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Preface

Hydrogels are considered as the most promising types of polymers being used for
mankind. Hydrogels are three-dimensional, hydrophilic, polymeric networks that
can absorb, swell, and retain large quantities of water or aqueous fluids. Natural
polysaccharides are biodegradable, nontoxic, low cost, and renewable and can
potentially be used as key ingredients for the production of biomaterials for man-
kind. Metal nanoparticles, nanofibrils, or nanowhiskers embedded polymeric
hydrogels are a new class of materials and have attracted great attention due to their
unique properties and applications in various fields including pharmaceutics and
biomedicine. Conducting polymer hydrogels are materials with added advantages
such as electrical conductivity. In recent years, considerable attention has been paid
to the modification of crosslinked hydrogels with conducting polymers since this
offers a facile methodology to combine the superior properties of conducting
polymers with the highly crosslinked hydrogels. Conducting polymeric hydrogels
can be used in many applications like electro-sensors, capacitors to electrome-
chanical actuators and artificial muscles. Antimicrobial polymeric hydrogels loaded
with antibiotics, antimicrobial polymers, or metal nanoparticles are very useful for
mankind. Polysaccharide-based hydrogels have found extensive application in
various fields, including agriculture, wastewater treatment, electronics, pharma-
ceutical, and biomedical applications.

The various chapters in this volume have been contributed by prominent
researchers from industry, academia, and research laboratories across the world.
The chapter “Polymeric Hydrogels: A Review of Recent Developments” of this
book deals with the recent research done in the area of hydrogels, modified
hydrogels, hydrogel composites, and nanocomposites. This chapter also provides
comprehensive details of research studies of natural and synthetic hydrogels.
Fabrication of electroconductive hydrogels from conducting polymers either as a
single component or as an additive to conventional hydrogel networks are reviewed
in the chapter “Conductive Polymer Hydrogels”. Applications of conducting
polymer hydrogels are also reported in this chapter. The chapter “Polysaccharide-
Based Hydrogels as Biomaterials” covers the recent developments and advances in
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hydrogels derived from natural polysaccharides as biomaterials. Chitosan, seaweed,
hyaluronic acid, and dextran polysaccharide-based hydrogels are discussed in this
chapter. Applications of polysaccharide-based biomaterials as scaffold, cell
encapsulation, and wound dressing are also reported here. The chapter “Protein-
Based Hydrogels” reports on protein-based hydrogels. Emerging applications and
technologies for protein-based hydrogels are also briefly mentioned here. The role
of sterculia gum as a promising biodegradable material in the development of
various biomedical applications including drug delivery applications, wound
dressing applications, etc., are discussed in the chapter “Sterculia Gum-Based
Hydrogels for Drug Delivery Applications.”

The chapter “Antimicrobial Polymeric Hydrogels” deals with natural and syn-
thetic antimicrobial hydrogels loaded with antibiotics, antimicrobial polymers or
peptides, and metal nanoparticles. This chapter summarizes the significant and
recent progress in the manufacture and application of antimicrobial hydrogels. The
chapter “Biopolymer-Based Hydrogels for Decontamination for Organic Waste”
highlights the role of biopolymer-based hydrogels for decontamination of organic
waste. Synthesis of chitosan and starch-based hydrogels via graft copolymerization
is reported in the chapter “Chitosan and Starch-Based Hydrogels Via Graft
Copolymerization.” This chapter also includes the concept and methods of graft
copolymerization. Applications of these hydrogels as adsorbent, ion exchangers,
superabsorbent polymers, and in the pharmaceutical and medical fields are also
reviewed in this chapter.

This book covers scientific, technological, and practical concepts concerning the
research, development, and realization of polymeric hydrogels as smart biomate-
rials. This book will be a very useful tool for scientists, academicians, research
scholars, biomaterial engineers, and for pharmaceutical industries. This book can
also be supportive for undergraduate and postgraduate students at various phar-
maceutical institutes and researchers from R&D polymer laboratories working in
this area.

The editor would like to express gratitude to all prominent contributors to this
book, who have provided excellent contributions. The editor thanks his research
team, which helped him in the editorial works. Finally, he gratefully acknowledges
the permissions to reproduce copyright materials from a number of sources.

July 2015 Susheel Kalia
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Polymeric Hydrogels: A Review of Recent
Developments

Shivani Bhardwaj Mishra and Ajay Kumar Mishra

Abstract Hydrogels are special types of polymers that have enormous capacity to
absorb large volumes of water. Hydrogels are natural as well as man-made. To suit
to a type of an application, hydrogel can be modified to tailor made properties that
can be exploited for natural, applied, and medical sciences. This chapter deals with
the recent research done in the area of hydrogels, modified hydrogels, hydrogel
composites, and nanocomposites. General trends of the thrust areas where hydro-
gels have prime role of importance were biomedical and health care. However, the
other areas such as environmental aspects for the utility of hydrogels have also been
an area of interest among researchers across the globe.

Keywords Hydrogels � Composites � Nanocomposites � Applications

1 Introduction

Hydrogel is a water loving gel which is formally known as hydrogel which has an
ability to change its chemical structure that induces the volume change as per the
physical conditions such as pH, temperature, salt concentration, electric field, and
solvent quantity thus making these materials as stimuli-responsive smart polymers
[1]. The most important property is the swelling behaviour of the cross-linked
three-dimensional polymer networks. It has been well reported that the cross linking
and the charge densities of these polymer networks directly affects the swelling and
elastic behaviour [2]. Hydrogel exhibit an important nonideal-feature of spatial gel
inhomogeneity referring to the inhomogeneous cross-linked density distribution
that decreases the optical clarity, strength, ionization degree, electrostatic repulsion,
and mobile counter ions of hydrogels [3–5].
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The hydrogels are of various types which are classified into charged distribution,
method of preparation, mechanical strength and physical structure [6]. The basic
classifications of hydrogels are shown in Scheme 1. These polymers are
biodegradable and biocompatible in nature. Based on the properties, these hydro-
gels find its utility well in the field of commercial healthcare and biomedical science
such as implants, inserts, osmotic devices, implants and tablets [7], tissue expander
[8], and contact lenses [9]. Besides this, these polymers have found an extensive use
in the field of environmental science whereby researchers have used it for the
decontamination of different type of pollutants [10].

It has been reported that hydrogel properties are influenced by the liquid com-
position and hydrogel structure [11]. Table 1 briefly describes about the hydrogel
properties.

The hydrogels can be synthesized via cross linking of polymers by heat/chemical
reactions/photopolymerization/radiations (X-rays/gamma rays/electron beams).
This chapter describes about the recent work done in the field of hydrogels,
modified or functionalized hydrogels, as a composite and nanocomposite.

Scheme 1 Classification of hydrogels

Table 1 Effect of hydrogel structure and liquid composition on hydrogel properties

Swelling capacity ↑ Swelling rate ↑ Wet strength ↑
Hydrogel structure: very
hydrophilic polymers, ionic
polymers containing
monovalent ions, lower
crosslink density, hydrophilic
crosslinkers

Hydrogel structure: more
hydrophilic, higher crosslink
density, more porosity, open
pores, interconnected pores

Hydrogel structure: high
crosslink density (there is an
optimum crosslink density at
which, the mode of hydrogel
failure changes from ductile to
brittle), low porosity, more
hydrophobicity

Liquid composition: more
solvents, less salts, low ionic
strength, less numbers of di
and trivalent cations

Liquid composition: presence
of permeation enhancers for
more hydrophobic hydrogel,
more solvents

Liquid composition: more
nonsolvents, more salts

Reprinted with permission from [11]. Copyright © 2012
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2 Recent Progress in Research and Development
for Different Types of Hydrogels

2.1 Native/Pristine Hydrogels

2.1.1 Natural Hydrogels

The native or pristine hydrogels are the hydrogels that have been used in its natural
state to study its properties and applications. Most of the natural hydrogels fall into
this category such as natural gums, proteins, peptides, cellulosic materials, collagen,
hyaluronic acid, and polysaccharides, viz., schelaro glucan, alginates, cellulose,
xyloglucan, etc.

Spinal cord injury is defect in the spinal cord that arise temporarily or perma-
nently leading to different types of diseased from pain to paralysis. Natural hydrogel
play an important role for improving tissue regeneration and central nervous system
repair [12–14] as it holds the characteristics mechanical strength comparative to that
of tissue, porosity that allows cell infiltration and transplantation, biocompatibility
toward cell attachment and tissue growth and targeted in situ drug delivery [15, 16].
These hydrogels can be tailored to obtain channels that can target the nerve
guidance and sustained drug release. Table 2 provides brief information about
naturally derived hydrogels and its use in spinal cord injuries [17]. The ultimate
objective of using these natural hydrogel is to substitute the diseased section of
spinal cord with structural matrix.

In another work, pH of gelation influenced the pH-dependent charge and iso-
electric point of the thermally generated hydrogels of whey proteins [18]. Loss of
charged groups during gelation probably will reduce swelling ration and increase
the acidity of alkaline hydrogels. Silk elastin like protein polymer analogue SELP
47-K and SELP 415-K were used to study real time imaging to gene expression of
adenovirus embedded in this biopolymer hydrogel. It was reported that polymer
structure and concentration affected the release of adenovirus. The hydrogel con-
centration was found to be directly proportional to the stiffness and inversely
proportional to inter fibril distance affecting the release [19].

