gels, which exhibit tough-
ness and very large energy dissipation. For example, a DN composed of two 
mechanically weak hydrophilic networks, poly(2-acrylamido-2-methylpropanesul-
fonic acid) and polyacrylamide, provides a hydrogel with outstanding mechanical 
properties. Hydrogels containing about 90 % water possessed an elastic modu-
lus of 0.3 MPa and fracture stress of ~10 MPa, demonstrating both hardness and 
toughness. This was explained by the effective relaxation of locally applied stress 
and the dissipation of crack energy through a combination of the different struc-
tures and densities of the two networks.

Many experimental methods were previously employed to characterize the 
mechanical properties, mainly Young’s modulus of hydrogels. Common methods 
include simple tensile testing to determine the rubber elastic behavior or dynamic 
mechanical analysis under tension or shear to determine the viscoelastic proper-
ties. For most uniaxial tensile tests, the hydrogel samples are cut and prepared into 
a dumb bell shape and placed between two clamps [172]. Tests are run at constant 
extension rates with varying loads until the sample reaches ultimate failure. The 
stress–strain (σ–ε) behavior of the samples can be obtained from these tests and 
the slope of this data would provide Young’s modulus of the hydrogels. In addi-
tion (σ) versus (ε − 1/ε2) can also be plotted, and using the rubber elasticity equa-
tions, the shear modulus (G) can be obtained from the slope of the plot. Figure 2.9 
shows the typical experimental stress–strain behavior of a crosslinked gel along 
with the results of theoretical statistical thermodynamic predictions. Compression 
testing is similar to tensile testing, except that instead of pulling the sample, it is 
compressed. The hydrogels are usually prepared as round samples, and compres-
sion tests are performed to plot the stress–strain curves. Young’s modulus of the 
hydrogels is the slope of these curves. In theory, the values of Young’s modulus 
obtained from tensile and compression tests for a particular hydrogel must be the 
same; however, it has been found that the values can differ. This could be attrib-
uted to the difference in the thickness of samples, which could lead to a difference 
in the diffusion of reactive species during polymerization.

2.4  Characterization Methods
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Atomic force microscopy (AFM) can be used not only for imaging the 
 topography of surfaces, but also for measuring forces on a molecular level. To 
investigate the mechanical properties of soft matrices or thin films, the sample is 
compressed by the indenting AFM tip. The loading force is calculated from the 
deflection and spring constant of the cantilever. To calculate Young’s modulus of 
the material, force-indentation curves are recorded and fitted to the Hertz model, 
which describes the elastic deformation of two spherical surfaces under load [173].

2.4.5  Rheology

The rheological properties are very much dependent on the types of structure (i.e., 
association, entanglement, and crosslinks) present in the system. Polymer solu-
tions are essentially viscous at low frequencies and tend to fit the scaling laws: 
G′ ~ ω2 and G″ ~ ω. At high frequencies, elasticity dominates (G′ > G″). This 
corresponds to Maxwell-type behavior with a single relaxation time, which may 
be determined from the crossover point, and this relaxation time increases with 
concentration. Crosslinked microgel dispersions exhibit G′ and G″ that are almost 
independent of oscillation frequency.

2.4.6  Surface Properties

The surface of a hydrogel can be rough, smooth or stepped; it can be composed 
of different chemistries or could be highly crystalline, disordered and inhomoge-
neous. Studies have been performed on the importance of roughness, wettability, 
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surface mobility, chemical composition, crystallinity and heterogeneity; however, 
significant research has not yet been performed on determining which parameters 
are of utmost importance in understanding biological responses to surfaces. Some 
of the techniques used for determining the surface property include electron spec-
troscopy, secondary ion mass spectrometry, scanning electron microscopy (SEM), 
Fourier transform infrared spectroscopy (FTIR), scanning tunneling microscopy 
(STM) and atomic force microscopy (AFM). FTIR is a useful technique for iden-
tifying the chemical structure of a substance. This technique is widely used to 
investigate the structural arrangement in a hydrogel by comparison with the start-
ing materials. SEM can be used to provide information about the sample surface 
topography, composition, and other properties such as electrical conductivity. This 
is a powerful technique widely used to visualize the characteristic ‘network’ struc-
ture in hydrogels. The information obtained through these methods can be used to 
monitor contamination, ensure surface reproducibility and explore the interaction 
of the hydrogels with living systems.

2.4.7  Other Techniques

The main methods used to characterize and quantify the amount of free and bound 
water in hydrogels are differential scanning calorimetry (DSC) and nuclear mag-
netic resonance (NMR). Proton NMR gives information about the interchange of 
water molecules between the so-called free and bound states. The use of DSC is 
based on the assumption that only the free water may be frozen, so it is assumed 
that the endotherm measured when warming the frozen gel represents the melting 
of the free water, and that value will yield the amount of free water in the hydrogel 
sample being tested. The amount of bound water is then obtained from the differ-
ence between the measured total water content of the hydrogel test specimen and 
the calculated free water content. Thermogravimetric (TG) analysis and X-ray dif-
fraction are also used to confirm the formation of crosslinked network gel struc-
tures of hydrogels. Neutron scattering based techniques have been used to study the 
relationship of the structure of polymer gels and mechanical properties [174, 175].

2.5  Applications of Smart Hydrogels

Hydrogels have received considerable attention in the last few decades owing to 
their exceptional promise in biomaterial applications. PHEMA was the first syn-
thetic hydrogel to be synthesized in 1936 by DuPont scientists [176], and was 
established as an excellent candidate for contact lens applications by Wichterle 
and Lim [10]. Since then, hydrogels have been of great interest to biomaterial sci-
entists. Some of the most successfully demonstrated applications are described in 
the following subsections.

2.4  Characterization Methods
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2.5.1  ‘On–Off’ Drug Delivery Systems

Well-designed drug delivery systems must control solute release over time. Various 
biomaterials have been investigated to control drug release; however, among them, 
hydrogels show two distinct advantages. (1) The rate of drug release can be con-
trolled in many ways such as by changing the crosslinking density, preparing the 
hydrogel with monomers of controlled hydrophilicity, or controlling the ratio of 
hydrophilic to hydrophobic monomers. (2) Hydrogels may interact less strongly 
with drugs; consequently, a larger fraction of active molecules of a drug, especially 
proteins and peptides, can be released through hydrogel carriers. Better control over 
the delivery of drugs to specific sites in the body at specific times would reduce 
unwanted side effects and improve medical treatment dramatically (Fig. 2.10a). 
‘Smart’ hydrogels are promising materials for controlling drug delivery, since they 
change their properties in response to specific stimuli. Temperature-responsive 
hydrogels have been studied most extensively to obtain an ‘on–off’ drug release 
profile in response to a stepwise temperature change. Okano et al. [177–179] have 
achieved complete and rapid ‘on–off’ regulation of drug permeation in response to 
stepwise temperature changes by using temperature-responsive hydrogels compris-
ing PNIPAAm. A dense gel surface layer (skin layer) is established immediately 
after temperature increase above the hydrogel’s collapse temperature. A possible 
explanation for this skin layer formation is that, at temperatures above its collapse 
point, the outermost gel layer interacts with its environment and then dehydrates 
quickly, forming a dense surface layer within seconds. The formed skin layer is 
dense enough to stop or retard the flux of water inside the gel to the outside of the 
gel. Gel surface skin layer formation can be controlled by changing the gel polymer 
chemistry, namely, the lengths of alkyl side chains on comonomers used during gel 
co-polymerization. Marked differences are observed in the initial shrinking process 
between three types of PNIPAAm-derived gels copolymerized with alkyl meth-
acrylate comonomers, butyl methacrylate (BMA), hexyl methacrylate (HMA) and 
lauryl methacrylate (LMA) after temperature increase from 20 to 30 °C. P(IPAAm-
co-HMA) and P(IPAAm-co-LMA) gels, both with longer alkyl side chains, shrank 
to only 20–30 % of their original volume observed at 20 °C, whereas P(IPAAm-co-
BMA) gels shrank up to 80–90 % after equilibration. This result indicates that the 
rapid formation of a thin and dense skin layer can be regulated by selecting appro-
priate alkyl side chain lengths. With the longer alkyl side chains, denser skin lay-
ers were formed, preventing water efflux. The ‘on–off’ drug release in response to 
smaller temperature changes between 36 and 38 °C was also achieved, as demon-
strated in Fig. 2.10b [180]. Both hydrophilic N, N-dimethylacrylamide (DMAAm) 
and hydrophobic BMA were incorporated into NIPAAm copolymer hydrogels, pro-
ducing an LCST near 37 °C while maintaining high thermosensitivity. The rapid 
increase in release rate is attributed to a squeezing effect of drug molecules result-
ing from the shrinking of the gel surface region.

Another example of ‘on–off’ drug release control is achieved by using sugar-
responsive gels for the possible treatment of diabetes mellitus. Pancreatic islets 
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release insulin to lower the blood glucose level and regulate the glucose level 
within the range from 70 to 110 mg/dl by an autofeedback mechanism under 
healthy physiological conditions. It is necessary to externally administer exoge-
nous insulin to diabetic patients (type I IDDM) who cannot control their blood 
glucose level. However, overdose may result in hypoglycemia and coma, which 
is a life-threatening state for these patients. Therefore, insulin must be carefully 
administered to avoid hypoglycemia in diabetic patients. Thus, in order to main-
tain a physiological glucose level, artificial systems sensing glucose and releasing 
appropriate amounts of insulin have been investigated. Kataoka et al. [154] have 
designed glucose-responsive gels composed of PNIPAAm derivatized with phe-
nylboronic acid (PBA) groups as the glucose-sensing moiety. Significantly, PBA 
groups in aqueous solution are equilibrated between undissociated and dissociated 
forms, as shown in Fig. 2.8. Such equilibrium is shifted in the direction of increas-
ing charged phenylboronates through complexation with glucose because only 
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Fig. 2.10  a Design concept for ‘smart’ drug delivery systems with sensor, processor, and effec-
tor functions, which can respond directly to a person’s individual needs. b ‘On-off’ drug release 
from temperature-responsive hydrogels in response to stepwise temperature changes between 36 
and 38 °C [180]

2.5  Applications of Smart Hydrogels
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charged boronates form stable complexes with cis-diols such as glucose under 
aqueous conditions. The PNIPAAm-PBA gels have volume transition tempera-
tures that shift with glucose concentration. Interestingly, the gels are in collapsed 
states below 100 mg/dL glucose and in swollen states above 300 mg/dL glucose 
at 28 °C and pH 9. Such a glucose concentration range corresponds to the normal 
glucose levels in our body. Glucose-responsive insulin release was also performed 
using NB gels. Matsumoto and coworkers have further developed this glucose-
responsive hydrogel system to operate under physiological conditions (pH 7.4, 
37 °C), aiming for future use in a self-regulated insulin delivery system to treat 
diabetes mellitus. The approach involves the use of a newly synthesized phenylbo-
rate derivative, 4-(1,6-dioxo-2, 5-diaza-7-oxamyl) phenylboronic acid (DDOPBA), 
possessing an appreciably low pKa (~7.8) as a glucose-sensing moiety, as well 
as the adoption of PNIPMAAm as the main chain that exhibits critical solution 
behavior in the range close to physiological temperature (Fig. 2.11a) [155, 156]. 
Glucose- and pH-dependent changes in the critical solution behavior of the result-
ant copolymers were investigated at varying temperatures, revealing definite glu-
cose sensitivities near the physiological conditions. The release of insulin from the 
gel has been continuously controlled by the skin layer with close correspondence 
to each addition pattern of glucose (Fig. 2.11b) [16].

Brazel and Peppas [181] reported pulsatile drug-releasing hydrogels to cre-
ate both pH- and temperature-triggered devices for coronary-thrombosis-induced 
heart attack and stroke patients. Thrombolytic and antithrombotic agents repre-
sented by heparin and streptokinase have minute-order half-lives in circulation 
and are only required when blood clots form and specifically only at the site of 
the clot. To produce a therapeutic device with responsive hydrogels, they synthe-
sized P(IPAAm-co-MAA) gels and investigated the release profiles of biologi-
cally active agents as a function of pulsatile pH and temperature. Streptokinase 
release was seen only when the gels were exposed to low temperature below the 
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Fig. 2.11  a Chemical structures of monomers contained in glucose-sensitive hydrogels and 
their optimized molar amounts in the feed to obtain glucose sensitivity under physiological pH 
and temperature [155, 198]. b (Top) Time course of changes in fluorescence intensity of FITC-
labeled insulin released from glucose-sensitive gels under physiological conditions. (Bottom) 
Temporal patterns of fluctuation in glucose concentration [16]
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LCST and pH above pKa. Drug release was observed to immediately decrease and 
completely stop after simultaneously decreasing the pH and increasing the tem-
perature. After changes in both pH and temperature, the gel networks began to col-
lapse. Their mesh sizes, representative of the space available for drug diffusion, 
dropped rapidly from approximately 12.5 to less than 10 nm, making it difficult 
for streptokinase of approximately 5.5 nm molecular diameter to diffuse through 
the collapsing pores. Heparin release from the gels, however, was not controlled 
because the mesh sizes of the gels were too large to control heparin diffusion 
(approximately 3 nm molecular diameter), even in the collapsed gel state.

Recently, the authors have developed an approach that could allow a more sub-
tle control and timing of drug delivery. Although smart hydrogels are promising 
materials for controlling drug delivery, they usually require continuous stimula-
tion to maintain these changes. We demonstrated the control of the acidity inside 
a pH-responsive hydrogel by loading it with a compound called NBA (Fig. 2.12a) 
[137]. This releases protons, which increase the acidity, when irradiated with UV 
light. When an NBA-loaded hydrogel was irradiated, the acidity increased inside; 
if only part of the gel was irradiated, the acidity throughout increased gradually 
as protons diffused. We loaded a hydrogel with NBA and L-DOPA, a precursor 
of the brain chemical dopamine that is used in the treatment of Parkinson’s dis-
ease. The change in acidity of the gel upon UV irradiation caused L-DOPA to be 
released because the acidity disrupted the interaction of L-DOPA with the mole-
cules in the gel [130]. Irradiation with UV not only enhanced the overall L-DOPA 
release from the hydrogel, but also caused an extra ‘explosive’ release five hours 
after irradiation (Fig. 2.12b). This allowed the drug release to be timed, as well as 
triggered, in a controlled manner. Being able to control the release of drugs from 
hydrogels by triggering a change in acidity could help indesigning programmable 
drug delivery techniques that offer improved targeting of treatment.
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Fig. 2.12  a Schematic of timed explosive drug release from pH-responsive hydrogels utilizing a 
phototriggered spatial pH-jump reaction [137]. b Drug release profiles of DOPA from gels with 
and without UV irradiation [130]
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Smart hydrogels in the form of microgels and nanogels have also been developed 
by many researchers, because they display many advantages when they are used in 
biological applications. PNIPAAm gel particles are typically prepared by precipitation 
polymerization or emulsion polymerization [182, 183]. In the precipitation polym-
erization approach, the polymerization of monomers and crosslinkers is initiated in 
water by a free-radical initiator at temperatures above the LCST. Once the growing 
polymer chains reach a critical length, they collapse and phase separate to form col-
loidal particles (Fig. 2.13a). This method offers numerous advantages, such as the 
production of highly uniform particles and the ability to control particle parameters, 
such as the size, charge, and crosslinking density. Omura et al. [184] developed a 
smart nanogel system that fully swells at normal physiological pH values but under-
goes a sharp volume phase transition at moderately acidic pH values. The nanogels 
were prepared by precipitation polymerization of NIPAAm and PAAc in the presence 
of the crosslinker, MBAAm. At room temperature, the NIPAAm-PAAcnanogels were 
discrete, spherical structures with diameters ranging from 200 to 250 nm. The hydro-
dynamic diameter of the nanogels decreased to ca. 100–150 nm when the solution 
temperature was increased to 37 °C. At 37 °C, when the pKa was below that of the 
NIPAAm-PAAc, the gels collapsed and aggregated. However, at 37 °C and a physi-
ological pH of 7.4, the nanogels did not fully collapse owing to the charge–charge 
repulsion derived from the ionized carboxyl groups of the PAAc (Fig. 2.13b). Thus, 
such nanogel particles could be useful for releasing drugs in regions of local acidosis, 
including sites of infection, tumors, ischemia, and intracellular endosomes.

2.5.2  Injectable Hydrogels

One of the most obvious ways to provide sustained-release medication is to place 
the drug in a delivery system and inject or implant the system into the body tis-
sue. Injection of an in situ gel-forming biopolymer is thus becoming increasingly 
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Fig. 2.13  a Schematic illustration of precipitation polymerization method used for preparation 
of smart nanogels. b Swelling-deswelling-aggregation diagrams for P(NIPAAm-co-PAAc) nano-
gels [184]
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attractive for the development of therapeutic implants and vehicles [185, 186]. 
Copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) 
(knownas poloxamers) in aqueous solutions are well-known thermoset gel-form-
ing materials in situ [187], but lack physiological degradability and induce unex-
pected increases in the level of plasma cholesterol or triglycerides in rats when 
injected intraperitoneally. To add a biodegradable capacity, the PPO segment of 
PEO–PPO–PEO block copolymers is often replaced by a biodegradable PLLA 
[51] or PLGA [52] segment. When low-molecular-weight PEG versus high-molec-
ular-weight PLGA isused, the aqueous solution of PEG–PLGA–PEG triblock 
copolymer forms a solution at room temperature, whereas, at body temperature, 
it becomes a gel within a few seconds. The molecular architecture was not limited 
to the A-B-A-type block copolymer, but expanded into 3D, hyper branched struc-
tures, such as a star-shaped structure [53]. Chenite et al. [56] developed novel ther-
mally sensitive combinations of chitosan/polyol salts, which turn into gel implants 
when injected in vivo. These formulations possess a physiological pH and can be 
kept as liquid below room temperature for encapsulating living cells and therapeu-
tic proteins; they form monolithic gels at body temperature. When injected in vivo, 
the liquid formulations turn into gel implants in situ. This system was used suc-
cessfully to deliver biologically active growth factors in vivo as well as an encap-
sulating matrix for living chondrocytes for tissue engineering applications.

Thermosensitive, specific-ion-sensitive or pH-sensitive hydrogels have been 
examined for their potential as vehicles for ocular drugs. The eye presents a chal-
lenge in the development of sustained or controlled release systems owing to its sen-
sitivity and effective protection mechanisms, such as lacrimal secretion and blinking 
reflex, which cause rapid drainage of bioactive agents after topical administration. 
Therefore, in situ gels are preferred since they are conveniently dropped as a solu-
tion into the eye, where they undergo transition into a gel. Poloxamers, as thermo-
gelling polymers, could be applicable for the development of effective ophthalmic 
drug delivery [188]. Ion-sensitive polymers belong to the group of in situ gelling 
materials mainly used for ocular drug delivery. The presence of alginate polymers 
significantly extended the duration of the pressure-reducing effect of pilocarpine to 
10 h, allowing only once a day administration in the case of carteolol [189].

Recently, a number of researchers have investigated the use of pH as a stimulus 
for reversible gelation in polymeric systems [190–192]. The pH-sensitive system 
could facilitate drug delivery to regions of local acidosis, including sites of infec-
tion, neoplasia, or ischemia. The incorporation of carboxylic acid-derived mono-
mers, such as AAc or MAAc, has been carried out to impart pH sensitivity in a 
variety of copolymers. With pKa values lower than the physiologic pH of 7.4 (pKa 
4–5), these polymers can be designed to target acidic regions. However, under 
physiological conditions, the very low pKa values of PAAc and PMAAc gener-
ally limit the use of these polymers for drug targeting to very low pH systems 
such as the stomach. Hoffmanand colleagues have reported that the longer alkyl 
segments on PAAc raise the carboxylate pKa and facilitate sharp phase transi-
tions at pH values greater than pH 6.0 [193, 194]. They have developed injectable 
NIPAAm-PAAc copolymers for the delivery of angiogenic growth factors [149]. 
NIPAAm-PAAc copolymers undergo sharp, reversible gelation at intermediate 
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acidic pH (~pH 5−6) but remain soluble at normal physiologic pH (7.4). This pH 
response could first promote gel formation in diseased tissue exhibiting local aci-
dosis, and second, promote polymer dissolution and elimination once the tissue 
has returned to normal physiologic pH. Such a system could be useful in provid-
ing sustained delivery of therapeutic molecules to regions of ischemia, such as in 
therapeutic angiogenesis that has the potential to promote healing of ischemic tis-
sue (Fig. 2.14).

The vagina, in addition to being an important organ of the reproductive tract, 
serves as a potential route for drug administration. It has been reported that 
30–50 % of vaginitis episodes are due to Candida infection and that two-thirds 
of all women experience acute episodes of vaginal candidiasis at least once dur-
ing their lifetime [195]. For vaginal delivery systems of antifungal agents to be 
more effective, they need to reside at the sites of infection for a prolonged period. 
Formulations based on a thermoplastic graft copolymer that undergoes in situ 
gelation have been developed to enable the prolonged release of active ingredi-
ents such as nonoxynol-9, progestins, estrogens, peptides and proteins [196]. This 
polymer offered prolonged antifungal activity over several days against Candida 
albicans vaginitis while reducing the toxicity of the drug on epithelial cells.

2.5.3  Tissue Engineering

Tissue engineering has emerged as a promising technology for the design of an 
ideal, responsive, living substitute with properties similar to those of the native tis-
sue [19]. Scaffolds play an important role in scaffold-guided in vitro tissue engi-
neering. Scaffolds are basically 3D structural templates that support cell adhesion, 
migration, differentiation, and proliferation and provide guidance for neotissue 
formation. Hydrogels in particular have emerged as useful scaffolding bioma-
terials as they most closely resemble the natural tissues. Moreover, the aqueous 
environment provided by hydrogels mimics those of cells in the body. Both syn-
thetic and natural hydrogels are used as scaffolds for tissue engineering in order 
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to repair cartilage, tendon, ligament, skin, blood vessels and heart valves [6]. The 
synthetic hydrogels focused on for use as scaffolds are polyurethanes (PU), PEO, 
PNIPAAm, PVA, PAAc and poly(propylene furmarate-co-ethylene glycol) [P(PF-
co-EG)], whereas naturally derived hydrogels are agarose, alginate, chitosan, 
collagen, fibrin, gelatin, and hyaluronic acid (HA). Injectable hydrogels are also 
promising substrates for tissue engineering applications owing to their high tis-
sue like water content, ability to homogeneously encapsulate cells, efficient mass 
transfer, easily manipulated physical properties and minimally invasive deliv-
ery [6, 197]. The hydrogel precursor loaded with growth factors or targeted cells 
can be injected into the wound site, where it undergoes a sol–gel transition in situ 
owing to physical or chemical stimuli.

Matsuda and coworkers have designed a thermoresponsive cell-adhesive matrix 
using PNIPAAm-grafted gelatin [198] and HAs [199]. The PNIPAAm-grafted 
HAs were water soluble at room temperature, where as they precipitated at tem-
peratures above approximately 34 °C in water. Copolymers composed of HA 
and PNIPAAm have also been prepared by Ha et al. [200] to create temperature-
sensitive injectable gels. Semi-telechelic PNIPAAm, with amino groups at the 
end of each main chain, was synthesized by radical polymerization using 2-ami-
noethanethiol hydrochloride (AESH) as the chain transfer agent, and was then 
grafted onto the carboxyl groups of HA using carbodiimide chemistry. The result 
of the thermooptical analysis revealed that the phase transition of the PNIPAAm-
grafted HA solution occurred at approximately 30–33 °C. PNIPAAm-grafted HA 
exhibited an increase in viscosity above 35 °C, thus allowing the gels to main-
tain their shape for 24 h after in vivo administration. Stile et al. [201] have devel-
oped NIPAAm-based hydrogels that support tissue formation in vitro. Loosely 
crosslinked PNIPAAm and P(NIPAAm-co-AAc) hydrogels were synthesized with 
N, N′-methylenebis(acrylamide) crosslinker. At room temperature, the hydrogels 
were transparent and extremely pliable, where as at 37 °C, the matrices became 
opaque and were significantly more rigid. The P(NIPAAm-co-AAc) hydrogel 
demonstrated significantly less volume change between room temperature and 
37 °C, contained significantly more water at 37 °C, and had an LCST that was 
significantly higher than that of the PNPAAm hydrogel. The hydrogels supported 
bovine articular chondrocyte viability for at least 28 days of in vitro culture, and 
cartilage-like tissue was formed in the matrices. These hydrogels can be injected 
through a small-diameter aperture and offer the benefit of in situ stabilization 
without the possible deleterious effects of in situ polymerization.

Smart hydrogels can also be applied to cell encapsulation. Cell technology 
provides a promising therapeutic modality for diabetes, hemophilia, cancer and 
renal failure [202–204]. The selection of a suitable biomaterial as a membrane 
for encapsulating cells is the major challenge to be overcome to enable success-
ful cell encapsulation therapy. Biocompatibility, microporous structure, and mini-
mal surface irritation within the surrounding tissues of hydrogel shave made them 
attractive for this application. They can be designed with the required porosity that 
resists any entrance of immune cells while allowing stimuli, oxygen, nutrients, and 
waste transfer through the pores. Genetically modified alginates and polyethylene 
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oxide-based hydrogels have been studied as cell encapsulation  systems. Most 
problems of the in situ gelation system, however, lie with the reagents and the 
by-products of crosslinked hydrogels, which have the potential to be toxic to 
cells [205]. Increased cell death has been observed with a high concentration of 
exposed unreacted side chains after gelation [206]. Moreover, release of the encap-
sulated cells from vehicles is a difficult, potentially harmful process. The authors 
have recently developed temperature-responsive crosslinked nanofibers and dem-
onstrated the ability to capture, encapsulate, and release cells by dynamically 
transforming the fibrous structure of the nanofibers into hydrogel-like structures 
by wrapping, swelling, and shrinking processes in response to alterations of exter-
nal temperature [31]. By using external signals, cell capture, encapsulation, and 
release were successfully demonstrated. The released cells show excellent viability 
and proliferation behavior. This study extends the capture and release methods to a 
variety of bioactive compounds, the activity of which can be controlled by switch-
ing their accessibility to the environment. Further functionalization of the nanofib-
ers could also be used for the immobilization of peptides or antibodies, which are 
highly promising for the separation, purification, preservation, and delivery of the 
target molecules and cells.

ECM-mimicking enzyme-responsive hydrogel scaffolds that permit cell migra-
tion have also been developed by Lutolfand et al. [207, 208]. They used oligopep-
tides as crosslinkers in PEG-based hydrogels. The peptide sequences are cleavable 
by matrix metalloproteinases (MMPs) to forma gel into which cells can infiltrate. 
MMPs are a family of enzymes that play many roles including the breakdown of 
ECM molecules during tissue remodeling and disease. Therefore, the integration 
of MMP-cleavable sites is a logical approach toward ECM mimics. The potential 
for bone tissue engineering was tested by loading the gel with bone morphoge-
netic protein-2 (BMP-2), which is known to be involved in bone formation. An 
assessment of the degradation behavior of MMPs and the cell invasion of provi-
sional matrices revealed that the healing response in vivo depends on the enzy-
matic sensitivity of the matrix. Kim et al. [209] have also created an injectable 
hydrogel of NIPAAm-AActo mimic the ECM. These hydrogels are prepared by 
crosslinking an MMP-13/collagenase-3-degradable peptide sequence and NIPAm 
in the presence of Arg-Gly-Asp-modified PAAc. The proteolytic degradation and 
cell adhesion properties of this hydrogel were studied using rat calvarial osteo-
blasts. Collagenase was found to degrade the hydrogel at a rate dependent on the 
concentration of collagenase in relation to the PAAc chain. There is an increase in 
cell migration in MMP-degradable hydrogels compared with nondegradable gels, 
indicating the advantage of bioresponsive hydrogels.

2.5.4  Actuators

Smart hydrogels have also been applied to biomimetic actuators or artificial mus-
cles because polymers that undergo dimensional changes in response to various 
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environmental stimuli are capable of transducing chemical or physical energy 
directly into mechanical work. Conducting polymers, such as polypyrrole (PPy), 
polythiophene, and polyaniline, have attracted considerable attention because 
dimensional changes resulting from electrochemical doping and dedoping in 
an electrolyte solution or in a swollen state can be applied to produce electroac-
tive polymer (EAP) actuators or artificial muscles [210, 211]. Osada et al. [24] 
reported electrically driven systems comprising polymer gels and electrodes that 
were actuated to bend and stretch repeatedly in response to alternating voltages, 
whereby the mechanical motion of these gels was in fact driven by the direction 
of the electric field. Okuzaki et al. [212, 213] have reported that electrochemically 
synthesized PPy films contracted in air under the application of an electric field. 
The motion of the film is driven by the reversible absorption of water vapor.

Temperature-responsive PNIPAAm-based actuators that bend in response to a 
temperature change have been reported as well. Hu et al. [214] described partially 
interpenetrated polymer networks composed of PNIPAAm and poly(acrylamide) 
(PAAm) hydrogels, so-called “bi-gels”, which bend into circles in response to 
increasing temperature. These“bi-gels” grasp or release an object simply by 
adjusting the water temperature. Stoychev et al. [215] have reported the fabri-
cation of 3D microobjects by the controlled folding/bending of a thin film, i.e., 
“microorigami”. In this approach, two polymers were used. The first one is ther-
moresponsive PNIPAAm. In aqueous media, PNIPAAm reversibly changes its 
solubility at 33 °C. The second polymer is hydrophobic and water-insoluble 
poly(ε-caprolactone) (PCL). Both polymers were deposited ona substrate in the 
form of a crosslinked bilayer. Swelling and shrinking of PNIPAm resulted in 
reversible rolling of the bilayer and enabled the formation of tubes. Four- and 
six-arm self-folding capsules were fabricated and applied for reversible encapsu-
lation of yeast cells (Fig. 2.15). Jeong et al. [216] have also constructed revers-
ible color- and shape-tunable photonic actuators by transforming the programmed 
2D structures to the 3D objects via the bending, twisting and folding mecha-
nisms. A thermally curable hydrophobic poly(dimethylsiloxane) (PDMS) and a 
UV-curablehydrophilic PU/HEMA elastomeric blending precursor are selected as 
constituents because of their flexibility, optical transparency and dramatically dif-
ferent swelling responses to selected solvents. By changing the geometrical fac-
tor, selected materials and polarity of the solvents, the desired shape and color of 
the scrolled, helical, and cubic actuators can be achieved. When the folding, bend-
ing, and twisting technologies are combined with lithographic patterning technol-
ogy in micrometer length scale, this unique technique may have great potential 
for applications in mechanical actuators and optoelectronic and biomimetic 
devices. He et al. demonstrated this concept on the example of a millimeter-size 
PMMA-PHEMA bilayer with an attached mucoadhesive drug layer. The nonswell-
ing PHEMA layer serves as a diffusion barrier, minimizing any drug leakage in 
the intestine [217]. The resulting unidirectional release provides improved drug 
transport through the mucosal epithelium. The functionality of this device is suc-
cessfully demonstrated in vitro using a porcine small intestine. Asoh et al. [22] 
reported a novel strategy for the preparation of thermoresponsive bending gradient 
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gels. PNIPAAm gels with two types of nanostructured gradients,  consisting of 
eithersilica nanoparticles or nanopores, showed uniquely different bending proper-
ties depending on their shrinkage characteristics. These gradient gels were sim-
ply fabricated through electrophoresis and subsequent photo-polymerization. 
Differences in the physical properties between the two sides of the gradient gels 
are the driving force behind the bending of the gels. Zhang et al. have reported 
near-IR optically responsive hydrogels using single-walled carbon nanotube 
(SWNT)-PNIPAAm composite hydrogels. They demonstrated a well-defined, ultra 
fast response of the SWNT-PNIPAAm hydrogel actuators to near-IR laser excita-
tion, making this design viable for many optically triggered applications [218].

In addition to physical signal-responsive systems, there are also several exam-
ples of bilayer systems that fold in response to chemical stimuli. The use of pol-
ymers sensitive to chemical signals allows the design of biomimetic actuators 
folding in response to specific chemical signals. Among them, pH-responsive sys-
tems are particularly important because the human body presents variations in pH 
along the gastrointestinal tract, in specific tissues (and tumoral areas) and insub-
cellular compartments. pH-sensitive self-folding materials are commonly designed 

Fig. 2.15  Encapsulation 
of yeast cells inside the 
self-folding star-shaped 
polymer bilayer. Yeast 
cells are adsorbed on the 
polymer bilayer at elevated 
temperature. Cooling 
leads to swelling of the 
thermoresponsive polymer 
and folding of the capsules. 
Further heating results in 
unfolding of the capsules and 
release of the cells [215]
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using weak polyelectrolytes as active polymers. Their ionic groups are counter 
balanced with oppositely charged ions that gradually diffuse into/out of polymer 
networks to induce spontaneous changes in their characteristics with temporal 
activation, which is observed in living systems, such as muscle and ciliary move-
ment, pulsatile secretion of hormone, and brain waves. Luchnikov and cowork-
ers demonstrated that the polystyrene (PS)-poly(4-vinyl pyridine) (PVP) bilayer 
[219], as well as the PS-PVP-PDMS trilayer [220], can roll at low pH when PVP 
is protonated and swells in water. The use of layers with a two-dimensional gra-
dient of thickness allowed a thorough investigation of the folding. Bassik et al. 
[221] fabricated millimeter-size PEG/P(NIPAAm-co-AAc) bilayers that can snap 
in response to the pH signal. In contrast to physical stimuli that can easily pen-
etrate through materials (e.g., heat, light, magnetic field, etc.), however, chang-
ing the pH quickly and precisely at a particular location in the system has been 
a major challenge, particularly inside hydrogels. From these perspectives, the 
authors focused on the photoinitiated proton-releasing reaction of ‘photoacid 
generators’ (PAGs), the pKa of which, in an excited state, is significantly differ-
ent from that in the ground state. We have successfully integrated the PAG into 
pH-responsive P(NIPAAm-co-CIPAAm) hydrogels to demonstrate rapid proton 
release upon UV irradiation, resulting in the decrease of intragel pH to below the 
pKa of P(NIPAAm-co-CIPAAm) [130, 137]. We have demonstrated photo induced 
reversible control of self-bending using PAG-integrated pH-responsive bilayer 
hydrogels consisting of a polyacid P(NIPAAm-co-CIPAAm) layer and a poly base 
P(NIPAAm-co-N, N′-dimethylaminopropylacylamide: DMAPAAm) layer [222]. 
The adhesion of these two layers was achieved by employing a semi-IPN using 
linear PAAc and branched poly(ethyleneimine) (PEI) chains, which form poly-
ion complexes at the interface of the two gels via electrophoresis [25]. Reversible 
bending was successfully demonstrated in response to ‘on–off’ UV irradiation 
(Fig. 2.16). Additionally, self-bending of the non-UV-irradiated region of the gel 
was also achieved because the generated protons gradually diffused toward the 
nonirradiated region. The proposed system can be potentially applied in the fields 
of mechanical actuators, controlled encapsulation and drug release, robotics and 
microfluidic technologies because control over autonomous motion by both physi-
cal and chemical signals is essential as a programmable system for real biomedical 
and nanotechnological applications.

Smart hydrogels have also been incorporated into microfluidic devices to 
reduce the system complexity [223]. Microfluidics is the science and technol-
ogy of designing and manufacturing devices that deal with the behavior, precise 
control and manipulation of small volumes of fluids [224]. Although recent pro-
gress in microfabrication techniques such as multilayer soft lithography ena-
bles us to design sophisticated microchips with hundreds of independent valves, 
most microfluidic materials themselves still lack stand-alone abilities. Therefore, 
it becomes increasingly apparent that on-demand switchable materials that can 
respond to external stimuli or their environment to produce dynamic and revers-
ible change in critical properties have enabled progress in a growing number of 
diverse applications including bio/chemical analysis, chemical synthesis, cell 
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manipulation, biomedical monitoring, and point-of-care clinical diagnostics. 
From these  perspectives, ‘smart’ microfluidic systems have been extensively stud-
ied using stimuli-responsive materials because they can receive device-generated 
signals and act as switches by themselves. Beebe et al. [26], for example, used a 
pH-responsive hydrogel-based valve that opened or closed depending on the pH of 
the flowing solution (Fig. 2.17a). Bistrip valves and arrowhead-shape valves have 
also been reported to allow flow in only one direction [225, 226]. Autonomous 
micromixers and micropumps have also been developed using pH- and temper-
ature-responsivehydrogels, electroplated nickel (Ni) impellers, and magnetic 
stirrers (Fig. 2.17b) [227]. The Ni impeller was coupled with an underlying rotat-
ing magnetic stirrer that was constantly on. When the local environment pH was 
decreased, the hydrogel ring shrank, allowing the Ni impeller to rotate freely; 
however, when the local pH was raised above its transition point, the hydrogel ring 
expanded into a mushroom cap shape that exerts both downward and lateral forces 
on the Ni impeller, thus stopping the rotation of the Ni impeller. The ‘smart liquid 
microlens’ concept with the temperature-sensitive NIPAAm hydrogel that expands 
at low temperatures and contracts at high temperatures has also been demon-
strated (Fig. 2.17c). In this system, the meniscus between water and oil was used 
as an optical lens and its focal length was adjusted by changing the curvature of 

Polyacid  
P(NIPAAm- co -CIPAAm) layer 

Polybase  
P(NIPAAm- co -DMAPAAm) layer

NBA 

Protons are released from NBAs 
upon UV irradiation, allowing the 
local pH to decrease dramatically.  

Gel unbends as protons are diluted. 

Released protons 

Fig. 2.16  Photoinduced reversible self-bending/straightening of PAG-integrated pH-responsive 
bilayer hydrogels consisting of polyacid P(NIPAAm-co-CIPAAm) and polybase P(NIPAAm-co-
DMAPAAm)layers. The bilayer gels bend upward to the polyacid side when the light is turned 
on (‘on’ stage) because protons are released from PAG, allowing the local pH to decrease dra-
matically. After the UV light is turned off (‘off’ stage), the gels straighten to the original shape as 
protons are diluted [25, 222]



47

this meniscus. The authors have recently described a facile approach to  fabricate 
“smart” microfluidic channels that demonstrated a shape-memory-driven geo-
metric switch and a new mechanism of flow control. We present on-demand 
switchable microchip materials that display potent rewritable and shape-memory 
properties, which are shown to contribute to fluidic control as pumps and valves 
[27]. This new class of smart microfluidic control techniques enables portable 
microfluidic-based diagnostic tools for biomedical applications and environmental 
monitoring with on-site analysis capability.

While stimuli-responsive polymers were designed to receive device-generated 
signals, which can act as switches, there has also been a dynamic growth in inter-
est in self-actuating materials in recent years. Feinberg et al. [228] have demon-
strated a self-walking bioactuator using biohybrid materials of engineered tissues 
and synthetic polymer thin films. They cultured cardiomyocytes on PDMS thin 
films micropatterned with ECM proteins to promote spatially ordered 2D myo-
genesis. The centimeter-scale constructs performed functions as diverse as grip-
ping, pumping, walking, and swimming with fine spatial and temporal control and 
the generation of specific forces as high as 4 millinewtons per square millimeter. 
Yoshida and Okanohave [229] successfully shown a novel biomimetic gel actuator 
that can walk spontaneously with a worm like motion without switching of exter-
nal stimuli. The self-oscillating motion is produced by dissipating chemical energy 
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Fig. 2.17  Autonomous microfluidics with smart hydrogels. a Autonomous flow control in 
microfluidic channels using pH-sensitive hydrogel valves [26]. b Autonomous microfluidic mix-
ers using a pH-responsive hydrogel [227]. c Smart microlenses. The water–oil interface forms the 
liquid microlens. The microchannels allow the flow of fluids to the microlens structure [223]
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from an oscillating reaction, that is, the BZ reaction [230, 231] occurring inside 
the gel. They prepared a copolymer gel of NPAAm in which ruthenium(II) tris-(2, 
2′-bipyridine) (Ru(bpy)3

2+), a catalyst for the BZ reaction, is covalently bonded 
to the polymer chain (Fig. 2.18a). The P(NIPAAm-co-Ru(bpy)3) gel swells and 
deswells at the oxidized and reduced states of Ru(bpy)3, respectively. The BZ 
reaction in the gel generates periodic redox changes of Ru(bpy)3, and the chemical 
oscillation induces mechanical oscillation of the polymer network [232]. Although 
the gel is completely composed of synthetic polymer, it shows autonomous motion 
as if it is alive. To cause an anisotropic contraction with curvature changes, a gel 
strip with a gradient structure was prepared. By coupling with a ratchet mecha-
nism, the gel walks with repeated bending and stretching motions by itself like a 
looper at a speed of 170 μm/min (Fig. 2.18b) [23]. This “self-walking” gel actua-
tor could serve as a new frame work for a biomimetic robot.

2.5.5  Sensors

Biomolecule-sensitive hydrogels that undergo swelling changes in response 
to specific biomolecules can be modified to design smart hydrogels that could 
degrade in response to an increase in the concentration of specific biomolecules. 
For example, the widely researched glucose-sensitive hydrogels have the ability 
to sense the levels of blood glucose and release insulin in accordance with the 

(a) (b)

Fig. 2.18  a Chemical structure of P(NIPAAm-co-Ru(bpy)3) gel. b Time course of self-walking 
motion of gel actuator (odd number: bending process at reduced state; even number: stretching 
process with propagation of chemical wave) [23]
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glucose levels [155, 156, 233, 234]. NIPAAm copolymer microgels have been 
shown tobe an excellent platform for designing label-free glucose-sensing mate-
rials. Sorrell and Serpe [235] reported that aminophenylboronic acid (APBA)-
functionalized P(NIPAm-co-AAc) microgels in an etalon respond to 3 mg/
mL glucose concentrations by red shifting their reflectance peaks by 110 upto 
150 nm. Additionally, APBA-functionalized microgels have a depressed volume 
phase transition temperature of 18–20 °C, which shifts to 24–26 °C after glu-
cose binding. These materials showed a marked visual color change, which is a 
first step towards developing direct-readout sensor devices. Wang et al. reported 
on the fabrication of multifunctional ratiometric probes for glucose and tem-
peratures based on thermo responsive PNIPAAm microgels covalently incorpo-
rated with APBA, fluorescence resonance energy transfer (FRET) donor dyes, 
4-(2-acryloyloxyethylamino)-7-nitro-2, 1, 3-benzoxadiazole (NBDAE), and rho-
damine B-based FRET acceptors (RhBEA) [236]. The spatial proximity of FRET 
donors and acceptors within microgels can be tuned via thermo-induced micro-
gel collapse or glucose-induced microgel swelling at appropriate pH and tem-
peratures, leading to the facile modulation of FRET efficiencies. APBA moieties 
within P(NIPAM-APBA-NBDAE-RhBEA) microgels can bind with glucose 
at appropriate pH to form cyclic boronate moieties that can decrease the pKa of 
APBA residues and increase the volume phase transition temperature of microgels.

Miyata and coworkers have reported a specific antigen-sensing semi-interpen-
etrating (semi-IPN) hydrogel network [32, 79, 237]. The hydrogel was fabricated 
by first polymerizing the vinyl-conjugated form of goat anti-rabbit (GAR) IgG 
(i.e., GAR IgG coupled to N-succinimidylacrylate) and then copolymerizing GAR 
IgG with vinyl-modified rabbit IgG, in the presence of the crosslinker, MBAAm. 
Noncovalent crosslinking between grafted antigens and antibodies resulted in 
shrinking of the hydrogel network in the absence of free antigens in the system. 
However, when free antigens were present in the system, the hydrogel network 
swelled owing to the rupture of the antigen-antibody crosslinks. This was due to 
competitive binding (to the immobilized antibodies) exhibited by the immobilized 
and free antigens in the solution. They also reported tumor-marker-responsive gels 
that exhibited volume changes in response to a tumor-specific marker glycoprotein 
(α-fetoprotein, AFP) [157]. The glycoprotein-imprinted gel shrank in response to 
a target glycoprotein but a nonimprinted gel swelled slightly. The glycoprotein-
responsive shrinking of the imprinted gel was caused by the formation of lectin-
glycoprotein-antibody complexes that acted as reversible crosslinking points. As 
the shrinking behavior of biomolecularly imprinted gels in response to glyco-
proteins enables the accurate detection and recognition of tumor-specific marker 
glycoproteins, they have many potential applications as smart devices in sensing 
systems and for molecular diagnostics.

A hydrogel membrane sensitive to the metabolite nicotinamide adenine dinu-
cleotide (NAD) and containing immobilized ligands and receptors was also inves-
tigated for the controlled diffusion of model proteins [238]. Both cibacron blue 
(ligand) and lysozyme (receptor) were covalently linked to dextran. NAD serves 
as a competing ligand and competes with cibacron blue in its interaction with 
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lysozyme. With the use of cytochrome C and hemoglobin as model proteins to 
examine the diffusion across the hydrogel membrane in response to differential 
concentrations of NAD, saturation kinetics was observed. This approach of sens-
ing ambient levels of NAD can be generalized to diagnose the levels of different 
analytes by suitably selecting a competing ligand-receptor interaction, thereby 
affecting the permeability of the polymer membrane.

Molecular imprinting is a versatile method for creating macromolecular matri-
ces (hosts) that display selective molecular recognition behavior. This is achieved 
by enabling the synthetic hosts to “memorize” the out fits of targeted guests. Oya 
et al. were pioneers in proposing the creation of stimuli-sensitive gels with the 
ability to recognize and capture target molecules using polymer networks consist-
ing of at least two species of monomers, each playing a different role. One forms 
a complex with the template (i.e., the functional or absorbing monomers capable 
of interacting ionically with a target molecule), and the other allows the polymers 
to swell and shrink reversibly in response to environmental changes (i.e., a smart 
component such as NIPAAm). The gel is synthesized in the collapsed state and, 
after polymerization, is washed in a swelling medium. The imprinted cavities 
develop affinity for the template molecules when the functional monomers come 
into proximity, but when they are separated, the affinity diminishes. The prox-
imity is controlled by the reversible phase transition that consequently controls 
the adsorption/release of the template (Fig. 2.19) [239]. The design of a precise 
macromolecular chemical architecture that can recognize target molecules from 
an ensemble of closely related molecules has a large number of potential appli-
cations. The main thrust of research in this field includes separation processes, 
immunoassays and biosensor recognition elements.

2.5.6  Self-Healing

While stimuli-responsive polymers were designed to function as passive struc-
tures, there has also been a dynamic growth in interest in dynamically restructur-
ing or self-healing polymers in recent years [240]. Such materials can undergo 
autonomic healing to repair damage and thus offer a new route towards safer, 
longer-lasting products and components. Among them, self-healing soft materials 
such as hydrogels are particularly promising for a variety of medical applications 
owing to their biocompatibility and mechanical similarity to natural tissues. Self-
healing hydrogels, for example, have unique advantages as injectable biomateri-
als, which are increasingly being explored to minimize the risks and complications 
associated with surgical implantation [241]. The first reported approach for the 
design of self-healing materials was based on the microencapsulation of a reactive 
species that can polymerize or react with the matrix when released upon rupture of 
the encapsulating agents [242]. This reaction, at the damage site, was irreversible 
and the supply of healing agents was depleted locally. Therefore, the repair could 
not be repeated. Although some other approaches were adopted to attain multiple 
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healing cycles of a single crack, repetitive healing was very rare in such systems. 
From these perspectives, intrinsic self-healing materials capable of repetitive 
repair are an increasingly active research area of particular scientific and commer-
cial interest.

Intrinsic self-healing can be accomplished through thermally reversible reac-
tions [243], hydrogen bonding [244], ionomeric coupling [245], a dispersed melta-
ble thermoplastic phase [246], or polymer diffusion [247]. Among these strategies, 
the gelation techniques based on selective or specific interactions were found to be 
more promising. Host–guest interactions, for example, have been widely used in 
the construction of self-healing hydrogels (Fig. 2.20a). The combination of mul-
tiple noncovalent interactions, such as hydrogen bonding, π–π stacking, charge 
transfer, and hydrophobic interactions between two complementary compounds, 
not only gives them a good binding affinity but also allows them to form com-
plexes with fixed host–guest geometry and directionality [248]. On the other hand, 
metal-ligand interactions were also found to be promising because they are not 
only thermodynamically stable but also kinetically labile. Moreover, their revers-
ibility can be selectively tuned by using different metal ions. Beck and Rowan 
have demonstrated the construction of room-temperature healable gels via the 
self-assembly of ditopic ligands, consisting of a 2, 6-bis(1-methylbenzimida-
zolyl) pyridine (BIP) moiety attached to either end of a PEG core, in the presence 

Fig. 2.19  Reversible 
molecular adsorption based 
on multiple-point interaction 
by shrinkable gels. Shrunken 
gels at 55 °C (upper dish) and 
swollen gels at 25 °C (lower 
dish) under illumination 
with UV. In the shrunken 
state, the gel adsorbed all of 
the pyranine molecules, but 
in the swollen state, the gel 
released them all, as shown 
by their fluorescence [239]
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of transition metal/lanthanide ions [249]. Holten-Andersen et al. [250] have 
 developed a simple method for controlling catechol–Fe3+ interpolymer crosslink-
ing, inspired by the pH jump experienced by proteins during the maturation of a 
mussel byssus secretion. The catechol–Fe3+ bonds can spontaneously reform after 
breaking, and such a network displays high elastic moduli. The authors have also 
prepared rapid self-healable and biocompatible hydrogels by the selective forma-
tion of metal-ligand complexes between selected metal ions and phosphate end 
groups of PEG (Fig. 2.20b). The gels were rapidly formed with trivalent metal 
ions such as Fe3+, V3+, Al3+, Ti3+, and Ga3+, which have small ion radii. We 
have also demonstrated a gel–sol/sol–gel transition by switching the redox states 
of Fe3+/Fe2+ ions [251]. Learning from biological systems, the proposed phos-
phate-metal-ion-based self-healable hydrogels could become attractive candidates 
for various biomedical and environmental applications.

2.6  Conclusions and Future Trends

Smart hydrogels have the remarkable ability to respond to stimuli in a variety of 
ways. Because some environmental variables, such as low pH and elevated tem-
peratures, are found in the body, smart hydrogels have enormous potential in vari-
ous biomedical applications. For example, different types of smart hydrogels have 
been investigated for a series of drugs in vitro or in vivo. As a result, new and 
interesting controlled and sustained delivery strategies have become available. The 
fascinating properties of the stimuli-sensitive polymers are promising for many 
future applications and offer possible use as the next generation of materials in 
biological, biomedical and pharmaceutical products. Fundamental studies also 
greatly contributed to our present understanding of this unique class of materials. 
Although the concepts of these smart hydrogels are sound, the practical applica-
tions require significant improvements in the hydrogel properties. The most sig-
nificant weakness of all these hydrogels is that their response time is too slow. 

Attached Strained  

(a) (b)  

Fig. 2.20  Photographs of self-healing hydrogels. The self-healing is accomplished through a 
host–guest interactions [248], and b metal–ligand complexation [251]
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Thus, fast-acting hydrogels are still necessary. The synthesis of new polymers and 
cross linkers with more biocompatibility and better biodegradability would also 
be essential for successful applications. It is also expected that principles from the 
expanding research area of supramolecular chemistry will be applied to design 
novel types of hydrogels with tailored properties, which can preferably be pre-
pared in an aqueous environment. Also, protein engineering might contribute to 
the development of hydrogel systems with very precise control over their micro-
structure, and thus, their properties. Again, smart hydrogels are an interesting class 
of materials that can be prepared by a variety of methods. Concurrent develop-
ments in the design of new responsive polymers along with structure-property 
evaluations are vital for practical applications of smart hydrogels. Not only does 
this enable the application of smart hydrogels to existing scientific problems, but it 
also allows previously unimagined technological directions to be explored.
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3.1  Introduction

This chapter provides an introduction to smart nanoassemblies and  nanoparticles 
as well as recent applications in biosensing, drug delivery, and bioimaging. 
Nanoparticles provide a particularly useful platform, demonstrating unique prop-
erties with potentially wide-ranging therapeutic applications. The wide variety of 
core materials makes nanoparticles an excellent platform for a broad range of bio-
logical and biomedical applications. Particular attention is also paid to nanoassem-
blies, because organization proceeds with low energy consumption by the use of 
various interactions in the self-assembly processes. Indeed, self-assembly can 
occur spontaneously in nature, for example, in cells such as the self-assembly of 
the lipid bilayer membrane. Self-assembly has been repeated since the appear-
ance of water on Earth. Life on this planet is also repeating a similar cycle. Living 
things sustain their outward appearance by self-organization of innumerable cells 
by using energy supplied from other life forms and the system of self-assembly 
of molecules. Then, what is the ‘trigger’ for the self-assembly of molecules in the 
living body? The answer is a combination of several kinds of interaction such as 
hydrophobic-hydrophobic, electrostatic, coordinate bond, hydrogen bond, and 
ligand-receptor. By using these ‘triggers’, we can design ‘smart’ block copolymers 
that gain and lose their amphiphilic property in response to external stimuli, result-
ing in stimuli-responsive micelle formation/deformation (Fig. 3.1) [1].

The self-assembly by macromolecules/polymers has also been applied to 
combine metal and inorganic particles as organic-inorganic hybrid materials. 
Well-defined assembly designs may seem impossible, like stones scattered in 
water forming a small shrine automatically. In the development of biomateri-
als, however, the exact control of self-assembly is one of the great challenges. 
The biocompatibility of materials is also an important factor for biomaterials, as 
well as their controlled structures. The origin of controlled drug delivery using 
biomaterials dates back to the 1960s, and the material sizes have been continu-
ously decreasing (macrosize in the 1970s, microsize in the 1980s, and nanosize 
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in the 1990s~) with the development of technologies [2, 3]. On the basis of the 
Ringsdorf model for polymer drugs [4], various types of nanomaterial have been 
developed. As the representative materials for nanostructure formation in water 
by self-assembly, amphiphilic block copolymers have been used [5]. The amphi-
philic block copolymers are composed of hydrophilic and hydrophobic blocks, 
and form nanostructures such as micelles and vesicles for their thermodynamic 
stability. As the hydrophilic block, poly(ethylene glycol) (PEG) has been most 
studied. PEG is a material approved by the Food and Drug Administration (FDA), 
and is applied in a wide range of fields owing to its biocompatibilities that origi-
nate from the neutral charge and high excluded volume effect. For example, 
PEGylated enzymes and proteins have been increased their stability and circula-
tion time [6]. To obtain interesting properties, PEGylated materials for drug carri-
ers have been prepared actively in laboratories, and some drug-loaded carriers are 
already available on the market.

The ideal method of polymer-conjugated drug carriers has been discussed on 
the basis of three concepts, which are (1) PEGylation, (2) enhanced permeabil-
ity and retention (EPR) effect, and (3) active targeting [2, 3]. The EPR effect was 
found by Maeda et al. [7], which is a phenomenon whereby nanoparticles tend 
to accumulate in tumor tissue for the gap of the blood vessel around the tumor 
caused by the rapid growth of cancer cells, and their underdeveloped lymph ves-
sel. Moreover, these drug carriers must also be designed with appropriate sizes to 
overcome living barriers, for instance, the reticuloendothelial system (RES) and 
so on. The system of nanocarriers accumulated in a tumor by the EPR effect is 
known as passive targeting. On the other hand, for more effective accumulation, 
nanocarriers with an affinity site on the surface have been reported to interact with 
target cells; this system is called active targeting. Cancer cells usually express 
superabundant receptors such as low-molecular-weight compounds and antibod-
ies, as compared with normal cells. In active targeting, the receptors are used 

Stimuli

Fig. 3.1  Schematic illustration of a smart self-assembly system. When block copolymers are 
designed with a stimuli-responsive polymer as the inner core and hydrophilic polymers as the 
outer shell, the copolymer gains and loses its amphiphilic property in response to external stim-
uli, resulting in stimuli-responsive micelle formation/deformation [Ref. 1]
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as targeting sites for the injected nanocarriers. However, these cancer cells are 
 usually located outside of blood vessels. Therefore, nanocarriers for active target-
ing firstly experience the EPR effect, and the diameter plays an important factor in 
this targeting. Kataoka and coworkers have prepared various types of self-assem-
bled micelle consisting of biocompatible block copolymers. For example, a block 
copolymer of PEG-b-poly(α,β-aspartic acid) was prepared, and the α,β-aspartic 
acid units were combined with the anticancer drug doxorubicin (DOX) by cova-
lent bonds. The amphiphilic block copolymers formed micelles consisting of the 
combined DOX at the core in aqueous media. Moreover, the combined DOX in a 
polymer structure could interact with free DOX by their π–π interaction, which 
led to the efficient drug loading into the core part [8, 9]. The poly(α,β-aspartic 
acid) blocks can also interact with polymers with a positive charge by electro-
static interaction. Harada et al. prepared unique micelles called polyion complex 
(PIC) micelles by mixing the block copolymers of PEG-b-poly(α,β-aspartic acid) 
and PEG-b-poly(L-lysine). The properties including diameter were controlled 
by adjusting the mixture ratios of block copolymers [10]. Charged enzymes and 
nucleic acids are also incorporated into the micelle structure by the electrostatic 
interactions. In fact, the nucleic acids interacted with PEG-b-poly(L-lysine), which 
successfully formed a well-defined nanoassembly [11]. Moreover, micelles formed 
by disulfide bonds were collapsed to locate in an endocytotic reducing environ-
ment for an effective drug delivery system [12]. It is important to deliver these 
drug materials to target cells and organelles without their disintegration in the liv-
ing body. Drug delivery system (DDS) using these biocompatible micelles will 
be paid increasing attention (Fig. 3.2) [13]. Triblock copolymers of poly(ethylene 
oxide) (PEO)/poly(propylene oxide) (PPO) known as Pluronics® have been conju-
gated with various materials for DDS [14]. Moreover, PEGylated liposome-DOX 
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Fig. 3.2  Block copolymers consisting of neutral hydrophilic lock and ionic block for drug deliv-
ery systems [Ref. 13]
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has already been used for medical treatment as Doxil®, which was approved by 
the FDA in 1995. In the future, many kinds of PEGylated carrier will appear on 
the market following clinical tests.

These self-assemblies of block copolymers triggered by their differ-
ent solubility on each block are also observed in organic solvents as well as 
in aqueous solution. Semsarilar et al. polymerized block copolymers with 
poly(benzylmethacrylate) (PBzMA) block in methanol or ethanol solution. During 
the polymerization, the block copolymers changed their structures, such as sphere, 
worm, and vesicle, depending on the polymer length of the PBzMA block [15]. 
From the point of view of structural design, it is of great interest that the assem-
bled nanostructures are controlled by the designed block copolymers although the 
polymers are composed of the same raw materials. Recently, stimuli-responsive 
block copolymers have been focused on for their controlled properties by chang-
ing the external environment such as temperature, pH, light, and molecules. For 
example, hydrophilic-hydrophilic block copolymers turn the properties to amphi-
philic or hydrophobic-hydrophobic one by the external environment. The unique 
‘on-off’ switching system has been applied in a wide range of fields including 
biomaterials. The preparation of well-defined functional nanomaterials is closely 
related to the improvement and simplicity of the polymerization technique. 
Nowadays, controlled living radical polymerizations (CLRPs) such as nitroxide-
mediated radical polymerization (NMP), atom transfer radical polymerization 
(ATRP), and reversible addition fragmentation chain transfer (RAFT) polymeri-
zation lead to the preparation of well-defined polymers to laboratories [16–20]. 
Moreover, the click chemistry proposed by Sharpless and coworkers has also been 
a powerful tool for polymer design [21]. These preparation techniques have been 
applied to not only polymer design but also organic-inorganic hybrid materials. 
Regarding metal nanoparticles including quantum dots (QDs), for example, their 
dispersion ability in solution is usually poor with decreasing diameter because of 
strong aggregation due to the large surface area. However, these inorganic nan-
oparticles modified by hydrophilic polymers can be prevented from aggregating 
with each other, and show high dispersibility. Methods that involve grafting-to, 
grafting-from, and layer-by-layer (LbL) processes are usually used for the modifi-
cations. Moreover, the polymerization conditions are shifted to bioinert conditions 
such as low-temperature, metal-free, and organic-solvent-free conditions, which 
accelerate the application of these prepared materials to biomaterials. Therefore, 
polymers are directly polymerized from biomolecules such as enzymes, nucleic 
acids, and proteins for additional properties and functions of polymers [22].

In this chapter, we focus on smart nanoassemblies and nanoparticles as bioma-
terials. The synthesis and characterization methods are discussed in Sects. 3.2 and 
3.3, respectively. In Sect. 3.4, special attention is paid to the recent advances in 
stimuli-responsive nanoassemblies and nanoparticles. In Sect. 3.5, certain appli-
cations are discussed. The chapter ends with an overview of some of the future 
trends in applications in biotechnology and biomedicine.
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3.2  Synthetic Methods

3.2.1  Controlled Living Radical Polymerizations

The design of polymers based on their hydrophilic-hydrophobic balance is of great 
importance to form stable self-assembled structures. The polymer design, such 
as compositions, structures, and properties, has been achieved using Controlled 
Living Radical Polymerizations (CLRP) methods. CLRPs are radical polymeriza-
tions to polymerize polymers with controlled molecular weight and narrow molec-
ular weight distribution by utilizing the equilibrium between active and dormant 
species [16–20]. Moreover, polymers obtained by these CLRPs can restart their 
polymerizations from the end of the chain, which leads to the preparation of block 
copolymers. Therefore, these CLRPs have led to the generation of several types of 
polymer structure such as block copolymers, star copolymers, graft copolymers, 
surface modifications, and gels owing to their easy methods and the wide range of 
polymerizable monomers (Fig. 3.3).

(a) (b) (c) (d) 

Fig. 3.3  Various types of polymeric architectures. a Random, b block, c star, and d graft 
copolymers

Table 3.1  Advantages and disadvantages of CLRPs

NMP ATRP RAFT

Advantages Without transition metals Versatile Without transition metals
Low coloration Versatile
Low odor

Disadvantages Low versatile With transition metals Coloration
Potential for odor

3.2  Synthetic Methods
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There are mainly three types of CLRPs such as nitroxide-mediated  radical 
polymerization (NMP), atom transfer radical polymerization (ATRP), and 
Reversible addition-fragmentation chain transfer (RAFT) polymerization. The 
advantages and disadvantages of these CLRPs are summarized in Table 3.1. NMP 
uses reversible relationships of active and dormant species via temperature con-
trol without adding an external radical and metal catalysis [16]. ATRP uses an 
oxidation–reduction reaction of transition metals, which start their polymerization 
to generate a radical by pulling out the halogen group at ATRP initiators owing 
to interaction with a complex consisting of a metal catalyst and a ligand [17, 18]. 
The reversible extraction of the halogen groups for generating radicals and their 
inclining equilibrium to dormant species lead to the formation of well-defined 
polymer structures. As transition metals, copper and ruthenium are mainly used 
for the ATRP, and, as other metals, iron, titanium, cobalt, and nickel have been 
reported [23–26]. There are many advantages of the ATRP method, such as util-
ity for various monomers and enabling the polymerization in solution under bioin-
ert conditions. For the large-scale production of well-defined polymers by ATRP, 
experiments in cooperation with companies have also been carried out. From the 
point of view of application as biomaterials, however, it is necessary to completely 
remove the toxic transition metals. At the laboratory scale, the transition metals 
can be removed using a simple alumina column. Therefore, ATRP achieved with 
a small amount of transition metals is a great challenge for the large-scale produc-
tion of polymers for use not only in the living body but also in the environment. 
Recently, various types of ATRP have been developed under this concept. For 
example, the reverse-ATRP and SR and NI-ATRP use Cu(II) with a higher stabil-
ity during oxidation than Cu(I), which are used to reduce Cu(II) to Cu(I) by radical 
initiators such as azobisisobutyronitrile (AIBN) [27]. However, there are some side 
reactions due to AIBN and the large amount of metal catalyst is required, as well 
as the normal ATRP. The effects of metal catalysis and ligands in polymerizations 
have also been reported, and highly active ligands such as tris[2-(dimethylamino)
ethyl]amine (Me6TREN) lead to well-controlled polymerization with a small 
amount of a metal catalyst. Initiators for continuous activator regeneration (ICAR) 
can control the concentration of the Cu(I)-ligand complex by the use of a radical 
initiator to decrease the Cu(II) amount used by 100 ppm or less. The amount of 
catalyst in the polymerization is very small compared with that in normal ATRP, 
which requires 1,000–10,000 ppm. However, the ICAR polymerization also 
requires the use of radical initiators such as AIBN and 4,4′-azobis-4-cyanovaleric 
acid (ACVA) [28]. On the other hand, for activator generated by electron transfer 
(AGET)-ATRP, it is not necessary to use these radical initiators because the Cu(II) 
is reduced to Cu(I) by a reducing agent such as ascorbic acid, which achieves the 
controlled polymerization with a low catalyst concentration and no side reactions 
[29]. For CLRPs, oxygen is usually an inhibitor their interaction with radicals and 
has to be removed through degasification or replacement (N2 or Ar gas) before 
the polymerizations. Recently, oxygen (inhibitor of polymerization) dissolved in 
polymerization solution has been used for oxidation to control the polymeriza-
tion, known as activators regenerated by electron transfer (ARGET)-ATRP. This 
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polymerization can start by adding a  suitable reducing agent without exactly 
removing oxygen [30]. Moreover, a combination between the oxidation-reduction 
reaction and an electric current has been reported to achieve the CLRP. In this 
case, the polymerization only proceeds when the power is on [31].

RAFT polymerization occurs later than ATRP [19, 20]. The polymerizations 
are controlled to propagate radicals by only adding a compound having a thiocar-
bonylthio group called RAFT agents in a typical radical polymerization system. 
The universalities for applicable monomers and solvents, and polymerization 
under bioinert and metal-free conditions are great advantages for application to 
biomaterials. However, there are some problems of the smell and coloration that 
originate from RAFT agents. The problems can be overcome by removing the 
structure of the RAFT agent at the terminal polymer chain by appropriate treat-
ment. Recently, end groups of polymers derived by RAFT agents have been 
actively transformed to reactive groups for adding functionality to polymers, 
as shown later. The structures of RAFT agents have to be selected for the elec-
tronic properties of polymerized monomers. Dithio ester and trithio carbonate in 
the RAFT agents are generally suitable to polymerize a conjugated monomer. On 
the other hand, nonconjugated monomers are polymerized using a RAFT agent 
with xanthate and dithio carbamate. In other words, it is difficult to prepare a block 
polymer shown as poly(conjugated monomer)-b-poly(non-conjugated monomer) 
using one type of RAFT agent. A series of switchable RAFT agents with electronic 
structures have been reported for the preparation of poly(conjugated monomer)-b-
poly(nonconjugated monomer) block copolymers [32]. The RAFT agents named 
universal (switchable) RAFT agents can polymerize both conjugated/nonconju-
gated monomers by controlling the pH of the polymerization solution. Pun and 
coworkers [33] have recently reported a neuron-targeted, reduction-responsive cati-
onic block copolymer by a combination of RAFT polymerization of oligo(ethylene 
glycol) monoethyl ether methacrylate (OEGMA) and ATRP of glycidyl meth-
acrylate (GMA), followed by postpolymerization decoration of reactive epoxy 
groups in the GMA block by tetraethylenepentamine (TEPA) (Fig. 3.4).

Recently, synthesis methods for conjugation between polymers and biomol-
ecules (enzyme, protein, and nucleic acid) have been investigated using these 
CLRPs under bioinert condition, i.e., body temperature, buffer solution, and non-
toxicity. Actually, several polymers have been polymerized in water solution by 
ATRP and RAFT, and these polymerizations have been directly used to combine 
with biomolecules [22]. Averick et al. prepared bovine serum albumin (BSA) pro-
tein combined with ATRP initiator, and poly(oligo(ethylene oxide) methacrylate) 
(POEOMA) was polymerized from the modified BSA in aqueous (or PBS) at 
30 °C. This polymerization was under a bio-inert condition, which caused no 
damage to the proteins [34]. Narain et al. prepared poly(N-isopropylacryamide) 
(PNIPAAm) and biotinylated-PNIPAAm by RAFT polymerization. These poly-
mers were coated on iron oxide nanoparticles (diameter, 10 nm), and conjugated 
with streptavidin with fluorescein biotins. The conjugate behaviors were meas-
ured as fluorescence intensity (Fig. 3.5) [35]. RAFT polymerizations have usually 
required polymerization temperature of 60–70 °C because radical initiators such as 

3.2  Synthetic Methods
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AIBN and ACVA require this temperature range for the generation of free radicals. 
These high temperatures will trigger the production of denatured proteins. Some 
radical initiators such as 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70) 
and 4,4′-Azobis[2-(imidazolin-2-yl)propane] dihydrochloride (VA-044), however, 
can generate radicals at lower temperature close to body temperature, which leads 
to a possibility of the RAFT polymerization under bio-inert condition [36, 37]. 
Li et al. [38] prepared a PNIPAAm-b-poly(N,N-dimethylacrylamide) (DMAAm) 
block copolymer from BSA protein by RAFT polymerization. The thiol groups on 
the BSA were modified with RAFT agents having maleimide by Michael addition 
reaction in PBS (pH 7.2, 5 %-DMF) at 25 °C. The PNIPAAm chain was continu-
ously polymerized from the BSA with RAFT groups using VA-044 as the radical 

Fig. 3.4  Synthesis of 
neuron-targeted copolymers 
using a reducible, RAFT-
ATRP double-head agent 
[Ref. 33] RAFT 

ATRP 

OEGMA

GMA 

TEPA 

Maleimide-Ter1 



75

initiator in PBS at 25 °C. Moreover, BSA-PNIPAAm was used as a macro-RAFT 
agent for the preparation of BSA-PNIPAAm-b-PDMAAm. The conjugated materi-
als are given the temperature-responsive properties by the modified polymers and 
show association/aggregation with increasing solution temperature.

3.2.2  Click Chemistry

Click chemistry has also been applied to the modification/control of the struc-
ture of polymers since it was proposed by Sharpless and coworkers [21]. The end 
groups at polymers polymerized by ATPR and RAFT can typically be transformed 
from halogen/thioester to azido/thiol for click reaction by simple treatment, which 
leads to the combination between CLRPs and click chemistry for the preparation 
of biomaterials. Crownover et al. [39] have synthesized poly(propylacrylic acid) 
(PPAAc) containing a single telechelic alkyne functionality via RAFT polymeriza-
tion with an alkyne-functional chain transfer agent (CTA) and coupled to RAFT-
polymerized poly(azidopropyl methacrylate) (PAPMA) through azide-alkyne 
[3 + 2] Huisgen cycloaddition (Fig. 3.6). Alkyne-azido click chemistry is one of 

SA 

Fluorescein-biotin ligand 

Fig. 3.5  Conjugated temperature-responsive material of iron oxide nanoparticles coated by 
biotinylated-PNIPAAm and streptavidin [Ref. 35]

+ “Click”
 

CuBr 
PMDETA 

Alkyne-functionalized 
PPAAc 

PAPMA 

Fig. 3.6  Synthetic pathway for the preparation of PPAAc graft copolymers from a PAPMA pol-
ymer backbone. PPAAc and PAPMA are assembled via a copper-catalyzed Huisgen 1,3-dipolar 
cycloaddition [Ref. 39]

3.2  Synthetic Methods



76 3 Smart Nanoassemblies and Nanoparticles

the most applied reactions for the modification of polymers. However, this click 
reaction requires toxic copper ion as a catalyst, which has to be removed before 
application to biomaterials. The copper ion can be used as a copper-ligand complex 
for ATRP as mentioned above. By using the copper ion, therefore, polymerization 
and modification of the polymers are achieved by a one-pot reaction as a combina-
tion between ATRP and click chemistry [40]. On the other hand, the click reaction 
between cyclic alkyne and azido dose not require adding a metal catalyst for their 
special structures [41]. Thiol-ene click chemistry has also been focused on as a 
click reaction in the absence of a metal catalyst [42, 43]. A polymer synthesized by 
RAFT polymerization is suitable for the thiol-ene click chemistry because the thio-
carbonylthio groups at the polymer chain end are converted easily to thiol groups 
by a simple reduction treatment. These thiol-ene click chemistries require a radi-
cal source such as an initiator and UV light. The thiol groups in polymers are also 
used for interaction with a gold surface and reaction with maleinide groups, which 
promote the use of the thiol-ene click chemistry for the preparation of biomaterials. 
These combinations between CLRPs and click chemistry are expected to be impor-
tant tools for the design of polymers with unique properties and structures.

3.2.3  Self-Assembly

Block copolymers prepared with stimuli-responsive properties can undergo self-
assembly by recognizing their external environment such as solution, temperature, 
pH, light, and salt concentration. The interactions for forming self-assemblies are 
triggered by hydrophobic interaction, electrostatic interaction, coordinate bonds, 
and hydrogen bonds, and they have structures with thermodynamic stability. The 
most studied assembly formation on biomaterials is sphere type, such as micelles 
and vesicles. The self-assembly triggered by hydrophobic interaction is mainly 
carried out with amphiphilic block copolymers. As preparation methods for the 
self-assemblies, there are typically two methods as follows: (1) Block copolymers 
dissolved in a small amount of water-insoluble organic solution (e.g., chloroform 
and dichloromethane) are poured in water with vigorous stirring. (2) Block copol-
ymers dissolved in a small amount of water-soluble organic solvent (e.g., N,N-
dimethylformamide (DMF) and ethanol) are poured into a large amount of water 
for dialysis. In both methods, the self-assembly formation starts by removing the 
organic solvent from large amount of water. Moreover, it is possible to load a hydro-
phobic drug into the assembly core by dissolving the drug with block copolymers 
in organic solvent. In this way, these formations by self-assemblies have to fore-
see their interactions with each other, the molecules dissolved in solution, and their 
environment. The switchable property of stimuli-responsive polymers can be used 
as a basic concept to manufacture an attractive polymer system that gains and loses 
its amphiphilic property in response to external stimuli, resulting in stimuli-respon-
sive micelle formation/deformation. PNIPAAm is one of the most studied tempera-
ture responsive polymers that show reversible hydration and dehydration in aqueous 
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solution over the lower critical solution temperature (LCST) around 32 °C. When 
block copolymers are designed with PNIPAAm as the outer shell and hydropho-
bic polymers as the inner core, they form micelles with the drug below the LCST, 
whereas the drug release occurs above the LCST of PNIPAAm (Fig. 3.7a) [44, 45]. 
When block copolymers are designed with PNIPAAm as the inner core and hydro-
philic polymers as the outer shell, they form micelles in aqueous solution and permit 
hydrophobic drug loading above the LCST (Fig. 3.7b) [46–48]. Increased complex-
ity has also been demonstrated with double-responsive polymers with two stimuli-
responsive blocks. Dual temperature-responsive block copolymers with tunable 
LCSTs, for example, allow the construction of reversible nanoassembly-forming 
species. The block copolymer can be transformed from a double-hydrophilic to an 
amphiphilic and finally to a double-hydrophobic block copolymer under bio-inert 
conditions. Therefore, nanoassembly and drug encapsulation occurred through sim-
ple mixing of polymer solutions with the drug below the LCSTs of both blocks, 
and upon heating at temperatures greater then the second LCST, the nanoassembly 
aggregated and the drug was released from the micelles (Fig. 3.7c) [49–51].

3.2.4  Precipitation Polymerization

Hydrogels in the form of microgels and nanogels have been investigated because 
they display many advantages when they are used in biological applications as 
a result of their high water content and biocompatibility. They can absorb large 
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Fig. 3.7  Temperature-responsive micellization behavior of PNIPAAm based block copolymers 
with a PNIPAAm as the outer shell, b PNIPAAm as the inner core, c and double LCSTs in aque-
ous solution. The assembly/aggregation are controlled due to the solution temperature
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amounts of water or biological fluids because the polymer networks have a 
high affinity for water. However, they do not dissolve because they consist of a 
crosslinked network. PNIPAAm gel particles are typically prepared by precipi-
tation polymerization or emulsion polymerization [52, 53]. In the precipitation 
polymerization approach, the polymerization of monomers and crosslinkers is ini-
tiated in water by a free-radical initiator at temperatures above the LCST. Once the 
growing polymer chains reach a critical length, they collapse and phase separate to 
form colloidal particles. This method offers numerous advantages, such as the pro-
duction of remarkably uniform particles and the ability to control particle param-
eters, such as size, charge, and crosslinking density.

3.2.5  Coacervation

Coacervation is a phase-separation phenomenon induces micro/nanoscale droplets, 
that is, “coacervate droplets”, consisting of a concentrated colloid (or polymer) 
phase. The particulate coacervate droplets can be formed by external environ-
ment such as solution, temperature, pH, light, and salt concentration. It has been 
reported that a temperature-responsive type coacervation is also demonstrated in 
aqueous solutions. When such a temperature-responsive polymer is heated above 
the LCST in an aqueous medium, the polymer chains enter into a “partially” dehy-
drated state and then associate with each other via a hydrophobic interaction and 
hydrogen bonding, resulting in the formation of the coacervate droplets. Cooling 
the solution below the LCST leads to rehydration of the polymer chains, and the 
coacervate droplets disappear. Therefore, by crosslinking the polymer chains 
during the formation of the coacervate droplets above the LCST, it is expected 
to obtain the micro/nanoparticles. On the basis of this concept, a few research 
groups successfully synthesized these temperature-responsive hydrogel micro-
spheres by utilizing the temperature-responsive type coacervation. However, it 
is still difficult to prepare a fine micro/nanoparticles with multi-stimuli respon-
sive properties. To overcome this point, coacervate droplets were formed in the 
two-component nonionic poly(N-isopropylacrylamide-co-2-hydroxyisopropy-
lacrylamide) (poly(NIPAAm-co-HIPAAm)) and ionic poly(NIPAAm-co-2-carbox-
yisopropylacrylamide) (poly(NIPAAm-co-CIPAAm)) aqueous system by heating 
the solution above their responsive temperature. The resulting coacervate drop-
lets included both types of polymer chain. Divinyl sulfone, which crosslinks the 
hydroxyl groups of the poly(NIPAAm-co-HIPAAm), was added to the coacervate 
droplets. In this way, the stimulus-responsive semi-interpenetrating polymer net-
work (IPN) hydrogel microsphere consisting of the poly(NIPAAm-co-HIPAAm) 
gel matrix and the linear poly(NIPAAm-co-CIPAAm) chains could be prepared, 
and their sizes were relatively homogeneous. That is, by utilizing the temperature-
responsive coacervate droplets induced in the binary system, we could success-
fully prepare the fine stimuli-responsive semi-IPN hydrogel, and it was prepared 
by a simple and easy method [54–59].
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3.2.6  Incorporation of Inorganic Nanomaterials

Besides the polymeric self-assemblies, there are other nanoparticles consisting 
of inorganic materials such as metal, quantum dot, and silica. Metal and quan-
tum dot nanoparticles are usually combined with biocompatible polymers owing 
to their original high aggregation and toxic properties. Their structures as nano-
materials are relatively simple such as sphere, rod, and cube. However, inorganic 
silica particles that have high biocompatibility and stability can be controlled 
on the diameters between nano- and micro-orders, and their structures are also 
easily controlled, not only as a sphere but also other complex structures, which 
lead to their extensive application to for biomaterials. As preparation methods of 
silica particles, the ‘reverse microemulsion method’ and ‘Stöber method’ have 
been widely used [60, 61]. In the reverse microemulsion method, the diameters 
of the silica particles are controlled in nano-order by changing the amounts of 
water, oil, and surfactant at a desirable reaction temperature. On the other hand, 
in the ‘Stöber method’, the diameters are dependent on the reaction temperature 
and concentration of starting materials such as tetraethyl orthosilicate (TEOS), 
ethanol, water, and ammonia solution, which are controlled from nano- to micro-
order under an appropriate reactive condition. Toxicity is also very important for 
the materials used as biomaterials. Therefore, silica particles have been exten-
sively studied in terms of their toxicity since the development of the preparation 
methods. Generally, toxicity increases with decreasing diameter because of the 
extremely high surface area of silica particles, especially nanoparticles. Moreover, 
the accumulation of silica materials to organ in vivo is dependent on the diameters. 
These phenomena with regard to diameter are not only related to silica particles 
but also other metal particles of similar sizes. In other words, the properties of the 
particles, namely, their toxicity and accumulation to organs, are strongly affected 
by the size, shape, and surface area, which will be mentioned in Sect. 3.5 in detail. 
Moreover, the preservation of silica particles has also been investigated for their 
easy handling and transportation. For example, silica nanoparticles (SiNPs) col-
lected by freeze drying as powder can be conveniently transported. However, upon 
redispersion, it is difficult to obtain a clear redispersion with decreasing diame-
ter, because of their strong aggregation caused by a high surface area. Lin et al. 
reported that mesoporous silica nanoparticles (MSiNPs) modified by dual orga-
nosilane (hydrophilic and hydrophobic silane) showed a high redispersion in water 
after being collected as powder by freeze drying. The dried MSiNPs of 60 nm 
diameter were dispersed in a biological solution, and their high dispersibility was 
maintained over 15 days [62]. Like the MSiNPs with a pore structure and a high 
surface area, several types of silica structure such as hemispherical, discoidal, 
cylindrical, dual mesoporous, hollow, ellipsoidal, raspberry-like, chrysanthemum-
like, and janus have been developed for adding functionalities [63–69]. Decuzzi 
et al. prepared silica materials with different formations (spherical, hemispheri-
cal, discoidal, and cylindrical) to investigate the accumulation in organs, which is 
dependent on their structures by injection via the tail vein [63].

3.2  Synthetic Methods
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Silica materials have many silanol groups on their surface, and the groups 
are used as reactive groups with amine, carboxylic acid, and so on. Moreover, a 
compound having a triethoxysilane group (e.g., 3-Aminopropyltriethoxysilane 
(APTEOS)) can directly react with silanol groups on the silica materials by cova-
lent bonds. These simple surface modifications of silica particles are applied in 
combination with low/high-molecular-weight molecules, enzymes, nucleic acids, 
proteins, and metals, and are also used as reactive groups for ATRP, RAFT, and 
click chemistry. In this way, nanoassemblies and nanoparticles are easily designed 
with complicated functionalities by the combination of preparation methods 
as mentioned above. These new preparation methods for nanomaterials will be 
reported continuously, and it is expected for mass-production of biomaterials.

3.3  Characterization Methods

Physicochemical properties of nanoassemblies and nanoparticles have been meas-
ured for objects as follows: (1) parameters in solvent such as diameter, numbers of 
block copolymers consisting of assemblies, and surface charge; (2) determination 
of assembly behaviors; and (3) visualization of the nanostructures as images using 
microscopes such as the scanning electron microscope (SEM), transmission elec-
tron microscope (TEM), and atomic force microscope (AFM).

3.3.1  Determination of Particle Sizes and Zeta Potential

Size and surface property of nanomaterials are significantly important charac-
teristics toward the biomedical applications. For example, the positively charged 
particle would be more effective as a gene transfection carrier because cell mem-
brane carries a negative charge. The size or shape is also important parameters for 
a nanomaterial’s utilization of specific endocytosis trafficking. Dynamic light scat-
tering (DLS) is a typical measurement method for diameters of nanoassemblies 
and nanoparticles. When light is irradiated to the dispersion of nanomaterials with 
Brownian motion, the scattered light shows Doppler shift depending on the motion 
of nanomaterials. The dynamics of nanomaterials are estimated by analyzing the 
scattered light data. From autocorrelation function, the relationship between atten-
uation constant (Γ) and translational diffusion coefficient (D) is shown as the fol-
lowing numerical formula.

 (q = (4πn0/λ0)sin(θ/2), n0: refraction index of the solvent, λ0: wavelength)
The hydrodynamic radius (Rh) is calculated using the Einstein-Stokes relation 

as below. 

(3.1)D = Γ/q2

(3.2)Rh = kT/6πηD
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 (k Boltzmann’s constant, T absolute temperature, η solvent viscosity).
The analytical range of the diameter is from the nano- to micro-order, and 

the diameters can be measured not only in aqueous solutions but also in organic 
solvents. Moreover, by adding an electric field to the dispersion, surface charges 
of the nanomaterials are estimated, which is known as the zeta potential. It is 
used for calculating the migration velocity of nanomaterials in an electric field, 
which is proportional to the surface charges. The zeta potential (ξ) is shown in 
Smoluchowski’s equation. 

 (U = V/E, U electrical mobility, V migration velocity, E electric field, η solvent 
viscosity, ε dielectric constant of the solvent).

Static light scattering (SLS) that uses the intensity of scattered light as a func-
tion of scattering angles can be used to calculate the absolute molecular weight 
(M) and second virial coefficient (A2) as follows. 

 (Rθ Rayleigh ratio, K optical constant, Rg radius of gyration, C concentration).
These M, A2, and root-mean square radius of gyration 〈Rg

2〉1/2 are obtained 
using the Zimm plot that is shown using the calculated Rayleigh ratio from the 
dispersion samples at different concentrations. From these values, the numbers of 
polymer in one assembly can be calculated.

3.3.2  Microscopic Observations

Microscopes such as SEM, TEM, and AFM are powerful tools for the direct obser-
vation of nanomaterial formation (Fig. 3.8). Samples for these microscopes are 
prepared by the simple dropping of a dispersion of nanomaterials on substrates. Dip-
coating and spin-coating are also typical methods to prepare the samples for micros-
copy. Figure 3.8a shows a SEM image of polymeric nanoparticles. The nanoparticles 
of samples for SEM are usually coated with a thin layer (~10 nm) such as carbon, 
gold, and platinum to obtain a high resolution. Therefore, the nanoparticles in the 
SEM image include those thin layers in the diameters. Moreover, dried polymeric 
samples for SEM measurement lead to smaller diameters than the swelled hydrody-
namic diameters determined by DLS. Hierarchical structures can also be obserbed by 
SEM (Fig. 3.8b). Figure 3.8c, d shows TEM images of SiNPs. As one of the advan-
tages, the samples for TEM do not need to be coated by metallic thin layers. TEM 
grids are usually covered with a transparent thin membrane on which samples are 
trapped, and the dispersion solvent of the samples has to be selected with the nonde-
struction of the thin membrane. Figure 3.8e shows an AFM image of SiNPs, which 
can be used to measure not only the diameter but also the structural roughness. In this 
way, nanostructures are directly measured using these types of microscope.

(3.3)ξ = 4pπηU/ε

(3.4)KC/Rθ = 1/M
(

1 + 1/3

〈

R2

g

〉

q2

)

+ 2A2C
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3.3.3  Dynamic Observations of Conformational Changes

Self-assembly behaviors are affected by many factors such as polymer lengths, 
hydrophilic/hydrophobic balances, compositions, electric charges, and crystalliza-
tion. 1H NMR has been used for the estimation of the self-assembly behavior of 
polymers by calculating their composition. The assembly core usually shows no 
proton peak owing to their solid property and hydrophilic shell part. In our group, 
double temperature-responsive block polymers of PNIPAAm-b-P(NIPAAm-co-
HMAAm) were dissolved in D2O at different solution temperatures to estimate 
their changing compositions owing to self-assembly. Below the lower critical 
solution temperature (LCST) of the PNIPAAm block, the HMAAm content was 
around 9 mol %, which was close to the HMAAm content in PNIPAAm-b-
P(NIPAAm-co-HMAAm). On the other hand, the HMAAm content was increased 
by about 22 mol % when the temperature reached 37.5–50 °C (over LCST 
of PNIPAAm block). The 22 mol % was similar to the HMAAm content in the 
P(NIPAAm-co-HMAAm) block (Fig. 3.9) [51]. In this way, the peaks from 1H 
NMR data lead to the detection of the self-assembly behavior as their polymer 
compositions change. However, the sample is usually required to have a compara-
tively high concentration of 5–10 mg/mL.

The critical micelle concentration (CMC) is widely used to determine the self-
assembly behavior of polymers. Micelles consisting of polymers have high ther-
modynamic stability, and the CMC (10−6–10−7 M) is more than 1,000 times lower 
than that of typical surfactants (10−3–10−4 M). Moreover, the stability of assemblies 
increases by crosslinking the core or shell part. As the measurement method for the 
CMC, fluorescent molecules are often used. The fluorescent molecules sensitively 
recognize the changes in the environment as changes in fluorescence intensity and/

(a) 

(b) 

(c)

(d) 

(e) 

Fig. 3.8  Microscopy images: SEM images of a polymeric assemblies, b silica nanoparticles, c, 
d TEM images of silica nanoparticles, and e AFM images of silica nanoparticles
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or peak shifts; this property is very useful for investigating the polymeric assembly 
behaviors at low concentrations. In the case of pyrene, in hydrophobic environment, 
the fluorescence intensity is increased and the ratio of two vibronic bands (I1/I3) 
is decreased [70, 71]. Eight-anilino-1-naphthalenesulfonic acid ammonium salt 
hydrate (ANS) is a fluorescent molecule with a higher water solubility than that of 
pyrene, which can be used to detect assembly behaviors of polymers as a blue shift 
of the emission maximum [72]. The authors prepared double temperature-respon-
sive block copolymers of PNIPAAm-b-poly(NIPAAm-co-N-(isobutoxymethyl) 
acrylamide (BMAAm)), and investigated the assembly behaviors using fluores-
cent molecules of pyrene and ANS (Fig. 3.10a) [50]. The block copolymer was 
designed to assemble at 27.5 °C in water. As a result, the CMC was calculated as 
10 mg/L using the I1/I3 of pyrene at 27.5 °C (Fig. 3.10b). Moreover, the maximum 
wavelength of ANS showed a reversible shift between 515 and 460 nm at 17.5 and 
27.5 °C, respectively, which suggested that the block copolymers assembled revers-
ibly with changes in. In fact, the nanoassemblies were observed to be 88 ± 20 nm in 
diameter by DLS measurement (Fig. 3.10c).

Winnik and coworkers prepared temperature-responsive polymers with fluo-
rescent molecules modified at polymer chains by a covalent bond, and directly 
investigated the assembly behaviors as fluorescence intensity dependent on solu-
tion temperature. Interestingly, the compositions (the location of fluorescent mol-
ecules), polymer lengths, and solvents affected the intensities [73–75]. Recently, 
polymers having complex structures including fluorescent molecules have been 
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Fig. 3.9  a Temperature-dependent 1H NMR spectra of PNIPAAm-b-P(NIPAAm-co-HMAAm) 
copolymer in D2O. b HMAAm contents in the PNIPAAm-b-P(NIPAAm-co-HMAAm) copoly-
mer are calculated from 1H NMR spectra [Ref. 51]
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easily prepared by the combination of CLRPs and click chemistry (see Sect. 3.2), 
and their solution behaviors have been estimated. Duan et al. synthesized a fluo-
rescent initiator of 1-pyreneyl 2-chloropropionate for ATRP, and polymerized 
PNIPAAm with 2–6 kDa molecular weights using the initiator [76]. Yip et al. syn-
thesized α,ω-diisobutylsulfanylthiocarbonylsulfanyl-PNIPAAm by RAFT polym-
erization. Sequentially, both ends of the chain were converted to thiol groups, 
and were reacted with 4-(1-pyrenyl)butyl iodide in DMF to prepare PNIPAAm 
(6–45 kDa) with the pyrene groups at both ends [77]. Moreover, Scales and cow-
orkers treated the chain end of PNIPAAm to convert the end groups to a thiol 
group using the reducing agent NaBH4, and the thiol groups were combined with 
pyrene molecules [78]. In this way, the fluorescent molecules can be located at 
any place in the polymer chain by simple preparation methods, which have led 
to much knowledge on the assembly behaviors. A temperature-responsive poly-
mer having fluorescent units was applied as a monitor of local temperature in liv-
ing cells by the difference in fluorescence intensity depending on the organelles 
(Fig. 3.11) [79]. The polymers were composed of a temperature-responsive part, 
a fluorescent part, and an anionic hydrophilic part to prevent the precipitation, and 
the temperature of the cell organelles using the difference in lifetime of the fluo-
rescent units was successfully measured.
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Fig. 3.10  a Chemical structure of dual temperature-responsive PNIPAAm-b-P(NIPAAm-co-
BMAAm) copolymer. b Change in fluorescence intensity ratio of I1/I3 of pyrene as a function 
of copolymer concentration. c Reversible self-assembly formation of the copolymer in response 
to temperature cycle between 17.5 and 27.5 °C, followed by DLC and maximum wavelength of 
fluorescent ANS [Ref. 50]
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Recently, fluorescence resonance energy transfer (FRET) has been focused on 
owing the unique properties. The phenomenon occurs as the transfer of the fluo-
rescence of a fluorescent molecule (donor) to another fluorescent molecule (accep-
tor) as excitation energy [80]. As requirements for the FRET, ‘overlap of spectra 
between donor and acceptor molecules’, ‘approach of donor and acceptor mol-
ecules in a range of 1–10 nm’, and ‘dipolar orientation’ are required. Owing to its 
high sensitivity, simplicity, and wide range of wavelengths, FRET is applied to the 
analysis of the biological interaction of biomolecules such as nucleic acids and pro-
teins. Moreover, FRET systems have also been applied to the study of self-assem-
bly behaviors of polymers [81]. Monitoring of the self-assembly behaviors using 
these fluorescent molecules is expected to open a new stage of material design.

3.4  Multi-stimuli-Responsive ‘Smart’ Nanoassemblies and 
Nanoparticles

3.4.1  Double-Temperature-Responsive Systems

Block copolymers having double-temperature-responsive properties possess 
abilities for both drug loading and drug release by only changing the tempera-
ture. In other words, the block copolymers are required to change their properties 

Fluorescent unitHydrophilic unit

Temperature-
responsive unit

Heating
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Fluorescence lifetime (ns)

Fig. 3.11  Intracellular temperature mapping with a fluorescent polymeric thermometer. a 
Chemical structure of the fluorescent polymeric thermometer. b Functional diagram in an aque-
ous medium. c Confocal fluorescence images of FPT (green) and Mito Tracker Deep Red FM 
(Red upper and left lower) and fluorescence lifetime image of FPT (right lower). Arrowheads 
point to local heat production. N indicates the nucleus [Ref. 79]
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on each block successively from hydrophilic-hydrophilic to amphiphilic, and 
 hydrophobic-hydrophobic properties. There were few reports of block copolymers 
having double-temperature responsiveness [82–85]. However, the LCST on blocks 
was completely fixed by their monomer structures, and there was no report on 
the controlled LCSTs on both blocks, i.e., controlled double-temperature respon-
sibilities. We have focused on this point, and prepared block copolymers consist-
ing of PNIPAAm and P(NIPAAm-co-N-hydroxymethyl acrylamide (HMAAm)) 
by one-pot ATRP [86]. For the control of the LCSTs in a copolymer block of 
P(NIPAAm-co-HMAAm), first, the HMAAm was copolymerized at different con-
tents of 10–50 mol %. PNIPAAm copolymerized with the HMAAm is expected to 
increase the LCSTs owing to hydrophilic property of HMAAm as compared with 
NIPAAm. In fact, the LCSTs measured by transmittance change were increased at 
40, 47, 56, and 70 °C by increasing the copolymerized HMAAm contents that were 
10, 20, 30, and 42 mol %, respectively. Moreover, P(NIPAAm-co-HMAAm) with 
50 mol % HMAAm showed no LCST. These results suggested that the LCST of 
PNIPAAm was controlled by copolymerization with desirable contents of hydro-
philic HMAAm monomer. Reaction ratios of copolymerized monomers are also 
important to design the functionality. In the case of the existence of a remarkable 
difference in the reaction ratios, generally, the copolymers cannot have a uniform 
random structure in the polymer chain. As a result, the copolymers show nonsensi-
tive responsiveness to external stimuli. On the other hand, copolymers consisting of 
monomers with similar reaction ratios have a fine random structure, which leads to 
sensitive responsive properties. HMAAm is an acrylamide-type monomer, which is 
expected to have a random structure with NIPAAm for their closed monomer struc-
tures with NIPAAm. Block copolymers of PNIPAAm-b-P(NIPAAm-co-HMAAm) 
polymerized by ATRP were observed to show double temperature-responsive 
behavior in aqueous solution by transmittance change, 1H NMR, and DLS meas-
urements. The HMAAm contents in the P(NIPAAm-co-HMAAm) block were 
controlled as 10, 22, 34, and 52 mol %, respectively. In transmittance change func-
tionalized as temperature, all the block copolymers showed transmittance change 
decreased at 34 °C owing to the dehydration of a common PNIPAAm block, and 
the LCSTs of the P(NIPAAm-co-HMAAm) block increased with increasing 
HMAAm contents, as well as those of the copolymers. Moreover, the LCST of the 
P(NIPAAm-co-HMAAm) block of 52 mol % was not observed. From the 1H NMR 
data, the HMAAm contents in the block copolymers changed at LCSTs of both 
responsive blocks. These results suggested that the block copolymers sequentially 
had hydrophilic-hydrophilic, amphiphilic, and hydrophobic-hydrophobic properties 
with increasing temperature. When the solution temperature is between the LCSTs, 
the amphiphilic block copolymers are expected to form an assembled structure. In 
fact, these block copolymers formed assemblies of 150 nm in diameter above the 
LCST of the PNIPAAm block, and showed aggregation/precipitation above the 
LCST of the P(NIPAAm-co-HMAAm) block located at the assembly shell part. 
The assembly phenomena were completely reversible depending on the solution 



87

temperature. These results suggest that the assembly behaviors could be controlled 
to design the LCSTs of each block in the block copolymers.

However, these assemblies have to be used above LCST of the PNIPAAm 
block to keep the assembled structures. In other words, drug-loaded assemblies 
prepared by increasing solution temperature, it has to be stored at over 32 °C 
to keep their structures. This is not practical for drug carriers. Therefore, in the 
assemblies, LCSTs of the core part as well as the shell part should be controlled. 
The hydrophobic N-(isobutoxymethyl)acrylamide (BMAAm) monomer as com-
pared with NIPAAm was copolymerized for the preparation of P(NIPAAm-co-
BMAAm) copolymers. The BMAAm monomer is also a nonionic/inexpensive 
acrylamide-type monomer, and P(NIPAAm-co-BMAAm) is expected to show 
lower the LCST. The P(NIPAAm-co-BMAAm)s were polymerized to estimate 
their LCSTs by ATRP at different BMAAm contents of 4.8, 10, and 17 mol %, 
respectively [50]. The LCSTs were measured on the basis of transmittance change 
functionalized as temperature, and were decreased by increasing the BMAAm 
contents, which were 27, 23, and 17 °C. On the basis of the result, P(NIPAAm-
co-BMAAm)-b-PNIPAAm was prepared. The BMAAm contents in P(NIPAAm-
co-BMAAm) blocks were controlled at 5, 10, and 15 mol %, respectively. Double 
temperature-responsive properties were also observed in these block copoly-
mers as transmittance change, and the LCSTs in the P(NIPAAm-co-BMAAm) 
block were decreased by increasing the BMAAm contents. The diameter change 
functionalized as temperature in the block copolymer (BMAAm content in 
P(NIPAAm-co-BMAAm) block = 10 mol %) was investigated. The block copoly-
mer was completely dissolved in aqueous solution at 17.5 °C. At 27.5 °C above 
the LCST of the P(NIPAAm-co-BMAAm) block, the block copolymer formed 
assemblies of 80 nm diameter, which were observed to have a structure consist-
ing of a P(NIPAAm-co-BMAAm) core and a PNIPAAm shell by 1H NMR. The 
Tyndall effect, which is a phenomenon for nanoparticles, was also observed as 
a light blue solution. Moreover, the assemblies aggregated with each other and 
precipitated at 32.5 °C for the dehydration of the PNIPAAm shell. The behavior 
was completely reversible depending on the solution temperature. These results 
suggested that the LCST of core parts were also controlled by simple copolym-
erization, and the block copolymer formed assemblies at room temperature. These 
double temperature-responsive block copolymers are expected to achieve both 
drug loading and release only by changing the temperature in the absence of a 
toxic organic solvent (Fig. 3.12).

Some of the polymers consisting of monomers with ethylene glycol at the side 
chain show temperature-responsive properties for their balance of hydrophilic-
ity and hydrophobicity. Aoshima and coworkers polymerized alkoxyethyl vinyl 
ether monomers by cationic polymerization in the presence of salts [82–84]. 
The polymerized polymers showed temperature-responsive properties depend-
ing on the monomer structures. For example, poly(2-methoxy-ethyl vinyl ether) 
(PMOVE) showed the LCST at 70 °C measured by transmittance change. On the 

3.4  Multi-stimuli-Responsive ‘Smart’ Nanoassemblies and Nanoparticles



88 3 Smart Nanoassemblies and Nanoparticles

other hand, poly(2-ethoxy-ethyl vinyl ether) (PEOVE), which is a hydrophobic 
structure as compared with PMOVE, showed a transmittance decrease at 20 °C. 
A block copolymer of poly(2-(2-etoxy)ethoxyethyl vinyl ether) (PEOEOVE)-b-
PMOVE was observed to show double temperature-responsive properties at 40 
and 60–70 °C by transmittance and endothermic changes, and the solution viscos-
ity was increased owing to gelation at between 40 and 60 °C. The gelation was 
needed for uniform diameters of nanoassemblies (i.e., block copolymers with 
low PDI). In fact, the block copolymer having large PDI showed no gel struc-
tures. Lutz et al. designed the LCST of polymers using 2-(2-methoxyethoxy)ethyl 
methacrylate (MEO2MA) and oligo(ethylene glycol) methacrylate (OEGMA) [87, 
88]. The LCSTs of PMEO2MA and POEGMA were 28 and 90 °C, respectively. 
Therefore, their copolymers were expected to have LCSTs between 28 and 90 °C 
with different monomer contents. The LCSTs were increased to 32, 37, 39, 44, 
49, and 59 °C by increasing the OEGMA contents, which were 6, 8, 10, 16, 20, 
and 33 mol %, respectively. According to the LCST data, the relationship between 
the LCSTs and contents of OEGMA can be expressed using a numerical formula, 
LCST = 28 + 1.04 × DPOEGMA (R2 = 0.996). Notwithstanding that LCSTs are 
dependent on polymer chain length, terminal group, salt concentration, and so 
on, these mathematical expressions are very important for understanding the 
responses. Moreover, polymers of P(MEO2MA-co-OEGMA) and PNIPAAm hav-
ing similar LCSTs were prepared to compare their LCSTs depending on the chain 
lengths, concentrations, and salt concentrations. These PEG-derived monomers 
are expected to apply as biomaterials owing to their biocompatibilities, temper-
ature-responsive properties, and prevention of nonspecific adsorption (Fig. 3.13). 
In addition to this, PEG-derived materials have been reported as shown in 
Sects. 3.5.1 and 3.5.2. PH-responsive properties have also been applied to poly-
mer structures. Manganiello et al. prepared poly(poly(N,N-dimethylaminoethyl 
methacrylate))-b-poly(diethylaminoethyl methacrylate-co-butyl methacrylate) 
(P(DMAEMA-b-P(DEAEMA-co-BMA)) for gene delivery [89].

Fig. 3.12  Schematic 
illustration of a double 
temperature-responsive block 
copolymer system [Ref. 50]
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3.4.2  Multi-stimuli-Responsive Systems

3.4.2.1  Linear and Branched Polymers

Recently, a combination of these stimulus-responsive properties has been focused 
on for adding complex functionalities in assemblies/particles. For example, drug 
carriers consisting of both temperature- and pH-responsive properties can change 
their properties by changing the temperature and pH of the external environment. 
These doubly temperature- and pH-responsive assemblies are applied to drug 
release triggered by hyperthermia and acidic environment in endosomes. The prep-
aration method for multi-stimuli-responsive assemblies has been actively reported. 
For example, assemblies that are composed of ABC-type block copolymers form 
core, corona, and shell structures with multi stimuli responsiveness. Zhang et al. 
prepared the ABC-type block copolymer of PEG-b-poly(4-vinylpyridine)-b-
PNIPAAm with both temperature- and pH-responsive properties [90]. The block 
copolymers formed a nanoassembly surrounded by a hydrophilic PEG chain, and 
the core and corona parts were exchanged by temperature and pH. The assem-
blies were composed of a PNIPAAm block as a core at 50 °C, pH 2. On the other 
hand, a poly(4-vinylpyridine) block was located as a core part at 25 °C, pH 6.5. 
Concerning stimulus-responsive polymers located at the corona or shell part in the 
assemblies; however, their physiochemical properties are different from those of 
free polymers in solution because of the local high concentration with high den-
sity. The polymer density of the shell part is also an important factor for the design 
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Fig. 3.13  Various synthetic strategies for PEG-based copolymers used in ATRP [Ref. 87]. a 
Macroinitiator approach. b OEGMA macromolecular brushes. c Copolymer approach
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of drug carriers. Xu et al. [91] prepared a double temperature-responsive polymer 
of PNIPAAm-b-(poly(2-(dimethylamino)ethyl methacrylate) (PDMA)) from the 
surface groups of a hyperbranched polyester, and estimated the diameter change 
functionalized as temperature. The hyperbranched particles showed two steps 
of decrease in diameter with increasing solution temperature. Interestingly, the 
decrease in diameter by dehydration of the PNIPAAm block started from 20 °C. 
This responsive temperature was lower than that of the free PNIPAAm (32 °C). 
The different temperature-responsive properties are assumed for the pseudo-high 
concentration of the polymer chain located in the particle shell.

Branched (or miktoarm) polymers that are Y- and H-type polymers have also 
been used for the preparation of multi-stimuli-responsive nanoassemblies. Liu et 
al. [92] synthesized Y-type miktoarm PEG(-b-poly(methacrylic acid) (PMAAc))-
b-poly(2-(diethylamino)ethyl methacrylate) (PDEA) by the combination of ATRP 
and click chemistry. However, these preparation methods for multi-functional 
nanoassemblies are difficult to prepare with increasing the number of functionali-
ties. In the case of Y-type polymers consisting of hydrophobic A and hydrophilic 
B and C blocks; however, the content ratios of hydrophilic B and C blocks in the 
assembly shell are fixed as 50 %, and it is difficult to change the ratio for their 
structure. In this way, the increase in the number of functionalities in assem-
bly means that there are complex structures and many types of raw material are 
needed. Therefore, it is a great challenge to prepare multi-functional nanoassem-
blies having a controlled polymer contents in the shell.

3.4.2.2  Assemblies Consisting of Mixed Block Copolymers

Recently, methods using mixed block copolymers with a common hydrophobic 
block have been focused on for the preparation of multi-functional nanoassem-
blies. Ye et al. [93] prepared two types of block copolymer, namely, polystyrene 
(PS)-b-PEO and PS-b-PNIPAAm. These block copolymers were composed of 
the common hydrophobic PS block. Therefore, a mixture solution of the block 
copolymers formed a nanoassembly with PEO and the PNIPAAm blocks in their 
shell triggered by the self-assembly of the PS block. First, these block copolymers 
were dissolved in 0.4 mL of tetrahydrofuran (THF), and the mixture solution was 
dropped in 40 mL of water at 20 °C with stirring. The block copolymers formed 
nanoassemblies with the evaporation of the organic solvent. The content ratios of 
PEO and the PNIPAAm block were easily controlled to change the mixture ratios 
of the block copolymers. As other methods for the preparation of multi-functional 
nanoassemblies, Kim et al. [94] used stereocomplex interaction between poly(D-
lactic acid) (PDLA) and poly(L-lactic acid) (PLLA). The mixture solution includ-
ing two block copolymers of PDLA-b-PEO and PLLA-b-PNIPAAm was also 
formed by nanoassembly with PEO and the PNIPAAm block in the shell. In this 
case, the nanoassemblies were prepared to dissolve in water without an organic 
solvent because of their relatively low molecular weights (2 Kg/mol). Santis et al. 
[95] reported a multi-functional nanoassembly using electrostatic interaction. The 
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prepared poly((3-acrylamidopropyl)trimethylammonium chloride) (PAMPTMA)-
b-PEO and poly(sodium 2-acrylamido-2-methylpropanesulfonic acid) (PAMPS)-
b-PNIPAAm were separately dissolved in 0.001 M NaClaq.. Sequentially, these 
solutions were mixed to form a nanoassembly called a polyion complex (PIC) 
micelle in the absence of an organic solvent owing to their hydrophilic proper-
ties. However, it is difficult to collapse these micelle structures with a strongly 
electrostatic interaction. In this way, assemblies sometimes require toxic organic 
solvents to form their structure, and the salts are required for the collapse of the 
structures. Therefore, it is a great challenge to control the assembly and col-
lapse of nanoassemblies in the absence of organic solvents and salt addition. To 
address this problem, we prepared multi-functional nanoassemblies using tem-
perature-responsive block copolymers (Fig. 3.14). The block copolymers were 
PNIPAAm-b-P(NIPAAm-co-HMAAm) and PNIPAAm-b-P(NIPAAm-co-AMPS), 
which were composed of a common PNIPAAm block [49]. The block copolymers 
were dissolved in water as a mixture solution. Self-assembly started by increas-
ing the solution temperature above the LCST of the PNIPAAm block, and the 
temperature-responsive P(NIPAAm-co-HMAAm) block and negatively charged 
P(NIPAAm-co-AMPS) block were located at the shell in the nanoassembly. The 
individual diameters of PNIPAAm-b-P(NIPAAm-co-HMAAm) and PNIPAAm-
b-P(NIPAAm-co-AMPS) at 40 °C were 148 ± 36 and 240 ± 59 nm, respec-
tively. From the results of computer simulation, Palyulin et al. [96] suggested 
that mixed AB and AC block copolymers (A: common hydrophobic block, B 
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Fig. 3.14  Schematic representation of the tunable characteristics of nanoassemblies by mixing 
of PNIPAAm-b-P(NIPAAm-co-HMAAm) and PNIPAAm-b-P(NIPAAm-co-AMPS) for control-
ling the surface properties [Ref. 49]
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and C: hydrophilic blocks) formed a nanoassembly, and the content ratios of B 
and C at the shell were random. In our case, in fact, the diameter of the mixed 
assemblies consisting of PNIPAAm-b-P(NIPAAm-co-HMAAm) and PNIPAAm-
b-P(NIPAAm-co-AMPS) [mixture ratio: 1:1 (wt)] was 178 ± 53 nm, and the 
diameters were controlled by adjusting the mixture ratios. Moreover, assemblies 
aggregated with each other by increasing the solution temperature above the LCST 
of the P(NIPAAm-co-HMAAm) block. However, the aggregation showed high 
stability similarly to nanoparticles with a narrow size distribution. These results 
suggest that a hydrophilic P(NIPAAm-co-AMPS) block with a negative charge 
was located in the shell part at random, and their electrostatic repulsion prevented 
unnecessary aggregation. This preparation system, that is, using a common tem-
perature-responsive block, can achieve to form nanoassemblies without organic 
solvents. Their assembly and collapse behaviors can be controlled easily by chang-
ing the solution temperature. Moreover, as an advantage, the functionalities and 
content ratios of the shell are also adjusted by the mixture ratios of the block 
copolymers. On the basis of this concept, we successfully prepared a nanoassem-
bly with three types of block in the shell part at room temperature (Fig. 3.15) [1].

The three block copolymers were polymerized by RAFT polymerization, 
and were composed of a P(NIPAAm-co-BMAAm) block with LCST at 17 °C as 
a common temperature-responsive block. As another block in the block copoly-
mers, a temperature-responsive P(NIPAAm-co-HMAAm) block (LCST: 35 °C), 
a biocompatible PEG block, and a P(NIPAAm-co-HMAAm) (LCST: 70 °C)-b-
poly(2-lactobionamidoethyl methacrylate) (LAMA) block were selected. The 
P(NIPAAm-co-HMAAm) block (LCST: 35 °C) and LAMA block were designed 
in such a way that the controlled drug release was triggered by temperature and 
targeting ability, respectively. LAMA is a sugar monomer having a galactose 
group developed by Narain and Armes [97], which can be directly synthesized 
without the protection of the galactose groups. HepG2 cells are known to express 
the galactose receptors on their surface. Ahmed et al. prepared several types of 
polymer having galactose and glucose groups such as homopolymers, copolymers, 
hyperbranched polymers, and nanogels. These materials were conjugated with 
DNA to investigate cell toxicity and transfection effect for a gene delivery sys-
tem [98]. The three types of block copolymer formed nanoassemblies by dehy-
dration of the P(NIPAAm-co-BMAAm) block, and the individual diameters were 
93 ± 19 nm (P(NIPAAm-co-BMAAm)-b-P(NIPAAm-co-HMAAm)), 99 ± 39 nm 
(P(NIPAAm-co-BMAAm)-b-PEG), and 104 ± 22 nm (P(NIPAAm-co-BMAAm)-
b-P(NIPAAm-co-HMAAm)-b-PLAMA) at 25 °C. On the other hand, an assem-
bly consisting of the three types of block copolymer showed a diameter of 122 
± 28 nm at 25 °C. Interestingly, the mixture solution of the three types of block 
copolymer showed only one LCST as transmittance change caused by a common 
P(NIPAAm-co-BMAAm) block. The transmittance decrease of P(NIPAAm-co-
HMAAm) blocks (LCST: 35 and 70 °C) was not observed despite the fact that the 
individual solutions of P(NIPAAm-co-BMAAm)-b-P(NIPAAm-co-HMAAm) and 
P(NIPAAm-co-BMAAm)-b-P(NIPAAm-co-HMAAm)-b-PLAMA showed two 
steps of transmittance change functionalized as temperature. In these phenomena, 
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it was assumed that hydrophilic PEG and LAMA blocks at the shell increased 
the stability of the assemblies and the hydrophilic properties prevented the aggre-
gation of assemblies caused by dehydration of the P(NIPAAm-co-HMAAm) 
blocks. In other words, P(NIPAAm-co-HMAAm) blocks were thought to show 
their LCSTs in the assemblies. According to 1H NMR, in fact, P(NIPAAm-co-
HMAAm) blocks in the assemblies showed their temperature-responsive proper-
ties. Therefore, nanoassemblies consisting of the mixed block copolymers are 
expected to release the loaded drug in the core by changing the temperature. The 
dithioester group of P(NIPAAm-co-BMAAm)-b-P(NIPAAm-co-HMAAm) was 
converted to the thiol group by simple reduction treatment, and the thiol groups 
were used as the reactive site with fluorescein isothiocyanate (FITC) for the in 
vitro test. The fluorescent nanoassemblies with or without the LAMA block were 
incubated with HepG2 cells to investigate the interaction behavior. As a result, the 
nanoassembly having the LAMA block showed higher fluorescence intensity than 
that with the non-LAMA block. These results suggested that mixed block copol-
ymers with a common temperature-responsive block formed a multi-functional 
nanoassembly by increasing the temperature. Moreover, the functionalities could 
be easily controlled using the mixed block copolymers. These multi-functional 
nanoassemblies possessing biocompatibilities, drug release, and targeting abil-
ity are expected to apply in a wide range of fields. However, the structures are 
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Fig. 3.15  Schematic representation of the multi-stimuli-responsive nanoassembly by mixing of 
selected block copolymers with common temperature-responsive block [Ref. 1]

3.4  Multi-stimuli-Responsive ‘Smart’ Nanoassemblies and Nanoparticles
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usually complex with increasing numbers of functionalities and many types of raw 
 material are needed. This fact becomes an obstacle for bringing nanomaterials to 
the market from laboratory. Concerning the material design, in the future, it will 
be challenge to prepare multi-functional nanoassemblies consisting of a few types 
of raw material by a simple method.

3.5  Applications of Smart Nanoassemblies and 
Nanoparticles

3.5.1  Targeted Drug Delivery

The accumulation of nanocarriers in a tumor owing to the EPR effect is known as 
passive targeting. On the other hand, the targeting system of carriers having affin-
ity with specific cancer cells has been called active targeting. The nanocarriers of 
active targeting are equipped with some factors for recognizing the cancer cells 
such as low-molecular-weight molecules, peptides, antibodies, and so on. The 
receptor of folic acid (Mw = 441.40) is expressed on various types of cell surface 
that are malignancies of the ovary, brain, kidney, breast, myeloid cell, and normal 
lung cell. Therefore, folic acid molecules are combined with drug carriers such 
as copolymers, micelles, and liposomes for active targeting [99, 100]. Bae et al. 
[101] prepared folate-PEG-(poly(aspartate hydrazone adriamycin) (P(Asp-Hyd-
ADR))) as a unique drug carrier for a targeting system. The block copolymers 
were composed of a hydrophilic PEG block and a hydrophobic P(Asp-Hyd-
ADR), and the folate unit was placed at the end of the polymer chain. The P(Asp-
Hyd-ADR) blocks were combined with ADR of anticancer drugs, and became the 
core part of the self-assembly surrounded by PEG shells in aqueous solution. In 
other words, the folate unit was placed on the micelles and showed high accumu-
lation ability in cancer cells owing to the strong interaction between folate units 
and their receptors (Fig. 3.16). After being taken into the cell, the acidic endo-
cytic environment triggered the dissolution of the hydrazone part that connects 
between ADR and the main chain, and ADR was released from the micelles with 
the collapse of assemblies.

Carbohydrates are abundant materials in nature and are inexpensive biomole-
cules. In the living body, however, carbohydrates play important roles in cellular 
recognition processes, for instance, cell growth regulation, differentiation, adhe-
sion, cancer cell metastasis, cellular trafficking, inflammation by bacteria and 
viruses, and immune response [102–107]. Moreover, cancer cells usually express 
sites that recognize carbohydrates, which are used in combination with drug car-
riers for the active targeting system [102, 103]. These carbohydrates also interact 
with proteins. Generally, the interaction force between carbohydrates and protein 
is weak. By preparing the local high-concentration areas of the carbohydrates on 
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materials, however, the interaction force is markedly increased, which is known as 
the glycol-cluster effect [108]. We have to consider these unique phenomena dur-
ing drug carrier design.

Peptides and proteins are composed of 20 types of amino acid. The peptides 
are used as not only peptide medicines but also drug carriers for their easy struc-
tural control. Mao et al. [109] focused on the cationic human immunodeficiency 
virus (HIV)-1 Tat peptide that is composed of 6 arginine units and 2 lysine units 
in the sequence. The HIV-1 Tat peptide is known to show high permeability to the 
cell membrane, which has been combined with several materials such as polymers, 
metal particles, proteins, peptides, and nucleic acids for effective delivery into the 
cytoplasm [110, 111]. They prepared fluorescein isothiocyanate (FITC)-SiNPs-Tat 
peptide of 200 nm in diameter, and estimated their ability for permeability and 
targeting to the nucleus. The Tat peptide, that is, H-Try-Gly-Arg-Lys-Lys-Arg-
Arg-Gln-Arg-Arg-Arg-OH, was combined with FITC-SiNPs having an aldehyde 
group via a covalent bond at differential modified amounts (2 and 3.5 μg/mg). 
These FITC-SiNPs-Tat peptides were incubated with HepG2 cells in DMEM/10 % 
FBS at 37 °C. The uptake to HepG2 cells was observed as fluorescence intensities 
that were increased with increasing amounts of Tat peptides. After incubation for 
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Fig. 3.16  Preparation of multi-functional polymeric micelles with tumor selectivity for active 
drug targeting and pH sensitivity for intracellular site-specific drug transport [Ref. 101]
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8 h, the fluorescence intensities of the FITC-SiNPs-Tat peptide were 3 times (2 μg 
of Tat peptide) and 4.5 times (3.5 μg of Tat peptide) higher than that of FITC-
SiNPs-NH2. Moreover, the FITC-SiNPs-Tat peptides were observed to transfer 
into the nucleus after 24 h by confocal laser scanning microscopy (CLSM).

The objective parts for targeting systems are not only cancer cells. Drug delivery 
to the brain is generally difficult owing to the blood brain barrier (BBB) for which 
it is a great challenge to develop a passable system [112]. Ku et al. [113] reported 
effective drug delivery to the brain using PEGylated dendrimers for their increased 
circulation time. PEGylated PAMAM dendrimers were conjugated with fluorescein-
doped magnetic SiNPs (PEGylated PFMSiNPs, diameter 80–90 nm, ζ-potential 
+1.49 mV), and their physiochemical properties and accumulated amount in the 
brain through the BBB were determined. The PEGylated PFMSiNPs were observed 
to locate in brain tissues and neurons by their diffusion from the blood vessel 
despite the fact that non-PEGylated PFMSiNPs could not pass through the BBB.

Boronic acid and its ester compounds are applied to catalysis for stereo-con-
trolled synthesis and diagnosis/therapy for HIV, obesity, diabetes, and cancers 
[114–116]. Their reversible boronic-diol interactions have been particularly used 
as a system consisting of copolymers, micelles, and gels for insulin release trig-
gered by glucose concentrations [117–122]. For their high pKa as compared with 
the biological environment, however, there is problem that boronic groups can-
not effectively interact with diol groups at pH 7.4. The control of pKa closed to 
biological pH for a strong interaction between boronic groups and diol has been 
reported by controlled polymer structures and compositions. Bérubé et al. [123] 
controlled pKa and the interaction with diol to design the boronic structures. 
Shiino et al. reported the effective interaction between boronic acid and diol at 
pH 7.4 by copolymerization with monomers having amino groups. The adjoin-
ing amino groups showed electronic interaction with boronic acid, which led to 
decreasing pKa [124]. Recently, the benzoxaborole group has been reported to 
show strong interaction with saccharides at pH 7.4 as compared with boronic acid, 
as reported by Hall [125]. Moreover, as in other research studies, the benzoxab-
orole groups were used for the neutralization of HIV by their interaction with the 
mannose group of gp 120 expressed on the virus, which were applied to the target-
ing system for HIV (Fig. 3.17) [126].

The mitochondria located in a cell are known as an energy source for the cell, 
and are considered to have some relationship with the apoptosis of cancer cells. 
Therefore, the targeting system for mitochondria may open a new stage in medical 
fields. Mo et al. [127] successfully delivered a drug to the mitochondria in can-
cer cells using zwitterionic oligopeptide liposomes that converted the properties 
from negative charge (during blood circulation) to positive one (in cancer cells). In 
this way, effective drug delivery by active targeting has been achieved by design-
ing the structures of carriers. It is very important for these targeting systems to 
prevent nonspecific interaction with enzymes, proteins, and normal cells in the 
living body. Moreover, their excretion processes from the living body also have 
to be included in the targeting systems. Novel targeting systems will be reported 
sequentially to solve these problems in the future.
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3.5.2  Biosensing and Bioimaging

Early detection is important for medical treatment. To realize this, several types 
of nanomaterial such as fluorescent organic molecules, quantum dots (QDs), 
metal particles, and inorganic particles have been developed. There are also vari-
ous types of equipment in medical fields such as for optical imaging, magnetic 
resonance imaging (MRI), computed tomography (CT), ultrasound (US), positron 
emission tomography (PET), and single-photon emission computed tomography 
(SPEC) for the microscopic detection of abnormalities in the body [128, 129]. 
FITC and rhodamine are used as typical fluorescent molecules with low-molecular 
weight for experiment in vitro and in vivo. However, the fluorescent wavelength 
of FITC has low permeability in vivo, and rhodamine shows higher toxicity than 
FITC. As other problems, moreover, these low-molecular weight of fluorescent 
molecules are usually deactivated in the living body by aggregation/decomposition 
and interactions with solvents, oxygen, ions, enzymes, and proteins [130].

QDs possessing a nanoscale structure and high quantum yield are composed 
of II–VI or III–V elements or semiconductors, and the fluorescent wavelengths 
are widely controlled by their compositions and diameters. Because of their high 
aggregation and toxicity, however, it is necessary to add biocompatible func-
tionalities for their application as biomaterials [131, 132]. Moreover, metal 
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Fig. 3.17  Graphical depiction of the multivalent benzoboroxole-functionalized polymer inter-
acting with the gp120 complex of HIV-1. a Chemical structure of benzoboroxole and the linear 
water-soluble polymers containing benzoboroxole and 2-acrylamido-2-methyl-1-propanesul-
fonic acid synthesized using HPMA polymer backbone. b Schematic illustration of the binding 
between the polymers and gp120 through interactions between benzoboroxole groups and the 
glycosylated regions [Ref. 126]
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nanoparticles such as gold, silver, platinum, and magnetic particles also have the 
tendency to show high aggregation and toxicity with decreasing diameter [133–
135]. Therefore, from the structural point of view, it is very important to achieve 
high fluorescence intensity, high dispersibility, and low toxicity of fluorescent 
materials. For solving these problems, biocompatible polymers and silica mate-
rials are used as conjugated materials to protect these fluorescent materials from 
body environments. Silica materials are suitable to coat for fluorescent materials 
for their biocompatibility, high dispersibility, and easy modification. Preparations 
of the silica particles by the reverse microemulsion method and Stöber method are 
described in Sect. 3.2.6. Structures of silica materials, not only a simple sphere but 
also various structures such as mesoporous, rod, and hollow structures have been 
reported. At first, the relationship between diameter and toxicity of spherical silica 
particles was investigated. Small silica nanoparticles (SiNPs < 100 nm) are more 
toxic then large ones owing to their high surface area. Napierska et al. investi-
gated the cell toxicity (endothelium cell (EAHY 926 cell line)) of SiNPs of differ-
ent sizes (14–335 nm) by MTT and lactate dehydrogenase (LDH) assays [136]. In 
fact, the large SiNPs (104 and 335 nm) showed lower toxicity (TC50 > 1,000 μg/
cm2 on MTT and LDH assay) than the small SiNPs (14–16 nm, TC50 < 50 μg/
cm2). Hydroxyl groups on silica materials can be used as reactive groups, which 
are easily modified by functional groups such as amine, carboxylic acid, and thiol. 
Therefore, these functional groups lead to easy coating of polymers on the silica 
surfaces. Nanoparticles coated with poly(ethylene glycol) (PEG) usually avoid the 
reticuloendothelial system (RES) in the body to achieve a long circulation time 
[137]. Cauda et al. prepared organic-inorganic materials that were mesoporous 
silica nanoparticles (MSiNPs: diameter = 47 nm, pore size = 4 nm) combined 
with PEG-silane (Mw = 550 and 5,000 g/mol, and the mixture (75 % of 550, 25 % 
of 5,000) [138]. The stabilities of these PEG-coated MSiNPs were measured for 
1 month in simulated body fluid (SBF) at 37 °C. Results showed that the PEG-
coated MSiNPs maintained their structures after 1 month despite the fact that the 
MSiNPs without PEG chains were decomposed into needlelike crystal structures. 
There are many reports on imaging materials coated with silica particles. Bardi 
et al. prepared amine-functionalized-CdSe/ZnS QD-doped SiNPs (QD-SiNPs) 
with different diameters from 25 to 50 nm, and their potential as imaging mate-
rials and gene carriers was estimated using MIH-3T3 and human neuroblastoma 
SH-SY5Y cells [139]. The prepared QD-SiNPs showed low toxicity and the num-
ber of viable cells in culture did not decrease over 24 h at different concentrations 
from 0.1 to 10 μg/mL. Moreover, high transfection effects were also observed on 
the QD-SiNPs. Ow et al. compared the fluorescence intensities of three materials, 
namely, free tetramethylrhodamine isothiocyanate (TRITC, 1.0 nm), aggregated 
TRITC (2.2 nm), and TRITC-loaded SiNPs (15 nm). The TRITC-loaded SiNPs 
showed the highest fluorescence intensity and stability for protection by the silica 
domain. Interestingly, the free TRITC showed higher fluorescence intensity than 
the aggregated TRITC, which are expected for quenching by aggregating with 
each other [140]. However, these fluorescent molecules may leak from coating 
materials. The authors prepared FITC-loaded SiNPs (FITC-SiNPs) using TEOS 
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and FITC-silane by the Stöber method. The FITC was combined with SiNPs via 
a covalent bond to possess the high stability. Moreover, hydroxyl groups on the 
FITC-SiNPs were reacted with APTEOS (FITC-Silica-NH2) that was used for 
modification with sugar compounds of gluconolactone (FITC-Silica-G) and lac-
tobionolactone (FITC-Silica-L) [141]. The diameters of FITC-Silica-G and FITC-
Silica-L were 149 ± 11 and 147 ± 12 nm, respectively, and they showed high 
fluorescence intensities in PBS buffer. These sugar-coated SiNPs possessed high 
stability and low toxicity for the biocompatibilities. The FITC-Silica-L was espe-
cially expected as a targeting material to HepG2 cells that express the asialoglyco-
protein receptors (ASGPRs) on the surface. According to the MTT assay results, 
all the FITC-Silica-NH2, FITC-Silica-G, and FITC-Silica-L were observed to have 
low toxicities to HepG2 cells in a wide range of concentrations (0.0007–1.7 mg/
mL). Moreover, the FITC-Silica-L strongly interacted with HepG2 and lectin of 
RCA120. In this way, silica particles can easily incorporate fluorescent materi-
als into the core for the protection of the fluorescence intensity from biological 
environments, and are modified on their surface by simple treatments, which are 
great advantages for material design (Fig. 3.18). The authors also synthesized 
SiNPs (127 ± 11 nm) with alkene groups on the surface using a 3-(trimethoxysi-
lyl)propyl methacrylate (MPS). The alkene groups were used to obtain polymer-
modified SiNPs by ene-thiol click chemistry. For this purpose, pH-responsive 
poly(2-(diethylamino)ethyl methacrylate) (PDEAEMA (Mn = 5200 g/mol, Mw/Mn 
= 1.22)) and temperature-responsive PNIPAAm (Mn = 6300 g/mol, Mw/Mn 
= 1.15) were polymerized by RAFT polymerization. Sequentially, the dithio 
ester groups at the end chain were converted to thiol groups by a simple reduc-
tion treatment. The modified SiNPs and polymers were combined by ene-thiol 

Fig. 3.18  Preparation of FITC-doped silica nanoparticles with gluconolactone or lactobionolac-
tone on the surface [Ref. 141]
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click chemistry at differential polymer compositions (PDEAEMA:PNIPAAm (wt) 
= 100:0, 75:25, 50:50, 25:75, 0:100) [142] (Fig. 3.19). The polymer on SiNPs 
showed doubly pH- and temperature-responsive properties, and the diameters were 
controlled for the polymer compositions and external environments.

Metal nanoparticles such as gold and iron are known to radiate heat by the 
irradiation of infrared rays and magnetic fields. Infrared therapy has been applied 
as a medical treatment because of its high permeability to a living body as com-
pared with other types of light with low wavelength. The tuned magnetic fields 
can also be used to irradiate the living body. In our group, magnetic iron nanopar-
ticles were successfully coated with temperature-responsive polymers by several 
preparation methods, and the properties of the conjugated particles were sensitive 
to increasing temperature and magnetic field irradiation [143, 144]. Thomas et al. 
focused on zinc-doped iron oxide nanocrystals (Zn-Fe3O4) with a 3-fold hyper-
thermic effect and a 10-fold MRI contrast as compared with undoped iron crys-
tals, and prepared Zn-Fe3O4-doped MSiNPs having a supermolecule compound of 
N-(6-N-Aminohexyl)aminomethyltriethoxysilane and cucurbit [6] uril on the sur-
face [145]. The modified MSiNPs achieved controlled drug release as a remote 
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Fig. 3.19  a Preparation of pH and temperature-responsive silica nanoparticles by one-pot thiol-
ene click chemistry. b The functionalized silica nanoparticles show both pH- and temperature-
responsive behavior depending on the ratio of the two polymers on the surface [Ref. 142]
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control owing to the exothermic property of Zn-Fe3O4 by irradiation of magnetic 
fields, and showed effective cell toxicity on breast cancer cells (MDA-MB-231). 
These exothermic nanoparticles coated with silica particles are expected to show 
local heating only on the silica surface, which can create a separate column sys-
tem, for instance, steroid drugs, proteins, and cells without any thermal damage to 
these separated materials. In this way, the combination of imaging materials and 
biocompatible polymer/silica particles is expected to improve their capability as 
diagnostic materials. These particles also usually played the role of a drug car-
rier. Therefore, particles with abilities of both diagnosis and therapy are applied as 
‘smart’ materials in the biomedical field.

3.5.3  Others

Generally, fluorine materials show oil repellency owing to their low surface free 
energy, and water drop touching on a flat fluorine surface is calculated with a 
contact angle (CA) of about 120°. The fluorine substrates having roughness 
with nano- and microscale structures, however, show CAs over 150° and a low 
sliding angle called super-hydrophobicity. These structures showing super-
hydrophobic properties are often observed in the natural world. For example, 
the lotus leaf shows a super-hydrophobic property owing to its waxy surface 
and nano/microroughness structure, which is known as the lotus effect. Surface 
properties are determined by their surface energy and surface roughness, which 
are explained using the Wenzel and Cassie/Baxter theories [146, 147]. In the 
Wenzel theory, a water droplet is completely in contact with the surface of the 
substrate. On the other hand, there is air between the water droplet and the sub-
strate owing to ditches as described in the Cassie/Baxter theory. Recently, bioin-
spired materials, which are materials with structures mimicking living things, 
have been developed, and their hydrophobic properties have been investigated. 
Miyauchi et al. [148] prepared a polystyrene (PS) material having a structure 
mimicked a leaf-surface of a silver chrysanthemum by electrospinning, and the 
CA was over 150°. Zhang et al. [149] reported a unique substrate showing ani-
sotropic CA to transcribe the wing of a grasshopper to poly(dimethylsiloxane) 
(PDMS) film. In this way, it is very important to control the surface roughness 
(structure) as part of the material design. As a typical method for the prepara-
tion of roughness, the photoresist has been extensively used in the top–down 
method. In the top–down method for large-scale production, however, there are 
some problems such as a multistep preparation process and the removal of vice-
generative productions. Recently, the method for creation of effective roughness 
on substrates using self-assemble materials has been focused on as a bottom-
up method. Karunakaran et al. [150] prepared effectively a rough surface on 
substrates using silica nanoparticles (SiNPs) with different sizes. The SiNPs 
were 20 and 100 nm in diameter, and were alternately coated on substrates 
as a monolayer. In other words, there are bilayers of SiNPs on the substrates. 
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Subsequently, the SiNP-coated substrates were treated with perfluorosilane, and 
their surface properties were estimated. Interestingly, the substrates coated with 
size different SiNPs showed super-hydrophobic properties despite the fact that 
the CAs of the substrate coated by SiNPs with a monolayer (10, 50, and 100 nm) 
were below 150°. These results suggest that rough structures are effectively 
constructed using size different SiNPs by the bottom–up method. In this case, 
however, it is difficult to remove the coated SiNPs from the substrate because 
of their strong perfluorosilane treatment. The authors synthesized pH-responsive 
poly(2-(diethylamino)ethyl methacrylate) (PDEAEMA) from SiNPs of 20 and 
128 nm diameter by surface-initiated ATRP [151]. The substrates modified by 
a mixture of size different SiNPs showed high CA (124 ± 6°) as compared with 
that of individual SiNPs of 20 or 128 nm diameter (Fig. 3.20). Stratakis et al.  
[152] prepared PDEAEMA from the substrate with a high roughness by surface-
initiated ATRP as a pH-switchable surface. Our CA data was close to the CA 
of the PDEAMEA-modified substrate under alkali condition. These results sug-
gest that the mixture of SiNPs can result in high roughness on the substrates. 
According to the root-mean-square (RMS) value for estimation of the roughness 
parameters by AFM, mixed SiNPs in fact showed a higher RMS than individ-
ual SiNPs. Moreover, fluorescein isothiocyanate (FITC)-loaded SiNPs (132 nm) 
with PDEAEMA were also prepared by surface-initiated ATRP for the measure-
ment of their adsorption/desorption behavior on the substrates depending on the 
pH. Results showed that PDEAEMA-modified SiNPs were adsorbed on the sub-
strates under neutral and alkali conditions and were desorbed from the substrates 
under acid condition for the pH-responsive PDEAEMA, which were observed 
using SEM and a plate reader. This simple method is expected to open a new 
stage for the universal modification method to any substrates.
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Fig. 3.20  Schematic representation of the roughness structured by silica nanoparticles of differ-
ent sizes with pH responsive PDEAEMA [Ref. 151]
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The preparation of self-assemblies in situ has also been reported. A  dendrimer 
is a material with branched structures that are perfectly arranged, which is applied 
in a wide range of fields for their loading ability of materials and simple modifica-
tion of functionalities. Haba et al. for example, successfully prepared a temperature-
responsive poly(aminoamine) (PAMAM) dendrimer on which the N-isopropylamide 
(NIPAM) was modified via covalent bonds. The surfaces of dendrimer materials 
have similar structures to temperature-responsive PNIPAAm polymers. Moreover, 
the LCSTs were controlled with adjusting the chain length between the PAMAM 
dendrimer and NIPAM. These results suggest that clusters of NIPAM groups are 
important to show temperature-responsive properties [153]. Our group prepared 
conjugated materials of PAMAM and di- or tri-block copolymers. The block copol-
ymers of PNIPAAm-b-poly(methacrylic acid) (PMAAc) and PMAAc-b-PNIPAAm-
b-PMAAc were combined with PAMAM by covalent bonds. Interestingly, the 
aggregation behavior triggered by changing the pH and temperature was found to be 
different for the structures of modified di- or tri-block copolymers [154]. Akin et al. 
developed a material with a unique structure that was a quantum dot (QD, 5.6 nm) 
coated by PAMAM dendrimers. The QD with dendrimers showed high stability in 
aqueous solution, and the diameters were different in terms of the numbers of modi-
fied PAMAM dendrimers (numbers of PAMAM dendrimers/diameter = 14/33 nm 
and 28/59 nm). The QD-PAMAM dendrimers modified using the HER2 antibody 
on the surface showed targeting ability to MCF-7 cells expressing antibody recep-
tors [155]. Recently, hyperbranched materials have been focused on for their simple 
polymerization. The well-defined structures of hyperbranched materials are infe-
rior compared with those of dendrimers, but their loading abilities and controlled 
diameter range are suitable for application as biomaterials. The preparation meth-
ods for hyperbranched materials are almost the same as typical controlled living 
radical polymerizations (CLRPs). The formation of the hyperbranches is achieved 
by only adding a chemical compound with divinyl groups as a crosslinker into the 
CLRP system. The diameters are easily controlled via changing the concentration 
of the starting materials. Ahmed et al.  [105] prepared hyperbranched materials 
using N,N′-methylenebisacrylamide as the crosslinker by RAFT polymerization. 
The hyperbranch materials were composed of copolymers that were sugar polymers 
of poly(3-gluconamidopropyl methacrylamide (PGAPMA)) or poly(2-lactobion-
amidoethyl methacrylamide (LAEMA)) and poly(2-aminoethyl methacrylamide 
(AEMA)) with cationic charge. The cationic AEMA units were used to interact 
with anionic nucleic acids by electrostatic interactions, and the conjugated materi-
als having nanoorder scale achieved low toxicity, high dispersion ability, and high 
transfection ability. However, these hyperbranched materials usually possess wide 
size distributions. Considering their applications as biomaterials, narrow size dis-
tributions are strongly required in their structures. For solving the problem, Min et 
al. polymerized two types of monomer having methacryl and 2-bromoisobutyrate 
groups in emulsions by ATRP. According to their concept, the emulsions are indi-
vidual, and the generated radicals in an emulsion cannot transfer to other emulsions, 
which lead to a narrow size distribution in their hyperbranched materials. In fact, the 
polymerized hyperbranched materials showed narrow size distributions (PDI < 1.3) 

3.5  Applications of Smart Nanoassemblies and Nanoparticles
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as compared with polymerized materials  without emulsions [156]. Moreover, the 
preparation of a core-shell nanogel in situ by a similar polymerization method with 
hyperbranched materials has been reported. In this case, a macroinitiator (ATRP) or 
macro-CTA (RAFT) is needed in the polymerization system as the shell part. These 
gels have also been applied as carriers for their excellent loading abilities such as 
molecules, enzymes, proteins, nucleic acids, and inorganic materials [157]. In this 
way, unique preparation methods/systems enable the achievement of not only mate-
rial design but also effective large-scale production (low cost, quick reaction, and 
little amount of chemical waste).

3.6  Conclusions and Future Trends

This chapter focused on nanoassemblies and nanoparticles as biomaterials, and 
introduced by categories: synthesis, polymerizations, characterizations, and 
applications using current reports. Multi-functional nanomaterials with various 
structures have been synthesized by simple preparation methods, which are combi-
nations of living radical polymerizations and click chemistry. The form, diameters, 
and surface properties of nanomaterials are observed using powerful tools such as 
microscopes (SEM, TEM, AFM, etc.), DLS, SLS, and zeta potential. Moreover, 
the self-assembly behaviors are also estimated using fluorescent molecules. 
Recently, several types of nanoassembly/nanoparticle have been developed using 
these preparation and analysis techniques as unique drug carriers for biomedical 
fields. These drug carriers possess unique properties, namely, biocompatibilities, 
long circulation time, active targeting, controlled drug release, and biodegradation 
for a desirable carrier system. On the basis of these results, what kind of mate-
rial design do we need for the development of nanoassemblies/nanoparticles in the 
future? We have focused on self-assemblies (formation of particles) using the met-
astable state of materials. The control of the metastable state is difficult because 
their property tends to shift to the stable state. If a nanomaterial that can switch 
from stable to metastable states as triggered by the external environment can be 
developed, this nanomaterial may be applied as an energy pump of living cells for 
triggering apoptosis, which may be a drug-free treatment strategy. The develop-
ment of multi-functional nanomaterials using structural designs, controlled self-
assemblies, and a few types of raw material is one of our challenges. Seemingly, 
there may be a contradiction in the material design. However, we are convinced 
that these revolutionary material designs open a new stage in the nanofield.
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4.1  Introduction

Biomaterials have been roughly divided into either endogenous materials in living 
organisms, materials designed to cure humans, or materials applicable for contact 
with biomolecules. Such “biocompatibility” is the most essential feature of bio-
materials. Thus, it is reasonable to claim that the development of novel biomate-
rials led to control of the biocompatibility of materials in the early stage of their 
applications in the biomedical field. In this context, bulk biocompatible materials 
were developed from a wide range of artificial metals, ceramics, or polymers, and 
biological materials [1]. Commercial-grade biomaterials generally have good bulk 
properties such as mechanical and optical properties, but they often exhibit rela-
tively poor biocompatibility.

If this is the case, can non-biocompatible materials be used as biomaterials 
even if they have other excellent functions? A key technology used to overcome 
the limited biocompatibility of bulk materials is surface modification. Because 
every biomolecular interaction of a biomaterial occurs at a material surface, sur-
face modification is an attractive technique for obtaining biocompatible materials. 
The critical factors determining surface biocompatibility are wettability, chemi-
cal composition, charge, and structure. In particular, synthetic polymers are highly 
promising materials that can be easily modified to prepare functional polymers 
on the basis of molecular design by selecting suitable monomers and polymeri-
zation conditions. Since the late 1960s, polyurethane (PU), polytetrafluoroethyl-
ene (PTFE), polyethylene, poly(methyl methacrylate) (PMMA), poly(ethylene 
oxide) (PEO), poly(2-hydroxyethyl methacrylate) (PHEMA), and poly(ethylene 
terephthalate) (PET) have been extensively studied with the aim of developing 
antithrombogenic materials [2]. By performing studies on the biocompatibility 
of synthetic polymer surfaces, it has been found that surface wettability plays a 
critical role in biomolecular adsorption and deformation on a substrate surface via 
a hydrophobic interaction. Hydrophilic PEO coatings are particularly attractive 
for regulating the nonfouling property of biomaterial surfaces [3]. Coated PEO 
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chains strongly interact with water molecules and retain the expanded volume 
of the random coil, which prevents protein adsorption on the material surface. 
PEO-based block copolymers have been prepared to improve the biocompatibil-
ity and stability of physical coatings such as those containing segmented PU [4], 
poly(propylene oxide) (PPO) [5], and heparin [6]. A number of research groups 
have demonstrated the decreased adsorption of plasma and other proteins on PEO 
surfaces.

In 1979, Ratner et al. [7] found that a particular ratio of hydrophilic to hydro-
phobic sites on a surface may be important for obtaining optimum biocompat-
ibility, and amphiphilic block copolymers have been focused on to determine the 
microscopic phase separation structure of hydrophilic and hydrophobic domains. 
Okano et al. [8] have demonstrated that a HEMA-styrene block copolymer has 
good antithrombogenicity and suppresses the adhesion and deformation of plate-
lets. In the 1980s, the biocompatibility of a variety of block copolymers compris-
ing HEMA-EO [9], HEMA-dimethylsiloxane (DMS) [9], and styrene-amine [10] 
was studied and the biocompatibility was greatest when the surface of the block 
copolymer exhibited a lamellar structure with a pitch of 30–50 nm [11]. Thus, the 
inhibition of biomolecular adsorption suggests that an important factor determin-
ing biocompatibility is not only the magnitude of the total solid surface free energy 
but also the ratio of the polar to dispersion force contributions. In the 1990s, a bio-
mimicking approach to improving biocompatibility using polymer grafting was 
reported by Ishihara et al. [12]. They were inspired by the excellent biocompat-
ibility of phospholipids in biomembranes and synthesized a functional monomer 
having a phosphorylcholine residue, 2-methacryloyloxyethyl phosphorylcholine 
(MPC). The grafting of this phospholipid polymer significantly reduces the amount 
of plasma protein adsorption compared with that of conventional biocompatible 
polymers [12]. This is because the high free water fraction in the phosphoryl-
choline groups induces the reversible adsorption of proteins without significant 
conformational changes [13], various types of zwitterionic polymer such as phos-
phobetaine, sulfobetaine, and carboxybetaine have recently been developed as part 
of a broad range of biomedical and engineering materials [14].

Whereas considerable effort has been made to improve static biocompatibility 
by polymer grafting, some researchers have focused on the dynamic regulation 
of biomolecular adsorption/desorption on a polymer-grafted surface. The hydra-
tion of grafted polymer chains is a key factor in protein adsorption; thus, changes 
in surface wettability triggered by applying a signal are desirable for dynami-
cally controlling the adhesion of cells and proteins on a material surface. Poly(N-
isopropylacrylamide) (PNIPAAm), which has controllable wettability, has been 
focused on as a means of realizing this strategy. The properties of this polymer 
were first reported in 1968 by Heskins and Guillet [15]. Temperature-responsive 
PNIPAAm exhibits a reversible temperature-responsive soluble/insoluble change 
in an aqueous medium at 32 °C known as the lower critical solution tempera-
ture (LCST). This change is useful because it occurs at a similar temperature to 
that of the human body. In the 1990s, Okano et al. [16] succeeded in developing 
enzyme-free cultured cell recovery systems using the dramatic thermoresponsive 
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hydrophilic/hydrophobic property changes on PNIPAAm-modified surfaces. 
The PNIPAAm chain also changes between coil and globule structures in water 
depending on the temperature, and the thermally induced control of solute per-
meation through a porous membrane [17] and elution behavior in size exclusion 
chromatography (SEC) [18] using the conformational change in PNIPAAm chains 
grafted onto pore surfaces has been reported. The availability and uniqueness of 
PNIPAAm-grafted surfaces have been demonstrated, and various stimuli-respon-
sive polymers have been used as smart polymers to prepare smart biomaterial 
surfaces. The development of smart surfaces has expanded the range of strategies 
available for biomedical and engineering applications compared with the defense 
of molecular adsorption in the conventional concept of polymer grafting. Since the 
2000s, advances in controlled living radical polymerization (CLRP) [19] and the 
synthesis of self-assembled monolayers (SAMs) [20] have enabled precise control 
of the graft architecture of smart polymers on a surface. Moreover, lithographic 
fabrication techniques [21] have enabled the realization of patterned polymer 
grafting and the application of smart surfaces in microfluidic systems. Nowadays, 
a large number of research strategies have been embodied as possible applications 
in the biomaterials field by modulation of the surface properties and conforma-
tional structures using grafted smart polymer (Fig. 4.1).

This chapter focuses on the synthesis, characterization, and applications of smart 
polymer-grafted surfaces. In the following sections of this chapter, we review a 
variety of smart polymer-grafted surfaces used to develop biomaterial applications. 
Section 4.2 describes the classifications of smart surfaces based on the graft archi-
tecture and materials/substrates used for surface modification. Grafting procedures 
used for realizing the surface design of grafted smart polymers are described in Sect. 
4.3, which are categorized as ‘grafting to’ or ‘grafting from’ methods. The surface 
characterization and analysis of the phase transition behavior on smart surfaces are 
discussed in Sect. 4.4. In Sect. 4.5, typical and recent biomedical applications using 
smart polymer-grafted surfaces are introduced, such as adsorption control, cell cul-
ture, biomimetics, chromatography, and microfluidics.

Stimulus

Fig. 4.1  Schematic illustration of phase transition behavior for a smart polymer-grafted surface

4.1  Introduction
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4.2  Classification Based on Surface Modifications

Since grafted polymers are anchored onto the surfaces of solid substrates, the graft 
architectures of smart polymer chains on the surfaces affect their conformational 
changes induced by external stimuli, allowing control of their wettability, adhe-
sive, adsorptive, mechanical, and optical properties. In addition, suitable choices 
of substrates and materials depending on the target application are important in 
surface modification strategies. In this section, important factors in surface modifi-
cation for biomedical applications are classified in terms of graft architectures and 
substrates/materials.

4.2.1  Graft Architectures

Surface-initiated polymerization (a ‘grafting from’ method) is basically applied 
to terminal-end graft architectures (Fig. 4.2a–i), and the application of CLRP to 
this method enables the control of the architecture of grafted polymers. In recent 
research, binary and branched polymer architectures have been prepared, and 
copolymerization has been applied to block and random copolymers as well as 
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Fig. 4.2  Types of graft architectures used for surface modification of polymer chains. a 
Homopolymers, b random copolymers, c block copolymers, d grafted polymers with gradient 
density, e grafted polymers with chain length gradient, f grafted copolymers with composition 
gradient, g binary copolymers, h hyperbranched polymers, and i cross-linked polymers
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various types of gradient. Furthermore, the use of cross-linking agents has induced 
the grafting of polymers with three-dimensional networks. In the ‘grafting to’ 
method, the modulation of functional groups in polymer chains to induce sur-
face binding enables the control of various graft architectures the ‘grafting from’ 
method. These different architectures are discussed in this section.

Grafted homopolymer chains (Fig. 4.2a) can be prepared by simple polymeri-
zation from initiator-immobilized surfaces or to modify polymer chains having 
terminal functional groups onto surfaces mediated by reactive silanes via self-
assembly. Terminally attached linear homopolymers are a fundamental archi-
tecture of grafted polymer chains, and their conformation depends on the graft 
density on the surfaces. These conformations were described as pancake, mush-
room, and brush by De Gennes [22]. When the distance between neighboring 
grafted chains is small and the chains have a high density, steric repulsion leads to 
chain stretching and the brush conformation of the grafted polymers. The grafted 
polymer chains adopt mushroom and pancake conformations when the distance is 
much greater than the radius of gyration of chains with a lower graft density.

As the basis of homopolymer chains, grafted random copolymers (Fig. 4.2b) 
can be prepared by polymerization of a mixture of two or more monomers. Such 
random copolymers have mainly been prepared to tune surface properties such as 
hydrophilicity/hydrophobicity, electrostaticity, and responsiveness as well as to 
add functionality. Although the copolymer composition fundamentally depends on 
the monomer ratio in the feed, caution is advised when combining different types 
of monomer because of differences in monomer reactivity. In particular, some-
times properties of the functional groups of comonomers, such as electric charge 
and spatial structure, affect the polymerization process [23]. In addition, the incor-
poration of comonomers into smart polymers tends to change the phase transition 
point and weaken the responsiveness external stimuli. For example, the incorpo-
ration of acrylic acid (AAc) into PNIPAAm reduces the cooperative hydrophobic 
aggregation of the polymer chains at the phase transition [24]. Continuous pen-
dant isopropylamide groups in the polymers contribute to a distinct phase transi-
tion because the main mechanism of thermally induced phase separation involves 
the cooperative thermal release of water clustered around aligned hydrophobic iso-
propyl groups. On the other hand, for grafted block copolymers (Fig. 4.2c) pre-
pared by the sequential polymerization of all comonomers, the stimuli-responsive 
block segments independently undergo phase separation as well as the homopoly-
mer [25]. Since the grafted block copolymers are tethered on solid substrates, the 
selection of suitable polymer blocks for the exposed and anchored sides is impor-
tant to regulate the molecular interaction and phase transition behavior. Recent 
advances in CLRP have enabled the routine synthesis of grafted block copolymers 
to control the nanostructures of phase-separated thin layers [19]. Because CLRP 
generally includes a step that induces the temporal deactivation of free radicals, 
the reinitiation of the sequential polymerization of other comonomers can be 
achieved from the surface pregrafted with polymer chains. Using these methods, 
it is possible to easily modify multi-block copolymers on surfaces and change the 
graft density of block copolymers.

4.2  Classification Based on Surface Modifications
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CLRP can also be used to prepare grafted (co)polymers with a gradient, 
wherein one or more physicochemical properties vary continuously along the 
substrate. Grafted polymers with a gradient prepared via CLRP are mainly cat-
egorized into three groups: those with graft density (Fig. 4.2d), molecular weight 
(Fig. 4.2e), and copolymer composition (Fig. 4.2f) gradients. The preparation of 
grafted (co)polymers with a gradient requires a particular apparatus and inventive 
strategies, and numerous procedures have been proposed. Grafted polymers with 
molecular weight and copolymer composition gradients can be obtained by the 
gradual addition of a reaction mixture [26], the use of microchannels filled with 
a solution having a gradient [27], by applying a capillary force through dipping 
the substrate into solution [28], and by gradual chemical etching [29]. Grafted 
polymers with a graft density gradient are prepared by applying an initiator with 
a concentration gradient along the substrate together with inactive molecules in 
the same manner as the preparations of grafter polymers with molecular weight 
and copolymer composition gradients. These methodologies also enable the 
simultaneous control of other graft architectures, and the effects of various pol-
ymer compositions on surface properties can be investigated using a substrate. 
Heterogeneous binary grafted polymers are composed of two or more distinct pol-
ymer chains grafted on the same substrate (Fig. 4.2g). They are commonly gener-
ated by randomly grafting multiple incompatible polymers one after the other on 
the surface. Thus, polymer chains with different functional groups are cografted 
on surfaces for surface modification in both ‘grafting to’ [30] and ‘grafting from’ 
methods [31]. As another approach, Y-shaped difunctional silanes can be used 
to subsequently graft polymers on surfaces [32]. The covalent grafting of poly-
mer chains on a surface maintains the nanoscopic domains scaled with molecular 
dimensions and prevents the occurrence of a large phase separation in the mixed 
polymer. Because such nanosize phase separations often induce biocompatible 
properties, binary grafted polymers can potentially be used to tune interactions in 
protein adsorption and cell adhesion. It is possible for smart polymers to switch 
the surface properties between the characteristics of two incompatible polymers by 
applying an external stimuli [33].

Hyperbranched polymers are synthetic treelike macromolecules that belong 
to the class of dendritic polymers [34], which have densely branched structures 
and a large number of end groups (Fig. 4.2h). The hyperbranched polymers have 
incompletely branched structures, whereas dendrimers have completely branched 
topologies. Using ‘grafting from’ methods, hyperbranched grafted polymers can 
be prepared from initiator-immobilized surfaces by ring-opening polymeriza-
tion [35] and the self-condensing vinyl polymerization (SCVP) of inimers (ini-
tiator monomers) [36], which consist of both polymerizable vinyl and initiating 
groups. On the other hand, the procedure for preparing hyperbranched grafted 
polymers using ‘grafting to’ methods employs graft-on-a-graft chemistry involv-
ing the condensation of a carboxylic acid derivative with an amine or hydroxyl 
nucleophile [37]. Hyperbranched grafting not only provides a large number of 
functional groups at the terminal polymers but also compensates for inefficiencies 
in coverage of grafted polymers on the surface, owing to increases in the number 
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of grafting points and polymer density with the progression of reactions. These 
advantages of hyperbranched grafted polymers make them useful in the effec-
tive conjugation of biological molecules onto surfaces [38]. Cross-linked grafted 
polymers have a three-dimensional network enabling the formation of a gel on 
surfaces (Fig. 4.2i). These polymers are mainly prepared via two pathways: the 
surface-initiated polymerization of bifunctional monomers and postmodifica-
tion by adding cross-linking agents to the grafted polymers. N,N′-methylene-bis-
acrylamide (MBAAm) and ethylene glycol dimethacrylate (EGDMA) derivatives 
are extensively used as bifunctional monomers. For postmodification, versatile 
cross-linking reactions have been demonstrated such as the condensation of gly-
cidyl derivatives with amine groups [39] and noncovalent reversible coordination 
with metal ions [40]. Although the cross-linking of a grafted polymer is basically 
induced by the addition of cross-linking agents, side reactions during graft polym-
erization often induce cross-linking and the detachment of polymer layers from 
the surface [41]. The graft architecture of cross-linked polymers allows polymer 
layers to completely cover substrates, similarly to that of hyperbranched polymers. 
However, small biomolecules easily diffuse and are retained in the cross-linked 
network of polymer layers on surfaces, and the control of adsorption on surfaces 
by switching stimuli is difficult for smart polymers [42].

4.2.2  Substrates/Materials

The surface modification of smart polymers can modulate the surface properties of 
solid substrates through the polymer characteristics and external stimuli. Thus, the 
selection of appropriate methods and functional groups for immobilization onto 
surfaces is important for grafting polymers suitable for the type of substrate and 
their material properties (Fig. 4.3a). The substrate shape can be varied depend-
ing on the target biomedical application, and substrates may be flat plates, porous 
membranes, particles, and microchannels. In addition, there are also numerous 
types of material used in the modification of substrates, including silicon oxides, 
silicons, mica, metals, cellulose, and synthetic polymers. Since the appropri-
ate functional groups for polymer grafting depend on the surface modification 
method, described in later sections, the focus of this section is to discuss strategies 
on the basis of the intended use and fundamental surface functionalization of each 
substrate and material.

A flat plate is one of the most commonly used substrates modified with poly-
mer chains, and their surface properties can be easily characterized by performing 
various measurements. Since a large number of measurement apparatus have been 
designed for target planar substrates, many researchers have routinely used flat 
plates for the examination of polymer grafting. Flat plates can also be easily han-
dled and are frequently used as substrates for cell cultures and the control of protein 
adsorption in biomedical applications (Sects. 4.5.1 and 4.5.2). However, the precise 
composition of grafted polymers, including their molecular weight and distribution, 
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is difficult to determine using planar substrates with small surface areas because 
of their ultrathin layers of the grafted polymers. On the other hand, polymer-
grafted particles, particularly those having porous structures, are used to measure 
the molecular weight and distribution by cleaving the polymers from the surfaces 
(details are described in Sect. 4.4.1). The dispersion and aggregation behavior of 
particles can be easily observed in solution, in contrast to planar substrates. Micro-
order porous particles have large specific surface areas, and can be used as chroma-
tographic materials for biomolecular separation (Sect. 4.5.4) and as drug carriers in 
drug delivery systems (DDSs) to enhance the interaction between polymer-grafted 
surfaces and biomolecules. Porous membranes have the advantages of both easy 
handling and a large surface area of particles. They have been conventionally used 
as biomaterials to filter and dialyze bioactive compounds, and have also been used 
as biosensors, cell culture substrates, and drug delivery devices [43]. The grafting 
of smart polymers onto the surface enables the selectivity of mass transfer and the 
interfacial properties to be controlled using external stimuli. In the human body, 
the quantities of various bioactive molecules are tightly controlled to maintain a 
metabolic balance via biological signals, and stimuli-responsive porous membranes 
grafted with a smart polymer have been used to mimic the homeostasis induced by 
changing the stimuli (Sect. 4.5.3). Over the past two decades, microfluidic technol-
ogy has been an attractive area of research owing to the unique physicochemical 
properties that can be realized by the geometry of microchannels. These proper-
ties include short diffusion times, large specific surface areas, and small volumes 
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[44]. The employment of microfluidic materials in capillary and chip devices has 
enabled the use of conventional biomaterials in high-efficiency and rapid assay sys-
tems. However, complicated microfabrications are often required to manipulate the 
microfluids and solutes in microchannels because of difficulty in handling due to 
their micron-size dimensions. Modification of the surfaces of microchannels with 
smart polymers enables easy manipulation of fluids by external control of the sur-
face properties via stimuli switching, because of the strong effect of surface proper-
ties in microfluidics (Sect. 4.5.5).

The aforementioned substrates are made of various materials, and a wide range 
of protocols for the immobilization of functional groups onto surfaces via grafting 
with polymer chains employing both the ‘grafting from’ and ‘grafting to’ methods 
have been proposed. Silicon oxides including glass and quartz have been among 
the basic materials used to modify substrates such as flat plates, particles, and cap-
illaries. To allow the use of ordinary protocols for surface functionalization, thin 
layers comprising silicon oxide have often been deposited onto metal substrates. 
To realize the surface immobilization of functional groups, organosilane coupling 
reagents are commonly used, which have functional groups that react with both 
inorganic and organic molecules [45]. There are many organic functional groups 
in commercially available silane reagents that react with organic materials, such 
as amino, thiol, epoxy, and vinyl groups. The part that reacts with inorganic mate-
rials comprises alkoxy or chlorosilyl groups, which react with silanol groups on 
silicon oxide substrates via a condensation reaction called ‘silanization’. For effec-
tive silanization, the substrates are cleaned to remove organic admolecules, and 
silanol groups are activated using piranha solution (H2SO4/H2O2) and O2 plasma 
treatment. The condensation reaction between silanol groups during silanization 
proceeds through hydrolysis, and it is very sensitive to various experimental fac-
tors such as humidity, concentration, temperature, and pH. To prepare stable mon-
olayered silanes, vapor phase reactions under atmospheric or vacuum conditions 
are often used instead of common liquid phase reactions to avoid the deposition of 
aggregated silanes [46]. After silanization, the stability of binding of silane mol-
ecules with multiple silyl groups onto silicon oxide surfaces is increased by post-
baking to enhance the dehydration of unreacted silyl groups. Polymer chains are 
grafted onto the silanized surfaces or appropriate initiators and linkers are further 
introduced into the functional groups of immobilized silanes.

Silicon substrates can also be silanized by the deposition of thin oxide films 
as well as silicon oxides. In addition, a robust silicon surface can be constructed 
through Si–H bonding via the UV-induced coupling of chloromethyl styrene [47]. 
The Si–H bonds are dissociated by UV exposure to generate radicals, which sub-
sequently react with an alkene. Although phyllosilicate mica is modified with 
polymer chains via adsorption and Langmuir–Blodgett (LB) deposition because 
of its chemically inert surface, the mica can be covalently immobilized with vari-
ous silane molecules by exposing it to water vapor plasma [48]. Because silicon 
and mica substrates have extremely smooth surfaces at the atomic level, they have 
been used to precisely determine the properties of polymer-grafted surfaces since 
the effects of surface roughness can be ignored.

4.2  Classification Based on Surface Modifications
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Transition metals including Au, Ag, Cu, Pt, Hg, and Fe have high affinity to 
sulfur and selenium compounds, enabling the adsorption of robust chemicals on 
surfaces. In particular, alkanethiols and alkanedisulfides are well known to immo-
bilize onto metal surfaces as SAMs. Such high-affinity binding has mainly been 
reported for thin metal layers on the above-mentioned flat substrates by metal 
vapor deposition. Thiol SAMs exhibit dense immobilization with a specific angle 
depending on the transition metal and its crystal planes, for example, an angle 
of ca. 30º is obtained for the all-trans structure on Au(111) [20]. The presence 
of functional groups on the opposite side to thiol groups enables the grafting of 
polymers onto metal substrates. Thiol SAMs are extremely easily formed by sim-
ply immersing a metal substrate into a reaction mixture under mild conditions. 
Therefore, the SAM technique has been extensively used in various applications, 
surface property measurements, and patterning methods. Functional silane mol-
ecules can also be introduced onto transition metal surfaces using organosilane 
molecules by the deposition of oxide layers as well as silicon.

Cellulose and chitosan, which are among the most abundant natural polymers, 
are composed of repeating units of glucose bound together by inter- and intra-
molecular hydrogen bonds. The hydroxyl groups of the repeated glucose units in 
cellulose can act as chemical nodes that react with nucleophilic or electrophilic 
groups to modify functional molecules on surfaces. In addition, polymers can also 
be grafted onto cellulose to directly polymerize hydroxyl groups on the surfaces 
by ring-opening polymerization [49]. In this method, the hydroxyl group is gen-
erally used to initiate the ring-opening polymerization of cyclic monomers such 
as ε-caprolactone and lactide (Please refer to Chap. 7). In contrast, synthetic inert 
polymers such as PTFE, polystyrene (PS), poly(dimethylsiloxane) (PDMS), and 
PET usually require either a surface-activation process for the introduction of 
functional groups or direct graft polymerization. Plasma treatment and UV expo-
sure are both powerful tools for surface-activation processes to modify inert poly-
mer substrates with hydroxyl or carboxyl groups. Polymer chains can be grafted 
onto the activated surfaces, and a variety of grafting methods can be used to fur-
ther modify polymer chains with initiators and linkers. Inert polymer substrates 
can also be activated by chemical treatment using KMnO4 [50]. In direct graft 
polymerization via UV irradiation, the addition of benzophenone is effective for 
abstracting a hydrogen atom from neighboring aliphatic C–H groups to form a 
C–C bond [51]. Electron beam (EB) irradiation also enables the direct polymeriza-
tion and modification of polymer substrates coated with monomer solutions [52].