Silk hydrogels were prepared with variety of silk concentrations and were
analyzed for water retention, mechanical strength and cytotoxic behaviour toward
human mesenchymal stem cells [20]. The network structure of these hydrogels so
formed was β-sheet structure. It was reported that the bond water promoted cell
adhesion protiens in the cellular matrix whereas the bulk water disrupts the same.

Polysaccharide-based hydrogels have been studied for soil conditioning for the
controlled release of nutrients [21, 22].

Selective electrostatic complexation of chitosan with positively charged
methylene blue and negatively charged drugs allura red and methyl orange were
carried out. It was observed that incorporation of these charged dyes were primarily
based on charge of the cross linker used in these hydrogels [23, 24].

Polymeric Hydrogels: A Review of Recent Developments 3



Table 2 Natural hydrogels investigated for spinal cord injury

Materials Description Acronym Application in SCI

Agarose Polysaccharide Cell growth matrix74

Encapsulation and delivery of
neutrophobic factors14

Controlled chondroitinase delivery73

Support for nanoparticles delivery14,74

Brain-derived neurotrophic factor
(BDNF)

Controlled delivery75,75

Linear guidance (free dried)70,71

Cell encapsulation for growth matrix37

Co-methylcellulose Agarose/MC Nerve guidance77

Alginate Polysaccharide Anisotropic scaffold for axonal
re-growth72

Neutral cell growth matrix66,69,87

Embryonic stem cell growth matrix59

Cellulose Polysaccharide Mesenchymal stem cell growth matrix63

Chitosan Polysaccharide Scaffold for cell adhesion and growth
with polylysine79

Scaffold for neurite regrowth with
hyaluronic acid80

Collagen Polypeptide Polymeric channels81

Filament bridges as growth
substances82

Cell growth matrix83,84

Fibrin Linked proteins Neural stem cell growth matrix68

Gelatin Hydrolyzed collagen Mesenchymal stem cell growth64

Gellan gum Polysaccharide Tubular, porous scaffold for axonal
regrowth85

Hyaluronic
acid

Polysaccharide HA Controlled delivery of neurotrophic
factors62

Scaffold for neurite regrowth65,80

Controlled peptide delivery26,86,87

Co-polylysine Nogo 66 receptor antibody delivery
system88,89

Co-methylcellulose HAMC Intrathecal drug and growth factor
delivery90−95

Neural stem cell career for cell
therapies61

Cell growth matrix96

Co-collagen

Matrigel Lamimin, collagen
IV, heparin

Scaffold supporting cell adhesion
and growth38

Neural stem cell carrier for cell
therapies69

(continued)
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2.1.2 Synthetic Pristine Hydrogels

The term native or pristine can also be applied to synthetic or man-made hydrogels
like polyhydroxyethyl methacrylate, polyvinyl alcohol, polyacrylic acid, poly vinyl
pyrrolidone etc. In this section authors would describe the recent research done in
the field of native or pristine hydrogels. Synthetic pristine hydrogels are man-made
hydrogels that have found much application in the field of science and technology.
Most of the hydrogels are biocompatible and have been investigated for medical
and health care products. Some of the synthetic hydrogels are.

Polyvinyl alcohol [PvOH] being nontoxic, noncancerous, and biocompatible
synthetic hydrogels which has find its utility for developing contact lenses, the
lining of artificial heart, soft tissue replacement, articular cartilage, skin, and pan-
creas [25]. Controlled release of many drugs such as ergotamine tartrate were
carried our using polyvinyl alcohol [26].

Another very interesting synthetic polymer that has found a great place in the
field of biomedical science is polyHydroxyethyl methacrylate [pHEMA]. This
hydrogel is extensively used for contact lenses, protein/drug delivery devices,
matrices for immobilization and separation of cells and molecules and scaffolds
[27].

In another study, polyacrylic acid [PAA] was used to synthesize using electron
beam radiation process for fabricating bioadhesive specimen that can be attached to
mucosal surface for transmucosal drug delivery [28].

Table 3 giving brief information of some other application of synthetic pristine
hydrogels.

2.2 Modified Hydrogels

Modified hydrogels or functionalized hydrogels are those hydrogels whose basic
chemical structure at the surface is modified by copolymerization, grafting or
merely blending so that additional functionalities can be added to provide tailor
made properties in the hydrogel for any particular application.

Enormous research has been done and is being carried out to explore the newer
hydrogels with improved properties. This section will focus on these modified or
functionalized hydrogels and their various applications.

Table 2 (continued)

Materials Description Acronym Application in SCI

Seleroglucan Polysaccharide Controlled drug delivery97

Xyloglucan Polysaccharide Scaffold supporting cell adhesion
and growth60,67

Reprinted with permission from [17]. Copyright © 2011, American Chemical Society
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In a recent research reported, collagen hydrogel was modified with aldehyde
modified dextran to increase the mechanical strength of the collagen hydrogel [41].
The modified hydrogel was found to be thermally stable with maximum com-
pressive strength of 32.5 ± 0.6 kPa. The graphical abstract shown in Fig. 1 provides
the details of the research reported.

Injectable chitosan hydrogel was incorporated with type II collagen and chon-
droitin sulphate to be used for cartilage tissue engineering [42]. It was observed that
the modified chitosan hydrogel positively influenced the cell proliferation and
promoted tissue regeneration.

Cucurbit [6] uril-conjugated hyaluronic acid (CB [6] -HA), diaminohexane
conjugated HA (DAH-HA), and tags-CB [6] hydrogels were used for in situ
supramolecular assembly and modular modifications under the skin of mice to
study its application for cellular engineering. Figure 2 illustrates the various host
guest interaction for these modularly modified hydrogels.

Table 3 Synthetic native/pristine hydrogels and their applications

Synthetic pristine
hydrogel

Chemical structure Application References

Poly
(hydroxyethyl
methacrylate)
[pHEMA]

Spinal Cord
regeneration,
scaffolds for cell
adhesion, and
artificial
cartilage
production

[29–32]

Poly (ethylene
glycol) [PEG]

Drug, proteins,
and
biomolecules
carrier

[33–36]

Poly (vinyl
alcohol) [PVA]

Injectable
implants,
endoprostheses,
soft tissue, soft
tissue filler in
platic,
reconstructive,
and aesthetic
surgery

[37, 38]

Poly
(vinylpyrrolidone)
[PVP]

Wound healing
applications

[39]

Polyimide Plastic and
reconstructive
surgery

[40]

6 S.B. Mishra and A.K. Mishra



Cellulose-g-poly (acrylic acid) was synthesized using electron beam radiation for
loading bovine serum albumin to study the drug release from these modified
hydrogels to be used as oral delivery devices [44].

Hybrid hydrogels were synthesized by making use of molecular hydrogels and
calcium alginate were prepared to study the preservation capacity and stability of
thermosensitive enzyme. The molecular hydrogels provided the ultrastability to the
hybrid hydrogel [45].

Salecan/polyacrylamide semi interpenetrating network hydrogel via radical
copolymerisation/cryopolymerisation at subzero temperature showed homogeneity
in pore distribution with a pore size in the range of 5–50 µm. The hydrogel was able
to attain equilibrium in water in 260 s in 4 min and were found nontoxic toward
CO7 cells [46].

A novel hybrid hydrogel was synthesized via photopolymerization using ther-
moresponsive poly(N-isopropylacrylamide) and redox responsive poly(ferrocenyl-
silane) (PFS) polymers which was later used to develop redox induced hydrogel
silver composites. These composite showed an efficient antimicrobial behaviour
with biocompatible behaviour [47].

In another study bacterial cellulose was used to functionalise poly (vinyl alcohol)
to study the mechanical properties. It was found that excessive bacterial cellulose

Fig. 1 Collagen (Col)/modified dextran (DAD) hydrogel for improved mechanical properties.
Reprinted with permission from [41]. Copyright © 2014, American Chemical Society

Fig. 2 Host-gust interaction of Cucurbit [6] uril-conjugated hyaluronic acid (CB [6]-HA),
diaminohexaneconjugated HA (DAH-HA), and tags-CB [6]-based hydrogels. Reprinted with
permission from [43]. Copyright © 2012, American Chemical Society

Polymeric Hydrogels: A Review of Recent Developments 7



reduced the compressive modulus. On the contrary freezable bound water signifi-
cantly improved this property as well as flexibility and stiffness [48].

Salecan, a type of water soluble glucan was reinforced into poly (vinylalcohol)
matrix using freeze thaw method with homogenous porosity. Increase in salecan
content improved the swelling property but negatively influenced the compressive
modulus [49].

Poly(xylitol-co-maleate-co-PEG) was in situ synthesized using free radical
polymerisation to be used as IHS career. The hydrogel showed significant elastic
properties and cytocompatibility with controlled degradation, promoted in vitro cell
adhesion and growth [50].

2.3 Hydrogel Composites

Hydrogel with three-dimensional supramolecular arrangement allows may option
for reinforcements to form biocompatible and biodegradable composite materials.
This section discusses about the progress in research focusing composite area and
its various applications.