4.3  Synthetic Methods

In the previous sections, pretreatments involving modification with polymer chains 
to activate and introduce functional groups onto surfaces according to the type of 
material and graft architecture were discussed. The next step is the selection of 
the method of modification with polymer chains. A variety of grafting techniques 
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have been developed to simplify the modification process and precisely control the 
composition and architecture of grafted polymers. In addition, micro- and nano-
patterning techniques for polymer grafting have been also been proposed for mim-
icking the in vivo cellular microenvironment and have been applied to biological 
assays and regenerative medicines dealing with cell functions. These techniques 
of synthesizing grafted polymers have various advantages and disadvantages, and 
should be selected according to the target application. In this section, basic meth-
odologies of polymer grafting and patterning are described, and their features and 
advantages for the fabrication of smart biomaterial surfaces are discussed. The fol-
lowing fundamental methods for polymer grafting and the fabrication of patterns 
can be applied to not only smart polymers but also various synthetic polymers.

4.3.1  Polymer Grafting Methods

There are two well-known types of method of surface modification with polymer 
chains, categorized as ‘grafting to’ and ‘grafting from’ methods. Each technique 
has some inherent advantages and disadvantages related to the preparation pro-
cess, the control of grafted polymer structures, and surface properties. A great deal 
of effort over a long time has been put into the development and improvement of 
these methods. Conventional and advanced techniques based on the ‘grafting to’ 
and ‘grafting from’ methods are described in the following sections.

4.3.1.1  ‘Grafting to’ Approach

In the ‘grafting to’ approach, polymer grafting requires the synthesis of polymers 
with functional groups beforehand to enable a reaction with the activated surfaces 
of substrates, as mentioned in Sect. 4.2.2. This is followed by the attachment of 
polymers onto the surfaces through either physical adsorption or chemical bond-
ing (Fig. 4.3b). The physical adsorption of polymer chains on a surface is a sim-
ple method of surface modification, and the adsorption phenomenon depends on 
the selective uptake through interactions such as hydrogen bonding, hydrophobic 
interactions, electrostatic interactions, and van der Waals force.

A typical grafting method via physical adsorption is LB deposition, which 
employs a SAM of an amphiphilic polymer with a hydrophilic head and a hydro-
phobic tail [53]. The amphiphilic polymer acts as a surfactant in water, and is verti-
cally oriented to form a monolayer at the air–water interface when its concentration 
is less than the critical micelle concentration (CMC). The density of the oriented 
monolayer increases with increasing surface pressure at the air–water interface, 
and the monolayer ultimately becomes a closely packed two-dimensional solid. 
The dense amphiphilic polymer monolayer can be transferred onto the surface of 
a solid substrate by immersion into or emersion from the water. Such a monolayer 
is known as an LB film. The grafting direction of the amphiphilic polymer on the 
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surface depends on the hydrophilic or hydrophobic property of the substrate; the 
contact angle increases and decreases in the case of modification by immersion and 
emersion, respectively. A multilayered LB film can be obtained by repeated immer-
sions and emersions of the modified substrate because amphiphilic segments with 
opposite wettability are alternatively exposed on the surface.

Whereas strict control of the physical conditions is needed for LB deposition, 
the layer-by-layer (LbL) method is a simple modification process based on physi-
cal adsorption. The LbL method is based on the alternating adsorption of layers 
with different chemical features such as electrostatic interaction, stereocomplex-
ity, metal coordination, and hydrogen-bonding between the polymer layers [54]. 
In general, in the LbL method, synthetic polymers having charged and electron-
egative functional groups in the side chains are initially attached onto the substrate 
surface. This is followed by the build-up of alternate polymer layers simply by 
the addition of polymer chains with inverse functional groups. This simple method 
is independent of the geometrical features of the modified substrate and can be 
used with various types of polymer including proteins, nucleic acids, and glyco-
polymers. Thus, grafting with smart polymers by the LbL method has been widely 
reported as a means of controlling the surface properties by stimuli switching [55]. 
Although LbL deposition has several useful features, the poor mechanical prop-
erties and long-term stability of the polymer layers, particularly in the case of 
stimuli-responsive smart polymers, is one of the serious drawbacks of this method 
because surface modification occurs through reversible physical adsorption.

On the other hand, the ‘grafting to’ approach based on chemical bonding enables 
the more stable modification of polymer chains owing to irreversible covalent bond-
ing such as with amide and esters. In this approach, functional groups, which pro-
vide binding sites for polymer grafting, are incorporated into side chains and ends of 
polymer chains, which can be tethered to substrate surfaces with reactive groups by 
a coupling reaction, by radical addition, via a thiol SAM, or by a condensation reac-
tion. A variety of functional groups have been used for the chemical bonding reac-
tions in polymer grafting such as carboxyl, amine, hydroxyl, halogen, mercapto, and 
organosilane groups. Since the polymers are synthesized beforehand, their molecular 
weights, side chain densities, and nanoarchitectures can be readily transferred onto 
surfaces. Thus, this method is advantageous for fabricating complicated graft archi-
tectures. For example, grafting with a gradient can be prepared on the surfaces of 
substrates by imposing a temperature gradient [56], and the use of polymers with 
functional groups incorporated in both side chains and terminals leads to a comb-
type architecture [57]. Recently, click chemistry has attracted attention as a more 
effective and rapid grafting method, which was first described by Sharpless et al. 
[58]. Click chemistry is based on mimicking nature in organic synthesis to induce 
highly reactive and selective carbon–heteroatom bonding between relatively simple 
functional groups. A typical click reaction is the formation of a 1,2,3-triazole ring by 
a cycloaddition reaction between an alkyne and an azido, where the reaction rate and 
regioselectivity are significantly increased by the addition of Cu(I) ions. As other 
examples of click chemistry, the Diels–Alder reaction, thiol-ene reaction, and (4+1) 
cycloaddition have been used not only to graft polymer chains onto substrates but 
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also in the fields of drug discovery, nanotechnology, and bioconjugation. However, 
the chemical bonding in the ‘grafting to’ approach is typically insufficient for the 
high-density grafting of polymer chains, particularly in the case of single-point 
grafting. The excluded volume effect of polymer chains grafted onto substrate sur-
faces prevents the diffusion of the unreacted polymer chains in solution, resulting 
in a significant decrease in the probability of reaction with functional groups on the 
surfaces with increasing graft density.

4.3.1.2  ‘Grafting from’ Approach

The ‘grafting from’ technique commonly utilizes direct polymerization from sub-
strate surfaces by immobilization with initiating functional groups (Fig. 4.3c). In 
contrast to ‘grafting to’ methods, small monomers can easily penetrate through the 
already grafted polymer layer; thus, grafted polymers with a high density can be 
prepared even in the case of surface modification with long polymer chains.

This method often uses free-radical polymerization [59]. In this chemical pro-
cess, free radicals are generated from immobilized initiators, such as azo-, per-
oxide, and photoinitiators, by heating, UV exposure, or adding polymerization 
accelerators. The subsequent polymerization from the surface is similar to conven-
tional methods in bulk solution, although it is difficult to regulate the chain length 
and density of grafted polymers under these reaction conditions. The molecular 
weight of polymer chains prepared by free-radical polymerization generally can-
not be controlled because of the occurrence of irreversible chain transfer and ter-
mination reactions, leading to large molecular weight distributions. In addition, 
the initiation efficiency of conventional initiators for free-radical polymerization 
is low (e.g., the half-life temperature of 10 h for azobisisobutyronitrile (AIBN) is 
ca. 65 °C), meaning that part of the immobilized initiators does not participate in 
the polymerization from the surface. Although conventional free radical polym-
erization proceeds in the liquid phase, chemical vapor deposition (CVD) polym-
erization allows the synthesis of grafted polymers by delivering monomers to a 
substrate surface through the vapor phase [60]. In this system, a monomer vapor 
is generated under vacuum conditions at a modest temperature for the selective 
formation of free radicals from an initiator without the cracking of monomers, and 
the adsorption and polymerization proceed on the cooled substrate. The initiation 
of the polymerization is induced by heating, UV exposure, voltage application, or 
plasma irradiation. The advantages of CVD polymerization are that grafted poly-
mer layers can be formed in a single processing step, and polymers with limited 
solubility can be deposited onto surfaces, such as fluoropolymers and electrically 
conducting polymers. Since CVD polymerization is based on conventional free-
radical polymerization, this method has limited capability to precisely regulate the 
graft architecture.

To overcome this problem, grafted polymers prepared by a ‘grafting from’ 
method using CLRP techniques have been proposed in the last two decades 
[19]. Although CLRP includes termination reactions as well as conventional 
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free-radical polymerization, it has a reversible activation/deactivation process. It 
is important to control the activation and deactivation of free radicals in the CLRP 
process to make the dormant species predominant at equilibrium. The control 
of activation/deactivation minimizes the contribution of termination reactions. 
Consequently, well-defined polymers with narrow molecular weight distributions 
can be obtained under appropriate CLRP conditions. Applying CLRP techniques 
for surface-initiated polymerization allows the simultaneous solution of the prob-
lems associated with conventional ‘grafting to’ and ‘grafting from’ methods. The 
CLRP techniques are classified according to the type of activation/deactivation 
control, and each surface-initiated CLRP method is discussed in the following.

Atom transfer radical polymerization (ATRP) has rapidly achieved wide-
spread use in the field of polymer chemistry since it was first reported in 1995 
[61], and it is now the most actively and extensively used technique among the 
CLRP methods based on surface initiation. ATRP relies on the reversible redox 
process of a dormant halide-terminated polymer chain end catalyzed by a transi-
tion-metal complex. The ATRP initiators include alkyl halides, and the oxidized 
transition-metal complex is used to select the terminal halogen atom of the ini-
tiator, leading to the generation of active species with a rate constant of activation 
(kact). For surface-initiated ATRP, the initiator molecules are immobilized onto 
the substrate surface, similarly to conventional free-radical polymerization. Free 
radicals are simultaneously deactivated at the growing polymer ends by rebind-
ing with halogen atoms with a rate constant of deactivation (kdeact). This occurs 
through the reversible deoxidization of the transition-metal complex. When kdeact 
is sufficiently larger than kact, the dormant species of the radicals in the polymer 
chain is predominant, minimizing the contribution of termination reactions [23]. 
The minimization of termination reactions allows the living propagation of free 
radicals for chain growth, leading to narrow molecular weight distributions. A 
significant characteristic of the ATRP process is the effective initiation of ATRP 
initiators. In ATRP, the number of growing polymer chains is dependent on the 
initiator concentration in the feed because of the fast initiation reactions and negli-
gible termination reactions. Namely, almost all the initiators immobilized onto the 
substrate can be used to induce polymerization from the surface under ideal ATRP 
conditions, and a high density of grafted polymer chains can be achieved to form 
brush-like structures. In ATRP, the complexation of the transition metals with the 
ligand is important for controlling the chain growth of polymers; thus, protection 
is often needed, which is provided by a monomer having functional groups with 
ligating properties (e.g., −COOH). Successful ATRP requires the selection of the 
appropriate transition metal, ligand, initiator, solvent, and polymerization condi-
tions depending on the type of monomer. Because ATRP has several advantages 
for polymer grafting, novel ATRP techniques have been proposed and are being 
developed. For instance, surface-initiated reverse ATRP enables the use of a con-
ventional radical initiator in a controlled manner [62], and activators (re)generated 
by electron transfer (A(R)GET) ATRP can reduce the amount of copper to a few 
ppm by using a reducing agent such as ascorbic acid or Sn 2-ethyhexanoate [63]. 
Since copper compounds are toxic to the human body, this method is suitable for 
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biomedical use. In particular, ARGET ATRP also has improved tolerance toward 
oxygen and radical traps during polymerization, enabling the preparation of well-
defined polymer grafts.

Nitroxide-mediated radical polymerization (NMP) is based on the revers-
ible capping of radicals in growing polymer ends by a nitroxide as well as by 
ATRP kinetics [64]. A typical NMP initiator is 2,2,6,6-tetramethylpiperodinyloxy 
(TEMPO), which is a functional alkoxyamine that acts as a generator of both reac-
tive free radicals and stable nitroxide radicals. When TEMPO is immobilized onto 
a substrate, these radicals can be simultaneously cleaved off the surface by heat-
ing the substrates [65]. The generated free radicals propagate, causing the poly-
mer chains to grow with the control of reversible activation/deactivation through 
the nitroxide radicals, which do not react with monomers. A special feature of the 
NMP technique is that only a heating process is required to initiate living polym-
erization; no external radical source or metal complex is necessary. This advantage 
obviates the need for further purification steps and reduces the risk of contamina-
tion, making the NMP technique useful for biomedical applications. On the other 
hand, surface-initiated NMP is unsuitable for thermally sensitive monomers and 
substrates because the activation of the NMP initiators usually requires a high 
temperature.

Reversible addition fragmentation chain transfer (RAFT) polymerization is 
based on reversible chain transfer via a degenerative exchange process with dor-
mant species, in contrast to ATRP and NMP [66]. The key factor in the polym-
erization is the RAFT agent, which is typically a dithiocarbonyl compound, 
described as S=C(Z)S−R. The reversible chain transfer process during polymer 
chain growth involves the equilibrium between the addition of a polymeric radi-
cal to S=C and the fragmentation of the RAFT adduct radical (S–R) in the RAFT 
agent. When the addition state of two polymer chains to both sulfur atoms in the 
RAFT agent is predominant, living chain growth can be achieved, reducing the 
effect of termination reactions. The substituent Z group contributes to the addi-
tion and fragmentation rates and the R group should have a good radical leav-
ing property for the initiating species [67]. In the RAFT process, the initiation of 
chain growth is the same as that in free-radical polymerization, and adding only 
the appropriate RAFT agent in the conventional system is needed to induce liv-
ing chain growth. Thus, a wide range of monomers can be used in RAFT polym-
erization, which is more tolerant of functional groups and simple polymerization 
conditions than other CLRP methods. There are two strategies for pretreating the 
functional surfaces of substrates in surface-initiated RAFT polymerization: immo-
bilization with a free-radical initiator and the immobilization of a RAFT agent 
onto the surfaces. Care should be taken when using a surface immobilized with a 
RAFT agent. In the introduction of a RAFT agent onto a surface via the Z group, 
the polymerization process from the surface is similar to that in the ‘grafting to’ 
approach because the growing polymer chains are reversibly added to and cleaved 
from the functional surface [68]. Namely, it is difficult for polymer chains to 
approach RAFT agent on the surface, similarly to in the aforementioned ‘grafting 
to’ methods.

4.3  Synthetic Methods
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Another method of CLRP using a reversible chain transfer process is the iniferter 
photopolymerization method, which was proposed earlier than RAFT [69]. The 
word of iniferter is derived from the functional molecules used to control the chain 
growth. These molecules can simultaneously act as initiators, chain transfer agents 
(CTAs), and terminators. Iniferter photopolymerization is based on photolysis chem-
istry using dithiocarbamate compounds, which can generate alkyl and dithiocarba-
myl radicals. Although the alkyl radical readily reacts with the monomer, resulting 
in the growth of chains, the dithiocarbamyl radical reversibly recombines with the 
alkyl radical of a CTA or terminator, which is similar to the role of TEMPO in NMP. 
Because of the radical generation from dithiocarbamate compounds by photolysis, 
the polymerization proceeds only during photoirradiation and can be repeatedly 
reinitiated by photoirradiation. The presence of a dithiocarbamyl radical at the grow-
ing polymer end is important for maintaining the CLRP process, and the addition 
of N,N,N′,N′, -tetraethylthiuram disulfide is effective in this method to increase the 
concentration of dithiocarbamyl radicals upon photolysis [70]. Surface-initiated inif-
erter photopolymerization can be achieved by the immobilization of dithiocarbamate 
compounds onto substrate surfaces. The concentration of radicals in this method is 
directly related to the intensity of photoirradiation; thus, it will be difficult to fabri-
cate uniform grafted polymer layers on the surface of three-dimensional substrates 
such as microchips and capillaries.

4.3.2  Micro- and Nanopatterning Processes

Micro- and nanopatterning processes have been conventionally developed as 
standard methods in the semiconductor industry. Nowadays, numerous studies are 
carried out in the biological and biomedical fields with the aim of developing tech-
nologies to precisely control the topological and surface properties of polymer-
grafted substrates at the cellular and molecular levels. The main approaches in the 
preparation of the surface patterning to enable the grafting of polymers include 
photolithography, laser ablation, EB lithography, dip-pen lithography, and contact 
printing.

In various patterning technologies, photolithography is one of the most basic 
methods used for microscale patterning [21], as shown in Fig. 4.4a. In photo-
lithographic methods, patterns are fabricated by selectively exposing a surface 
spin-coated with a photoresist to UV through a photomask. The most commonly 
used photoresists are thermosetting polymer resins with a photosensitive prop-
erty enabling the decomposition or formation of cross-linking by UV irradia-
tion; such photoresists are called positive and negative resists, respectively. After 
the UV exposure, the decomposed or cross-linked patterns of the photoresist on 
the surface are developed through dissolution in an appropriate solvent, resulting 
in the fabrication of a patterned photoresist on the surface. Consequently, poly-
mer chains can only be grafted to (or from) the patterned area on the photoresist-
coated surface, and the pattern of the grafted polymer is obtained by removing all 
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the residual photoresist from the surface. A pattern comprising a binary grafted 
polymer can also be prepared by sequential polymer grafting after removing the 
rest of the photoresist from the surface. Polymer grafts can be directly patterned 
by polymerization from substrate surfaces through site-specific exposure by using 
photoinitiators, high-energy beams (e.g., EB, plasma), and iniferter photopolym-
erization [71]. Such polymer grafting via a partial mask on the surface is one of 
the fundamental approaches for the modification of patterned surfaces not only 
in photolithography but also in other patterning methods. Photolithography is a 
cost-effective, high-throughput technique suitable for large-area surface pattern-
ing, because patterns formed on a photomask can be simultaneously transferred to 
photoresist-coated substrates by exposure to UV irradiation. Although the resolu-
tion of the patterns produced by photolithography is usually of micrometer order, 
higher resolution patterns of sub-100-nm resolution can be fabricated; however, 
this requires special apparatus and techniques such as nonconventional masks, a 
light source with a short wavelength, and advanced lithographic optical techniques 
and setups [72].

Another approach for the fabrication of patterns is direct writing, which elim-
inates the need for a mask. The method of laser ablation allows both approaches 
of exposure through a photomask and direct writing depending on the purpose 
(Fig. 4.4b) [73]. In this method, a pulsed ArF or KrF excimer laser (wave-
lengths, 193 and 248 nm, respectively) is used as a light source, and part of the 
substrate grafted with polymer chains is exposed to the laser beam to ablate 

(a) Photolithography (b) Laser ablation (c) EB lithography

(d) Dip-pen lithography (e) Contact printing
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Fig. 4.4  General micro- and nanopatterning methods used to obtain polymer-grafted surfaces. 
a Photolithography, b laser ablation, c EB lithography, d dip-pen lithography, and e contact print-
ing for thiol SAM patterning
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the polymer chains from the surface. Only areas irradiated by the excimer laser 
allow the ablation of grafted polymers, resulting in a patterned polymer-grafted 
surface. Patterns of grafted polymers can be prepared using a photomask as well 
as by a photolithographic technique. In the direct writing approach, the excimer 
laser beam is focused onto the grafted surfaces, and then either the laser beam or 
the substrate is moved in the x- and y-directions to generate the desired patterns. 
Although this method has the advantage that photoresist is not required for fab-
rication of the patterns, it has the same limitation on the patterning resolution as 
photolithography. In addition, it is possible to damage the basal substrate, par-
ticularly if it is made of a synthetic polymer, by applying a laser beam with high 
intensity [74].

An alternative approach to the direct writing technique is EB lithography 
(Fig. 4.4c) [75]. This technique requires a surface to first be coated with an electron-
sensitive resist, which reacts with a beam of high-energy electrons. The coated sub-
strate is placed in the vacuum chamber of an EB lithography system, and focused 
through electronic lenses is used to draw a pattern on the substrate using a computer-
controlled EB scanner. The patterned electron-sensitive resist is fabricated by a 
development process after the exposure; subsequently, the grafted polymers can be 
patterned using a resist-coated substrate as well as a photolithographic method. A 
major advantage of EB lithography is the nm-order resolution of the patterns. The 
EB lithographic process can be optimized by considering many factors, including 
electron scattering in the resist and backscattering from the substrate, resulting in 
high-resolution patterning with a resolution of several nm. In addition, nanopat-
terned polymers can also be fabricated on surfaces in a single step by simultane-
ous local polymerization and direct surface grafting from monomers through the EB 
lithographic process because the irradiation of high-energy electrons allows graft 
polymerization [76]. Considering the applications of patterning in the biomedical 
field, the sensitive resist remaining on the surface may change the surface proper-
ties of the grafted polymers, making them toxic to cultured cells and human bodies. 
Therefore, a resist-free patterning process should be used for biomaterials. On the 
other hand, EB lithography requires expensive equipment, and considerable time is 
required to fabricate a large-area pattern with high resolution.

Dip-pen lithography, which is a direct writing method using a scanning probe, 
is a nanoscale patterning technique that does not require a high-energy light source 
(Fig. 4.4d) [77]. This technique is based on delivering reagents as chemical inks 
directly to nanoscopic regions of a substrate surface using the tip of an atomic 
force microscope (AFM) cantilever as a nanoscale pen, the details of which are 
described in Sect. 4.4.1. The chemical ink molecules are physically adsorbed onto 
the surface of the AFM cantilever tip. Moving the ink-coated tip toward a target 
surface under ambient conditions induces the generation of a water meniscus 
(adsorbed water) between the tip and the surface. The ink molecules adsorbed onto 
the AFM cantilever tip can be transported to the surface via capillary forces by 
scanning the tip with the water meniscus. When alkanethiols are used as delivered 
reagents for polymer grafting, patterned functional SAMs can be created on tran-
sition-metal surfaces using this method. Thus, nanopatterns of grafted polymers 
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can be realized using either a ‘grafting from’ or ‘grafting to’ method. Although this 
patterning process is slow because only an AFM probe tip is used, by increasing 
the number of tips and using a parallel probe, the throughput of pattern drawing 
can be increased, as has been demonstrated [78]. Dip-pen lithography has a good 
cost performance in terms of the pattern resolution compared with EB lithography; 
however, the patterning range on the substrate is limited for this method because 
of the small scanning area of conventional AFM apparatus, which is usually ca. 
100 μm2.

Many of the above lithographic techniques require specific and expensive 
instruments to prepare micro- and nanopatterns, and limited patterning perfor-
mances in terms of resolution and throughput. Contact printing is an efficient 
technique for patterning of large areas on substrate surfaces with relatively high 
resolution down to the sub-micrometer range [79], as shown in Fig. 4.4e. In the 
contact printing method, functional molecules for polymer grafting are first 
adsorbed onto the surface of an elastomer stamp with patterned structures, which 
is typically made of PDMS. The patterned functional molecules on the stamp are 
used as chemical inks to be printed onto the entire surface of a substrate, which is 
followed by grafting with polymer chains. Although the basic concept of transfer-
ring chemical inks for contact printing is similar to that in dip-pen lithography, it 
is possible to obtain a high throughput and a large patterning area using this tech-
nique. As an alternative approach to contact printing, the functional molecules are 
spin-coated on a substrate, and their pattern is formed by the removal of nonpat-
terned functional molecules via stamping the patterned elastomer. The patterned 
structures on elastomer stamps can be effectively fabricated using SU-8 resin as 
a mold, which is a negative photoresist containing eight epoxy groups [80]. In 
contrast, these structures can be prepared by conventional photolithography and 
EB lithography with an etching process. This photoresist provides a three-dimen-
sional cross-linked structure with thicknesses ranging from less than 100 nm to 
several 100 μm realized through exposure to UV light, and this structure exhib-
its high mechanical, thermal, and chemical stabilities. This method is convenient 
and widely used for patterning biological molecules in cell biological applications. 
Since the contact printing process involves various manual operations instead of 
using automatic and expensive instruments, it requires a great deal of skill to fabri-
cate a precise pattern comprising functional molecule layers on a substrate surface.

4.4  Characterization Methods

As described above, various graft architectures and two-dimensional patterns of pol-
ymer layers can be prepared on substrates using appropriate polymer-grafting and 
lithographic methods. To apply the features of polymer-grafted substrates in the bio-
medical field, their compositions and structures must be confirmed by suitable char-
acterization methods. In addition, a wide variety of stimuli-responsive characteristics 
of grafted smart polymers such as chain mobility, hydration, and molecular interaction 
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reflect their surface properties induced by stimuli switching. In this section, methods 
of characterizing the compositions and structures of grafted polymers and of analyzing 
surface properties upon a change in the stimuli are introduced, and the structures and 
properties of grafted smart polymers depended on analytical methods is discussed.

4.4.1  Structural Characterization

Structural characterization is important for judging the success of polymer grafting 
and modifying the surface for biomaterial applications. However, grafted polymer 
layers on substrate surfaces are usually ultrathin with nanometer thickness, and 
many analytical techniques in polymer science are suitable for characterizing the 
bulk and solution-based polymers. Considering the sample handling and detection 
limit of measurement tools, it is a challenging task to directly confirm the compo-
sitions and structures of grafted polymer chains. Thus, we should select appropri-
ate tools depending on the structural factors to characterize grafted polymers using 
a limited range of analytical techniques. Typical factors that can be measured for 
the characterization of grafted polymer structure surfaces include surface morphol-
ogy, chemical composition, molecular weight, layer thickness, graft density, and 
surface potential.

To observe the surface morphology, microscopic techniques capable of atomic-
level observation are necessary such as AFM and scanning electron microscope 
(SEM). AFM is a high-resolution scanning probe method. An AFM probe consists 
of a microscale cantilever having a sharp tip with a nanoscale radius of curvature. 
In AFM observation, there are basically two operation modes: contact and noncon-
tact processes. In the contact mode, there is an attractive force between the AFM 
cantilever tip and the substrate surface when the probe is made to approach close 
to a sample substrate. This force induces contact with the sample and deflects the 
cantilever in accordance with Hooke’s law [81]. Scanning the AFM probe on the 
surface leads to changes in cantilever deflection, which can be detected by reflect-
ing a laser on the cantilever. The sample surface morphology can be observed by 
x–y mapping of the cantilever deflection. In the noncontact mode, the cantilever 
is continuously oscillated with a frequency near its resonant frequency and the 
oscillation amplitude of a few nm to avoid contact with the substrate. The force 
between the AFM cantilever tip and substrate leads to a shift in the resonant fre-
quency of the cantilever. Consequently, information of the sample surface in the 
z-direction can be obtained by monitoring this shift. Because the tip-substrate dis-
tance is maintained through automatic z-axial changes in the AFM scanner posi-
tion by a feedback loop system, the tip of the cantilever does not come in contact 
with the substrate under appropriate conditions. Noncontact mode AFM obser-
vation is more suitable for polymer-grafted surfaces than contact-mode observa-
tion to avoid the deformation of the polymer layers due to the contact with the 
AFM cantilever tip [82]. Furthermore, hydrated polymer layers can be measured 
in an aqueous solution using an AFM by changing the external stimuli; thus, other 
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surface properties of grafted polymers can also be analyzed (see Sect. 4.4.2). 
However, AFM has limited use for spherical substrates, hollow capillaries, and 
high-aspect-ratio structures as well as for regions of micrometer size.

In contrast, SEM can be used with various types of substrate structure and 
allows the observation of surfaces by scanning with exposure to a focused EB 
similar to that in an EB lithographic system. The exposure of a substrate sur-
face to an EB induces the generation of secondary electrons from the region sub-
jected to irradiation. In SEM observation, the generated secondary electrons are 
detected, and the number of detected electrons is converted into a brightness sig-
nal, which also depends on the surface roughness, resulting in an image of the 
surface morphology. Since an EB has an extremely short wavelength, the resolu-
tion of SEM observation is on the nanometer scale, similar to that of an AFM. 
On the other hand, by exposing a specimen to a focused EB in a chamber under 
a high vacuum of below 10−3 Pa, SEM can be used for imaging a completely 
dry sample. A conductive thin layer such as carbon or metal is usually coated 
onto the surface of nonconductive polymers and substrates to prevent the elec-
trification of the sample. However, coating with carbon or metal may conceal 
the structural features of ultrathin grafted polymers. In this case, environmental 
SEM is a useful tool for the observation of noncoated samples at a low pressure 
of a few kPa [83].

Although it is difficult to directly determine whether or not polymers have been 
grafted onto substrates by morphological evaluation, measurement of the chemi-
cal composition of grafted polymers is important for such a determination. X-ray 
photoelectron spectroscopy (XPS), which is also known as electron spectroscopy 
for chemical analysis (ESCA), is a practical method of quantitatively determining 
the elemental compositions and electronic states of organic compounds on a sur-
face. XPS spectra can be obtained by irradiating a substrate with an X-ray beam 
and detecting the kinetic energy (Ek) and the number of electrons emitted from the 
irradiated surface. Because the energy of an X-ray with a particular wavelength (ν) 
is known, the electron binding energy (Eb) of the emitted electrons can be deter-
mined using the following equation:

where h is Planck’s constant and φ is the work function of the spectrometer. 
Although Eb denotes the inherent value for an element, its value slightly changes 
depending on the degree of electron bond polarization between neighboring 
atoms, which is called the chemical shift. Thus, quantitative information on the 
chemical composition of grafted polymers can be obtained by a peak-fitting pro-
cess of the XPS spectra. The depth resolution in XPS is commonly 1–10 nm, and 
this method is suitable for characterizing the nanoscale polymer layers on sur-
faces. In XPS measurement, depth profiling and mapping of the grafted polymer 
composition can also be performed by changing the incident angle of the X-ray 
beam and scanning the specimen stage, respectively [84]. Note that in this analy-
sis, sample electrification is caused by the irradiation of an X-ray beam, similarly 
to in SEM, leading to a large energy shift in the XPS spectra.

(4.1)Ek = hν − Eb − φ,

4.4  Characterization Methods



136 4 Smart Surfaces

An alternative practical approach is attenuated total reflection Fourier transform 
infrared spectroscopy (ATR-FTIR). FTIR can determine the chemical composi-
tions present in a sample by from the IR absorbance, which depends on the intera-
tomic motion of the chemical bonds through changes in the dipole moment. Since 
it is difficult to detect ultrathin grafted polymers by the transmission method of 
FTIR analysis, the ATR mode in FTIR can be used to characterize their compo-
sition. In the ATR mode, the incident IR beam passes through a high-refractive-
index (RI) prism, usually made of ZnSe, Ge, or diamond crystal that is attached 
to a sample substrate under a total-internal-reflection condition, and an evanescent 
wave generated at the reflected interface is used to expose the sample to IR. This 
wave is a near-field standing wave. The evanescent wave irradiates the sample sub-
strate at a distance of 100 nm order from the reflected interface, and only the IR 
absorbance near the grafted polymer layers can be detected. In addition, the ATR-
FTIR absorbance of grafted polymer layers can also be used for quantitative anal-
ysis by applying the Lambert–Beer law. Although ATR-FTIR has the advantage 
of a short analysis time under ambient conditions, the sampling depth is relatively 
larger than that in XPS, resulting in a low detection limit. Other analysis methods 
that can be used to characterize the composition of grafted polymers are time-of-
flight secondary ion mass spectroscopy (TOF-SIMS) [85], Auger electron spec-
troscopy (AES) [86], and near-edge X-ray absorption fine structure (NEXAFS) 
spectroscopy [87].

In polymer chemistry, the molecular weight of synthetic polymers and its dis-
tribution are generally measured by gel permeation chromatography (GPC), which 
is a separation technique based on differences in molecular size. In the case of 
polymer-grafted surfaces, GPC allows the measurement of grafted polymer chains 
after cleavage from the substrate by immersion in a strong acid or alkali, such as 
hydrochloric acid, hydrofluoric acid, or sodium hydroxide solution. This method 
requires grafted substrates with a large surface area, such as nanoparticles and 
porous materials, to obtain a sufficient amount of polymer to measure. In the case 
of using this approach, the polymers cleaved from the surfaces of porous silica 
particles exhibit a relatively large molecular weight distribution because of the 
geometric effect of porous structures [88], even though the polymer-grafted par-
ticles are prepared by surface-initiated ATRP. In addition, the stereoregularity of 
grafted polymers harvested from silica nanoparticle chains can also be charac-
terized by nuclear magnetic resonance (NMR) spectroscopy [89]. For other sub-
strates with a small surface area, an alternative method can be used for the analysis 
of grafted polymers prepared by surface-initiated CLRP in which a sacrificial ini-
tiator is added to the polymerization reaction to synthesize free polymers. It has 
been reported that the number-average molecular weight and the polydispersity 
index of polymers generated in solution from a sacrificial initiator are in good 
agreement with those of the polymer chains [90]. On the other hand, Kim et al. 
[91] investigated the differences in the rate-limiting steps and kinetics between 
surface-initiated and heterogeneous bulk CLRPs.

Characterization of the thickness of grafted polymers is an important factor 
to indicate the degree of chain growth in ‘grafting from’ methods. Ellipsometry 
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is a useful tool to determine the layer thickness of modified surfaces in each 
grafting process. In this method, linearly polarized incident light is directed onto 
a flat sample through a compensator, and the reflection is detected via an ana-
lyzer while changing the incident angle, which results in an elliptical change in 
polarization. The change in polarization correlates with the thickness and refrac-
tive index (RI) of layers on the sample; thus, the thickness of grafted polymers 
can be estimated by fitting the experimental data with an optical layer model. 
Although ellipsometric analysis has a high resolution of up to ca. 1 nm, the 
exact RIs of the grafted layers are required. In fact, the RI of grafted polymer 
layers is dependent on their composition, graft density, and molecular weight 
[92]; thus, accurate determination of the thickness of an ultrathin layer is dif-
ficult without any other measurement. Because ellipsometry is tolerant of the 
measuring conditions, the thickness of hydrated grafted polymers can also be 
obtained by changing the stimuli [93]. Recently, an instrument for thickness 
measurement using reflectometric interference spectroscopy (RIfS), which is 
similar to ellipsometry, has become commercially available [94]. As described 
below in greater detail, surface plasmon resonance (SPR) and X-ray reflectom-
etry (XR) can also be used to estimate polymer layer thickness; however, they 
require a fitting process that involves the determination of other parameters in 
addition to those required in ellipsometry. As another approach, AFM is prac-
tical for directly measuring the thickness of a patterned grafted polymer after 
mechanically removing part of the polymer-grafted surface. These characteri-
zation methods are basically applicable to flat surfaces, whereas dynamic light 
scattering (DLS) is suitable for the thickness measurement of polymer-grafted 
particles (please refer to Chap. 3).

The graft density (σ) of polymer chains on substrate surfaces can be calculated 
using their number-average molecular weight (Mn) and dry polymer thickness (h), 
determined by the above methods, using the following equation [95]:

where ρ is the density of the grafted polymer and Na is Avogadro’s number. On the 
other hand, knowing the amount of grafted polymer is useful for calculating graft 
density, which can be measured by thermogravimetric analysis (TGA). In TGA, 
the physical weight loss of a polymer-grafted substrate is monitored as a func-
tion of temperature while temperature is increased at a constant heating rate, and 
the amount of the grafted polymer can be determined by increasing the tempera-
ture until the polymer is vaporized (> ca. 500 °C). Since the limit of detection for 
TGA is a few μg, the weight loss of an ultrathin grafted polymer can be measured. 
Polymeric particles are not suitable for measuring the amount of grafted polymer 
by TGA because the substrates disappear. The density of grafted polymer is calcu-
lated using the amount of grafted polymer (mp) with the following equation [96]:

The amount of grafted polymer can also be obtained by ATR-FTIR [97] and 
elemental analysis [88].

(4.2)σ = hρNa/Mn,

(4.3)σ = mpNa/Mn,

4.4  Characterization Methods
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Analysis of changes in the surface potential, which is also called the zeta 
potential, is essential for confirming the successful surface modification of pH-
responsive, polymer-grafted, and anionic/cationic functional surfaces. The zeta 
potential of polymer-grafted surfaces can be indirectly measured using electroki-
netic phenomena such as electrophoresis and electroosmotic flow. Electrophoresis 
is the forward motion of particles having electrically charged surfaces toward an 
electrode with the opposite charge to the particles when the particles are dispersed 
in an electrolyte solution under an electric field. The electrophoretic mobility of 
particles depends on the degree of surface charges, and the measurement of the 
mobility allows the zeta potential of a particle sample to be measured; details of 
this method are given in Chap. 3. Electroosmotic flow is commonly used to esti-
mate the zeta potential on flat substrates, capillaries, and microchannels. In a chan-
nel comprising sample surfaces, ions in an electrolyte solution that are oppositely 
charged to those of the sample accumulate on the surfaces to form an electrical 
double layer. Under an electric field, the accumulated ions in the electrical double 
layer are induced to move toward an electrode by the Coulomb force, resulting 
in electroosmotic flow. By dispersing neutral particles in the electrolyte solution, 
the zeta potential of the sample surface can be estimated to measure the mobility 
of particle samples. The profile of particle mobility at the center of a channel is 
approximately given with the following equation for the case where k > 5 [98]:

where z is the channel depth, Ua(z) is the apparent electrophoretic mobility of a 
particle at position z, Up is the true electrophoretic mobility of the particles, z/b 
is the thickness of the channel, U0 is the average mobility of the osmotic flow at 
the upper and lower channel walls, ΔU0 is the difference between the velocities of 
osmotic flow at the upper and lower channel walls, and k is the ratio between the 
two side lengths of the rectangular cross section. Measuring the streaming current 
of the accumulated ions under an electric field also allows the zeta potential on flat 
substrates to be determined.

4.4.2  Phase Transition Analysis

Surfaces onto which smart polymers have been grafted exhibit changes in their 
conformational structures and surface properties in response to external stimuli 
switching. Furthermore, the architectures and primary structures of grafted polymer 
chains tend to significantly affect the stimuli-dependent properties of biomolecular 
interactions. Thus, characterization of the changes in the responses of surfaces can 
provide important information not only for confirming the success of surface modi-
fication but also for the subsequent development of biomaterials. Here, techniques 

(4.4)Ua(z) = AU0(z/b)2
+ ∆U0(z/b) − (1 − A)U0 + Up

(4.5)A = 1/((2/3 − (0.420166/k)) ,

http://dx.doi.org/10.1007/978-4-431-54400-5_3
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for analyzing the phase transition behavior of smart polymer-grafted surfaces are 
described. These techniques can be used to investigate the effects of the conforma-
tion on the surface properties.

The measurement of contact angles on smart polymer-grafted surfaces is the 
most typical characterization carried out to determine changes in their aqueous 
wettability (hydration) upon applying a stimulus. Biomolecules are always sur-
rounded by water in the human body, and their interaction with substrate surfaces 
is mediated through water molecules; thus, the aqueous wettability of substrates is 
an important factor in the design of biomaterial surfaces. The contact angle (θ) is 
the angle of a liquid on a substrate at the gas–liquid interface (Fig. 4.5a), and the 
wettability (cos θ) is obtained from Young’s equation:

where γSG, γSL, and γLG are the interfacial energies between solid–gas, solid–liquid, 
and liquid–gas interfaces, respectively. There are various techniques for measuring 
contact angles such as the static/dynamic sessile drop method and the Wilhelmy 
method [99]. Among these techniques, the static sessile drop method is exten-
sively used to determine surface wettability, which is measured from the shape of 
a static water droplet on a substrate. Thermoresponsive PNIPAAm is well known 
to exhibit changes in wettability in response to changes in temperature [100], as 

(4.6)γSG = γSL + γLG cos θ ,
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Fig. 4.5  Changes in surface wettability for smart polymer-grafted surfaces. a Contact angle (θ) 
of a liquid on a substrate at the gas–liquid interface, and changes in contact angle for b ther-
moresponsive [100], c photoresponsive [105], d pH-responsive [106], e biomolecule-responsive 
surfaces [107], and f roughness-enhanced changes in wettability for thermoresponsive and pho-
toresponsive surfaces (microscopic images: surface roughness) [105, 110]
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shown in Fig. 4.5b. The values and transition temperatures of the contact angle 
are significantly dependent on the primary structure of grafted PNIPAAm chains, 
such as the polymer thickness [101], graft density [102], tacticity [89], incorpora-
tion of comonomers [103], and graft architecture [57]. The aqueous wettability of 
PNIPAAm-grafted surfaces is usually observed to change gradually in a tempera-
ture range of ca. 10 °C across their LCST, although the aqueous solution under-
goes a distinct phase transition at the LCST. This is due to the restriction of the 
conformational change by tethering the PNIPAAm chains to the surface (see below 
for further details). As an alternative thermoresponsive smart polymer, a copolymer 
comprising 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA) and oligo(ethylene 
glycol)methacrylate (OEGMA) has recently been used for surface modifica-
tions [104]. The transition temperature of the contact angle for P(MEO2MA-co-
OEGMA)-grafted surfaces is finely tunable by adjusting the OEGMA content in 
the copolymer. Since it is physically difficult to instantaneously change the tem-
perature, other stimuli such as photoirradiation [105], changes in pH [106], and the 
addition of biomolecules [107] have also been investigated as triggers for changing 
surface wettability (Fig. 4.5c–e). In addition, the graft copolymerization of different 
types of smart polymer can be used to obtain dual-responsive surfaces with switch-
able wettability, such as temperature-/pH-responsive P(NIPAAm-co-AAc) [108] 
and temperature-/photoresponsive P(N,N-dimethylacrylamide (DMAAm)-co-4-
phenylazopheny acrylate) [109]. The grafting of polymer chains onto substrates can 
also affect aqueous wettability, particularly through changes in the surface rough-
ness. Substrates with micro- or nanogrooves may have enhanced stimuli-responsive 
wettability [105, 110], resulting in reversible switching between superhydrophilic-
ity and superhydrophobicity (Fig. 4.5f). This roughness-enhanced aqueous wetta-
biliy is induced by the lotus effect, which refers to the surface structures similar to 
the superhydrophobic leaves of lotus flowers [111].

Surface wettability is a macroscopic characteristic of smart polymer-grafted 
surfaces, which is induced by their hydration and conformational changes in 
response to external stimuli. To characterize the microscopic features, many analy-
sis techniques have been demonstrated. A quartz crystal microbalance (QCM) has 
been used to investigate the hydration state of surface-grafted PNIPAAm chains 
in real time temperature [112]. Using a QCM, the adsorption of molecules on a 
quartz crystal probe surface can be sensitively detected as a change in mass by 
measuring the shifts in the resonance frequency of the probe. The relationship 
between the resonance frequency shift (Δf) and the change in mass (Δm) on the 
probe surface follows the Sauerbrey equation:

where f0 is the resonance frequency, A is the probe area, ρ is the density of the crys-
tal, and μ is the shear modulus of the quartz. A QCM can be used for measurement 
in a liquid environment, and its sensitivity of a few ng allows the changes in hydra-
tion of a smart polymer-grafted surface to be evaluated. In addition, the dissipation 
mode (QCM-D), which is defined as the relative energy loss during one oscillation 

(4.7)∆f = −2f 2
0 ∆m/

(

A
√

ρµ
)

,
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cycle, can provide information on the viscoelasticity of grafted polymers [113]. This 
technique allows the change in Δm due to the gain/loss of water molecules to be 
derived from the thermally induced changes in hydration/dehydration for grafted 
PNIPAAm. In the dissipation mode, the plateau of the ΔD shift was observed 
at 30 °C during heating, as shown in Fig. 4.6a. This implies that the free outer 
PNIPAAm layers first collapse with increasing temperature, and the subsequent 
dehydration of the inside layer is suppressed by the limited polymer mobility and 
the permeation of water through the rigid outer layer. The conformational changes of 
grafted smart polymers are suppressed through their anchoring to the surface.

The conformational changes in smart polymers on a substrate surface can also 
be estimated from the layer thickness, which reflects the stimuli-induced swelling/
shrinking. The aforementioned ellipsometry is an appropriate tool for sensitively 
detecting in situ changes in layer thickness at the nanometer scale for PNIPAAm 
[93], poly[2-(dimethylamino)ethyl methacrylate](PDMAEMA) [114], and so 
forth. The results of ellipsometry for the transition of PNIPAAm-grafted layers 
indicate the existence of two layers below the LCST; a diluted layer with a small 
RI on the side of the grafted PNIPAAm exposed to water and a dense layer with 
a large RI near the surface. Increasing the temperature on the surface results in 
the formation of a single layer with a homogeneous density; consequently, there 

Heating  

Cooling

(b) 

Heating  

Cooling

-6 

-5 

-4 

-3 

-2 

-1 

0 

1 (a)
D

( 
x 

10
-6

)

10 20
Temperature (ºC)

H
ydration 

dehydration 

Suppressed 
dehydration 

Hydration 

AFM tip Weak 
force 

Strong 
force 

Weak 
force Strong 

force 

10

0 
100 200 300 400

Z-position of tip (nm)

F
or

ce
 (

nN
) 

25 ºC

40 ºC

40 ºC25ºC

30 40 50

PNIPAAm 
H2O

PNIPAAm Swelling Deswelling 

cooling 
heating 

Temp. range
15 - 50 ºC
20 - 40 ºC

∆

Fig. 4.6  Phase transition analysis of smart polymer chains grafted on substrate surfaces. a 
QCM-D measurement of PNIPAAm-grafted surface used to investigate thermally induced real-
time changes in hydration [112]. b Temperature dependence of force-distance curve between 
PNIPAAm-grafted surface and AFM tip [82]

4.4  Characterization Methods



142 4 Smart Surfaces

is a flexible outer layer of grafted PNIPAAm chains, which provides a model 
for investigation by QCM. SPR spectroscopy is a widely used technique for the 
surface-sensitive in situ analysis of molecular adsorption on a substrate. Surface 
plasmon polaritons excited by an incident p-polarized light under a total-reflected 
condition propagate along the metal/dielectric interface of a metal-coated sub-
strate. SPR occurs when the wavenumber of the incident beam corresponds to 
that of the surface plasmon polaritions, where the incident angle is called as the 
plasmon-coupling angle. These oscillations are very sensitive to changes in this 
boundary, resulting in a shift of the plasmon-coupling angle upon the adsorp-
tion of molecules on the metal surface. The numerical fitting of experimental 
data based on Fresnel’s equation enables the modeling of the layer structure on 
the surface, in which the RI of each layer is important, similarly to in ellipsomet-
ric modeling. Although this technology is extensively used to measure molecular 
adsorption kinetics, studies have been carried out to investigate phase transition 
analysis of stimuli-responsive layers [115]. The incorporation of noble metal nan-
oparticles into grafted polymer chains leads to a significant increase in SPR sensi-
tivity [116].

The use of an elastically deformable cantilever can provide information on 
the mechanical and viscoelastic properties of surface-grafted smart polymers 
using various modes of an AFM. Kidoaki et al. [82] reported the direct charac-
terization of thermoresponsive structural changes on PNIPAAm-grafted surfaces 
in water by obtaining the force-distance curve using an AFM in contact mode, as 
shown in Fig. 4.6b. The approach trace of the force-distance curve indicated long-
range steric repulsion and swollen layers that were a few times thicker than the 
compressed PNIPAAm layers at 25 °C. On the other hand, the range of repulsion 
significantly decreased at 40 °C, and the layer thickness remained constant upon 
compression by the AFM cantilever tip, which indicates the existence of mechani-
cally tight PNIPAAm layers without long-range diffusion through layers above 
the LCST. A silicon cantilever allows the modification of smart polymers on the 
top of surfaces, and the in-plane compressive stress generated by the phase transi-
tion of the polymer layers leads to the deflection of the substrate. This deforma-
tion as a function of the amount of swelling of the smart polymers has been used 
to characterize the phase transition behavior [117]. There is a specific instrument 
for measuring the force-distance relationship, whose principle relies on the con-
cept of the AFM approach. This instrument is known as the surface force appa-
ratus (SFA). In the SFA technique, the mechanical force between two sample 
substrates is sensitively detected using a cantilevered spring with precise control 
of the distance through piezoelectric positioning elements [118]. Consequently, 
the SFA is ideally suited to measuring distance-dependent surface interactions 
and much longer range forces more accurately. Changes in the structure and func-
tion of polymeric materials in response to external physicochemical stimuli have 
also been elucidated in detail by the measurement of surface forces. Kurihara et 
al. [119] have examined the ionization and structural changes in poly(methacrylic 
acid) (PMAAc) amphiphilic brush layers as a function of pH and added salt con-
centration. When more carboxyl groups of PMAAc were ionized at a higher pH, 
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longer ranges of repulsion were observed owing to the extension of polyelectro-
lyte chains. The addition of a monovalent salt enhanced the ionization of PMAAc 
chains and restrained the repulsion at a longer separation distance, as expected 
from the shielding effect of counter ions.

As mentioned above, conventional surface analysis techniques have been effec-
tively used to investigate the phase transition behavior of surface-grafted smart 
polymers. Even now, effective analysis methods are being proposed through 
inventive characterization approaches using existing apparatus. For instance, 
Amiri Naini et al. [120] used an optical microscope to observe the temperature-
dependent switching kinetics of PNIPAAm brushes at the water/substrate interface 
in real time by a stroboscopic photothermal laser manipulation technique. The 
photothermal effect enables the generation of thermal energy through the photo-
excitation of materials by laser irradiation and is useful for rapidly increasing the 
temperature at the water/substrate interface. In this analysis, surface-oxidized Si/
Ti-coated glass plates were used as a grafting substrate to provide the basis for 
noninvasive, label-free monitoring of the phase transition behavior using an ordi-
nary reflective optical microscope. The optical microscopy observation enabled 
the real-time monitoring of the reversible deswelling/swelling process of grafted 
PNIPAAm brushes with a collapsed thickness of 65 nm (Fig. 4.7a). This approach 
has the advantage of allowing real-time visible monitoring of the intrinsic switch-
ing kinetics of grafted smart polymers with excellent temporal resolution. On the 
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other hand, Gehan et al. [121] effectively analyzed the phase transition behavior of 
the PNIPAAm-grafted surface of a gold-coated substrate using surface-enhanced 
Raman scattering (SERS). Raman scattering is the inelastic scattering of a pho-
ton, which depends on the molecular constituents and structures, and SERS is a 
surface-sensitive technique that enhances Raman scattering through the adsorp-
tion of molecules on rough metal nanoparticle surfaces. Large enhancements of 
the electric field can be obtained in SERS by decreasing the gap between two 
metal surfaces. Gehan et al. immobilized gold nanoparticles on the free end of 
grafted PNIPAAm on a gold-coated substrate, and the shrinkage of the polymer 
chains upon an increase in the external temperature reversibly induced a signifi-
cant enhancement of SERS, enabling phase transition analysis (Fig. 4.7b). SERS 
has the potential to enable single-molecular detection under ideal conditions; thus, 
this approach can provide an effective platform for analyzing the phase transi-
tion kinetics of grafted smart polymers at the molecular level. We have recently 
demonstrated the hydration state of PNIPAAm chains grafted onto the surface of 
porous silica particles by observing the mobility of water molecules using NMR 
[96]. NMR is a physical phenomenon in which magnetic nuclei in a static mag-
netic field absorb and re-emit electromagnetic radiation at a specific resonance 
frequency that depends on the chemical composition and structure of a sample. 
Although NMR has been extensively used for structural characterization, the 
magnetic relaxation time provides information on the molecular mobility of the 
sample, which is the process by which excited and coherent nuclei return to the 
thermodynamic state (T1: spin-lattice relaxation time) and the random magnetiza-
tion vector (T2: lattice-lattice relaxation time) in the magnetic field. In particular, 
low-field pulsed NMR is useful for analyzing low molecular mobility such as that 
of absorbed water and confined molecules. This approach enables the evaluation 
of the molecular mobility of water around grafted PNIPAAm chains on a surface 
of porous particles. The values of T1 and T2 for water in pores of silica beads with 
PNIPAAm brushes were changed discontinuously between 25 and 30 °C, which 
are within the range of LCSTs. Although an increase in T1 was observed for 
10–30 nm porous silica particles grafted with PNIPAAm with increasing tempera-
ture, T1 for particles with a 5 nm pore size decrease upon heating, indicating that 
the mobility of water molecules in smaller pores was restricted by the dehydra-
tion of PNIPAAm brushes. This method enables the in situ characterization of the 
phase transitions in confined nano- and microspaces of smart polymers grafted on 
surfaces.

4.5  Applications of Smart Surfaces

The phase transition behavior and conformational switching of smart polymer-
grafted surfaces in response to external stimuli play an important role in changes in 
biomolecular interactions as well as in determining the permeability, mechanical, 
and optical properties of surfaces. Stimuli-responsive features are attractive for the 
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remote and timely control of surface functions depending on circumstances. Thus, 
many researchers have routinely proposed novel techniques and methodologies for 
smart polymer-grafted surfaces to realize more effective and controllable bioma-
terials. Through the strategic design of the monomer structure, graft architecture, 
substrate, and stimulus type for smart polymer-grafted surfaces, a wide range of bio-
medical applications have been demonstrated. This section focuses on typical and 
recent applications using smart biomaterial surfaces such as adhesion control, cell 
cultures, biomimetics, separation, and microfluidic substrates.

4.5.1  Adsorption Control

In various biomaterial applications, the adsorption of biomolecules onto surfaces 
is the most important means of modulating the biocompatibility, nonfouling, anti-
bacterial property, cell adhesion, and biological cascade properties of the surfaces. 
When proteins and peptides in aqueous solution come in contact with a solid sub-
strate, they are rapidly adsorbed on the surface of the material via various interac-
tions including hydrophobic and electrostatic interactions and hydrogen bonding. 
The conformational changes in the biomolecules accompanying the interaction 
induce irreversible and stable adsorption on the substrate surfaces. Numerous 
adhesive cells and bacteria require adsorbed basal protein layers to attach onto 
a solid substrate. Hence, the surface properties of substrates in terms of aqueous 
wettability and electrostatic behavior are essential for controlling biomolecular 
adhesion. In fact, hydrophilic PEO and poly (2-methacryloyloxyethyl phosphoryl-
choline) (PMPC) have been extensively used as grafted polymers to prevent pro-
tein adsorption, resulting in a fine biocompatible biomaterial surface [122]. To 
further improve the control of adsorption, stimuli-responsive smart polymers have 
been grafted onto substrate surfaces to allow the reversible adhesion of bioactive 
compounds. The understanding of biomolecular adsorption on smart polymer-
grafted surfaces is one of the most fundamental factors to develop novel biomedi-
cal applications, such as cell recovery systems, biomimetic materials, separation 
analysis, and diagnostic devices. Controlling the adhesion of bioactive compounds 
using smart polymer-grafted surfaces is discussed here, and adhesive cultured cells 
are described in Sect. 4.5.2.

Protein adsorption processes are affected by complicated factors and depend 
on the correlation between the physicochemical properties of the material, protein, 
and solution [123]. Among these properties, surface hydrophobicity is expected to 
play a major role in protein adsorption. Proteins generally maintain their higher-
order structure through the intricate balance of intramolecular hydrophobic interac-
tions, and are folded into a single, discrete conformation in aqueous solution. The 
contact of proteins with a substrate induces their adhesion onto the surface through 
a hydrophobic interaction, resulting in the simultaneous deformation of the hydro-
phobic domains of the proteins and the release of bound water from the inter-
faces. Although protein desorption occurs in processes such as dynamic exchange, 
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the conformational change tends to result in the accumulation of proteins on the 
surfaces as a stable multilayer. Consequently, the proteins remain irreversibly 
adsorbed on the interface. The control of the initial adsorption on a substrate is 
important for biomaterial surfaces, not only to acquire biocompatibility but also 
to maintain the biological activity of a protein, which is determined by its higher-
order structures. From this perspective, the design of the hydrophilic/hydrophobic 
property changes on a smart polymer-grafted surface has been studied with the 
aim of controlling the initial adsorption of proteins to enable their harvest while 
maintaining their bioactivity. Although various types of stimuli-responsive surface 
have been proposed for controlling protein adsorption, characterization of the per-
formance of smart biomaterial surfaces is mainly carried out by SPR spectroscopy 
[124] and QCM measurement [125] as described in Sect. 4.4. These methods ena-
ble the real-time monitoring of protein adsorption kinetics on sample surfaces with 
high molecular-level sensitivity. Alternatively, fluorescence analysis and enzymatic 
immunoassay are also used to determine the binding constant in the equilibrium 
state according to the switching of the surface properties of smart biomaterials. 
Many smart biomaterial surfaces have been developed on the basis of the protein 
adsorption behavior in real time and/or at equilibrium binding.

The main class of smart polymers used for adsorption control is based on 
PNIPAAm, whose grafted surface exhibits hydrophilic/hydrophobic changes 
in response to changes in the external temperature. Decreasing the temperature 
on the surface to below the LCST causes PNIPAAm to become hydrophilic, 
enabling the switchable removal of adsorbed proteins. Similarly to wettability 
control on the surfaces, the primary structures of grafted PNIPAAm chains con-
tribute to the efficiency of protein adsorption/desorption caused by changes in 
temperature. Yu et al. [126] have investigated static protein adsorption on end-
tethered PNIPAAm brushes with various thicknesses of the grafted layer pre-
pared via surface-initiated ATRP. Although even the thinner PNIPAAm brush 
surfaces (<15 nm) strongly inhibited the adsorption of human serum albumin 
(HSA) compared with the unmodified surface at 23 and 37 °C, the difference 
in protein adsorption at temperatures above and below the LCST was notable 
for a grafted surface with 38.1 nm thickness. Xue et al. [127] varied the grafting 
density of PNIPAAm-modified surfaces to examine the effect of grafting den-
sity on temperature-dependent protein adsorption. Their experimental data also 
revealed subtle differences in the low bovine serum albumin (BSA) adsorption 
on brushes; however, proteins adsorb on less dense brushes (0.08 chains/nm2), 
which allow them to penetrate the layer and interact more extensively with the 
grafted chains. Considering that the grafted surface is hydrophobic at tempera-
tures below the LCST, the protein-repelling property may be due to the hydro-
philicity of PNIPAAm chains. Since intermolecular hydrogen bonds are formed 
with water molecules at the amide groups in PNIPAAm [110], the abundant free 
water molecules around the grafted polymer chains should play a critical role 
in resisting the initial adsorption of proteins. Regarding other surface-grafted 
thermoresponsive polymers, oligo(ethylene glycol) (OEG) derivatives have been 
studied for the control of protein adsorption, such as P(MEO2MA-co-OEGMA) 
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[104] and poly(2-(2-methoxyethoxy)ethyl methacrylate) (PMDMA) [128]. 
Although the basically hydrophilic OEG exhibits low protein adsorption, Zareie 
et al. [129] controlled the affinity binding of a protein through conformational 
changes in OEG SAMs on a substrate. They prepared mixed SAMs comprising 
disulfide-linked OEG and biotinylated thiol molecules on a gold-coated surface, 
and the affinity interaction between streptavidin (SA) and biotinylated molecules 
was regulated by the swelling/shrinking behavior of the grafted OEG in response 
to changes in temperature. The capture and release of proteins using conforma-
tional changes were also demonstrated by grafting with a thermoresponsive elas-
tin-like polypeptide (Val-Pro-Gly-X-Gly, X is any amino acid except Pro) [130]. 
Not only the surface wettability but also the conformation in grafted smart poly-
mers is a useful approach to control protein adsorption by temperature switch-
ing. Other stimuli-induced protein adsorption on grafted surfaces, which has 
been extensively reported, includes changes in the electrochemical stimuli using 
low-density ionizable alkanethiolate SAMs [131], and the control of bioactivity 
by photochemical signals based on the trans–cis isomerization of azobenzene-
incorporated polymers [132].

On the other hand, bacterial adsorption is also a critical issue in biomedical 
applications in terms of protection against bacterial infection from contaminated 
materials [133]. Smart polymer grafting is increasingly required for self-cleaning 
and the biological assay of collected bacteria. There are two major approaches to 
control bacterial adsorption on a polymer-grafted surface. The active approach is 
to kill bacteria using antimicrobial materials. Since the isoelectric point of most 
bacterial strains is usually in the pH range of 1.5–4.5 [134], cationic materials, 
such as quaternary ammonium salt derivatives, are powerful agents against bac-
teria [135]. The alternative approach is to repel bacteria using nonfouling coat-
ings similarly to the case of protein adsorption. As a smart polymer exhibiting 
these antibacterial features, pH-responsive zwitterionic polymers have great 
potential for controlling the attack and release of bacteria on a grafted surface. 
Lee et al. [136] grafted chitosans with quaternary ammonium salts onto an epox-
ide-derivatized surface as a pH-responsive antibacterial material. This surface 
displayed a high positive charge between pH 2.97 and 8.2 and exhibited revers-
ible and tunable swelling/shrinking behavior upon varying the pH of the solu-
tion, resulting in a significant reduction of S. aureus colonization at pH 7.3. Mi 
et al. [137] reported a tunable mixed-charge copolymer surface containing posi-
tively charged (2-(acryloyloxy)ethyl)trimethyl ammonium chloride (TMA) and 
negatively charged 2-carboxyethyl acrylate (CAA) that exhibited nonfouling 
properties that depended on the environmental pH. The surface of P(TMA-co-
CAA) brushes has no charge under neutral and basic conditions, but is positively 
charged under acidic conditions. Changing the solution pH from 4.5 to 10.0 led 
to a six fold decrease in the number of S. epidermidis cells on the grafted sur-
faces. Cao et al. [138] developed an innovative system that repeatedly switched 
between attacking and repelling against bacteria using a novel smart polymer. 
In this polymer, the substituent in the side-chain alternates between two equi-
librium states: cationic N,N-dimethyl-2-morpholinone(CB-ring) and zwitterionic 
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carboxyl betaine (CB–OH), as shown in Fig. 4.8a. Under dry conditions, CB-ring, 
obtained from CB–OH by adding either trifluoroacetic acid (TFA) or acetic acid 
(HAc), can kill over 99.9 % of E. coli K12 cells attached on the grafted surfaces. 
The immersion of the substrate into a neutral or basic aqueous medium allows 
the CB-ring to immediately hydrolyze to CB–OH in the grafted polymer, and the 
CB–OH state simultaneously releases dead bacteria from its surface and exhib-
its a bacteria-repellent property. CB–OH can be converted back to the CB-ring 
under acidic conditions, thereby regenerating the bacteria-killing function. Such 
a repeatable function based on a simple operation is a successful model for vari-
ous smart biomaterial surfaces. Alternatively, the incorporation of an antibacterial 
molecule into conventional smart polymer chains is also useful for controlling 
bacterial adhesion. Laloyaux et al. [139] fabricated surface-grafted P(MEO2MA-
co-OEGMA-co-HEMA), into which magainin-I was introduced as an antimicro-
bial peptide to resist bacterial adhesion through temperature switching. A large 
fraction of dead adhered bacterial cells were observed on the surface incubated at 
26 °C, which is below the LCST, and the grafted polymer brushes acted as cell-
repellent surfaces against L. ivanovii cells at 38 °C, above the LCST (Fig. 4.8b). 
Importantly, the phase transition temperature can be easily modulated by adjust-
ing the composition of the monomer mixture. An adjustable signal for changing 
the surface property is also important in the development of practical biomaterials 
using smart polymer-grafted surfaces.
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4.5.2  Cell Culture

In the last several decades, cell culture for biomedical and clinical applications 
has been one of the most active areas of research in the field of smart biomate-
rial surfaces. Protein adsorption and subsequent cell adhesion are frequently dis-
advantageous for the realization of biomaterials in vitro and in vivo, and many 
researchers have attempted to control the interactions between material inter-
faces, proteins, and cells to acquire material biocompatibility. There are two 
steps in the process by which cells attach onto material surfaces: ‘passive adhe-
sion’ and ‘active adhesion’ [100]. Passive adhesion involves physicochemical 
interactions between the material surface, adsorbed proteins and adhering cells, 
and active adhesion involves the activation of spontaneous receptor-mediated 
interactions and is followed by passive adhesion. The cell-material interaction 
in passive adhesion occurs reversibly and without metabolic signaling in a cell; 
thus, the key factors enabling the inhibition of passive adhesion by material sur-
faces involve the static control of various physicochemical characteristics, such 
as wettability, phase separation, charge, mechanical properties, surface rough-
ness, and so forth. The control of these static properties of material surfaces 
has led to the development of implantable artificial organs, biosensor devices, 
and nonthrombogenic surgical instruments. On the other hand, active adhesion 
involves cellular metabolic processes using ATP to change the cellular morphol-
ogies so that they spread on surfaces and initiate the signaling process depend-
ing on their phenotypes. The cells spread on material surfaces rarely detach 
spontaneously from the surfaces without the reversal of adhesion from active to 
passive, even if the static surface properties are controlled. Thus, the enzymatic 
proteolysis of extracellular matrix (ECM) proteins and the chelation of divalent 
cations such as Ca2+ ions to deactivate cell integrin receptors are conventionally 
used to control actively adhered cells. However, these processes cause signifi-
cant damage to the cells, resulting in the hydrolysis of various membrane-asso-
ciated proteins such as ion channels and growth factor receptors. Noninvasive 
modulation from active cell adhesion to detachment requires dynamic changes 
in the surface properties of cell culture materials without any enzymes and 
chelators.

In the 1990s, Okano and co-workers proposed a novel detachment tech-
nique for actively adhered cells using PNIPAAm-grafted tissue culture polysty-
rene (TCPS) dishes simply by lowering the temperature [16, 140], as shown 
in Fig. 4.9a. Various types of cell adhered onto PNIPAAm-grafted surfaces at 
37 °C, with morphologies ranging from being round to flat; these morpholo-
gies correspond to the consumption of ATP by metabolically active adhesion. 
The number of cultured cells on the PNIPAAm-grafted surfaces increased with 
incubation time and these cells proliferated and became confluent after 7 days 
in the case of endothelial cells. Their growth curves and adhesion morphologies 
on PNIPAAm-grafted dishes were almost the same as those on commercially 
available TCPS. Figure 4.9b shows changes in the number of endothelial cells 
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that detached from PNIPAAm-grafted surfaces with time when the temperature 
is reduced to 10 °C after endothelial cells were cultured at 37 °C for 2 days. 
All the attached cells detached from the PNIPAAm-grafted dishes after 15 min, 
whereas the number of cells that detached from ungrafted dishes was negligi-
ble. Decreasing the culture temperature to a value below the LCST induces a 
change in surface wettability from hydrophobic to hydrophilic, leading to the 
release of the adhered cells. The detachment of cells from surfaces requires the 
adherent cells to change their membrane shape, consuming internal metabolic 
energy, and the hydration of grafted PNIPAAm layers on surfaces by lower-
ing the temperature induces the suppression of cellular metabolism [141]. This 
system allows the preservation of intact membranes and adhesive proteins, 
because only interactions between adhesive proteins on the basal side of the 
cultured cells and the grafted PNIPAAm on the surfaces are disrupted, as shown 
in Fig. 4.9c. Thus, confluent cultured cells were harvested as a contiguous cell 
sheet from the thermoresponsive surfaces while maintaining cell–cell junctions 
and basal ECMs [142]. Since adhesive proteins derived from cells are also har-
vested at the same time, the cell sheets can readily adhere to various surfaces 
including culture dishes, other cell sheets and host tissues. Using this recovery 
system, various tissue reconstructions have been demonstrated such as ocular 
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Fig. 4.9  Smart cell culture surfaces. a Noninvasive harvest of cells cultured on PNIPAAm-
grafted surfaces by lowering the temperature, b time dependence of endothelial cell detachment 
from PNIPAAm-grafted TCPS after 2 days of culture followed by decreasing the temperature to 
10 °C [139], and c endothelial cell sheets detaching from temperature-responsive culture surfaces 
after low-temperature treatment (double-staining with anti-fibronectin (FN) antibody and a fluo-
rescent dye for nuclei) [141]
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surfaces [143], periodontal ligaments [144], cardiac patches [145], and bladder 
augmentation [146].

Thermally induced dynamic changes in the surface properties of PNIPAAm-
grafted surfaces are a key factor in the regulation of cellular interactions with sur-
faces used for cell adhesion/detachment. Thus, the conformation of PNIPAAm 
grafted on surfaces has a significant effect on cell adhesion/detachment behav-
ior. Akiyama et al. [74] investigated factors affecting the thermal control of cell 
adhesion/detachment on PNIPAAm-grafted TCPS prepared by EB irradiation. 
The adhesion control of bovine carotid artery endothelial cells (BAECs) was 
achieved on surfaces grafted with PNIPAAm in the density range of 1.5–2.0 μg/
cm2, whereas no cell adhesion at 37 °C and no cell detachment by lowering the 
temperature to 20 °C were observed above and below this range, respectively. 
This threshold density of grafted PNIPAAm for the effective control of cell adhe-
sion/detachment corresponds to a polymer layer thickness of ca. 20–30 nm on 
the surface. Such ultrathin PNIPAAm layers on TCPS are relatively hydrophobic 
owing to the restriction of polymer chain mobility by the hydrophobic interaction 
with TCPS interfaces. On the other hand, the outer PNIPAAm layers have high 
molecular mobility, leading to greater hydrophilicity with increasing graft polymer 
thickness on the surface. In fact, the appropriate density of grafted PNIPAAm on 
glass substrates more hydrophilic than TCPS is ca. 2.0 μg/cm2 for cell adhesion/
detachment because of the weaker hydrophobic interaction at the interfaces [147]. 
Takahashi et al. [97] controlled the graft density and chain length of PNIPAAm 
on glass surfaces through surface-initiated RAFT polymerization to investi-
gate the relationship between the graft composition and the adhesion property of 
BAECs. At a certain graft density, grafted PNIPAAm with molecular weights of 
Mn = 23,000 and 49,000 showed a good adhesion property, although fewer than 
20 % of cells adhered to surfaces grafted with polymers with Mn = 58,000. By 
contrast, the detachment of BAECs from surfaces upon lowering the temperature 
to 20 °C was faster for PNIPAAm-grafted surfaces with a higher graft density and 
longer chain length. Cell sheets were successfully harvested from surfaces grafted 
with PNIPAAm with a graft density of 0.03 chains/nm2 with Mn = 49,000, or 
at higher graft density (0.04 chains/nm2). Therefore, a suitable balance between 
the smart polymer composition, the amount of grafting, the chain density, and 
the molecular weight is important for the control of cell adhesion/detachment by 
changing the temperature.

Such a correlation between the control of cell adhesion and the polymer com-
position on the surface has been discussed not only in the above experimen-
tal studies but also on the basis of theoretical approaches. Halperin et al. [148] 
theoretically considered cell detachment by calculating the change in coupling 
upon hydration in integrin-mediated environmental sensing for a cell culture on 
grafted PNIPAAm in a serum-containing medium. Their discussion focused on 
two processes of cell adhesion to a solid substrate: serum-bearing ECMs adsorb 
on the surface and cells subsequently become attached to the adsorbed ECMs, 
which provide ligands to integrin receptors anchored at the cell ventral mem-
brane. In the case of a cell culture on PNIPAAm-grafted surfaces, cell adhesion 
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can confine the grafted polymer through a disjoining force (fcell) derived from 
the osmotic pressure of swollen polymer layers as shown in Fig. 4.9d, because 
the cell membrane cannot penetrate into the chains. When the grafted PNIPAAm 
collapses at 37 °C, this disjoining force prevents cell adhesion at a dry polymer 
thickness hdry exceeding 25 nm, which is the length of the extracellular integrin 
tail and the thickness of the adsorbed ECM layer [149]. Lowering the tempera-
ture to a value below the LCST induces polymer swelling, increasing the value 
of fcell, and placing the integrin-ECM bonds under tension, thus shortening their 
lifetime according to Bell’s law [150]. Increasing fcell may also accelerate the 
desorption of ECM proteins bound to cells. Both effects contribute to the kinet-
ics of cell detachment. On the basis of this consideration, the effects of the degree 
of polymerization, graft density, and temperature on fcell were investigated by 
theoretical analysis [151–153]. fcell is almost zero at 37 °C when hdry ≥ 25 nm 
and increases with decreasing temperature below the LCST. An increase in the 
degree of polymerization of grafted PNIPAAm chains induces a rapid increase 
in fcell, and high grafting densities suppress the adsorption of ECM proteins thus 
in turn suppressing cell adhesion. By comparison with the measured cell-pulling 
strength (1 pN < fcell < 1.5 × 106 pN) [154], this analysis allows rationalization 
of the experimental observations associated with cell adhesion and detachment. 
Another factor affecting cell detachment from PNIPAAm-grafted surfaces is the 
elastic deformation of the grafted layers. Galaev et al. [155] have reported that 
the elastic deformation of NIPAAm-based hydrogels results in the release of mul-
tiple bound particles, whereas no release of single-bound proteins occurs upon 
elastic deformation. The adhesion of cells through their membrane receptors is 
employed in polyvalent interactions, and such multiple bonds can be easily dis-
rupted by the elastic deformation of hydrated PNIPAAm layers. In addition, cells 
can detach from the surface when they lose the intracellular tension exerted by 
the cytoskeleton [141]. Since multiple factors are involved in the detachment 
of cells from smart polymer-grafted surfaces, determination of the most critical 
mechanism is currently an active area of research.

The shape of the substrate used for surface modification with PNIPAAm can 
provide useful assistance in the control of cell adhesion and tissue reconstruction. 
For example, a porous cell culture membrane was employed as a grafting substrate 
to accelerate cell detachment [156]. The porous structure facilitates the access 
of water to allow the swelling of PNIPAAm when the temperature is lowered 
to a value below the LCST, whereas the hydration of grafted PNIPAAm is sup-
pressed owing to the limited water supply on a flat substrate. Matsuda fabricated a 
three-dimensional tubular structure consisting of cultured cells using PNIPAAm-
grafted gelatin and a glass capillary [157]. By infusing a culture medium into the 
PNIPAAm-grafted capillary at 20 °C after cell culture on the inner wall, a vas-
cular-like cell tube composed of ECs could be harvested with deposited ECM on 
the basal side of the tissue. Tamura et al. [158] have recently cultivated Chinese 
hamster ovary (CHO-K1) cells on PNIPAAm-grafted surfaces of microspheres in 
a stirred suspension for application to cell therapy. This suspension culture sys-
tem can realize both effective cell proliferation and subsequent thermally induced 
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cell detachment depending on the amount of grafted PNIPAAm and the diameter 
of the microspheres. They also reported the incorporation of positively charged 
3-acrylamidopropyl trimethylammoniumchloride (APTAC) into PNIPAAm 
grafted on the microspheres to facilitate their dispersibility, resulting in enhanced 
cell proliferation [159]. Strategies based on the substrate shape have potential use 
for improved smart cell culture systems and mold-releasable materials in biomedi-
cal applications.

From the perspective of molecular design, the introduction of functional groups 
or biomolecules into grafted PNIPAAm chains is effective for enabling cell adhe-
sion control on surfaces, although it is necessary to prevent the deterioration of 
the thermoresponsive property resulting from the use of another comonomer. 
Aoyagi et al. [160] have developed 2-carboxyisopropylacrylamide (CIPAAm) 
as a novel NIPAAm-based functional monomer, whose polymer has continuous 
parallel isopropylamide groups (Fig. 4.10a), enabling a steep phase transition to 
be maintained as well as the formation of an NIPAAm homopolymer. Ebara and 
co-workers found that cell adhesion/detachment can be achieved on P(NIPAAm-
co-CIPAAm)-grafted surfaces as well as on PNIPAAm surfaces by changing the 
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Fig. 4.10  Functional thermoresponsive cell culture surfaces using CIPAAm. a Chemical struc-
ture of P(NIPAAm-co-CIPAAm)-grafted surfaces, b accelerated rate of BAEC detachment on 
P(NIPAAm-co-CIPAAm)-grafted surfaces compared with that on PNIPAAm-grafted surfaces 
[164], c control of specific interactions between immobilized RGDS peptides in P(NIPAAm-
co-CIPAAm)-grafted surfaces and cell integrin receptors for serum-free culture (photographs: 
HUVEC adhesion without serum at 37 °C, scale: 100 μm) [160], and d enhanced specific inter-
action between RGDS peptides and cell integrin receptors by synergistic effect of PHSRN on 
P(NIPAAm-co-CIPAAm)-grafted surfaces [163]
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temperature [161–165]. Furthermore, the grafted surface allows the rate of cell 
detachment from P(NIPAAm-co-CIPAAm)-grafted surfaces to be accelerated 
compared with that from a conventional homopolymer surface [165], as shown 
in Fig. 4.10b. This is due to the accelerated hydration of polymers grafted on 
the surfaces by the incorporation of ionized carboxyl groups, inducing the rapid 
swelling and subsequent lifting of cells from them. They also immobilized a cell-
adhesive Arg-Gly-Asp-Ser (RGDS) peptide on grafted P(NIPAAm-co-CIPAAm) 
via a condensation reaction between an amino terminal in RGDS and a carboxyl 
group in the copolymer chain [161–164]. Under a serum-free cell culture condi-
tion, significant differences in the spreading of human umbilical vein endothelial 
cells (HUVECs) on the copolymer-grafted surfaces were observed before and after 
RGDS immobilization at 37 °C (Fig. 4.10c). This enhanced cell adhesion property 
of the grafted P(NIPAAm-co-CIPAAm)-bearing peptides is caused by a specific 
interaction between the cellular integrin and the RGDS residue. On the other hand, 
HUVECs can be detached from the surfaces by reducing the temperature to a value 
below the polymer LCST, where the detachment behavior depends on the immo-
bilized RGDS content. This mechanism is considered to be based on a decrease in 
the cell tension of spreading HUVECs resulting from surface swelling through the 
hydration of grafted copolymers, which induces a decrease in the specific integrin-
RGDS association. To control the affinity of binding on smart copolymer-grafted 
surfaces, Ebara et al. [163] controlled the access of integrin to RGDS by tethering 
a poly(ethylene glycol) (PEG) chain as a spacer, and the synergistic effects on cell 
adhesion of a Pro-His-Ser-Arg-Asn (PHSRN) sequence, derived from RGDS using 
a hexamer glycine (G6) linker were investigated by changing the distance between 
the peptide and the grafted polymer [164]. The peptide-bearing copolymer distance 
significantly affects the release time of cells from the surfaces when the tempera-
ture is lowered. In particular, the initial cell adhesion was enhanced on PHSRN-
G6-RGDS-immobilized surfaces (Fig. 4.10d) because the synergistic PHSRN 
was located ca. 3.5 nm away from the RGD loop in a natural fibronectin, which 
corresponds to the chain length of the G6 linker. In addition, the further immobi-
lization of insulin into the smart copolymer as a cell growth factor promotes not 
only cell adhesion but also cell proliferation on the surface [166]. The incorpo-
ration of peptides into grafted polymers enables the growth of a serum-free cell 
culture for safe clinical applications and underlines the importance of molecular 
design for grafted smart polymers to control cell adhesion on surfaces. Recently, 
we have prepared smart copolymer brushes comprising NIPAAm and 2-lactobi-
onamidoethyl methacrylate (LAMA), which has a galactose residue to specifically 
bind to asialoglycoprotein receptors of hepatocytes, to regulate hepatocyte-selec-
tive adhesion through temperature alterations [25]. The polymer brushes contain-
ing LAMA promoted HepG2 cell adhesion at 37 °C through a specific interaction 
with sugar moieties, although NIH-3T3 fibroblasts did not adhere on the surfaces 
under serum-free conditions. The adhered HepG2 successfully detached from 
the PNIPAAm-b-PLAMA brush surfaces when the temperature was reduced to 
25 °C, while almost all cells remained on the P(NIPAAm-co-LAMA) brush sur-
faces. These results were due to the difference in the phase transition temperatures 
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from NIPAAm homopolymer for surface wettability changes, depending on the 
sequences of hydrophilic LAMA in the polymer brushes. Therefore, the graft 
architecture of smart polymers is also important in the modulation of surface prop-
erties for the harvest of stimuli-induced cells.

Cell patterning on PNIPAAm-grafted surfaces provides a potential tool for the 
construction and recovery of functional tissue-mimicking cell sheet materials for 
clinical applications. A patterning strategy for polymer grafting and substrate sur-
faces is required to fabricate the in vivo-like cell structures. Tsuda and co-workers 
prepared patterned thermoresponsive surfaces of PNIPAAm and P(NIPAAm-co-
n-butyl methacrylate (BMA)) to demonstrate a stepwise phase transition induced 
by temperature modulation [103, 167]. In this approach, hepatocytes are selec-
tively cultured only on relatively hydrophobic P(NIPAAm-co-BMA) domains at 
27 °C because of the decrease in LCST caused by the incorporation of hydropho-
bic BMA into the PNIPAAm chain, whereas PNIPAAm domains show hydrophilic 
and cell repellent properties at this temperature (Fig. 4.11a). BAECs subsequently 
seed after a 4-day culture of the primary cells and can adhere onto hydrophobized 
PNIPAAm domains at 37 °C, resulting in a patterned coculture of hepatocytes and 
BAECs. Consequently, the cocultured cell monolayers can be recovered simply 
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Fig. 4.11  Smart patterned surfaces for reconstruction of cell structures. a Hepatocyte and 
BAEC coculture and harvesting of cocultured cell sheets using a dual patterned surface com-
prising PNIPAAm and P(NIPAAm-co-BMA) [166], b aligned adhesion of fibroblasts at 37 °C 
and folding detachment of the cell sheet by reducing the temperature on PNIPAAm and PAAm 
patterned surfaces (scale: 200 μm) [76], and c capillary network structures of BAECs cultured 
on PNIPAAm-grafted microtexture surfaces (photographs: stained with Alexa 488-conjugated 
phalloidin to label F-actin (green) and ethidium homodimer-1 to label the nuclei (red), scale: 
50 μm) [168]
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by reducing the temperature to 20 °C, which is below the LCSTs of both grafted 
domains. The physiological functions of hepatocytes, such as albumin secretion 
and ammonium metabolism in the patterned coculture, are enhanced with increas-
ing number of heterotypic cell-cell interactions. Thus, this method can provide a 
functional cell sheet through heterotypic cell communication such as that in the 
liver and pancreas. As another example of using a patterning technique, the use of 
line-space micropatterning, such as in the case of producing PNIPAAm patterns 
on cell-repellent poly(acrylamide) (PAAm)-modified surfaces and microtextured 
substrates grafted with PNIPAAm, leads to aligned and elongated cells adhesion 
on the surface along the major axis of the patterns [76, 168]. The aligned con-
fluent cells can be harvested as a cell sheet by changing the temperature, and the 
cell sheets strongly contract in the stripe pattern direction, resulting in shrink-
age and folding along the patterns (Fig. 4.11b). This technique could be useful 
for the construction of muscle cell sheets with efficient shrinkage/relaxation in a 
specific direction. Stripe microgrooves of a PNIPAAm-grafted substrate can also 
induce the capillary network formation of BAECs with 5–20 μm inner diameters 
by cultivation on the surface [169], as shown in Fig. 4.11c. The construction of 
BAEC networks using PNIPAAm-grafted patterns with multilayered cultures by 
combining micropatterned endothelial cells with fibroblast monolayer sheets has 
been reported [170]. These several strategic methods of designing the patternins 
on PNIPAAm-grafted surfaces could lead to a breakthrough in the next generation 
of tissue engineering.