Free radical polymerization of sodium acrylate, N-isopropylacrylamide using
N,N0-methylenebisacrylamide as crosslinking agent was done incorporating the
light-absorbing carbon particles to be used as draw agent that could facilitate the
forward osmosis process of desalination [51]. It was reported that hydrogel com-
posite had shown a flux of 1.32 LMH in the first 0.5 h forward osmosis process. It
was reported that hydrogel composite had shown a flux of 1.32 LMH in the first
0.5 h forward osmosis process.

Polyuronic acid, alginate and pectate were used as matrices that formed a
coordinate covalent bond with iron (III) ions to produce visible light responsive
hydrogel composites beads. The photoreactivity of the three different biopolymers
were found to be in order mannuronic rich alginate > gluronic-rich alginate > pec-
tate. The composite beads were prepared to study as a drug releasing vehicles for
various organic/biological molecules such congo red dye, folic acid and
chloroamphenicol [52]. Graphical presentation of the study shown in Fig. 3.

Dual approach starting from self-assembly process at room temperature and
followed by oxidation polymerisation was used to prepared polypyrrole/grapheme
oxide composite with an application of high energy storage device [53]. This
composite was reported to show high specific capacitance of 473 F/g at 1 A/g of
which 82 % was sustained even after 5000 cycles of charge–discharge.

Zeolite-metal organic composite framework were prepared using biodegradable
monomers such 2-hydroxyethyl methacrylate (HEMA), 2,3-dihydroxypropyl
methacrylate (DHPMA), N-vinyl-2-pyrolidinone (VP) and ethylene glycol
dimethacrylate (EGDMA) using ultraviolet polymerization. These networks rein-
forced arrhythmic drug [54].

Electrophoresis technique was employed for in situ formation of
polyacrylamide/hydroxyapatite composite hydrogel that showed a high extensibility
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>2000 % with a tensile strength in the range of 0.1–1.0 MPa. The authors reported
the cell adhesion studies of the composite hydrogel and reported that the elec-
trophoresis approach provided the bioactive sites for osteoblasts [55].

Alginate/acrylamide gel precursor was used as matrix for reinforcing UV curable
adhesives (Emax 904 Gel-SC) via single step process of three-dimensional printing
in conjunction with digital modelling. The mechanical properties of composite
hydrogel followed the “rule of mixtures” and a prototype meniscus cartilage was
produced using this material to show it potential utility in the field of bioengi-
neering [56].

Montmorillonite/xylose composite hydrogel was prepared by non-covalent
strategy where grafting of methyl guanidine hydrochloride onto the xylose tem-
plate. The guanidine ions were entangled to the exfoliated organic clay platelets.
This clay/hydrogel composite had a significant swelling capacity with self-healing
ability. For this, the composite hydrogel was divided into two equal halves and the
ruptured surfaces were pressed together again that became single piece within few
minutes. The authors reported the fact of to the mechanism whereby self-healing
behaviour was considered to be due to non-covalent bonds of hydrogen bonds and
electrostatic adsorption. The inorganic filler provided the thermal stability to the
hydrogel composite [57].

In another fascinating research the hydrogel composites have been employed for
the sensor application. In a recent study, chlorpyrifos was detected by acetyl-
cholinesterase which was immobilized onto the carbon electrode prepared using
ferrocene phenylalanine hydrogel composite. The chlorprifos was detected at a limit
of 3 nM by the enzyme acetylcholinesterase upon the enzymatic conversion from
acetylthiocholine to thiocholine. The electrochemical biosensor showed with
respect to short response time, stability, detection limit and regeneration [58]. The
authors reported the work to be the finest until the research was published.

In another investigation, calcium deficient hydroxyapatite was incorporated into
poly (hydroxyl ethyl methacrylate) to produce thermoset hydrogel. The researcher

Fig. 3 Schematic representation of the plant polysaccharide and Fe (III)-based hydrogel
composite. Reprinted with permission from [52]. Copyright © 2015, American Chemical Society
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reported that the final morphology of these thermoset hydrogels was dependent on
the concentration of the monomer and solvent used [59]. The final product was
recommended to be similar to be bone like material that might mimic the native
vertebrae/annulus interface with an application in the field of a noninvasive IVD
repair strategies.

Kinetic studies of ampicillin delivering targeting Staphylococcus aureus test
strain, was the ultimate application for the nickel ferrite/polyacrylamide hydrogel
prepared via polymerization crosslinking simultaneous method. Nickel ferrite par-
ticles were developed using sol gel technique to be used reinforcement. The drug
release occurred for longer duration and showed to negative microbial results for
the test strain [60].

Sodium alginate and graphite-based hydrogel composites were developed via
homogeneous dispersion of graphite into sodium alginate matrix. The composite
was found to have reticulate and layered structure with the swelling capacity
dependent on graphite content [61].

In a recent review, the authors reported the functional hydrogel composite
membranes [62]. They discussed about the recent work done in this field where
these membrane had an application of membrane for protein separation, virus
capture and antibody purification.

2.4 Hydrogel Nanocomposites

The nano size material in zero to three-dimensional type when reinforced into the
hydrogel matrix gives rise to hydrogel nanocomposite. The nanoscale size of the
reinforcement provides fascinating unique tailor made properties that is exploited
by many application areas. This section deals with the work done in the area of
hydrogel-based nanocomposites and its application areas.

Synthetic silicate platelets in a gelatin matrix were prepared as hydrogel
nanocomposite to be used as a handy source of injectable haemostatic agent
keeping in view for external injuries during out of hospital emergency conditions.
The results obtained from this study suggested that these nanocomposite were to be
promising in vitro and in vivo coagulants and the clay platelets remain exfoliated in
the final injectable products [63]. Figure 4 provides a brief methodology and results
obtained for this study.

Three-dimensional graphene/vanadium dioxide nanobelts composite hydrogels
were prepared via hydrothermal approach for a potential use of energy storage
device exhibited a capacitance of 239 F/g at 10 A g/1 with a capacitance retention
of 56 % relative to 1 A/g1. The galvanostatic charge–discharge cycles at 10 A/g
was carried out for a 5000-cycle test for the graphene/VO2 composite hydrogels
electrode was able to retain 92 % of the initial value [64].

Bioinert, non-fouling and biocompatible poly(ethylene glycol) diacrylate
(PEGDA)/Laponite nanocomposite (NC) hydrogels were developed to support two
and three-dimensional cell culture. This was carried out by simultaneous procedures
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of crosslinking of PEGDA oligomers along with the interaction with clay particles.
The filler in this nanocomposite significantly improved the mechanical properties
and provide much needed cell adhesion ability of the polymer. The nanocomposite
hydrogel was for the first time applied to support cell encapsulated in 3D conditions
[65].

Graphene oxide/poly (acrylic acid) hydrogel nanocomposite was synthesized for
its utility as an adsorbent for decontamination of methylene blue, Cu2+ and Pb2+

from synthetic water. The nanocomposite hydrogels was found to well-defined 3D
porous network that had a decent adsorption efficiency of as high as 1600 mg/g
[66].

In a study, poly (acrylamide) hydrogel template was functionalised by DNA
modified by acrydite. This functionalised hydrogel was used as a matrix for
incorporation of gold nanoparticles to give rise to monolithic polymer/gold
hydrogel nanocomposite for the colorimetric detection of DNA. The hydrogel

Fig. 4 a Methodology for the preparation of silicate gelatin hydrogel nanocomposite and TEM
image of the product, b zeta potential measurements, c SAXS graphs for silica platelets, d yield
stress for the hydrogel nanoplatelets, e results for the moduli measurements. Reprinted with
permission from [63]. Copyright © 2015, American Chemical Society
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showed a high capacity of gold nanoparticle adsorption and was able to detect
∼0.1 nM target DNA [67]. The gold nanoparticles that catalyzed the reduction of
silver ions had an addition benefit of detecting the target DNA up to 1 pM. The
major advantage of the use of this hydrogel was the regeneration ability by simple
heat treatment.

Graphene oxide–chitosan-manganese nanocomposites were prepared with a
hierarchical porous structure of surface area 240 m2/g and specific capacity of 190
F/g and electrosorptive capacity of 12.7 mg/g. This nanocomposite hydrogel was
applied to uptake Ni(II), Cu(II) and Pd(II) ions. Table 4 provides different
adsorption capacities by hydrogel nanocomposites [68].

Cellulose graphene nanocomposite was developed from the ionic liquids that
were produced from mixture of wood pulp and graphite oxide respectively. The
green synthesis methodology for developing these nanocomposites that were found
to have improved mechanical strength with 0.5 wt% graphene oxides was up to
19.4 MPa, and thermal stability [69].

Montmorillonite was used as filler for starch grafted poly (methacrylic acid)
were composed to study swelling behaviour, muco-adhesive behaviour and
mechanical properties [70]. The increase in the content of clay increases the
muco-adehsive properties and the grafting content decreases the hydrophilicity of
this nanocomposite.

In a unique study, parchment samples contaminated by Penicillium chrysogenum
and Cladosporium cladosporioides were cleaned and disinfected using gellan
gum/titanium dioxide nanocomposite. This hydrogel nanocomposite was prepared
by simple mixing of titanium dioxide dispersion in water in hydrogel solution. The
authors claimed it to be an easy, low cost method for protecting, conserving and
usability of archived documents in various libraries and elsewhere [71].

Polyethylene glycol methyl ether methacrylate was incorporated with silver
nanoparticles to study the antimicrobial behaviour. It was concluded that the
adsorption of the silver nanoparticles on the biomineralised composite was only
responsible for the antimicrobial activity and has no negative cytotoxic effect
against osteoblast MC 3T3 [72].

Magnetitie nanoparticles were synthesised via co-precipitation method and were
functionalised with natural and biocompatible chondroitin-sulphate-A to be used as
reinforcement for hyaluronate hydrogel. The functionalization of nanoparticle
allowed it to get uniformly dispersed in hydrogel as shown in Fig. 5 revealing a
comparison between pure and modified nanoparticles dispersion. The nanocom-
posite hydrogel was recommended for biomedical applications such as
intra-articular injections in the treatment of osteoarthritis.

Table 4 Adsorption capacity of Rapheme Oxide-Chitosan-Manganese nanocomposite

Sample Mn(II) pH = 4 Mn(II) pH = 6 Mn(II) pH = 8 Pb(II) pH = 6 Ni(II) pH = 6

Gr-Cs5 0.58 0.8 1.38 1.14 0.58

Gr-Cs10 0.64 0.84 1.46 1.22 0.62

Gr-Cs20 0.68 0.88 1.58 1.4 0.84

Reprinted with permission from [68]. Copyright © 2015, American Chemical Society

12 S.B. Mishra and A.K. Mishra



The charge neutralization was observed at 0.05 mmol/gHyA-addition, indictaing
the surface charge heterogeneity that might occurred because of the patch-wise
adsorption of HyA marking it to be the isoelectric point (IEP) and the size of
HyA@MNP aggregates reached maximum (2300 nm) [73].

3 Summary

Hydrogels, the hydrophilic polymers that has extraordinary swelling capacity by the
water to produce gels that have find many applications in the science and tech-
nology. Both natural and man-made or synthetic gels have unique properties that
have been improvised by functionalization and reinforcing to produce its variety of
forms as modified hydrogels, composites and nanocomposites.

The biodegradability, non-toxicity and biocompatibility have allowed its
unlimited potential for its application in the field of diagnostics and health care. The
only major limitation of these hydrogels is mechanical properties which resists its
use for many other commercial applications.

This chapter provided comprehensive details of research studies for different
types of hydrogel under main categories of pristine hydrogels, modified hydrogels,
composite hydrogels and nanocomposite hydrogels. In general the utility of
hydrogel in any form provided plenty of opportunities for further research studies.

4 Future Scope

Based on the research work done in the field of hydrogels, there lies tremendous
potential for future scope. This may include the newer methodology for preparation
of hydrogels with tailor made functional groups added onto polymer matrices

Fig. 5 Figure showing the
colloidal stability of pure and
modified magnetite
nanoparticle in hyaluronate
hydrogel. Reprinted with
permission from [73].
Copyright © 2015, Elsevier
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designed for its novel applications. Biomimetic hydrogels with reduced toxicity
should be explored for drug delivery devices, implants and tissue and molecular
engineering and gene therapy. New methods promising green and eco-friendly and
solvent less techniques of grafting and crosslinking of hydrogels to suit to objective
of the study is another important area that needs much investigation.

Acknowledgements The authors thank national research foundation and University of South
Africa for the financial support and other facilities.
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Conductive Polymer Hydrogels

Damia Mawad, Antonio Lauto and Gordon G. Wallace

Abstract Combining electrical properties with synthetic scaffolds such as hydro-
gels is an attractive approach for the design of the ideal synthetic soft tissue, one
that mimics the architecture of the native extracellular matrix and provides the
electronic functionality needed for cell–cell communication. Conducting polymers
(CPs) are carbon-based polymers that are electronically active and consequently are
being investigated as the structural material for fabrication of electroactive hydro-
gels. CPs are attractive in that they could be processed in various forms, their
chemistry could be modified to introduce different functionalities and most
important is their capability to conduct electrons. In this chapter, electroconductive
hydrogels (ECHs) fabricated from CP either as a single component or as an additive
to conventional hydrogel networks are reviewed.
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BF Basic fuchsine
CCG Chemically converted graphene
CNT Carbon nanotube
CP Conducting polymer
CTAB Cetyl trimethyl ammonium bromide
DC Direct current
DCC N,N′-dicyclohexylcarbodiimide
DCI 1,1′-carbonyldiimidazole
ECH Electroconductive hydrogel
Fmoc N-fluorenylmethoxycarbonyl
FP Phenylalanine
FTIR Fourier transform infrared
Gd3+ Gadolinium ion
GO Graphene oxide
hMSC Human mesenchymal stem cell
IC Inhibitory concentration
LMWG Low molecular weight gelator
MO Sodium 4-[4′-(dimethylamino)phenyldiazo] phenylsulfonate
PANI Poly(aniline)
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PCLF Polycaprolactone fumarate
PEDOT Poly(ethylenedioxythiophene)
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PTh Polythiophene
QCM Quartz crystal microbalance
rGO Reduced graphene oxide
ROS Reactive oxygen species
SEM Scanning electron microscopy
SWNT Single wall nanotube

1 Introduction

The applicability of hydrogels across a range of biomedical applications such as
biosensors, drug delivery and tissue engineering is driving researchers to develop
3D networks encompassing new tailored properties such as thermal, optical and
electrical conductivities [1]. Electrically conductive hydrogels (ECHs) are attracting
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much interest in the field of biomaterial science due to their unique properties,
combining a hydrated 3D structure while imparting electronic functionality.

Conducting polymers (CPs) are synthetic polymers that are characterised by
their ability to conduct electrons, while providing flexibility and processability.
Additionally, their organic nature facilitates their chemical modification to intro-
duce different functionalities meeting specific needs required in the biomedical
field. Consequently, CPs gained popularity in more recent years as components of
complex systems designed to electrically communicate with physiological tissues
such as nerve, brain, muscle and cardiac tissues [2]. These systems could be in the
form of electrodes or implantable scaffolds. The capacity to manipulate the pro-
cessability of CPs into various forms led to the design and fabrication of flexible
bioelectronics applicable for a wide range of therapeutics. Processing CPs into
hydrated 3D hydrogel scaffolds is an attractive approach to achieving synthetic soft
tissue, one that matches the mechanical properties of the native extracellular matrix
and preserves the electronic functionality needed for cell–cell communication.

Conversely, achieving this goal is rather challenging due to the rigorous
requirements for fabricating a hydrogel. A 3D hydrogel network consists of
crosslinked hydrophilic polymers with high water content, exhibiting elastic
behaviour and porous internal structures [3]. CPs are inherently rigid due to the
conjugated system in the backbone, and thus exhibit high stiffness [4]. The back-
bone is somewhat hydrophobic in nature due to the aromatic rings in the backbone,
which cause π–π stacking of the chains [5]. Also the stiffness is often attributed to
unwanted cross links. As such, it is counter intuitive that these polymers might be
suitable precursors for the synthesis of conductive hydrogels. However, with the
advent of fabrication techniques, composite formulations and development of smart
chemistries, researchers have succeeded to overcome many of these limitations.
Two main fabrication routes are being investigated for the development of con-
ductive hydrogels. One is to grow the conducting polymer in a prefabricated
hydrogel; these are referred to as hybrid systems. The other is to use the CP as the
sole polymeric component (continuous phase) in the hydrogel network: this could
be achieved either by self-assembly or by introducing water soluble and
cross-linkable moieties in the backbone. Subsequently, conductive hydrogels are
being developed and tested for a plethora of biomedical applications.

This chapter presents an overview of the current state of conducting polymer
hydrogels, with emphasis on 3D-network in which the conducting polymer is the
continuous phase. We present an overview of conjugated polymers and their charge
transport mechanism. We then briefly introduce the first approach taken to develop
electroconductive hydrogels (ECHs) in which the conducting polymer is grown
within a prefabricated conventional hydrogel made from insulators. Owing to the
emergence of excellent reviews that discuss ECHs, we focus on single component
conducting polymer hydrogels. These are 3D-networks formed only from CPs and
free of any insulating matrix. We present selected research papers in this field;
recent advances and challenges will be highlighted to gain a better insight of
various strategies employed. This section will be followed by introducing the role
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of other electrically active carbon-based materials such as graphene and carbon
nanotubes (CNTs) in the fabrication of conductive hydrogels for biomedical
applications. This is an emerging and rapidly growing field that warrants attention.

2 Conducting Polymers in 3D-Hydrogel Networks

2.1 Conducting Polymers and the Origin
of Their Conductivity

The very first scientific paper reporting on organic CPs and their unique behaviour
as semiconductors or metals was in 1977, published in the journal Journal of the
Chemical Society, Chemical Communications and was co-authored by Shirakawa
et al. [6]. The authors reported on the synthesis of polyacetylene and its doping by
halogens to produce polymers with remarkable dc conductivity. Consequently, a
new class of smart polymers has been introduced driving advances in material
science, electronics and biomedical applications. This discovery was acknowledged
by the awarding of the Chemistry Nobel Prize in 2000.