A variety of smart polymer-grafted surfaces have been developed to be 
alternately used with PNIPAAm for the control of cell adhesion. For instance, 
P(MEO2MA-co-OEGMA) exhibits LCSTs between 26 and 90 °C, which can 
be precisely adjusted by varying the composition, and the grafted surface ena-
bles the control of cell adhesion [171]. This smart substrate combines the 
advantageous features of thermoresponsive PNIPAAm surfaces and biocom-
patible PEG surfaces. Applying the same concept, Pluronic F68 and F127 as 
poloxamers [172], xyloglucan as a major hemicellulose [173], and elastin-like 
polypeptides [174] are used as low-toxicity thermoresponsive cell culture sub-
strates. The use of light as a trigger to detach cells from a substrate has also 
been extensively studied using photoresponsive polymer grafting, particularly 
for dynamic cell patterning. Two approaches are mainly used in photoinduced 
cell detachment: the incorporation of photocleavable or photochromic resi-
dues into the grafted polymers. In the case of photocleavable smart polymers, 
it is necessary that the protective group allows cell adhesion, and the grafted 
surface exhibits a cell-repellent property after cleaving through UV expo-
sure. Byambaa et al. [175] prepared a surface-grafted smart polymer compris-
ing a photocleavable monomer and MPC to control cell adhesion/detachment 
by UV irradiation, as shown in Fig. 4.12a. The smart surface was negatively 
charged and relatively hydrophobic, enabling cell adhesion, and photoirradia-
tion changed the surface property to neutral and hydrophilic, derived from the 
cell-repellent MPC units. Photodegradable polymer-grafted surfaces comprising 
repeated ketal or acetal units allow in situ cell detachment through UV exposure, 
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similarly to photocleavable polymers [176]. In photochromic smart polymers 
with azobenzene or spiropyran residues, the cell adhesion property can be regu-
lated by reversible photoinduced isomerization of the functional groups in the 
grafted polymers [177, 178]. Liu et al. [178] prepared a PEG-based SAM with 
an embedded azobenzene group containing RGD peptide. The background of 
grafted PEG prevents nonspecific adhesion, and the azobenzene moiety can 
be reversibly converted between the E and Z configurations to either present 
or mask the RGD ligand and hence modulate biospecific cell adhesion via the 
irradiation of visible (450–490 nm) or UV (340–380 nm) light. Although pho-
tochemical cell detachment is useful as a time-space control technique, the use 
of ultraviolet UV light may damage both SAMs and adherent cells. Among the 
smart cell culture systems, the use of a pH-responsive polymer is one of the sim-
plest and most versatile techniques for cell adhesion control by changing the pH 
and ion strength in the culture medium [179]. In addition, a pH-responsive poly-
mer that includes various charged species such as DNA and growth factors can 
be simultaneously grafted onto a substrate [180]. Iwai et al. [181] used grafted 
poly(N,N-dimethylaminopropyl acrylamide) (PDMAPAAm) combined with 
DNA to carry out surface-mediated transfection during cell culture, as shown 
in Fig. 4.12b. These grafted surfaces showed high cell viability and transgene 
expression upon using small amounts of PDMAEMA. Because this polymer 
also has a thermoresponsive property, the grafted surface allows cell detachment 
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through changes in temperature. Electrochemical stimulation has also been used 
as a trigger for cell detachment to control the reductive desorption of a thiol 
SAM [182] or the disintegration of a polymer from an electrode surface by 
applying potential. For example, Persson et al. [183] reported the use of conduc-
tive poly(3,4-ethylenedioxythiophene) (PEDOT-S:H) as shown in Fig. 4.12c. As 
another novel approach, Davila et al. [184] developed a cyto-mechanorespon-
sive surface that allows cell adhesion in response to mechanical stretching. This 
grafted surface comprises PAAc-bearing RGD peptides under a cell-repellent 
PAAc-phosphorylcholine (PC)/poly(allylamine hydrochloride) (PAH) multilayer 
on a silicone substrate, and the cell-adhesive RGD can be exposed by stretching 
the film (Fig. 4.12d). The amount of exposed ligands from the multilayer can 
be regulated by adjusting the stretching ratio of the substrate, and the density of 
adhesive ligands can be gradually changed during cell culture simply by stretch-
ing. Therefore, attempts to realize molecular design of smart polymer-grafted 
surfaces will be continued in the future to achieve more effective and simpler 
control of the cell adhesion property.

4.5.3  Biomimetics

Biomimetics involves the mimesis of structures and functions inspired by nature 
and biological systems for the design and engineering of materials. In the human 
body, mechanical and physical functions are induced by external stimuli to main-
tain a normal metabolism via a feedback system that includes sudoriferous pores, 
papillae, muscles, and ion channels. The conversion of the response to a stim-
uli into mechanical actuation and permeability has been focused on as a means 
of developing smart artificial devices such as stimuli-sensitive actuators, gating 
nanochannels, and self-healing devices [185]. In addition, the commercialization 
of light- and heat-sensitive materials that use the energy from ambient changes 
should result in a substantial reduction in energy consumption. Surface modifica-
tion with smart polymers has also been used as a biomimetic process to control 
the transformation and pore size of original substrate structures through confor-
mational changes by stimuli switching. Although biomimetics is a concept of bio-
materials themselves in the wide sense, in this section, we focus on the control 
of mass transfer and actuation in response to stimuli using smart polymer-grafted 
surfaces.

The biomimetic control of mass transfer through the stimuli-responsive features 
of grafted smart polymers has been routinely demonstrated using porous materi-
als, particularly polymeric membranes [43]. The conformation of smart polymers 
can be made to change in response to the local environment, leading to revers-
ible changes in the permeability and selectivity of membranes. When smart poly-
mers are modified on the pore surfaces of membranes, stimuli-induced changes 
in the degree of their swelling and shrinkage commonly lead to the opening and 
closing of the pores (Fig. 4.13a), hence triggering changes in the membrane 
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permeability and selectivity. Thermoresponsive PNIPAAm compounds have been 
conventionally used as a grafted smart polymer to control the water flux and 
molecular permeability in porous membranes [186]. Allen et al. [187] prepared a 
smart mesoporous glass frit grafted with PNIPAAm containing silica nanoparti-
cles through covalent LbL assembly with polyethylenimine to realize responsive 
permeability. The introduction of silica nanoparticles into the PNIPAAm lay-
ers increases the surface roughness, thus enhancing thermoresponsive changes 
in wettability, resulting in a greater than 1,000-fold difference in permeability to 
water compared with permeability to aqueous solutions of sodium sulfate. Such 
conformational responsiveness of grafted PNIPAAm is significantly influenced by 
the chain length and graft density. Li et al. [188] controlled the chain length and 
graft density of grafted PNIPAAm in the pores of anodic aluminum oxide (AAO) 
porous membranes by surface-initiated ATRP. The diffusional permeability of vita-
min B12 through membranes at a temperature by the conformational changes of 
grafted PNIPAAm on the pores depended on both the chain length and graft den-
sity, and the effect of the chain length was greater than that of the graft density. 
Kuroki et al. [189] optimized the chain length at a low density (ca. 0.01 chains/
nm2) in PNIPAAm-grafted polycarbonate membranes for effective pore gating. 
They isolated grafted PNIPAAm from the substrate to estimate the filling ratio of 
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PNIPAAm [201]
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dry polymer layers in the pores. The permeability of the shrunk PNIPAAm was 
nearly unchanged for a filling ratio from 0 to 20 %, and dramatically decreased 
upon the swelling of grafted PNIPAAm with a filling ratio of up to 10 %, result-
ing in a sufficiently high filling ratio of 10–20 % to induce a marked change in 
the water permeability. As alternative temperature-sensitive smart polymers to 
PNIPAAm, poly(N-vinylcaprolactam) [190], thermoresponsive PU [191], and 
poly(N,N-diethylacrylamide) (PDEAAm) [192] have been grafted onto porous 
membranes for the control of permeability.

pH-responsive smart polymers involving derivatives of PAAc and PDMAEMA 
have also been widely used to fabricate porous membranes with variable barrier 
properties [193]. These grafted membranes enable the control of the pore size 
in response to changes in pH and ionic strength. In pH-responsive porous mem-
branes, a lower graft density results in better permeability of buffer solutions, sim-
ilarly to PNIPAAm-grafted surfaces [194]. The conformational changes of smart 
polymers may be more flexible at a lower graft density because of the weaker 
interactions between neighboring grafted polymers. Kaetsu et al. [195] used pH-
responsive membranes for drug permeation and the release of methylene blue as a 
model drug by coating PAAc on a porous polymeric film. The smart porous mem-
branes allowed the permeation of the model drug under acidic conditions alkaline 
conditions. In addition, they immobilized glucose oxidase onto grafted poly-
mer layers, and programmed drug release through the membranes was achieved 
in response to the addition of glucose via the generation of gluconic acids in an 
enzymatic reaction. Zhang et al. [196] investigated the controlled release of vari-
ous proteins and peptides using a porous membrane coated with dual-responsive 
P(NIPAAm-co-MAAc)-grafted nanoparticles. The pore sizes of the dual-respon-
sive membranes were controlled by changing the temperature and pH at the 
boundary of the LCST as well as the value of pKa, and the molecular permeability 
was found to depend on the molecular radius of the proteins and peptides. These 
studies demonstrate that smart porous membranes can be applied as a carrier to 
control drug release by stimuli switching.

Other signals for switching the permeability of smart porous membranes include 
the UV exposure and the addition of specific chemical reagents. In the case of pho-
toresponsive porous membranes, UV irradiation usually induces the isomerization of 
photochromic residues in grafted smart polymers, including derivatives of azoben-
zene [197] and spiropyran [198], to leading to structurale changes that enable the 
control of the pore size. To realize smart porous membranes that respond to a spe-
cific molecule, strategies are required to prepare smart polymers conjugated with 
molecular recognition sites. Yamaguchi et al. [199] designed ion-specific tempera-
ture-responsive gating membranes grafted with a copolymer of NIPAAm and benzo-
18-crown-6-acrylamide (BCAm). The benzo-18-crown-6 residues in the grafted 
copolymers can recognize specific ions (e.g., Pb2+, Ba2+, Sr2+, and K+), and the 
binding with ions induces a change in the phase transition temperature [200], as 
shown in Fig. 4.13b. By inducing a shift in LCST, the swelling/shrinking behav-
ior of grafted P(NIPAAm-co-BCAm) was controlled at a certain temperature by 
adding a specific ion, resulting in temperature-responsive permeability. Using a 
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similar concept, β-cyclodextrin residues were incorporated into grafted PNIPAAm 
on porous membranes to modulate the phase transition temperature by the specific 
binding of naphthalene derivatives [201]. Kuroki et al. [202] developed a biomolecu-
lar recognition gating system based on thermoresponsive phase transitions assisted 
by the binding of avidin to biotinylated NIPAAm copolymer grafted onto porous 
membranes. In this system, linear P(NIPAAm-co-biotin-PEG2-acrylamide) modi-
fied on the surfaces of porous membranes can specifically bind biotin residues with 
avidin molecules to induce the cross-linking of grafted copolymers in the pores at a 
temperature lower than the LCST. Since nonspecifically bound molecules in a mem-
brane pore do not produce cross-linking, permeability with biomolecular recognition 
can be achieved by shrinking the grafted copolymers by increasing the temperature 
to above the LCST, as shown in Fig. 4.13c. In fact, the avidin-bound smart porous 
membranes exhibited a dramatic decrease in permeability above 30 °C, although the 
permeability coefficients with nonspecific biomolecules were almost the same as 
that without biomolecules in the temperature range of 15–45 °C. These smart mem-
branes with bioaffinity are highly attractive for use in controlled release systems, 
chemical separation systems, sensors and actuators, and so forth.

Compared with smart gating membranes, stimuli-responsive actuators compris-
ing smart polymer-grafted surfaces have been less reported because of the small 
mechanical forces generated by the swelling/shrinking behavior of the ultrathin 
polymer layers. Bulk hydrogels and shape-memory polymers (SMPs) have been 
mainly studied as smart actuating materials (see Chaps. 2 and 7). Recently, 
nanoscale deformation in response to external stimuli has been demonstrated 
using smart-polymer grafting techniques [203]. Aizenberg and co-workers have 
developed hydrogen-actuated integrated response system (HAIRS), in which soft 
and hard elements are combined to enable the reversible actuation of rigid sur-
face nano- and microstructures by polymer layers [204, 205]. For example, they 
covalently modified PAAm hydrogel layers on a silicon substrate with an array 
of high-aspect-ratio nanocolumns mediated with poly(glycidyl methacrylate) 
(PGMA) grafting [205], as shown in Fig. 4.14a. The nanocolumns were put in 
motion by the “muscle” of the ultrathin hydrogel layers, which swell or contract 
depending on the humidity. The actuation in response to changes in humidity can 
be controlled to produce a variety of reversible elaborate micropatterns. By further 
controlling the stress field in the substrate and with the assistance of a catalytic 
reaction, Aizenberg and co-workers demonstrated a self-regulating, self-powered, 
homeostatic material capable of precisely tailored chemo-mechanochemical feed-
back loops at the nano- or microscale [204]. Although smart bending has only pro-
vided microscopic actuation so far, Zou et al. [206] investigated the macroscopic 
stimuli-responsive bending and stretching of soft plasticized poly(vinyl chloride) 
(pPVC) by grafting PDMAAm at a high graft density onto its surface by surface-
initiated ATRP. In this protocol, PDMAAm was grafted onto one or both sides of 
the pPVC surfaces to control bending and stretching, respectively, and the degree 
of deformation depended on the polymerization time owing to the increase in the 
graft density of the polymer chains (Fig. 4.14b). The PDMAAm-grafted substrates 
exhibited reversible deformation during the drying-wetting process, and provided 
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even higher actuator strain than that of some electro-active polymers (EAPs) upon 
the application of a moderate force per unit length. In addition, they attempted to 
prepare temperature- and pH-responsive actuators using NIPAAm and aminopro-
pyl methacrylate (APMA), resulting in successful deformation and reversibility 
in the copolymer with PDMAAm upon temperature and pH switching. Although 
these stimuli-responsive actuators using smart polymer-grafted surfaces still have 
lower mechanical performance than bulk materials, these technologies have the 
potential to be used in artificial muscles and for microscopic manipulation in bio-
medical science and nanotechnology.

4.5.4  Chromatography

High-performance liquid chromatography (HPLC) has been routinely used to sep-
arate and purify mixed molecules in the field of analytical chemistry. Commonly, 
the purpose of HPLC separation has been to control the partitioning of analytes 
between mobile and stationary phases. The types of HPLC separation are classi-
fied in terms of the molecular interactions between analytes and stationary phases, 
which depend on their polarity, hydrophobic property, electrostatic property, 
chirality, molecular size, and biospecificity. In particular, reverse-phase liquid 
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chromatography (RPLC) based on the control of hydrophobic interactions is one 
of the most commonly used HPLC tools because of its fast separation and sim-
ple operation via only changes in the elution process. However, organic solvents 
are needed to control the retention and selectivity of the analytes in conventional 
RPLC. This leads to the denaturation and loss of bioactive molecules and gener-
ates a large amount of organic waste fluids, which are harmful to the environment. 
Therefore, the simple modulation of the surface properties of stationary phases 
under aqueous conditions has been desired to avoid the use of organic solvents 
for inducing changes in mobile phase properties in pharmaceutical and biological 
separation and purification. Kanazawa et al. [207] developed a novel chromatogra-
phy system with a constant aqueous mobile phase using PNIPAAm-grafted silica 
beads as a stationary phase. Changes in the structure and properties of the grafted 
PNIPAAm chains can induce the “on/off” switching of hydrophobic interactions 
between the PNIPAAm-grafted stationary phase and biomolecules via changes 
in the hydrophilic/hydrophobic property in response to changes in the external 
temperature (Fig. 4.15a). In this system, the separation of mixed solutes can be 
achieved simply by regulating the external temperature under isocratic aqueous 
mobile phases, making this method suitable for the separation of bioactive com-
pounds such as peptides and proteins. In the early stages of such aqueous ther-
moresponsive chromatography, free ends of PNIPAAm chains were grafted onto 
aminopropyl silica surfaces via an activated ester-amine coupling reaction. On the 
thermoresponsive column, an increase in the retention times of various steroids 
was observed with increasing temperature, particularly between 25 and 35 °C; this 

(a) (b) 

30

6 
5 

0 
Retention time (min)

Bending Te
m

pe
ra

tu
re

 (
ºC

)

5010 20 30 40

Fig. 4.15  Smart chromatography. a Aqueous temperature-responsive chromatography system 
using PNIPAAm-grafted porous silica particles, and b chromatograms of a mixture of four ster-
oids and benzene with step gradient obtained by changing column temperature (peaks: 1 ben-
zene, 2 cortisone, 3 prednisolone, 4 hydrocortisone acetate; and 5 testosterone) [207]

4.5  Applications of Smart Surfaces



164 4 Smart Surfaces

temperature range includes the LCST of PNIPAAm. In an ordinary RPLC column, 
the retention times of steroids decrease at a high temperature by the decreasing 
adsorption of solute molecules on the stationary phases owing to the enhanced 
molecular mobility. In the smart chromatography system, the elution behavior of 
mixed steroids can be dynamically modulated using a column packed with silica 
beads grafted with the NIPAAm copolymerized with hydrophobic BMA by apply-
ing a step temperature gradient [208], as shown Fig. 4.15b. These steroids were 
not resolved on the thermoresponsive column at the lower partition at a tempera-
ture of 5 °C, while a relatively long analysis time was required for sufficient sepa-
ration of the steroids at 30 °C. When the column temperature was decreased to 
5 °C after the separation of the solutes with lower hydrophobicity at 30 °C, the 
retention times of the steroids with higher hydrophobicity were decreased, result-
ing in the steroids being separated earlier than in the case of applying a high tem-
perature. This was due to the effective changes in the thermodynamic property 
of PNIPAAm-grafted surfaces. Thus, smart thermoresponsive HPLC systems are 
advantageous for controlling the retention times of analytes by simply modulat-
ing the external temperature without the addition of organic solvents to the mobile 
phases, and the separation of various biomolecules using this system has been 
demonstrated such as peptides [208] and proteins [209], in addition to the metabo-
lism of drugs [210].

In thermoresponsive smart chromatography, the graft conformation of 
PNIPAAm on the surface is essential for separation efficiency because the chain 
mobility is strongly affected by the modulation of the surface properties by 
changes in temperature. Kikuchi and Okano [42] reported the effect of the graft 
architecture of PNIPAAm on column matrix surfaces on the elution behavior 
of steroids. Although surfaces grafted with the free ends of PNIPAAm exhib-
ited sharp retention peaks, their retention times were relatively short because of 
the low graft density resulting from the ‘grafting to’ method. Longer retention 
and effective modulation of the elution appeared in the case of grafting the free 
PNIPAAm onto PNIPAAm looped chain grafted surfaces than the surfaces with 
grafted PNIPAAm loops, owing to the increased number of PNIPAAm layers on 
the surfaces after modification with the free ends of PNIPAAm chains. As surfaces 
with PNIPAAm hydrogel layers have a three-dimensional cross-linked structure, 
the peaks of steroids in chromatograms are significantly broadened by the penetra-
tion of analyte molecules into the cross-linked structure and the restriction of the 
mobility of PNIPAAm chains. Nagase et al. [88] investigated the effects of graft 
density and chain length on the separation efficiency of steroids by the ‘grafting 
from’ surface-initiated ATRP method. Shorter PNIPAA brushes with a low graft 
density exhibited longer retention times for steroids than brushes with a high den-
sity owing to the interaction with the exposed hydrophobic silinized surface of 
silica particles. On the other hand, the retention on less dense PNIPAAm brush 
surfaces with longer chains increased above the LCST of PNIPAAm, because 
at a lower temperature the hydrated PNIPAAm chains prevent the hydropho-
bic interactions with the basal silinized surface. In denser and longer PNIPAAm 
brush columns, the restricted mobility of the grafted PNIPAAm chains leads to 
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partial dehydration over a broad temperature range, resulting in small changes in 
the retention of steroids. Thus, the elution behavior of analyte molecules is sig-
nificantly affected not only by the architecture of grafted PNIPAAm chains on the 
surface but also by the properties of the packed basal silica beads [211].

Another design parameter of smart stationary phases is the packing state of 
the silica beads in the column. The packing state affects the diffusion pathway 
and flow resistance, which are fundamental factors of chromatographic separa-
tion efficiency. Over the past decade, monolithic columns comprising silica and 
a polymer have attracted attention as new chromatographic matrices that can be 
used as alternatives to packed silica beads [212]. Monolithic silica columns have 
a three-dimensional interconnected skeleton structure that provides high poros-
ity, low resistance to hydraulic flow, and fast mass transfer. Temperature- and 
pH-responsive smart polymers have been directly grafted onto monolithic col-
umns, and their effectiveness in separating steroids [213] and proteins [214, 215] 
has been investigated. For biomolecular separation in aqueous mobile phases, the 
type of substance used with the chromatographic matrices is also an important 
factor because acidic and/or alkaline conditions may hinder the surface modifica-
tion of smart polymers, particularly in the case of silica-based materials. Nagase 
et al. [216] examined the stability in neutral- to high-pH mobile phases to deter-
mine the reproducibility of separating steroids using various graft configurations 
of PNIPAAm on silica beads. Dense brush structures of PNIPAAm exhibited 
high separation reproducibility under an alkaline condition because the polymer 
brushes prevented the access of water to basal silica surfaces, thus inhibiting the 
hydrolysis of silica and the cleavage of grafted polymers. The incorporation of 
hydrophobic tert-butylacrylamide (tBAAm) into PNIPAAm brushes leads to the 
reproducible separation of steroids with greater resistance to alkaline conditions. 
As another approach to improving the separation stability, polymer-based materi-
als have been used for chromatographic matrices. Mizutani et al. [217] reported 
the ATRP of NIPAAm from polymer-based porous beads chloromethylated by the 
Friedel-Crafts reaction using ZnCl2, and the effective separation of angiotensin 
subtypes and insulin [218]. In pH-responsive chromatography, polymer matrices 
have been often used to change the pH of aqueous mobile phases within a wide 
range [214, 219].

On the basis of the concept of thermoresponsive separation using PNIPAAm-
grafted surfaces, various types of smart chromatography have been proposed. 
Generally, thermoresponsive ionic copolymers exhibit an apparent shift in pKa 
depending on temperature changes [220], and polymer-grafted surfaces can con-
trol the simultaneous hydrophobic and electrostatic interactions via changes in the 
charge density under thermal stimuli. Kobayashi et al. [221, 222] exploited smart 
ion-exchange chromatography to obtain a dual response to pH and temperature 
using cross-linked P(NIPAAm-co-AAc-co-tBAAm)-grafted silica bead surfaces. 
The retention times of catecholamines and angiotensin subtype derivatives for 
the copolymer-grafted column were reduced above the LCST as a result of the 
decrease in anionic charge density at a neutral pH by the aggregation of copol-
ymers. On the other hand, more of the analytes were retained in the stationary 
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phases via a hydrophobic interaction with increasing temperature below the LCST 
at pH = 7.0 and between 10 and 50 °C under an acidic condition below the pKa 
of the copolymers. Employing a similar mechanism to that of the apparent shift in 
pKa, the incorporation of cationic DMAPPAm into PNIPAAm grafted onto silica 
beads was used for the separation of oligonucleotides [223] and plasma proteins 
[224] through thermoresponsive changes in cationic charge densities (Fig. 4.16a).

Smart polymer-grafted surfaces exhibit not only hydrophilic/hydrophobic prop-
erty changes but also coil/globule transitions of the polymer chains in response to 
external stimuli. Using the conformational changes in grafted PNIPAAm chains 
on surfaces, smart SEC has been investigated as a means of controlling the pore 
sizes of materials packed in columns by changing the temperature. Gewehr et al. 
[18] prepared free-end PNIPAAm-grafted porous silica beads through a coupling 
reaction between amino and carboxyl groups for the size-dependent separation 
of dextrans with changes in temperature. In the conventional SEC mode, sub-
stances with smaller molecular weights are retained longer owing to their permea-
tion through the column matrices. In the case of PNIPAAm-grafted surfaces, the 
molecular-weight-dependent retention times of dextran samples were observed, 
similarly to normal SEC, and the elution was discontinuously extended by increas-
ing the temperature because of the larger pores resulting from the aggregation of 
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PNIPAAm chains above the LCST. The successful size-dependent separation of 
various compounds has been demonstrated using this smart SEC [225]; however, 
the retention times for some proteins were longer at high temperatures, prob-
ably owing to the interaction of the hydrophobic segments of the proteins with 
the hydrophobized PNIPAAm-grafted surfaces [226]. Thus, the control of the pore 
size and the nature of the polymer-grafted surfaces is important to precisely modu-
late the elution behavior in smart SEC systems.

The conformational changes of grafted PNIPAAm chains were also utilized for 
smart affinity chromatography through their excluded volume effects. Yoshizako et 
al. [227] controlled the affinity binding of serum albumin to Cibacron Blue F3G-A 
(CB) by changing the expansion/aggregation of grafted PNIPAAm chains in a 
chromatographic column. In this system, the lengths of free-end PNIPAAm chains 
and spacer molecules between CB and silica bead surfaces were precisely con-
trolled to regulate the access of serum albumin to CB by changing the PNIPAAm 
conformation (Fig. 4.16b). At temperatures above the LCST of PNIPAAm, serum 
albumin can conjugate to CB because the length of the aggregated PNIPAAm 
chains was smaller than that of the CB bound with the spacers. When lowering 
the temperature to below the LCST, the expansion of grafted PNIPAAm reduced 
the binding capacity between serum albumin and CB by their excluded volume 
effects, leading to the release of the proteins from the surfaces. Such thermally 
modulated affinity binding/release of target molecules can also be achieved by 
the incorporation of ligands with affinity into PNIPAAm chains grafted on silica 
beads, for example, using lactose/galactose-specific lectin [228] and phenylbo-
ronic acid (PBA) [229] as ligands for glycoprotein and cis-diol compounds as tar-
get molecules, respectively.

As described above, thermoresponsive PNIPAAm has been mainly used for 
the surface modification of chromatographic matrices; thus, their performance is 
adversely affected by changes in temperature in the entire column or in aqueous 
mobile phases. We have developed a self-heating system using magnetite nanopar-
ticles as the stationary phase for thermoresponsive chromatography (Fig. 4.17a), 
which generate heat through magnetic hysteresis following the application of 
an alternating magnetic field (AMF) [230]. CIPAAm was copolymerized with 
NIPAAm to modify aminopropylsilane on a magnetite–silica composite via a 
coupling reaction, and smart polymer-grafted magnetic nanoparticles (MNPs) 
were packed into a chromatography column and used for the separation of ster-
oids [231]. The retention times of all steroids using the P(NIPAAm-co-CIPAAm)-
grafted column increased because the surface became hydrophobic owing to 
AMF-mediated heat generation, whereas these changes were not observed without 
the application of an AMF. Compared with the retention times of steroids deter-
mined by the above-mentioned thermoresponsive chromatographic methods, the 
temperature around the packed MNPs was estimated to be 48 °C in spite of the 
constant room temperature of the entire column and eluent. Therefore, this smart 
chromatography system could be useful for the separation of bioactive compounds 
by locally controlling the temperature of the grafted surface simply by the ‘on–
off’ switching of an AMF. Yagi et al. [232] also modulated the elution behavior 
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of steroids via the graft architecture of polymers on magnetic surfaces by chang-
ing the contents of carboxyl groups in the polymers, which were bound at vari-
ous points to the aminated surfaces. Techawanitchai et al. [233] investigated the 
effect of thermal dynamics under an AMF on the retention times of steroids using 
free-end P(NIPAAm-co-hydroxymethylacrylamide (HMAAm))-grafted magnetite/
silica nanoparticles (Fig. 4.17b). The temperature of MNPs subjected to an AMF 
rapidly increased to 60 °C within 15 min, and the retention times of steroids were 
also significantly increased after 10–15 min of AMF irradiation following the self-
heating generation of magnetic nanoparticles. On the basis of the elution kinetics 
under an AMF, the elution process for steroids can be modulated to shorten the 
total analysis time by turning off the AMF during the elution process, as shown in 
Fig. 4.17c. In this system, the relationship between the LCST of the grafted poly-
mers and the dynamics of the self-heating generation from the MNPs is important 
for regulating the elution behavior, and its optimization will enable the more accu-
rate, prompt, and simpler control of biomolecular separation.
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Fig. 4.17  Self-heating smart polymer-grafted particles for thermoresponsive chromatography by 
applying AMF [232]. a Schematic illustration of self-heating system to induce phase transition of 
thermoreponsive polymer grafted on magnetite nanoparticles, b chemical structure of P(NIPAAm-
HMAAm)-grafted magnetite nanoparticles, c modulation of steroid elution on self-heating smart 
column by ‘on–off’ switching of AMF (chromatogram peaks: 1 hydrocortisone; 2 testosterone)
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4.5.5  Microfluidics

Since Terry et al. [234] initially proposed the assembly of silicon micromechanical 
devices for miniaturized gas chromatography in the 1970s, there have been many 
studies on exploiting the potential benefits of microsize apparatus compared with sys-
tems of a conventional size. These miniaturized microfluidic devices have been rap-
idly advanced by the elucidation of microscopic features on a microchannel surface 
and the development of microfabrication technologies as described in Sect. 4.3.2. 
From the physical characteristics in the microchannel, microfluidic systems with vari-
ous advantages can be obtained, including the reduced consumption of reagents, a 
short analysis time, sensitivity, portability allowing in situ and real-time analysis, and 
disposability [235]. The predominant physical factors in a microspace, which are dif-
ferent from those at the laboratory scale, should be understood for the development of 
microfluidic devices. The predominant factors in microfluidics include laminar flow, 
molecular diffusion, specific surface area, and surface tension [44]. Laminar flow is 
stable in a fluid stream that is independent of time and is determined by the Reynolds 
number (Re) as follows:

where ρ is the fluid density, v is the linear velocity of the fluid, μ is the fluid vis-
cosity, and Dh is the hydraulic diameter; these factors depend on the cross-sectional 
geometry of the channel. The fluid generally exhibits a laminar flow at a small Re 
(<2,300). Since Re depends on the flow rate and channel dimensions, the laminar 
flow in a microchannel can always be observed under ordinary flow conditions. The 
laminar flow allows two or more continuous streams of heterogeneous fluids in con-
tact with each other. The diffusion process involves the dispersion of a solvent with 
a high concentration throughout a volume over time, where the rate of diffusion is 
estimated by Fick’s one-dimensional law,

where C is the solute concentration at the distance x and time t, and D is the diffusion 
coefficient of the solute. Decreasing the channel dimensions results in a shorter dif-
fusion time, leading to quicker mixing through molecular diffusion in the microchan-
nel. Specific surface area is one of the most important factors in surface chemistry in a 
microchannel, which is inversely proportional to the distance. The increase in the spe-
cific surface area when using a microchannel is considerable, which can provide not 
only enhanced molecular interaction at the interfaces but also a small heat capacity. 
Such a large specific surface area induces a large effect of surface tension rather than 
gravitational force. The pressure derived from the surface tension (γ) at an interface 
between the liquid and gas phases is described by the Young–Laplace equation,

where θ is the contact angle of the surface and d is the channel radius; thus, 
the surface wettability of microchannel walls is a key factor in controlling the 

(4.8)Re = ρvDh/µ,

(4.9)∂C/∂t = −D∂2C/∂x2
,

(4.10)∆P = 2γ cos θ/d,

4.5  Applications of Smart Surfaces
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microfluid. Regarding these distinctive features of microchannels, the surface 
properties are critical in microfluidic systems, and a variety of possible applica-
tions in the biomedical and analytical fields have been demonstrated using the 
smart polymer grafting approach.

Manipulating the flow in microchannels using valves is essential for many 
microfluidic applications to control chemical and biological processes under 
a continuous flow. A number of miniaturized mechanical valves fabricated by 
micromachining technologies have been developed; however, these valves require 
the construction of complicated movable vents and parts for external control of 
the channels. Alternatively, stimuli-induced valves of miniaturized hydrogels com-
prising smart polymers can be prepared in microchannels by photopolymerization 
through a photomask. Beebe et al. [236] developed the first valve made of pH-
sensitive P(AAc-co-HEMA) micro-hydrogel in a microchannel, and the flow was 
controlled by changing the volume, which depended on the pH of the fluid. This 
concept of hydrogel valves has been widely applied using various smart polymers 
to control microfluids using the temperature, UV, or an electromagnetic field as a 
trigger [237]. As a further advance in smart microvalves, there have been reports 
of thermoresponsive microfluidic valves comprising PNIPAAm-grafted surfaces 
[238]. A nanolayered PNIPAAm-grafted capillary (polymer thickness: ~200 nm) 
showed a high flow resistance at 10 °C and an identical pressure drop to that of 
a bare capillary of 50 μm diameter above 30 °C. Interestingly, the back pressure 
observed for larger-diameter PNIPAAm-grafted capillaries does not change with 
temperature. Therefore, the microviscosity of the aqueous solution only affects 
the pressure-driven flow at a hydrated polymer layer interface in smaller capillar-
ies and at temperatures below the LCST. Using a PNIPAAm-grafted capillary, the 
oscillatory on/off control of a microfluid can be observed by inducing dynamic 
cycles of stepwise temperature switching between 30 and 35 °C. The relative 
contributions of the interactions between the surface and bulk phases become 
significant, and the surface wettability can dominate the fluid dynamics within 
microchannels. Thus, microchannel surface modification is frequently employed 
to regulate microfluidics. For instance, laminar flow switching in microchannels 
can be dynamically modulated through electrowetting [239], and the stop valves 
for microfluidics can be fabricated by the superhydrophobic patterning of micro-
channel surfaces [240]. Such microfluidic valves are expected to be the focus of 
increased attention in the near future because numerous studies will be required to 
achieve the regulation of surface properties using smart polymers.

Realizing practical applications of biomicrofluidic systems for total analysis on 
a chip will require the miniaturization components used to purify target analytes 
within a microchannel. Microfluidic technologies are suitable for addressing the 
enormous and diverse challenges in the development of effective separation sys-
tems. Capillary electrophoresis is an electrokinetic manipulation technique used to 
separate biomolecules according to their electrostatic properties and is typically used 
in microfluidics [241]. In pressure-driven microfluidic separation based on conven-
tional HPLC, the surface area is increased using fabrication techniques to enhance 
the molecular interaction with stationary phases [242]. The applicability of these 
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approaches has been investigated in many studies; however, there are disadvantages 
associated with the use of high voltages and organic solvents even now. Utilizing 
smart polymer-grafted surfaces as a stationary phase in microchannels allows the 
elution control of bioactive compounds in a single aqueous mobile phase, similarly 
to in conventional thermoresponsive HPLC. In addition, the small heat capacity of 
smart polymer-grafted microchannels, which is one of their microfluidic features, 
is effective for rapidly controlling their surface properties. We have demonstrated 
microfluidic elution control using PNIPAAm-grafted capillaries [101]. The baseline 
separation of steroids in PNIPAAm-grafted capillaries was successfully achieved 
within 10 min simply by increasing the temperature, and the hydrophobic interaction 
was enhanced by the graft copolymerization of NIPAAm and hydrophobic BMA 
[102]. Huber et al. [243] developed thermoresponsive microfluidic devices that were 
programmed to dynamically adsorb and release proteins upon changes in tempera-
ture. The adsorption of myoglobin on a microfluidic device containing a PNIPAAm 
film took less than 1 s after heating to a value above the LCST, and the desorption 
process was completed within 2 s with decreasing temperature. This result indicates 
that the specific characteristics of the heating and cooling cycles in microchannels 
lead to dynamic and rapid switching of the surface properties. Chen and Li [244] 
used a PNIPAAm-grafted surface to extract a specific genomic DNA sequence from 
human blood using a microfluidic system. In this system, target DNA molecules 
were captured by grafted PNIPAAm layers at 25 °C through hydrogen bonding, and 
released from the layers as a result of their shrinkage upon heating to 60 °C.

While these examples of separation are driven by nonspecific interactions, 
Stayton and co-workers have investigated a novel affinity-based purification tech-
nique based on the biotin-SA system using nanoparticles modified with PNIPAAm 
chains [245–249]. They first comodified PINPAAm and biotinylated PEG on nan-
oparticle surfaces to simultaneously control the reversible adsorption on micro-
fluidic channel walls and the capture/release of target biotinylated biomolecules 
through the use of SA molecules to bridge the nanoparticles via temperature 
changes (Fig. 4.18a) [249]. The eluted samples after temperature switching con-
tain only target anti-digoxin IgG, which competes with digoxigenin when using 
this protocol. This platform is completely general in that any biomolecule that can 
be biotinylated and bound to the surface of nanoparticles can be immobilized in a 
microfluidic channel. Advances in smart purification techniques using microfluidic 
systems have allowed PNIPAAm to be grafted onto microchannel walls to pro-
vide complementary surface traps (Fig. 4.18b) [245], enabling MNPs to be easily 
manipulated [247] as well as the incorporation of a circular reactor and transverse 
flow in a microchip to enhance the efficiency of capture/release [246]. Recently, 
Lai et al. [248] have explored bioseparation and target isolation under a continu-
ous flow process using MNPs grafted with pH-responsive polymers. In this pro-
cess, biotinylated P(tert-butyl methacrylate (tBMA)-co-NIPAAm)-grafted MNPs 
are conjugated with SA, and are aggregated to capture target molecules in the 
lower-pH (=7.4) stream of two laminar flows, where the other stream has a pH of 
8.3 (Fig. 4.18c). The conjugated MNPs move into the higher-pH stream upon the 
application of a magnetic field, and consequently, only bound target analytes can 
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be recovered from the outlet. This stimuli-responsive purification system has been 
shown to transfer 81 % of a model protein target from an input flow stream to a 
second flowstream in a continuous-flow H-filter device. Such affinity-based conju-
gation using smart polymer-grafted surfaces in microchannels is promising for the 
purification of diagnostic targets and immunoassay on a point-of-care microchip.

Microfluidic-based cell research has made significant advances over the past 
decade for biological assay, cell sorting, and tissue engineering [250]. This is 
because microchannels enable the duplication of complicated geometries and 
allow the mimicking of networks in vivo and can be fabricated with microscale 
sizes similar to those of living cells. The control of cell adhesion using smart pol-
ymer-grafted surfaces for microfluidic biological studies and biomedical appli-
cations has recently been reported. Ernst et al. [251] reported the effect of shear 
stress on cell detachment from P[NIPAAm-co-poly(ethyleneglycol)methacrylate 
(PEGMA)]-grafted surfaces in a microchannel. The number of fibroblasts that 
detached from the surface at 25 °C increased with increasing flow velocity up to 
300 μm/s, whereas hardly any cells detached at 37 °C at flow velocities of above 
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Fig. 4.18  Smart microfluidic immunoassay. a Diagrammatic representation of the smart bead 
immunoassay system, b switchable surface traps of smart nano-particles using PNIPAAm-grafted 
microchannels [244], c target analyte separation in a microfluidic channel facilitated by pH-
responsive MNPs under isothermal conditions. The left stream (green) is a sample that has been 
preincubated with MNPs. MNP aggregation is induced by adding a lower-pH buffer in the sample 
flowstream. The pH of the right stream (pink) is chosen to reverse MNP aggregation. A rare-earth 
magnet provides a sufficient magnetic field to attract the aggregates laterally into the higher-pH 
flowstream. The conjugate aggregates move out of the sample flowstream and into the higher-pH 
stream, where they return to a dispersed state, carrying the bound target analyte with them [247]
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800 μm/s when shear stress was applied. Tang et al. [252] fabricated a microchip 
for systematic analysis to investigate the effect of shear stress by applying hydro-
dynamic resistance. Finding the effect of shear stress will be helpful for microflu-
idic cell research on controlling cell adhesion on smart polymer-grafted surfaces 
under various flow conditions. For cell screening and sorting in microfluidic sys-
tems, adhesion-controllable smart polymers containing PNIPAAm [253] and 
photocleavable biocompatible polymers [254] have been grafted with patterned 
structures onto microchannel surfaces. Yamaguchi et al. [255] used a PEG lipid 
consisting of an oleyl groupand an o-nitrobenzyl photocleavable linker as a grafted 
polymer to realize light-induced cell patterning in a microchannel. In this study, 
areas of the PEG chains were exposed to irradiation with UV to repel cell attach-
ment with pinpoint accuracy, although the oleyl groups in the PEG lipid allowed 
cell adhesion on nonirradiated areas (Fig. 4.19a). Since the light-induced inhibi-
tion of cell adhesion enables in situ patterning with high resolution, this approach 
is suitable for developing techniques for heterogeneous cell assay and sorting in a 
microchannel. Although complicated tissue structures such as microvascular struc-
tures can be constructed by microfluidic cell culture [256], it has been difficult to 
harvest cells from a hermetic microchannel. If a reversible separable microchip 
is used to recover the cultured cells, the leakage from the microchannels during 
cell culture will induce contamination, damaging the cells. Yamashita et al. [257] 
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Fig. 4.19  Control of cell adhesion in microchannels grafted with smart polymers. a Dynamic 
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b smart separable microchip with PNIPAAm and ODTMS patterned surfaces for harvesting of 
cultured cells in microchannels via temperature changes (scale: 100 μm) [256]

4.5  Applications of Smart Surfaces



174 4 Smart Surfaces

developed a smart separable microchip using pattern grafting with PNIPAAm 
and octadecyltrimethoxysilane (ODTMS). The superhydrophobic ODTMS pat-
terns on the substrate surfaces except on the microchannels controlled the interfa-
cial pressure at the liquid/vapor phase between two grafted substrates to suppress 
leakage from the slight gap, and the PNIPAAm patterns on the microchannel sur-
faces enabled the detachment of cultured cells upon decreasing the temperature 
(Fig. 4.19b). Using the microchip, HAECs proliferated in the microchannel under 
continuous flow conditions, and were harvested as a cell sheet by reducing the cul-
ture temperature from 37 to 22 °C. This strategy can potentially be used as a fun-
damental technique of cell recovery for vascular tissue engineering.

4.6  Conclusions and Future Trends

This chapter focused on the strategic design of smart polymer-grafted surfaces 
for biomaterial use. The smart surfaces in this chapter were categorized accord-
ing to their graft architecture and substrate type, and synthesis and characterization 
methods were introduced to realize possible biomedical applications including 
adhesion control, cell culture, biomimetics, chromatography, and microfluid-
ics. The preparation approaches of grafted surfaces mainly involve a ‘grafting to’ 
method or a ‘grafting from’ method, which enables the primary structure of the 
grafted polymers to be modulated using CLRP techniques. To characterize the 
chemical and structural features of ultrathin polymer layers, surface-specialized 
tools are required such as AFM, XPS, ellipsometry, and SPR. Some of these ana-
lytical tools can also be used to evaluate the phase transition behavior of grafted 
smart polymers in response to changes in a stimulus. The biomaterials allowing 
the grafting of smart polymers usually have the capability of either adhesion con-
trol or conformational changes on the surfaces. The control of biomolecular and 
cellular adhesion can be applied in practical biomedical applications including the 
harvest of cell sheets for tissue engineering and aqueous chromatographic separa-
tion. Stimuli-induced conformational changes allow the regulation of mass trans-
port through nanopores and the mechanical actuation of modified substrates in a 
biomimetic manner. Recently, these concepts of smart surface application have 
been integrated into microfluidic devices to facilitate analytical and engineer-
ing processes using the physical characteristics in microchannels. These versatile 
applications through various types of stimuli switching have been achieved by the 
precise molecular and grafting design of smart polymers.

Surface properties are an essential factor of all biomaterials; thus, the graft-
ing of stimuli-responsive polymers leads to a variety of biomaterial applications. 
Although there are numerous practical biomaterials using smart polymer-grafted 
surfaces, improving the reversibility, stability, and durability of the changes in 
stimuli-responsive surface properties is desired for implantable and industrial 
uses of smart surfaces as well as for conventional biocompatible surfaces. On the 
other hand, there are as many strategies as there are researchers in the design of 
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smart polymer-grafted surfaces. By the integration of these technologies, smart 
computing surfaces, such as DNA and protein computers [258, 259], could be 
fabricated by using multi-stimuli responsive properties, in addition to the realiza-
tion of multicomponent grafting, signal transfer systems, high-speed nanoscopic 
detection, and so forth. Such an approach may not only have a scientific impact 
but also improve the conventional technologies used in smart polymer-grafted 
surfaces, enabling advances in biomaterial applications.
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5.1  Introduction

‘… biology is largely the study of fibers …,’ wrote Joseph Needham in Order and 
Life in 1936 [1]. In our body, cells, tissues and organs rely on the fibrous structures 
as scaffolds, because almost all of the tissues and organs in the human body, such 
as the bone, skin, tendon and cartilage, are synthesized and hierarchically organ-
ized into fibrous structures with nano-/microsized fibers [2]. Therefore, fibrous 
materials have a major role to play in the rapidly expanding fields of biomedicine 
including biomaterials, tissue engineering and regenerative medicine. In particu-
lar, a well-defined nanofibrous structure is very similar to the extracellular matrix 
(ECM), which is a biomimetic [3]. From this regard, biomimetic fibrous structures 
have already been studied extensively as scaffolds and cell manipulation matrices. 
Among many materials for scaffold matrices, collagen is the most widely used 
material because it is the main component of ECM. Collagen and its blends are eas-
ily transformed into nanofibrous structures and have excellent biocompatibility and 
biodegradability [4]. The possibility of using fibrous collagen for the skin, [5] bone 
[6] and cartilage [7] has been confirmed. Recently, not only natural polymer fibers 
such as collagen, fibrinogen, and elastin fibers, which are the principal components 
of ECM, but also synthetic polymer fibers have been the focus of much interest in the 
field of biomaterials. For example, Hwang et al. [8] prepared poly(lactic-co-glycolic 
acid) (PLGA) microfibers for the investigation of the effects of the diameter of 
microfibers on the orientation of adherent cells. Poly(l-lactide) (PLLA), polydiox-
anone (PDS), and poly(glycolide-co-ε-caprolactone) (PGACL) fibers were studied 
by Zilberman et al. [9] for the development of stents. With increasing technologi-
cal advances for the fabrication of fibers and synthesis of new polymers or copoly-
mers, their versatile applications in the field of biomaterials have been extensively 
researched, for example, their use in scaffolds, [10] drug delivery systems (DDSs), 
[11] tissue engineering, [12] regenerative medicine [13] and wound dressing [14].

Over the past two decades, smart or intelligent materials have emerged as a 
new class of biomaterials [15, 16]. Smart materials possess unique self-alterable 
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characteristics in response to the applied stimuli from their environment such as 
pH, [17] temperature, [18] electric/magnetic field [19, 20] and photo/UV irradia-
tion [21]. These smart characteristics offer an opportunity for developing remote-
controllable biomaterial systems on demand. As is well known, the human body 
has broad pH ranges in different cells, tissues or organs and maintains homeosta-
sis. Therefore, the most interesting aspects about smart polymers in fields of bio-
medical or biomaterials science are their self-alterable characteristics in response 
to pH or temperature [17, 22]. Although many studies of smart materials such as 
hydrogels, films, surfaces or micelles and their results have been published, there 
are hardly any publications on smart fibers fabricated using stimulus-responsive 
polymers because of their instability in an aqueous solution [23]. Smart fib-
ers with well-designed molecules and downsized to nanodimensions can show 
rapid and sharp responses compared with other types of material; in particular, 
nanosized fibers show a very high response rate [24]. This high response rate 
offers a possibility for manipulation of smart fibers for advanced applications. 
Furthermore, reversibly alterable properties can be used as ‘on–off’ systems that 
are triggered by applied stimuli on-demand remotely. The ‘on–off’ controllable 
smart fibers are a good candidate as not only biomaterials but also for other appli-
cations. In this chapter, we focus on biomaterial applications fabricated using 
smart fibers (Fig. 5.1).

In this regard, in this chapter, the unique features of fibers and smart fibers 
will be introduced. In the following sections of this chapter, we review different 
types of smart fiber with different applications in the fields of biomaterials and 
medicine. Firstly, the classification of fibers on the basis of fabrication methods 
will be introduced in Sect. 5.2. Secondly, methods of characterization of fibers 
will be described in Sect. 5.3. Thirdly, in Sects. 5.4 and 5.5, many smart fibers 
with different stimuli and their applications as biomaterials will be demonstrated, 
respectively. Finally, this chapter will be closed with a discussion of future trends 
and conclusions.

Stimulus

Fig. 5.1  Schematic illustration of smart fiber with ‘on–off’ switchable property in response to 
small external stimuli
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5.2  Classification of Fibers by Fabrication Methods

Recently, as fiber demand has been increasing continuously, diverse techniques 
have been developed to produce fibers of macromolecules or polymers. Various 
types of fiber can be fabricated using different techniques, including single fiber, 
nonwoven sheet fibers, core-shell or hollow fibers, small-fragment fibers and 
hydrogel-like fibers, and these techniques are also versatile. These techniques have 
both unique merits and demerits. Several representative techniques for the produc-
tion of fibers are introduced in this section.

5.2.1  Self-assembly

Self-assembly by a bottom–up method for the preparation of nanofibers from 
polymers, peptides and macromolecules is a versatile and powerful technique 
to construct well-defined nanostructures. This is accomplished by spontaneous 
and automatic organization of molecules into desired structures through various 
types of intermolecular interaction [25]. These interactions leading to the forma-
tion of fibrous structures include chiral dipole–dipole interactions, π–π stacking, 
hydrogen bonding, van der Waals interactions, interactions through hydrophobic 
forces, electrostatic interactions and interactions through repulsive steric forces, 
which bring smaller units together and form the shape of smaller units of mol-
ecules, which determine the overall shape of macromolecular nanofibers. In the 
tutorial review written by Gazit [26] the nanostructures of self-assembled peptides 
for various shapes of nanostructures are described. A small molecule is arranged 
concentrically such that interactions can occur among the concentrically arranged 
molecules. Boden’s group has several publications about the self-assembly of 
peptides in which the effect of concentration on the formation of β-sheets are 
described. Monomers can be firstly formed into the tape phase by the increasing 
peptide monomer concentration. Then, the monomers grow to the fiber phase from 
the tape phase bypassing through two more phase stages, namely, the ribbon and 
fibril phases (bottom–up) [27]. This technique, that is, the self-assembly of pep-
tides, is promising for the fabrication of a three-dimensional (3-D) scaffold with 
applications in biomaterials science, which have been introduced by Zhang et al. 
[28]. Self-assembled fiber formation using the common amphiphile peptide (PA) 
that relied on pH changes was also studied by Hartgerink et al. [29]. Tambralli 
et al. [30] prepared hybrid scaffolds with a combination of PCL nanofibers fabri-
cated by electrospinning (see Sect. 5.2.2) and self-assembly.

Zang et al. [31] successfully demonstrated specific self-assembly techniques 
using the planar shape of π-conjugated molecules (Fig 5.2a) and π–π stacking 
interactions. Here, five techniques for the simple preparation of nanostructured fib-
ers will be introduced: (1) rapid solution dispersion, (2) phase transfer, (3) vapor 
diffusion, (4) seeded growth, and (5) sol–gel process (Fig. 5.2).

5.2  Classification of Fibers by Fabrication Methods
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1. Rapid solution dispersion

 Nanofibers can simply be obtained by adding molecules at a critical minimum 
concentration into a poor solvent. Because molecules with predominant π–π 
stacking enable expedient self-assembly of the 1-D materials by rapid disper-
sion of the molecules from a ‘good’ solvent into a ‘poor’ solvent in which the 
molecules have low solubility, self-assembly of the molecules is expected to 
occur instantaneously (Fig. 5.2b).

2. Phase transfer
 This method is a very good option for slow-crystallization molecules because 

the slow crystallization occurs at the interface between ‘good’ and ‘poor’ sol-
vents. For example, by selecting different solvents, the polarity of the mixed 
phase at the bisolvent interface can be adjusted over a wide range, providing 
variability for adjusting the solubility of target molecules and thus allowing for 
optimization of the self-assembly process (Fig. 5.2c).

3. Vapor diffusion
 This method is a more controlled process than the phase transfer for slowly 

crystallized molecules. The slow exchange between two solvents via vapor dif-
fusion enables gradual, highly controlled adjustment of the solubility of the 
molecules (Fig. 5.2d).

Poor solvent

Fast injection of 
small volume of 
concentrated solution

Nanofibers
formed

Concentrated 
solution

Large volume
of

poor solvent

Nanofibers formed 
at interface

Poor solvent

Poor 
solventConc. 

solution

Vapor diffusion

Solvent 
exchange

Poor 
solvent

Nanofibers
formed

(a)
(b)

(c) 

(d)

(e)

Fig. 5.2  1-D planar π-conjugated molecules for self-assembly: a perylene tetracarboxylic diim-
ide (PTCDI, n-type) and arylene ethynylene macrocycle (AEM, p-type). Self-assembly methods: 
b rapid dispersion, c bisolvent phase transfer, d vapor diffusion, and e sol–gel process [31]
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4. Seeded growth
 This method is used to fabricate long nanofibers from an asymmetric molecule. 

Taking advantage of the miscibility of two solvents (water and alcohol), the sol-
ubility (or self-assembly) of the molecule can feasibly be controlled by adjust-
ing the volume ratio of water to alcohol. By increasing the concentration of the 
water component, solvent polarity is increased, which will force the solvopho-
bic association between the alkyl side chains, in a manner similar to the self-
assembly of surfactants and other amphiphilic molecules.

5. Sol–gel process

 The cooling of a homogeneous solution of molecules in cyclohexane from a 
high temperature to room temperature leads to gelation of the solution. During 
the gelation, the molecules become highly organized, with optimal π–π stack-
ing in conjunction with the side-chain association (Fig. 5.2e).

Yoshio et al. [32] introduced self-assembly under an electric field to control the 
alignment of self-assembled fibers. Using rod-type amide-containing mesogenic 
compounds in dodecylbenzene solution, fiber bridges were generated between 
gold electrodes by applying an AC electric field. The fibers grew from the neg-
ative charge to the positive charge direction following the application of an AC 
electric field and the fibers were formed in seconds. Moreover, the direction of 
fiber growth was markedly influenced by the magnitude of applied AC voltage and 
frequency.

5.2.2  Electrospinning

Electrospinning has gained popularity over the last decade, and an electrical force 
is used to induce the formation of nonwoven polymer fibers from a polymer solu-
tion with the fiber diameters on the nanometer to micrometer scale or greater [33, 
34]. In electrospinning, the ‘Taylor cone’ of a polymer solution droplet forms at 
the end of a capillary tip when electrical forces are applied [34]. When the elec-
tric field reaches a critical level at which the repulsive electric force overcomes 
the surface tension force, a charged jet of the solution is ejected from the tip of 
the ‘Taylor cone’. As the jet diameter decreases when the jet flies to the collector, 
the radial forces from charged ions exceed the cohesive forces of the jet solution, 
causing it to split into many fibers. Furthermore, these divided fibers repel each 
other, leading to chaotic trajectories and bending instability. At the same time, the 
solvent evaporates and the polymer solidifies on the collector. Thus, continuous 
fibers are laid to form a nonwoven sheet. The representative features of electro-
spinning are as follows:

1. Various polymers can be used

 Natural polymers, synthesized polymers and proteins can be used for electro-
spinning and obtaining fine nanofibers.

5.2  Classification of Fibers by Fabrication Methods
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2. Time- and cost-effective method with simple experimental setup
 A typical electrospinning setup consists of three main parts, a syringe pump, 

a collector, and a high-voltage source for generating a difference in electric 
potential between the syringe needle and the collector. Moreover, electrospin-
ning can be carried out by applying a high voltage and pumping. To obtain a 
thin nanofiber sheet, only a few seconds is required (Fig. 5.3a).

3. Bulk matter of fiber sheets can be prepared with nanoscale structure
 Depending on the size of the collector and processing time, electrospun 

nanofiber sheets can be obtained as a bulk matter that can be as big as a human 
body (Fig. 5.3b) [35].

4. Many types of fibrous scaffold can be obtained
 The morphology of electrospun nanofibers can be controlled by changing the 

collector type, thereby obtaining, for example, randomly distributed, aligned 
or patterned types of nanofibers, hybrid fibers, and hollow or core-shell fibers. 
Other shapes of fibers can be obtained using modified electrospinning equipment 
(Fig. 5.3c–e) [35].

5. Many parameters for electrospinning can be used

 Fiber diameter or morphology can easily be controlled by changing the electro-
spinning parameters. The following affect the electrospinning process: solution, 
processing and ambient parameters (Table 5.1) [36].

Syringe
Polymer 
solution

Nanofibers

Spinneret

(a) (b)

(c) (d) (e)

30.0 µm 3.0 µm 50 µm 

Fig. 5.3  a Schematic diagram of horizontal set up of electrospinning apparatus [33].  
b Nonwoven sheet-type electrospun fibers of bulk size. SEM images of c electrospun nanofibers, 
d hybrid electrospun nano/microfibersand, e hollow fibers [35]
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5.2.3  Drawing

Drawing, a direct writing technique, is an optimized method for the fabrication 
of single fibers using a viscous polymer solution with volatile organic solvents.  
A continuous long linear fiber can be obtained by the drawing method, and the 
fiber diameter relies on the size of the needle (micropipette), polymer solution 
flow rate and temperature, which affect the viscosity of the polymer and the evap-
oration rate of the solvent.

Nain et al. [37, 38] proposed a custom point-to-point technique, which is a 
micropipette-based suspended polymer fiber drawing method for a single fiber 
(Fig. 5.4a). This technique has five steps as follows:

1. Raise the substrate until it comes into contact with the polymer droplet.
2. Move the micropipette vertically at a constant speed and stop at a constant 

height.
3. Move the stage along a predetermined trajectory at a constant speed while 

forming the solid polymer fiber by the evaporation of the solvent.
4. Allow the substrate to come into contact with the pipette to suspend the fiber.
5. Break the fiber or continue to draw subsequent ones.

Using this approach to prepare fibers, fibrous scaffolds are built sequentially with 
the desired geometrical spacing between consecutive fibers. Multiple layers are 
deposited similarly by repeating the above five steps in any desired angular orien-
tation with respect to the predeposited layers. It is possible to increase the through-
put of this technique and deposit multiple layers in a single step by using an array 
of individually controlled probes.

Furthermore, Berry et al. [39, 40] also reported on 3-D writing for biodegrada-
ble polymeric branched fibers by a method similar to the point-to-point technique. 
Such fibers are fabricated as follows (Fig. 5.4b):

1. The suspended fiber is drawn across a substrate frame.
2. The solution filament is drawn over the top of the fiber and briefly lowered to 

attach the two structures.
3. The syringe needle is lifted and moved to the final attachment point to complete 

the fabrication. This process is carried out quickly such that the top filament 
still contains some solvent when it contacts the bottom fiber, promoting adhe-
sion between the two.

On the other hand, Harfenist et al. [41] developed a suspended-fiber fabrication 
method by which a previously deposited polymer solution droplet is contacted 
with a sharp probe tip such as an atomic force microscope (AFM) nanoprobe. The 
suspension is then connected to another previously deposited polymer solution 
droplet, thus forming a suspended fiber. This is a one-step method and very fast, 
within a few seconds, compared with other methods producing suspended fibers or 
structures.
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5.2.4  Phase Separation

Phase separation is a method that has long been used to fabricate porous polymer 
fibrous membranes or sponges by inducing the separation of a polymer solution 
into two different phases, namely, the polymer-poor phase (low polymer concen-
tration) and polymer-rich phase (high polymer concentration). This enables the 
preparation of a 3-D nanofibrous structure with interconnected pores. The main 
mechanism underlying the phase separation is physical incompatibility.

Yang et al. [42] and Mao et al. [43] developed a phase separation method for 
the preparation of 3-D scaffolds with the following steps (Fig. 5.4c):

1. Dissolution of polymers in solvent (good solvent).
2. Liquid–liquid phase separation (rapidly cooling).
3. Polymer gelation (gel point determined as afunction of temperature at which 

the gel flows).
4. Solvent leaching from polymer gel (solvent is exchanged with water).
5. Freezing and lyophilization under vacuum.

Syringe 
pressurized to 
expel solution

Syringe 
translation

Solid fibers

Surface- 
tension-driven 

necking

(b)

(c) 

Freeze-dry

Salt particles

PLGA solution

Extraction 
in ethanol

Extraction in 
deionized water

Ethanol

6 hours -21oC,3 days

60oC 

> 6 hours

-70oC 

RT, 3 days 2 days

Fibrous structure

(a)

Fig. 5.4  a SEM images of drawn suspended fibers [37] and b fiber fabrication process using 
direct drawing technique [40]. c Schematic illustration of preparation of fibers using phase- 
separation technique [43]

5.2  Classification of Fibers by Fabrication Methods



198 5 Smart Nanofibers

Liu and Ma [44] Chen and Ma [45] and Li et al. [46] introduced a thermally 
induced phase separation (TIPS) technique to prepare nanofibrous matrices. 
This technique is based on changes in thermal energy to induce the demix-
ing of a homogeneous polymer solution into a multiphase system domain by 
quenching. In this process, the temperature of a polymer solution is decreased 
to induce separation into two phases, namely, the polymer-rich phase and 
polymer-poor phase either by solid–liquid demixing or liquid–liquid phase 
separation. The solvent occupying the polymer-poor phase is later removed 
by extraction or evaporation. After removing the solvent, different morpholo-
gies and characteristics of materials can be obtained depending on the system 
and phase separation conditions. One of the most attractive characteristics of 
TIPS over other techniques is the formation of not only an intrinsically inter-
connected polymer network but also an interconnected porous space in one 
simple process that is scalable, fast and controllable. TIPS is thus a very con-
venient methodology for fabricating porous materials as scaffold architectures 
that can be obtained by the manipulation of processing parameters and system 
properties.

5.2.5  Microfluidic Devices

Recently, microfluidic devices have been developed for the fabrication of con-
tinuous single or hollow fibers. The microfluidic devices for fiber fabrication are 
also very simple and cost-effective, and complement the limitation of electro-
spinning in the manufacture of fibers in thick 3-D structures. Furthermore, meth-
ods using these devices are compatible with many biological materials and can 
be used to generate uniform fibers of micrometer diameter in a reproducible and 
scalable manner.

Lee’s group introduced a method of fabricating microfibers by an ‘on the fly’ 
phase inversion (liquid to solid) process using a microfluidic device and devel-
oped a method of fabricating fibers or hollow fibers with high directionality [47, 
48]. The microfluidic device consisted of a preperforated poly (dimethylsiloxane) 
(PDMS) structure, two pulled pipettes and one normal glass pipette. Along the 
perforated holes in the PDMS structure, the intermediate, inner, and outer pipettes 
were sequentially inserted, self-aligned, and fixed.

Recently, Kiriya et al. [49] have demonstrated the control of the internal mor-
phology of macroscopic fibers consisting of assembled nanofibers that were 
prepared using a coaxial microfluidic channel with expansion and elongation of 
nanofibers. The internal morphology of the assembled nanofibers was controlled 
by regulating the flow rates of the core and sheath in a coaxial microfluidic 
device. The coaxial microfluidic device was constructed using two glass pipettes. 
A pulled round glass pipette was inserted into a square glass pipette, which acted 
as an outlet.
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5.3  Characterization of Fibers

Understanding of characterization methodologies is very important for the  
optimization of fabrication conditions, accurate measurement, and further applica-
tions of fibers, because optimized conditions for characterization strongly depend 
on the nature of raw materials (stiffness, weakness, or toughness) or structure  
(1-, 2- or 3-D). Generally, the most important characteristics of fibers are those of 
their surfaces, which are observable using an optical microscope (OM), a fluores-
cence microscope, SEM, TEM, and AFM. These types of microscope can easily 
access the fiber surface and enable the observation of morphologies in a very wide 
range from the nanometer to millimeter scale. However, there are no significant 
characterization methods for smart fibers that have ‘on–off’ switch able properties 
in response to the environment. In this section, therefore, characterization methods 
for fibers and smart fibers are introduced.

5.3.1  Morphologies

The morphologies of fibers or nanofibers are easily observed using OM, a fluores-
cence microscope, SEM, TEM, and AFM as mentioned above. Among them, SEM 
is most commonly used to confirm the morphologies or observe fracture surfaces 
(cross section). There are two observation modes, namely, the secondary elec-
tron (SE) image mode and backscattered electron (BSE) mode [50]. Usually, the 
SE image mode offers the highest resolution and the most convenient operation 
procedures. From SE images of fibers, their diameter, diameter distribution and 
pore size can be calculated. However, it is too difficult to confirm the morphol-
ogy of the inside of fibers when composite fibers with nanoparticles or nanorods 
(any other additives) are embedded in the fiber. The BSE mode, however, enables 
the observation of additives in the fibers even when they are completely embedded 
in the fibers, [51] because electrons reflected from the sample by elastic scatter-
ing are more easily detected in the BSE mode than electrons emitted from deeper 
regions of the sample in the SE mode. Likewise, TEM is very useful and com-
monly used for the confirmation of embedded additives at a very high magnifica-
tion compared with SEM in the BSE mode. Wang et al. [51] observed fibers and 
magnetic-field-responsive fibers using SEM (SE and BSE modes), a fluorescence 
microscope, and TEM (Fig. 5.5).

Nygaard et al. [52] examined the internal morphology of electrospun nanofib-
ers using state-of-the-art synchrotron-radiation-based X-ray tomographic micros-
copy (XTM) (Fig. 5.6a, b). The response of a material to an applied stimulus is 
inherently 3-D. In reality, however, morphological property measurements conven-
tionally rely on 2-D analytical techniques, such as SEM and TEM to explain 3-D 
responses. In addition, XTM is a unique technique that provides information on 
the internal structure of single fibers and beads. Analytical tools that have a spatial 

5.3  Characterization of Fibers
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resolution on the nanometer scale are indispensable in life and physical sciences. 
It is desirable that these tools also permit elemental and chemical identification on 
a scale of 10 nm or less, with large penetration depths. From these features, there-
fore, 3-D morphology images, cross-sectional images and density variation can be 
obtained by XTM.

On the other hand, AFM provides topological information on fiber surfaces. 
Among the many studies of fiber scanning using AFM, the most interesting one 
is that of real-time scanning using AFM reported by Okuzaki et al. [53] in 2009 
(Fig. 5.6c). The fiber models were prepared by electospinning of a temperature-
responsive polymer. By this real-time measurement with temperature change dur-
ing scanning, the height, width, volume change, and shape of swollen and shrunk 
nanofibers were successfully obtained. This demonstrates that not only the swell-
ing–deswelling but also the dissociation–association of nanofibers is crucial for 
the macroscopic volume changes of nanofibers. Furthermore, the authors have suc-
cessfully demonstrated for the first time the shrinking of a single nanofiber by a 
temperature-modulated AFM technique in which a solution cell is heated from 25 
to 40 °C when scanning starts. In addition, the time dependence of deswelling was 
also evaluated on the basis of a scanning frequency.

(a) (b)

(c) (d)

2.0 µm 

Fig. 5.5  a SEM (SE mode) and b fluorescence microscopy images of electrospun nanofibers. c 
SEM (BSE mode) and d TEM images of magnetic-field-responsive-particle-embedded electro-
spun nanofibers [51]
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(a) (b)

(c) (d)

(e)

Fig. 5.6  Images in a and b show XTM reconstructions of electrospun nanofibers [52]. c AFM 
image of temperature-modulated single electrospun nanofibers measured in tapping mode [53]. d 
In situ AFM images of temperature-controlled fibers (upper, 20 °C; bottom, 37 °C) [54]. e AFM 
quantitative nanomechanical mapping of the UV-responsive fibers before and after UV irradia-
tion. (A): Overview of fibers; the inset square indicates the position where AFM nanomechanical 
maps are recorded (B and E): topography images before and after UV exposure, and (C and F): 
corresponding tip-sample adhesion maps of (B and E), respectively [55]
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5.3.2  Mechanical Properties

By combining the tapping mode and torsion mode in AFM, the elastic modulus 
was derived from waveforms using the mathematical procedure reported by Chen 
et al. [54]. The interactions between the cantilever tip and the sample were deter-
mined from the long-range electrostatic and van der Waals forces and short-range 
mechanical restoration forces (Fig. 5.6d). In another report from the same group, 
they showed AFM based quantitative nanomechanical mapping (QNM), which is a 
novel AFM derived technique allowing for simultaneous recording of topographi-
cal and mechanical properties, thereby determining the nanoscale mechanical 
stiffness of the nanofibers and cantilever tip-sample interactions (Fig. 5.6e) [55]. 
The authors successfully observed morphological changes with/without UV irra-
diation using photoresponsive nanofibers. Furthermore, the maps of cantilever tip- 
sample interaction forces before and after in situ UV exposure were also success-
fully recorded. The capillarity between the cantilever tip and the sample appears 
each time when the tip interacts with the sample surface, which is reflected in the 
recorded adhesion forces between the tip and the sample during the force map-
ping. After UV exposure of nanofibers, the tip-sample interaction force decreased 
from 10.66 ± 0.63 to 5.91 ± 0.42 nN.

Kim et al. [23] demonstrated reversible changes in the tensile strength of  
temperature-responsive nanofibers with continuous temperature alternation (see 
Sect. 5.4.1). The basic concept is based on a creep test, which is one of the per-
formance methods using a universal testing machine (UTM). The term creep 
refers to the total time-dependent deformation of a material under constant stress. 
Furthermore, relatively small loads applied over a long period of time can lead to a 
significant deformation of specimens. In the test, temperature-responsive nanofib-
ers are set on the grips with constant stress, and then the nanofibers are sprayed 
with hot water [above lower critical solution temperature (LCST)]. The UTM 
chamber is set at a temperature lower than LCST. The creep curve is closely moni-
tored in real time. Moreover, reversible changes in tensile strength can be observed 
by repeating water spraying at constant intervals.

5.3.3  Pore Size, Porosity and Surface Area

The most interesting characteristic of nanofibers is their having many pores of 
sub-nanometer to micrometer sizes or their high porosity. Although SEM and 
TEM are useful for the investigation of pores and their size, we were able to obtain 
only surface values. The typical methods for evaluation of the size, density and 
distribution of whole pores are (1) mercury intrusion porosimetry (MIP), (2) liquid 
extrusion porosimetry (LEP), and (3) capillary flow porosimetry (CFP). Regarding 
the measurement of the surface area of porous fibers, (4) the Brunauer, Emmett, 
and Teller (BET) gas adsorption model would be introduced.
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1. MIP

 MIP is the most frequently used porosimetric method. The principle of this 
method is based on the penetration of liquids into small cylindrical pores. 
In this method, a nonwetting liquid mercury is used, which does not swell 
or dissolve the fiber matrix and enters the pores spontaneously. The diam-
eter of the pores is calculated from the pressure of liquid mercury, taking 
into account the surface tension and the wetting angle of the liquid mercury 
(Fig. 5.7a) [56]. 

where D is the pore diameter, γ is the surface tension of mercury, θ is the contact 
angle of mercury and p is the pressure of mercury upon intrusion into a pore.

 MIP provides data about pore size and distribution, bulk density and apparent 
density of the sample.

2. LEP
 Flow-through porosimetry avoids the use of a high applied pressure and is 

therefore well suited for characterizing relatively soft fibers. In LEP, the pores 
are spontaneously filled with a wetting liquid and the liquid is extruded from 

(5.1)D = −2γ cosθ/p,

(a)

Pore Diameters 

(b) (c) 

Pore diameter 
measured by 
mercury 
porosimetry

D1

D2

Gas Pressure

Constricted pore 
diameter measured 
by capillary flow 
porosimetry

LiquidPore

Pore diameter 
measured by 
liquid extrusion 
porosimetry

Liquid flow Membrane
Sample

No liquid

Gas pressure
Liquid

Fig. 5.7  a All diameters and volumes of through and blind pores measurable by mercury 
intrusion porosimetry [56]. b Principle of liquid extrusion porosimetry (pore volume) [57].  
c Diameter of through pore measurable by liquid extrusion porosimetry [58]
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pores by a nonreacting gas. It can be shown that the differential pressure is 
related to the size of pores [57].

where D is the pore diameter, γ is the surface tension of the liquid used, θ is the 
contact angle of the wetting liquid and p is the differential pressure.

 The volume of the liquid displaced, V, can be related to the change in interfa-
cial area at the liquid and fiber interface.

where the surface area S is obtained by integration of the function.
 In LEP, the volume of extruded liquid is measured under the differential gas 

pressure applied over the liquid column. A membrane is placed under the 
fiber such that the largest pore of the membrane is smaller than the smallest 
pore of interest in a fiber (Fig. 5.7b). The pores of the fiber and the mem-
brane are filled with a liquid, and the gas pressure is gradually increased to 
displace the liquid from the pores of the fiber. The liquid filling the pores 
of the membrane allows the extruded liquid from the pores of the fiber to 
flow out while preventing the gas from escaping. The measured volume 
of the liquid flowing out of the membrane gives the through-pore volume. 
Differential pressure yields the through-pore diameter, and the variation of 
volume with pressure yields the through-pore surface area. The flow rate 
of excess liquid maintained on the sample yields the liquid permeability. 
In this technique, only the through-pore volume and diameter are measured 
(Fig. 5.7c) [58].

3. CFP
 CFP is similar to LEP. The pores of a sample are filled with a wetting liquid 

that is extruded by a pressurized gas, permitting gas to flow through the empty 
pores. The differential pressure required to empty a pore of diameter D is given 
by Eq. 5.2 [59]. By liquid extrusion, the liquid column occupying through-
channels is displaced by the gas. The gas displaces the liquid and the flow rate 
of the gas as a function of differential pressure is recorded. The largest pores 
are opened by the smallest pressure, called the ‘bubble point’. On further pres-
sure increase, the gas flow rate increases because an increasing number of small 
pores are opened.

4. BET

 BET measurement relying on gas adsorption involves several key assumptions [60]:

(a) Gas interaction with the polymer occurs with a constant heat of adsorp-
tion and exclusively due to van der Waals interactions between the gas 
and the nanofiber surface.

(b) Adsorbed molecules on the surface do not interact with each other.
(c) Additional layers of gas molecules can be deposited on the surface of 

a complete or incomplete monolayer with the heat of adsorption being 
equal to the heat of liquefaction of the gas.

(5.2)D = 4γ cosθ/p,

(5.3)pdV = γ cosθdS,
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The specific surface area of a fiber is determined by physical adsorption of a gas 
on the surface of the fiber and by calculating the amount of the adsorbed gas cor-
responding to a monomolecular layer on the surface. Physical adsorption results 
from the van der Waals forces between the adsorbate gas molecules and the 
adsorbent surface area of the fiber. The determination is usually carried out at the 
temperature of liquid nitrogen. The amount of gas adsorbed can be measured by 
a volumetric or continuous flow procedure. The data are treated according to the 
BET adsorption isotherm equation (Eq. 5.4):

where W is the weight of gas absorbed, P/P0 is the relative pressure (P0 is the sat-
uration pressure of the gas), Wm is the weight of the adsorbate as the monolayer, 
and C is the BET constant.

5.4  Smart Fibers

In this section, representative smart fibers will be introduced, which are composed 
of polymers responsive to stimuli, including temperature, light/UV, pH or electric/
magnetic field, which enable‘on–off’ switching and reversible property changes of 
nanofibers.

5.4.1  Temperature-Responsive Fibers

The most widely used temperature-responsive polymers are poly(N-isopropy-
lacrylamide) (PNIPAAm) and its derivations. A PNIPAAm solution, which under-
goes a sharp and reversible phase transition from monophasic below a specific 
temperature to biphasic above it, generally exhibits the so-called lower critical 
solution temperature (LCST). The PNIPAAm has an LCST of 32 °C in aqueous 
solution. Below this temperature, the polymer is soluble owing to the predomi-
nance of hydrophilic interactions due to hydrogen bonding with water, whereas 
phase separation occurs above the LCST owing to the predominance of hydro-
phobic interactions. PNIPAAm has been extensively studied over the past few 
decades and it is generally used as a gel or grafting material. Rockwood et al. 
[59] and Okuzaki et al. [60] reported the preparation of PNIPAAm nanofibers by 
electrospinning under optimized conditions using different solvents. However, 
owing to the solubility of the NIPAAm homopolymer in an aqueous solution pre-
pared below the LCST, the resulting nanofibers rapidly dissolve in water, whereas 
the nanofibers prepared above the LCST disperse and aggregate in water because 
of the lack of interpolymer and interfiber crosslinks that keep the nanofibers in 

(5.4)
1

W

((

P0
P

)

− 1

) =
1

WmC
+

C − 1

WmC

(

P

P0

)

,

5.3  Characterization of Fibers



206 5 Smart Nanofibers

the swollen state. Therefore, it can be considered that the incorporation of long 
sidechains into PNIPAAm to aggregate nanofibers in water via hydrophobic 
interactions can lead to the formation of interpolymer and interfiber physical 
crosslinks. From these perspectives, Okuzaki et al. [53] reported on a success-
ful one-step fabrication of highly thermoresponsive PNIPAAm-based nanofibers 
cross-linked via hydrophobic interactions of stearyl side chains by electrospinning 
and also demonstrated for the first time the kinetics of volume changes of a sin-
gle nanofiber (Fig. 5.8a, b). They synthesized poly(NIPAAm-co-stearyl acrylate 
(SA)) by free-radical polymerization with about 4 mol% SA and successfully 
prepared water-stable electrospun poly(NIPAAm-co-SA) nanofibers with an aver-
age diameter of 207 nm. The nanofiber exhibits shrinkage by 34 % of its initial 
length at 40 °C and swelling up to 95 % of the initial length at 25 °C, and revers-
ible swelling and deswelling was repeated at least four times. In the case of bulk 
poly(NIPAAm-co-SA) gels soaked in aqueous solution, their swelling rate is 
much lower than that of poly(NIPAAm-co-SA) nanofibers because of the forma-
tion of a dense surface layer, which strongly hinders water diffusion. Furthermore, 
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Fig. 5.8  a Temperature-dependent relative length change of poly(NIPAAm-co-SA) nanofiber 
mat in pure water at 25 and 40 °C measured from optical images. The inset shows the tempera-
ture dependence of transmittance for PNIPAAm and poly(NIPAAm-co-SA) aqueous solutions 
(L0: initial length of sample, L: length after the sample). b Reversibility and reproducibility 
of time-dependent deswelling and swelling of poly(NIPAAm-co-SA) nanofiber mat in pure 
water between 25 and 40 °C [53]. c Temperature-dependent variations of swelling ratio for the 
crosslinked poly(NIPAAm-co-HMAAm) nanofibers in response to cycles of temperature alter-
nations between 10 and 45 °C [61]. d Temperature-dependent changes in tensile strength of a 
poly(NIPAAm-co-CIPAAm) nanofiber in response to temperature alternations between 10 and 
37 °C [23]
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the single-fiber height gradually decreased with increasing temperature, whereas 
the width significantly decreased, indicating the swelling of the nanofiber into a 
cylindrical shape.

In a similar study, Kim et al. [61] also studied the reversible change in swell-
ing ratio in response to temperature (Fig. 5.8c). They successfully prepared tem-
perature-responsive electrospun nanofibers by thermal curing (crosslinking). 
As a member of the NIPAAm family, N-hydroxymethylacrylamide (HMAAm) 
was copolymerized with NIPAAm by free-radical copolymerization because 
temperature-responsive HMAAm can be crosslinked by self-condensation at 
high temperatures (above 110 °C) (PNH). As a result of crosslinking, very stable 
nanofibers in aqueous solution were obtained and manipulated as a bulk material. 
The crosslinked nanofibers were incubated at various temperatures (above and 
below LCST) for 5 min, during which they shrank completely within 60 s, and 
this process was repeated for eight cycles. In the presence of higher than 5 mol% 
HMAAm in the copolymer, crosslinked nanofibers demonstrated temperature-
responsive swelling and shrinking for at least eight cycles without weight loss. 
From these two examples, in general, the application of bulk materials such as 
hydrogels is limited by their slow response, and several techniques have been pro-
posed to increase the response rate, such as reducing gel size and constructing an 
interconnected pore structure within the gel. Because of the high specific surface 
area, interconnected pores and high porosity of nanofibers, the nanofibers are more 
sensitive to external stimuli than their corresponding bulk materials. By extension 
of the above-mentioned examples, the same authors successfully prepared electro-
spun nanofiber mats that showed reversible tensile strength and size in aqueous 
solution in response to cycles of temperature alternation (Fig. 5.8d) [23]. The tem-
perature-responsive nanofiber mats were prepared using the copolymers NIPAAm 
and 2-carboxyisopropylacrylamide (CIPAAm) conjugated to 4-aminobenzophe-
none (BP). CIPAAm also has an inherent LCST, which is much higher than that 
of NIPAAm, because it has the hydrophilic carboxyl group and BP is a photoini-
tiator. The crosslinked temperature-responsive nanofibers were obtained by UV 
irradiation for 30 min. When a crosslinked nanofiber mat was soaked in PBS and 
heated to 37 °C, the mat markedly shrank because of a conformational change of 
the copolymer. The temperature was then alternately decreased to lower than and 
increased to higher than the LCST and, correspondingly, the mat first swelled, and 
then shrank. In addition, the tensile strength of the crosslinked nanofiber mat was 
also measured using a tensile tester housed within a temperature-controlled cham-
ber. The temperature within the chamber was alternated between 10 and 37 °C, 
and the changes in tensile strength were measured continuously while keeping 
the sample size constant. The tensile strength was found to change reversibly 
in response to temperature. Of particular interest is that the changes in tensile 
strength during each cycle were almost constant (approximately 400 kPa).