Halogenated polyacetylene was described to have electric conductivity due to
mobile charge carriers introduced in the π complexes of the polymeric chain [6, 7].
CPs are also known as conjugated polymers because of the structure of their
backbone that is formed from alternating single and double C–C bonds (C=C) (see
Fig. 1a). Carbon has 3 sp2 orbitals that lie in one plane and a p-orbital that is
perpendicular to the plane (pz) (see Fig. 1b).
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Fig. 1 a Chemical structures of conjugated polymers. b 2 sp2 orbitals approach each other to form
a σ bond and c the 2 pz orbitals form a π bond which is in parallel to the σ bond plane
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When two carbon atoms come close together, two of the sp2 orbitals overlap
forming a σ bond. This in turn brings two of the pz orbitals in close proximity and
they form π orbitals that are delocalized over the backbone chain (see Fig. 1c) [7].
The delocalised π orbitals can be either filled π-bonding orbital which forms the
valence band or empty π*-anti-bonding orbital which is the conduction band [8].
These two states have degenerate energy levels [9] that upon excitation can allow
charge mobility along the conjugated backbone and thus generating conductivity.

The term “doped” polymer refers to charge transfer to the backbone either by
n-type (reduction) or p-type (oxidation). In case of n-type doping, an electron is
introduced in the conduction band generating an “electron charge carrier,” whereas
for p-type doping an electron is abstracted from the valence band creating a “hole
charge carrier.” Therefore, doping is a mechanism by which an electron is either
removed or added to the CP backbone creating unbound charge carriers. Themobility
of these carriers is enhanced by the π orbital system of the conjugated backbone [10].

Thus conductivity in conjugated systems depends on the dopant, its type and
efficiency to abstract or induce an electron within the backbone [8]. Additionally,
conductivity is highly dependent on the mobility of these charge carriers that could
occur intra or inter chain [10]. Hence any structural disorder in the conjugated
polymer will cause deterioration in its value. Also, the packing of the polymeric
chains highly affects the transport of the charges; too much disorder will hinder
interchain hoping and dramatically lowers the conductivity.

This is particularly relevant and remains a challenge in the design and fabrication
of conductive hydrogels. While electronic conductivity of a hydrogel in the dried
state could be determined by standard techniques such as 2 or 4-probe measure-
ments [11, 12], in their swollen state this task becomes more challenging. As the
hydrogel swells, conducting polymer chains become further apart which might
hinder electron transport [13]. Additionally, hydrogels for tissue engineering are
swollen in a buffer at pH = 7.4. This introduces ions into the network, which
contribute to ionic conductivity. As such, alternative techniques are sought such as
AC impedance spectroscopy to discriminate between the components contributing
to each of the electronic and ionic conductivity [14–16].

2.2 Electroconductive Hydrogels (ECHs)

ECH is the term used to describe a hybrid network fabricated from conventional
insulating polymers combined with CPs. While the insulating polymer provides the
3D aqueous gel, the CP imparts electrical conductivity to the scaffold. Various
synthetic approaches have been developed to fabricate hybrid networks. These
include: (i) electro or chemical polymerization of a conducting monomer in a
prefabricated hydrogel, and (ii) mixing the precursor monomers followed by
simultaneous or step-wise polymerization to produce the ECH (Fig. 2). The end
product is a hydrogel network in which the conducting polymer chains are phys-
ically entrapped within the conventional hydrogel matrix.
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The first reported ECH was by Gilmore et al. [17] describing the fabrication of a
hybrid composite based on polypyrrole (PPy) directly electropolymerised on a
preformed polyacrylamide hydrogel. Despite the introduction of the hydrophobic
PPy polymer, the hybrid hydrogel retained its hydration/rehydration properties.
Additionally, these gels were shown to be electroactive and conductive. This study
has opened a new era in conducting polymer science. Owing to the many available
hydrogels and a range of CPs, there have been a surge in the number of reports
describing the fabrication of ECHs and their application in the biomedical field;
these have been discussed in recent reviews [18–22]. Table 1 lists an up to date
summary of ECHs reported in the past 10 years.

The ideal ECH network is one that combines both mechanical properties that are
comparable to electroresponsive tissues (1–10 kPa) [48] and suitable conductivity for
electrical stimulation. In a study by Ding et al. [34], biologically derived conductive
hydrogel fabricated from methacrylate modified heparin and polyaniline (PANI) has
been fabricated. In the first step, a heparin hydrogel network was formed by UV
curing. The hydrogel was then soaked in an aniline solution to allow for the monomer
to diffuse inside the porous structure. PANI was formed by oxidative polymerisation.
By controlling the aniline monomer concentration, the electrical/ionic properties of
the hydrogel could be tailored. Hydrogels formed from 1 and 0.1 M aniline solution
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Fig. 2 Schematic representation of approaches developed to fabricate electroconductive
hydrogels (ECHs). Electropolymerization: a prefabricated hydrogel around a working electrode
such as ITO or gold is immersed in a monomer solution such as pyrrole or aniline. By applying
either a voltage or a current, the conducting polymer grows in the pores of the hydrogel network.
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or step wise by the addition of the appropriate initiators/oxidants; (ii) a prefabricated hydrogel is
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had an impedance of 900 and 2 × 104Ω at 0.01 Hz, respectively. The storage modulus
was in the order of 900 Pa. Additionally, the heparin/PANI hydrogel supported the
growth, proliferation and differentiation of C2C12 muscle cells. Runge et al. [28]
reported the synthesis of a hydrogel scaffold based on polycaprolactone fumarate
(PCLF) in which polypyrrole was chemically grown. The hydrogels exhibited a
conductivity of *6 × 10−3 S/cm in their dried state. In comparison to PCLF, neural
cells seeded on the PCLF/PPy hydrogels showed better cell morphology denoted by
elongated cell bodies, extended neurites and a higher cell number. This hybrid
hydrogel presents potential for neural regeneration.

An injectable conductive hydrogel based on collagen and infused with poly
(ethylenedioxy thiopehene) (PEDOT) or PPy fibres has been reported by Sirivisoot
et al. [49]. Prefabricated PPy or PEDOT fibres were added to a cell-containing
collagen solution, followed by its gelation at physiological pH and temperature. The
conductive scaffolds supported the growth and differentiation of PC-12 and human
mesenchymal stem cells (hSMCs) up to 7 days. Furthermore, compared to the
collagen control, the conductive scaffolds induced an increased neurite growth of
PC-12 cells. This study presents a simple but elegant fabrication technique for
injectable cell seeded conductive scaffolds that could be potentially applied in vivo
for nerve, muscle and cardiac applications.

While many of the reported ECHs demonstrated relevant properties for tissue
engineering such as appropriate mechanical strength, remarkable hydration and
biocompatibility, some limitations remain with the fabrication approach used to
develop ECHs. Typically, growing the conducting polymer in a prefabricated
hydrogel network, whether by electropolymerization or chemical oxidation, leads to
physically entrapped CP chains. Upon hydration in physiological media, these
polymeric chains diffuse out of the network causing a drop in conductivity as well
as possible cytotoxic effects [50]. When the hybrid network is formed from a
negatively charged insulator such as alginate, poly(acrylic acid) or polyacrylamide,
ionic interactions occur between the positively charged conducting polymer and the
insulator. However, the potential application of these hydrogels in tissue engi-
neering requires incubation in pH = 7.4 which leads to neutralisation of the charges
on the CP backbone and consequently dissociation from the network [51].

2.3 Single Component CP Hydrogel

“Single component” CP hydrogel is a term used to refer to conductive hydrogels
made from the conjugated polymer as the main continuous phase. The advantage of
this approach is to overcome the aforementioned limitations of ECHs. However,
this is a rather challenging approach because conjugated polymers lack water sol-
ubility, functional side chains and flexibility. Up to date, there are scarce reports on
the fabrication of single components hydrogels. Fabrication approaches used
include self-assembly of the CP chains, crosslinking either chemically, using metal
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ions, or by employing low molecular weight gelator (LMWG). We herein report the
studies that investigated synthesis of single component conductive hydrogels and
their characteristics.

2.3.1 Polythiophenes

The chemistry of the thiophene monomer is versatile; thiophene could be modified
at α and β positions leading to a wide range of chemical structures. Consequently, a
great diversity of thiophene-based materials has been prepared such as regioregular
oligomers and polymers [52]. For biomedical applications in general and for the
fabrication of a hydrogel network in particular, water solubility of the polymeric
chains is a pre-requisite. As such, a range of water-soluble polythiophenes has been
synthesised as described in a recent review by Das et al. [53]. Figure 3 highlights
some of the chemical structures of water soluble polythiophenes used to fabricate
conductive hydrogels.

The first reported polythiophene-based hydrogel was fabricated from poly
(3-thiophene acetic acid) (PTAA) [54, 55]. The ionisable carboxylic groups on the
side chains render PTAA water soluble. Additionally, by using appropriate
crosslinkers, the functional carboxylic groups could be linked to form a 3D-network.
Chen et al. [55] used adipoyl dihydrazide (ADH) as the crosslinker and N,N′-di-
cyclohexylcarbodiimide (DCC) as a condensation agent to form the PTAA gel. The
authors showed that conformational changes of PTAA backbone occur in response
to the carboxylic groups ionisation under different pH, despite the chemical
crosslinking of the polymeric chains. They also reported the electric conductivity
(4 × 10−3 – 2.0 × 10−2 S/cm) of the gels doped with 60 wt% HClO4 solution.

Similarly taking advantage of the carboxylic groups on the PTAA backbone,
Mawad et al. [56] reported the fabrication of a chemically crosslinked single
component PTAA hydrogel (Fig. 4a) using a more amiable crosslinking agent, 1,1′-
carbonyldiimidazole (DCI). In contrast to DCC used previously by Chen [55], CDI

Fig. 3 Chemical structures of water-soluble polythiophenes. PTAA poly(3-thiophene acetic acid).
POWT poly(3-((S)-5-amino-5-carboxyl-3-oxapentyl)-2,5-thiophene) hydrochloride
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and its decomposition products are water soluble and they could be easily washed
from the network. The swelling ratio, internal porous structure and mechanical
properties could be tuned by varying the ratio of the crosslinker (DCI) to the
monomeric unit of PTAA. The hydrogels supported the adhesion and proliferation
of C2C12 cells seeded on their surface (Fig. 4b, c). Of significance was the con-
ductivity (*10−2 S/cm) and good electroactivity these hydrogels exhibited in
physiological conditions. This is the only reported single component conductive
hydrogel that has been tested as a scaffold for tissue engineering. In addition to
having functional groups on its side chain, PTAA aqueous solution has been shown
to have a half inhibitory concentration (IC50) of 9.1 mg/mL [57], indicating a high
degree of tolerance by the cells to this water-soluble polymer. These studies suggest
that PTAA is a very promising CP candidate for biomedical applications.

A conductive hydrogel film based on water soluble zwitterionic polythiophene,
poly(3-((S)-5-amino-5-carboxyl-3-oxapentyl)-2,5-thiophene) hydrochloride (POWT)

Fig. 4 a Schematic illustration of crosslinked PTAA polymeric chains. b Representative SEM
images of myoblast cells adhered to the hydrogel substrates following 72 h incubation. Scale bar
represents 50 μm. c Fluorescent images of myoblast cells on hydrogel substrates following 72 h
incubation. Cells are stained with CalceinAM to visualise metabolically active cells. Scale bar
represents 400 μm. Reprinted from [56]. Copyright 2012 with permission of John Wiley and Sons
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(Fig. 3), has been reported by Asberg et al. [58]. A thin film of POWT was deposited
on a substrate from a 0.5 mg/mL POWT aqueous solution. While exposing the POWT
film to buffer solutions of different pH, the hydration and stiffness of the film was
monitored by quartz crystal microbalance (QCM). The authors reported that a
hydrogel forms upon uptake of water and ions from the buffer. This hydrogel exhibited
higher uptake of DNA in comparison to the compact POWT film. Since POWT is a
conjugated polyelectrolyte, its polymeric chains change conformation after binding to
the DNA strands. The authors suggested that by taking advantage of these confor-
mational changes, POWT hydrogel could be applied as biochip for the specific
binding and sensing of complementary DNA.Multifunctional hydrogels based on PT–
COOH (Fig. 3) and DNA were fabricated by using gadolinium ions (Gd3+) as a
chelator. The hydrogel exhibited good swelling properties (Q * 8) and they were
stable in phosphate buffer solution (PBS) for up to 60 h. Jurkat T cells were mixed with
the DNA and PT–COOH solution followed by gelation using the Gd3+ ion. This is the
first example of a conductive hydrogel that could form in situ allowing cell encap-
sulation prior to gelation. By irradiating the hydrogels with white light, the authors
demonstrated that cells could be killed as a result of reactive oxygen species
(ROS) produced by PT–COOH–Gd3+ complex in response to light.

2.3.2 Polyaniline

One approach to fabricate conducting polymer hydrogels is through the assembly of
the polymeric chains with LMWG. LMWG are small organic molecules that can
cause water or other solvents to form a network at very low concentrations [59].
PANI-based hydrogels have been prepared using LMWG such as 5,5′-
(1,3,5,7-tetraoxopyrrolo[3,4-f]isoindole-2,6-diyl)diisophthalic acid (PMDIG) [60]
and N-fluorenylmethoxycarbonyl (Fmoc) phenylalanine (FP) [61]. PMDIG-PANI
hydrogels were fabricated by preparing a solution of anilinium chloride with the salt
of PMDIG [60]. Upon addition of ammonium persulfate (APS), a stable hydrogel
was formed after 24 h at 30 °C. FTIR spectra suggested that the supramolecular
interactions between PANI and PMDIG are due to strong H-bonding between the
two components as denoted by the shifts of both carbonyl and hydroxyl groups of
the gelator in the hydrogel structure. The conductivity of the gel was
0.3 × 10−4 S/cm and the elasticity 14.59 kPa. In a similar fabrication approach,
FP-PANI hydrogels were prepared and characterised [61]. Good electrical con-
ductivity was achieved (1.2 × 10−2 S/cm) and the hydrogel exhibited a viscoelastic
nature. Because of the Fmoc group on FP that can act as a weak acceptor while
PANI acts as a donor, the photoconductivity of the FP-PANI hydrogel was
investigated. The gel exhibited a reversible photoresponse under white light illu-
mination. Such investigations open the way for the fabrication of responsive gels
for applications such as optoelectronics and biosensors.

A conducting hydrogel fabricated from PANI chains crosslinked with phytic
acid (Fig. 5a, b) has been prepared by Pan et al. [62]. The phytic acid was both the
gelator and the dopant leading to a hydrogel with good electrical properties
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(conductivity value of 0.11 S/cm) as well as high water content (*92.6 % wt/wt).
Due to the porous structure and high surface area of the 3D network, the hydrogel
exhibited high specific capacitance (480 F g−1), and excellent cycling stability
(*83 % capacitance after 10,000 cycles). Furthermore, the fabrication approach
adopted in this study allowed micropatterning of the gel into various dimensions
(Fig. 5c, d). This hydrogel can serve as a promising material for the fabrication of
high energy storage electrodes. In a similar study by Zhai et al. [63], the
PANI-phytic acid hydrogel was casted as a thin film on a platinum surface, fol-
lowed by dipping it into a solution of chloroplatinic acid (H2PtCl6). Using formic
acid, H2PtCl6 was reduced to Pt introducing Pt nanoparticles in the 3D network.
The Pt/hydrogel electrode was tested as a glucose biosensor and it exhibited
ultra-high sensitivity, low detection limit (0.7 µm), and fast response time (3 s).

Fig. 5 Doped polyaniline hydrogels: a Schematic representation of the 3D network formed by
crosslinking polyaniline with phytic acid. b Representative image showing the gel in a glass vial.
c Ink jet printed hydrogel with dot dimension of 18 µm. d Patterned PANI hydrogels produced by
mask-spray coating with either a dot diameter of 1 mm or line width of 2 mm. Reprinted from [62].
Copyright 2015, with permission of PNAS
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2.3.3 Poly(Ethylenedioxythiophene) (PEDOT)

Amongst synthesised polythiophenes, PEDOT is of particular interest due to its
high stability in aqueous solutions, high conductivity and versatility of side chains
functionalization. To this effect, it has been explored for the fabrication of con-
ductive hydrogels. Hydrogels based on alkoxysulfonate functionalised PEDOT
have been fabricated in a one-step reaction by simply mixing the sulfonated EDOT
(EDOT-S) monomer with an oxidant such as APS and FeCl3 (Fig. 6a) [64].
Scanning electron microscopy (SEM) revealed that the internal 3D structure of the
hydrogels could be controlled depending on the oxidant used (Fig. 6b) and its ratio.
Additionally, the authors reported these gels to have conductivities in the range of
100–102 S/cm depending on the type of oxidant and monomer concentrations
employed. The authors explained the formation mechanism of these hydrogels to be
due to the ability of the amphiphilic EDOT-S monomers to form micelles in the
aqueous solution, which upon addition of an oxidant fuse together and form
lamellar sheets evolving into a 3D hydrogel network. In a follow up study [65],
these hydrogels were tested for adsorption and desorption of dyes with different
charges. Owing to the negatively charged sulfonic groups on the PEDOT side
chains, the authors reported a high degree of adsorption (164 mg g−1) of positively
charged dyes such as basic fuchsine (BF). Similarly, desorption of the dye was
demonstrated by the addition of the surfactant, cetyl trimethyl ammonium bromide
(CTAB). By increasing the mass ratio of CTAB to the dried gel, desorption
amounts up to 90 % of the adsorbed drug were obtained. These hydrogels exhibited
favourable desorption efficiency in comparison to other reported systems [66].