Fu et al. [62] prepared the temperature-sensitive nanofiber surface by a combi-
nation of reversible addition–fragmentation chain-transfer (RAFT) polymerization, 
atom transfer radical polymerization (ATRP), electrospinning, and “click chemis-
try” technology. The authors prepared block copolymers consisting of 4-vinylbenzyl 
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chloride (VBC) and glycidylmethacrylate (GMA) (PVBC-b-PGMA) by RAFT 
polymerization. The obtained block copolymers were transformed to electrospun 
nanofibers with diameters of 0.4–1.5 μm. Exposure to a sodium azide (NaN3) solu-
tion not only affords nanofibers with azido groups on the surface but also leads 
to the crosslinking of nanofibers. One more step of click chemistry between the 
PVBC-b-PGMA nanofibers with azido groups on the surface (PVBC-b-PGMA-N3) 
and alkyne-terminated polymers of NIPAAm (PNIPAAmAT), which were prepared 
by ATRP, enables the preparation of a PVBC-b-PGMA nanofiber with temperature-
sensitive PNIPAAm brushes on the surface (PVBC-b-PGMA-g-PNIPAAm). The 
PVBC-b-PGMA-g-PNIPAAm nanofiber surface was environmental-temperature-
responsive, with a hydrophobic surface at 45 °C with a water contact angle of 140° 
and with a hydrophilic surface at 20 °C with a water contact angle of 30°.

The other type of temperature-responsive nanofiber was studied by Loh et al. 
[63] who prepared physical hydrogel nanofibers by electrospinning using the well-
known biodegradable poly(ester urethane) comprising poly(ethylene glycol) (PEG), 
poly(propylene glycol) (PPG) and poly(ε-caprolactone) (PCL). In their study, the 
electrospun nanofibers transformed to hydrogel-like fibers upon swelling in aque-
ous solution caused by physical interactions between the hydrophobic segments. 
At 25 °C, the percentage of swollen nanofibers in the scaffold in water was 38 %; 
when the temperature was raised to 37 °C, the percentage in the scaffold was 
reduced to 19 %. The temperature change caused the volume of water trapped in 
the nanofiber mat to be reduced by about one-half. This is due to the PPG segment 
in the copolymer becoming more hydrophobic at higher temperatures. In this state, 
water is expelled from the nanofibers and the swelling decreases. This swelling–
deswelling behavior of nanofibers offers the possibility of rapid and transient drug 
release, and drug delivery at an appropriate time and dosage. Webster et al. [64] 
prepared nanofibers using poly(N-vinylcaprolactam) (PVCL), which is more stable 
than PNIPAAm in terms of biotechnological applications. These fibers also reacted 
to temperature changes in terms of surface contact angle. Chen et al. [65] success-
fully fabricated nanofibers using blends of single-spinneret electrospun PNIPAAm 
and PCL; these nanofibers showed a self-assembled core-sheath structure and stim-
ulus-responsive wettability of the PNIPAAm/PCL fibrous surfaces.

5.4.2  Photoresponsive Fibers

As a trigger, the use of visible light and UV light is particularly attractive 
because its characteristics can be remotely and accurately controlled, quickly 
switched and easily focused into specific areas. Many studies of visible light- and 
UV-responsive fibers have focused on the characteristic features of these fibers 
formed into complex biological systems that are capable of exploiting light as an 
external source of energy and information. The representative photoresponsive 
phenomenon is photochromism, which is the reversible transformation of a chemi-
cal species between two isomeric forms by absorption of visible light or UV light. 
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In addition to color changes, these transformations are accompanied by changes in 
the physical and chemical properties of the species involved, such as alterations in 
the dipole moment, refractive index and geometrical structure. Importantly, these 
dynamic transformations can generate coincident changes in the optical, chemi-
cal, electrical and bulk properties of systems that incorporate them. Photochromic 
molecules, therefore, play a pivotal role in photoresponsive systems, which 
are capable of capturing optical signals and then converting them, through their 
isomerization, to useful properties. Benedetto et al. [66] studied photochromism 
using spiropyran (SP)-embedded electrospun nanofibers. The photochromism 
reaction of SP proceeds with electrocyclic ring opening followed by a molecular 
rotation; consequently, SP (off-state) changes to its open form, merocyanine (MC, 
on-state). The three images of nanofibers in their off-state SP form, emitting light 
upon excitement with UV light and in their on-state MC form after photoconver-
sion, are shown in Fig. 5.9a and b.

Recently, β-cyclodextrin (CD) has attracted interest regarding its use in 
a guest–host system because βCD has a rigid and well-defined structure with a 
hydrophobic cavity. Various organic and inorganic guest molecules have been 
inserted into this cavity, resulting in the formation of inclusion complexes. In 
this regard, a βCDsp complex system was developed by De Sousa et al. [67] who 
synthesized a novel βCDsp complex conjugated to the poly(methacrylic acid) 
(PMAA) side chain. After electrospinning PMMA-βCDsp, the photoresponsive 
property of the resulting PMMA-βCDsp nanofibers prepared on the basis of SP-
MC isomerization was demonstrated. Upon exposure to visible light, the nanofib-
ers exhibited a light red color associated with the MC form and the masked 
portion irradiated with visible light exhibited a white color associated with the 
SP form. When the nanofibers were exposed to UV light, the difference between 
these isomers was intensified owing to the fluorescence property of the MC form. 
In addition to the above-mentioned study, βCD was used in another study as the 
host part of a complex with 4-aminoazobenzene (AAB) as the guest molecule, 
which has a unique UV-responsive trans-cis isomerization property. Chen et al. 
[55] prepared hydroxypropyl-βCD (HPβCD)-AAB-inclusion complex (IC) fib-
ers, and trans-cis isomerization of AAB triggered by UV light caused a signifi-
cant change in the AAB molecular geometry and subsequently the dissociation 
of AAB from the ICs. Following UV irradiation after electrospinning, the uneven 
surface became smoother and the adhesion force between the cantilever tip and 
the sample was found to increase in a topological study by AFM quantitative 
nanomechanical mapping. The changeable light-driven wettability of electrospun 
fibers was reported by the same group [68]. The fibers consisting of azobenzene-
modified PCL (PCL-azo) were synthesized by crosslinking PCL-azo with benzo-
phenone-4-isothiocyanate (BPITC), which is a well-known heterobifunctional, 
photoreactive crosslinker (BP-azo/PCL). The trans isomer of PCL-azo changes to 
a cis-isomerized state corresponding to the π–π* transition band transformed to 
the n–π* transition band upon UV irradiation, whereby approximately 30 % of 
the population is transferred from the trans state to the cis state. Alterations of 
the chemical structures of the surface of fibers by UV irradiation can be used to 
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trigger and manipulate various interfacial phenomena and properties, including the 
surface wettability of nanofibers. To determine whether the photoresponsiveness 
of azobenzene is retained in electrospun fibers, static and dynamic contact angle 
measurements were performed under UV irradiation. According to different molar 
ratios of BP-azo to PCL, the static contact angle increased from 121.3 to 132.2 
with increasing BP-azo molar ratio. However, following UV irradiation, the static 
contact angle significantly decreased and then the wettability switched back to the 
previous one after exposure to visible light. This reversibility of wettability dur-
ing photoswitching was observed for three to five cycles. The changes observed 
upon UV irradiation were due to the reversible trans-to-cis isomerization of the 
azobenzene groups. This trans-to-cis isomerization caused an increase in the 
dipole moment of azobenzene molecules, which cause the decrease in surface free 
energy, thus resulting in a more hydrophilic surface. An increased concentration 

(a)

(c) 

(b)

Fig. 5.9  a Photographs of photoswitchable nanofibers in the off form (left), excited form 
(center), and on form (right). b Cyclic photoisomerization of nanofibers through integrated 
absorption. Absorption spectra collected upon alternatively irradiating the nanofibers with UV 
and green pulsed laser light [66]. c Images of a single patterned PCDA-embedded PMMA fiber 
with 30 wt% (upper panels) and 20 wt% (bottom panels) PMMA. Optical images (left) obtained 
after UV irradiation of the electrospun fiber. Optical (middle) and fluorescence (right) micros-
copy images obtained after heat treatment of the blue-patterned fiber [69]
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of azobenzene on the surface induced a larger decrease in the surface free energy 
upon trans-to-cis isomerization and consequently a smaller water contact angle.

Another method of preparing photoresponsive fibers by photochromism was 
introduced by Chae et al. [69] who developed a method using polydiacetylene 
(PDA) supramolecules embedded in PMMA electrospun fibers. PDA was synthe-
sized by the photopolymerization of diacetylene (DA). Owing to their interesting 
stimulus–induced chromic transition and nonlinear optical properties, PDAs have 
been extensively investigated as potential chemosensors and photonic materials. 
They prepared DA-embedded fibers by electrospinning of a solution of a polymer 
and DA in an organic solvent. Self-assembly of DA occurs in the inner part of the 
fiber during electrospinning and evaporation of the solvent, because the attraction 
between the DA molecules is stronger than that between DA and the polymer. The 
patterned photochromism reaction can be induced by UV irradiation with a photo-
mask on a single fiber that induced polymerization with a certain pattern. Following 
UV irradiation with a pattern, the fiber color changed to blue, which indicated 
that PDA was successfully produced from the DA monomer. Upon heating up to 
110 °C, the blue color changed to red because PDA has a bichromic property, that 
is, it can undergo not only photochromism but also thermochromism (Fig. 5.9c).

5.4.3  pH-Responsive Fibers

Regarding the biomaterial or biomedical applications of nanofibers, pH is the most 
important factor because our bodies are composed of various organs and tissues 
that have a wide range of pHs [17], such as the stomach (pHs 1–3), intestines (pHs 
5–8), blood (pHs 7.3–7.5), tumors (pHs 6.5–7) and as well as intracellular orga-
nelle such as lysosomes (pHs 4.5–5). Therefore, pH-responsive polymers, that is, 
polymers that show dynamic responses to environmental pH, have attracted much 
attention. The pH-responsive polymers are polyelectrolytes that bear in their struc-
ture weak acidic or basic groups that either accept or release protons in response 
to changes in environmental pH. The pH-responsive polymers can be generated 
by conjugation of acidic or basic groups to the polymer backbone of polyelectro-
lytes that undergo ionization similarly to acidic or basic groups of monoacids or 
monobases. Following the exchange of the charge along the polymer backbone, 
the resulting electrostatic repulsion causes a reversible alteration in polymer prop-
erties such as size or volume, which strongly depend on pH, ionic strength and 
type of counterion. The transition from the collapsed state to the expanded state 
has been explained by changes in the osmotic pressure exerted by mobile coun-
terions neutralizing the network charges. The pH range in which reversible phase 
transition occurs can be generally modulated by two strategies [70]:

1. Selection of the ionizable moiety with a pKa matching the desired pH range. 
Therefore, the proper selection between a polyacid or a polybase should be 
considered for the desired application.

5.4  Smart Fibers
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2. Incorporation of hydrophobic moieties into the polymer backbone and control 
of their nature, amount and distribution. When ionizable groups become neutral 
and nonionized, and the electrostatic repulsion force disappears within the pol-
ymer network, hydrophobic interactions dominate. The introduction of a more 
hydrophobic moiety can offer a more compact conformation in the uncharged 
state and a more acute phase transition.

Here, examples of pH-responsive fibers with controlled swelling or volume 
are presented. Gestos et al. [71] prepared pH-responsive electrospun nanofib-
ers using poly(acrylic acid) (PAA), which has the merits of biocompat-
ibility and crosslink ability without the need for additional crosslinkers. The 
carboxylic groups not only play a role in pH responsiveness but also func-
tion as crosslinkers under UV irradiation. Therefore, the UV treatment time 
strongly affects the extent of swelling induced by pH switching. The 5-min 
UV-treated PAA nanofibers swelled at both pHs 3 and 8, and their swelling 
ratios decreased with increasing UV treatment time to 25 min. The 25-min 
UV-treated fiber attained swelling ratios of 0.91 at pH 3 and 2.0 at pH 8. The 
observed decrease in swelling ratio with increasing UV radiation dose is likely 
due to an increase in crosslink density. An increase in crosslink density intro-
duces more constrained junctions into the network and a reduction in swell-
ing. Somewhat unexpectedly, the 25-min UV-treated PAA nanofiber showed an 
initial shrinkage when first immersed in solution (pH 3). It is likely that leach-
ing of low-molecular-weight soluble fragments and non-crosslinked PAA may 
counteract the swelling and produce a small reduction in dimensions. The sub-
sequent pH switching reproducibly induced the expected swelling and shrink-
age. Additionally, the mechanical resilience of fibers changed according to the 
pH and wet state. The 5-min UV-treated PAA fibers at pH 3 showed a stiff-
ness of 0.10 Nm−1, much lower than that of the 25-min UV-treated sample at 
0.19 Nm−1. As the cantilever stiffness (0.2 Nm−1) is similar to that measured 
for the 25-min UV-treated sample, only the minimum stiffness can be inferred. 
Thus, in qualitative terms, PAA exposed to UV radiation for 25 min is at least 
twice as stiff as that exposed to UV radiation for only 5 min. This change in 
stiffness is consistent with the increase in crosslink density. Jin and Hsieh [24] 
carried out a similar study of electrospun nanofibers prepared from PAA and 
poly(vinyl alcohol) mixture solution. According to crosslink temperature and 
pH, the equilibrium swelling in planar dimensions, i.e., thickness and mass, 
was clearly demonstrated. With increasing crosslinking network density, the 
equilibrium swelling in planar dimensions, i.e., thickness and mass, decreased 
at the same pH. Furthermore, the equilibrium swelling of nanofibers increased 
with increasing pH.

Wang et al. [72] prepared pH-responsive fibers using a polybase material: a 
monodisperse triblock copolymer consisting of poly(methyl methacrylate)-block-
poly(2-(diethylamino) ethyl methacrylate)-block-poly(methyl methacrylate) 
(PMMA-b-PDEA-b-PMMA). The fibers expanded at pH 7.3 and contracted at pH 
3.5, because the triblock copolymer exhibited contrasting pH-responsive behaviors: 
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the polybase charge is neutral above pH 5 (collapsed) and positive below pH 5 
(expanded). The fibers showed greater responsiveness than the control film because 
the surface area of the fibers significantly increased. This increased the rate of 
diffusion of the solvated hydrogen ions throughout the polymer matrix; thus, the 
responsiveness consequently increased.

5.4.4  Electric-Field-Responsive Fibers

As mentioned in Sect. 5.2.2 on electrospinning, the electric field greatly affects 
fiber formation, morphology and diameter during electrospinning. Not only the 
electrospinning process, but also the electric field can affect the properties of fibers 
as an external stimulus.

Filipcsei et al. [73] reported on PDMS hydrogel fibers containing randomly 
distributed TiO2 particles with electrically driven motility. The hydrogel fibers 
showed significant and rapid bending towards the cathode, when an external elec-
tric field was applied. This behavior was reversible with alternating positive and 
negative electrode application. The displacement of the free bottom end of the gel 
depends on the strength of the electric field. These experimental results are evi-
dence that in the external electric field, the gel accumulates positive charges. A 
large deflection due to the interaction of the applied external electric field with the 
charged gel was observed. Furthermore, when one of the electrodes was replaced 
by a metal ball and the other electrode was a copper plate, deformation of a PDMS 
hydrogel fiber was also observed under anonuniform electric field. These results 
might be explained by electron migration. Under an applied electric field, TiO2 
particles emit electrons. As the electrons migrate to the anode, the particles incor-
porated in the hydrogel fiber obtain a positive charge. The Coulomb interactions 
of these charged particles with the external electric field are responsible for the gel 
deformation. Note that the bending was rapid and the final shape at equilibrium 
was reached within 5 s.

Li and Hsieh [74] prepared electrospun hydrogel fibers using a mixture of 
PAA and PVA at different ratios and investigated the swelling of the hydrogel 
fibers immersed in aqueous solution. Because of PAA, pronounced swelling of 
the electrospun hydrogel fibers was observed in response to pH (particularly 
between 4 and 7). The hydrogel fibers were induced to swell further by apply-
ing an electric field (10 V cm−1). When the hydrogel fibers were exposed 
to an electric field, the swelling ratio significantly increased with increas-
ing PAA content in the hydrogel fibers and the strength of the electric fields, 
and the swelling was reversible by the application and removal of the electric 
field. This increased swelling ratio was also accompanied by increased width 
and thickness of the hydrogel fibers. These data show that the pH-dependent 
swelling of the electrospun hydrogel fibers can be further augmented by the 
application of an electric field.

5.4  Smart Fibers
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5.4.5  Magnetic-Field-Responsive Fibers

As most well-known magnetic-field-responsive materials, magnetite (Fe3O4) 
and maghemite (γ-Fe2O3) nanoparticles are easily found in nature and are 
components of obtained ferromagnetic phases [75]. The fibers that respond 
to the magnetic fields can be obtained by combining these magnetic nanopar-
ticles (MNPs); such fibers have shape, size or swelling distortion owing to 
their unique self-heating property that occurs reversibly and instantaneously 
in the presence of an alternating magnetic field (AMF). There are two basic 
ways of preparing magnetic-field-responsive fibers, namely, incorporation and 
immobilization of MNPs in fibers or on the fiber surface. Firstly, Lin et al. 
[76] reported on two methods of preparing magnetic-field-responsive fibers 
with MNPs that were immobilized on the fiber surface. First, the magnetic-
field-responsive fibers were fabricated by the adsorption of magnetic particles 
onto the electrospun chitosan fibers in MNP solution (Fe3O4). The crosslinked 
fibers were immersed in MNP solution for 1 h with continuous mechanical 
stirring. Then, the magnetic-field-responsive fibers were obtained after wash-
ing and freeze drying. Second, other magnetic-field-responsive chitosan fibers 
were prepared by immersing the crosslinked chitosan fibers in MNP solution 
(Fe2+ and Fe3+ mixture) for 1 h for the adsorption of Fe ions. Then, deox-
ygenated NH4OH solution was added dropwise to the mixture with vigorous 
stirring for 1 h, resulting in the formation of the magnetic-field-responsive fib-
ers. Eventually, the magnetic-field-responsive fibers were obtained by wash-
ing and lyophilization. These two types of fiber clearly showed MNPs on the 
fiber surface, exhibiting typical superparamagnetic behavior at room tempera-
ture without a hysteresis loop (Fig. 5.10a). In further study of the time-dependent 
heating property of the chitosan-MNP fibers, the increase in temperature to 
45 °C was observed in response to AMF. Secondly, Huang et al. [77] pre-
pared MNP-incorporated polystyrene (PS) fibers by electrospinning. The 
MNPs were well encapsulated inside the fibers and no leakage of any parti-
cles was observed morphologically. From the heating capacity of PS-MNP fib-
ers under an applied AMF, the temperature of 282 mg of PS-MNP fibers in 
1 mL of water can increase from 23 to 83 °C in 180 s in response to AMF 
at 232 kHz. These results reveal a powerful heating capacity of the fibers. In 
addition, Wang et al. [78] also described a similar study, that is, the formation 
of superparamagnetic fibers containing stably dispersed MNPs by electrospin-
ning (Fig. 5.10b). The MNPs were synthesized by an aqueous coprecipitation 
technique in the presence of a polymer that attaches to the particle surfaces 
and confers steric stabilization to the nanoparticles dispersed in the polymer 
solution. As the main polymer, PVA was used and all of the MNPs were well 
embedded in PVA fibers after electrospinning. As shown by a test using a 
superconducting quantum interference device (SQUID), the PVA-MNP fibers 
were easily magnetized by an external magnetic field, and the dipole moments 
of the nanoparticles were readily polarized in the direction of the external 
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magnetic field. It is well known that the magnetic dipole experiences a torque 
in a uniform magnetic field and a translational force in a magnetic field  
gradient. For the PVA-MNP fibers in an external magnetic field gradient, 
the fibers showed deformation by the translational force experienced by the 
embedded MNPs.

On the other hand, Kriha et al. [79] studied the controlled movement of short 
electrospun copolymers of methylmethacrylate (MMA) and 9-vinylanthracene 
(Anth) microfibers containing a superparamagnetic material, namely, fcc cobalt 
(Co)-based nanoparticles of 9 nm diameter. The prepared fibers were manipulated 
using a ferromagnet placed below the microscope slide. As a result, several fib-
ers were moved simultaneously in the same direction with the ferromagnet, which 
can be advantageous for multifold simultaneous bridging of the target object. Two 
effects are exploited to manipulate the location and orientation of the superpara-
magnetic fibers using the external magnet.

1. A paramagnetic object tends to move in the direction of increasing magnetic 
field strength. Thus, by shifting the position of the magnet below the plane on 
which the fiber is dispersed in a water layer, one is able to induce translational 
motions of the fiber.

2. Anisotropic paramagnetic objects tend to align their principal axis of magneti-
zation relative to the direction of the magnetic field lines. By rotating the mag-
net, one is thus able to induce rotational motions of the fibers.

(a)

(b)

Fabric FabricFabricLab magnet Lab magnet

Fig. 5.10  a SEM images of magnetic nanofiber composites with magnetic particles: (left) Fe3O4 
(right) Fe2+/Fe3+ [76]. b Magnetic-field responsive behavior of PVA/magnetite fabric: (left) 
without magnetic field (middle) within low gradient of magnetic field, and (right) within high 
gradient of magnetic field [78]
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5.4.6  Biomolecule-Responsive Fibers

Because the stimulus-responsive fibers are becoming increasingly important in 
biomedical and biomaterial applications, recently, there has been increasing inter-
est in fibers with functionality that induces responses upon exposure to biologi-
cal small molecules or biomacromolecules. In particular, polymers that respond 
to glucose have received considerable attention because of their potential applica-
tion in sensing proteins. Heo et al. [80, 81] successfully evaluated in vivo glucose-
sensitive fibers. They designed and synthesized a unique fluorescent monomer 
based on diboronic acid that enables reversible responsiveness to glucose with-
out any reagents or enzymes. This glucose-responsive fluorescent monomer (GF-
monomer) was modified from a glucose-responsive fluorescent dye (GF dye). The 
principle underlying the glucose responsiveness of the GF dye is briefly explained 
as follows: the GF dye comprises a diboronic acid moiety and an anthracene moi-
ety that act as the specific glucose-recognition site and the fluorogenic site, respec-
tively (Fig. 5.11).

For the control of fiber degradation or fragmentation, the proteins are employed 
in protein-responsive fibers. Wang et al. [82] employed glutathione as an electro-
spun nanofiber degradation trigger. The protein-responsive nanofibers are com-
posed of poly(2-hydroxypropyl methacrylate) (PHPMA), which is subsequently 
crosslinked with protein-cleavable disulfide-based dimethacrylate (DSDMA) 
branches that provide water-insoluble nanofibers. The swollen nanofibers in an 
aqueous solution allow the rapid diffusion of the glutathione throughout the fib-
ers and hence ensure facile cleavage of the disulfide bonds. These branch sites can 
be considered to be the keystone for the reductive degradation of the copolymer 
fibers, because aqueous dissolution should occur once the copolymer has been 
converted into its low-molecular-weight primary chains. This means that protein 
degradation leads to the complete dissolution of the water-insoluble nanofibers. 
On the other hand, Law et al. [83] designed enzyme-responsive nanofibers that are 
composed of self-assembled hydrophobic β-sheet peptides incorporating protease-
sensitive domains, fluorescent reporters, and hydrophilic PEG units. By incubating 
nanofibers with a urokinase plasminogen activator (uPA) as a fiber fragmenta-
tion inducer, assembled nanofibers were cleaved in response to uPA and FITC-
conjugated fragments were released. Furthermore, this fragmentation shows uPA 
concentration dependence (in the absence of uPA, the fluorescence intensity base-
line remained constant with time, suggesting that the formulations were stable). 
The length of these single self-assembled nanofibers can be controlled by add-
ing uPA. These novel materials, which are protein-responsive fibers, could have 
important applications in in vivo protein imaging or as enzyme-responsive biopol-
ymers for systemic drug delivery.



217

5.5  Applications of Smart Fibers

Although smart fibers are under development for a wide range of applications such 
as sensors, filters, biomaterials or textiles, biomaterials for smart fibers are most 
widely studied. Therefore, in this section, smart fibers for biomaterial applications 
will be discussed with some examples.

(b) (c) 

Skin

PEG-bonded 
fluorescent 
hydrogel fiber

Transdermal detection 

Highly protein-resistant biointerface

Proteins
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(a)

Fig. 5.11  a Fluorescence intensity changes depending on the existence of a glucose molecule. 
b Fluorescent glucose-responsive monomer immobilized in hydrogel fibers in a glass vial with a 
50 % glucose solution. c Conceptual illustration of the PEG-bonded fluorescent-hydrogel fiber for 
glucose monitoring. The fluorescent signal in response to blood glucose concentration is transmit-
ted across the skin, enabling the detection of blood glucose concentration in a minimally invasive 
manner. The fiber shape is retained in the implantation site for a long period, and PEG-bonded 
PAM has an interface highly biocompatible with tissues; the PEG-bonded PAM hydrogel is highly 
resistant to protein adsorption, thereby reducing inflammation. As a result, the PEG-bonded fluo-
rescent hydrogel fibers can be applied to long-term in vivo glucose monitoring [80, 81]

5.5  Applications of Smart Fibers
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5.5.1  Sensors

The role of sensors is to transform physical or chemical responses into signals on 
the basis of the targeted application. In particular, polymeric electrospun nanofib-
ers have been investigated as sensors of gases, chemicals, optical material and 
biomaterials. It is considered that highly sensitive sensors can be assembled using 
nanofibers that possess high surface area and porosity. Here, polymeric fibers for 
fabricating sensors will be discussed in detail.

Qi et al. [84] synthesized pure and KCl-doped TiO2 nanofibers by electrospin-
ning and calcination techniques for fabricating humidity sensors. The humid-
ity sensing properties of the prepared nanofibers were investigated with a ZL5 
intelligent LCR (L: inductance, C: capacitance, and R: resistance) test meter. All 
nanofibers were exposed to dry/wet/dry air cycles in order to test the different sen-
sitivities to different relative humidities (RHs). As a result, the KCl-doped TiO2 
nanofibers showed improved humidity sensing properties with their resistances 
varying by more than four orders of magnitude, whereas the resistance changed 
only about two orders of magnitude for pure TiO2 nanofibers. Furthermore, by 
increasing the RH from 11 to 95 %, the response time is only 3 s and the recov-
ery time is 4 s for KCl-doped TiO2 nanofibers. On the other hand, Li et al. [85] 
also fabricated a humidity sensor using electrospun TiO2 nanofibers modified with 
LiCl. The as-prepared humidity sensor exhibits excellent sensing characteristics, 
including an ultrafast response (3 s) and recovery time (7 s) for measuring a wide 
RH range of 11–95 % in air at room temperature (25 °C) with the impedance 
changing from 107 to 104 Ω. In the pure TiO2 nanofibers at a high RH, hydra-
tion of H3O+ is energetically favored in liquid water, which makes the resistance 
of these nanofibers decrease rapidly. For the KCl (LiCl)-doped TiO2 nanofibers, 
besides the H3O+, KCl can dissolve in the adsorbed water, and the K+ (or Li+) 
and Cl− ions dissociated from these nanofibers can function as conduction carri-
ers. Thus, the resistance continuously decreases by more than four orders of mag-
nitude compared with the initial resistance.

Recently, Wang et al. [86, 87] have reported the fabrication of ‘spider-web-like 
nanonets’ as a humidity sensor (Fig. 5.12a, b). These spider-web-like nanonets 
were fabricated by electrospinning onto a quartz crystal microbalance (QCM). The 
QCM-based fibrous sensors presented the most obvious decrease infrequency shift 
in the RH range of 2–95 %, and the response time of the sensors to RH gradually 
decreased with increasing RH in the chamber. For a flat film sensor, the response 
decreased with increasing RH ranging from 2 to 80 %; however, it decreased to an 
unmeasurable value once the RH exceeded 80 %, which could be attributed to the 
mass loading of moisture. For fiber-coated sensors, however, the response showed 
an initial linear decrease in frequency corresponding to an increase in RH up to 
50 %, and shifted to the opposite direction at a higher RH (>50 % RH), indicating 
that the moisture starts to be released from fibers at a higher RH.

On the other hand, Yang et al. [88] reported the fabrication of SnO2 fibers 
for H2 and NO2 gas sensing. They prepared a sensor that consisted of palladium 
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(Pd)-loaded SnO2 fibers. This sensor showed a much higher sensitivity to H2 
than the sensor with non-Pd-loaded fibers, but very interestingly, this trend was 
reversed upon exposure to NO2. The observation that the sensitivity to NO2 was 
higher in the sensor with non-Pd-loaded SnO2 fibers than in the sensor with Pd-
loaded SnO2 fibers suggests that the sensitization to H2 by Pd loading is largely 
due to the catalytic effect of Pd loading as a means of increasing the sensitivity 
of SnO2 sensors to reducing gases such as H2, CO, CH4, and other hydrocarbon 
gases, which is well known. The same group of researchers fabricated exhaled-
breath-sensing SnO2 fibers that have unique morphological features that can make 
multiple sensing layers within a single fiber rapidly and effectively accessible to 
large acetone molecules [89]. The thin wall of assembled SnO2 fibers with wrin-
kled layers was successfully synthesized by electrospinning with controlled phase 
separation between precursor-rich phases and polymer-rich phases. In particular, 
elongated open pores are extensively formed on the surface of the wrinkled SnO2 
thin walls, and hollow voids are found between wrinkled SnO2 walls. The densely 
packed SnO2 fibers were also synthesized. Using the SnO2 fibers assembled into a 
wrinkled wall, a superior detection capacity with an appreciably fast response was 
achieved at a low acetone concentration in a highly humid atmosphere (RH 80 %), 
which satisfies the minimum requirement for a real-time exhaled-breath sensing in 
the diagnosis of diabetes.
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Fig. 5.12  a Schematic diagram of relative humidity sensing system [86]. b Schematic illustra-
tion of humidity-sensing mechanism of a QCM-based PEI-PA 6 NFN sensor [87]. c (left) The 
fluorescence of the fibrous glucose sensor can be detected through the skin. The fiber-shaped 
sensor was implanted under the skin of the ear of a mouse. (right, upper panel) The fiber 
implanted in a mouse model (right, bottom panel) could be easily removed after use [90]
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Among biosensors, glucose sensors have been extensively studied using many 
different materials. In particular, Heo et al. [80, 81, 90] developed a hydrogel 
fibrous glucose sensor that has the following significant advantages:

1. The fibers can remain at the implantation site for an extended period, whereas 
microbeads disperse from the implantation site.

2. The fibers can be implanted at a readily controllable fluorescence intensity 
by cutting them to a specified length, thereby enabling stable and repeatable 
sensing.

3. The fibers can be easily and nonsurgically removed from the body.

An in vivo glucose fiber sensor implanted under the ear skin of mice remained 
at the implantation site for an extended period because the increased contact 
area with the subcutaneous tissue decreased the mobility of the subcutaneous 
implants (Fig. 5.12c). Immediately after the implantation, the fiber sensor was 
visible through the ear skin of over 100 μm thickness. For glucose sensing, Heo 
and coworkers injected glucose to temporarily increase the glucose concentra-
tion to 300 mg dL−1 and insulin to decrease the glucose concentration to below 
140 mg dL−1. As a result, the fluorescence intensity of hydrogel fibers constantly 
tracked the fluctuations in blood glucose concentration for two up-and-down 
cycles. For long-term monitoring, after about 4 months from implantation, the flu-
orescence intensity of hydrogel fibers responded to blood glucose concentration 
fluctuations in oneup-and-down cycle. These results indicate that the hydrogel fib-
ers maintained their sensor functionality in vivo for a long period without inducing 
inflammatory reactions.

5.5.2  Controlled Drug Delivery Systems

DDSs are quite interesting applications that have evolved over the years, long 
before sustained DDSs were developed. Recently, many researchers have focused 
on controlled DDSs because these have become possible with the use of smart 
materials with remotely controllable properties. Therefore, drugs can be released 
to targeted regions on demand.

Zhang and Yarin [91] introduced two types of smart nanofiber for the study 
of the release of a dye rhodamine 610 chloride as a drug model. The electrospun 
nanofibers were fabricated from poly(NIPAAm-co-MMA) and poly(NIPAAm-co-
MMA-co-AAc) copolymers, which are temperature-responsive and pH/tempera-
ture dual-responsive copolymers, respectively. In the case of a dye release study 
using poly(NIPAAm-co-MMA) nanofibers, a relatively low cumulative release 
rate (on the order of 1 %) was observed below LCST, which resembled that of 
pure PMMA nanofibers. By the time the temperature crossed the LCST, however, 
the corresponding cumulative release rate had rapidly reached about 10 % and 
saturated at about 12 %. Moreover, the release rate demonstrated the largest ther-
mal response. It is emphasized that poly(NIPAAm-co-MMA) nanofibers exhibited 
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a positive thermoresponsive release profile, that is, a higher release rate when the 
nanofibers shrink above LCST than when the nanofibers swell below LCST. On 
the other hand, the release patterns of many other PNIPAAm-based hydrogels 
known today are negatively thermosensitive. Further study was performed using 
poly(NIPAAm-co-MMA-co-AAc) nanofibers to examine the effect of pH on the 
dye release profile at body temperature. The release profile demonstrated that 
marked changes in the cumulative release level and release rate occur between 
pHs 6 and 7.

Cui et al. [92] fabricated pH-responsive nanofibers for a local drug delivery 
system by introducing acid-labile acetal groups into a biodegradable backbone. 
The drug (paracetamol)-incorporated nanofibers were prepared by electrospin-
ning. The profile of drug release from the electrospun nanofibers prepared from 
an acid-labile polymer was evaluated in buffer solutions of different pHs (4.0, 5.5 
and 7.0). In the absence of an acid group in the polymer, there were no significant 
differences in the profile among the buffer solutions of different pHs. Following 
the introduction of an acid group, significantly different drug release profiles were 
observed. The total amounts of the drug released were about 67 and 78 % after 
incubation in pH 5.5 and pH 4.0 buffer solutions, respectively, and only 26 % after 
incubation in pH 7.4. Moreover, the amount of the drug burst-released depended 
on the contents of acid-labile segments and the polymer nanofibers incubated in 
pH 4.0 medium. Additionally, when the pHs of buffer solutions were 5.5 and 4.0, 
the amount of drug released from pH-sensitive nanofibers increased owing to the 
pH-induced structural changes of the polymeric nanofibers and the degradation of 
the matrix polymer.

Here, we introduce a study of electroresponsive nanofibers by Yun et al. [93] for 
transdermal drug (ketoprofen) release. In this study, an effective transdermal deliv-
ery system (TDS) was developed by improving the electrosensitivity of nanofibers 
with the uniform distribution of an electroconducting material. Multi-walled carbon 
nanotubes (MWCNTs) were embedded in these nanofibers as the electroconducting 
material because they could improve both the electrical conductivity and mechani-
cal strength of the nanofibers. To improve the dispersion of MWCNTs, the surface 
of MWCNTs was modified by oxyfluorination to introduce functional groups onto 
the surface of hydrophobic MWCNTs, which improved conductivity resulting 
in the increased electrosensitivity of hydrogels. As polymer matrices, a PVA and 
PAA mixture was used. The PVA/PAA/MWCNT nanofibers swelled in an aqueous 
solution. The swelling ratio of nanofibers decreased with increasing MWCNT con-
tent owing to the inhibition of swelling in the presence of MWCNTs. However, a 
totally different trend occurred for nanofibers in the presence of an electric field. 
The swelling ratio of nanofibers increased under an electric field with increas-
ing MWCNT content. MWCNTs could form an efficient pathway of electric field 
owing to their own electrical conductivity. This electrical conductivity of MWCNTs 
contributed largely to the enhanced swelling of nanofibers by accelerating the ion-
ization of functional groups in the hydrophilic polymers. The ionization of func-
tional groups caused the electrostatic repulsion and hydrophilicity of the polymer 
chains to increase significantly (Fig. 5.13a). Furthermore, the swelling of nanofibers 
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was enhanced with increasing electric voltage. The higher the electric voltage 
applied to the nanofibers, the greater the ionization of functional groups. The ion-
ized groups in the polymer matrices caused the faster and enhanced swelling of 
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Fig. 5.13  a Schematic representation of electrospinning process and role of functional groups 
on MWCNTs in maintainingdispersion stability: (left) high concentration of MWCNTs with high 
hydrophobicity (middle) low concentration of MWCNTs with high hydrophilicity, and (right) 
high concentration of MWCNTs with high hydrophilicity. Drug permeability of nanofibers 
depending on b content of oxyfluorinated MWCNTs under 10 V, c oxyfluorination conditions 
(hydrophilicity of MWCNTs) under 10 V, and d electric voltage [93]
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nanofibers. A ketoprofen release test was performed on the skin of a hairless mouse 
model. The drug release behavior of nanofibers showed a similar trend to swell-
ing behavior. The amount of released drug increased with increasing content of 
MWCNTs (Fig. 5.13b). The amount of released drug increased also with increasing 
hydrophilicity of MWCNTs (Fig. 5.13c) and in the presence of a high electric volt-
age (Fig. 5.13d). The swelling was the main factor in the drug release behavior of 
nanofibers. Therefore, the MWCNTs played an important role in the electrosensi-
tive release of the drug from nanofibers.

Kim et al.[61] fabricated novel temperature-responsive nanofibers for ‘on–off’ 
drug release systems (Fig. 5.14a). They synthesized the nanofibers using the tem-
perature-responsive polymer poly(NIPAAm-co-HMAAm), and FITC-dextran was 
directly embedded into these nanofibers as the drug model. The prepared nanofibers 
showed ‘on–off’ switchable swelling–shrinking behavior in response to temperature 
alternation cycles upon crossing the LCST; correspondingly, the dextran release pro-
file showed the ‘on–off’ switchable behavior. After the first heating, approximately 
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Fig. 5.14  a Schematic of ‘on–off’ controlled release of dextran (red) from temperature-respon-
sive nanofibers. Dextran-nanofibers offer the stepwise release of a certain amount of dextran 
within a short time in response to cycles of temperature alternations. b Release profiles of dex-
tran from crosslinked PNH 5 (squares) and PNH 10 (circles) in response to cycles of tempera-
ture alternations between 10 and 45 °C [61]. c Profile of R-CD-5FU prodrug release from fiber 
surface with time. Prodrug release profile in the dark (squares). Prodrug release profile under 
continuous exposure to UV (circles). Prodrug release profile under intermittent exposure to UV 
at intervals of 10–20 and 40–70 min (triangles) [94]
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30 % of the loaded dextran was released from the nanofibers. The release stopped 
after cooling below LCST but the release restarted upon the second heating. In this 
system, the dextran is released by it being squeezed out of the collapsed intercon-
nected crosslinked polymer network. The release of dextran stops upon cooling 
because of the suppressed diffusion of the dextran molecules, which have a high 
molecular weight. Almost all of the dextran was released from the nanofibers after 
six temperature cycles (Fig. 5.14b). This kind of ‘on–off’ drug release system can 
release a certain amount of a drug within a short time after an off period that can be 
programmed according to the circadian rhythm of the disease being treated.

On the other hand, Fu et al. [94] studied the development of a novel photore-
sponsive ‘on–off’ release system for a prodrug based on host–guest interaction on 
the photoresponsive and crosslinked nanofiber surface. The nanofibers with stim-
ulus-responsive surfaces were electrospun from the block copolymer prepared by 
controlled radical polymerization, and then the surfaces were modified with pho-
tosensitive 4-propargyloxyazobenzene (PAB) by ‘click chemistry’. Following 
UV irradiation at a wavelength of 365 nm, the prodrug was released quickly from 
nanofiber surfaces, as the photosensitive group transformed from the trans form to 
the cis form configuration. In the dark, however, there was almost no release of 
the prodrug from the nanofiber surfaces, or between the host and the guest, that 
is, between the prodrug and the surfaces. Furthermore, this system showed a quick 
response and controllable release of the prodrug, as revealed by the multistep ‘on–
off’ release profile under UV irradiation. The concentration of the prodrug in solu-
tion increases gradually in the next 10 min upon UV exposure. The concentration 
of the prodrug ceases to increase upon removal of the UV irradiation at t = 20 min. 
The concentration of the prodrug remains almost constant in the next 20 min, in the 
absence of UV irradiation. When UV irradiation is resumed at t = 40 min, the con-
centration of the prodrug in solution increases again (Fig. 5.14c).

5.5.3  Cell Manipulations

In the biomaterial and biomedical fields, cell manipulations are good candidate 
applications of smart fibers including the cell culture substrate, cell capture and 
release membrane, control of cell functions, and so forth. There is an interesting 
report by Kriha et al. [79] on the controlled movement of short electrospun micro-
fibers containing superparamagnetic cobalt (Co) nanoparticles. As a challenging 
example, controlled movement was demonstrated by the interconnection of hip-
pocampal neurons. The cobalt nanoparticles were dispersed in the fluorescent 
polymeric microfibers by electrospinning and then the microfibers were cut into 
pieces of 50–100 mm length. The fibers dispersed in water were translationally 
moved by moving an external magnet horizontally or rotated by rotating the exter-
nal magnet. The high control over fiber movement even allowed the researchers to 
position fibers so that a single fiber connected two primary hippocampal neurons 
within less than 30 s (Fig. 5.15a).
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Kim et al. [23] prepared a temperature-responsive fibrous hydrogel that was 
used as the cell capture and release membrane. The fibrous hydrogel captured 
and released cells by self-wrapping, encapsulation, and shrinking in response to 
temperature changes (Fig. 5.15b). In the cell culture medium at 37 °C, a droplet 
of cells was dropped on a fiber web, and immediately the web started to fold up 
and wrap around the droplet. The folding of the fiber web was very fast and was 
completed after 30 s. After 10 min at 37 °C, the fiber web was transferred to a 
refrigerator at 4 °C and allowed to swell for another 10 min. The fiber web became 
transparent with a hydrogel-like morphology, and the fibrous structure was main-
tained. When the web was heated again to 37 °C, the hydrogel-like fibrous web 
shrank and became opaque. After three cycles of temperature alternations, almost 
all of the cells (>95 %) seeded on the web were released, whereas only a few cells 
were released upon swelling during the cooling from 37 to 4 °C. Live/dead assay 
of the cells released from the web showed that almost all of the cells were alive, 
and the condition and proliferation of the cells were determined.

The most interesting application of magnetic-field-responsive fibers is in 
the hyperthermic treatment of cancer cells. Lin et al. [76] demonstrated Caco-2 
(human colon adenocarcinoma) cell therapy using chitosan-MNP fibers that cause 
the temperature to rise to 44–45 °C, which is maintained owing to the heat gen-
erated in an alternating magnetic field (AMF). Owing to the hyperthermic effect 

Fig. 5.15  a Movement of co-embedded fibers dispersed in water droplet containing hip-
pocampal cells (blue spots). The fibers were manipulated manually with a ferromagnet [79]. b 
Wrapping (upper), encapsulation (middle), and release (bottom) of cells by the fiber. The droplet 
containing cells is wrapped up at 37 °C (upper) and stably encapsulated inside the fiber, which 
transforms into a hydrogel-like morphology at 4 °C (middle). Upon heating the fiber again at 
37 °C, it shrinks rapidly and releases the entrapped cells (bottom) [23]
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during Caco-2 cell culture, the cell viability in the presence of chitosan-MNPs 
was greatly reduced to below 70 % of control (without MNPs) when the mag-
netic field was turned on. A similar study was reported by Huang et al. [77]: 
PS-MNP nanofibers showed the hyperthermic effect on cultured SKOV-3 cells. 
When the PS-MNP nanofibers were exposed to the AMF for 10 min or longer, 
all the cancer cells were destroyed, and the association of the cancer cells with 
the nanofibers was also demonstrated. Here, improved hyperthermic smart fibers 
are introduced. Kim et al. [95] showed temperature-and magnetic-field-responsive 
electrospun nanofibers containing an antitumor drug (doxorubicin, DOX) and 
MNPs (Fig. 5.16a). Upon AMF application, the temperature-responsive nanofibers 
shrank in response to the increased temperature triggered by MNPs. The incorpo-
rated DOX was released from nanofibers owing to the hyperthermic effect. These 
nanofibers demonstrated the synergic effect of hyperthermia and chemotherapy for 
cancer cell therapy with the hyperthermic treatment time being less than 5 min, 
which can reduce the side effects on normal tissues or cells (Fig. 5.16b).

Yoshida et al. [96] developed reduction-responsive nonwoven fibers as a cell 
culture scaffold. They prepared water-soluble poly(γ-glutamic acid) (γ-PGA), 
which is secreted by a Bacillus subtilis strain. The reduction-responsive nanofib-
ers were fabricated by crosslinking with cystamine-containing disulfide bonds 
(γ-PGA-SS). Cleaving the crosslinking networks is controllable under physi-
ological conditions by altering the concentration of nontoxic reductants such as 
glutathione or cysteine. Such reductants cleave the disulfide bond into free thiol 
groups (–SH HS–), and thiol groups do not decrease the local pH. The obtained 
γ-PGA-SS nanofibers showed swelling in water and selective decomposition 
depending on the concentration of the L-cysteine solution. A high concentration of 
L-cysteine solution accelerated the decomposition of γ-PGA-SS nanofibers. This 
means that γ-PGA-SS nanofibers can be degraded in vivo depending on the con-
centration of biocompatible reductants. Another mouse L929 fibroblast culture 
study showed that cells adhered well and proliferated on the γ-PGA-SS nanofibers, 
and interactions between the cell pseudopodia and the γ-PGA-SS nanofibers were 
clearly observed. Furthermore, after the decomposition of γ-PGA-SS nanofibers by 
L-cysteine, living cells contained in the decomposed solution also well proliferated. 
These results suggest that fibrous networks are useful as cell culture scaffolds.

5.5.4  Filters

Owing to the high specific surface area and high porosity of nanofibers, they have 
been developed as filter media, which are very useful for the separation or purifica-
tion of not only waste water but also biomolecules. Furthermore, filtration has been 
improved and new types of nanofiber have been developed, such as hollow fibers. 
pH-responsive hollow fibers for protein antifouling were developed by Zou et al. 
[97]. The hollow fibers were prepared by a dry–wet spinning technique based on a 
liquid–liquid phase separation technique. Poly(MMA-co-AA-co-vinylpyrrolidone 
(VP)) terpolymer was synthesized to modify polyestersulfone (PES) hollow fiber 
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membranes. When the pH changed from 2.0 to 11.0 in pH-responsive filtration, the 
fluxes increased under acid conditions owing to the increased hydrophilicity and 
showed pH dependence, that is, fluxes decreased with increasing pH. These results 
indicated that the flux variation increased with the increase in the amount of the ter-
polymer, and the pH sensitivity was caused by the dissociation of AA in the terpol-
ymers. In a further study by the same group, they used another type of terpolymer 
(poly(St-co-AA-co-VP)), and two mechanisms underlying the functions of the pH-
sensitive flat-sheet membranes (FSMs) and hollow fiber membranes (HFMs) were 
clarified, namely, the pore size change theory and electroviscous effect (Fig. 5.17a) 
[98]. Firstly, regarding the pore size change theory, the swelling-shrinking effect of 
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Fig. 5.16  a Design concept for the hyperthermia nanofiber system with ‘on–off’ function uti-
lizing MNPs dispersed in temperature-responsive polymers. An anticancer drug, DOX, is 
also incorporated into the nanofibers. b MTT assay result of in vitro anticancer tests using 
DOX/MNP-nanofibers and human melanoma cells. The cells were cultured at 37 °C for 2 days. 
MNP-nanofiber (red line) or DOX/MNP-nanofiber (purple line) was then added to the medium 
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increase the medium temperature to 45 °C on days 3 and 4. Cells were also incubated in the 
absence of nanofibers with (blue line) and without (black line) DOX addition on days 3 and 4 [95]
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the ionized–deionized AA chain was deemed to be the main reason for the water 
flux change and solute rejection of the pore-filled pH-sensitive FSM (Fig. 5.17b). 
Secondly, regarding the electroviscous effect, the carboxylic acids of AA could dis-
sociate to carboxylate ions at pH 12.0 to provide a high charge density in the copoly-
mer, resulting in terpolymer swelling (Fig. 5.17c). Furthermore, the solution flowing 
through the pores in the membranes was affected by the electroviscous effect during 
the filtration. The electroviscous effect is a physical phenomenon that occurs when an 
electrolyte solution passes through a narrow capillary or pore with charged surfaces.

5.6  Conclusions and Future Trends

Fibers of various types at various production stages have already been explored 
for a wide range of applications in a variety of fields, including nanotechnology, 
textiles, industry, fuel cells, tissue engineering, regenerative medicine and bioma-
terials. These fibers, being particularly well-defined nanofibers, have astounding 
features as compared with other types of material, namely, high specific surface 
area, very high porosity and biomimetic properties, providing excellent potential 
applications. Therefore, fibers have been explored as cell culture scaffolds, DDSs 
and other biomaterial applications. Among these types of fiber, those that well 
combine with stimulus-responsive media, called smart fibers, can be turned on and 
off remotely (‘on–off’controllable) by applying external stimuli with the fiber fea-
tures maintained. The applications of smart fibers are not limited in vitro or in vivo. 
Therefore, the smart fibers have received much attention from researchers because 
remotely controllable ‘on–off’ fiber systems could be good candidates for the treat-
ment of cancer, damaged tissues or chronic diseases because they can be used to 
match the circadian rhythm of a disease. Unfortunately, the most serious limitation 
of fibers or smart fibers is their not being injectable into the body. Therefore, they 
are normally used in the form of mats, sheets or webs of bulk size. Nevertheless, 
mat- or sheet-type smart fibers offer an opportunity to develop useful applications, 
for example, dressings or anti-adhesion membranes for wounds. Further function-
alization of smart fibers could also be used for the separation, purification and 
preservation of biomolecules or cells. Taking together all these merits of smart fib-
ers (or fibers) and their potential applications, they can be utilized as key tools in 
a wide range of applications as well as cell or tissue therapy systems, DDSs and 
other biomaterial applications switchable by external remote control.
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6.1  Introduction

This chapter focuses on the synthesis, characterization, and applications of 
 bioconjugates of smart polymers and bioactive molecules such as drugs, peptides, 
enzymes, antibodies, viruses and cells. Bioconjugations with synthetic polymers 
have been a versatile way to add new value, advanced features and unique prop-
erties to inert biomolecules. Polymer-protein conjugates, for example, have been 
extensively investigated over the past 35 years. In 1970s, Ringsdorf [1] proposed 
a general scheme of designing a drug delivery system using a synthetic polymer 
backbone as a carrier for low-molecular weight drugs. The proposed system con-
tains solubilizing groups or targeting moieties that render water solubility and tar-
geting properties on the carrier. In 1980s, Hiroshi Maeda laid the foundations for 
Ringsdorf’s visionary model by showing efficient accumulation of polymer-anti-
tumor protein conjugates within tumors, so-call EPR (enhanced permeability and 
retention) effect [2]. Covalent attachment of polymer chains to bioactive mol-
ecules also offers the possibility of exerting control over their biological activity. 
This principle is now being widely exploited in pharmaceutical development, as 
covalent attachment of polyethylene glycol (PEG) to therapeutic proteins, called 
“PEGylation”, has been shown to improve the safety and efficiency without losing 
their biological functions [3]. Many PEGylated pharmaceuticals are currently on the 
market. This technology can be also used as a means to improve the in vivo pharma-
cokinetics of the viral vectors [4, 5] or to silence the antigenic response of red blood 
cells (RBCs) toward the development of universal blood transfusion [6–8].

Although polymer-conjugation studies are already well advanced, control-
ling the specific functions of these molecules in biological systems under chang-
ing conditions is difficult. In this context, smart polymer-protein conjugates have 
been also investigated over the past 30 years. The conjugation of smart polymer 
to single molecule can generate a nano-scale switch (Fig. 6.1). The early publica-
tions on smart-polymer conjugates were appeared in 1970s, where proteins were 
conjugated to carboxylated polymers that phase-separated either at low pH or by 
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the addition of calcium ions [9, 10]. Until today, pioneering work in this area has 
been carried out by Hoffman and co-workers [11, 12]. They first demonstrated 
the selective separation of certain proteins out of blood serum using “monomer 
conjugation plus copolymerization” method. They conjugated vinyl groups to a 
protein and then copolymerized the monomer-derivatized protein with hydroxy-
ethyl methacrylate (HEMA), causing it to phase separation because HEMA poly-
mer was not water soluble while HEMA monomer was water soluble. In 1980s, 
Hoffman and co-workers [13, 14] have further developed the thermally-induced 
phase separation immunoassay (TIPSIA) using temperature-responsive poly-
mers, such as poly(N-isopropylacrylamide) (PNIPAAm). PNIPAAm undergoes a 
sharp coil-globule transition in water at 32 °C (lower critical solution temperature: 
LCST), being hydrophilic below this temperature and hydrophobic above it. The 
PNIPAAm-monoclonal antibody conjugates thus enabled the partition and separa-
tion of target antigen in aqueous environment on the basis of solubility. Since then, 
many researchers have conjugated smart polymers to proteins for a great variety 
of applications in affinity separations [15, 16], enzyme bioprocesses [17–19], 
drug delivery [20–23], diagnostics and biosensors [24, 25], cell culture processes 
including tissue engineering [26–28], and DNA motors [29, 30]. Biomolecules 
that can be conjugated with smart polymers include not only proteins but also 
peptides [31, 32], polysaccharides [33–35], and DNA [25, 36], and lipids [37, 38] 
etc. Smart polymers may be conjugated randomly or site-specifically to biomol-
ecules to produce a new hybrid type of molecules that can synergistically com-
bine the individual properties of the two components to yield a large family of 
polymer-biomolecule systems that can respond to biological as well as physical 
and chemical stimuli. The activity of the overall conjugate can be regulated by alter-
ing the response stimulus, and how and where it is attached. There are many differ-
ent chemical reactions that can be used to derivatize polymer-reactive groups for 
subsequent conjugation to biomolecules. Polymers with pendant reactive groups 
can be synthesized using random copolymerization techniques with functional 

Stimuli

Fig. 6.1  Schematic illustration of a smart-polymer-conjugated enzyme. The smart polymer 
serves as a molecular antenna and actuator to reversibly turn the enzyme activity on and off in 
response to external stimuli
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comonomers. One of the most attractive advantages of random  copolymers is 
that they can be designed to react with more than one protein or at multiple sites. 
Polymer with only one reactive end group can be also synthesized using chain 
transfer polymerization techniques with chain transfer agents. Usually, the lysine 
amino groups are the easiest and preferred reactive sites for conjugation of pol-
ymers to proteins, but other possible sites include -COOH groups of aspartic or 
glutamic acid, -OH groups of serine or tyrosine and, especially, -SH groups of 
cysteine residues. Because the conjugations usually are designed to occur ran-
domly at lysine sites, the polymer may react with and conjugate to several dif-
ferent lysine sites on the same protein surface. If the amino acid sequence of a 
protein is known, on the other hand, site-specific mutagenesis of the protein may 
be used to substitute one amino acid at a specific site with another. For example, 
a cysteine residue can be introduced by such techniques to yield a mutant protein 
with an exposed thiol group. Then, polymers with terminal or pendant maleimide, 
vinyl, or vinyl sulfone groups can be conjugated to the protein. Stayton et al. [39] 
were the first to demonstrate the versatility of site-specific conjugation by con-
jugating PNIPAAm far away from and close to the active site of streptavidin. In 
another approach, non-natural amino acids may be inserted into a protein struc-
ture by genetic engineering of the protein expression process within cells [40]. 
Although coupling polymers to reactive sites on proteins allows the synthesis of 
conjugates from a library of preformed polymers (commonly called the “graft-
ing-to” approach), it is also possible to derivatize the thiol group with a polym-
erization initiator group via a disulfide linkage, and then polymerize the smart 
polymer directly from that particular site. This “grafting-from” approach is par-
ticularly well suited to the preparation of conjugates with high molecular weight 
homopolymers or block copolymers. This approach also offers the ease purifica-
tion because unreacted monomer is readily removed from the final polymer-pro-
tein conjugate.

In the following sections of this chapter, we review different types of smart pol-
ymer-biomolecule conjugates that have been developed in the last few decades. 
In Sect. 6.2, we describe the classifications of smart bioconjugates on the basis 
of conjugation routes and types of biomolecule that may be conjugated to a smart 
polymer. The characterization methods are discussed in Sect. 6.3. In Sect. 6.4, cer-
tain applications of the smart bioconjugates are discussed. The chapter ends with 
an overview of some of the future trends in applications in biotechnology and 
biomedicine.

6.2  Classification on the Basis of Conjugation Routes

Nowadays, a variety of bioconjugation techniques are known for both in vitro 
and in vivo studies. In general, conjugation of biomolecules can be broadly sep-
arated into two categories: (1) covalent and (2) noncovalent conjugations. The 
covalent conjugation is divided into three sub-categories: (a) random conjugation  

6.1  Introduction
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(b) site-specific conjugation, and (c) grafting from approach using protein-reactive 
initiators. The noncovalent conjugation is divided into two subcategories: (d) 
receptor-ligand and (e) electrostatic conjugations (see Fig. 6.2).

6.2.1  Random Conjugation

The random conjugation has been achieved through pendant groups along the 
polymer backbone or one end of a polymer (Fig. 6.2a). Common types of ran-
dom conjugation are amine coupling of lysine amino acid residues through amine-
reactive succinimidyl esters, sulfhydryl coupling of cysteine residues with either 
other sulfhydryl groups or in a Michael addition via a sulfhydryl-reactive maleim-
ide. The use of N-hydroxyl-succinimidyl ester (NHS) is one of the most common 
methods for condensation reaction between a carboxylic acid and an amino group 
of membrane proteins. Other possible sites include -COOH groups of aspartic or 
glutamic acid, -OH groups of serine or tyrosine, and -SH groups of cysteine resi-
dues. For example, free-radical polymerization of NIPAAm initiated by 2,2’-azo-
bisisobutyronitrile (AIBN) with β-mercaptoethanol as the chain-transfer agent 
resulted in the α-hydroxyl-functionalized PNIPAAm. The α-hydroxyl group was 
then converted to the vinyl sulfone through coupling with divinyl sulfone in the 
presence of a base. Maleimides react selectively with the thiols of cysteine resi-
dues in the pH range of 6.5–7.5 via Michael addition. Multiple attachments are 
especially likely to occur if a polymer chain has multiple pendant amino-reactive 

(1) Covalent (2) Noncovalent

(a) Random

(b) Site-specific

(c) Grafting-from

(e) Electrostatic

(d) Receptor-ligand

H2N

HS
(Genetically 
engineered)

Br

monomers

–

–

–

Fig. 6.2  Schematic illustration of polymer-protein conjugation methods by (1) covalent and (2) 
noncovalent modification. The covalent conjugation is divided into three subcategories: a ran-
dom conjugation, b site-specific conjugation, and c grafting-from protein-reactive initiators. The 
noncovalent conjugation is divided into two subcategories: d receptor-ligand and e electrostatic 
conjugation
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groups and the protein has multiple lysine sites. Conjugations via end groups, 
especially where there is only one reactive end group, usually yield conjugates 
that are the most clearly defined in structure and composition. Chen et al. [41] 
have compared the enzyme activity of α-amylase covalently immobilized with 
NIPAAm by single-point attachment and multiple-point attachment. α-Amylase 
immobilized to the polymer with a single functional end group had a higher activ-
ity than that immobilized to the polymer with multiple functional groups, and 
the specific activity can be higher than that of the free enzyme. However, the 
enzyme immobilized to the latter polymer is more thermally stable and the recov-
ery is better than with the former one. Matsukata et al. [42] have also compared 
the enzyme activity of trypsin covalently immobilized with NIPAAm by single-
point attachment and multiple- point attachment. The single-point attachment 
was achieved by conjugating a semitelechelic copolymer of NIPAAm with N,N-
dimethylacrylamide (DMAAm) with a single carboxyl end group to trypsin. The 
multiple-point attachment was achieved by conjugating a copolymer of NIPAAm 
with DMAAm and acrylic acid (AAc) to trypsin. The trypsin conjugated to the 
polymer with multiple points showed higher stability than that immobilized to the 
polymer with a single point. Polymers with only one reactive end group may be 
synthesized using traditional chain transfer polymerization techniques with mer-
captyl amines, carboxylic acids, or alcohols as chain transfer agents.

PNIPAAm with one carboxyl group at the end of the chain has been conju-
gated to β-d-glucosidase [43] and trypsin [44]. The carboxyl groups were acti-
vated using N,N’-dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide 
(NHS). More than 95 % of the conjugate can be recovered by thermally induced 
precipitation. Takei et al. have polymerized a carboxyl-terminated PNIPAAm by 
polymerization with 3-mercaptopropionic acid, and it was used for conjugation to 
IgG via a coupling reaction of an activated ester with a protein amino group. The 
IgG-PNPIPAm conjugates reduced the original specific antigen binding activity 
by approximately 60 % [16]. More recently, “living” free radical polymerization 
methods, such as reversible addition-fragmentation chain transfer (RAFT) polym-
erization [45] and atom transfer radical polymerization (ATRP) [46], have been 
used to yield polymers with controlled MWs, narrow MW distributions, and one 
reactive end group. Amine-reactive polymers have been synthesized with NHS- 
and acetal-functionalized initiators for ATPR in order to target lysine side chains 
in proteins. The NHS-functionalized initiator was synthesized in one step by 
coupling NHS with 2-bromopropionic acid to form the 2-bromopropionate NHS 
ATRP initiator [47]. Acetal-functionalized initiators are employed because the 
resulting polymer can be hydrolyzed, exposing aldehyde groups for reaction with 
amines via reductive amination [48]. This functionalized initiator for ATRP was 
synthesized by reaction of 2-chloro-1,1-dimethoxyethane, followed by esterifica-
tion with 2-bromoisobutyryl bromide. One special feature of these controlled, liv-
ing free radical polymerizations is that block copolymers may also be synthesized 
where one or both of the blocks are smart polymers. In the latter case, the two 
blocks can have different responses to different stimuli [35, 49].

6.2  Classification on the Basis of Conjugation Routes
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In the case of random conjugation, however, problems in controlling the 
conjugation chemistry frequently arise because the number and location of 
lysine residues vary greatly in native proteins and because the location of reac-
tive groups on proteins is random. Thus, the stoichiometry of the protein-polymer 
conjugate and the attachment sites of the polymer to the protein cannot be pre-
cisely controlled, although they are factors that might have important implica-
tions for protein stability and function. These limitations can be circumvented 
by the appropriate design of polymer-protein conjugates.

6.2.2  Site-Specific Conjugation

Although random conjugation strategies offer facile procedures, the conjugated 
products are heterogeneously linked at different sites with distinct activity, bind-
ing efficacy, or in vivo pharmacokinetics. Therefore, site-specific conjugation 
strategies have been developed (Fig. 6.2b). If the amino acid sequence of a protein 
is known, site-specific mutagenesis (“genetic engineering” of the protein) may be 
used to substitute one amino acid at a specific site with another. For example, a 
cysteine residue can be introduced by such techniques to yield a mutant protein 
with an exposed thiol group. Then, polymers with terminal or pendant maleimide, 
vinyl, or vinyl sulfone groups can be conjugated to the protein (Fig. 6.3). These 
groups react preferentially with thiol groups rather than with lysine amino groups 
[39, 50]. Furthermore, pendant or terminal thiol or disulfide groups on smart poly-
mers may be used to form disulfide linkages of the polymer to the protein [51]. 
Such site-specific conjugation of smart polymers to proteins can be carried out 
either near or far away from the active site. In the former case, the protein activ-
ity can be directly affected. Thus, by stimulating the polymer first to collapse and 
then to rehydrate, the collapsed smart polymer coil can first “block” (turn “off’”) 
the protein active site, and then “unblock”’ (turn back “on”) the active site [52].  

(a)

(b)

(c)

(d)

Fig. 6.3  Thiol-reactive end-groups. a Vinyl sulfone end-group, b maleimide end-group, c a,w-
pyridyl disulfide end-group, and d methoxy carbonyl end-group
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However, it is expected that both the location of the conjugation site and the 
volume (or MW) of the smart polymer coil, either before or after collapse, can 
control protein activity. Krishnamurthy et al. [53] have reported dissociation con-
stants and “effective molarities” (Meff) for the intramolecular binding of a ligand 
covalently attached to the surface of a protein by oligo(ethylene glycol) (oEG) 
linkers of different lengths (n = 0, 2, 5, 10, and 20) and compared these experi-
mental values with theoretical estimates from polymer theory. They found a 
strong influence on enzyme inhibition of both the conjugation site and the MW of 
a PEG-inhibitor molecule conjugated at various sites on an enzyme (see Fig. 6.4). 
The value of Meff is lowest when the linker is too short (n = 0) to allow the ligand 
to bind noncovalently at the active site of the protein without strain. On the other 
hand, the value of Meff is highest when the linker has the optimal length (n = 2) to 
allow such binding to occur, and decreases monotonically as the length increases 
past this optimal value. These experimental results are not compatible with a 
model in which the single bonds of the linker are quantitatively compatible with a 
model that treats the linker as a random-coil polymer.

Chilkoti et al. [54] were the first to demonstrate the versatility of site-specific con-
jugation by conjugating PNIPAAm far away from the active site of cytochrome-
b5. A genetically engineered mutant of cytochrome-b5, incorporating a unique 
cysteine residue, was conjugated to maleimide end-functionalized PNIPAAm. 
Since the native cytochrome-b5 does not contain any cysteine residues, this substi-
tution provided a unique attachment point for the polymer. The resultant polymer-
protein conjugate displayed LCST behavior and could be reversibly precipitated 
from solution by varying the temperature. This approach has proved to be very 
versatile, and a large number of polymer-biopolymer conjugates incorporating bio-
logical components as diverse as antibodies, protein A, streptavidin, proteases, and 
hydrolases have now been prepared. The biological functions or activities of these 
conjugate systems were all similar to their native counterparts, but were switched on 

Fig. 6.4  Effective molarity 
(Meff) with linker length (n; 
related to the root-mean-
square distance between the 
ends of the linker) for an 
intramolecular protein-ligand 
binding event [53]
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or off as a result of thermally induced polymer phase transitions. Both temperature 
and photochemically switchable enzymes, which display varying and opposite 
activities depending on temperature or UV/Vis illumination, have also been dem-
onstrated [19, 55]. Pyridyl disulfide- and maleimide-functionalized initiators for 
ATRP have also been synthesized to enable conjugation to the free cysteines of 
proteins. Unlike targeting amines, this approach allows for the formation of well-
defined conjugates. The pyridyl disulfide-functionalized 2-bromoisobutyrate initia-
tor for ATRP was synthesized in two steps by the reaction of 2,2’-dithiopyridine 
with 3-mercapto-1-propanol to form pyridyl disulfide propanol [56]. Subsequent 
esterification yielded the ATRP initiator. An advantage of this approach is that no 
post polymerization modification of the chains was necessary prior to conjugate 
formation and that the conjugate formation was reversible. The maleimide initia-
tor for ATRP was synthesized in three steps beginning with a Diels–Alder reaction 
between maleic anhydride and furan to form 3,6-epoxy-1,2,3,6-tetrahydrophthalic 
anhydride [57]. Subsequent reaction with ethanolamine formed the protected 
maleimide alcohol, which was then esterified with 2-bromoisobutyryl bromide to 
afford the initiator.

Another approach for a site-specific conjugation is to take advantage of the pres-
ence of an N-terminal serine or threonine, which can be converted by very mild 
periodate oxidation to a glyoxylyl derivative [58], and to functionalize the poly-
mer with a complementary reactive function, the aminooxy group. An analogous 
method was shown to be straightforward for incorporating synthetic peptides into a 
protein backbone by introducing a hydrazide function at the C-terminus of one frag-
ment or peptide to be recoupled [59] and a glyoxylyl group at the N-terminus of the 
other. In the same way, the aminooxy function will specifically react with the gener-
ated aldehyde group at the N-terminus of the polypeptide to form an oxime bond, 
which is more stable than the hydrazone bond. This approach has already been 
exploited for the site-specific labeling of IL-8 at the N-terminus with an aminooxy-
functionalized fluorescent probe [60]. A convenient method for the construction of 
site-specifically modified polymer-protein conjugates by generating a reactive car-
bonyl group in place of the terminal amino group has also been reported [61]. If 
the protein has N-terminal serine or threonine, this can be achieved by very mild 
periodate oxidation and generates a glyoxylyl group. A method less restricted by 
the nature of the N-terminal residue, but which requires somewhat harsher condi-
tions, is metal-catalyzed transamination, which gives a keto group. The N-terminal-
introduced reactive carbonyl group specifically reacts, under mild acidic conditions, 
with an aminooxy-functionalized polymer to form a stable oxime bond.

6.2.3  Grafting from Protein-Reactive Initiators

Generating polymers directly from proteins at defined initiation sites provides the 
opportunity to evade all post polymerization modification strategies and protein-
polymer coupling reactions (Fig. 6.2c). An additional advantage of polymerizing 
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directly from proteins is that the purification of the final bioconjugate from an 
unreacted monomer or catalyst is simplified. Also, the precise number and place-
ment of polymer chains is predetermined, thereby facilitating the synthesis and 
characterization of well-defined conjugates. RAFT and ATRP have been proven 
most effective for the synthesis of polymer-protein conjugates by the grafting-
from approach. ATRP is well suited for the preparation of bioconjugates by 
a grafting-from approach (Fig. 6.5). Early reports described the preparation of 
“protein-reactive initiators” of bovine serum albumin (BSA) [62] and chymot-
rypsin [46].

ATRP is well suited for the preparation of bioconjugates by a grafting-
from approach owing to its applicability to a wide range of monomers com-
monly polymerized in aqueous environments, such as (meth)acrylates and 
(meth)acrylamides. Heredia et al. [62] have developed a technique to produce 
well-defined conjugates via ATPR directly from a protein. Free cysteines, Cys-
34 of bovine serum albumin (BSA) and Cys-131 of T4 lysozyme V131C, were 
modified with initiators for ATRP either through a reversible disulfide link-
age or irreversible bond by reaction with pyridyl disulfide- and maleimide-func-
tionalized initiators, respectively (Fig. 6.5c and d). Polymerization of NIPAAm 
from the protein macroinitiators resulted in thermosensitive BSA-PNIPAAm 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 6.5  Protein-reactive initiators. a NHS, b acetal, c pyridyl disulfide, d protected maleim-
ide, e azide, and f biotinylated initiators for ATRP. g Biotinylated RAFT chain transfer agent. h 
Biotinylated-initiator for cyanoxyl-mediated polymerization
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and lysozyme-PNIPAAm in greater than 65 % yield. Bontempo and Maynard 
have also conducted polymerization directly from an SA macroinitiator [63]. 
The protein initiator was formed by coupling a biotinylated ATRP initiator with 
SA in phosphate-buffered saline (PBS)-methanol to obtain an SA macroinitia-
tor (Fig. 6.5f). Polymerization of NIPAAm in water at ambient temperature with 
copper bromide and 2,2’-bipyridine (bipy) formed the SA-PNIPAAm conjugates. 
Polymerization was conducted in the presence of 2-bromoisobutyrate-functional-
ized Wang resin as the sacrificial initiator in order to increase the concentration of 
initiation sites. Le Droumaguet and Velonia [64] reported on the facile and high-
yielding ATRP-mediated preparation of a giant amphiphile of BSA-polystyrene. 
In this work, a maleimide-capped ATRP initiator was synthesized and coupled to 
C34 of BSA under a mild condition. Depp et al. [65] have reported a compari-
son of the in vitro serum stability and enzyme activity retention for PEGylated 
chymotrypsin along with biocompatible chymotrypsin conjugates prepared by 
polymerizing from chymotrypsin covalently modified with an ATRP initiator. 
The chymotrypsin-initiated ATRP conjugates had higher catalytic activity than 
PEGylated chymotrypsin. These exciting results suggest that polymerizing from 
proteins is promising for the development of long-lasting biocompatible pharma-
ceuticals. Magnusson et al. [66] have also demonstrated improved pharmacoki-
netic properties upon polymerization from recombinant human growth hormone 
(rhGH) via ATRP. Gao et al. [67] have reported PEG conjugates via site-specific 
polymerization from the N-terminus of myoglobin and the C-terminus of green 
fluorescent protein (GFP) [68].

Despite the success of ATRP for the synthesis of polymer-protein conjugates, 
the reliance on transition metal catalysts has often been cited as a potential con-
cern. In this respect, RAFT becomes a highly useful method for the synthesis of 
polymer conjugates. Polymer conjugates have been prepared by polymerization 
from protein modified with suitable RAFT chain transfer agents. The RAFT agent 
(Z-C(=S)S-R) is immobilized to the biological substrate via its R-group such that 
the thiocarbonylthio moiety is distal to the protein and readily accessible for chain 
transfer with propagating chains in solution, a key step of the RAFT mechanisms 
responsible for molecular weight control. Moreover, this “R-group approach” 
leads to the relatively labile thiocarbonylthio group residing on the free end of the 
immobilized polymer such that it is not responsible for the conjugation linkage. 
Therefore, the conjugates prepared in this way may demonstrate increased stabil-
ity and the potential for transformation into thiol groups for subsequent surface 
immobilization, labeling, or chain extension. For example, a RAFT agent contain-
ing an activated ester was conjugated to amines on lysozyme, and NIPAAm was 
polymerized by grafting directly from the modified protein in aqueous buffer [69]. 
Retention of the active thiocarbonylthio moieties on the ω end of the conjugated 
chains allowed chain extension via polymerization of N,N-dimethylacrylamide 
(DMAAm) to yield lysozyme-PNIPAAm-b-PDMAAm block copolymer conju-
gates. De et al. [70] have prepared PNIPAAm-BSA conjugates by RAFT polym-
erization from a macro-RAFT agent prepared by modifying the BSA at its single 
reduced cysteine residue. This was accomplished in aqueous media. Hong and 
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Pan [71] synthesized PNIPAAm-b-poly(N-(2-hydroxylpropyl)methacrylamide) 
(PHPMA) via one-step RAFT polymerization using biotinylated trithiocarbonate 
as the RAFT agent (Fig. 6.5h). An alternative approach for the formation of well-
defined polymer-protein conjugates involves immobilization of the RAFT agent to 
the protein via its Z-group. While not strictly a grafting-from process, this highly 
efficient “transfer-to” method was the first reported to lead to polymer-protein 
conjugates directly during RAFT polymerization [72]. A benefit of this approach 
is that having the polymer linked to the protein via its Z-group ensures that only 
dormant “living” chains are conjugated, because all termination products remain 
in solution. Additionally, to allow separate characterization of the polymer or for 
in vivo applications in which triggered chain cleavage is beneficial, having the 
polymer and protein linked via the relatively labile thiocarbonylthio group can be 
advantageous.

In another approach, nonnatural amino acids may be inserted into a protein 
structure by genetic engineering of the protein expression process within cells, 
combined with appropriate cell culture conditions [40, 73–76]. Figure 6.6 shows a 
variety of nonnatural amino acids bearing different reactive groups. Recently, the 
synthesis of a nonnatural amino acid bearing an ATRP initiating group, 4-(2’-bro-
moisobutyramido) phenylalanine, and its genetic expression into the GFP have 
been reported [77, 78]. This was accomplished using an engineered M. jannaschii 
tyrosyl tRNA/aminoacyl-tRNA-synthetase pair vector in E. coli. By using genetic 
engineering, the specific placement of the initiating amino acid was selected to be 
expressed at the 134 position of GFP, thereby protecting the protein’s active sites 
and structurally weak regions. Furthermore, genetic engineering allows precise 
control over the number of chains attached (i.e., the number of initiation sites) to 
the protein, overcoming a primary drawback of traditional protein-polymer conju-
gates. Thus, genetically engineered proteins have unique capabilities to solve some 
of the traditional limitations of smart conjugates.

6.2.4  Receptor-Ligand Conjugation

An alternate route to prepare well-defined protein reactive polymers involves using 
polymers containing ligand end-groups (Fig. 6.2d). The near-covalent bond between 
SA and biotin has generated much interest in the synthesis of polymers with biotin 
end-groups for applications in biotechnology owing to the high-affinity interaction 
with Ka ≈1015 M−1. The naturally occurring carboxylic acid of biotin presents an 
easy handle for modification. Biotinylated smart polymers have been synthesized for 
conjugation to both SAs. Kulkarni et al. [79] synthesized a biotinylated PNIPAAm 
via RAFT polymerization of NIPAAm. Hydrolysis of the dithioester end-group 
in a methanol-aqueous sodium hydroxide solution resulted in a thiol-terminated 
PNIPAAm. Subsequent coupling with a maleimide-functionalized biotin formed the 
biotinylated PNIPAAm. Aggregation of mesoscale SA-PNIPAAm particles prepared 
from these conjugates was investigated for potential use in microfluidic devices 
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for the capture and release of biomolecules [80]. Giant amphiphiles comprised of 
an SA-polystyrene conjugate were synthesized through the use of a biotinylated 

Fig. 6.6  Structures of non-natural amino acids carrying a variety of specialty side groups
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polystyrene [81]. The biotin functionality was introduced via coupling of an  
amine-functionalized biotin derivative with a carboxylic acid-terminated poly-
styrene. Cofactor reconstitution of horseradish peroxidase (HRP) was also dem-
onstrated to prepare amphiphilic, bioactive protein-polymer conjugates [82]. 
A cofactor-terminated polymer was synthesized via amidation between a car-
boxylic-acid-terminated polystyrene and a monoprotected diamine. Subsequent 
deprotection to form the free amine, coupling with one carboxylic acid group of 
protoporphyrin IX, and addition of ferrous chloride tetrahydrate resulted in a pol-
ystyrene cofactor. HRP was reconstituted with the polymeric cofactor, resulting 
in vesicular aggregates that displayed enzymatic activity. This approach has great 
potential for producing controlled nanostructures of bioactive enzymes and pro-
teins for biotechnology applications. Sun and colleagues [83, 84] have employed 
a biotinylated initiator for cyanoxyl-mediated free-radical polymerization of gly-
comonomers. The arylamine initiator was synthesized in two steps after coupling 
an NHS-activated biotin with p-nitrobenzylamine and reducing the nitro group 
with hydrogen/palladium. The formation of the diazonium salt followed by the 
addition of sodium cyanate and glycomonomer generated the biotinylated poly-
mer. SA-glycopolymer conjugates were readily achieved by the interaction of the 
two species. The biotinylated ATRP initiators were also synthesized by activating 
the carboxyl group of biotin with N,N’-disuccinimidyl carbonate, followed by the 
addition of 2-(2-aminoethoxy)ethanol. Esterification of the resulting alcohol with 
2-chloropropionic acid or 2-bromoisobutyric acid formed the biotin ATRP initiators. 
Biotinylated PNIPAAm was synthesized from these initiators [85].

6.2.5  Smart Conjugations with Multiple Proteins

The majority of protein-polymer conjugates contain one protein and one to sev-
eral polymer chains. Recently, homo- and heterotelechelic bioreactive polymers 
have been synthesized. The incorporation of the same protein onto each end of a 
polymer generates a triblock material with a wide range of possible applications. 
The polymer should provide the same benefits as described above, and in addi-
tion, exhibit higher binding affinities than mono-functionalized conjugates with 
improved pharmacokinetics over dimers synthesized using small molecules.

ATRP telechelic polymers have been prepared by employing bis-functional 
initiators, with subsequent transformation of the halogen chain ends (Fig. 6.7a). 
Kopping et al. [86] reported the synthesis of aminooxy-end functionalized poly-
styrene using ATRP followed by ATR coupling. A 1-bromoethyl ATRP initiator 
with an NHS group was used to polymerize styrene by copper-mediated ATRP 
with a high initiator efficiency. Polymerization kinetics showed that polymers 
were produced with the targeted molecular weights and low PDIs. Subsequent 
ATR coupling and deprotection with hydrazine yielded the telechelic aminooxy 
end-functionalized polymers. End-group reactivity was demonstrated using 
4-bromobenzaldehyde as a model to confirm efficient and complete oxime bond 
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formation. In a similar manner, cysteine reactive telechelic polystyrene was also 
synthesized [87]. In this example, a dimethylfulvene-protected maleimide-func-
tionalized ATRP initiator was used to polymerize styrene. The authors have also 
reported the straightforward synthesis of homodimeric protein polymer conjugates 
by RAFT polymerization that exploits the inherent reactivity of trithiocarbonate 
end-groups [88]. A telechelic maleimide-end-functionalized PNIPAAm was syn-
thesized by RAFT polymerization. Subsequent radical addition of the protected 
maleimide azo-initiator to the chain ends and retro-Diels Alder afforded the tel-
echelic maleimide-end-functionalized PNIPAAm. Conjugation to a V131C mutant 
T4 lysozyme with only one reactive cysteine gave the protein dimer. Four-armed 
PNIPAAm was also synthesized by RAFT polymerization in the presence of a 
tetrafunctionalized trithiocarbonate chain transfer agent (CTA) (Fig. 6.7b) [89]. 
Maleimide functional groups were introduced at the chain ends by heating the 
polymers in the presence of a furan-protected azo-initiator. This allowed for site-
specific conjugation of V131C T4 lysozyme to the polymers to generate multim-
eric protein-polymer conjugates. This simple strategy provides ready access to star 
protein-polymer conjugates for application in the fields of drug discovery, drug 
delivery, and nanotechnology.

Heterodimeric conjugates offer other interesting possibilities. A variety of strat-
egies have been extended toward the synthesis of heterodimeric protein-polymer 
conjugates (Fig. 6.7c). An α-azide, ω-pyridyl disulfide CTA was used to produce 
well-defined PNIPAAm [90]. The azide was utilized for a Huisgen cycloaddition 
with an alkyne-functionalized biotin, allowing for conjugation to SA. The pyridyl 
disulfide was used for the reversible conjugation of glutathione or BSA. Heredia et 
al. [91] have demonstrated the ability to synthesize heterodimeric protein-polymer 
conjugates via radical coupling with a furan-protected azo-initiator to biotinylated 

(a)

(c)

(b)

Fig. 6.7  Design of telechelic-bioreactive polymers. a Homodimeric [86–88], b multimeric [89], 
and c heterodimeric protein-polymer conjugates [90–92]
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PNIPAAm synthesized by RAFT. NIPAAm was polymerized in the presence of 
a biotinylated CTA and biotinylated CTA with a disulfide between biotin and the 
site of polymer growth [92]. BSA was then conjugated to the maleimide end-
group of both polymers. The ability to tether two biomolecules would allow for 
surface immobilization or attachment of various tags, fluorophores, peptides, anti-
bodies, and other proteins to be linked to the biomolecule-polymer conjugate of 
interest.