2.3.4 Polypyrrole

The delocalised π-electron system along the backbone of conjugated polymers
results in rigid polymeric chains; therefore, it remains a challenge to fabricate
conducting hydrogels of high elastic nature. In a recent study by Lu et al. [67], a
simple and scalable process has been reported for the synthesis of conductive and
highly elastic PPy hydrogels with a conductivity value of 0.5 × 10−2 S/cm. Pyrrole
monomer was dissolved in a mixed solvent of H2O and ethanol (1:1) followed by
the addition of equimolar amount of Fe(NO3)3·9H2O (Fig. 7a). The gel was formed
within several minutes and then left for 30 days at room temperature to undergo an
ageing process. Compressive stress–strain measurements showed that aged PPy
hydrogels were highly elastic (Fig. 7b); they could be compressed by ≥70 % with a
full recovery to their original shape within 30 s. In contrast, PPy hydrogels that
were not subject to the ageing process did not exhibit any elastic properties. The
authors suggested that the origin of the elastic behaviour as a result of ageing is due
to a secondary growth mechanism. Initially, polypyrrole forms immediately upon
addition of the oxidant [68]. The insoluble polymers cluster together into spherical
particles, then interconnect via π–π interactions leading to a 3D network. Over time,
unreacted pyrrole monomers diffuse and oxidatively couple to the surface of these
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Fig. 6 a Schematic representation of the formation mechanism of PEDOT-S hydrogels. The
amphiphilic monomers, EDOT-S, form micelles in solution, which upon addition of the oxidant
convert into 3D hydrogel network. b SEM micrographs showing the internal structure of the gels
synthesised by APS (a&b), FeCl3 (c), and a mixture of APS and FeCl3 (d). Reprinted from [64].
Copyright 2011, with permission of Royal Society of Chemistry
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particles forming protruded branches that eventually join together into building
blocks. With ageing, a slow reaction process causes reinforcement of these joint
branches, leading to a hydrogel that is less prone to fracturing and of high elasticity.
The authors demonstrated the applicability of these elastic hydrogels for the effi-
cient and fast removal of organic molecules from aqueous environments. Using
methyl orange as a model dye, the hydrogel exhibited a high absorption efficiency
of the dye (99.99 %) in just several seconds. Of significance is the ability to
repeatedly reuse and refresh the hydrogel by simply treating it with 2 M NaOH at
80 °C. This highly elastic PPy hydrogel paves the way for the fabrication of elastic
conducting hydrogels that have potential application in environmental engineering,
biosensors and regenerative medicines.

Other PPy-based single component CP hydrogels have been fabricated by the
self-assembly of PPy chains in the presence of sodium 4-[4′-(dimethylamino)
phenyldiazo] phenylsulfonate (MO) [69, 70]. MO has a hydrophobic core with
hydrophilic sulfonic groups at the side. The hydrophobic core stacks with neigh-
bouring molecules causing MO to self-associate in aqueous media. Thus, MO forms
cylindrical structure in water and can be used as a template for the polymerization
of PPy microtubules [70]. Under static conditions, these microtubules can aggregate
by van der Waals forces or chemical bonding resulting in a PPy conductive
hydrogel [69]. The morphology and swelling/deswelling behaviour of these
mesoscale networks have been studied in response to the type (FeCl3, Fe2(SO4)3,
and Fe(NO3)3) and ratio of oxidant to the pyrrole monomer during synthesis. SEM

Fig. 7 a The polymerization process of polypyrrole by the addition of ferric nitrate.
b Representative images showing the full recovery of the PPy hydrogels following compression
by ≥70 %. Reprinted from [67]. Copyright 2014, with permission of Nature Publishing Group
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micrographs showed clearly that the morphology is highly dependent on the type of
oxidant employed, with Fe(NO3)3 resulting in a more coarse and granulated net-
work. This in turn had an effect on improving the swelling/deswelling properties of
the hydrogel with repeated cycles. Additionally, the electrical conductivities were
correlated to the hydrated state of the hydrogel prepared using Fe(NO3)3 as an
oxidant. When the gel was shrunk, it exhibited a conductivity of 1.7 × 10−2 S/cm, in
comparison to a value of 8.2 × 10−3 S/cm when swollen. The authors suggested that
the higher conductivity in the shrunk state is due to the closer proximity between
the polymeric chains facilitating electron transport. Also, they demonstrated that the
conductivity of the hydrogels could be further tailored by controlling the pH of the
media.

3 Carbon-Based Conductive Hydrogels

Other organic-based conductive materials are being explored in biomedical appli-
cations. These include materials such as graphene and CNTs that combine both
excellent electrical properties with superior mechanical characteristics. For tissue
engineering, these two materials are being incorporated in 3D hydrogel networks to
fabricate conductive scaffolds for various applications [71, 72].

3.1 Graphene

Graphene and its derivatives, graphene oxide (GO) and reduced graphene oxide
(rGO), are emerging materials that have attracted much attention in research due to
their unique properties such as high thermal [73] and electrical conductivity [74],
remarkable mechanical properties [75] and superior optical transmittance [76]. As
such, graphene is being investigated for a range of applications including biological
fuel cells, electrochemical biosensors and tissue engineering. A recent review by
Wallace et al. [77] presents a comprehensive overview of graphene and its appli-
cation across the biomedical field. For the fabrication of ECHs, graphene has
attracted much attention as filler improving elasticity and the mechanical strength of
the hydrogel, while imparting electric conductivity in the system. Similar to CPs,
conductive hydrogels based on graphene or its derivatives are either a hybrid or a
“single component”.

Hybrid hydrogels have been fabricated from graphene or its derivatives and
insulating polymers such as polypropylene oxide (PPO)—polyethylene oxide [78],
hydroxyapatite [79], polyvinyl alcohol [80], and chitosan [81]. Primarily, graphene
has been added to enhance the mechanical properties of these hydrogels. “Single
component” graphene-based hydrogels are formed via self-assembly of graphene
sheets producing a 3D network [82–84]. The first graphene-based hydrogel reported
by Xu et al. [82] was fabricated via a one-step hydrothermal method (Fig. 8).
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A graphene oxide aqueous dispersion was heated up to 180 °C for a period of time
causing the graphene sheets to self assemble into a mechanically robust 3D network
hydrogel of high water content (97.4 % wt/wt) and elastic behaviour (Fig. 8c). By
increasing the heating time from 1 to 12 h, the compressive modulus was varied
from 29 ± 3 to 290 ± 20 kPa. Similarly, the conductivity (Fig. 8d) was increased
from 0.23 ± 0.02 to 4.9 ± 0.2 mS/cm. In a similar mechanism, chemically converted
graphene (CCG), prepared by chemical reduction of GO, has been shown to form a
hydrogel film via a simple vacuum filtration process [83]. Gelation occurs during
filtration as a result of the deposition of the CCG in a sheet-by-sheet fashion. The
obtained product is a highly hydrated hydrogel film (92 % wt/wt) with remarkable
conductivity of 0.87 S/cm in the swollen state. These graphene-based hydrogels
combine critical properties such as mechanical strength, high electric conductivity
and anisotropy due to sheets alignment.

3.2 Carbon Nanotubes (CNTs)

The rationale behind the incorporation of CNTs in hydrogel networks is to design
engineered tissue constructs with properties closer to those of native electrore-
sponsive tissue: mechanical integrity [85], nanofibrous architecture [86] and electric
conductivity [87]. Subsequently, CNTs have been extensively investigated as
additives into hydrogel networks; in particular, these hybrid hydrogels are being
extensively investigated in cardiac tissue regeneration [88–90]. Gelatin hydrogels
containing SWNTs [90] have been fabricated and tested both in vitro and in vivo as
potential conductive hydrogels for the treatment of myocardium infarction (MI).
SWNTs were mixed with gelatin solution and crosslinked with glutaraldehyde to
produce the hydrogel. SEM revealed that the SWNTs were homogeneously dis-
tributed inside the porous structure. Despite the low conductivity of these hydrogels
(*1 × 10−6 S/cm), field stimulation revealed that neonatal cardiac cells seeded on

Fig. 8 a Fabrication of self-assembled graphene hydrogel (SGH) from a GO dispersion by
photothermal reduction. b SEM micrograph of the porous internal structure of the SGH.
c Compressive stress-strain curve of the SGH exhibiting 3 regions: (I) linear-elastic regime, (II)
long plastic regime and (III) densification regime. d I–V curve of the SGH exhibiting an ohmic
behaviour at room temperature, measured by the 2-probe technique (shown in the Inset). Reprinted
from [82]. Copyright 2010, with permission of American chemical Society
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the SWNT/gelatin hydrogel became more compact and in closer proximity in
comparison to the control gelatin scaffold. For the first time, carbon nanotube-based
hydrogels were tested in vivo for cardiac regeneration. The hydrogels fused with the
myocardium infarct causing its regeneration and remodelling. A CNT/gelatin
hydrogel exhibiting anisotropic electric conductivity has been fabricated by
Ahadian et al. [91]. This could be achieved by vertically aligning the CNTs within
the hydrogel matrix through the application of dielectrophoresis (DEP). This ani-
sotropy led to significant increase in the myogenic genes and proteins of electrically
stimulated C2C12 cells cultured on the gels.