6.2.6  Electrostatic Conjugation

Electrostatic interactions also represent an interesting class of noncovalent con-
jugations useful for stabilizing proteins via multiple-point attachment (Fig. 6.2e). 
Although the resulting conjugates are less well-defined than their analogs prepared 
by single-point attachment, the multi-point attachment of enzymes to polymers has 
been widely studied and is considered to be the most general approach to stabi-
lize these proteins against different denaturing conditions [93]. Indeed, multi-point 
attachment has increased the thermal stability and enzymatic activity of various 
enzymes. It has also been reported that ionic interactions between the polymer/
enzyme played a role in the pH-dependent activity profiles of the conjugate [94]. 
Several groups have explored the interactions of cationic polymers and DNA [95]. 
Both electrostatic and hydrophobic interactions contribute to the formation of com-
plexes between cationic polymer/DNA. Because many cationic polymers can con-
dense DNA spontaneously, a series of chemically different cationic polymers are 
currently being investigated for gene delivery applications. The cationic polymer/
DNA binding has also been utilized in a microarray format for the sensitive detec-
tion of DNA without the need for target labeling. Electrostatic conjugation has also 
been employed for the surface coating of cells or viruses represented by a layer-
by-layer (LbL) technique of anionic and cationic polymers. The versatility of this 
technique allows for the construction of a thin polymer layer on the surface. In 
addition, the surface property can be controlled by the outermost layer of the poly-
mer [96]. When the LbL method is applied on the erythrocyte surface, a camou-
flage shell can prevent antibody recognition [7, 8]. The multilayered film consisting 
of a protective shell and a camouflage shell was successfully created on RBCs 
through the LBL technique by Mansouri et al. [8]. A drawback of this technique 
is cytotoxicity when polycations are used as the first layer, which directly inter-
acts with the cell surface. In addition to mammalian cells, electrostatic conjugation 
of surface proteins has evolved into a powerful tool for engineering the surfaces 
of viruses, bacteria, and yeast cells, for example. The viral surface can potentially 
be modified to provide a better means of preparation, purification, concentration, 
detection, tracking, imaging, and targeting for diagnostics, vaccine development, 
and drug/gene therapy. We have successfully created a nanoscale layer of hyalu-
ronic acid (HA) on inactivated Hemagglutinating Virus of Japan Envelope (HVJ-E) 
via an LbL assembly technique for CD-44 targeted delivery [97].
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6.2.7  Elastin-Like Polypeptides

Recombinant artificial elastin-like polypeptides (ELPs), which are composed of 
Val-Pro-Gly-Xaa-Gly amino acid repeat units (Xaa is a ‘guest residue’ except pro-
line), were reported to replace synthetic smart polymers as smart bioconjugates. 
Interestingly, ELPs are water soluble below their transition temperature, but they 
precipitate owing to their aggregation caused by hydrophobic interactions above 
the transition temperature. The phase transition temperature can be precisely con-
trolled by varying the chain length and peptide sequence. Various ELP versions 
responsive to pH, light, and other stimuli, such as an electrochemical potential or 
analyte concentration, can be found in the literature. Rodríguez-Cabello et al. [98] 
have developed the ELPs that presented modulated pH and T sensitivities covering 
the most interesting range of biomedical applications. ELPs have also been modi-
fied with photoresponsive molecules such as azobenzenes and spiropyranes. A series 
of experiments have been performed by Urry [99] for the study of designed ELPs 
for more than a decade. The genetically engineered protein-based polymers can 
provide many advantages. First, they will, in principle, be able to show the same 
simple or complex properties present in natural proteins. In this sense, this method 
offers an opportunity to exploit the huge functional resources that have been hoarded 
and refined to the extreme by biology during the long process of natural selection. 
Second, we can design and produce materials exhibiting desired functions of partic-
ular technological interest because we can construct a coding gene. Third, they are 
characterized as being strictly monodisperse and can range from a few hundred dal-
tons to more than 200 kDa. Fourth, the number of different combinations attainable 
by combining the 20 natural amino acids is practically infinite. In a simple calcula-
tion, the number of possible different combinations to obtain a small protein consist-
ing of 100 amino acids is as high as 1.3 × 10130. The smart response of ELPs has 
already found applications in different fields. For example, Chilkoti and colleagues 
have designed temperature- and pH-responsive ELPs for targeted drug delivery [23]. 
They have obtained responsive ELPs that conjugate to drugs and enable thermally 
targeted drug delivery to solid tumors with their transition temperature between 
body temperature and the temperature in a locally heated region [100]. In another 
example, Kostal et al. [101] have designed tunable ELPs for heavy metal removal. 
The presence of the histidine clusters enabled Cd2C to bind strongly to the biopoly-
mers. Recovery of biopolymer-Cd2C complexes was easily achieved by triggering 
aggregation upon increasing the temperature above the transition temperature.

6.3  Characterization Methods

A variety of techniques for characterizing bioconjugates have been reported in the lit-
erature. The most commonly used methods include microscopy, spectroscopy, scat-
tering, mass spectroscopy, and thermal technique. Some of the most recently used 
methods for conjugate characterization are described in the following subsections.
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6.3.1  Determination of Molecular Sizes

Owing to an important influence of polymer architecture on the grafting process, 
the determination of the molecular weight is necessary. Gel permeation chroma-
tography (GPC) is an established method of determining the molecular mass of 
polymers. The detectors used are either refractive index (RI) or ultraviolet (UV) 
detectors. Compared with other methods of analysis, such as osmometry and static 
light scattering, it has the advantage that it determines not merely average values 
but the complete distribution of molecular weights. In GPC, molecules are sepa-
rated according to their hydrodynamic volume. Their molecular weights (MWs) 
and molecular weight distributions can be determined from the measured retention 
volume (RV) using a calibration curve (log MW against RV), which must be set up 
with the aid of a number of standards of known molecular weight. However, as the 
relationship between molecular weight and size depends on the type of polymer, 
the calibration curve depends on the polymer used, with the result that true molec-
ular masses can only be obtained if the calibration standards and the sample are of 
the same type. In all other instances, the results are only relative. Large deviations 
from the true molecular weight occur in branched samples in particular, because 
the molecular density in such a case is substantially higher than in linear chains.

To overcome this limitation and meet the growing demand for the characteri-
zation of increasingly complex polymers, detectors sensitive to molecular weight, 
such as light scattering, can be used in GPC. The signal of light-scattering detectors 
is directly proportional to the molecular weights of the polymers. The concentration 
and refractive index increment (dn/dc) must be known to determine the molecular 
mass. The advantage of light scattering in GPC is that the molecular weight can 
be directly determined without a calibration curve, provided that the signal-to-
noise ratio is adequate for this. When it comes to determining the structure, on the 
other hand, viscosity detectors are more suitable, because they measure structural 
differences directly and can be used over a substantially wider range of molecular 
weights. Therefore, triple detection combines these detection capabilities into a sin-
gle system to give true molecular weight distributions as well as size distributions 
and further structural information, such as the degree of polymer branching.

Mass spectrometry (MS) also deals with accurate mass measurement by 
producing charged molecular species in vacuum and their separation by mag-
netic and electric fields on the basis of the mass-to-charge ratio. Because MS 
requires the ability to deconvolute molecular fragments, it is more appropri-
ate for low-molecular-weight derivatized proteins and conjugates. The devel-
opment of matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS) allows the ionization of fragile macromol-
ecules such as proteins of 105 molecular weight without promoting decom-
position. Therefore, MALDI-TOF-MS is an attractive approach for the 
determination of the accurate molecular weight of intact proteins [88, 102]. 
Tao et al. used MALDI-TOF-MS to determine the architecture of multimeric 
lysozyme/PNIPAAm conjugates. They prepared polymer samples by mixing 
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trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DTCB) 
matrix, potassium trifluoroacetate, and polymer in a ratio of 5:1:5 v/v/v [89]. The 
MALDI-TOF spectra gives an MW of 5470 Da for four-armed PNIPAAm, which 
was close to the theoretical value (6,000 Da) (Fig. 6.8a). Aminolysis with butyl-
amine was utilized to cleave the arms from the core to confirm that the polymer 
contained four arms of similar molecular weight. The mass of the cleaved arms 
was 1,435 Da (theoretical value, 1,351 Da) (Fig. 6.8b). This result suggested 
that the desired four-armed star had been synthesized. The choice of the matrix 
depends on the type of analyte to be analysed.

6.3.2  Determination of Conjugation

A number of methods have demonstrated wide utility in the characterization of 
polymer/bioconjugates. Gel electrophoresis (GE) and GPC can be used to com-
pare conjugate molecular weight to native protein and provide a semiquantitative 
measure of conjugate polydispersity. In GE, the presence of more than one con-
jugate band for a given conjugation protocol indicates a polydisperse conjugate 

(a) (b)

5,470

14,306

1,435

Fig. 6.8  MALDI-TOF spectra of four-armed PNIPAAm before a and after b aminolysis with 
butylamine [89]
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population. The free (unconjugated) polymer usually results in a blurry band. 
Therefore, an ion exchange column or thermal precipitation may be needed to 
remove the conjugates from the free polymer. When protein is reacted with pol-
ymer to form 1:1 protein:polymer conjugates, several distinct bands are usually 
visualized. Each band corresponds to an integer multiple of polymer, indicating 
that there is a significant population of conjugates with more than one polymer 
per protein. This can be rationalized using the polymer micelle results. Tao and 
coworkers have performed sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) analysis to determine the resulting structure of homodimeric 
lysozyme/PNIPAAm conjugates [88]. After Coomassie staining, the gel revealed 
two new spots with higher molecular weight than that of unmodified lysozyme. 
These new spots were attributed to the monomer and dimer protein/polymer con-
jugate adducts (Fig. 6.9). They have also performed SDS-PAGE analysis to deter-
mine the structure of heterotelechelic SA-BSA/PNPAAm conjugates [91]. Blue 
fluorescent SA was used to enable visualization by UV light and Coomassie Blue 
staining. SDS-PAGE of the SA-BSA heterodimer was observed first under UV 
light and then with Coomassie Blue stain. Using both visualization techniques, it 
was clarified that the SA was present in the conjugate and that the SA-BSA heter-
odimer was formed.

When biotinylated PNIPAAm is conjugated to SA, 2-(4’-hydroxyazoben-
zene) benzoic acid (HABA) assay can be used to characterize the binding sto-
ichiometry of PNIPAAm to SA. In the HABA assay, displacement of HABA 
from SA by biotinylated polymer results in a loss of absorbance by HABA at 
500 nm. This change in absorbance can be compared with a standard curve for 
the measurement of the average protein:polymer ratio. For molecular weights 
lower than 20 kDa, no more than four polymers may be added to a single SA. 
When the polymer molecular weight is above 20 kDa, only one polymer may be 
added to a given SA face, resulting in a maximum of two polymers per protein. 
By mixing SA:30 kDa PNIPAAm in a 1:1.5 mol ratio, conjugates with an aver-
age of 1:1 polymer:protein were created. These conjugates should provide one 
open face for subsequent biotin binding and are useful for further conjugation 
reactions.

Fig. 6.9  SDS-PAGE 
analysis of the homodimeric 
lysozyme-PNIPAAm 
conjugates a stained with 
Coomassie blue and b 
visualized with UV light 
(lane A: control; lane B: 
conjugates; lanes C and D: 
lysozyme only) [88, 89]

(a) (b)
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6.3.3  Structural Analysis

Circular dichroic (CD) spectroscopy has also been applied to examine the changes in 
the tertiary structure of the enzyme before and after conjugation. CD has proved to 
be extremely useful in understanding the various structural elements in proteins, and 
structural transitions from order to disorder can be well documented by CD. Yan et al. 
[103] measured the CD spectra of the native trypsin and the conjugated trypsin with 
poly(3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate) (PDMAPS). 
The native trypsin has 8.6 % α-helix and 32.3 % β-sheet, while the conjugated trypsin 
has 7.17 % α-helix and 24.8 % β-sheet. The conjugation with PDMAPS had a weak 
effect on the content of the α-helix but a slightly stronger effect on the content of the 
β-sheet, leading to a reduction from 30.3 to 24.8 %. Sharma et al. [104] conjugated 
α-chymotrypsin with Eudragit S-100. The CD showed that there are definite changes 
in the secondary structure upon immobilization. The small α-helical content is totally 
gone and there is a decrease in the content of the β-sheet/β-turn structure. The ran-
domness in the structure increased by about 17 %.

6.3.4  Determination of Transition-Point

The phase separation behavior of smart bioconjugate aqueous solutions has 
been investigated in the literature by a wide variety of experimental techniques, 
including IR spectroscopy, viscometry, light scattering, 1H NMR spectroscopy, 
fluorescence, calorimetry, Raman spectroscopy, and FTIR spectroscopy. These 
experimental techniques can provide different information during phase separation 
of smart polymers. The simplest method of detecting a point of phase separation 
in aqueous polymer solutions is the cloud-point method. It is based on a visual 
observation of the macroscopic phase separation at a specific temperature, pH, or 
salt concentration. The strong increase in the scattering intensity results from the 
grown concentration fluctuations near the critical point when the size of those fluc-
tuations exceeds the wavelength of the scattered light. Usually, a standard UV-Vis 
spectrophotometer is used to determine the cloud point. One of the major advan-
tages of this method is rapid and easy measurement. However, the cloud-point 
method only measures the relative changes in scattering intensity in the course of 
nearing the transition point. In addition, the solution may remain transparent, and 
it may be difficult to determine the phase transition point based on visual observa-
tion or even with the use of a UV-Vis apparatus.

Thermal techniques can aid in determining the thermal stability of the biomol-
ecules. Differential scanning calorimetry (DSC) is used to study various material 
transitions including melting, crystallization, glass transition, and decomposition. 
DSC is an inexpensive and rapid method of measuring heat capacities of con-
densed phases. From these measurements, enthalpy changes for phase transitions 
can easily be determined. DSC has been applied to a wide variety of problems, 
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from coal combustion to protein denaturation. Subsequent analysis can indicate 
the state of the bioconjugate, including the stability of the biomolecules, and struc-
tural information on both the polymer and biomolecule.

The light scattering (LS) technique is the most precise method of observing the 
process of phase separation not only in the polymer solutions, but also in binary 
mixtures of organic solvents. Static light scattering (SLS) allows one to follow 
the growing fluctuations of concentration by recording the scattering intensity at 
the scattering angles suitable for the hydrodynamic regime. DLS allows one to 
detect changes in the hydrodynamic size and shape of macromolecules and their 
aggregation following their precipitation in the course of transition. Kulkarni et al. 
[79] observed reversible particle formation and dissolution kinetics of mesoscale 
PNIPAAm/streptavidin conjugates by DLS. The scattering intensity in counts per 
second (CPS) was used as an index of nanoparticle formation, since sizing meas-
urements cannot be performed within short time intervals. The transition from 
soluble conjugates to particles was found to be rapid (within 20 s) and to occur 
in a narrow temperature range at the critical point. The time lapse of ca. 100 s 
was observed after the temperature of the solution increased because there was 
an induction period with early nucleation events. After reversal of the temperature 
stimulus, the scattering intensity decreased by more than 90 % within 2 min. The 
particle formation and dissolution kinetics of smart bioconjugates also depend on 
the concentration. The particle size increases with the concentration of the biocon-
jugate. Interestingly, the particles were stable once formed (>16 h) and further dilu-
tion at the elevated temperatures did not significantly affect the size of the particles. 
Particle sizes were comparable for the 25.9, 14.9, and 4.8 kDa conjugates, with no 
significant change in size with a change in molecular weight (Fig. 6.10). The parti-
cle sizes also depend on the molecular weight of the PNIPAm used for conjugation. 
Conjugates of higher molecular weight polymers form more uniform particles. 

Biotinylated PNIPAAm only 

PNIPAAm/SA conjugates 

Fig. 6.10  DLS analysis of the particle formation kinetics of mesoscale PNIPAAm/SA conju-
gates above the LCST. The particles formed by the PNIPAAm/SA conjugates are stable in size 
for over 16 h. In contrast, aggregates of biotinylated PNIPAAm aggregated over time into larger 
particles [79]

6.3  Characterization Methods
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The heating rate is also important for particle formation of smart bioconjugates. 
Smaller particles were formed at higher heating rates, and nanoparticles of fixed 
sizes could be formed by varying the heating rate. For example, the size of the 
14.9 kDa PNIPAAm-streptavidin conjugate could be tightly controlled to 675 nm 
at a concentration of 1 μM by choosing a heating rate of 0.12 °C/s. The particles 
had a wider distribution when formed at lower heating rates. On the other hand, the 
final temperature did not affect the particle size significantly. These results indicate 
that the particle size is largely governed by the kinetics of aggregation at defined 
concentrations and polymer molecular weights.

6.3.5  Determination of Catalytic or Binding Activity Assay

One of the most important characterizations for polymer/protein conjugates to 
exploit is the effect of polymer conjugation on the protein activity. Heterogeneity 
in the structure is generally reflected in the biological properties of the conjugate 
and often results in decreased protein activity. Enzyme activities are determined 
by measuring the amount of product that is formed when an enzyme acts upon a 
specific substrate. The speed at which the enzyme acts upon a substrate and con-
verts it to a product is affected by several factors, including the specific substrate 
that is used in the reagent, the concentration of the substrate, the pH of the rea-
gent containing the substrate, and the presence or absence of certain compounds 
in the reagent that modulate the rate at which an enzyme can work. Heredia et al. 
[62] compared the lytic ability of the PNIPAAm/lysozyme with respect to the lyo-
philized substrate Micrococcus lysodeikticus. Lysozyme, lysozyme initiators, and 
isolated lysozyme conjugates were prepared with equal protein concentrations, 
and then the enzyme solution was mixed with M. lysodeikticus solution. Upon cell 
wall lysis, the solution became less turbid, and this decrease in absorbance was 
monitored at 450 nm. Activity was expressed in activity units (AU). One AU is 
defined as a change in absorbance of 0.001 per min. The lytic activity assay was 
also performed on the lysozyme conjugates using fluorescein-labeled M. lysodeik-
ticus. When protein/polymer conjugates were prepared by polymerization from the 
initiator-modified proteins, the enzymatic activity was fully retained. Therefore, 
creating well-defined conjugates is important, and site-specific modification of the 
protein is a better approach for preparing such biomolecules.

Site-specific modification of proteins is also important for directed immobiliza-
tion onto surfaces and ensures that biorecognition sites are accessible. For smart 
polymer switches, placement of the polymer chain near the protein or enzyme 
active site is critical for reversible activity control. Shimoboji et al. [19, 55] have 
successfully demonstrated thermally or photoinduced switching of enzyme activ-
ity on the basis of the site-directed conjugation of end-reactive smart polymers to 
a unique cysteine residue positioned near the enzyme active site. The polymer 
was conjugated to the endoglucanase 12 A (EG 12A) site-directed mutant N55C, 
directly adjacent to the cellulose binding cleft, and to the S25C mutant, where the 
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conjugation site is more distant. The N55C conjugate displayed a greater activity 
shutoff efficiency in the collapsed polymer state than the S25C conjugate. Increasing 
the polymer molecular weight was also shown to increase the shutoff efficiency of 
the switch. Related to these effects of conjugation site and polymer size, the switch-
ing efficiency was found to be strongly dependent on substrate size. With a small 
substrate, o-nitrophenyl-β-D-cellobioside (ONPC), there was minimal blocking of 
enzyme activity when the polymer was in the expanded state. With a large substrate, 
hydroxyethyl cellulose (HEC), there was a large reduction of enzyme activity in the 
polymer expanded state, even with relatively small polymer chains, and a further 
reduction when the polymer was collapsed. Similar general trends for the interactive 
effects of conjugation site, polymer size, and substrate size were observed for immo-
bilized conjugates. To elucidate the mechanism of the stimuli-response switches, 
the kinetic parameters Km and kcat were determined by Lineweaver-Burk analy-
sis assuming Michaelis-Menten conditions. Kinetic studies demonstrated that the 
switching activity was due to the blocking of substrate association by the collapsed 
polymers. These investigations provided mechanistic insight that can be utilized to 
design molecular switches for a variety of stimuli-responsive polymer-protein con-
jugates. When polymers are conjugated to an antibody, a competition assay and an 
ELISA can be used to characterize the binding activity through the measurement of 
analyte depletion.

6.3.6  Cytotoxicity Assay

Since many of the polymer bioconjugates are intended for use as biomedical and/
or therapeutic polymers, in vitro cytotoxicity assays are essential for determin-
ing the responses of cells to bioconjugates. Cell viability, cell proliferation and 
many important live-cell functions, including apoptosis, cell adhesion, chemo-
taxis, multidrug resistance, endocytosis, secretion, and signal transduction, can 
be stimulated or monitored with various chemical and biological reagents. Many 
of these processes lead to changes in intracellular radicals, free-ion concentra-
tions, or membrane potential that can be followed with appropriately responsive 
fluorescent indicators. Proliferation assays are primarily designed to monitor the 
growth rate of a cell population or to detect daughter cells in a growing popula-
tion. Fluorometric assays of cell viability and cytotoxicity are easy to perform 
with the use of a fluorescence microscope, fluorometer, fluorescence microplate 
reader, or flow cytometer, and they offer many advantages over traditional col-
orimetric and radioactivity-based assays. The LIVE/DEAD Viability/Cytotoxicity 
kit provides an exceptionally easy fluorescence-based method for determining the 
viability of adherent or nonadherent cells and for assaying cytotoxicity. The kit 
comprises two probes: calcein AM and ethidium homodimer-1. Calcein AM is a 
fluorogenic esterase substrate that is hydrolyzed to a green-fluorescent product; 
thus, green fluorescence is an indicator of cells that have esterase activity as well 
as an intact membrane to retain the esterase products. Ethidium homodimer-1 is a 
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high-affinity, red-fluorescent nucleic acid stain that is only able to pass through the 
compromised membranes of dead cells.

Reagents for counting cells and quantitating cell proliferation are also valuable 
research and diagnostic tools. Most cell proliferation assays estimate the number 
of cells either by incorporating 5-bromo-2-deoxyuridine (BrdU) into cells dur-
ing proliferation or by measuring the total nucleic acid or protein content of lysed 
cells. BrDU is a synthetic nucleoside that is an analogue of thymidine. BrDU is 
commonly used in the detection of proliferating cells in living tissues. BrDU can 
be incorporated into the newly synthesized DNA of replicating cells (during the S 
phase of the cell cycle), substituting for thymidine during DNA replication.

The MTT calorimetric assay determines the ability of viable cells to convert 
a soluble tetrazolium salt [3–(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] (MTT) into an insoluble formazan precipitate. Tetrazolium salts accept 
electrons from oxidized substrates or appropriate enzymes, such as NADH and 
NADPH. In particular, MTT is reduced at the ubiquinone and cytochrome b and 
c sites of the mitochondrial electron transport system and is the result of succi-
nate dehydrogenase activity. This reaction converts the yellow salts to blue-colored 
formazan crystals that can be dissolved in an organic solvent whose concentration 
can be spectrophotometrically determined. Owing to the many advantages of the 
assay, it is considered today a significant advance over traditional techniques. In 
fact, it is rapid, versatile, quantitative, and highly reproducible with a low intrat-
est variation between data points. Moreover, the test can also be used for floating 
cells, such as those of leukemia and small cell lung carcinoma, and always allows 
sufficient time for cell replication, drug-induced cell death, and loss of enzymatic 
activity, which generates the formazan product from the MTT substrate.

6.4  Applications of Smart Bioconjugates

There have been several successful applications in medicine and biotechnology for 
such smart polymer biomolecule systems, and as such, they represent an impor-
tant extension of polymeric biomaterials. The smart polymers can provide switch-
able-solubilization/precipitation for biomolecules such as enzymes, liposomes, 
and plasmid vectors, when these polymers are conjugated to specific sites within 
these biomolecules. Some of the most successfully demonstrated applications are 
described in the following subsections.

6.4.1  Bioseparations and Immunoassays

Smart conjugate systems have been used for many years in bioseparations and immu-
noassays. Hoffman and coworkers were the first to demonstrate a phase separation 
immunoassay [11–13]. The thermally induced precipitation of a PNIPAAm-protein 
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bioconjugate from a complex solution can simultaneously and selectively remove 
only the protein that is conjugated to the PNIPAAm from the solution (Fig. 6.11). 
They have used this phenomenon for the separation of an enzyme from its reaction 
solution, to enable both recovery of the product from the supernatant and recycling of 
the enzyme. If the conjugated protein forms a complex with another biomolecule, for 
example, by affinity recognition, then the complex will also be selectively precipitated 
from solution. This phenomenon can be used to selectively remove IgG from solution 
as a PNIPAAm-protein A/IgG complex, in a fashion similar to affinity chromatogra-
phy, but in this case, it is carried out by reversible phase separation from a solution, 
instead of flowing through and eluting from a packed column. This thermally induced 
affinity precipitation process may be extended to stimuli-induced phase separation of 
a biotinylated target molecule that is complexed to avidin or streptavidin. In this case, 
a biotinylated target molecule is first complexed with an excess of avidin or streptavi-
din molecules in solution, such that at least one of the four (on average) biotin binding 
sites remains free. Then, an end-linked biotin smart polymer conjugate is permitted to 
bind to the free site on the avidin or streptavidin molecules. Following this, the bio-
conjugate/affinity complex can be phase-separated by raising the temperature above 
the LCST of the smart polymer, which selectively removes the biotinylated target 
molecule from solution. Hoffman and coworkers have extended the affinity phase 
separation concept to the selective isolation and assay of an analyte from a complex 
mixture such as a serum sample. This is done by conjugating a first antibody to the 
polymer, complexing the analyte by affinity to the first antibody, and then intro-
ducing a second, labeled antibody, which then binds to the analyte by affinity to a 
similar or different site (epitope) on the analyte. This yields a temperature-sensitive 

A target molecule 

Stimulus ‘on’ Stimulus ‘off’ 

Recover product 

Affinity complex 

A smart conjugate 

Fig. 6.11  Schematic illustration of the thermally induced phase separation of a smart polymer 
and a ligand or a receptor, such as enzymes, antibodies, cell membrane receptors, and many oth-
ers. This general process should be useful for removing any specific molecule from a complex 
mixture for the purpose of recovery and possible recycling of that molecule
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polymer conjugated to an immune complex sandwich, which can then be selectively 
removed by thermally induced precipitation. This is an especially important separa-
tion step, because an excess of the labeled, second antibody is usually added to the 
sample. Washing and dissolution in cold buffer permit easy assay of the analyte. This 
immunoassay resembles an enzyme-linked immunosorbent assay (ELISA) carried 
out in solution. This concept has been extended to the assay of two different analytes 
in the same test sample. If NIPAAm is copolymerized with a more hydrophilic or a 
more hydrophobic comonomer, then copolymers with higher or lower LCSTs can be 
obtained, respectively. If one of each of these two different LCST copolymers is con-
jugated to a different antibody, then two different analytes may be assayed in the same 
serum sample by sequentially raising the temperature of the system to sequentially 
phase-separate the two different polymer-conjugated immune complex sandwiches. 
One could also carry out such a dual affinity separation or dual immunoassay using 
combinations of two different pH-sensitive smart polymers, or one temperature- and 
one pH-sensitive smart polymer. Another approach to controlling biological reactions 
using smart polymers is to prepare recombinant proteins with built-in polymer bind-
ing sites close to ligand or cell binding sites. This technique has been used to control 
ligand and cell binding activity, based on a variety of triggers including temperature 
and light. The time and costs involved in purifying proteins might be reduced signifi-
cantly by using these smart polymer systems.

Concanavalin A (ConA)- or wheat germ lectin (WGL)-conjugated PNIPAAm 
have also been used in the purification of various polysaccharides or polysac-
charide-containing compounds such as glucan [105]. The thermally reversible 
soluble-insoluble PNIPAAm-dextran derivative conjugate has been synthesized 
by conjugating amino-terminated PNIPAAm to a dextran derivative via ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC), and the conjugate was used 
as a tool to purify polyclonal antibodies in serum samples from rabbits subcuta-
neously immunized with the derivatized dextran [106]. Chang et al. reported an 
effective and rapid method of purifying glutathione S-transferase (GST) using glu-
tathione (GSH)-modified PNIPAAm and mild thermal conditions. They employed 
a chain transfer agent modified with pyridyl disulfide in the RAFT polymeriza-
tion of NIPAAm [107]. Conjugation of GSH to the pyridyl disulfide-PNIPAAm 
reached 95 % within 30 min, as determined by UV-Vis monitoring of the release 
of pyridine-2-thione. GST was successfully thermoprecipitated upon heating the 
GSH-PNIPAAm above the LCST. Owing to its simplicity and high efficiency, this 
method holds great potential for large-scale purification of GST-tagged proteins. A 
thermally induced phase separation system has also been used for the specific sep-
aration of animal cells [28]. Monoclonal antibodies were modified with itaconic 
anhydride and copolymerized with NIPAAm, and ligand-conjugated carriers were 
added to the PEG 800-dextran T500 aqueous two-phase systems. CD34-positive 
human acute myeloid leukemia cells were specifically separated from human T 
lymphoma cells by applying anti-CD34 conjugated with PNIPAAm in the aqueous 
two-phase system.

Extensive efforts by Mattiasson and colleagues [108–110] have also been made to 
establish effective metal-chelate affinity precipitation using smart polymers. In metal 
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chelating affinity precipitation, metal ligands such as imidazole are covalently coupled 
to the reversible soluble–insoluble smart polymers. The copolymers carrying metal-
chelating ligands are charged with metal ions and the target protein binds the metal-
loaded polymer in solution via the interaction between the histidine on the protein 
and the metal ion. Many proteins both containing natural metal ion binding residues 
and recombinant proteins containing His-tag residues have been purified using metal 
chelate affinity precipitation. Therefore, His-tagged proteins or cells or bioparticles 
can be purified through the precipitation of a target molecule–metal-loaded polymer 
complex from the mixture. The precipitated complex is solubilized by reversing the 
precipitation conditions, and the target molecule is dissociated from the precipitated 
polymer by using imidazole or EDTA as an eluting agent. The biomolecule is recov-
ered from the copolymer by precipitating the latter at elevated temperature in the 
presence of NaCl. In a recent study, purification of extracellularly expressed six histi-
dine-tagged single-chain Fv-antibody fragments (His6-scFv fragments) from a recom-
binant Escherichia coli cell culture broth was performed. The precipitation efficiency 
was lower with Ni(II)-poly(VI-NIPAAm) than with Cu(II)-poly(VI-NIPAAm), but the 
selectivity was better in the former case. The bound His6-scFv fragments were recov-
ered almost completely (>95 %) by elution with 50 mM EDTA buffer, pH 8.0 [111].

Besides protein purification, the metal-ion charged copolymer of poly(VI-
NIPAAm) can also be applied to the separation of single-stranded nucleic acids, 
such as RNA from double-stranded linear and plasmid DNA, by affinity precipita-
tion [112]. The separation method utilizes the interaction of metal ions to the aro-
matic nitrogens in exposed purines in single-stranded nucleic acids [113].

6.4.2  Molecular Switching

Since an important aspect of many technologies that utilize biomolecular compo-
nents is the control of their recognition properties, there is considerable interest 
in developing molecular switches that control recognition processes with mild 
signals. Smart polymers have been utilized to control protein activity as molecu-
lar switches. The ability to reversibly control protein and enzyme activities using 
external stimuli could provide new opportunities for the development of molecu-
lar diagnostics, bioprocesses, affinity separations, lab assays, BioMEMS, bio-
electronics, and biosensor technologies. Chilkoti et al. have been demonstrating 
a new approach to molecular switches, in which site-specific conjugation of smart 
polymers is utilized. The site-specific conjugation is designed to assure minimal 
loss in the activity of the protein after conjugation with the smart polymer. They 
first reported the site-specific attachment of maleimide-terminated PN1PAAm to a 
genetically engineered mutant of cytochrome b5, incorporating a unique cysteine 
residue by site-directed mutagenesis techniques [54]. This conjugation technique 
permits the site-specific and stoichiometric conjugation of the polymer with the 
protein. A genetically engineered SA mutant, which has only one cysteine residue, 
was also conjugated site specifically via sulfhydryl groups with a PNIPAAm that 
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has pendant sulfhydryl-reactive vinyl sulfone groups [39]. Cys was substituted 
for Asn at position 49, which is near the outer edge of the biotin-binding pocket. 
Normal binding of biotin to the modified SA occurred below the LCST, whereas 
above the LCST, the polymer collapsed and blocked binding. Site-directed 
mutagenesis techniques were also used to replace the native glutamate at posi-
tion 116 with cysteine [114]. Since the conjugation site is near the tryptophan 120 
residue, which forms a van der Waals contact with biotin, which is important in 
generating the large binding free energy, the temperature-induced conformational 
change of the polymer at position 116 may lead to structural changes in the region 
of tryptophan 120, which are responsible for the reversible binding between bio-
tin and the conjugated SA. The conjugate repeatedly bound and released biotin as 
temperature was cycled through the LCST. With the incorporation of pH-sensitive 
units such as acrylic acid (AAc) in a random copolymer with NIPAAm, a copol-
ymer becomes completely soluble at 37 °C and pH 7.4 and insoluble at 37 °C 
and pH 4.0. This copolymer has been conjugated to a specific cysteine thiol site 
inserted by genetic engineering near the recognition site of SA [115]. The biotin 
binding at 37 °C is significantly reduced at pH 4.0, compared with pH 7.4. This 
is most likely due to the more compact copolymer coil at pH 4.0 and 37 °C com-
pared with that at pH 7.4 and 37 °C. The bound biotin was able to be released by 
changing the conditions to pH 4.0.

To investigate the detailed mechanism of the smart polymer activity switches, 
the roles of the conjugation site and the free polymer were determined using a new 
end-reactive polymer, N,N-dimethyl acrylamide-co-4-phenylazophenylacrylate 
(DMAA). The use of this polymer and a control SA mutant has allowed an accu-
rate determination of the conjugation ratio. The site selectivity of the switch was 
first investigated with the S139C SA mutant that contains a unique cysteine at 
the C-terminus. The purified S139C conjugate, where the DMAA is distant from 
the binding site, did not display switching activity. The previously characterized 
E116C streptavidin mutant displayed switching activity when the DMAA was 
conjugated at this cysteine near the biotin binding site [116]. Because the release 
of biotin was shown to proceed with the same kinetics as the biotin off-rate for 
wild-type streptavidin, the mechanism for release was shown to be the blocking of 
biotin reassociation by the collapsed DMAA. The reversible temperature-induced 
collapse of DMAA has also been used as a molecular switch to control the cata-
lytic activity of endoglucanase 12A (EG 12A) (Fig. 6.12) [117]. The polymer was 
conjugated to the EG 12A site-directed mutant N55C, directly adjacent to the cel-
lulose binding cleft, and to the S25C mutant, where the conjugation site is more 
distant. The N55C conjugate displayed a larger activity shutoff efficiency in the 
collapsed polymer state than the S25C conjugate. Increasing the polymer molecu-
lar weight was also shown to increase the shutoff efficiency of the switch. Related 
to these effects of conjugation site and polymer size, the switching efficiency was 
found to be strongly dependent on substrate size. With a small substrate, there was 
minimal blocking of enzyme activity when the polymer was in the expanded state. 
With a large substrate, on the other hand, there was a large reduction in enzyme 
activity in the polymer expanded state, even with relatively small polymer chains, 
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and a further reduction when the polymer was collapsed. Similar general trends 
for the interactive effects of the conjugation site, polymer size, and substrate size 
were observed for immobilized conjugates.

Temperature-responsive poly(N,N-diethylacrylamide) (PDEAAm) was attached 
to the SA approximately 20 Å from the binding site for biotinylated proteins. Below 
the LCST, the polymer is in its extended state and acts as a ‘shield’ to block the 
binding of large biotinylated proteins. Above the LCST, it collapses and exposes 
the binding site, thereby allowing binding. The degree of shielding depends on both 
the size of the biotinylated protein and the size of PDEAAm (Fig. 6.13) [50]. The 
biotinylated IgG (MW 150 kD), for example, was unable to bind to the SA conju-
gate whether the polymer was above or below its LCST, whereas the biotinylated 
Protein G (MW 6.2 kD) was able to bind whether the polymer was hydrated or col-
lapsed. An intermediate-size biotinylated bovine serum albumin (BSA) (MW 67 
kD) exhibited increased binding as the temperature was raised through the LCST. 
These results suggest that smart polymer shields could be tailored to achieve a wide 
range of size-dependent ligand discrimination for use in affinity separations, biosen-
sors, and diagnostics technologies.

Light-regulated molecular switches that reversibly control biomolecu-
lar function could also provide new opportunities for controlling activity in 
diagnostics, affinity separations, bioprocessing, therapeutics, and bioelectronics 
applications. Hohsaka et al. [118] have prepared a monoclonal antibody against a non-
natural amino acid carrying an azobenzene group, L-p-(phenylazo)phenylalanine.  
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Fig. 6.12  (a) Schematic model of site-directed mutant endoglucanase 12A (EG 12A). The red 
residues represent the catalytic glutamic acid side chains at the active site of EG 12A, the green 
residue is the Asn 55 position, the purple residue is the Ser 25 position, and the N-terminus is 
represented as the blue circle. The polymer is conjugated to the EG 12A site-directed mutant 
N55C, directly adjacent to the active site (b), and to the S25C mutant, where the conjugation site 
is more distant (c). The N55C conjugate displays a larger activity shutoff efficiency in the col-
lapsed polymer state than the S25C conjugate [117]
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The antibody binds an azobenzene group when it is in the trans form, but releases 
it when the latter is photoisomerized to the cis form. Ueda et al. have replaced Trp3 
of phospholipase A2(PLA2) by non-natural aromatic amino acids, 3-(2-naphthyl)-
L-alanine (Nap), 3-(9-anthryl)-DL-alanine (Ant), and p-phenylazo-L-phenylalanine 
 (AzoF). UV irradiation during the hydrolysis reduced the activities of Nap-AMPA 
and Ant-AMPA. However, AzoF-AMPA with a cis(Z) configuration of the AzoF 
unit showed, upon UV irradiation, hydrolytic activity. The change in enzymatic 
activity induced by UV irradiation is ascribed to a conformational change in the 
mutant proteins. Shimoboji et al. [55] have successfully shown that the photoin-
duced changes in the size and hydration of a smart polymer chain coil can be used 
to regulate substrate access and enzyme activity when conjugated to the enzyme 
at a specific point just outside the active site (Fig. 6.14). In order to enable pho-
tocontrol of enzyme activity, two different copolymers that exhibit combined 
temperature sensitivity and photosensitivity were prepared by copolymerizing 
N,N-dimethyl acrylamide (DMA) with two different light-sensitive comono-
mers, 4-phenylazophenyl acrylate (AZAA) and N-4-phenylazophenyl acrylamide 
(AZAAm). Under the isothermal conditions at their photoresponsive temperatures, 
the AZAAm copolymer precipitated under UV light irradiation (350 nm), whereas 
the AZAA copolymer dissolved under the same UV light irradiation. The copoly-
mers were conjugated to the E116C SA mutant via thiol coupling. One of these 
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Fig. 6.13  Size-dependent control of the binding of biotinylated proteins to SA using a poly-
mer shield. The biotinylated IgG is unable to bind to the SA conjugate whether the polymer was 
above or below its LCST, whereas the biotinylated Protein G is able to bind whether the polymer 
was hydrated or collapsed. An intermediate-size biotinylated BSA exhibited increased binding as 
the temperature was raised through the LCST [50]
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copolymer-E116C SA conjugates exhibited blocking of free biotin and triggered 
the release of bound biotin under VIS irradiation; the other demonstrated the same 
phenomena under UV irradiation [19]. These opposite photoresponsive biotin-
blocking or biotin-releasing responses corresponded to the original photoinduced 
phase transition properties of the copolymers. The photoresponsive switch was  
not observed when a 4-phenylazoaleinanil monomer was conjugated directly to 
the protein.

Smart polymer conjugation techniques have also been utilized for the control of 
gene expression. Murata et al. [119] have prepared a smart antisense reagent com-
prised of phosphodiester-linked oligodeoxynucleotides (ODNs) and PNIPAAm, 
and evaluated the antisense activity and nuclease stability of the conjugate. The 
antisense ODN-PNIPAAm conjugate demonstrated a thermoresponsive regulation 
of the hybridization between the conjugate and the target RNAs [36]. In this strat-
egy, antisense ODN can be used without chemical modification at the phosphodi-
ester linkage of the ODN, which means that the conjugate may retain its binding 
affinity for the target RNA. These characteristics of the conjugate are promising 
for its use as an antisense ODN carrier in gene therapy. Pennadam et al. [29] have 
successfully designed protein-polymer nanomachines to control the EcoR124I 
motor function (Fig. 6.15). PNIPAAm with reactive end-groups was attached 
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Fig. 6.14  a Schematic model of the photoresponsive enzyme switch. b Sequential photoswitch-
ing of the activity of the DMAA-VS and DMAAm-VS conjugates [55]
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to the motor subunit of EcoR124I via coupling of a maleimide-tipped linker.  
The protein-polymer conjugates were stable to extensive purification and, when 
combined with the M2S complex, the activity of this conjugate motor system was 
similar to that of its native counterpart, but can be switched on or off as a result 
of thermally induced polymer phase transitions [30]. Thus, the conjugation of 
the responsive polymer to the molecular motor generates a nanoscale switchable 
device, which can translocate DNA under one set of conditions.

6.4.3  Drug/Gene Delivery

There are many peptide-, protein-, antibody-, and DNA-based therapeutics under 
development in the biotechnology and pharmaceutical industries. Intracellular 
delivery, for example, represents a promising approach for the treatment of a wide 
variety of diseases. DNA delivery systems based on attenuated viruses have shown 
the greatest successes to date, but numerous concerns over the safety of these vec-
tors have led to the development of nonviral vectors for use in gene therapy. The 
efficacy achieved with these nonviral vectors, however, is significantly lower than 
that achieved with viral vectors. The low transfection efficiencies are due to the 
multiple biological barriers encountered during delivery from extracellular loca-
tions into the cell nucleus. A number of biological organisms have evolved sur-
face proteins to solve similar trafficking problems, and a variety of viral-based, 
fusogenic peptides have been studied as pH-dependent membrane-disruptive 
components in gene delivery systems to enhance transport from the endosome to 
the cytoplasm. Lackey et al. [120] have investigated whether synthetic polymers 
could provide an alternative approach to pH-dependent membrane destabilization 
in drug delivery systems. They focused on pH-responsive polymers containing 

Fig. 6.15   Schematic 
illustration of the switchable 
control of molecular motor 
function by a temperature-
responsive polymer switch. 
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specific motor subunit. Chain 
extension of the polymer 
below LCST provides a steric 
shield blocking the active 
site. Chain collapse (above 
LCST) enables access to the 
active site and restoration of 
enzyme function [29]
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hydrophobic moieties inspired by the amino acid side chains of leucine and  
isoleucine, for example, and demonstrated that poly(propyl acrylic acid) (PPAAc) 
displays interesting improvements in the pH dependence of red blood cell hemol-
ysis. PPAAc is not hemolytic at pH 7.4 and reaches maximum hemolysis at 
approximately pH 6.0 and below. This pH-sensitive, membrane-disruptive PPAAc 
can be used to enhance the release of drugs from the acidic endosomal com-
partment to the cytoplasm. Jones et al. [121] compared the hemolytic ability of 
three poly(2-alkylacrylic acid)s, PPAAc, poly(2-ethylacrylic acid) (PEAAc), and 
poly(2-methylacrylic acid) (PMAAc). PMAAc showed little hemolytic activity at 
all pHs tested, reaching a maximum of about 2 % at pH 5.0. By contrast, both 
PEAAc and PPAAc showed significant levels of haemolysis. As the pH decreased, 
the hemolytic activity of PEAAc increased, reaching a peak at pH 5.4. In contrast, 
the haemolytic activity of PPAAc increased with pH to a maximum at pH 5.8–6.2. 
Kyriakides et al. [122] have found that one PPAAc significantly enhances in vitro 
transfections of lipoplex formulations in cell culture, and does so in the presence 
of as much as 50 % serum. They have also extended the cell culture studies to an 
in vivo murine excisional wound healing model. A pilot study with a green fluo-
rescent protein (GFP)-encoding plasmid indicated that injection of formulations 
containing PPAAc into healing wounds resulted in increased GFP expression. 
Subsequently, by administering sense and antisense DNA for the angiogenesis 
inhibitor thrombospondin-2 (TSP2), they were able to alter the wound healing 
response in TSP2-null and wild-type mice, respectively. These results suggest that 
PPAAc can provide significant improvements in the in vivo efficacy of drugs such 
as DNA-controlled medications.

Cell membrane ligands may also be conjugated to the polymer molecule when 
it has two reactive end groups or multiple reactive pendant groups, for target-
ing a conjugated protein drug to a specific cell. Antibody-targeting ligands have 
been linked to a pH-sensitive smart polymer by biotinylating both the antibody 
and the smart polymer and using SA to link the two together [22]. A biotinylated 
monoclonal antibody to a CD-3 lymphoma cell receptor and a biotinylated pH-
sensitive, lipid-membrane-disruptive smart polymer, PPAAc, were linked together 
by SA. The PPAAc phase separates sharply as the pH in the endosome drops, 
and in so doing, PPAAc disrupts the endosomal vesicle membrane. Thus, when 
the antibody-SA-PPAA conjugate was endocytosed after binding to the CD-3 
receptor in Jurkat lymphoma cells, the conjugate was observed to escape from the 
endosome to the cytosol. This is a desirable event for a protein drug since, oth-
erwise, it would be trafficked to the lysosome where lysosomal enzymes would 
degrade it. Berguig et al. [123] used the antibody-SA-polymer conjugate to study 
the intracellular trafficking dynamics of an anti-CD22-internalizing HD39 mono-
clonal antibody (mAb) with PPAAc (Fig. 6.16). The PPAAc conjugate was shown 
to alter the intracellular trafficking kinetics strongly relative to HD39/SA alone 
or HD39/SA conjugates with a control polymer, PMAAc. Subcellular trafficking 
studies revealed that after 6 h, only 11 % of the HD39/SA–PPAAc conjugates 
had been trafficked to acidic lysosomal compartments with values at or below 
pH 5.6. In contrast, the average intracellular pH of HD39/SA alone dropped from 
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6.7 ± 0.2 at 1 h to 5.6 ± 0.5 after 3 h and 4.7 ± 0.6 after 6 h. Conjugation of 
the control polymer PMAA to HD39/SA showed an average pH drop similar to 
that of HD39/SA. Subcellular fractionation studies with tritium-labeled HD39/SA 
demonstrated that after 6 h, 89 % of HD39/SA was associated with endosomes 
and lysosomes, while 45 % of HD39/SA–PPAAc was translocated to the cyto-
sol. These results demonstrate the endosomal-releasing properties of PPAAc with 
antibody-polymer conjugates and detail their intracellular trafficking dynamics 
and subcellular compartmental distributions over time. Dubé et al. [124] have 
demonstrated that folate-targeting conjugates can facilitate tumor cell uptake of 
the conjugates. They designed a family of NIPAAm copolymers carrying a small 
number of octadecyl groups and folic acid residues grafted along the chain via a 
short ethylenedioxy chain. The folate conjugates were obtained by amidation of 
an aminated precursor copolymer. Cytotoxicity assays confirmed that the folate-
NIPAAm conjugates bind specifically to KB cells overexpressing the folate recep-
tor. The cellular uptake of the copolymer was found to be temperature dependent. 
Benoit et al. [125] also reported a facile approach to provide folate-receptor-
specific delivery of polymer therapeutics by employing a de novo synthesized 
folate-functionalized CTA. Folate functionalization provided specific polymer 
therapeutic-folate receptor interactions and elicited gene knockdown through 
the delivery of siRNA. Many polymer therapeutics can be functionalized by this 
strategy, and this approach is highly versatile for functionalizing RAFT polymers.

The PPAAc-based membrane-disruptive system has also been used for anti-
gen delivery systems. While many infectious diseases are controlled by vaccine 
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Fig. 6.16  Intracellular trafficking of the HD39/SA-PPAAc conjugate. Ligation of the anti-CD22 
monoclonal antibody (HD39) to CD22 leads to receptor-mediated endocytosis. A portion of the 
conjugate is trafficked from endosomes to lysosomes while a second fraction is released into the 
cytosol via endosomal escape mediated by PPAAc [123]
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strategies, important limitations continue to motivate the development of better 
antigen delivery systems. Flanary et al. [126] developed a pH-sensitive polymeric 
carrier based on PPAAc to address the need for more potent CD8 cytotoxic 
T-cell (CTL) responses. Ovalbumin, as the protein antigen, was conjugated to 
poly(propylacrylic acid-co-pyridyldisulfide acrylate) (PPAA-PDSA) by disulfide 
exchange to form reversible conjugates that could be reduced by the glutathione 
redox system in the cytosol of antigen-presenting cells. The PPAA-PDSA oval-
bumin conjugates displayed the pH-sensitive membrane disruptive properties 
of the parent polymer as determined by their hemolysis activities. The polymer-
ovalbumin conjugates exhibited strong 22-fold increases in the MHC-1 presenta-
tion and ovalbumin-specific CTL activation compared with free ovalbumin. No 
CTL activation was observed with control conjugates of ovalbumin and PMAAc. 
This system was further evaluated to test whether improved cytosolic delivery of 
a protein antigen could enhance CD8+ cytotoxic lymphocyte generation and pro-
phylactic tumor vaccine responses. PPAA was directly conjugated to the ovalbu-
min antigen via reducible disulfide linkages and was also tested in a particulate 
formulation after condensation with cationic poly(dimethylaminoethyl meth-
acrylate) (PDMAEMA) [127]. In an EG.7-OVA mouse tumor protection model, 
PPAA-containing carriers robustly inhibited tumor growth and led to an approxi-
mately 3.5-fold increase in the longevity of tumor-free survival relative to controls. 
Mechanistically, this response was attributed to the 8-fold increase in the produc-
tion of ovalbumin-specific CD8+ T-lymphocytes and an 11-fold increase in the 
production of anti-ovalbumin IgG. This is one of the first demonstrated examples of 
in vivo immunotherapeutic efficacy using soluble protein-polymer conjugates. This 
system shows promise for protein vaccine strategies against cancer and viruses and 
is also applicable to any technique requiring improved delivery of a protein cargo 
to the cytoplasm of a cell. Albarran et al. [128] showed that PPAAc can strongly 
enhance target cell killing through the intracellular delivery of a functional proa-
poptotic peptide. The Bak BH3 peptide induces apoptosis via antagonization of 
suppressor targets such as Bcl-2 and Bcl-xL. A genetically engineered strepta-
vidin that contains an N-terminal TAT peptide sequence was used to optimize the 
pinocytotic cell uptake of biotinylated BH3 peptide and end-biotinylated PPAAc. 
Approximately 30 % of cells treated with TAT-SA:BH3 complexes revealed mor-
phologically distinct nuclear condensation, a hallmark of apoptosis. Together with 
the PPAA, the TAT-SA adaptor complex could prove useful as a carrier of peptide/
protein cargo to cultured cells. Fujimoto et al. [32] reported a novel drug delivery 
system for apoptosis induction by a smart polymer vehicle possessing temperature 
responsivity and bioaffinity. The cell-adhesive RGDS peptide was conjugated with 
the NIPAAm copolymer as a ligand model for bioaffinity. Dolichyl phosphate (dol-
p), which is an apoptotic inducer, was added to the copolymer at around the precip-
itation temperature for incorporation. Aggregates incorporating dol-p were added 
to a human promonocytic leukemia U937 cell suspension at 37 °C. When the tem-
perature was lowered to 25 °C, cells underwent apoptosis in the presence of Ca2+ 
because copolymer vehicles were concentrated on the cell surface through the bind-
ing of RGDS and integrin, and lipid inducers were released by the disruption of 
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vehicles in response to temperature. This system would also be expected to provide 
a  therapeutic application for targeting a drug to the cell and triggering its release in 
the body by cooling.

In addition to the pH-responsive system, reduction-oxidation-sensitive polymers 
have also been utilized for intracellular delivery, because the reduction-oxidation 
state of intracellular compartments changes: the endosome is rendered reductive, 
whereas the lysosomal compartment is substantially oxidative, compared with 
the mildly oxidative extracellular environment. Oxidation-sensitive smart poly-
mers can be engineered by designing block copolymers containing a hydrophobic 
polypropylene sulphide (PPS). On exposure to oxidative conditions, the block is 
converted to hydrophilic polypropylene sulphoxide and, ultimately, to the more 
hydrophilic polypropylene sulphone [129]. On the other hand, earlier in the pro-
cesses of endolysosomal processing, endocytosed compounds encounter a reduc-
tive environment. Smart bioconjugates with a reducible disulphide connection have 
been shown to destabilize, releasing the pendant drugs or DNA. El-Sayed et al. 
[130] reported membrane-destabilizing and glutathione-reactive polymers. ODN 
was ionically complexed to cationic peptides grafted onto the polymer backbone 
via disulfide linkages to the pyridyl disulfide acrylate (PDSA) units. This unique 
design allowed for the release of the disulfide-conjugated cationic peptides with 
the complexed ODN into the cytoplasm by the reducing action of the glutathione 
enzyme, which is commonly present in the cytoplasm. Manickam and Oupicky 
[131] synthesized high-molecular-weight polypeptides containing disulfide bonds 
in the backbone by oxidative copolymerization of a histidine-rich peptide (HRP) 
and a nuclear localization sequence (NLS) peptide. Cytotoxicity and transfection 
activity of DNA polyplexes were evaluated in vitro. In comparison with control 
polyethylenimine (PEI), only minimum toxic effects were observed on the meta-
bolic activity and membrane integrity of human endothelial cells.

Furgeson et al. [23] have developed a smart doxorubicin-polypeptide conjugate 
for thermally targeted delivery to solid tumors. A temperature-responsive, geneti-
cally engineered ELP was conjugated to doxorubicin (Dox) molecules through 
pH-sensitive, maleimide-activated, hydrazone linkers. The highest release of 
the ELP–Dox conjugate by cleavage of the hydrazone bond at pH 4 was nearly 
80 % over 72 h and was exhibited by the conjugate with the shortest linker. The 
endocytotic uptake of a thermally responsive ELP was also observed to be sig-
nificantly enhanced by the thermally triggered phase transition of the polypeptide 
in cell culture for three different tumor cell lines [132]. ELPs conjugated to drugs 
also enable thermally targeted drug delivery to solid tumors if their transition tem-
peratures are between body temperature and the temperature in a locally heated 
region. In vivo studies of ELP delivery to human tumors (SKOV-3 ovarian carci-
noma and D-54MG glioma) implanted in nude mice demonstrated that hyperther-
mic targeting of the thermally responsive ELP for 1 h provides a twofold increase 
in tumor localization compared with the same polypeptide without hyperthermia. 
By exploiting the phase-transition-induced aggregation of these polypeptides, this 
method provides a new way of thermally targeting polymer-drug conjugates to 
solid tumors [100].
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6.4.4  Diagnostic Technologies

The ability to sequentially control biomolecular recognition and activity could open 
new opportunities or improve existing applications in the diagnostic fields. Since the 
smart polymers serve as both antennae and actuators, to sense signals and respond to 
them, leading to the control of biorecognition events, smart conjugates with protein 
and DNA have also drawn considerable attention in the diagnostic fields. Their char-
acteristic ‘on-off’ responses to small changes in pH, temperature, and/or UV-visible 
light permits rapid and precise control of molecular events. Agasti et al. [133] for 
example, developed a photocleavable DNA barcode-antibody conjugate for rapid, 
quantitative, and multiplexed detection of protein expression in single live cells 
(Fig. 6.17). Irradiation of the labeled cells with light (∼365 nm) cleaves the linker 
between the antibodies and the barcodes, causing the barcodes to be released into 
the solution for easy isolation. Barcode amplification by polymerase chain reaction 
(PCR) and subsequent gel electrophoresis analysis of the amplified barcodes allows 
simultaneous detection and quantification of multiple protein analytes from single 
cells. Maeda and coworker [25, 134–136] have developed a single-nucleotide pol-
ymorphism (SNP)-responsive diagnostic using DNA-PNIPAAm conjugates. The 
graft copolymer consisting of PNIPAAm and single-stranded DNA (ssDNA) forms 
nanoparticles above physiological temperature. Non-crosslinking aggregation of the 
DNA-PNIPAAm nanoparticles is induced by the hybridization of the surface DNA 
with the full-match complementary DNA (Fig. 6.18). This aggregation mechanism 
was applicable for the target 24mer DNA corresponding to k-ras (oncogene) codons 
10–17, as well as for SNP sites of CYP2C9. Each nanoparticle was aggregated by 
the hybridization with its full-match complementary DNA fragment, but not with 
one-base mismatch. These results demonstrated that the non-crosslinking aggrega-
tion of DNA-PNIPAAm nanoparticles is useful for analyzing various SNPs.

The switchability of smart polymer conjugates also opens the door to potential 
uses in microfluidic formats where the differential diffusive and physical proper-
ties might be exploited for separation, analyte concentration, and signal generation. 
Microfluidic platforms have shown promise for conducting diagnostic measure-
ments in both clinical and point-of-care settings [137, 138]. While great strides have 
been made, the potential of this technology has not yet been fully realized and sev-
eral challenges remain. One important outstanding need is the handling of dilute 
antigens and biomarkers, particularly their purification and enrichment from com-
plex biological fluids. Several chromatographic strategies have been demonstrated 
to address analyte purification and enrichment issues in microfluidic systems. 
Affinity moieties have been conjugated directly to microchannel walls, attached to 
particles and packed into microchannels and immobilized within porous monolithic 
slabs. These techniques suffer from several shortcomings, including complex pack-
ing and modification steps, high flow resistance and limitations in scaling-up and 
manufacturability. These strategies also usually allow the separation of only a single 
analyte and cannot be modified once introduced. Kulkarni et al. [49, 79] have devel-
oped a series of PNIPAAm-protein conjugates that separate and enrich analytes 
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from solution and enable detection. Because smart conjugates bind analytes in 
solution prior to separation, conjugate-analyte binding avoids steric and mass trans-
port limitations associated with surface-based techniques [139, 140]. A reversible 
microchannel surface capture system has been further developed for bioanalytical 
samples [141–143]. The capture/release efficiency and enrichment of PNIPAAm-
antibody conjugates in PNIPAAm-grafted PDMS microchannels have been inves-
tigated using a helical flow, circular microreactor. The conjugate’s immobilization 
and release were limited by mass transport to and from the functionalized PNIPAAm 
surface. Transport and adsorption efficiencies were dependent on the aggregate size 
of the PNIPAAm–streptavidin conjugate above the LCST as well as on whether 
the conjugates were heated in the presence of the stimuli-responsive surface or pre-
aggregated and then flowed across the surface. Mixing and recirculation substan-
tially increase the conjugate release rate and sharpness once the temperature has  
dropped below the phase transition temperature. The concentration of protein- 
polymer conjugates could be achieved by a continuous conjugate flow into the 
heated recirculator, allowing nearly linear enrichment of the conjugate reagent 
from larger volumes. This capability was shown with anti-p24 HIV monoclo-
nal antibody reagents that were enriched over fivefold by using this protocol. pH-
responsive surface traps have also been constructed in the channel wall by the 
same methods. Magnetic nanoparticles have also been developed for diagnostic 
target isolation because smaller particles display better association and binding 
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Fig. 6.17  Schematic illustration of the light-mediated cellular barcoding strategy. Protein targets 
are labeled with DNA-barcode-conjugated antibodies and then photocleaved to release the DNA 
barcodes. Amplified barcodes are analyzed using gel electrophoresis for multiplexed detection of 
protein biomarkers from single cells [133]
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properties to the target analytes [144, 145]. A reversible surface capture system for 
smart bioconjugates has also been demonstrated on porous membrane filters for the 
detection of the malaria antigen Plasmodium falciparum histidine-rich protein 2 
(PfHRP2) (Fig. 6.19) [24]. The carboxyl end-groups of semi-telechelic PNIPAAm 
synthesized by RAFT polymerization were modified with tetrafluorophenol to yield 
amine-reactive ester groups for conjugation to amine groups of anti-streptavidin 
and anti-PfHRP2 antibodies. Stimuli-responsive membranes were constructed from 
1.2-μm-pore-size, hydroxylated, nylon-6,6 filters. The surface hydroxyl groups on 
the filters were conjugated to a 2-ethylsulfanylthiocarbonylsulfanyl-2-methyl propi-
onic acid (EMP) RAFT chain transfer agent, and the surface-grafted PNIPAAm was 
obtained by subsequent polymerization. The PNIPAAm grafted membranes showed 
greater than 80 % anti-streptavidin capture efficiency. The PfHRP2 antigen could 
be processed and detected at clinically relevant concentrations of this malaria bio-
marker. These studies provide insight into the mechanism of smart polymer–protein 
conjugate capture and release in grafted channels and show the potential of this puri-
fication and enrichment module for processing diagnostic samples.

Fig. 6.18  Sequence-specific affinity precipitation of oligonucleotide using PNIPAAm-
oligonucleotide conjugate [25, 134–136]
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6.5  Conclusions and Future Trends

Smart bioconjugate-based technologies are becoming the premier tool for a wide 
range of applications in the areas of medicine and biotechnology. Conjugating 
proteins, peptides, DNA, and cells with smart polymers has been a versatile way 
to add new value, advanced features and unique properties to inert polymers. For 
example, creating nanoscale antennae and actuators to sense signals and respond 
to them significantly improves biological properties as well as introduces new 
unique properties, leading to the control of biorecognition events. This chapter 
mainly addresses the developments of smart bioconjugates specifically applied in 
bioseparation, molecular switching, diagnosis, sensors, and drug/gene delivery. An 
ongoing challenge is to synthesize well-defined conjugates. Traditionally, the reac-
tive polymers were prepared by the modification of preformed chains. However, 
with the advent of new controlled/‘living’ polymerization techniques that are tol-
erant to a wide range of functional groups, the use of protein-reactive initiators to 
form well-defined polymers is now possible. This strategy is less time-consuming 
and results in polymers amenable to coupling to proteins without any further 
modification. Native chemical ligation, tRNA engineering methods, and other 
advances in protein engineering also allow for the synthesis of proteins containing 
non-natural amino acids. So far, the incorporation of functional groups that react 
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Fig. 6.19  Smart fluidic system for purifying and concentrating diagnostic biomarkers using tem-
perature-responsive antibody conjugates and membranes. PNIPAAm-conjugated antibodies are 
captured at the membrane above the LCST, while unconjugated plasma components flow through 
(a). When the membrane region is cooled, the conjugates are released back into the flow stream 
(b) [24]
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orthogonally to natural amino acids has been underexploited in the preparation of 
polymer bioconjugates. The combination of controlled radical polymerization with 
non-natural protein engineering could result in unprecedented control over poly-
mer conjugation, resulting in precise bioconjugates for a variety of applications. 
Therefore, novel strategies for the design of smart bioconjugates including pro-
teins, DNA, mammalian cells, bacteria, yeast cells, and viruses will facilitate the 
creation of a new class of biomaterials in the future.
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7.1  Introduction

In this chapter, we focus on the synthesis, characterization, and applications 
of shape-memory materials, especially in a polymer system (Fig. 7.1). Shape-
memory materials are a class of smart and intelligent materials that have the abil-
ity to “memorize” a given shape as permanent or temporary, and then “recover” to 
an original (permanent) shape when triggered by external stimuli. Shape-memory 
materials have attracted much attention from basic and fundamental (academic) 
research to industrial and practical applications. Many academic and industrial 
researchers are interested in shape-memory materials because of their ability to 
remember two or more shapes under different conditions.

The most noteworthy and extensively researched shape-memory materials are 
“shape-memory alloys (SMAs)”. Ölander first discovered and reported in 1932 
a novel metallic transformation of gold-cadmium (AuCd) alloys, which was 
considered as pseudoelasticity and triggered unusual macroscopic deformation 
[1]. Greninger and Mooradian also discovered in 1938 a similar transforma-
tion of copper-zinc (CuZn) alloys, which was the formation and disappearance 
of a martensite phase by changing the temperature [2]. Although both findings 
were directly connected with the macroscopic deformation of metallic alloys 
triggered by temperature, which is the shape-memory effect, it is well accepted 
that Chang and Read were the first to observe the shape-memory transforma-
tion of AuCd alloys in 1951 [3]. The shape-memory effect seems like an inno-
vative finding; however, it was only a subject in the field of academic research 
because it was believed that this effect was not a general phenomenon and likely 
expressed in a limited number of materials at that time. In 1963, Buehler et al. 
described the shape-memory effect in equiatomic nickel-titanium (NiTi) alloy, 
which is well known as nitinol [4]. Since then, the shape-memory alloy has 
grown into a major field of research in both academia and industry, and signifi-
cant research efforts started in the early 1970s. On the other hand, the history 
of “shape-memory polymers” (SMPs) is also old and goes back to the 1940s. 
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The first mention of SMPs is in a United States patent applied by Vernon and 
Vernon in 1941 [5, 6]. They demonstrated that their developed dental restoration 
materials, which are thermoplastic synthetic resins made of methacrylic acid 
ester, have an “elastic memory” property, that is, the materials could change 
shape upon pressure application and then reassume their original shape upon 
heating. Despite this early discovery, interest in and the importance of SMPs 
did not permeate until the 1960s, when covalently cross-linked polyethylene 
found its way into heat-shrinkable tubing and films [7–10]. Here, the perma-
nent shape is also fixed by covalent cross-links, and the switching process is 
controlled by adjusting the melting temperature of the polyethylene crystallites. 
Many efforts to design and develop SMPs started in the late 1980s. The term 
SMPs became well known with the discovery of poly(norbornene), which was 
developed by CDF-Chimie (a French company) and commercialized by Nippon 
Zeon (a Japanese company) using the brand name Norsorex in the 1980s. Other 
types of SMPs, such as TP-301 based on poly(trans-isoprene) and Asmer based 
on poly(styrene-butadiene), were subsequently developed by two other Japanese 
companies (Kurare Corporation and Asahi Kasei Corporation, respectively.) [11, 
12]. This age was considered as the first golden age of SMP research, and Japan 
was the leader in shape-memory materials research as shown by the fact that 
most of the publications were by Japanese researchers and companies until the 
early 1990s. In particular, the segmental polyurethane-based SMPs were devel-
oped by Mitsubishi Heavy Industries (a Japanese company) in the early 1990s, 
which further accelerated the development of SMPs because of the flexibility 
of urethane-based chemistry, which narrowed the limitations such as the ther-
mal and mechanical properties for individual applications [13–18]. The earlier 
works on shape-memory polymers were mainly in industrial fields and the main 
focus was designing and searching for these new materials for various indus-
trial applications. In addition, the discovery of the “shape memory” of gels and 
biodegradable polymers from the 1990s to the early 2000s [19–25] has been in 
progress since then.

Stimulus

Fig. 7.1  Schematic illustrations of thermally induced shape-memory effect in SMPs
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As shown in Fig. 7.2, the mechanisms of the shape-memory effect in SMAs 
and SMPs are intrinsically different. Metallic materials are generally deformed 
when external force is applied. Although these materials generate a plastic defor-
mation that is maintained in a normal metallic system, SMAs can return to their 
original (memorized) shape when they are heated. The origin of the shape-mem-
ory effect of SMAs is the solid-phase transition without the diffusion of mole-
cules between the austenite phase at higher temperature and the martensite phase 
at lower temperature. Because the temperature of the martensite transformation 
in SMAs is lower than those of conventional metallic materials and within room 
temperature, SMAs can be easily deformed into a desired shape. In addition, this 
phase transformation from austenite to martensite is fully reversible, as shown in 
Fig. 7.2a. Therefore, SMAs can exhibit the two-way-type shape-memory effect 
after a proper thermal process. The SMAs do remember both the external shape 
in the parent phase and that in the martensite phase. On the other hand, the shape-
memory effect in SMPs relies on the phase transformation of switching domains 
or segments such as glass-rubber and crystal-amorphous transitions. SMPs can 
remember only the original (permanent) shape, although the temporary (deformed) 
shape can be memorized by applying external force and the proper thermal pro-
cess, as shown in Fig. 7.2b. Details of the mechanism of the shape-memory effect 
in SMPs will be discussed in “Sect. 7.4.1”.

With extensive investigation and rapid development in this field, the poly-
meric shape-memory materials become more valuable and prominent for broad 
applications. As found in Fig. 7.2c, SMPs possess several advantages compared 

Fig. 7.2  Schematic representation of the mechanism of shape-memory effects for a shape-
memory alloys (SMAs) based on a martensitic transformation and b shape-memory polymers 
(SMPs) based on a crystal-amorphous transition in a semicrystalline-based polymer network. c 
Comparison of mechanical properties among SMAs, SMPs and other conventional materials [27]
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with the SMA system [26, 27]: (1) large deformation ability: they can deform 
under strain up to more than a few hundred percent for most materials, but those 
of SMAs are less than 10 %; (2) low cost: although this strongly depends on the 
components of materials, the cost of SMPs is approximately twenty times lower 
than that of SMAs; (3) low density: whereas the density of SMAs is 6–8 g cm−3, 
most polymers have a density of approximately 1 g cm−3, which is light weight; 
(4) environmentally friendly processing: the processing conditions of SMAs 
generally require both high temperature and high pressure; (5) potential bio-
compatibility and biodegradability: some of the SMAs are biocompatible but not 
biodegradable, although SMPs can program these properties into the materials. 
These advantages are especially significant for biomedical applications. More 
importantly, compared with SMAs, the thermal and mechanical properties of 
SMPs can be easily manipulated by designing and processing the materials, and 
this will open the way for broader applications of SMPs because their ranges of 
properties are apparently wider than those of SMAs. However, SMPs and SMAs 
basically have distinct applications because of their intrinsic differences in 
mechanical, viscoelastic, thermal, optical, and conductive properties. Therefore, 
combining SMPs and SMAs is also an important way to cooperatively and/or 
synergistically enhance their properties.

Since there are many types of smart material, which have the ability to 
change their shape when triggered by external stimuli, how to choose and use 
the word “shape memory” is often confusing and requires a clear definition of 
what “shape-memory” ability is, especially in polymer-based materials (SMPs). 
Behl and Lendlein, who are authorities in the field of shape memory of poly-
mer systems, have propounded two general categories of such smart materials, 
namely, “shape-memory materials” and “shape-changing materials” [28, 29]. In 
brief, shape-memory materials are based on two important processes: the “pro-
gramming or fixing” process to memorize the designed shapes by deformation, 
and the “recovery” process to remember and return to the original shape. More 
importantly, the materials once recovered to their original shape can be pro-
grammed again to the same or other shapes. On the other hand, the change in 
shape is reversible, and the material can remain in a certain temporary shape 
only when the sample is exposed to a stimulus. The sample can return to its 
original shape after removing the stimulus. These processes of deformation and 
recovery by switching “on” and “off” of the stimulus in shape-changing mate-
rials are always the same even in subsequent cycles. Although these two types 
of material are basically realized by different mechanisms and should be dis-
tinguished clearly, they offer macroscopic mechanical action by applying exter-
nal stimulus, and so are also broadly called actively moving materials. In this 
review, we focused on “shape-memory” materials in a polymer system, although 
composites with other types of material, according to the definition by Behl and 
Lendlein, are also discussed. Some shape-memory effects different from those 
of conventional SMPs are also discussed later. In this review, we also adopt a 
somewhat distinct perspective, including a classification based on network archi-
tectures. We also discuss the synthesis and characterization of SMPs, and finally, 
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we provide an overview of recent applications. Although many multifunctional 
SMPs driven by various external stimuli have been reported (discussed in 
Sect. 7.2.5), the main focus in this review is thermoresponsive SMPs because 
other stimuli except heat are also consequently converted into heat energy in 
these systems.

7.2  Classification on the Basis of Polymer Network 
Architecture

Often complex requirements for properties, such as mechanical and thermal 
properties, and functions, in addition to shape-memory materials, need to be 
fulfilled to meet the application-derived specific demand. The shape-mem-
ory effect is not related to a specific material property of single polymers; it 
rather results from a combination of the polymer structure and the polymer 
morphology together with the applied processing and programming technol-
ogy. Therefore, the control of molecular structure and architecture is particu-
larly important for the functions of shape-memory materials. The mechanism 
of the thermally driven shape-memory effect in SMPs is based on the forma-
tion of a molecular switching domain, which changes the structural properties 
in response to a temperature change. In addition, the shape-memory effect of 
SMPs will be expressed if the structure of SMPs can be stabilized and main-
tained against the temperature change or deformation. These can be achieved 
by introducing cross-linking into the materials to enhance the structural integ-
rity, and selecting the polymer chains that act as a molecular switch in a net-
work for particular applications. From these perspectives, the shape-memory 
material in a polymer system can be broadly classified into two types of net-
work architecture: (1) a physically cross-linked network (type I) and (2) a cova-
lently cross-linked network (type II). In addition, these can also be specifically 
separated by type of switching temperature (Tswitch), that is, glass transition 
temperature (Tg) (types I and II with Tg) and melting temperature (Tm) (types I 
and II with Tm). On the other hand, multiple-network systems (type III) includ-
ing their blends, interpenetrating network (IPN) structures and the hybridiza-
tion with SMPs and other materials such as nanoparticles, fluorescent dyes and 
conductive materials are called shape-memory composites (SMCs) and often 
used to endow multifunctionality to SMPs, although these can be classified on 
the basis of cross-linking methods and types of Tswitch. We basically divided the 
SMPs into these three types (types I–III) on the basis of their molecular struc-
tures. This classification, in other words, categorized their differences in fixing 
mechanism and origin of permanent shapes, which is also the “states” of their 
architectures. In this review, we outlined the development in the fields of SMPs, 
and especially focused on the recent progress of SMP systems with discussion 
based on the above three categories as shown in Fig. 7.3.

7.1  Introduction
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7.2.1  Physically Cross-Linked Glassy Networks (Type I 
Tswitch = Tg)

One of the major types of SMPs is a physically cross-linked glassy polymer (type 
I) with glass transition temperature (Tg), which is the temperature of reversible 
transition in amorphous materials or in amorphous regions within semicrystalline 
materials from a hard glassy state to a rubbery molten state. Although the physical 
cross-linking generally results in less structurally stable networks than the chemi-
cal cross-linking, this type of network can be designed by introducing another 
phase as physical network points separated from the switching phase that deter-
mines the Tswitch in a system. The phase provides the mechanical strength of the 
network structure in shape-memory materials at T < Tswitch as well as acts as the 
fixation domain that determines the permanent (original) shape of materials. We 
can easily design this class of SMPs by simultaneously introducing both the hard 
segments, which determine the highest thermal transition (Thigh or Tperm that is the 
temperature stabilizing the permanent shape by acting as physical netpoints), and 
the soft segments, which determine the switching temperature (Tswitch) in materi-
als. In type I SMP networks, the shape of materials is maintained at T < Tperm; 
however, it is more viscous and fluid at T > Tperm. Therefore, Thigh and Tperm dic-
tate the stable temperature range of SMPs designed by physical cross-linking. 
From this consideration of molecular properties, a block copolymer system is the 
most prominent building block of type I SMPs, and this class of SMPs (type I) 

Fig. 7.3  Classification on the basis of types of polymer network architecture: physically cross-
linked (Type I) and covalently cross-linked SMPs (Type II) with single or multipolymer compo-
nent, and physically or chemically cross-linked shape-memory multinetwork and composites as 
multifunctional materials (Type III) [89]
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is constructed using conventional thermoplastics technology. The materials are 
also divided into two categories according to the type of the hard segment, that is, 
either the Tperm is a Tg or a Tm in a two-way shape-memory system. This type of 
SMP that has a glassy amorphous domain or a highly crystalline domain in materi-
als may serve as physical cross-linking points affording the mechanical strength 
above Tg of switching domains required for the shape memory to be developed, 
basically in the form of phase-segregated block copolymers. In the case of SMPs 
driven by Tg, one observes a relatively broad transition in most cases over a broad 
temperature range, and it is important for this type of SMP that the Tg is within 
a narrow temperature range, and a prerequisite is Tg that is set above the usual 
operating temperature of this material. When the temperature surpasses Tperm (Tg 
or Tm derived from the component of hard segments) of these physically cross-
linked domains, materials will flow and become molten, but can still be processed 
and transformed into other shapes as described above. Another continuous domain 
with a lower Tg (Tswitch) behaves as a softened rubbery state at Tswitch < T < Tperm 
and can be fixed as a secondary shape by cooling to T < Tswitch. Therefore, Tg in 
phase-separated block copolymers can be used as a switching temperature to drive 
the shape-memory effect. In this paragraph, we mentioned that the shape-memory 
effect in polymer systems can be triggered using glass transition phenomena.

Thermoplastic polyurethane (PU) elastomers are typical SMPs that can now 
be produced on an industrial scale by prepolymer methods (discussed in detail in 
“Sect. 7.3.2”). In the 1980s, a Japanese company (Mitsubishi Heavy Industries, 
MHI) marketed a shape-memory polymer driven by Tg. Hayashi and co-workers 
fabricated shape-memory linear PU that exhibits a Tg in the range between −30 
and 30 °C [30, 31], and these PU systems were described in a patent in 1992 
[32]. Currently, Tg of MHI’s PUs is freely adjustable in the range between −40 
and 120 °C by controlling the type of material component, molecular weight 
and composition [33]. This on-demand regulation of Tg in a broad range is one 
of the most prominent features of SMP systems. These PU elastomers were basi-
cally composed of hard-segment phases, which are synthesized using isocyanate/
alcohol compounds, and the switching-segment phases are polymer blocks such 
as polyesters and polyethers. Generally, PU systems are multiblock copolymers 
consisting of alternating oligomeric sequences of hard and switching (soft) seg-
ments. Hard segments form physical cross-linking points by means of van der 
Waals, dipole-dipole interaction, hydrogen bonding, or crystallization, with such 
cross-linking being capable of withstanding moderately high temperatures with-
out being destroyed, especially at T < Tperm. In the case of the material system 
with perfect phase separation, the Tg can be used as the Tswitch that originated 
from the switching-segment block. However, materials show mixed Tg values 
compared with those of hard and switching segments in a system with less phase 
separation, that is, the solubility is different between the components. In this 
case, Tswitch can typically be found for short switching-segment blocks because 
the increase in length of the switching segment generally results in the increase 
in Tg. This mixed Tg would clearly be observed between the Tg values of the 
hard and switching segments in a pure system [34, 35]. Lin and Chen reported 
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on the PU systems with hard segments composed of methylene diphenyl diisocy-
anate (MDI) and 1,4-butanediol and a polyether switching segment composed of 
poly(tetramethylene oxide) (PTMO), also called poly(tetrahydrofuran) (PTHF) 
with low molecular weights. By changing the contents of the hard and switching 
(soft) segments of PUs, the morphology of the phase-separated structure, which 
depends on the content of the hard segment, also changed [34]. In fact, the PUs 
with a greater amount of MDI and 1,4-butanediol, that is, in the case of large 
hard-segment contents, showed higher Tg, and a lower modulus ratio of the PUs 
was obtained. In addition, they also reported that the Tg of the switching-segment 
phase was affected by the molecular weight of PTMO (component of switch-
ing segments) [35]. Since the differences in structures of the hard and switching 
(soft) segments in the PU system strongly affected their shape-memory behavior, 
these results suggest that the precise control of molecular architectures such as the 
molecular weight and phase-separation structures is particularly important for the 
fabrication of better shape-memory materials. Besides the PU system combined 
with PTMO, other polymers such as poly(ethylene adipate) [15], poly(propylene 
oxide), and poly(butylene adipate) [30, 32] have been utilized as building blocks 
of the switching-segment-forming phase in PU systems.

On the other hand, poly(norbornene) (PN) is also classified under this type I 
SMPs. As described in “Sect. 7.1” (Introduction), PN was developed by the 
French company CDF-Chimie and was commercialized in Japan by Nippon Zeon 
Company in the 1980s under the brand name “Norsorex”. Norsorex is synthesized 
by a ring-opening metathesis polymerization of norbornene monomer, which was 
made from ethylene and cyclopentadiene, in the presence of a catalyst, tungsten-
carbene complex. Norsorex is a linear and amorphous PN, which has an ultra-
high molecular weight (Mw = 3 × 106) [12, 36, 37]. PNs have Tg of 35 °C, and 
they have been used as synthetic rubber because of their low hardness but high 
strength, low resilience and large vibration absorption ability. Different from the 
network system constructed using PU, physically cross-linked network points 
in Norsorex were formed by entanglements of the ultrahigh-molecular-weight 
PN chains. The thermal and shape-memory properties can also be controlled by 
manipulating the molecular architecture, which is the content of the trans-linked 
norbornene in the PN system, that is, stereoisomerism of the polymer. Despite 
these desirable characteristics, PN exhibits relatively poor resistance to creep in 
the retracted state at T > Tg, which limits the application of the PN system espe-
cially at high temperature. Jeon et al. addressed this problem using PN reinforced 
with polyhedral oligomeric silsesquioxane (POSS) macromer [38]. This POSS 
macromer has a spherical inorganic silica core surrounded by seven inert alkyl 
groups and one reactive group. Because the POSS macromer is a well-defined 
cluster whose diameter is approximately 15 Å and its properties such as its sol-
ubility can be freely adjusted by modifying the functional group on POSS, the 
introduction of POSS macromers into the polymer backbone by polymerization 
with norbornene and a single reactive site on the POSS macromer leads to changes 
in thermal property (Tg and Tperm) and mechanical reinforcement, in addition to 
oxidation resistance and flammability based on the molecular structural features 
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[39–43]. The microstructural ordering of POSS macromers in the matrix (physi-
cally cross-linked networks) has been found to depend on the types of modified 
corner’s functional group present on the POSS macromer. More importantly, the 
POSS microstructures in the matrix clearly affected their thermal, mechanical and 
shape-memory properties. Clearly, better shape-memory properties in PN rein-
forced with functionalized POSS can be observed relative to that in the pure PN 
(Norsorex) system.

These two miscible blend systems in type I SMPs have been extensively 
studied by Mathers and co-workers, for example, poly(vinyl acetate) (PVAc)/
poly(lactic acid) (PLA) and PVAc or poly(methylmethacrylate) (PMMA)/
poly(vinyldiene fluoride) (PVDF) [44, 45]. These two systems are both molten and 
miscible independent of blend ratios, PVAc and PMMA being totally amorphous 
in the system. In contrast, both PLA and PVDF show semicrystalline features, and 
have a degree of crystallinity of about 50 % individually. The degree of crystal-
linity of the blends can be varied from 0 to 50 % according to the blend ratio of 
PLA and PVDF. In this system, the crystal regions serve as physical cross-linking 
points, and also, the crystallinity controlled the rubbery modulus. In fact, the Tg of 
the amorphous phase works as a Tswitch and can be tailored between the Tg values 
of PLLA and PVDF depending on the blended ratios. These results also indicate 
the importance of molecular design in SMPs.

7.2.2  Physically Cross-Linked (Semi)Crystalline Networks 
(Type I Tswitch = Tm)

If we selected and introduced some crystallizable block polymers as the compo-
nent of the switching (soft)-domain-forming phase to prepare the physically cross-
linked networks, their melting temperature (Tm), where the polymer changes state 
from solid to molten liquid, will act as shape-memory switching temperature, and 
the secondary temporary shapes can thus be fixed by crystallizing this phase. In 
the same way as described above (Sect. 7.2.1, type I Tswitch = Tg), this type of 
SMP has a glassy amorphous domain or a highly crystalline domain serving as 
physical cross-linking points affording the mechanical strength above Tm, instead 
of Tg. Basically, the enthalpy change of the phase transition from a solid to molten 
liquid is much larger than that of the glass-rubber transition. Therefore, the use of 
the melting property is favorable for creating more sensitive temperature-respon-
sive SMPs. As a major example of this type of SMP, block copolymers were syn-
thesized from styrene and 1,4-butadiene. In the 1990s, styrene-butadiene-based 
SMPs were developed and commercialized by Asahi Kasei Corporation under the 
trade name Asmer [12]. Asmer is the block or graft copolymer of poly(styrene-
block(graft)-butadiene) and physically cross-linked (thermoplastic) shape-memory 
resins, in which the Tm was adjusted to 60 °C by controlling the contents of trans-
form poly(1,4-butadiene) (PBD) as the switching-segment-forming phase. Similar 
to the PN (or PN reinforced with POSS) described above, the stereoisomerism of 
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the polymer is also one of the factors that determine the shape-memory property. 
Owing to the immiscibility between the poly(styrene) (PS) and PBD block, the 
copolymer phase separates and PS blocks form discontinuous, amorphous micro-
domain structures. The Tm of the PBD crystallites represents the Tswitch for the 
thermally induced shape-memory actuation, that is, it works as the switching (soft) 
domain in the physically cross-linked SMP network. Moreover, PS exhibits a sof-
tening temperature of approximately 100 °C and acts as a hard-segment forming 
phase in Asmer. This high Tg that originated from the PS blocks in the copoly-
mer inhibits the slipping of PBD chains under stretching condition. Importantly, 
regulation of the mechanical property affects not only the range of elastic strain 
but also the shape recovery because of the entropy relaxation in SMPs that origi-
nated from the amorphous regions of the PBD phase. In addition, Sakurai and co-
workers also further studied the details of these block copolymers [46, 47]. For 
the block copolymer with the higher content of high-molecular-weight PBD, the 
formation of two different crystal phases in PBD blocks has been found. As a 
result of the formation of the two crystal phases, a reversible solid-state transfor-
mation is possible between these two crystal phases. However, the existence of the 
two different crystal phases does not allow the exact tuning of Tswitch, although 
the Tm usually provides a sharp transition. Interestingly, a higher recovery rate 
was observed even for the sample that was subjected to more than five times larger 
strain than the original length and then fixed. The strange and unique shape-mem-
ory effect is explained by the formation of an oriented crystal phase, which forms 
a fibril-like morphology with high regularity over large distances, upon applica-
tion of high elongations of up to 600 %, and the formed single fibrils are linked 
through amorphous PBD chains that are anchored together with several crystallites 
at the same time. Not only the diblock copolymer but also the triblock copolymers 
of poly(styrene-butadiene-styrene) (P(St-BD-St) as those of a similar system have 
been reported [48]. In the case of P(St-BD-St), the triblock copolymer is prone to 
segregate strongly with a minor component (only 10–30 vol%) of PS blocks. In a 
similar fashion to the diblock copolymer system, the PS domain at each end part of 
the triblock copolymer serves as a hard segment and poly(butadiene) (PBD) parts 
serve as a switching (soft) segment. Because the hard-segment content is low, a 
major component is the switching segment in this system. Therefore, a sharp tran-
sition behavior in shape-memory activation will be expected in this type of SMP.

A further example of this type of SMP is the linear, phase-separated block 
copolymers made of poly(ethylene terephthalate) (PET) and poly(ethylene 
oxide) (PEO) [49–52]. In this PET-PEO block copolymer, PET and PEO form 
the hard and switching (soft) segments, respectively. In PET-PEO block copoly-
mers, Tperm that originated from Tm of the hard segment-forming PET blocks is 
260 °C. The Tm and degree of crystallization of PEO can be varied between 40 
and 60 °C depending on both the molecular weight of PEO and PET content in 
the copolymer, and the crystal phases formed by PEO determine the Tswitch in the 
SMP network. A similar structural transformation of crystallites upon stretch-
ing and elongating the sample in the P(St-BD) copolymer was also observed in 
the PET-PEO block copolymer system. Triblock copolymers made from PTHF 
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and poly(2-methyl-2-oxazoline) (PMO) are also classified into type I with 
Tswitch = Tm. These triblock copolymers (P(MO-THF-MO)) were successfully 
synthesized by cationic ring-opening polymerization, and the copolymer has a 
central PTHF block and terminal PMO blocks [53]. The PMO blocks exhibit Tg at 
approximately 80 °C, and these blocks serve as hard segments. The PTHF blocks 
are semicrystalline and exhibit Tm between 20 and 40 °C; this Tm can be used as 
Tswitch for a thermally driven shape-memory effect. Because these triblock copoly-
mers exhibit a clear microphase separation, both Tg that originated from PMO and 
Tm that originated from PTHF have almost the same values compared with those 
of homopolymers. At the same time, the elastic properties of PTHF parts in the 
triblock copolymer are different from those of the PTHF homopolymer, that is, the 
softening that occurred at above Tm is incomplete in copolymerized PTHF because 
of a network formation by physically cross-linked PMO blocks.

On the other hand, PUs with a semicrystalline polymer as the switching 
(soft) segments can be classified into type I with Tswitch = Tm. As described in 
“Sect. 7.2.1”, conventional PUs are considered as multiblock copolymers con-
sisting of random sequences of oligomeric hard and switching (soft) segments. 
Poly(ε-caprolactone) (PCL) is often used as the switching segment forming poly-
mer networks. PCLs with more than one hydroxyl group at the end group, such as 
PCL-diol, are generally used to incorporate the PCL as switching (soft) segments 
into the PU network. Polyesterurethanes (PEUs) are PUs with a hard segment syn-
thesized from methylenebis(4-phenylisocyanate) (MDI) and 1,4-butanediol and 
with a switching segment of PCL [54–56]. The crystallizable PCL forms the ther-
mally reversible switching segments caused by crystal-amorphous transition, and 
the temporary shape can be fixed by crystallizing these segments. The Tswitch for 
shape-memory activation in PEUs can be easily changed by adjusting the molecu-
lar weight and fraction of PCL, that is, the amount of the switching segment in the 
system. The advantages of polyurethane systems including not only PEUs but also 
polyetherurethane, which is the often used PEO that contains ether bonds in the 
polymer main chain as the switching-segment-forming phase. Those are simplicity 
and ease of modulating their Tswitch, stiffness at room temperature, and their com-
positions, opening the possibility of being biocompatible and biodegradable.

We defined type I SMPs as the network structure stabilized by physical cross-
linking. The methods of physical cross-linking are not only the entanglement 
of polymer chains with higher molecular weight and molecular interaction of a 
hard-segment forming phase as discussed above, but also the incorporation of 
ionic and mesogenic components into the hard-segment phase in SMP networks, 
which have been reported [57, 58]. Both ionic and mesogenic components incor-
porated in the hard segment can influence the mechanical and shape-memory 
properties. This is why the degree of phase separation as a result of the intro-
duction of additional intermolecular interactions is enhanced. These functional 
components can stably form the domain structures, and will further enhance 
the degree of physical cross-linking in the system, and result in mechanical and 
related shape-memory properties. In fact, networks with ionic components intro-
duced showed elasticity similar to that of a covalently cross-linked network [59, 
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60]. In addition, owing to the easy processing and manufacturing of this type of 
SMP, which is usually called thermoplastic technology, various fabrication pro-
cesses such as electrospinning and foam technology can be used to design the 
other types of fabric such as shape-memory fibers and foams; thus, these will be 
used for various applications.

7.2.3  Covalently Cross-Linked Glassy Networks (Type II 
Tswitch = Tg)

One of the major types of SMP is a cross-linked glassy polymer with glass tran-
sition temperature (Tg). In this book, we defined the covalently cross-linked 
networks as type II SMPs. This class of materials (type II) has attractive charac-
teristics that include an excellent degree of shape recovery afforded by rubbery 
elasticity owing to the nature of the permanent (or near permanent) cross-link-
ing, tunable work capacity during recovery owing to a rubbery modulus that 
can be adjusted through the extent of covalent cross-linking, and an absence of 
molecular slippage between chains seen in physically cross-linked SMP net-
works owing to strong chemical cross-linking of covalent nature. However, in 
contrast to the physically cross-linked SMPs (type I), in this type of SMP (type 
II), it is difficult to reshape the materials once the shape is formed by cross-link-
ing because the permanent (original) shape is covalently fixed. In contrast to the 
term “thermoplastic” in the case of type I, they are often also called thermo-
set (thermosetting plastic). A typical material of this type (type II), cross-linked 
poly(vinyl chloride) (PVC), can be prepared by thermal dehydrochlorination and 
subsequent cross-linking of PVC in HCl atmosphere [61]. It is well known that 
many factors such as molecular weight of polymers, reaction temperature and 
reaction time affect the properties of the material created by the dehydrochlorin-
ation of PVC. It is widely accepted that the dehydrochlorination of PVC occurs 
through the zip (zipper) mechanism. The first step (initiation) is the formation 
of an olefin site. Because of the activation in allyl groups, the double bond pre-
sent in the polymer chain activated the monomeric unit in its vicinity (the zip-
per propagation) [62, 63]. Skákalová et al. studied the cross-linking reaction of 
PVC with a molecular weight of ca. 50,000, and revealed that the dehydrochlo-
rination reaction in a short time effectively worked to obtain the stable cross-
linked structures by changing the degree of dehydrochlorination [61]. However, 
an increasing level of degradation of the polymer chains takes place, which is 
accompanied by a loss in the thermal and mechanical stabilities of the result-
ant cross-linked PVC in the samples with a higher degree of dehydrochlorina-
tion. This feature also affected their shape-memory properties, that is, although 
the very weakly dehydrochlorinated sample shows almost no recovery, the sam-
ples with a higher degree of dehydrochlorination exhibit a better shape-memory 
property. These results suggest that the cross-linking method is also one of the 
factors that determine the properties of SMPs.
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On the other hand, other SMPs classified into type II (Tswitch = Tg) are those 
based on renewable natural sources. Li and co-workers extensively studied this 
type of SMP for the system comprising copolymerization and chemical cross-
linking of renewable natural oils with acrylate monomers to obtain copolymer 
networks. They mainly focused on the SMP networks made of soybean oil as bio-
logical oil and various alkenes by cationic copolymerization [64–68]. Soybean oil 
is one of the cheapest and most abundant annually renewable resources. Although 
the original double bonds of carbon (C=C bonds) of the soybean oil side chains 
typically remain unreacted during the free radical copolymerization, they have 
successfully prepared a series of random copolymers synthesized by the cationic 
copolymerization of regular soybean oil, low-saturation soybean oil, or conjugated 
low-saturation soybean oil with various alkene comonomers. The SMP networks 
based on the soybean oils and alkene comonomer show tunable glass transition 
and mechanical properties by changing the monomer ratio. These SMP networks 
exhibit excellent shape fixing and shape recovery properties at sufficiently higher 
temperature than Tg. Because of the broad nature of glass transition behaviors 
and the coexistence of rigid glassy and soft elastic segments, incomplete shape 
recovery is also observed in this system. The idea of utilizing abundant renewa-
ble resources is important and prominent for overcoming the energy problem that 
besets the world.

The copolymer networks with the shape-memory property can also be 
designed using a combination of a star-shaped reactive polymer and diiso-
cyanate. Isocyanate chemistry is not only useful for the preparation of physi-
cally cross-linked shape-memory networks as described above, but can also 
be utilized for the design of covalently cross-linked shape-memory networks. 
In this case, the cross-linking reaction requires a polymer with multiple reac-
tive groups and compounds with more than two isocyanate groups to obtain the 
stable network structures. Lendlein et al. have developed Tg-based chemically 
crosslinked SMP networks that were prepared from the star-shaped hydroxyl-
telechelic poly(rac-lactide-co-glycolide) (PLGA) and aliphatic diisocyanates 
[69]. The advantage of this system is the ease of manipulation of structural vari-
ation, which allows for the regulation of Tg in the range between 48 and 66 °C. 
The resultant copolymer networks exhibit good shape-memory properties (high 
shape-fixing ratio ~98 %, high shape-recovery ratio 98 %: more details of these 
characterizations (calculation) will be discussed in “Sect. 7.4.2”). In addition, 
these SMP networks are biodegradable and show relatively fast degradation 
compared with a single PCL network, which have used slightly different com-
ponents to form the SMP networks, as reported by the same group [25]. Since 
the completely amorphous polymer networks with thermally induced shape-
memory effects described in the literature up to this time were not originally 
developed for biomedical applications and are nonbiodegradable, this report 
is important for first designing amorphous, biodegradable, shape-memory net-
works. Similar network structures have also been prepared by the conetwork 
formation of PLGA-dimethacrylate and two different alkyl acrylate comono-
mers. In the case of PLGA-dimethacrylate alone, the formed networks tend to 
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be brittle below Tg (55 °C) and difficult to handle in the course of the network 
synthesis and extraction without destroying the samples. To overcome this prob-
lem, Lendlein et al. studied the incorporation of a second amorphous phase with 
a low Tg into the PLGA network, which keeps the material elastic, which is a 
potential strategy to effectively improve the mechanical properties of the net-
works with PLGA-based segments [70]. This utilization of comonomers in net-
work formation is often used to design stable and robust covalently cross-linked 
SMP networks.

7.2.4  Covalently Cross-Linked (Semi)Crystalline Networks 
(Type II Tswitch = Tm)

Aside from the glass transition as a critical temperature, the melting transition of 
semicrystalline networks can also be employed to trigger shape recovery, typically 
giving a sharper recovery event similarly to a physically cross-linked network 
driven by Tm. Here, the secondary shapes are fixed by crystallization instead of 
being fixed by vitrification seen in the system of Tswitch = Tg. Similarly to the first 
class, the permanent shapes are established by chemical cross-linking and cannot 
be reshaped after processing. Compared with glassy materials, this class of materi-
als is generally more compliant below the critical temperature, with a stiffness that 
is sensitive to the degree of crystallinity, and thus indirectly to the extent of cross-
linking because the cross-linking usually tends to inhibit the crystallization of pol-
ymer chains. Shape recovery speeds are also faster for this first-order transition 
with an often sharper transition zone owing to the higher enthalpy of transition 
than Tg. This class of materials includes bulk polymers, such as semicrystalline 
rubbers and liquid-crystal elastomers (LCEs), and hydrogels with phase-separated 
crystalline microdomains.

Semicrystalline rubbers have been favored as shape-memory materials as a 
result of their superelastic rheological characteristics, fast shape recovery, and 
flexible modulus at the fixed stage. One classic material of this family of SMPs 
is chemically cross-linked trans-polyisoprene (TIP) [71], which is a semicrystal-
line polymer with a Tm of 67 °C and a degree of crystallinity of approximately 
40 %, giving a stiffness of about 100 MPa at room temperature. TIP was chemi-
cally cross-linked by peroxides, the enzyme for catalyzing the oxidation-reduc-
tion reaction, at 145 °C for 30 min to form a three-dimensional network, thus 
establishing the permanent (primary) shape and creating the superelastic prop-
erty required for shape recovery above its Tm. Thermal instability inhibits the 
final application of this material owing to the high density of unsaturated dou-
ble bonds, which are the cause of the high toxicity. On the other hand, Mather’s 
group has successfully developed a chemically cross-linked, semicrystalline 
trans-polyoctenamer (polycyclooctene, PCO) with a trans content of 80 %, a 
Tg of 270 °C, a Tm of 58 °C, and a much better thermal stability, for shape-
memory applications [72]. When cooling a strained sample to sufficiently below 
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Tm, crystalline domains begin to form and ultimately percolate the sample, at 
that point establishing strain fixing. When heated above Tm, in fact, they were 
heated to 80 °C, the crystals melt to an amorphous phase, which is a molten 
phase with high mobility, leaving the chemical crosslinks to reestablish the pri-
mary shape. This cross-linked PCO has elasticity similar to that of rubber at 
temperatures above Tm and thus can be deformed easily by applying an exter-
nal force to obtain a new secondary shape. The secondary shape can be fixed 
by crystallization during the subsequent cooling process to a temperature suf-
ficiently below the Tm. The cross-linked SMP network will maintain this tempo-
rary shape as long as the crystals are not destroyed at the temperature below the 
Tm. Therefore, the SMP with temporary shape is extremely stable below Tswitch. 
On the other hand, the fixed deformation as the temporary shape can return to 
the primary original shape immediately when the samples are heated above their 
Tswitch (Tm in this system), where the fixing phase disappears. The stiffness at 
room temperature, transition temperatures (Tswitch), and rubbery modulus can 
be tuned independently by blending with rubbery or solid components, manipu-
lating the tacticity of PCO and controlling the cross-linking degree, that is, by 
designing the network structures [73]. Similarly, polyethylene (PE) has been 
modified to endow the shape memory ability by radiation cross-linking. It has 
been well known as heat-shrinkable tubes used for many applications, although 
the Tm is inconveniently high (110 < Tm < 150 °C) [74, 75].

Using an analogous concept, Lendlein et al. have developed shape-memory 
biodegradable polymers by synthesizing and copolymerizing a narrowly dis-
persed, oligomeric PCL dimethacrylate with n-butyl acrylate under UV radia-
tion to yield a multiblock structure [25]. The PCL segments form a crystalline 
structure as switching segments to fix the secondary shape at low temperature, 
leaving the Tm of the PCL segments to control the shape recovery temperature. 
Meanwhile, the amorphous n-butyl acrylate main chains, together with the PCL 
dimethacrylate as a cross-linker, form a network that gives rise to the permanent 
shape and provides the excellent shape recovery by a softening effect with its 
low Tg (−55 °C). The advantage of this class of material lies with the very sharp 
melting transition, owing to the uniformity of the crystals generated by PCL seg-
ments with almost identical molecular length. In other words, the uniformity of 
the crystals is strongly affected by the homogeneity of the PCL structure at the 
molecular scale. A sharp transition should ensure a sharp and fast shape recov-
ery. However, this SMP characteristically returns to its primary shape in 20 s on 
a hot plate at 70 °C, which is too slow, even though the heating temperature is 
sufficiently high. A plausible reason for such a slow recovery is that the sample 
may not have been uniformly and effectively heated. An additional contribution 
of their system is the application of a photocuring method to quickly fabricate 
shape-memory polymers directly to their permanent shapes. Another advantage 
of the photocuring method is its applicability to a more complex three-dimen-
sional (3D) shape and configuration. Recently, other synthetic methods based on 
radiation cross-linking have also been proposed to construct biodegradable PCL 
networks exhibiting excellent shape-memory properties [76–79].

7.2  Classification on the Basis of Polymer Network Architecture
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7.2.5  Shape-Memory Multiple Networks and Composites 
(Type III)

Driven by potential applications, such as intelligent implants, devices or textiles, 
the question arises whether the shape-memory effect of polymers can be combined 
with different functions that are not directly linked to the shape-memory effect. 
Examples of such functionality combinations are electrical conductivity and 
shape-memory effect, change of color and shape-memory effect, or degradability 
and shape-memory effect [24, 80, 81]. Multifunctionality is the targeted combina-
tion of material functions that are not linked with each other [82]. The develop-
ment of such multifunctional materials is a highly interesting challenge in basic 
research. Several approaches have been explored for creating multifunctionality, 
involving one-component polymer systems as well as multimaterial systems, e.g., 
combining two polymers or a polymer and inorganic (nano)particles. One example 
of a single macromolecule, in which several functionalities have been integrated 
into the polymer structure, is polymer networks, in which an additional functional-
ity (e.g., hydrolytical degradability) was obtained by inserting easily hydrolysable 
bonds [25, 83, 84]. That is, the information of objective function can be directly 
input into the structure of the designed polymers by synthetic (molecular design) 
approaches. Multifunctional one-component polymer systems were realized as 
multiblock copolymers, in which the additional functionality has been incorpo-
rated in one or both segments [24, 85]. In multimaterial systems, the additional 
functionality, e.g., electrical conductivity, results from the integration of an addi-
tional material (e.g., carbon nanotubes) in a polymer network or multiblock copol-
ymer [86–88].

As shown in Fig. 7.4, the various external stimuli, such as not only heat [26, 
89] but also light (photo) [81, 90–94], moisture (water) [95–98], magnetic field 
[99–104], radio frequency [105] and infrared (IR) light [106–108], can be utilized 
as the trigger to activate the shape-memory effects. In 2005, Lendlein et al. first 
demonstrated the light-induced shape-memory polymers [90]. They introduced the 
cinnamic acid or cinnamylidene acetic acid groups as photoresponsive molecular 
switches, which are known to undergo efficient photoreversible [2 + 2] cycload-
dition when the sample is exposed to an alternating wavelength (λ > 260 nm, 
λ < 260 nm in this experiment) to achieve the photoresponsive shape-memory 
effects. For this light-induced SMP, shape-memory properties such as the strain 
fixing ratio are much lower than those of thermally induced SMPs. However, the 
unique characteristics of light-induced SMPs enable the remote activation of shape 
memory, and many applications that are difficult to achieve with the thermore-
sponsive SMPs will be developed in the near future. Their group has also devel-
oped the magnetoresponse SMP [99]. The magnetically induced shape-memory 
effect was achieved using the composites from the physically cross-linked poly-
mer multinetwork (type I), which is formed by PCL as the switching (soft) seg-
ment and poly(p-dioxanone) as the hard segment, and magnetic nanoparticles, 
which consisted of an iron(III) oxide core in a silica matrix. In this system, the 
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power of the magnetic field is converted to thermal energy, that is, induction heat-
ing of magnetic nanoparticles. On the other hand, Hazelton et al. developed the 
radio-frequency-induced SMP using a composite of covalently cross-linked epoxy 
network (type II SMP) and magneto-electroelastic particles [105]. They demon-
strated that radio-frequency energy coupling is strongly dependent on the applied 
radio frequency and the level of filled magneto-electroelastic particles, and the 
radio-frequency energy can be used to actuate the shape-memory effect without 
interfering with the performance of the SMP. By a similar approach using nano-
carbon particles, an infrared light-active SMP was also developed by Leng et al. 
[106]. Because of the high storage modulus and high infrared absorption capa-
bility of the nanocarbon particles, the better shape-memory effect of these com-
posites was reported. From these results, the multiple-network formation such as 
that of IPN, a blended structure, and a composite with other functional materials 
should be a very efficient method of obtaining the SMP with multifunctional prop-
erties; hence, we classified this class of SMP as type III SMPs.

Fig. 7.4  Various external stimulus-induced SMPs. By introducing the switching function into 
the molecular structure or their network, activation other than heating can be integrated into the 
SMPs

7.2  Classification on the Basis of Polymer Network Architecture
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7.3  Synthetic Methods

7.3.1  Synthesis of SMPs as Building Blocks

We already discussed the classification of SMPs according to the nature of their 
formed network points that are either physically cross-linked (type I) or covalently 
cross-linked (type II) SMPs. In addition, these SMPs were subdivided based on 
their switching type into either Tg-type SMPs with an amorphous phase or Tm-
type SMPs with a crystalline phase as described earlier. The shape-memory 
properties are closely related to the molecular architectures because the thermal 
and mechanical properties strongly depend on the molecular structure of SMPs. 
Therefore, the design and synthesis of SMPs as building blocks and their network 
structures are critical for regulating the shape-memory properties on demand for 
any application. Generally, conventional polymerization methods including step 
polymerization and addition polymerization can be used for both the synthesis of 
polymer building blocks and network formation. From the viewpoint of the syn-
thesis of polymer building blocks, polymeric materials are synthesized from small 
molecules called monomers with more than two reactive sites on the monomer. 
There are essentially two types of polymerization reaction. In the condensa-
tion reaction (sometimes called step-growth polymerization), two reactants with 
degrees of polymerization, m and n, combine to form their respective polymers. 
The characteristics of this type of polymerization are (1) stoichiometric concerns, 
(2) relatively slow reactions, (3) successive condensation reactions or “coupling”, 
(4) gradual increase in molecular weight, (5) release of small molecules such as 
H2O and HCl, and (6) repeat unit often not the same as the monomer structure. 
For example, polymers such as polyesters, polyamides, polyethers and polysi-
loxanes are synthesized by condensation polymerization where polymer chains 
are formed through the reaction between carboxylic acid and alcohol, carbox-
ylic acid and amine, dehydration of diols, and condensation of SiOH (silanol). 
Condensation polymerization of this type is called polycondensation polymeriza-
tion because the polymerization proceeds successively to form the polymer chains. 
Although the condensation polymerization is accompanied by the elimination of 
small molecules during the reaction, there is the same condensation polymeriza-
tion that proceeds without liberating small molecules. This type of condensation 
polymerization is called polyaddition polymerization, and it can be applied to the 
network formation of SMPs such as polyurethanes and polyureas (discussed in 
detail in Sect. 7.3.2). On the other hand, addition polymerization, which is also 
called chain-growth polymerization, was also used to synthesize the network-
forming SMP components. Among them, the addition polymerization, which can 
be initiated by free radicals, is free radical polymerization that is often used to 
synthesize the SMP component and for the network formation of SMPs. In this 
polymerization, one monomer is added at a time to the growing chain. Free radi-
cal polymerization can be applied to many vinyl monomers such as ethylene, pro-
pylene, styrene, vinyl chloride and vinyl acetate to obtain the homopolymers and 
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copolymers. In addition, ionic polymerization is also considered as a similar type 
of addition polymerization. In ionic polymerization, the active center is the ionic 
charge instead of the free radical. Therefore, ionic polymerization is more mono-
mer specific than initiation by free radicals. Only monomers that can sufficiently 
stabilize positive or negative charges will undergo ionic polymerization, which is 
called cationic or anionic polymerization, respectively, depending on the charge 
of the species. For example, it is well known that rubbers made of isobutylene 
and isoprene were synthesized by cationic copolymerization in the presence of a 
Lewis acid initiator (AlCl3), and the polymerization of styrene in liquid ammonia 
is one of the first examples of anionic polymerization. Recently, living polymeri-
zation has also been spotlighted to construct the SMP components with a precise 
molecular structure. Living polymerization is a form of addition polymerization 
where the capability of a growing polymer chain to terminate its own growth has 
been removed [109]. This can be accomplished in various ways. Chain termina-
tion and chain transfer reactions, which are the main causes of the nonuniform-
ity of conventional polymerization, are absent, and the rate of chain initiation is 
also much higher than the rate of chain propagation. The result is that the polymer 
chains grow at a more constant rate than seen in traditional chain polymerization, 
and their lengths remain very similar, which means that they have a very low poly-
dispersity index. Living polymerization is now a popular method for synthesiz-
ing not only homopolymers but also block copolymers because the polymer can 
be synthesized in stages, each stage containing a different monomer. Additional 
advantages are predetermined molar mass and control over end groups that are 
well-defined molecular structures.

Designing SMPs includes selecting suitable network points, which deter-
mine the permanent shape, and net chains, which act as switching segments. 
Furthermore, appropriate synthetic strategies have to be developed as described 
above for the synthesis of SMP components. The risk of possible toxic effects 
of polymers can already be minimized by selecting monomers whose homo- or 
copolymers have been proven to be biocompatible, and this is a very important 
issue for biomedical applications. Appropriate switching segments for degrada-
ble SMPs can be found by considering the thermal properties of well-established 
degradable implant materials. The respective macrodiols, which can be used for 
the synthesis of shape-memory polymers, can be produced by means of “ring-
opening polymerization” of lactones and cyclic diesters [110]. Ring-opening 
polymerization is classified into chain-growth polymerization, in which the termi-
nal end of a polymer acts as a reactive center of polymerization, where further 
cyclic monomers join to form a larger polymer chain through ionic propagation. 
The treatment of some cyclic compounds with catalysts brings about cleavage of 
the ring followed by polymerization to yield high-molecular-weight polymers. 
When the reactive center of the propagating chain is a carbocation, the polym-
erization is called cationic ring-opening polymerization; on the other hand, if the 
active center is a carbanion, the reaction is an anionic ring-opening polymeriza-
tion, which is the case of polypropylene oxide synthesis. A different type of ring-
opening polymerization, based on olefin metathesis, uses catalysts rather than 

7.3  Synthetic Methods



304 7 Shape-Memory Materials

cationic or anionic propagation. Ring opening polymerization can apply to the 
synthesis of both homopolymers and copolymers. Since 1994, our group has been 
studying the synthesis of SMPs, especially focused on the aliphatic polyester with 
biocompatibility and biodegradability. The first aim of the study is to investigate 
the application of a crystalline polymer network to a thermoresponsive biomate-
rial [111]. To achieve this purpose, crosslinkable aliphatic polyesters containing 
a PCL segment were prepared from tetrafunctional star-shaped macromonomers. 
The tetra-branched PCL-based copolymers were synthesized by ring-opening 
polymerization of CL and l-lactide (LLA) initiated with pentaerythritol, which 
is a tetra-alcoholic compound. The obtained materials, which consisted of CL 
homopolymer and LLA/CL block copolymer, exhibited a phase transition temper-
ature derived from the melting of the PCL segment. The transition temperatures 
(Tm) of developed polymers can be successively controlled by molecular design 
such as by manipulation of the ratio of CL to LLA in copolymers and chain length 
(molecular weight). We have also succeeded in regulating the transition tempera-
ture of SMPs by copolymerization of CL and d,l-lactide (DLLA) [112–114]. The 
regulation of Tm of polymers as building blocks is extremely important to form the 
SMP network because these Tm values also affect the transition behavior of result-
ing cross-linked materials as described below (Sect. 7.3.3).

7.3.2  Prepolymer Method (Type I Network)

All the linear polyurethane systems presented in this section are synthesized by the 
prepolymer method. Thermoplastic polyurethane (PU) elastomers are produced on 
an industrial scale by this technique. In this process, isocyanate-terminated pre-
polymers are obtained by the reaction of difunctional, hydroxy-terminated oli-
goesters and oligoethers with an excess of a low-molecular-weight diisocyanate 
(Fig. 7.5a). Low-molecular- weight diols and diamines are added as so-called 
chain extenders to further couple these prepolymers. Linear, phase-segregated PU 
or polyurethane urea (PUU) block copolymers are obtained in this way (Fig. 7.5a). 
Each polymer chain contains segments of high polarity composed of urethane and 
urea bonds that are linked through chain-extender molecules with hydroxyl and 
amine groups. As a result of their high intermolecular interaction, they form the 
so-called hard segments. Strictly speaking, they form the hard-segment phase that 
is embedded in an amorphous elastic matrix. This amorphous matrix, with its low 
Tg lying far below the normal operating temperature, forms the so-called switch-
ing (soft) segment. In the case of PUs with shape-memory effects, this segment 
serves as a switching segment. For this purpose, it is modified in such a way that 
the thermal transition is located in a temperature range relevant for the respective 
application. Hard-segment “clusters” with dimensions under micrometer scales 
are formed by the phase-separation process that occurs. These clusters have high 
Tg or Tm values and act as multifunctional physical network points determined as 
Thigh and Tperm in the SMP network. These are also called plastic domains because 
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they play the role of reinforcing the filler in the matrix. Their capability to deflect 
mechanical energy by deformation prevents the growth of microcracks. They also 
impart breaking strength and impact strength to the SMP network [115–118]. Ji 
and co-workers have reported that the PUs were prepared with PCL as the com-
ponent of switching (soft) segments and 4,4′-diphenylmethane diisocyanate as the 
chain extender and 1,4-butanediol as the component of hard segments by the pre-
polymer method [119]. They also demonstrated the nonaromatic shape-memory 
PUUs, which were synthesized with isophorone diisocyanate as the nonaromatic 
chain extender and aliphatic or cycloaliphatic diamines as the component of hard 
segments by the prepolymer method [120]. Then, they compared the developed 
shape-memory PUs and PUUs, and revealed that the recovery stress of shape 
memory in shape-memory PUUs was much higher than that of shape-memory 
PUs and that can be successfully controlled by adjusting the content of the hard 
segment [120]. On the other hand, Chen et al. prepared the shape-memory PU 
made of poly(hexylene adipate) (PHA), 4,4′-diphenylmethane diisocyanate and 
1,4-butanediol as a chain extender by this prepolymer method, and they success-
fully synthesized the shape-memory PU with different switching (soft) segment 
lengths and hard segment contents by a two-step reaction containing the prepol-
ymer method [121]. Their related study showed that the shape-memory property 
of PHA-based shape-memory PU was much better than that of PCL-based shape-
memory PU. Korley et al. also reported the shape-memory PU prepared by the 

Fig. 7.5  a Prepolymer method for the synthesis of physically cross-linked shape-memory pol-
yurethanes (SMPUs) (top) and multiblock copolymer network (bottom). Synthesis strategies for 
chemically cross-linked SMP network by b polymerization method and c direct cross-linking 
method of linear polymers [110]
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prepolymer method [122]. They designed the series of PUs with higher molecu-
lar weight containing the PEO and the triblock copolymer made of PEO and 
poly(propylene oxide) (PPO) as the switching (soft) segment forming component. 
They found that the PEO-based PU exhibits improved storage modulus and tough-
ness of the segmented PUs below the Tm of the switching (soft) segment. They 
suggested that these different mechanical behaviors of PEO-based and triblock-
copolymer-based shape-memory PUs originated from the crystalline switching 
(soft) segment that serves as an additional load-bearing component in the system 
during deformation. As found in these studies, the prepolymer method is a sim-
ple and versatile method of preparing the shape-memory PU and their derivatives 
such as PUUs by only selecting the building blocks to form the SMP network. 
Moreover, not only the components of hard and switching (soft) segments but also 
their phase-separated (segregated) structure, which is an important factor for the 
shape-memory property, can be easily manipulated by altering the preparation pro-
cess. Therefore, many researchers have adopted this method in the design of SMP 
networks, and work toward practical application in various fields using the pre-
polymer method.

7.3.3  Polymerization Method and Direct Cross-Linking  
of Linear SMPs (Type II Network)

There are two strategies for the synthesis of covalently cross-linked polymer net-
works. Firstly, the polymer network can be synthesized by polymerization, poly-
condensation, or polyaddition of difunctional monomers and macromonomers by 
the addition of trifunctional or higher functional crosslinkers. Figure 7.5b shows 
the synthesis of covalently bonded networks by treating methacrylate monomers 
with an oligomeric dimethacrylate as a macromolecular crosslinker. The chemi-
cal, thermal, and mechanical properties of the network can be adjusted by choos-
ing the monomers, their functionality, and the crosslinker content. Practically all 
polymerization methods can be used to synthesize SMPs, including addition [120], 
condensation [49, 123], free-radical [124] and photochemical polymerization 
[25, 111], acyclic diene metathesis polymerization [125], and even ring-opening 
polymerization [126]. Although, for example, the shape-memory PUs and ethylene 
oxide–ethylene terephthalate segmented copolymers are generally synthesized via 
condensation polymerization [49], the SMP network formation by polymerization 
can be achieved by the reaction between the functionalized polymers. That is, in 
Fig. 7.5b, the SMP networks were covalently generated by the radical polymeri-
zation of end groups of macromolecular crosslinker (macromonomer). As one of 
the polymerization methods to obtain the SMP network, Yakacki et al. have devel-
oped direct network formation. In this procedure, they fabricated the network with 
poly(ethylene glycol)-dimethacrylate (PEGDMA) as macromonomer and methyl 
methacrylate (MMA) as additional monomer. The PEGDMA-MMA networks 
were prepared by photoradical polymerization in the presence of photoinitiators. 
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By combining the macromonomer and additional monomer, Tm and mechanical 
properties such as elastic modulus of cross-linked SMPs could be independently 
and successfully controlled. Similar (copolymer or AB-type polymer) networks 
have been fabricated by several researchers [25, 72, 127–129]. In the case of a lin-
ear polymer with monofunctionality, the stable covalent network cannot be formed 
by this process because it only increases their molecular weight similarly to the 
chain extender as described in “Sect. 7.3.2” and the cross-linker may be required 
to form the three-dimensional network structures. However, an additional comono-
mer, that is, MMA in the study of Yakacki et al. [127] is not necessary to form the 
stable SMP network. If the networks composed of only macromonomer, namely, 
without the addition of comonomer, can be designed, the networks with a well-
defined structure based on the property of the macromonomer will be obtained. 
This is the reason for our developed multibranched PCL-based copolymer as 
described in “Sect. 7.3.1”. In fact, we have developed the covalent network forma-
tion of PCL-based SMP (type II) by the polymerization method. In this process, 
the cross-linked polyester membranes were prepared by radical polymerization of 
the macromonomers with visible light irradiation in the presence of an initiator 
and sensitizer without any comonomer [111]. The obtained cross-linked materials 
are extremely stable not only in aqueous environment but also in a good solvent 
for developed (co)polymers. Not only copolymerization with other materials but 
also the precise design of the branched numbers and chain length in the homo-
PCL system can adjust to the transition temperature of cross-linked (type II) SMPs 
on demand in the range between 30 and 45 °C without adding any comonomers 
[130], and these temperature ranges are ideal for biomedical applications. Because 
the Tm of the conventional PCL homopolymer is approximately 60 °C and it is 
too high to apply as a thermoresponsive material in biological applications even 
though PCL has excellent biocompatibility and biodegradability, this cross-linked 
homo-PCL system with Tm at approximately the biological temperature range is 
very interesting. In addition, although the copolymerization with other monomers 
is sometimes caused by the broadening of the transition behavior, our developed 
cross-linked homo-PCL showed the sharp phase transition from the crystal to the 
amorphous phase within a narrow temperature range, that is, it could successfully 
achieve a smart drug delivery device with a sharp “on-off” controllability.

The second strategy to obtain polymer networks is the subsequent cross-linking 
of linear or branched polymers (Fig. 7.5c). Cross-linked PE is generally prepared 
through a radiation reaction. In all the methods aimed at subsequent cross-linking 
of linear polymers, the structure of the obtained network is strongly dependent on 
the reaction conditions and reaction (curing) times, especially the cross-linking 
density. The cross-linking of linear polymers can take place by a radical mecha-
nism involving ionizing radiation or by the elimination of low-molecular-weight 
compounds to generate unsaturated carbon bonds. These have the capability to 
form chemical and covalent cross-linking. Zhu et al. have demonstrated the prepa-
ration of cross-linked PCL (type II SMP) by γ-radiation [131], and revealed that 
both the molecular weight of polymers and radiation dose affect the cross-linking 
density of resultant materials. The addition of radical initiators to linear polymers 
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also makes it possible to convert polymer chains into radicals that are able to 
recombine intermolecularly. Ware et al. have developed the covalently cross-
linked (type II) SMP composed of poly(methyl acrylate) (PMA) and poly(ethylene 
glicol)-diacrylate (PEGDA) [132]. In their method, the PEGDA was used as the 
sensitizer of radiation crosslinking. The blended PMA and PEGDA were exposed 
to ionizing radiation to obtain the cross-linked SMP. By introducing the sensi-
tizer, the minimum dose for gelation was decreased, and the rubbery modulus was 
increased after crosslinking. Interestingly, they also showed that the length of the 
sensitizer, that is, the molecular weight of PEGDA, also affects the cross-linking 
state and mechanical properties. Although the structure obtained by radiation 
cross-linking is somewhat unclear, the capability of wide polymer types is one of 
the attractive features.

7.3.4  Synthesis Techniques of SMP Composites (Solution/
Melt Mixing and In Situ or Interactive Polymerization)

Significant progress has been made in recent decades in designing, synthesiz-
ing, characterizing, and applying SMP nanocomposites by adding various types 
of nanofiller to obtain SMPs with multifunctionality (type III). Consequently, in 
thermally induced SMPs, the shape-memory effect can be triggered by the direct 
application of heat and also by Joule (electrical) heating and inductive (magnetic 
or electromagnetic) heating as described earlier. In this section, we overview the 
synthesis and designs that especially focus on PU-based SMP composites because 
their techniques are basically similar regardless of SMP type.

In general, there are two types of preparation method to obtain the SMP com-
posites. First, in the solution mixing method, particles and polymers are mixed 
in a suitable solvent, followed by the precipitation or evaporation of the solvent. 
Therefore, the composites of polymers and other materials can be easily obtained. 
The advantages of using this method include the following: (1) nanometric 
materials are obtained first; (2) the effects of reaction conditions on the forma-
tion of inorganic structures (a serious problem via traditional methods) can be 
avoided; and (3) the fixed inorganic structure benefits the characterization of the 
final composites [133]. These mean that pre-prepared materials, which possess 
well-defined structural features by a general synthetic approach, can be directly 
adopted. Although there is an in situ approach that the components are synthe-
sized directly in the SMP matrix, it often causes the inhomogeneous material 
formation owing to the nonuniformity of the reaction. Moreover, direct mixing 
usually does not provide uniform solutions because of the aggregations of nano-
particles (NPs) or nanotubes (NTs). Agitation with ultrasonication, magnetic, and 
shear mixing methods can be used to enhance dispersion. However, NPs and NTs 
are not well dispersed so much in the SMP matrix using simple solvent mixing 
methods [134]. A high-power ultrasonication process using equipment such as a 
homogenizer is more effective than other processes in forming a good dispersion 
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of NPs or NTs. Ultrasonic irradiation has been extensively used in dispersing, 
emulsifying, crushing, and activating the particles [135]. For example, by taking 
advantage of the multiple effects of ultrasound, the aggregates and entanglements 
of carbon nanotubes (CNTs) can be effectively broken down, obtaining good dis-
persion. Cho and co-workers have successfully prepared polyurethane-multiwall 
carbon nanotube (MWCNT) composites with better dispersion of CNTs up to 
20 wt% in polyurethane, although the higher content of CNTs causes them to 
aggregate even though high-power ultrasonication is applied [135, 136]. Other 
polymer composites, including PU-CNTs [137, 138], PS-CNTs [139], epoxy-
CNTs [140, 141], poly(vinyl alcohol)-CNTs [142], and PE-CNTs [143], have 
been fabricated by the solution mixing method with improved CNT dispersivity. 
However, recent advances in the surface modification technology of NPs and NTs 
will be advantageous for the preparation of SMP nanocomposites. By modifying 
the surfaces of NPs and NTs, they can more easily disperse in proper aqueous 
and organic solutions than nonmodified NPs and NTs. Therefore, the higher dis-
persivity of NPs and NTs will result in a more homogeneous incorporation into 
the SMP matrix. In addition, the NPs and NTs with high dispersivity may not 
require the high-power ultrasonication to obtain the good dispersion of NPs and 
NTs. In solution mixing, the sol-gel process is convenient and versatile for pre-
paring nanocomposites under ambient conditions and it allows in situ entrapment 
of inorganic NPs or organic, organometallic, and biological molecules within 
microporous networks of sol-gel-derived matrices [144, 145]. In general, the sol-
gel process involves the transition of a system from a liquid sol (mostly colloi-
dal) into a solid gel phase. Sol-gel materials have controllable surface areas of 
NPs and average particle or pore sizes. They can be miniaturized to micro- or 
nanosizes and allow control of conductivity by choosing the appropriate metal or 
metal oxide [146].

On the other hand, many polymers are insoluble in liquids, especially in aque-
ous solution, and melt mixing may be one option. Melt mixing is a common and 
simple method that is particularly useful for thermoplastic polymers, that is, physi-
cally cross-linked SMP (type I) with Tm. It involves the melting of polymers to 
form a viscous molten liquid; then, additives are included for shear mixing, fol-
lowed by molding, templating or extrusion to form samples [147]. Special care 
should be taken as thermal processing may be detrimental to components of com-
posites such as CNTs or cause polymer degradation because the high-tempera-
ture processing often alters the material functions and properties [148, 149]. This 
approach, however, is simple and compatible with current industrial production. 
The large shear forces can be applied to entangle aggregates such as filler com-
ponents or prevent their formation. In fact, Zhang et al. have prepared nylon-6-
MWCNT composites containing 1 wt% MWCNT via a melt mixing method using 
a twin-screw mixer [150]. The disadvantage was that the dispersion of inorganic 
nanocomponents in the polymer matrix was poor compared with the dispersion 
achieved by solution mixing, along with other potential problems such as changes 
in surface properties of nanocomponents during melting and high viscosities of 
composites at higher loading of nanocomponents such as CNTs.

7.3  Synthetic Methods
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In situ or interactive polymerization is crucial for preparing composites with 
polymers that cannot be processed by solution or melt mixing, e.g., insolu-
ble and thermally unstable polymers. Therefore, in situ polymerization can be 
applied for most nanocomposites. Modification may involve noncovalent or 
covalent bonding between CNT and polymer. Noncovalent CNT modification 
applies physical adsorption or wrapping of polymer molecules to the surface of 
the CNTs through van der Waals and π–π interactions [151, 152]. Sahoo and 
co-workers have reported that the graphitic sidewalls of CNTs provide possibili-
ties for π-stacking interactions with conjugated polymers and organic polymers 
containing heteroatoms with free electron pairs [153, 154]. The advantage is that 
noncovalent functionalization does not destroy the conjugated system of CNT 
sidewalls and therefore does not affect the final structural properties of the nano-
composites. In the case of conductive polymers, the polymers may be attached 
to CNT surfaces by in situ polymerization to improve processability and also 
electrical, magnetic, and optical properties [153–156]. For example, MWCNTs 
are first dispersed in PCL-diol, followed by adding MDI to the mixture, which 
is combined with MWCNTs, and the conventional prepolymer method. A butan-
ediol chain extender is added to this prepolymer, and finally, a PU-MWCNT 
composite is simply synthesized. However, Xia and Song have suggested that 
single-wall carbon nanotubes (SWCNTs) are not dispersed well by this method 
instead of MWCNTs [157, 158]. Therefore, they synthesized PU-SWCNT nano-
composites using polyurethane-grafted SWCNTs. This improved the dispersion 
of SWCNTs through the grafting in the polyurethane matrix and strengthened 
the interfacial interaction between PU and SWCNT [158]. In addition, Guo and 
co-workers have reported that the introduction of iron oxide, alumina, and bar-
ium titanate NPs-PU nanocomposites based on surface-initiated polymerization 
may improve the structural integrity of a nanocomposite through better chemi-
cal bonding between NPs and the polymer matrix with a uniform particle dis-
tribution [159, 160]. Jung et al. also reported that the synthesis of PU-MWCNT 
nanocomposites is a two-step process [161]. In the first step, a prepolymer was 
prepared from a reaction of MDI and PCL at 80 °C for 90 min. In the second 
stage, carboxylated MWCNTs were added to the prepolymer at 110 °C, and 
then reacted for 150 min to obtain the final cross-linked polyurethane-MWCNT 
nanocomposites.

In brief, incorporating a functional group is an effective way of reducing the 
surface energies of nanofillers and improving the compatibility of the organic and 
inorganic interfaces [162]. End grafting of polymers onto a solid surface is an 
important technique in many areas of science and technology, e.g., colloidal stabi-
lization, adhesion, lubrication, tribology, and rheology. Recently, new techniques 
including anionic polymerization, cationic polymerization and atom transfer radi-
cal polymerization have been proposed and successfully applied to surface-initi-
ated graft polymerization to synthesize nanocomposites. Generally, the two main 
strategies for the covalent grafting of polymers to NPs are “grafting to” and “graft-
ing from” (described in detail in “Chap. 4”). The method of “grafting to” CNT 
defect sites indicates that polymers with reactive end groups can react with the 
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functional groups on NT surfaces. An advantage of the “grafting to” method is that 
preformed commercial polymers of controlled molecular weights may be used. 
The main limitation is that the initial binding of polymer chains hinders the diffu-
sion of additional macromolecules to the CNT surfaces, leading to a low grafting 
density [162]. Also, only polymers containing reactive functional groups can be 
used. On the other hand, the “grafting from” technique involves the polymeriza-
tion of monomers from surface-derived initiators on the MWCNTs or SWCNTs. 
These initiators are covalently attached via various functionalization reactions 
developed from small molecules including acid defect group chemistry and side-
wall functionalization of CNTs [163]. The advantage of “grafting from” is that the 
polymer growth is not limited by steric hindrance, allowing efficient grafting of 
high-molecular-weight polymers. However, this method requires strict control of 
the amounts of initiator and substrate along with accurate control of conditions 
required for the polymerization reaction [164]. As described above, using other 
nanocomponents, such as magnetic and electromagnetic components and gold 
instead of CNTs, also enables the design of a multifunctional SMP that can be 
actuated by various external stimuli and will be fabricated according to a similar 
approach described in this section.

7.4  Characterization Methods

7.4.1  Mechanism of Thermally Induced SMPs

A change in shape caused by a change in temperature is called a thermally induced 
shape-memory effect as described above. Although many stimuli were adopted to 
induce the shape-memory effect as described above, the main focus of this review 
article is on thermally driven shape-memory polymers because most systems 
are based on this type of phenomenon. Polymers that are chemically or physi-
cally cross-linked have elastic to large strain above Tswitch, for example, Tg and 
Tm in amorphous and crystal materials with bulk thermal property. The associated 
modulus of elasticity is determined by the entropy of the polymer configuration 
that occurs with the deformation of the constituent polymer chain and is there-
fore called “entropy elasticity”, which is often observed in rubber materials. For 
T > Tswitch, polymer networks exhibit “superelasticity” based on the glass-rub-
ber and crystal-amorphous transitions in polymers against temperature change. 
In this process, polymer chain segments between crosslinking points can freely 
deform and randomly twist via rotation in backbone bonds, maintaining a maxi-
mum entropy and minimum internal energy as macroscopic deformation occurs. 
The probability of a conformation, a strongly coiled conformation, which is the 
state for an amorphous linear polymer chain, can be described using the following 
equation:

(7.1)S = KBlnΩ ,
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where S, KB and Ω are entropy, Boltzmann’s constant, and number of configu-
rations, respectively. In addition, the resulting elastic shear modulus, G, can also 
be described using Eq. 7.2 according to the classical principle of rubber elastic 
theory:

where ν is the number density of network chains, ρ is the mass density, R is the 
gas constant, and Mc is the molecular weight between crosslinking points. This 
equation means that G is proportional to both crosslinking density and tempera-
ture. A rubber usually has an elastic modulus of several MPa (106 N m−2), a state 
that is very flexible and allows easier deformation under external force compared 
with that of shape-memory alloys (several hundred MPa). On the other hand, an 
ideal elastomer system will not change the inner energy when it is stretched. For 
this reason, the Helmholtz equation for the free energy, U, is reduced according to 
the following well-known equation:

In the polymer network with a low degree of crosslinking, network points are suf-
ficiently far away from each other; therefore, the change in free energy for the 
stretching of a standard volume can be described using the following equation 
[165]:

where λx, λy, and λz represent the elongation ratios in three dimensions. Also, 
λx,y,z can also be converted to (l/l0) x,y,z where l represents the length of the seg-
ments between the network points in the stretching state, and l0 is the unloaded 
state. Therefore, the shape-memory effect in a polymer is predominantly an 
entropic phenomenon. The changes in temperature and macroscopic shape in 
a typical dual-shape-memory cycle are described in Fig. 7.6. In its permanent 
macroscopic shape, the molecular chains of an SMP adopt conformations with 
the highest entropy, that is, the chains are thermodynamically stable. Upon heat-
ing above Tswitch, the chain mobility is significantly activated. When an external 
deformation load is applied, the chain conformations are changed, leading to 
a lower entropy state and macroscopic shape change. When the SMP is cooled 
below Tswitch, this lower entropy state (or the temporary shape) is kinetically 
trapped owing to the freezing of the molecular chain segments, resulting in the 
macroscopic shape fixation. Upon reheating above Tswitch under a stress-free con-
dition, the molecular mobility is reactivated, which allows the chains to return to 
their highest entropy state, and therefore, recovered to the permanent shape. Here, 
the exact nature of chain conformation change during deformation has not been 
a major focus in the literature. One would, however, anticipate that this would 
strongly depend on the molecular structure of the SMP and may have to be consid-
ered on a case-by-case basis.

(7.2)G = νKBT = ρRT/Mc,

(7.3)U = −T∆S,
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For a polymer to display a dual shape-memory effect, it has to meet two 
structural requirements: (1) a reversible thermal transition for temporary shape 
fixing and recovery, and (2) a crosslinking network that sets the permanent 
shape. The first requirement allows the suppression and activation of the molec-
ular mobility for entropy trapping and releasing in shape fixing and recovery, 
respectively. Polymers are in general intrinsically viscoelastic materials with at 
least one thermal reversible phase transition (glass transition or melting tran-
sition), with a few exceptions for which the polymer may decompose before 
it reaches the thermal transition temperature, that is, the thermal transition is 
practically nonexistent. From this viewpoint, most polymers meet the first 
requirement. On the other hand, the network that sets the permanent shape can 
be chemically and physically cross-linked. Without the crosslinking, the defor-
mation force imposed onto a polymer above its thermal transition would lead to 
long-range chain slippage that is reflected as macroscopic material flow. Under 
such a condition, the polymer does change its macroscopic shape, yet with lit-
tle or no change in polymer chain conformation (i.e., entropy). The entropic 
energy, which is the driving force for the shape recovery, is thus absent. As a 
consequence, the polymer would not possess the shape-memory effect. By pro-
hibiting the long-range chain slippage, the crosslinking network ensures that the 
macroscopic shape change arises from entropy, which is recoverable. Complete 
prohibition of the long-range chain slippage is thus necessary for ideal shape 
recovery performance, as is often the case for the chemically cross-linked SMP 
system. By comparison, incomplete suppression of the long-range chain slip-
page would lead to compromised shape-memory behaviors. From these results, 
not only the shape-memory property but also thermal, mechanical (viscoe-
lastic), and structural characterizations of SMPs are extremely important for 
designing and developing the SMP system from both basic and application 
viewpoints.

Fig. 7.6  Molecular mechanisms of conventional thermally induced shape-memory effect in 
SMPs. Thermally induced shape memory effect of physically cross-linked a glassy and b (semi)
crystalline networks and covalently cross-linked c glassy and d (semi)crystalline networks

7.4  Characterization Methods
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7.4.2  Thermal/Mechanical Properties

“Switching (transition) temperature” (Tswitch) is the temperature at approximately 
which a material changes from one state to another. Tswitch could be either melting 
temperature (Tm) or glass transition temperature (Tg). In addition, “memory (shape 
fixing) temperature” (Tmemory) is the temperature for fixing the temporary shape. 
Tmemory could be either glass transition temperature (Tg) or crystallization temper-
ature (Tc). Although the relationship Tswitch > Tmemory is a common interpretation 
in typical SMPs, strictly speaking, Tswitch and Tmemory to drive the shape-memory 
activation and fix the temporary shape are basically not different. Both glass-rub-
ber (Tg) and crystal-amorphous (Tm and Tc) transitions of materials are accompa-
nied by a drastic change in mechanical properties. Therefore, understanding the 
thermal and mechanical properties or thermomechanical properties is essential. 
Here, we review some techniques for characterizing the thermal and mechanical 
properties.

Differential scanning calorimetry (DSC) is a technique based on monitor-
ing the heat flux (power) to the sample over time or at various temperatures 
in a specified atmosphere. Practically, it is the difference in heat flux between 
a pan containing the sample and an empty pan as a reference. DSC can meas-
ure the material information (properties) as follows: (1) transition tempera-
ture: glass-rubber and crystal-amorphous transitions and (2) enthalpy change 
in the transition (Fig. 7.7a). Tg is the temperature beyond which a polymer 
turns from a hard, glasslike state to a rubberlike state as described above. This 
effect is accompanied by a “stepwise” decrease and could be observed as the 
shift of the baseline of the DSC endotherm curve. For ease of comparison 
of conventional polymers, a single Tg value taken from the midpoint of this 
broader transition is often used in the literature. However, since the width of 
the glass transition has a profound impact on the shape-memory performance 
of SMPs, it will be more appropriate to report the width of the transition along 
with the midpoint Tg value, or to report the onset glass transition temperature 
(Tg_onset) and the ending glass transition temperature (Tg_end) along with the 
midpoint Tg value. The melting temperature (Tm) is the temperature at which 
a material changes from solid (crystal) to molten liquid (amorphous), and is 
also characterized by DSC. Generally, it is well known that (semi)crystalline 
polymers generally melt over a wide temperature range because of the imper-
fections in the crystallites and nonuniformity in their size. From this reason, 
the smaller or less perfectly formed crystallites will melt at lower temperature. 
The endothermic fusion effect as measured by DSC is in many cases indicated 
by the temperature of the maximum heat flow (the Tm) and by the total heat 
involved in the fusion process (the ΔHm), as shown in Fig. 7.7a. Therefore, 
Tm and enthalpy change of melting (ΔHm) in SMPs can be estimated from the 
peak top and area of a large endothermic peak attributed to the melting pro-
cess of the polymer, respectively. If we know the melting enthalpy of a perfect 
polymer crystal (ΔHm100 % crystalline), the degree of crystallization (Xc) in the 
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system can be calculated from the value of the estimated ΔHm as in the fol-
lowing equation:

On the other hand, the peak attributed to the crystallization can also be observed in 
the DSC curve of a semicrystalline polymer. It should be noted that the crystalliza-
tion peak (Tc) is at a higher temperature than Tg because the temperature above Tg 
allows more freedom of movement of the polymer chain. The polymer chains have 
enough energy at the crystallization temperature to rearrange themselves from a 
random molecular arrangement into a more uniform pattern to form the crystal. 
This transition from amorphous to crystal was observed as the exothermic process 
in the DSC curve as shown in Fig. 7.7a. The degree of crystallization of the sem-
icrystalline polymer can also be determined from a peak of exothermic crystal-
lization [166]. These Tg, Tm and Tc are important parameters for designing and 
applying the SMPs for practical applications because those determine the Tswitch 
and Tmemory of the shape-memory effect. Therefore, the precise characterization of 
phase transition temperature such as Tg, Tm and also Tc in SMPs will be required 
for achieving a defined and accurate performance of SMP.

Although DSC measures the change in heat capacity, that is, the physical quan-
tity related to the enthalpy, thermomechanical analysis (TMA) basically meas-
ures the change in coefficient of thermal expansion, which is the quantity based 
on the sample volume. Because the enthalpy and volume are equal thermody-
namic parameters, TMA can also be applied to the measurement of transition 

(7.5)Xc(%) = ∆Hm(sample)/∆Hm100 % crystalline × 100.

Fig. 7.7  Thermal/mechanical property characterization of SMPs. a-top Volume (V) or enthalpy 
(H) against temperature (T) of a (semi)crystalline material under constant pressure. a-bottom 
Typical DSC curve of glassy and (semi)crystalline polymers. b Dynamic mechanical behavior of 
four types of SMP with different shape-memory mechanisms [26]
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temperature, such as Tg, Tm and Tc; however, TMA takes a step back compared 
with the DSC measurement. One of the reasons is that TMA does not characterize 
the proper change in volume, but characterizes the more macroscopic behaviors 
of dimension including thickness accompanied by the expansion/shrinking, sof-
tening, thermal deformation, fluidic behavior, and heat shrinking ratio of a drawn 
polymer unlike the DSC measurement. For this reason, TMA is a practical tool for 
property analysis rather than an analytical instrument.

The tensile test is probably the most extensively used method for the mechani-
cal characterization of materials. In this test, tensile stress is applied to the speci-
men from its ends until it breaks while continuously recording the applied force 
and the elongation produced in the sample, thereby determining the stress-strain 
curve characteristic of each material. Stress (σ) is defined as the force exerted on 
the material per area. The ultimate tensile stress that leads to the tensile failure 
of an SMP, or the ultimate tensile strength, and the lowest stress that produces a 
permanent deformation in an SMP, or the yield strength, are both utilized in the 
characterization of SMPs. In addition, strain (ε) is defined as the deformation per 
unit length due to stress. The strain-to-failure value indicates the maximum strain 
that an SMP could reach under external stress. Modulus (E) is also referred to as 
Young’s modulus or elastic modulus. It is the slope of the linear elastic region of 
a stress-strain curve obtained from the tensile test. E changes significantly with 
temperature in thermal-responsive SMPs. The glassy or crystal state modulus of 
an SMP at a lower Tg or Tm can be several orders of magnitude higher than its rub-
bery or amorphous state modulus at a higher temperature. The other basic param-
eters determined in this test are the yield stress and yield strain (if it exists) and 
tensile strength and elongation. In addition, the shape-memory property can also 
be characterized by using the physical quantity obtained from the tensile test as 
discussed in “Sect. 7.4.4”.

Alternatively, dynamic mechanical thermal analysis (DMA) can also be applied 
as the instrument to characterize the SMPs. In DMA, a sinusoidal stress is applied 
and the strain in the sample is measured, which is the stress-strain relationship 
similar to that in the tensile test, allowing one to determine the complex modu-
lus including both viscosity and elasticity, that is, the viscoelastic property. The 
temperature of the sample or the frequency of the stress is often varied, leading to 
variations in the complex modulus. Because DMA measures the change in elastic 
modulus during the thermal transition, the thermomechanical property of SMPs 
can be characterized. In other words, both the transition temperature such as Tg, 
Tm and Tc and complex elastic modulus can be simultaneously estimated as shown 
in Fig. 7.7b. This complex elastic modulus (G) can be simply expressed using the 
following equation:

where G′ is the storage modulus and is a measure of the recoverable strain energy, 
which means the elastic property of the sample. When loading is sufficiently 
small, this value approximately equals the Young’s modulus (E). G″ is defined as 

(7.6)G =

(

G′2
+ G′′2

)1/2

,
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the loss modulus and is related to the energy dissipation, which represents the vis-
cosity of the sample. The phase angle (tanδ) is also given by

This value can be used to judge whether the viscosity or elastic factor is dominant 
in the system. DMA can be applied to not only the solid but also the viscous liquid 
sample. Therefore, DMA is most commonly used to identify the location of tran-
sition that frequently has a significant effect on the modulus values. This similar 
thermomechanical investigation can also be performed using a tensile tester, which 
is described above as the part equipped with a thermochamber.

7.4.3  Structural Characterizations

Not only the thermal and mechanical properties but also the identification of the 
structure composing the SMP system is important. The structural properties such 
as the molecular weight, composition, and component in a polymer or its network 
are characterized respectively using conventional methods, such as nuclear mag-
netic resonance (NMR), gel permeation chromatography (GPC), Fourier transform 
infrared (FT-IR) spectroscopy, and Raman spectroscopy. In the case of focusing on 
the surface of SMPs, X-ray photoelectron spectroscopy (XPS) and atomic force 
microscopy (AFM) are often used to characterize or directly observe the surface 
structure. On the other hand, as already discussed in “Sects. 7.2 and 7.3” (clas-
sification and synthesis methods, respectively), some SMP systems possess the 
phase-segregated or phase-separated structure. From this perspective, characteriz-
ing the structure of SMPs is also essential to identify the unique properties based 
on the structural features. One of the methods of characterizing the SMPs is the 
direct observation of those microstructures by microscopy.

Morphology is defined as the science of structural forms. The term is also 
used to designate different structural shapes. The morphology of polymer blends, 
block copolymers, semicrystalline polymers and liquid-crystalline polymers can 
be directly observed, and the microstructure is in most cases assessed without the 
need for a sophisticated model. At a lower magnification, coarser structural forms 
such as spherulites are observed using a polarizing microscope (POM) because 
the sizes of spherulites often fall in the micrometer range. A POM is equipped 
with two crossed polarizers. The first polarizer is located in front of the sample 
and the second, the analyzer, is located behind the objectives. Transmitted light 
phase contrast converts the refractive index difference in such samples into light 
and dark image regions. Therefore, POM could be used to study the morphol-
ogy birefringence that disappears as the crystallites enter into the polymer melt. 
Changes in birefringence can be observed with a hot-stage microscope by using 
crossed polarizers. The point of disappearance of the last trace of birefringence 
can also be used to determine the crystalline melting temperature, that is, Tm. For 
example, Nagahama et al. have characterized the morphology of a phase structure 

(7.7)tan δ = G′′/G′.
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in a branched oligo-CL (bOCL) and a cross-linked one (XbOCL) by POM [167]. 
The morphologies of their phase structures are significantly different depending on 
the chain length and the presence or absence of crosslinking. A unique morphol-
ogy, which is the well-defined continuous birefringent domain of macroscopic size 
in all areas of the film, was observed in XbOCL with 10 CL units. More inter-
estingly, this material showed cooperative and macroscopic transitions, with the 
birefringent domains persisting despite the increased temperature even though the 
temperature was in the range of the melting process estimated from DSC measure-
ment, as shown in Fig. 7.8A. Other researchers also reported the POM observation 
of crystalline texture and morphological change against temperature in semicrys-
talline PU [168] and also a glassy thermoset system [169].

Fig. 7.8  Structural characterization of SMPs. A Polarized optical microscopy (POM) images 
of cross-linked oligo-PCL-10 at various temperatures [167]. B TEM images of phase-segregated 
structures of SEBS/paraffin composites; B-a 100/0 B-b 80/20 B-c 50/50 and B-d 20/80 [170]. C 
Small-angle scattering patterns of samples (HDI/PCL/BDO) 3.5/1.0/2.0 (C-a), 6.2/1.0/5.2 (C-b), 
and 12.9/1.0/11.9 (C-c) measured at 70 °C, and their best fit with the clipped GRF model (solid 
line) and with the hard-sphere model (dotted line); in both cases, the volume fraction f was fixed 
to the value obtained from NMR. The insets show the same data on logarithmic scales. The bot-
tom row shows realizations of the GRF model based on the fitted parameters [176]
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Transmission electron microscopy (TEM) is a technique analogous to opti-
cal microscopy, but uses an electron beam and electrostatic or electromagnetic 
lenses rather than a light beam and glass lenses, respectively. TEM can be use-
ful for determining the morphology of a block copolymer or a blend system in 
SMPs, if there is sufficient contrast between the phases in the sample provided. 
Song et al. proposed a new strategy that utilizes the microphase separation of a 
block copolymer comprising styrene-b-(ethylene-co-butylene)-b-styrene (SEBS) 
and phase transition of small molecules, paraffins, for designing SMPs [170]. 
Because paraffins are midblock-selective molecules for SEBS, they did pref-
erentially enter and swell EB blocks supporting paraffins as an excellent switch 
phase for the shape-memory effect. In this system, microstructures of SEBS/paraf-
fin blends were clearly observed by TEM, as shown in Fig. 7.8B. In these TEM 
images, the dark characteristics correspond to styrene-rich microdomains, which 
were preferentially stained with electron-dense RuO4, and it was found that those 
microstructures were strongly dependent on the amount of paraffin. In addition, 
TEM can also be useful for verifying the distribution and uniformity of organic/
inorganic materials such as CNTs and magnetic nanoparticles especially in SMCs. 
Similarly to TEM, an image of the surface of a polymer can be produced by scan-
ning electron microscopy (SEM). In this technique, a fine electron beam (5–10 nm 
in diameter) is scanned across the sample surface in synchrony with a beam from 
a cathode-ray tube. The scattered electrons produce an image with a depth of field 
that is usually 300–600 times greater than that of an optical microscope, and also 
enables a 3D image to be obtained. Most SEM have a magnification range from 
several tens to several million times. As most polymers are not good conductors, 
they sometimes need to be coated with a thin layer of a conduction material such 
as gold. The unique and regular patterns on the surface of SMPs as described in 
“Sect. 7.5.4”, the shape-memory elastomeric composites with 3D fiber structure 
[171, 172] and the SMC system such as SMP with embedded micron-sized Ni 
powder chains [173] have been characterized by SEM.

Diffraction occurs when a wave encounters a series of regularly spaced obsta-
cles that are capable of scattering the wave and have spacing that is compa-
rable in magnitude to the wavelength of the radiation. X-rays have high energy 
and wavelength on the order of the atomic spacing for solids. When a beam of 
X-rays encounters a solid, a portion of the beam is scattered in all directions by the 
electrons associated with each atom that lies within the path of the beam. X-ray 
diffraction can be measured by using a diffractometer. Monochromatic X-ray radi-
ation is produced by bombarding a metal target with a beam of high-voltage elec-
trons. The intensities of the diffracted beams are detected by a counter mounted 
on a movable carriage. Its angular position is measured in terms of 2θ. As the 
counter moves at a constant angular velocity, a recorder plots the diffracted beam 
intensity as a function of 2θ (the diffraction angle). Wide-angle X-ray diffraction 
(WAXD), which is also called wide-angle X-ray scattering (WAXS), is useful for 
obtaining information about semicrystalline polymers with a range of inter-atomic 
distances from 0.1 to 5 nm. The size of crystals can be determined from measure-
ments of the relative intensities of the diffraction peaks in the crystalline region. 
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The crystallinity of a polymer and the distance between the parallel planes in the 
crystallites could also be calculated from WAXD. To evaluate the relative change 
in an amorphous region, one approach is to connect the lowest points between the 
diffraction peaks with a smooth curve such that the observed intensity is separated 
into crystalline and amorphous phases. Below the smooth curve is the amorphous 
component. The crystallinity Xc is also given by the following equation:

where s = 2sinθ/λ, Ic(s) is the intensity of the crystal component, and I(s) is the 
intensity of the total component. The distance between the parallel planes in the 
crystallites d could be calculated as

where θ is the incident angle, λ is the wavelength of the radiation, and n is an 
integer indicating the order of diffraction. This equation is well known as Bragg’s 
equation. Thus, each element emits its own characteristic X-ray line spectrum, 
that is, it has the same d spacing value. This data could be used to identify the 
crystal structure of a polymer. In fact, our group has characterized the cross-linked 
CL-DLLA copolymer and PCL homopolymer system against temperature, and 
showed that the change in the crystallinity depended on their structure, and the 
disappearance of the crystal structure above Tm was observed from the diffraction 
peaks of XRD (WAXD) [111, 130]. Small-angle X-ray scattering (SAXS) is also 
the same as WAXS (or WAXD) based on the X-ray scattering (diffraction). Small-
angle scattering is a phenomenon whereby the elastic scattering of X-rays with 
sub-nanometer wavelength by a sample that has inhomogeneities in the nanometer 
range is recorded at very low angles of typically 0.1–10°. This angular range ena-
bles information about the shape and size of polymers, characteristic distances of 
ordered materials, pore sizes, and other data to be obtained. SAXS is also useful 
for characterizing the structure of SMPs as described below.

In multiblock copolymers, these crosslinks result from a phase segregation 
or separation of hard segments and switching segments, and these structures 
can be directly or indirectly observed by electron microscopy and X-ray diffrac-
tion as described above. Ping et al. discussed the influence of the hard segment 
type on the phase structure and shape-memory properties of PCL (semicrystalline 
polymer)-based shape-memory PUs [174]. In their work, for a sample with 30 % 
hard segment, they suggested that the microphase separation gave rise to the mor-
phology of interconnected hard-segment domains from the results of rheological 
measurement. This fact was experimentally confirmed by Ji et al. on the basis of 
thermal characterization and SAXS, and revealed the better shape-memory prop-
erties of samples in which the hard-segment domains are disconnected [119]. 
However, these data analyses either lacked a detailed morphological interpreta-
tion, or relied on the assumption of a lamellar morphology. As shown by these 
studies, not only the characterization of the morphological structures but also their 

(7.8)Xc =
∫ s2Ic(s)ds

∫ s2I(s)ds
,

(7.9)d = n�/2 sin θ ,
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deformation and shape-memory properties in SMPs have been proposed by struc-
tural analysis [175]. Recently, D’Hollander et al. have approached the modeling 
of the morphology and mechanical behavior of shape-memory PUs based on the 
technical combination of solid-state NMR and synchrotron SAXS/WAXD [176]. 
In this study, the SAXS data could be easily and properly interpreted using the 
data provided by solid-state NMR. Importantly, this report is the first complete 
description of the shape-memory PU phase morphology as a function of the hard-
segment content, relying on advanced morphological models and SAXS data inter-
pretation procedures, as shown in Fig. 7.8C. Temperature- and strain-dependent 
synchrotron WAXD was also used to corroborate the suggested micromechanical 
models. Because the morphological model (Fig. 7.8C) proposed by D’Hollander 
et al. enables the material’s mechanical and shape-memory behaviors during 
repeated cycles to be explained, the importance of the structural characterization 
of SMPs is strongly suggested.

7.4.4  Determination of Shape-Memory Ability

In essence, the shape-memory property is a combination of thermal and mechani-
cal properties as described in this section. The extent to which a deformation can 
be fixed as a temporary shape and the recoverability of the permanent shape are 
the most important properties determined for quantifying the performance of 
SMPs on the macroscopic level. These properties depend on parameters of the 
procedure of shape-memory creation, such as thermal conditions, kinetics, and 
type of mechanical deformation. The standard procedure for the investigation of 
shape-memory performance is based on the characterization of the stress-strain-
temperature (σ-ε-T) relationship [31, 177]. Derived from this basic procedure, 
the most common quantification of the shape-memory performance is presently 
described as the percentage of strain fixing (strain fixation ratio Rf) and extent of 
strain recovery (strain recovery ratio Rr) determined in cyclic thermomechanical 
tensile tests [110]. The measurements are generally performed by using a tensile 
tester equipped with a thermochamber.

This test includes a programing module, which is the creation of temporary 
shape, and a recovery module, which is the recovery of the permanent shape. 
Although the programming module can be performed under stress- or strain-
controlled conditions, the recovery module can be carried out under stress-free 
conditions or under constant strain. By these combinations of programming 
module and recovery module, different and much information can be obtained 
by cyclic thermomechanical tests. In addition, it is well known that different 
test protocols, such as cold drawing (T < Tswitch) or a heating-stretching-cooling 
(T > Tswitch → T < Tmemory) process, whereby cooling can be performed under 
stress or strain control, influence the obtained information [84]. A strain-controlled 
thermomechanical test allows the changes in strain to be recorded. On the other 
hand, in a stress-controlled thermomechanical test, it allows the stress on the 
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sample to be measured under defined thermal conditions, as shown in Fig. 7.9A. A 
typical test protocol is as follows: (Step 1) The sample is heated to a temperature 
above the Tswitch and is stretched to the maximum strain εm. In the case of physi-
cally cross-linked SMPs, it is important not to exceed the highest thermal transi-
tion Tperm, which would cause the polymer sample to melt and lose its shape. (Step 
2) The sample is cooled below the Tmemory under constant strain εm to Tlow, thus 
fixing the temporary shape. (Step 3) The applied stress of the sample returns to 
zero, that is, unloading occurs, by retracting the clamps of the tensile tester at Tlow. 
(Step 4) The sample is heated from Tlow to T > Tswitch, which allows the recov-
ery from temporary shape to original shape. (Step 5) After the permanent shape is 
recovered, the next cycle then begins again.

If retracting the clamps of the tensile tester to the original distance of 0 % strain 
causes the sample to bend between step 3 and step 4, the result of such a measure-
ment is usually presented in a stress (σ)-strain (ε) curve. This is the reason why 
this test protocol is called a “two-dimensional (2D) measurement”. Figure 7.9B 
represents this schematic curve. Different effects can result in changes in the 
curve, particularly when the stretched sample is cooled (region 2 in Fig. 7.9B). 
Among others, the following effects play a role in these changes: differences in 
the expansion coefficient of the stretched sample at temperatures above and below 
Tswitch as a result of entropy elasticity, as well as volume changes arising from 
crystallization in the case of Tmemory being a Tc in semicrystalline SMPs. In addi-
tion to the elastic modulus E above the Tswitch, which can be determined from the 
initial slope in the measurement region 1 in Fig. 7.9B, the elastic modulus of the 
stretched sample at Tlow can also be determined from the slope of the curve in 
region 3 in Fig. 7.9B. The important quantities to be determined for describing the 
shape-memory performance of the material are the strain fixing ratio and the strain 
recovery ratio.

The shape fixing ratio (Rf) can be determined to quantify the effect of program-
ming. Rf describes the ability to fix the mechanical deformation, which has been 
applied during the programming process, i.e., Rf is equal to the amplitude ratio of 
the fixed deformation to the total deformation (εm in Fig. 7.9B, C), according to 
the following equations.

Strain-controlled test:

Stress-controlled test:

In a strain-controlled programming protocol, Rf is given by the ratio of the strain 
in the stress-free state after the withdrawal of the tensile stress in the Nth cycle 
εu(N) to the maximum strain εm. In the case of a stress-controlled programming 
protocol, Rf is given by the ratio of the tensile strain after unloading, εu(N), to the 
maximum strain at σ = σ m after cooling to Tlow, εl(N) [69].

(7.10)Rf(N) =
εu(N)

εm

(7.11)Rf(N) =
εu(N)

εl(N)
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The shape recovery ratio (Rr) quantifies how well the permanent shape has been 
memorized, which is a measure of how far a strain that was applied in the course 
of the programming is recovered as a result of the shape-memory effect. Rr can be 
described using the following equations.

Strain-controlled test:

Stress-controlled test:

In a strain-controlled protocol, the strain that occurs during the programming step in 
the Nth cycle εm − εp(N − 1) is related to the change in strain that occurs during the 

(7.12)Rr(N) =
εm − εp(N)

εm − εp(N − 1)

(7.13)Rr(N) =
εl(N) − εp(N)

εl(N) − εp(N − 1)

Fig. 7.9  Shape-memory performance characterizations. A Programming steps in a stress-con-
trolled cyclic thermomechanical test of SMP. Representative B two-dimensional (2D) and C 
three-dimensional (3D) plots for presenting cyclic thermomechanical test [110]. D Scheme of a 
three-point flexural test. D-a Scheme of the shape-memory effect (SME) in polymers as defined 
by four critical temperatures. Tg is a material property. Tlow is always less than Tg, whereas Thigh 
may be above or below Tg, depending on the desired recovery response. D-b Schematic of the 
three-point flexure thermomechanical test setup [179]. e Classifications of shape-memory poly-
mers by their shape fixing and shape-recovery abilities. E-a Ideal shape-memory material; E-
b shape-memory material with excellent shape fixing and shape recovery; E-c shape-memory 
material with excellent shape recovery but poor shape fixing; E-d shape-memory material with 
attractive shape fixing but poor shape recovery. The fill factor is defined as fsm = Across-hatch/
Aideal [26]
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present process of shape-memory effect εm − εp(N). The strain of the samples in two 
successively passed cycles in the stress-free state before application of yield stress is 
represented by εp(N − 1) and εp(N). In the case of a stress-controlled programming 
and stress-free recovery after cooling to Tlow of the Nth cycle εl(N), the shape recov-
ery ratio Rr quantifies the ability of the material to memorize its permanent shape. 
For this purpose, the change in strain that occurs during the programming step in 
the Nth cycle εl(N) − εp(N) is compared with the change in strain, which occurs as a 
result of the shape-memory effect εl(N) − εp(N − 1).

An important variable, which is Tswitch, cannot be determined by a 2D measure-
ment in a thermomechanical test. In this respect, the three-dimensional (3D) test 
record is interesting, and is shown schematically in Fig. 7.9C. In contrast to the 
2D measurement, the sample is cooled in a controlled way at a strain of εm and a 
constant tensile stress σm. The change in strain in this region is influenced by the 
temperature dependence of the coefficient of thermal expansion of the stretched 
polymer and volume effects based on the thermal transition as described above. 
Having reached Tlow, the strain is driven back until a stress-free state is reached. 
The sample is then heated to Tperm in a controlled way. In the course of this experi-
ment, the tensile stress is kept constant at 0 MPa, which means that the clamps 
follow the movement of the test piece. The mechanical movement occurring in 
the course of the shape-memory effect is recorded as a function of temperature. 
Both the temperature interval as well as Tswitch in which the shape-memory effect 
takes place can be determined from the interpretation of the ε-T plane of the ε-T-σ 
diagram. Generally, the first few cycles can differ from each other in cyclic ther-
momechanical tests as shown in Fig. 7.9B, C. However, the curves become more 
similar with increasing number of cycles. The process of deformation and recov-
ery of the permanent shape becomes highly reproducible. The changes in the first 
few cycles are attributed to the history of the sample, thus, processing and storage 
play an important role. During the first cycles, a reorganization of the polymer on 
the molecular scale takes place, which involves deformation in a certain direction. 
Single polymer chains arrange in a more favorable way in regard to the direction 
of deformation. Covalent bonds may be broken during this process.

Other tests to characterize the shape-memory performance are based on bend-
ing the polymer samples. In the course of the bending test, a sample is bent at a 
given angle θi at a temperature above the switching transition and is kept in this 
shape. The so-deformed sample is cooled to a temperature Tlow < Tmemory and the 
deforming stress is released. Finally, the sample is heated to the measurement 
temperature Tperm > Ttrans and the recovery of the permanent shape is recorded. 
The deformation angle θf varies as a function of time. According to the method of 
evaluating the shape-memory behavior of the shape-memory alloy [178], Lin and 
Chen have defined that the recovery bending ratio Rb is calculated from the ratio 
of the different angles before and after recovery θf and the deformation angle θi in 
the temporary shape as in the following equation [34, 35]:

(7.14)Rb =
(θi − θf )

θi

.
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Although this characterization method is a rather simple bending test, there 
is another more complex system that is a three-point flexural test as shown in 
Fig. 7.9D. Three-point flexural tests provide values for the modulus of elasticity in 
bending, flexural stress, flexural stain, and the flexural stress-strain response of the 
tested material [179, 180]. Therefore, this test can be used to determine the strain 
recovery and stress recovery ratios. As shown in Fig. 7.9D, this test is based on 
the three-point flexure loading, which allows reasonable stress/strain levels in the 
sample for the temperature range spanning from the glassy to the rubbery state. 
In fact, the polymers, which are photopolymerized materials synthesized from a 
tert-butyl acrylate monomer with a moderate amount of a diethyleneglycol dia-
crylate crosslinker, show a sigmoidal free strain recovery response as a function of 
increasing temperature at a constant heating rate [179]. Free strain recovery was 
determined to depend on the temperature during predeformation; lower predefor-
mation temperatures (T < Tg) decreased the temperature required for free strain 
recovery. The lower temperature required for recovery may be used to deploy pol-
ymers within the body even when they have relatively high Tg values. Constrained 
stress recovery shows a complex evolution as a function of temperature, and also 
depends on the temperature during predeformation. Stress recovery after low-
temperature predeformation (T < Tg) shows a peak in the generated recovery 
stress, whereas stress recovery after high-temperature predeformation (T > Tg) is 
sigmoidal. The stress recovery peak after low-temperature deformation may be 
exploited in biomedical applications requiring elevated forces during deployment. 
The isothermal free strain recovery, as a function of time, was found to increase 
with increasing temperature or decreasing predeformation temperature. Therefore, 
Gall et al. have concluded that the isothermal recovery results provide a guideline 
for the fraction of strain recovery expected for a given temperature, relative to Tg 
[179]. Although a drawback is that the stress and strain are nonuniform and there-
fore more difficult to analyze, other advantages are that many applications that 
involve bending and large displacements can be achieved in flexure at much more 
modest strain levels.

The heat-induced shrinking ability of polymers is an important factor mainly 
in the field of encapsulation, and is being utilized in various applications. Because 
this ability has a strong correlation with their elastic (shape) memory, this is also 
one of the important values for shape-memory performance [181–183]. This 
shrinkage determination of heat-shrinkable materials is based on the following 
process: The test samples stretched at room temperature are kept under a constant 
stress and heated above Tswitch. For example, in the case of polyethylene cross-
linked by ionizing rays, which is one of the major heat-shrinkable materials, the 
material is heated above the Tm of the polyethylene crystallites. The heat shrink-
age (Sh) is then given by the ratio as shown in the following equation:

where lstrech is the length of the sample after stretching, lshrink is the length of the 
sample after shrinking, l0 is the original length of the sample, and λ = lstrech/lshrink. 

(7.15)Sh(%) =
lstrech − lshrink

lstrech − l0
× 100 =

lstrech − lshrink

lstrech(1 − �−1)
,
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Moreover, instead of the original length of the sample l0, the stretching ratio λ, the 
ratio of the length of the stretched sample lstrech to l0, is used. The shrinkage pro-
cess depends on the temperature Thigh. Therefore, the shrinkage lshrink (t) is often 
determined as a function of time for a given shrinkage temperature Thigh.

Although many researchers have tried to quantify the shape fixing and recovery 
of their systems, most of the quantifications are limited to the percentage of shape 
fixing and extent of shape recovery, although some have endeavored to assess the 
speed of shape recovery. However, no standard method has been published on the 
overall performance of shape-memory polymers for comparison of one system 
with the next. Mather’s group has newly proposed a shape-memory cycle analysis 
method to characterize and compare the shape-fixing and shape-recovery abilities in 
a standard way [26]. A schematic shape-memory cycle is shown in Fig. 7.9E, which 
is a projection from a three-dimensional, length–temperature–force plot of Fig. 7.9C. 
Beginning at the point denoted with a closed circle, a sample is first loaded from a 
small preload to a certain stress at a constant stress rate and a temperature of Tswtich 
+20 °C. This is indicated by the deformation process in Fig. 7.9E. The sample is 
then subjected to this stress for a period of time until equilibrium to reveal any creep. 
The stretched sample is then cooled to Tswitch −20 °C at a constant cooling rate (fix-
ing process in graph) under the stress. Following equilibration, the stress is then 
released, and length shrinkage (if any) is observed. The sample is finally heated to 
Tswitch +20 °C at a constant heating rate (they recommend 2 °C min−1), and the 
prescribed stress (usually negligible compared with the maximum stress) and shape-
recovery profile upon heating are recorded (recovery process in graph). Besides 
conventional visual comparison of the shape fixing and shape recovery extents by 
inspection, they define shape fixing with reference to Fig. 7.9E as

and shape recovery ratio as

where Li is the initial length, Lt is the temporary length, Lu is the unloaded length, 
and Lf is the final recovered length. Besides defining the extent of fixing and 
recovery, each being its own figure-of-merit, they also define a more inclusive 
figure-of-merit, termed ‘‘shape-memory fill-factor (fm)’’, allowing classification 
of shape-memory materials into five types, according to performance, as shown 
in Fig. 7.9E. The five classes of shape-memory materials are (E-a) ideal shape-
memory material (E-b) shape-memory material with excellent shape fixing and 
shape recovery but finite sharpness (E-c) shape-memory material with excellent 
shape recovery but poor shape fixing (E-d) shape-memory material with attractive 
shape fixing but poor shape recovery, and (E-other) shape-memory material with 
both poor shape fixing and shape recovery (figure not shown). Mather’s group 
define fill factor, fm, as the ratio of the cross-hatched L–T (or strain-T) areas to the 
hatched L–T area as in the following equation:

(7.16)Rf(%) = (Lu − Li)/(Lt − Li) × 100

(7.17)Rr(%) = (Lu − Lf)/(Lt − Li) × 100,

(7.18)fm = Area(cross-hatch)/Area(ideal),
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where the ideal system (E-a) case is as an overall figure-of-merit for shape-memory 
materials. An ideal shape-memory polymer, with the same workability as the work 
input, thus has a fm of 1.0, while an extremely poorly fixed sample, such as a rubber 
band without any shape-fixing ability and, hence, no shape recovery occurring later 
has a fm of 0. They also define that a realistic ‘‘good’’ shape-memory polymer dem-
onstrates a fill factor of about 0.5. Several points bear mentioning at this stage. First, 
measurements of fm are sensitive to the selection of temperature limits and care should 
be taken to ensure consistency. Second, a higher fill factor is not necessarily a better 
solution for a particular application of SMPs. For example, if a slow, prolonged recov-
ery event is needed, then the response shown schematically in Fig. 7.9E-b would be 
better than that shown in Fig. 7.9E-a, that is, a lower fm would be better.

Thus far, we have discussed the characterization of shape-memory perfor-
mance in two-way-type SMPs. In 2006, Bellin et al. discovered that two distinct 
thermal transitions in a cross-linked network can be independently utilized to fix 
and recover two temporary shapes, all in one shape-memory cycle [184]. This is 
called the triple-shape-memory effect, indicative of a total of three shapes involved 
(including the permanent shape). The triple-shape-memory effect represents more 
or less an extension of the traditional dual-shape-memory effect, which relies on 
one thermal transition for one temporary shape. In retrospect, the timing of the 
discovery is thus somewhat surprising given the long history of SMP. The sig-
nificance of the triple-shape-memory effect, however, cannot be overemphasized 
since it has the potential to drastically impact the technological development. Xie 
and co-workers have proposed the triple-shape-memory effect and the quantitative 
triple-shape cycle, as illustrated in Fig. 7.10a for a cross-linked polymer with two 
distinctive Tgs (38 and 75 °C) [185, 186]. Relative to the dual-shape cycle that 
has one shape-fixing step and one shape-recovery step as discussed above, a triple-
shape cycle comprises two shape-fixing steps and two shape-recovery steps. In the 
two-step shape-fixing process in the photographs shown in Fig. 7.10a, the perma-
nent shape “A” was first heated to Thigh (90 °C, above both Tgs) and deformed 
by imposing a first stress. Cooling under this stress to Tmid (56 °C, between the 
two Tgs) and releasing the stress fixed the temporary shape “B”, corresponding to 
εB. In the second fixing step, shape “B” was further deformed by imposing a sec-
ond stress that is different from the first stress. This stress is maintained while the 
sample is cooled to Tlow (20 °C, below both Tgs). Removal of the second stress 
after cooling led to temporary shape “C” (εc). Here, the vitrification of the high-Tg 
component at Tmid and the low-Tg component at Tlow was responsible for fixing 
“B” and “C”, respectively. Shape recovery, on the other hand, is conducted under 
a stress-free condition. Heating of shape “C” to Tmid yields the recovered shape 
“B” (εBrec). Further heating of the recovered shape “B” to Thigh leads to the recov-
ered shape “A” (εArec). With X and Y denoting two different shapes, the respective 
shape fixation (Rf) and shape recovery (Rr) can be calculated with the following 
equations using the thermomechanical data from the results of a thermomechani-
cal test, as shown in Fig. 7.10(a):

(7.19)Rf(X → Y) = (εy − εx)/(εy load−εx),

7.4  Characterization Methods
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where εy load represents the maximum strain under load, εy and εx are fixed strains 
after cooling and load removal, and εx rec is the strain after recovery. In addi-
tion, Xie et al. [187] have recently reported that perfluorosulphonic acid ionomer 
(PFSA), which has only one broad reversible phase transition, exhibited dual-, tri-
ple-, and at least quadruple-shape-memory effects, all highly tunable without any 
change in the material composition as shown in Fig. 7.10b. They also successfully 
demonstrated the quantification of shape-memory performance in triple- or quad-
ruple-shape-memory effect. These studies mean that, using a combination of tem-
perature and strain control during the shape-fixing step, it is potentially possible to 
manipulate the transition temperature, which would lead to tunable shape recovery 

(7.20)Rr(Y → X) = (εy − εx rec)/(εy−εx),

Fig. 7.10  a Photographs of triple-shape memory effect and quantitative thermomechanical test 
[186]. b Photographs and quantitative thermomechanical test of quadruple-shape-memory prop-
erties of perfluorosulphonic acid ionomer (PFSA) [187]
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behavior. Therefore, PFSA is an attractive SMP that has been largely unnoticed 
until recently, and these concepts suggest strategies for expanding tunable mul-
tishape-memory effects to a broad range of polymers, the availability of which 
could significantly expand the technical potential for shape-memory polymers.

7.5  Applications of Shape-Memory Materials

As a novel kind of smart material, SMPs currently cover a broad range of appli-
cations especially in medicine and biotechnology. Particularly in 2002, Lendlein 
and Langer demonstrated the concept of biodegradable thermally responsive SMP 
sutures [24]. Many researchers are getting into SMPs to introduce biocompatibil-
ity and biodegradability to implant materials as well as minimally invasive surgi-
cal procedures in biomedical applications, which has led to substantially improved 
health care. In addition, SMPs also present additional potential in the area of 
micro-electro-mechanical systems (MEMS), actuators, self-healing, unique adhe-
sion devices and cell culture platforms.

7.5.1  Implantable SMP Devices

The aging population in Japan is not only driving the medical care and pharmaceu-
tical industry but also the medical devices market. Currently, the medical devices 
market in Japan is worth about 2.3 trillion yen, according to the report “Attractive 
Sectors Healthcare” by the Japan External Trade Organization (JETRO). It is 
ranked third, following those of the USA and Germany. According to the Ministry 
of Health, Labor and Welfare, the market size is expected to reach about 3 trillion 
yen by 2015. The USA and Germany are the only countries that import more med-
ical equipment than Japan. Conversely, Japan is the eighth largest exporter of med-
ical devices in the world. A rapidly ageing population has burdened the healthcare 
system in terms of both funding and facilities. As a result, payments made by the 
government to medical institutions have been slashed. The growing number of 
patients requiring long-term care and the advent of the elderly health insurance 
system offers great potential within the market. Japan has the most expensive med-
ical equipment in the world. It should however be kept in mind that some of the 
reasons for this lie with a distribution system that hikes up retail prices with hid-
den costs. An awkward regulatory system, a slow approval process and cultural 
differences have often put off overseas investors, although recent legislation has 
attempted to address many access difficulties. In this interdisciplinary field, sci-
entists, medical doctors, and engineers are continually looking to new materials to 
increase device performance and functionality. Biocompatibility has been defined 
as having an inert biological response as well as the desired and manipulatable 
response [188]. Polymeric materials have been developed into multiplatform 
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technologies to offer biomedical materials with multifunctionality [189, 190]. For 
example, in addition to a structural role, polymeric medical devices offer biodegra-
dability and enable controlled therapeutic drug release [191, 192].

Polymeric medical devices can also be engineered to elicit a shape-memory 
effect. SMPs are a class of mechanically functional “smart” materials that can 
recover relatively large strains in response to a stimulus. The activating stimu-
lus can include temperature, pH, humidity, light, electric power, or other means 
capable of facilitating molecular motion and enabling shape recovery. SMPs 
have most notably been promoted owing to their potential in minimally invasive 
surgery, where a compacted device could be passed through a smaller incision 
and deployed to its full shape once inside the body. For biomedical devices, the 
heating of the polymer to activate the shape-memory effect has been proposed 
via body heat [128, 193], optical/laser heating [194, 195], and remote inductive 
heating [99, 196]. Other SMP biomedical device reviews have primarily summa-
rized proposed devices and material chemistries [197]. The intent of this section 
is to focus on the importance and benefits of using SMPs for implantable medi-
cal devices. Furthermore, the development status of these devices is covered along 
with fundamental studies aimed at bringing these devices closer to the market.

Stents are expandable scaffolds designed to prevent vasospasms and resteno-
sis of a vessel after balloon angioplasty. Stenosis is defined as the narrowing of a 
blood vessel often caused by coronary artery disease (atherosclerosis), in which 
plaque builds within the arterial wall and constricts the flow of blood. Stenting 
was first performed in 1986 by Sigwart et al. and was designed to eliminate elas-
tic recoil and negative remodeling caused by angioplasty alone [198]. Since this 
pioneering surgery, stenting has been one of the most revolutionary and rapidly 
adopted medical interventions of all time [199]. The first study and first clin-
ical trial of an SMP stent may have occurred as a result of an unexpected arti-
fact during a clinical trial of a poly(l-lactide) (PLLA) stent. A study of the 
Igaki–Tamai stent, which is a balloon-expandable PLLA stent, was published in 
2000, in which the authors documented the stent’s ability for self-expansion, as 
shown in Fig. 7.11a [200, 201]. Furthermore, the deployment time was recorded 
as a function of temperature, with the stent deploying in 0.2, 13, and 1200 s at 
70, 50, and 37 °C, respectively. However, because the full processing and packag-
ing conditions of the PLLA stent were not reported, it is difficult to separate out 
shape recovery from viscoelasticity. More importantly, the authors demonstrated 
the feasibility and efficacy of a pure polymer stent manufactured from a shape-
memory material, which was successfully implanted into 15 patients and moni-
tored over 6 months without major cardiac events. On the other hand, because 
the use of polymers in stent design led to the breakthrough of Drug Eluent Stents 
(DESs), researchers have proposed the use of pure polymer stents. The potential 
advantages of pure polymer stents over bare metal stents include increased bio-
compatibility, biodegradability, increased drug loading, enhanced compliance 
matching, reduced cost, ease of fabrication for patient-specific devices, molecu-
lar surface engineering, and the use of the shape-memory effect. Wache et al. first 
reported the development of an SMP stent as a new vehicle for drug delivery in 
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2003 [202]. Prototype stents were manufactured using a thermoplastic PU, which 
was injection molded, extruded, then tested in vitro. In this study, the activation 
temperature was set in close proximity to body temperature, although the details 
on optimizing the shape-memory effect were not reported. On the other hand, 
Gall et al. reported the fabrication of SMP stents, in which the shape-memory 
effect of thermoset PMMAs is well characterized [179] and applied to the uncon-
strained recovery of SMP stents in an in vitro setup [193]. They demonstrated the 
use of the shape-memory effect in polymers for cardiovascular stent interventions 
to reduce the catheter size for delivery and offer highly controlled and tailored 
deployment at body temperature. Actually, covalently cross-linked networks were 
synthesized via photo-polymerization of tert-butyl acrylate and PEGDMA to pro-
vide precise control over the thermomechanical response of the system. The free 
recovery response of the polymer stents at body temperature was also shown as 
a function of Tg, cross-linking density, geometrical perforation, and deformation 
temperature, all of which can be independently controlled as shown in Fig. 7.11b. 
Room-temperature storage of the stents was shown to be highly dependent on Tg 
and crosslink density. In addition, the deformation recovery rate of the stents was 
shown to increase with respect to decreasing Tg and increasing storage modulus 

Fig. 7.11  a The Igaki–Tamai stent is a premounted, ballon-expandable PLLA stent that also has 
self-expansion ability [200]. b Recovery property of solid and perforated stents at 37 °C [193]. c 
Photographs of stent deployment. Timeline of SMP stent deployment in the mock artery (zero flow) 
as the laser power was gradually increased (Laser duration was approximately 6.3 min) [195]

7.5  Applications of Shape-Memory Materials
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of recovery (E′r), although the strain storage was adversely affected by the same 
conditions (decreased Tg and increased E′r). Finally, they concluded that this poly-
mer system exhibits a wide range of shape-memory effect and thermomechanical 
responses to adapt and meet specific needs of minimally invasive cardiovascular 
devices. As another approach in SMP stents, Baer and co-workers demonstrated 
the SMP prototypes that were fabricated from thermoplastic PU for neurovascular 
stents [203, 204]. In these studies, they proposed the use of SMPs owing to their 
high degree of compliance for navigating a stent through the tortuous neurovascu-
lature. The forces on the stent during deployment and after implantation were then 
evaluated and verified experimentally. In addition, they newly developed a ther-
moplastic polyurethane that was tested in a mock artery and deployed via laser 
heating, that is, laser-activated stents, as shown in Fig. 7.11c [195]. The stent was 
incapable of full deployment owing to convective losses under flow conditions. 
However, a considerable amount of work was put into investigating the amount of 
heat and power needed to activate the stent via a laser without damaging the sur-
rounding vasculature. Other new proposals and the feasibility of SMPs for stenting 
have been studied by many groups. Aside from the obvious strict biocompatibility 
and hemocompatibility requirements needed for regulatory approval, future work 
still needs to be performed on the long-term efficacy of SMP stents. Of course, 
future studies on SMP stents should include not only fatigue (stability) test but 
also in vivo experiments performed on animal models.

Each year, over 130,000 Japanese people die from a stroke and it is a dis-
ease that is one of the main causes of death according to the statistical data from 
Ministry of health, Labour and Welfare in Japan. Most ischemic strokes are caused 
by thrombotic vascular occlusion, which is the formation of a blood clot, in the 
arterial network supplying the brain [205]. Interruption of blood flow in these 
vessels deprives the brain of oxygen, often resulting in permanent disability. 
Traditionally, treatment has been limited to the administration of a recombinant 
tissue plasminogen activator such as t-PA, a thrombolytic (clot-dissolving) drug 
that is infused over a 1 h period into the systemic circulation. Clinical protocol 
requires that treatment may only be initiated within 3 hours of the onset of symp-
toms [206–210]. Other mechanical thrombectomy methods, including photoacous-
tic thrombolysis [211, 212], capture of the clot using a snare device [213] or a 
nitinol wire, which is an SMA, basket [214], and a saline jet device to fragment 
and aspirate the clot [215], are under investigation. In addition to expanding the 
patient population eligible for treatment, these and other nonpharmacological 
means of vessel reperfusion may offer a faster, safer alternative to thrombolytic 
drug therapy after ischemic stroke. From these perspectives, Maitland and co-
workers demonstrated clot-removal devices based on SMPs in 2002 [216, 217]. 
Maitland’s group is the leader in developing SMPs for clot removal devices. 
Their studies first demonstrated useful information about the polymer structure, 
which is a PU-based material, conditions for device actuation, and an estima-
tion of the recovery forces the device is capable of delivering during the transi-
tion between its straight and coiled shape, because the designed SMP device was 
manufactured as a wire. In addition, they also clearly demonstrated that the 
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designed microactuator coil can hold a clot, and the designed devices can also be 
successfully actuated by a laser [217]. As a follow-up study, Small et al. in the 
same research group have also developed an intravascular device using PU-based 
SMPs to mechanically retrieve the thrombus and restored blood flow following 
an ischemic stroke [218]. Their unique PU-based material can maintain a stable 
secondary shape and, upon controlled heating, returned to its primary shape. In 
their device, the primary shape is a tapered corkscrew and the secondary shape is 
a straight rod, as shown in Fig. 7.12a. They proposed to deliver the SMP microac-
tuator in its secondary straight rod form through a catheter distal to the vascular 
occlusion. The microactuator, which was mounted on the end of an optical fiber, 
was then transformed into its primary corkscrew shape by laser heating. Once 
deployed, the microactuator was retracted and the captured thrombus was removed 
from the body to restore blood flow. In this paper, the fabrication techniques and 
the optical, photothermal, and thermomechanical properties of the device are also 
discussed. In addition, the problems prior to in vivo study, including the incorpo-
ration of (1) a torqueable sheath around the optical fiber to allow the surgeon to 
maneuver the device through the tortuous paths of the neurovasculature (2) radio-
opacity for visualization under fluoroscopic guidance, and (3) a means of securing 

Fig. 7.12  a A proposed thrombectomy device based on the laser-activated SMP coupled to an 
optical fiber [218]. b Diagram of how an annuloplasty ring acts to correct mitral insufficiency 
and recovery of the initial geometry of an annuloplasty ring prototype through the shape-memory 
effect by heating [221, 222]. c Schematic representation of the SMP neuronal probe actuator. The 
probe is fabricated with an enclosed conductor (vertical line) and deformed into a “crouched” 
conformation. The heat from the body then causes slow actuation of the SMP probe back to its 
original conformation and moves the probe tip beyond the zone of tissue damage created by 
implantation [224]. d A potential application of the SMP for the development of a ureter stent 
and DES [231, 234]
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the captured clot after retraction for withdrawal from the body were demonstrated. 
Also, the diameter of the SMP corkscrew may have to be scaled down slightly 
for human use, depending on the clot location. Notwithstanding the lack of these 
design elements in the initial prototype, the laser-activated SMP thrombectomy 
device should be improved for treating ischemic stroke without the need for sys-
temic infusion of thrombolytic drugs and future in vivo study.

Mitral valve insufficiency occurs when the mitral valve does not close prop-
erly, resulting in the regurgitation of blood from the left ventricle to the left atrium 
(flow reversal). Valve repair (e.g., ring annuloplasty), as opposed to replacement, 
is the preferred method of treatment [219, 220]. The current ring annuloplasty 
procedure consists of implanting a prosthetic ring to immediately reduce the ori-
fice diameter and improve contact between the valve leaflets. In recent years, a 
large amount of interest has been shown in the development of annuloplasty tech-
niques by a percutaneous path (which would not require open surgery or connec-
tion to an extracorporeal circulation pump), some of the paths being based on 
the anatomical proximity between the coronary sinus and the mitral valve ring. 
There are already various devices being developed that are inserted by the venous 
path (jugular or femoral) and are placed in the coronary sinus, and which, after 
the application of traction, retraction or heat, reduce their perimeter, achieving a 
reduction in the mitral ring and the degree of insufficiency, as shown in the top 
image of Fig. 7.12b. Lantada and co-workers have proposed a resistively heated 
SMP ring to enhance the annuloplasty procedure for remotely controlled postop-
erative diameter reduction as shown in the bottom image of Fig. 7.12b [221]. First, 
they demonstrated the procedure for designing, manufacturing, and programming 
the “shape-memory” effect and in vitro trials for an active annuloplasty ring for 
the treatment of mitral valve insufficiency, developed by using PU-based SMPs. 
The thermally responsive SMP ring would be implanted in a temporary shape 
corresponding to the shape of the patient’s malfunctioning mitral valve, reducing 
the acute impact of the procedure on the heart. The SMP ring diameter would be 
reduced gradually postoperatively by applying a current to the embedded resistive 
elements while monitoring the valve operation. They have also recently demon-
strated a personalized development of an annuloplasty ring based on the combined 
use of information from medical imaging, from computer-aided design and man-
ufacturing technology (CAD-CAM) design programs and prototype manufac-
ture using rapid prototyping technologies [222]. In this paper, the authors firstly 
explain the problem of mitral insufficiency and how its treatment using annulo-
plasty rings could benefit from the use of personalized designs.

Neuroprosthetics, which is also called neural prosthetics, is a discipline related 
to neuroscience and biomedical engineering concerned with developing neural pros-
theses. Neural prostheses are a series of devices that can substitute a motor, sensory 
or cognitive modality that might have been damaged as a result of an injury or a 
disease. In this system, neuronal probes used to monitor and stimulate brain activ-
ity are susceptible to failure owing to the issue of damage induced during the initial 
insertion procedure [223]. To reduce the extent of damage, Sharp et al. designed a 
prototype neuronal probe using a body-temperature-activated SMP microactuator 
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for slow insertion into the brain tissue, as shown in Fig. 7.12c [224]. Generally, the 
widespread application of neuronal probes for chronic recording of brain activity 
and functional stimulation has been slow to develop partially owing to the long-term 
biocompatibility problems with existing metallic and ceramic probes and the tis-
sue damage caused during probe insertion. Stiff probes are easily inserted into soft 
brain tissue but cause astrocytic scars that become insulating sheaths between elec-
trodes and neurons. To overcome and address these problems, they explore the fea-
sibility of a new approach to the composition and implantation of chronic electrode 
arrays. They demonstrated that softer polymer-based probes can be inserted into the 
olfactory bulb of a mouse and that slow insertion of the probes reduces astrocytic 
scarring. They further presented the development of a micromachined SMP probe, 
which provided a vehicle to self-deploy an electrode at suitably low rates and which 
could provide sufficient force to penetrate the brain, as shown in Fig. 7.12c. They 
could also successfully tailor the deployment rate and composition of SMP probes 
by polymer chemistry and actuator design. Results in mice showed that slow inser-
tion (1 mm per 40 min) reduced the amount of tissue damage. Therefore, they con-
cluded that it is feasible to fabricate shape-memory polymer-based electrodes that 
would slowly self-implant compliant conductors into the brain, and both decrease 
initial trauma resulting from implantation and enhance long-term biocompatibility 
for long-term neuronal measurement and stimulation.

The choice of a suitable material and processes in order to allow the addition of 
desired functions is crucial and will only be effective when the underlying funda-
mental principles can be attributed to different structural elements at the molecular 
level. Multifunctional polymers that combine two functions such as shape-memory 
effect and biodegradability [24] or biodegradability and drug release [225] have 
been realized. However, a material that combines the three functions, namely, 
shape-memory capability, controlled drug release, and biodegradability, has not 
yet been demonstrated. As described in this section, this would allow us to com-
bine the shape-memory effect for enabling minimally invasive implantation of 
bulky devices [226], biodegradability to avoid a second surgery for implant removal 
[227], and controlled drug release for treating infections [228], reducing inflam-
matory responses [229], or, later, supporting regeneration processes [230]. A drug-
loaded, degradable stent [231] and an anchorable drug release system that stimulates 
the matrix [232] have been demonstrated by Lendlein’s group and Sheares’ group, 
respectively. Although to achieve multifunctionality, a material is usually integrated 
and combined with several components into a system, Lendlein and co-workers suc-
cessfully combined the multifunctionality into one polymeric material [231]. This 
simple and versatile idea opened a new way to design highly functional SMP mate-
rials. In addition, they demonstrated a first example of the potential application of 
such SMPs as ureteral stents, as shown in Fig. 7.12d [231]. The designed SMP can 
be anchored in the body, release both hydrophilic and hydrophobic drugs, such as 
Ethacridine lactate and Enoxacin, and subsequently degrade, thus avoiding pain-
ful removal. They also showed the potential of drug-loaded SMPs as injectable or 
implantable self-anchoring implant rods, which could enable spatial fixation for a 
local drug release, as shown in Fig. 7.12d [233, 234].

7.5  Applications of Shape-Memory Materials
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The advent of biodegradable SMPs spurred the investigation of their use as a 
vehicle for tissue engineering. In theory, tissue can be grown on collapsible SMP 
scaffolds in vitro and potentially delivered into the body using minimally invasive 
techniques such as with a catheter and implanted to initiate repair or reconstruc-
tion of tissue organs. The previously reported implantable embolic devices and 
stents represent potential endovascular tissue engineering applications, as both 
types of device result in the eventual in-growth of cells around the SMP struc-
ture as part of the healing process. Other biodegradable SMP scaffolds could be 
applied to pharyngeal mucosa reconstruction, bone regeneration, and organ repair. 
Despite this feasibility of SMPs for tissue engineering, some demonstrations exist 
that relate to in vitro studies using cells in contact with SMPs [112, 113, 129, 235–
237]; there is a little report that describes the impact of the shape-memory effect 
on adhered cells [238], as discussed later (Sect. 7.5.4).

Additionally, not only the stent applications but also other devices such as for 
orthopedics [128], orthodontics [239], and blood dialysis [240] have already been 
reported. Future research in this field will, in cooperation with clinicians, have 
to reveal further fields of applications and eventually first conduct animal stud-
ies. To do so, SMPs will have to be specifically designed for a certain application, 
for example, by establishing in vitro the desired Tswitch, mechanical features, drug 
loading levels, release rates, and degradation properties. Synergistic or independ-
ent effects of several stimuli are potential areas of research. Then, the next pre-
clinical stages will have to be passed in order to provide the desired devices for 
animal studies.

7.5.2  MEMS and Actuators

Micro-electro-mechanical and nano-electro-mechanical systems (MEMS and 
NEMS) are devices integrating electrical and mechanical functionalities on the 
micro- and nanoscale, respectively. MEMS and NEMS typically integrate tran-
sistor-like nano(micro)electronics with mechanical actuators, pumps, or motors, 
and may thereby form physical, biological, and chemical sensors. The name 
derives from typical device dimensions in the micro- and nanometer range, lead-
ing to low mass, high mechanical resonance frequencies, potentially large quan-
tum mechanical effects such as zero point motion, and a high surface-to-volume 
ratio useful for surface-based applications, especially in NEMS. In recent years, 
it has been reported that the shape-memory effect in SMPs is not only a macro-
scopic phenomenon, but also occurs even on the several tens of nanometer scale 
in bulk SMPs [241]. As such, SMPs have great potential for micron- and even sub-
micron-scale actuation for MEMS and NEMS applications, micro/nanopatterning 
[242, 243], and biomedical devices [197, 244]. Micron-sized thermo/moisture-
responsive PU SMP/Ni powder chains were fabricated and their shape recovery 
was investigated as an indirect way to demonstrate the SME in micron/submicron-
sized SMPs. Vertical protrusive SMP/Ni chains were fabricated by applying a 
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vertical magnetic field during curing of the SMP/Ni mixture. Figure 7.13a shows 
the morphology of the array of flattened chains atop the 2 vol% Ni sample and 
the morphology after subsequent heating for shape recovery [27, 241]. The magni-
fied view of a small chain reveals that in the flattened shape, the initially vertical 
chain was bent at approximately 90°. However, after heating, the bending angle 
was largely recovered, which reveals the shape recovery phenomenon in the chain 
and indirectly demonstrates the SME in micron/submicron-sized SMP. The shape-
memory effect in an array of such chains (like a microbrush) may provide a simple 
mechanism and convenient approach to achieve reversible surface morphology for 
a significant change in many surface-related properties such as friction and wetting 
ability. Other microsized protrusion arrays can be realized by laser heating [245]. 
During the fabrication, a precompressed SMP is heated by a local laser beam. The 
working principle of forming a protrusive bump atop the SMP by laser heating 
was demonstrated. First, a polished SMP sample is precompressed. A laser beam 
(or simple heating) is then shone atop its surface, and the protrusive SMP arrays 

Fig. 7.13  a SEM images of vertical protrusive SMP/Ni chains (2 vol% Ni) and their shape-
memory effect [27]. b Photographs of forming a microprotrusion bump atop the SMP using laser 
polishing [245]. c Schematic representation of McKibben artificial muscle that uses SMP (PH 
high pressure, PL low pressure) and photograph of prototype of developed actuator with SMP 
[251]. d Concept of azobenzene-driven SMP actuation. The azobenzene-based network under-
goes an E–Z isomerization between rodlike and bent states upon exposure to UV radiation. 
Response of aligned azobenzene-based films to UV/visible illumination and UV-induced coiling 
of a film in the twisted configuration [253]
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are produced, as shown in Fig. 7.13b. Liu et al. demonstrated a generic approach 
for producing unique protrusive features with different shapes and sizes using sty-
rene copolymer SMP. Their method in combination with micro/nanoindentation 
and surface polishing can be used to fabricate a more complex surface structure 
by a simple process [243]. In fact, Fig. 7.13b shows that the surface microstructure 
can be regulated by adjusting the depth of surface polishing, although the precom-
pressed strain is the same. They also demonstrated that this method can apply to 
nanoscale or more unique structures such as cylinder, crown, and butterfly shape. 
SMP-based MEMS systems have also been proposed by several researchers for 
the rapid and accurate blind placement and release of medical devices in the body 
[246–250]. Also, micropumps for drug delivery have been designed from SMAs 
for fine control potential owing to the relatively low stiffness of SMPs. This issue 
has triggered efforts to develop composite SMPs that can provide the biocompat-
ibility of polymers as well as the stiffness/conductivity of metal alloys. However, 
applying the SMPs to MEMS and NEMS systems is still challenging; thus, further 
examination will be required for potential applications.

Actuation entails the use of an actuator to move or control a mechanism or sys-
tem as a type of motor. It is driven by a source of external energy, such as heat-
ing, electric current, radiation or air pressure. SMPs as smart materials can sense 
the specific external stimulus to automatically recover to their permanent shape 
from a programmed temporary shape. Therefore, they have already been provided 
with the capacity to release their entropic energy and move a system upon trig-
gering. Thus, actuation uses the recovery force from the thermomechanical SME 
cycle of a polymer as a motor. Diversified triggering patterns for actuation that 
use heating, electricity and alternating magnetic fields for the design of actuators 
have been developed. In some specific actuator structures, the shape fixation of 
SMPs provides the advantages of fixing a rigid shape or stiffening a particular 
functional shape without the need for continuous control. In this case, the actua-
tion arises from the other driving part of the actuator structure, and SMPs impart 
the controllable supporting force to achieve the designed function. Takashima 
et al. have developed a McKibben artificial muscle that can be fixed into a rigid 
shape without the need for continuous control [251]. The McKibben-type pneu-
matic actuator usually has a simple structure consisting of an internal bladder 
(e.g., rubber tube) wrapped in a braided mesh shell with flexible yet nonextensible 
threads (e.g., nylon or fiberglass mesh). The actuator has a fitting attached at one 
end through which the internal bladder is pressurized. When a positive air pressure 
(with respect to atmospheric pressure) is introduced to the bladder, it expands. The 
braided mesh shell is radially deformed and, resembling the Chinese finger puzzle 
and a pantograph, the mesh changes configuration in a scissorlike action owing 
to the nonextensibility of the threads. This action resolves the radial expansion 
forces into axial contraction forces. The result is a shortening of the whole actua-
tor if it is unloaded or the generation of a significant axial force if a mechanical 
load is attached. The SMP-based McKibben artificial muscle was made by coating 
SMPs onto the braided mesh shell of a commercial McKibben artificial muscle as 
shown in Fig. 7.13c [251]. When heated above the Tg of the SMP, it can be used as 
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a conventional McKibben muscle. When the actuator reaches the desired length, 
cooling to below the Tmemory (Tg) can ‘freeze’ the structure into a rigid, actuated 
state without any air supply or control system. In this way, the SMP enhances 
the versatility of this type of artificial muscle. Likewise, in a nitinol-core/SMP-
shell thermally activated endovascular thrombectomy device, the SMP reaches its 
Tg and undergoes a reduction in its elastic modulus, allowing the microactuator 
to transform from a straight form for endovascular delivery to a preprogrammed 
corkscrew form for clot retrieval. In this case, an electric current in the nitinol pro-
vides the electroresistive (Joule) heat. When the current is turned off, the nitinol 
and SMP cool below Tg, and the polymer returns to its glassy rigid state, ensur-
ing enhanced stiffness to the corkscrew shape for clot removal [252]. In addition, 
triple (two-way) shape-memory effects have also been applied to the actuator 
applications. These systems are good candidates to achieve bending actuation. For 
example, the liquid crystal elastomer (LCE) systems developed by Harris’ group 
with a densely cross-linked and twisted configuration of azobenzene units demon-
strated a high room-temperature elastic modulus, on the order of 1 GPa as shown 
in Fig. 7.13d [253]. Because mechanical energy is related to the elastic modulus, 
the systems are expected to provide great work output as light-driven actuator 
materials. Consequently, LCEs with azobenzene units are intriguing smart actuator 
devices for the conversion of light energy into mechanical energy [254, 255].

As the development of lab-on-a-chip technology increases in a wide range of 
applications, the choice of materials as well as appropriate fabrication techniques 
is of particular importance for a specific application. This is mostly due to the 
high surface-to-volume ratio that exists within such small structures. A number of 
materials, including silicon [256, 257], quartz [258, 259], glass [260, 261], metal 
[262, 263], and polymers [264–267] have been used to date to fabricate micro-
fluidic devices. Generally, careful consideration of physical and chemical proper-
ties of the component materials is essential. In addition, it becomes increasingly 
apparent that on-demand switchable materials that can respond to external stimuli 
or their environment to produce dynamic and reversible change in critical proper-
ties have enabled progress in a growing number of diverse applications including 
bio/chemical analysis, chemical synthesis, cell manipulation, biomedical monitor-
ing, and point-of-care clinical diagnostics. From these perspectives, ‘smart’ micro-
fluidic systems have been extensively studied using stimuli-responsive materials 
because they can receive device-generated signals and act as switches by them-
selves. Beebe and co-workers, for example, used a pH-responsive hydrogel-based 
valve that opened or closed depending upon the pH of the flowing solution [268]. 
A bistrip valve and an arrowhead-shaped valve have also been reported to allow 
flow in only one direction [269, 270]. The triggered control of interfacial prop-
erties provided by immobilized stimuli-responsive polymers at the solid-water 
interface has also been developed for designing smart microfluidic systems [271, 
272]. Several research groups have explored the use of microcapillaries coated 
with a temperature-responsive poly(N-isopropylacrylamide) (PNIPAAm) layer 
for creating an ‘on-off’ valve for the liquid flow. Nanometer-sized surface-grafted 
PNIPAAm layers within microcapillaries stopped the flow below LCST because 
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hydration of PIPAAm-grafted chains at the capillary interfaces increased the 
microviscosity of the hydration layers at the wall interfaces without physically 
occluding the capillary lumen, significantly influencing the flow frictional resist-
ance [273, 274]. This system produced complete and reversible ‘on–off’ flow 
valving in microchannels under relevant hydrostatic pressures useful for micro-
fluidics approaches. The ‘on–off’ switchable surface trap systems have also been 
developed to separate and enrich target analytes with simple control of the exter-
nal stimuli such as friction heat, light and magnet for point-of-care diagnostics in 
the low-infrastructured sites [275–278]. According to these backgrounds, we have 
recently reported on-demand switchable microchip materials that display potent 
rewritable and shape-memory properties, which are shown to contribute to fluidic 
control as pumps and valves, as shown in Fig. 7.14a [279]. Semicrystalline PCL 
was chemically cross-linked to show shape-memory effect over its Tm because 
the cross-linking points set the permanent shape and the crystalline domains serve 
as a thermally reversible mobile phase. The Tm was adjusted to near biologically 
relevant temperatures by cross-linking two- and four-branched PCL macromon-
omers with different ratios. The Tm decreased proportionally with increasing 
four-branched PCL because an increase in density imposes restrictions on chain 
mobility and reduces the crystallization [130]. The sample with 50/50 wt% mix-
ing ratio of two- and four-branched PCLs exhibits a Tm of approximately 33 °C. 

Fig. 7.14  a Schematic illustration of proposed shape-memory microchips. b On-demand chan-
nel closing by local heating without valve. Water was filled in the channel and heat was locally 
applied to the channel (bar 1000 μm). (bottom) Infrared thermal images of the PCL channel 
shown in (b) [279]
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Permanent surface patterns were first generated by cross-linking the macromon-
omers in a mold, and temporary surface patterns were then embossed onto the 
permanent patterns. From the cross-sectional profiles, almost 100 % recovery of 
the permanent pattern was successfully achieved after shape-memory transition. 
The effects of dynamic geometric changes of the shape-memory channels on the 
microfluidic flow were also investigated, and shape-memory channel closing was 
achieved by the application of heat, as shown in Fig. 7.14b. The proposed system 
can be potentially applied as a new class of microfluidic control techniques that 
enable portable microfluidics-based diagnostic tools for biomedical applications 
and environmental monitoring allowing on-site analysis.

Moreover, Ichiki’s group in collaboration with our group has also developed a 
novel SMP microvalve suitable for integration into micro-total analysis systems 
(micro-TAS) devices [280, 281]. This microvalve is compatible with electron-
ics and is considered to be applicable to low-cost disposable chips. The microv-
alve has a simple design and is constructed with two adjacent microchannels 
and a polymeric sheet microvalve with a thin-film heater, but can provide either 
normally open (N/O) or normally closed (N/C) microvalve functions. We also 
demonstrated a field-programmable microvalve array (FPVA) with 8 × 8 = 64 
microvalves, which enables the custom design of microfluidic devices by anal-
ogy with a field-programmable gate array (FPGA) in LSI technology. Although 
extensive research has been conducted on microvalve technologies [282, 283], the 
development of a simple and robust microvalve remains a challenge. To overcome 
this issue, we developed a microvalve that is actuated by the shape recovery of 
an SMP. Compared with well-known metallic SMAs, SMPs show large deform-
ability and changes in the elastic modulus at their response temperature, which are 
highly advantageous for the simple design and reliable actuation of microvalves. 
Figure 7.15a shows the proposed SMP microvalve. PCL was used as the SMP. 
PCL can memorize the shape of microstructures at the sub-micrometer level and 
reverts to its original shape near 50 °C. Microvalve actuation was inspected by 
vertical imaging, as shown in Fig. 7.15b. They also applied this system to more 
complex device systems in which the N/O and N/C microvalves are arranged in 

Fig. 7.15  a Schematic of SMP and proposed SMP microvalve (N/O valve). b Optical and flu-
orescence microscopy images of an SMP microvalve. c Optical photograph of programmed 
microchannel networks and schematic of programmed valve opening and closing (8 × 8 = 64 
valves). Selected valves were closed, and the designed blue and red fluid lines were success-
fully observed [280]
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tandem. An N/O microvalve has a concave shape as its temporary shape and a flat 
shape as its permanent shape, and vice versa for an N/C microvalve. Tandemly 
arranged microvalves can actuate in sequence from a closed state to an open 
state and finally to a closed state. This sequence is one of the most frequently 
used sequences for performing the batch processing of liquid samples on a chip. 
Finally, they fabricated an FPVA, as shown in Fig. 7.15c. This FPVA is analogous 
to an FPGA, which is a programmable integrated circuit that interconnects several 
logic modules. In contrast, the FPVA has a microchannel network that intercon-
nects microfluidic components such as chambers, mixers and sensors. Microvalves 
are arranged at each crossing point of the microchannel network. Selective micro-
valve actuation enables the on-demand formation of an arbitrary microfluidic 
network. In summary, we developed a novel SMP microvalve that can operate as 
either N/O or N/C microvalves and fabricated an FPVA with 8 × 8 = 64 micro-
valves to demonstrate the suitability for integration into a microfluidic network. 
The simple microvalve design and applicability of low-cost fabrication technology 
such as plastic molding and circuit printing are advantageous for use in disposable 
chips. Also, the electronically controllable feature is expected to be useful for real-
izing full-scale micro-TAS devices.

7.5.3  Bulk and Surface Shape Memory for Dynamic 
Regulation of Cel l Functions

Traditional synthetic substrates and matrices for cell culture have proven to be of 
only limited utility in efforts to understand and control cell behavior, in large part 
because they fail to capture the multifarious biochemical, mechanical, geometric 
and dynamic characteristics of in vivo environments. However, recent advances 
in materials chemistry and engineering have begun to provide researchers with 
a toolbox to mimic the complex characteristics of natural extracellular matrices 
(ECMs), providing new pathways to explore cell–matrix interactions and direct 
cell fate under physiologically realistic conditions.Even though shape-memory 
materials are well known as one of the actively moving materials, as discussed 
in “Sect. 7.5.1”, there is still limited knowledge on the dynamic regulation and 
manipulation of cell behavior using SMPs. However, from recent studies, SMP-
based cell culture substrates have the potential to dynamically regulate the cellular 
function and fate. In this review, we describe recent developments in shape-mem-
ory materials as dynamic cell culture substrates. In particular, we focused on the 
mechanostructural stimuli such as topology and elasticity as the cues against 
adhered cells on the substrate to manipulate and regulate cellular functions and 
fate. These results should provide further understanding of how cells respond to 
spatiotemporal variations in an extracellular environment.

Regarding the design of dynamic cell culture substrates and matrices whose 
properties can be engineered to vary over time in well-defined and controlled 
ways, most studies rely on stimulus-responsive materials. In those studies, the 
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term stimulus is broadly defined as any perturbation, externally applied or induced 
by the cultured cells themselves, capable of inducing well-defined variations in 
the cell–material interaction. As described in other chapters, there are many smart 
materials, including those that respond to light and electric and magnetic fields, 
introduction of biomolecules, changes in temperature, pH or ionic strength, and 
mechanical work applied on the substrate [284]. However, most dynamic materials 
that respond to external stimuli change their physicochemical properties such as 
hydrophilicity/hydrophobicity (surface energy) and the state of charge at the sur-
face scale.

Researchers have reported the use of thermally responsive SMPs as an extra-
cellular matrix for growing various tissues in vitro. Rickert et al. reported cell 
seeding on a biodegradable thermoplastic SMP based on PCL [285]. To investi-
gate the possibility of reconstructing the mucosa of the upper aerodigestive tract, 
rat pharyngeal cells were seeded on smooth and porous surfaces of the SMP with 
encouraging results, and excellent biocompatibility and biofunctionality were 
demonstrated for a series of developed multifunctional biodegradable, polymeric 
biomaterials both in vitro and in vivo. Novel, multifunctional polymeric biomateri-
als offer a highly specific adjustment to the physiological, anatomical and surgical 
requirements and can thereby facilitate new therapeutic options in head and neck 
surgery. However, the shape-memory effect on cell culture has not been well stud-
ied. Neuss et al. were the first to demonstrate the shape-memory effect on adhered 
cells [238]. They characterized the behaviors of L929 mouse fibroblasts, human 
mesenchymal stem cells, human mesothelial cells, and rat mesothelial cells on a 
PCL-based SMP network. They synthesized the PCL networks by radical polym-
erization of PCL-dimethacrylate (Mn ~15,000 g/mol), and showed a Tm of 52 °C. 
The developed polymer was cytocompatible for all tested cell types, supporting 
cell viability and proliferation. The differentiation capacity of mesenchymal stem 
cells was also supported by the SMP. In fact, they determined the shape-mem-
ory effect on adhered L929 cells upon activation by a 10 s heating incubation at 
54 °C. As shown in Fig. 7.16a, this short 54 °C incubation on glass slides (con-
trol sample) without a shape-memory effect did not affect the L929 cells, and all 
cells were viable and the cell monolayer remained confluent. After the activation 
of the shape-memory effect, the cell monolayer was disconnected, the cell num-
ber was reduced and some cells underwent apoptosis, resulting in blebbing cells, 
as observed in the photographs (Fig. 7.16a). Importantly, no necrotic cells were 
observed in this system. They explained that, owing to varying shear forces at dif-
ferent points on the surface of the polymer, unaffected confluent cell monolayers 
as well as subconfluent regions and regions with apoptotic cells were observed, 
possibly the polymer region with the highest shear force during shape-memory 
activation. Nevertheless, no necrotic cells were detectable; thus, they concluded 
that no inflammation caused by adherent cells would occur after transplantation 
of the cell-seeded PCL network. Since the 100 % strain-fixed sample was used 
as a temporal pattern in this system, the use of a lower-strain-fixed sample may 
be required to reduce the number of apoptotic cells because it should minimize 
the shear forces generated upon shape-memory activation. Moreover, the transition 
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temperature in this system is too high, and it is difficult to directly apply this sys-
tem in vivo. However, these first findings will open a new way to establish the 
foundation for the future success of SMPs in the field of biomaterials.

Although Neuss et al.’s approach relied on the bulk shape-memory effect, the 
cells are likely adhered on the surface (or interface) of the material. In bulk shape 
memory, the macroscopic motion of SMP will result in the large dimensional 
change; in turn, the surface shape memory will inhibit or minimize this effect 
on the adhered cells. The first to investigate the surface shape-memory effect 
was Nelson et al. [286]. By using AFM probe tips, they successfully formed the 
surface nanoscale indents with depth from 3 to 16 nm and lateral dimensions 
of approximately 200–300 nm onto a cross-linked thermoset epoxy-based SMP 
surface. Despite the expected heterogeneity of the cross-linked network struc-
tures, which originated from the molecular cross-linking, the indents can fully 
recover upon sufficient heating at the molecular level. The erasable nature of 
the nanoscale deformation (nanoindents or nanoimprints), when combined with 
a massively parallel operation of scanning probes, makes it attractive for use as 
rewritable high-density data storage media [287]. On a more general basis, the 
surface shape-memory effect could become an increasingly attractive option for 
soft lithography (e.g., microcontact printing and microfluidics), given the erasa-
ble and reprogrammable nature of the nanoscale deformation [288, 289]. Another 
notable use of the surface shape-memory effect lies in the creation of localized 
surface-wrinkle-based structural colors [290]. In general, surface wrinkling 
occurs when a rigid thin film supported on a soft substrate is compressed lat-
erally beyond a critical strain. Typically, surface wrinkling is created uniformly 
on a rubber substrate. The use of an SMP as the wrinkle substrate presents a 
unique opportunity to create localized wrinkle structures. The process of forming 
localized wrinkles is as follows: Localized indents are first created on an SMP 
surface, followed by the deposition of a metallic thin film. Heat-triggered recov-
ery of the indent induced a lateral compressive strain at the edge of the indent, 
resulting in localized wrinkle formation. The wavelength of the resulting surface 
wrinkles falls within the vicinity of the visible wavelength. As such, the wrinkled 
surface showed angle-dependent structural colors. Reflecting the flexible and 
controllable nature of the wrinkling process, the method can be utilized to cap-
ture any macroscopic object when the object itself is used as the indenter. These 
surface patterns based on localized wrinkle formation can be applied as the cell 
culture substrate because anisotropic geometries are critical for eliciting cell 
alignment to dictate tissue microarchitectures and biological functions. In addi-
tion, surface metallic coating will sometimes complicate the observation of cells 
and biological characterization. From this perspective, Wang et al. have recently 
presented a novel simple, solvent-free, and reproducible method via uniaxial 
stretching for incorporating anisotropic topographies on biodegradable films with 
ambitions to realize stem cell alignment control, as shown in Fig. 7.16b [291]. 
Although this system does not require the metal coating, uniaxial stretching of 
PCL (Mw = 80,000 g/mol) films resulted in a three-dimensional micro-ridge/
groove topography (inter-ridge distance: ~6 μm; ridge length: ~90 μm; ridge 
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depth: 200–900 nm) with uniform distribution and controllable orientation in the 
direction of the stretch on the whole film surface. When the stretch temperature 
and draw ratio were increased, the inter-ridge distance was reduced and the ridge 
length increased. Through modification by hydrolysis, increased surface hydro-
philicity was also achieved, while maintaining the morphology of PCL ridge/
grooves. Upon seeding human mesenchymal stem cells (hMSCs) on uniaxial-
stretched PCL films, aligned hMSC organization was obtained. Compared with 
unstretched films, hMSCs on uniaxial-stretched PCL had a larger increase in 
cellular alignment (>85 %) and elongation, without any indication of cytotox-
icity or reduction in cellular proliferation. This aligned hMSC organization was 
homogenous and stably maintained with controlled orientation along the ridges 
on the whole uniaxial-stretched PCL surface for over 2 weeks. Moreover, the 
hMSCs had a higher level of myogenic gene expression on the uniaxial-stretched 
PCL than on the unstretched films. Therefore, their data suggested that uniaxial 
stretching, which is a surface feature, has potential in patterning film topogra-
phy with anisotropic structures. The uniaxial-stretched PCL in conjunction with 
hMSCs could be used as “basic units” to create tissue constructs with microscale 
control of cellular alignment and elongation for tissue engineering applications. 
However, this study also did not examine the impact of shape-memory activation 
on adhered cells, and the shape-memory effect was utilized in the fabrication of 
uniaxial-stretched PCL maybe because of the high Tm of PCL.

Fig. 7.16  a Influence of shape-memory activation on adherent cells on PCLDMA network. 
The shape-memory effect was activated by 10 s heat incubation at 54 °C [238]. b Schematic 
of fabrication and anisotropic topography of uniaxial-stretched PCL and field-emission scanning 
electron microscopy (FESEM) images of uniaxial-stretched PCL at representative regions (left). 
CLSM images of hMSCs on flat and uniaxial-stretched PCL (right) [291]
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At the same time, Lam et al. first demonstrated the application of the dynamic 
topography to cultured cells using reversible poly(dimethylsiloxane) (PDMS) sur-
faces, although this system does not include SMP [292]. In this system, reversible 
wavy microfeatures were fabricated by subjecting the PDMS surfaces to plasma 
oxidation and subsequently applying compressive stress to induce surface buck-
ling. Myoblast cells that initially adhered with random orientations onto the flat 
substrate then aligned parallel to the direction of waves, and regained their random 
orientation upon relaxation of the substrate features. Their results strongly suggest 
that dynamic topographical change affects the adhered cell function, and the sur-
face shape-memory effect can surely be applied to dynamic cell culture substrates.

The first example of the surface shape-memory effect applied to a dynamic 
cell culture substrate was shown by Davis et al. [293]. To enable surface-shape 
memory during cell culture, they prepared a glassy SMP from Norland Optical 
Adhesive 63 (NOA-63) because the recovery temperature can be tuned by manip-
ulating the cross-linking condition in this system [169]. To reveal the feasibility 
of the surface shape-memory effect during cell culture, they embossed an initially 
flat NOA-63-based SMP substrate to produce a temporary topography of parallel 
microscale grooves. After plating the cells on the substrate, they triggered shape-
memory activation using a change in temperature tailored to be compatible with 
mammalian cells such as mouse embryonic fibroblasts, thereby causing a topo-
graphic transformation back to the original flat surface. They found that the pro-
grammed erasure of substrate topography caused a decrease in cell alignment as 
evidenced by an increase in angular dispersion with corresponding remodeling of 
the actin cytoskeleton. Cell viability remained higher than 95 % before and after 
topography change and temperature increase.

PCL is a common choice in surface SMP because it is biocompatible and has a 
Tswitch that can be adjusted close to body temperature by introducing branching in 
the polymer backbone. We have already demonstrated this ability to modulate the 
Tm of PCL materials by controlling the nanoarchitectures of cross-linked PCL, such 
as branched arm numbers and molecular weight [111–114, 130]. To obtain the PCL-
based substrates desired for cell culture, shape-memory PCL substrates were pre-
pared by cross-linking tetra-branched PCL with acrylate end groups in the presence 
of linear PCL telechelic diacrylates [294, 295]. The Tm of cross-linked PCLs propor-
tionally decreased with decreasing tetra-branched PCL content while the relatively 
high melting enthalpy at approximately the Tm (ΔHm) was maintained. In particu-
lar, the sample with 50/50 wt% mixing ratio of tetra-/di-branched PCL had a Tm of 
approximately 33 °C. Surprisingly, the transition occurred over a few °C and was 
associated with a large elastic modulus decrease from approximately 43 to 1 MPa. 
The bulk shape-memory properties for these samples were investigated by cyclic 
thermomechanical tests. For the cross-linked PCLs, Rf and Rr were approximately 
99 and 90 %, respectively. Thus, by precisely tailoring the nanoarchitectures of sem-
icrystalline PCL, the shape-memory switching temperatures could be successfully 
adjusted near body temperature while maintaining a sharp mechanical transition 
over a narrow temperature range. To program temporary surface patterns, the sub-
strates were compressed in a thermochamber. A compressive stress of 0.1 MPa was 
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applied to the samples at 37 °C and held for 5 min. The embossing stress was then 
released at 4 °C after cooling for 10 min. Figure 7.17a shows topographic surface 
images observed by AFM. When a flat PCL substrate was embossed with a grooved 
pattern by application of pressure at 37 °C and subsequent cooling, the substrate was 
deformed and fixed into the grooved topography of the master (grooves with a width 
of 1 μm and a height of 300 nm are spaced 2 μm apart). The temporary surface pat-
tern was quickly erased by heating, and the permanent shape, a flat surface in this 
case, was completely recovered, as shown in Fig. 7.17a. To investigate the role of 
dynamic and reversible surface nanopatterns on cell behavior, specifically cell align-
ment on the PCL substrates before and after a topographic transition, NIH 3T3 fibro-
blasts were seeded on a fibronectin-coated PCL substrate with a temporary grooved 
topography (Fig. 7.17b, and cultured at 32 °C for 6 h. Cells aligned parallel to the 
grooves, as seen in Fig. 7.17b (bottom). Cells migrated and grew horizontally to the 
surface grooves with cultivation time. Upon transition from the grooved topogra-
phy to a flat surface, cell alignment was lost and random cell migration and growth 
ensued. The cell angle dispersion (defined as the angle between the pattern and 
cell orientation) increased with time even though the incubation temperature was 
returned to 32 °C after 2 h of incubation at 37 °C. Cells seeded on flat films grew 
randomly regardless of incubation temperature. The distribution of cell-orientation 

Fig. 7.17  a Topographic surface images of PCL films (4b10/2b20 = 50/50 wt%) observed 
by AFM before and after shape-memory transition by a 37 °C heating. Three different surface 
shape-memory transitions are demonstrated. b Fluorescence microscopy images of NIH 3T3 
fibroblasts seeded on the PCL films with the temporary grooved surface (bar 200 μm). Dynamic 
regulation of NIH 3T3 fibroblast orientation was demonstrated by surface shape-memory activa-
tion [294, 295]
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angles correlated well with the topographic features of the underlying substrates 
before transition. On the other hand, angular histograms clearly show the time-
dependent dispersion of cell angles after shape-memory transition to a flat shape. 
Thus, the shape-memory surfaces based on cross-linked PCL demonstrated the 
important role of surface nanotopology in time-dependent cell migration and align-
ment. A similar study that used PCL as the SMP was reported by Le et al. [296]. 
They also successfully demonstrated that the hMSC morphology switched from 
highly aligned to stellate shaped in response to a surface transformation between 
a 3 to 5 μm channel array and a planar surface, although the temperature range to 
transform from a temporary to a permanent surface pattern in Ashby’s group (Tbelow: 
28 °C, Tabove: 37 °C; 9 °C) is broader than that of our system (Tbelow: 32 °C, Tabove: 
37 °C; 5 °C). Because these systems relied on the temperature change during cell 
culture to induce the topographical change using the surface shape-memory effect, 
the sharp transition, which means that materials can act at a narrow temperature 
range, is an extremely important factor in these systems. The versatility and biologi-
cally friendly nature of these PCL-based shape-memory surfaces could potentially 
enable the realization of novel and diverse applications, especially in biomaterial 
development and basic cell biology.

7.5.4  Novel Methods of Fabrication of SMPs

As already discussed, SMPs have very unique elastic and structural features 
in response to external stimuli, such as heating, light, and electric and magnetic 
fields. The principles of shape-memory materials are simple, even for systems 
with multifunctionality; thus, SMPs could have broad applications, although the 
optimization of shape-memory properties tailored for any specific application is 
surely required as described above. Therefore, how to apply these features to sys-
tems is a great challenge, and we must consider and discover such materials for 
future SMP systems. In this section, we introduce examples based on such unique 
ideas as well as new concepts.

Self-healing materials are a class of smart materials that have the structurally 
incorporated ability to repair damage caused by mechanical usage over time. The 
inspiration comes from biological systems, which have the ability to heal after 
being wounded. For a material to be defined as self-healing, it is necessary that 
the healing occurs without human intervention. Cracks that form in the bulk of a 
polymeric material caused by thermal, mechanical, chemical, and/or UV radia-
tion stimulation are hard to detect and thus repair [297]. This damage has become 
a problem as the material’s mechanical properties are severely compromised. The 
major self-healing systems involve the incorporation of microencapsulated heal-
ing agents where a propagated crack will rupture the capsule allowing the agent 
to fill in the damaged site by capillary action and bond the crack surface via in situ 
polymerization [298]. Currently, there are many self-healing approaches and mech-
anisms including molecular interdiffusion, photo-induced healing, recombination 
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of chain ends, and reversible bond formation [297]. Cheng and co-workers have 
demonstrated a method of producing “self-healing surfaces” based on the use of 
shape-memory materials [299]. Although the examples described are restricted to 
the SMA system (Ni-Ti alloys), they showed the complete recovery of a dented 
or scratched surface by heating (up to 150 °C) and then cooling the materials. 
However, these approaches are successful in healing damage at a small (micro-
length) scale. Moreover, the self-healing systems described above all rely solely on 
a rebonding reaction, but do not necessarily require crack closure before healing 
To address this need, the utilization of the shape-memory effect has been explored. 
White and co-workers have reported the sensational approach of integrating both 
shape-memory effect and self-healing in a single material system [300]. In this sys-
tem, a small number of pretensioned SMA wires were placed perpendicular to the 
crack surfaces of a tapered dual-cantilever beam specimen made of a diethylene-
triamine-cured epoxy resin with Grubb’s catalyst embedded in the resin matrix for 
later healing. “Self-healing” was conducted by manually injecting reactive mono-
mers to the crack and activating the recovery (contraction) of SMA wires by pass-
ing through an electrical current, which led to a significant crack closure (reduction 
of crack surface separation) and improved healing. They have also demonstrated 
that a similar strategy was later adopted in a microcapsule-based system to achieve 
autonomous self-healing [301]. Although proven to be effective in obtaining better 
healing under controlled laboratory conditions, this SMA-based approach presents 
several drawbacks for practical applications: (1) difficulty in determining repair 
direction and (2) cost and processing complexity. The utilization of SMPs has the 
potential as the solution approach to overcome the drawbacks of the SMA system 
to achieve crack closure in a self-healing system. In 2009, Mather and co-workers 
first demonstrated fully polymeric systems exhibiting both shape-memory and self-
healing ability [302]. They reported on miscible blends comprised of linear-PCL 
and chemically cross-linked PCL networks. The blends demonstrate unique shape-
memory-assisted self-healing (SMASH), which is the material’s ability to close 
local microscopic cracks and heal those cracks by bonding the crack surfaces. This 
SMASH material can achieve reversible plasticity shape memory (RPSM), which 
they defined as the recovery of both the temporal elastic and plastic regions of 
deformation [303]. Thermomechanical analysis revealed that the cross-linked PCL 
with a large plastic deformation is fully recoverable upon heating. Therefore, this 
shape memory assists in closing any cracks formed during deformation and dam-
age while linear PCL chains make the crack surfaces adhesive by diffusion to the 
free surface and ultimately across the area of damage during the same heating step 
as used for the shape-memory effect, as shown in Fig. 7.18(a). In addition, they 
investigated the controlled damage and SMASH of blends with varying composi-
tions by tensile testing the essential work function of fracture film specimens, and 
revealed that the healing component, the linear PCL, had a high Mw (Mw ~65 k g/
mol) to enable re-entanglement after diffusion across the interface, whereas the 
shape-memory component, the cross-linked PCL, was prepared from PCL telech-
elic diacrylates and a tetrathiol crosslinker, yielding excellent shape memory by 
Michael addition reaction. They revealed the excellent self-healing of films by the 
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SMASH mechanism, with nearly complete healing for linear PCL contents exceed-
ing 25 wt%. It is important to note that the RPSM-based self-healing mechanism 
heals only nonpermanent damage such as surface scratches. If, during a scratching 
situation, permanent damage such as cracking occurs, heating would only reduce 
the crack width but the cracks would not heal. Such a limitation is somewhat inher-
ent to SMPs. Deformation related to a scratch corresponds to a more condensed 
packing of molecular chains, that is, entropy change, whereas cracking means 
macroscopic material separation. Healing macroscopic material separation would 
require material flow such as the linear PCL in Mather’s system as demonstrated in 
Fig. 7.18a, which is contrary to the molecular origin of the polymer shape-memory 
effect. As one alternative approach, Xiao et al. have demonstrated the improvement 
of the cracking resistance of SMPs. In fact, they have overcome this problem by 
adding a trace amount of nanolayered graphene into the SMP matrix, which is the 
SMP composite system [304]. They showed that the composites displayed signif-
icant property enhancement over unfilled SMPs, including scratch resistance and 
thermal healing capability under stress-free conditions. Recently, Kohlmeyer et al. 
have also demonstrated the combination of remote, local, and chemical program-
ming of the multishape-memory effects, which offers unparalleled shape and func-
tion control in carbon nanotube-Nafion composites [305]. They suggested that 
the strategy not only allows the high-fidelity encoding and extraction of designed 

Fig. 7.18  a Shape-memory-assisted self-healing system. Snapshots of crack closure and crack 
rebonding (stereo micrographs scale bar: 500 μm) and schematic of five stages of healing pro-
cess [303]. b SMP-pillar-based “on-off” switchable dry adhesive as the low-strain applications of 
SMP [313]. c Example of SMP microtag as the active assembly [244] and d a Nokia phone as the 
active disassembly [317]
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material shapes at different length scales (macro, micro, and nano) but also enables 
the reversible tunability of material functions, such as the ability of shape memory, 
mechanical properties, surface hydrophobicity, and material resealability, in a sin-
gle nanocomposite. It is important to note that these approaches using shape-mem-
ory effects can be separated from the primary origin of self-healing as they do not 
directly repair structural defects. The focus of these technologies on nonstructural 
repairs makes comparison with traditional self-healing polymers difficult. However, 
these properties represent novel developments opening avenues to alternative appli-
cations of self-healing polymeric systems.

It is commonly believed that SMP has a big advantage over SMA in that the 
former can be tailored to exhibit very large maximum recoverable strains (as large 
as 1000 %) compared with that of SMAs. As pointed out previously by Xie [185], 
although some SMP applications may indeed require large recoverable strains, 
that an SMP has to have a large recoverable strain to be useful is a misconcep-
tion. Many real-world applications of shape-memory materials involve geometric 
changes; although drastic, they are actually associated with small strains. Despite 
their low recoverable strains, SMAs have found more success in commercial 
applications than SMPs owing to their fast actuation and high recovery stress. 
The more important advantage of SMPs thus lies in their processability, that is, 
they can be easily processed into complex bulk devices, not necessarily in the 
recoverable strain. One typical example that does not require the large strain is 
the application of SMP to an adhesion system. Xie’s group and Mather’s group 
independently demonstrated the reversible dry adhesion system using SMPs [306, 
307]. In Xie’s approach, the adhesive comprises two layers: a rigid SMP backing 
layer and a sticky elastomer layer, that is, the two thermoset epoxy layers. Both 
layers are cross-linked thermoset SMPs, that is, a cross-linking system, thus mak-
ing the system a dry adhesive. Their as-fabricated original bilayer adhesive forms 
a slight curvature because of the thermal mismatch between the two layers. Owing 
to this curvature, the adhesive does not form an intimate contact when placed on a 
flat countersubstrate; thus, the adhesion is low. Owing to the SMP backing layer, 
the bilayer adhesive can be deformed to achieve conformal contact with the sub-
strate, leading to adhesion as high as 200 N cm−2 [306]. Upon heating, the shape 
recovery of the SMP layer creates a peeling force that detaches the adhesive. In 
the bonding and debonding processes, only a very small strain change occurred 
instead of a large recoverable strain; excellent shape fixing and large recovery 
stress are important in this instance.

On the other hand, in Mather’s system, they developed a unique self-adhesive 
material that maintains a high degree of rigidity at the adhesive state while pro-
cessing the ability to easily debond upon heating, that is, the material is both a 
rigid and reversible adhesive [307]. Their material is initially a miscible blend 
of PCL and diglycidyl ether of bisphenol A/diaminodiphenylsulfone epoxy, pro-
cessed to a unique morphology via polymerization-induced phase separation. The 
fully cured material features a biphasic, “bricks-and-mortar” morphology in which 
epoxy formed highly interconnected spheres (brick region) that interpenetrate 
with a continuous PCL matrix (mortar region). When heated above Tm of PCL, 
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the epoxy bricks remain rigid owing to the high epoxy Tg while PCL liquefies to 
become a melt adhesive. Moreover, the PCL molten liquid undergoes microscopic 
dilatational flow to the sample surfaces owing to its high volumetric expansion in 
excess of epoxy bricks expansion, a phenomenon they termed differential expan-
sive bleeding (DEB). Remarkably, the samples remain rigid at this state, and their 
surfaces become covered by a thin layer of PCL able to wet, and subsequently 
bond through cooling to a variety of substrates. They actually observed high bond-
ing strengths (100–1000 N cm−2), which they attribute to a combination of good 
wetting and subsequent formation of a thin layer of semicrystalline PCL with high 
cohesive strength upon cooling. This adhesive layer can be melted again by heat-
ing (T > Tm) to easily debond, and a subsequent rebonding capacity was demon-
strated, indicating repeated availability of the PCL melt adhesive to the surface by 
the DEB mechanism. It is also well known that the ability of geckos and insects to 
adhere reversibly to almost any surface relies on the surface topography of their 
attachment pads [308, 309]. As found in nature, these are covered with fine struc-
tures (setae) with characteristic dimensions and geometries. Many attempts to fab-
ricate artificial biomimetic structures have been reported [310, 311]. An important 
difference between animal adhesive setae and the micro- and nanofabricated adhe-
sives is the fact that setae are oblique and their tips point in a particular direc-
tion [312]. This tilted arrangement is responsible for the “on-off” nature of the 
adhesion process and seems to be crucial for avoiding self-sticking and allowing 
detachment during animal locomotion. This switchability in adhesion as found in 
nature can be achieved using SMPs. Reddy et al. first demonstrated the switcha-
ble structured dry adhesives (gecko-like adhesives) [313]. As shown in Fig. 7.18b, 
this system contains SMP micropillars perpendicular to the surface, and the pillars 
can be deformed and fixed into a tilted shape by using the shape-memory effect. 
Despite the small strain related to such a deformation, the adhesion exhibited by 
the original surface (~3 N cm−2) was transitioned to a nondetectable level for the 
tilled pillar surface. In addition, they have also demonstrated the repeated switch-
ing function between the adhesive and nonadhesive states. Xie and co-workers 
also reported thin-film terminated microfibrillar adhesives made of adhesive pol-
ymers and SMPs that are both cross-linked epoxy-based polymers as reversible 
dry adhesives with thermally controllable adhesion [314]. Structurally different 
adhesives were fabricated by coating a continuous thin layer of an elastomeric 
adhesive polymer onto either a flat or a fibrillar shape-memory polymer surface. 
Experimental results showed that pull-off forces of the adhesives can be up to four 
times different depending on thermal conditions. These differences originate from 
the temperature dependence of either the intrinsic adhesion properties of the adhe-
sive polymer or the stiffness of the subsurface shape-memory polymer. Therefore, 
the shape-memory ability of cross-linked elastomer (Type II SMPs) has been taken 
advantage of to fabricate a switchable adhesive surface.

“Tailor-made” means specially made for a particular purpose, and this term is 
now often used in medical and diagnostics fields. For example, a screw is a com-
monly used component for assembly. Conventionally, screws of different sizes 
are required for holes of respectively different sizes. Although tailor-made is an 
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important concept, sometimes it is not better than “ready-to-wear” or “one-for-all” 
because the coverage in the tailor-made system is extremely limited. SMP-based 
materials can be used as a one-for-all solution for a range of different objec-
tives in a single and same material system. Huang and co-workers demonstrated 
that one SMP screw can fit holes of different sizes with/without tread and even a 
screw driver is not needed for tightening [315]. They also expanded this idea to 
an SMP coupling system that provides a good solution to tightly hold two tubes 
in a range of different diameters together. They defined these processes as “active 
assembly”, and demonstrated a microtag fixed to the leg of an ant, as shown in 
Fig. 7.18c [244]. The advantages of the SMP tag are: (1) owing to a high recover-
able strain normally on the order of 100 %, the SMP tag can be pre-expanded into 
a very large diameter. As such, it is easy to mount it onto the leg of an ant. (2) The 
required heating temperature to trigger the SME, which is a polyurethane shape-
memory foam, can be tailored in a broad range. (3) The recovery stress upon 
heating can be controlled to avoid overcompression to the leg. (4) After cooling 
back to room temperature, the SMP tag becomes hard and perfectly matched to 
the leg. Meanwhile, SMPs have also been proposed as a possible cost-effective 
approach for the active disassembly of obsolete electrical devices, such as cellular 
phones, for effective recycling in a cost-effective manner and reusing to protect 
our environment. Chiodo et al. first demonstrated this concept of the disassembly 
of consumer electronic products using SMPs in the design of embedded releas-
able fasteners [316]. Chiodo et al. set up a company called “Active Disassembly 
Research” (ADR), which carries out its own research as well as working on behalf 
of other companies to develop and patent methods. In fact, ADR Ltd. and Nokia 
have created a prototype of a cell phone with active disassembly ability that dis-
sembles itself in two seconds as shown in Fig. 7.18d [317]. The idea of this sys-
tem is to disassemble a mobile phone by a heat-activated mechanism without 
any contact. By using a centralized heat source like laser heating, an SMA actu-
ator is activated, and the mobile phone covers are opened. The battery, display, 
printed wiring board and mechanical parts are separated and can then be recycled 
by material-specific recycling processes. The required temperature for the dis-
assembly is 60-150 °C. Today, most cell phones and other small electronics are 
shredded instead of taken apart for recycling, because the disassembly time is 
too expensive for the amount of material reclaimed. Because the materials design 
including not only during use but also after use will provide further additional val-
ues to the present system, these concepts should be actively introduced into future 
material design.

The structural changes of a polymer, such as glass-rubber and crystal-amor-
phous transitions, induced by applying external stimuli, are usually transformed 
into a macroscopic large motion (moving) in most SMP systems as described 
in this chapter. On the other hand, a metal alloy can exhibit a shape-memory 
effect if it has two phases that can interconvert reversibly. These shape-memory 
effects were expressed without requiring additional materials and atoms to dif-
fuse through the structure. Although the moisture (water)-responsive SMP was 
developed by many researchers [318, 319], the water molecules (bound water) 
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are directly induced by the structural change of SMPs, that is, the bound water 
molecules only weaken the hydrogen bonding and thus reduce Tg to trigger the 
shape recovery. Recently, Sakata et al. have reported a molecular-scale shape-
memory effect (MSME) in crystalline porous coordination polymers (PCPs) 
[320] (Fig. 7.19a). It is generally well known that the flexible PCPs coopera-
tively reconfigure their framework structures in response to the incorporation 
of molecules into the nanopores. This adsorption process triggers the deforma-
tion of the pore shape; however, the pore recovers its original shape after the 
removal of the adsorption stress (that is, the desorption of the guest molecules), 
which leads to the so-called framework elasticity property [321]. Flexible 
PCPs developed by Sakata et al. change their structure in response to molecu-
lar incorporation but recover their original configuration after the guests, which 
are DMF, ethanol, or methanol in this study, have been removed. They demon-
strated that the crystal downsizing of twofold interpenetrated frameworks of 
[Cu2(dicarboxylate)2(amine)]n regulates the structural flexibility and induces a 
shape-memory effect in the coordination frameworks. In addition to the two struc-
tures that contribute to the sorption process (that is, a nonporous closed phase and 
a guest-included open phase), they were able to successfully isolate an unusual, 
metastable open dried phase by downsizing the crystals to the mesoscale, and 
the closed phase was recovered by thermal treatment. Crystal downsizing sup-
pressed the structural mobility and stabilized the open dried phase. The success-
ful isolation of two interconvertible empty phases, the closed phase and the open 
dried phase, provided switchable sorption properties with or without gate-opening 
behavior. Interestingly, they also demonstrated the expression of MSME for CO2. 

Fig. 7.19  a Schematic illustration of a shape-memory effect in crystalline porous coordination 
polymers (PCPs) through crystal downsizing [320]. b Liquid- and solidlike properties of the 
DNA hydrogel as a metamaterial. Designed D-, N- and A-shaped hydrogel and series of photo-
graphs showing the process of DNA hydrogel returning to its original shape after reintroducing 
water at 25 °C within the first 3 s (t = 0–3 s) [323]. c Overview of the preparation process of alg-
inate-based interconnected porous cryogel and photographs showing placement of a cryogel in 
a 1-mL syringe (before injection) and gel recovery (after injection) via a conventional 16-gauge 
needle [324]
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These results suggest that the induction of an MSME for both liquid- and gas-
phase molecules could be exploited as smart materials that respond to microscopic 
environmental changes.

It is known that polymer gels with thermally induced shape-memory effect can 
be obtained from biologically based macromolecules such as deoxyribonucleic acid 
(DNA). This gel is swollen in dimethylsulfoxide (DMSO) and is therefore called 
an “organogel” [322]. Such gel was prepared by cross-linking DNA and trimeth-
ylhexadecylammonium bromide with isophorone diisocyanate. The gel can be 
deformed above 65 °C and retains a new temporary shape when cooled to room 
temperature under a fixed load and subsequent unloading. When the temperature is 
increased above 65 °C, the gel recovers its original shape. The temporary shape is 
fixed at low temperature owing to an expulsion of solvent leading to a stacking of 
the DNA/lipid strands, while the polar urethane crosslinks fix the permanent shape. 
Apart from this DNA gel system, Lee et al. have recently demonstrated the strange 
shape-memory behavior of a DNA gel [323]. As shown in Fig. 7.19b, they show 
that DNA metamaterials with unusual mechanical properties can be prepared using 
DNA as a building block. Their DNA metamaterials were prepared using the poly-
merase enzyme to elongate the DNA chains and weave them noncovalently into a 
hydrogel. The gel is made from water and DNA molecules, and has a very low elas-
tic modulus (~10 Pa). The material is so soft that it completely collapses under its 
own weight in the absence of water and can conform to the shape of a container. 
Moreover, upon the addition of water, and after complete deformation, this hydro-
gel can be made to return to its original shape. Although these unusual properties of 
this material are more closely related to SMPs, the significant difference between 
the DNA gel developed by Luo’s group and SMPs is that the temporary shapes of 
the gel are not fixed. More specifically, instead of solid shape-to-solid shape transi-
tions in SMPs as described in this book, the gel provides an arbitrary liquid shape 
(that of the container or an ‘amoeba’ shape if unconfined)-to-solid shape transi-
tion. In this regard, it is better termed “shape-remembering” ability rather than the 
shape-memory effect, in our opinion. However, the liquidlike shape multiplicity of 
the material should give the material an advantage in transporting through narrow 
channels like a T-1000 in the movie Terminator 2.

On the other hand, injectable biomaterials are also increasingly being explored to 
minimize risks and complications associated with surgical implantation. Similarly to 
the concepts of shape-memory effect in soft materials with the described DNA gel, 
Bencherif et al. have recently developed a delivery strategy via conventional nee-
dle–syringe injection of large preformed macroporous scaffolds with well-defined 
properties [324]. Their developed injectable 3D scaffolds, in the form of elastic 
spongelike matrices, were prepared by environmentally friendly cryotropic gela-
tion of a naturally sourced polymer, which is methacrylated alginate, as shown in 
Fig. 7.19c. The process of cryogelation takes place via the following steps: phase 
separation with ice crystal formation, cross-linking, and polymerization followed 
by thawing of ice crystals (porogens) to form an interconnected porous cryogel 
network. Interestingly, fabricated cryogels with shape-memory properties may 
be molded to a variety of shapes and sizes, and may be optionally loaded with 
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therapeutic agents or cells. These scaffolds have the capability to withstand revers-
ible deformations at over 90 % strain level, and a rapid volumetric recovery allows 
the structurally defined scaffolds to be injected through a small-bore needle with 
nearly complete geometric restoration once delivered. These gels demonstrated 
long-term release of biomolecules in vivo. Furthermore, cryogels impregnated with 
bioluminescent reporter cells provided enhanced survival, higher local retention, 
and extended engraftment of transplanted cells at the injection site compared with 
a standard injection technique. Although the meaning of “shape memory” between 
this book and Mooney’s report may also be somewhat different, there is no doubt 
that the injectable scaffolds with shape-memory ability show great promise for vari-
ous biomedical applications, including cell therapies. In addition, these meta- or soft 
materials have potential for real-world application, especially in biomedical fields 
such as tissue engineering and cell therapy.

7.6  Conclusions and Future Trends

Although it may be debatable whether the shape-memory effect is an intrinsic pol-
ymer property, its molecular origin clearly suggests that polymer shape-memory 
effects should not be regarded as “magic” properties reserved to a small number of 
specially designed polymers. Not only the design of materials but also the design 
of the programming conditions, on the other hand, relies on the fundamental phys-
ics of polymers. With the above analogy, the relative importance of polymer chem-
istry and physics becomes obvious.

We have discussed the great potential of SMPs for diverse applications in dif-
ferent arenas. A number of application ideas, prototypes and initial commercial 
trials have been proposed and implemented, but many conflicting issues remain 
to be resolved. Normally, specific application situations pose special requirements 
on the overall properties of SMPs. For example, for biomedical applications, chal-
lenges exist with the incorporation of the shape-memory effect to fulfill the multi-
dimensional requirements of the modulus, triggering/fixing conditions, degree and 
rate of fixing/recovery, level of recovery force, biocompatibility, rate of biodegra-
dability and drug-eluting and drug-releasing kinetics. The other key issue may lie 
in the control of the shape-memory effect inside the human body, where the mate-
rial must interact with flexible mechanical constraints, such as tissue surroundings 
and daily motion, biological metabolism and complicated chemical environments, 
such as acids, salts and alkali. For textile applications, difficulties lie in meeting 
the stringent requirements for all aspects of appearance, such as color, dimen-
sional stability, comfort and tactile properties, washability, strength, flexibility, 
stretchability and shape memory, as well as compatibility with many other chemi-
cal, mechanical and thermal processing requirements and low-cost production. 
For engineering applications, the low recovery stress of SMPs and the fact that 
the materials become too soft above the switch temperature of the SMP compos-
ites remain major concerns that are well known but still present difficult problems. 
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Although the shape recovery stress can be improved to a certain degree by com-
pounding or blending with other materials, under most circumstances, this method 
causes problems with low shape recovery ratios and low deformable strains.

Finally, we have made significant progress in enabling SMP technologies, such 
as materials, processes, and techniques; however, these application successes 
remain limited. Innovating the integration of all or major functions in practice is 
worth our concerted effort. As for the distinctive weak points, such as low recov-
ery stress, we must look for new technologies to produce more powerful materials. 
While we cannot be unreasonable in our expectations for the near future, the exist-
ing problems can be overcome by finding more innovative applications that exploit 
the existing features and capacity of SMPs. This goal requires tremendous creativ-
ity and sharp vision as well as investment.

Finally, as the history of SMPs has clearly indicated, the future prospect of 
SMP would hinge heavily on how best to take advantage of such not so uncom-
mon properties in innovative ways. On the positive front, the application potential 
for SMPs appears almost unlimited as manifested in the highly diverse applica-
tion concepts that have appeared in both peer-reviewed journals and patent litera-
ture as discussed in this chapter. This is, however, in sharp contrast to the very 
few real- world applications such as low-value-added toys, and the SMA system 
is now more valuable and useful in the real world than SMP. The real key thus lies 
in the discovery of high-value-added applications for which SMPs are enablers or, 
at minimum, highly attractive alternatives. Whereas biomedical applications of 
SMPs represent a major focus for SMP research today, stringent requirements and 
a lengthy regulatory approval process present obstacles for commercial implemen-
tations. Although there are many research studies of SMPs for biomedical applica-
tions as described in this chapter, under this scenario, whether or not any “silver 
bullets” beyond biomedical applications may emerge is also an important issue. 
Finally, however, we ardently hope that, with further study, SMPs will be applied 
to the field of biomedicine in the near future.
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