While CNTs are showing promising properties in tissue engineering, their bio-
compatibility remains under debate with reports in the literature showing either
positive or negative effects [92]. Their toxicity is mainly explained by their small
size, which causes increased reactivity and potential inflammation and toxicity.
However, the mechanisms by which they induce toxic effects remain to be fully
investigated and confirmed [93]. Additionally, it appears that the dosage of the
CNTs introduced in vivo plays an important role in the triggered inflammatory
reaction and the dosage threshold remains to be identified [94]. However, the
attractive properties of CNTs have pushed researchers to investigate ways to
enhance their biocompatibility. Functionalization of CNTs with carboxylic groups
appears to alleviate this issue. Carboxylated CNTs have been shown to degrade by
the enzyme, myeloperoxidase (MPO) into non-inflammatory degradation products
[95].

4 Applications of Conducting Polymer Hydrogels

The possibility to develop a crosslinked network that combines porosity,
mechanical integrity, high water content with good electroactive properties is
driving the use of conducting polymer hydrogels in a wide range of applications
including biosensors, drug delivery and tissue engineering.

Electrochemical biosensors are based on an enzymatic reaction triggered on the
surface of an electrode that functions as the sensor substrate. Since enzymes are
redox active, the reaction either results in electron transfer across the double layer of
the electrode producing a current or alters the double layer potential generating a
voltage [96]. CPs have been used as the interface between the electrode and the
analyte due to their redox active nature. Their doping/dedoping mechanism leads to
a change in surface resistance, current or electrochemical potential that could be
monitored as a response in relation to analyte concentrations [97]. Additionally,
CPs combine both electronic and ionic conductivities lowering the impedance
between the electrode and the analyte interface. Subsequently, both ECHs [98, 99]
and single component CP hydrogels [62, 63] have attracted particular attention as
the interface in electrochemical biosensors since they combine the electro-response
of the CP and the ability of the hydrogel to retain bioactive molecules of interest.
The CP facilitates the electron transport across the interface [100], the porous
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structure provides a large surface area and shorter diffusion length [101], and the
high water content exhibited by the hydrogel component enhances the biocom-
patibility [1].

Conducting polymer hydrogels can serve as responsive drug delivery systems
that undergo chemical or physical transitions under applied electric fields. By
changing the redox state of the conducting polymer, the charge on the backbone can
be varied as well as the volume of the CP scaffold. This in turn can be used to
deliver drugs in a controlled manner. Anionic drugs could be easily loaded in the
CP during synthesis. Following polymerization, CPs is in the oxidised form and the
backbone is positively charged. These positive charges are balanced with anions to
maintain electro-neutrality. Thus, negatively charged drugs can serve as the
counterion and could be loaded during the polymerization process. Upon reduction,
the CP backbone converts from a positively charged state to a neutral form; thus
loosing the drug anion and causing its release [102]. Cationic drugs could also be
loaded in CP networks. This could be achieved by electrostatic and hydrophobic
interaction between the drug, the CP backbone and the anionic counter ion [103].
Alternatively, the cationic drug can be loaded post synthesis and following
reduction of the CP network. Highest loading efficiencies could be achieved if the
counterion has a large molecular weight. When the CP is reduced, it looses its
positive charges allowing the cationic drugs to be attracted to the polymer backbone
and to interact with the negatively charged counterion physically trapped inside the
matrix [104, 105]. However, the application of conducting polymer hydrogels in
delivery systems is limited by the low loading efficiency that could be achieved and
the passive diffusion of the small counterions from the network.

One important application of conducting polymer hydrogel is tissue engineering.
These systems are ideal candidates to serve as a 3D network for cell seeding and
regeneration. The hydrogel component provides the hydrated environment needed,
the porosity for exchange of nutrients, and the mechanical integrity to support the
cells and promote their adhesion. On the other hand, the CP component provides
the electronic communication required in electroresponsive tissues such as the
heart, brain, muscle and nerve [20, 22]. Conductive hydrogels have shown
promising results in regenerative medicine [106] and as highlighted throughout this
chapter, many of the developed ECHs promote cell adhesion and proliferation;
however, their long-term use remains limited by the degradation in their electronic
properties after incubation in physiological conditions due to dopant loss.

5 Conclusion and Future Perspectives

In this chapter, the synthesis and use of conducting polymer hydrogels for
biomedical applications have been reviewed. Two types of hydrogels were high-
lighted based on their fabrication routes. ECHs or hybrid networks are formed by
incorporating the conducting material in insulating hydrophilic networks. Single
component conducting hydrogels are formed by either self-assembly of the
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conjugated polymeric chains or by modifying the CP with water soluble and
chemically crosslinkable moieties.

Until now, the incorporation of CPs in a prefabricated hydrogel network has
dominated the field of conductive hydrogels. Advances in fabrication techniques
have enabled smart multifunctional conductive hydrogels with tailored architectures
to promote cell alignment, release of biomolecules under demand, and growth and
differentiation in response to electrical stimulation. The synthesis of single com-
ponent conducting polymer hydrogels offers the possibility of tissue-engineered
scaffolds with enhanced electrical properties. Designing a network free of an
insulating matrix but made from conjugated chains improves the efficiency of
electron transport in the system. Additionally, chemical binding or self-assembly of
the CPs chains results in a more stable network that is resilient to environmental
changes such as pH. With the advent of smart chemistries, the possibility to design
single component conductive scaffolds with tailored properties more suited to tissue
engineering should be more feasible. The field will greatly benefit from conjugated
polymers that are water soluble, regioregular, have good electron transport and
contain side functional groups that could be either decorated with relevant bio-
molecules, used as crosslinking sites, or modified with biodegradable linkers.

The search for the ideal tissue-engineered scaffold remains on-going.
Concerning the introduction of electronic properties, CPs along with graphene and
CNTs are the most promising candidates due to their flexibility, processability and
functionalization. However, this field is still in its infancy and much work is
required to develop a practical biomedical device with superior electronics and one
that could be used in the clinic.
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Polysaccharide-Based Hydrogels
as Biomaterials

Tejraj M. Aminabhavi and Anand S. Deshmukh

Abstract The ever-increasing interest to utilize renewable polysaccharide-based
hydrogels as biomaterials has created renewed interest in many disciplines
including biomedicine, bioengineering, pharmacy, chemistry, and materials science.
The volume of literature published in this area is quite extensive as the diversity of
these materials seeks novel applications. The polysaccharide-based hydrogels as
smart biomaterials have attracted much interest in drug delivery, bioengineering,
and electronics domain. Recent advances in micro- and nanobiotechnology have led
to renewed interest for targeting drugs, genes, and other biotherapeutics like pro-
teins, small interfering RNA (siRNA), and peptides. These applications have pro-
gressed exponentially due to their similarities with soft tissue body components as
well as being responsive to external stimuli like temperature, pH, electric and
magnetic fields. This chapter covers recent developments and advances in hydro-
gels derived from natural polysaccharides as biomaterials.

Keywords Polysaccharides � Nanotechnology � Drug delivery � Bioengineering �
Hydrogels
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CG Carrageenan
CS Chitosan
CT1 Connexin-43 carboxyl-terminus mimetic peptide
DD Degree of deacetylation
DMF Dimethyl formamide
DMSO Dimethyl sulphoxide
DS Dextran sulfate
ECM Extracellular matrix
EE Entrapment efficiency
EGFP Enhanced green fluorescent protein
full-IPN Full-interpolymeric network
GA Glutaraldehyde
GAGs Mammalian glycosaminoglycans
GAGs Glycosaminoglycans
G-CSF Granulocyte colony-stimulating factor
GFP Green fluorescent protein
GM-CSF Granulocyte-macrophage colony-stimulating factor
GRAS Generally recognized as safe
HA Hyaluronic acid
hASCs Human adipose-derived stem cells
hNCs Human nasal chondrocytes
HP Heparin
k-carrageenan Kappa-Carrageenan
MW Molecular weight
MYO Β-galactosidase, myoglobin
NaAlg Sodium alginate
NPs Nanoparticles
PEG Polyethylene glycol
PLGA Poly(lactic-co-glycolic acid) copolymer
rhGH Recombinant human growth hormone
semi-IPN Semi-interpolymeric network
SLN Solid lipid nanoparticles
US-FDA United States Food and Drug Administration
VBL Visible blue light

1 Introduction

In today’s scientific scenario, researchers are trying to understand the importance of
biocompatible and bioerodible materials of natural origin for designing and
developing pharmaceuticals. Natural polysaccharides are the attractive candidates
owing to their abundant availability at lower cost, amenability to modifications,
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structural diversity, biodegradability, and biocompatibility. Hydrogels, due to their
structural similarity with extracellular matrix (ECM) of the biological system, offer
excellent platform for proliferation, adhesion, and delivery of biologics and cells.
Published literature on polysaccharide hydrogels as biomaterials has witnessed a
tremendous growth globally. Despite rich flora and fauna, very limited numbers of
polysaccharides have actually made their path from laboratory to clinical practice.
Reasons for this drawback are many, though regulatory clearance of such materials
has been the major hurdle. Researchers are aware of the directives of these gov-
erning bodies and are now expanding their horizons from basic to clinical practice.
This chapter will cover a discussion on the most widely used polysaccharides that
are used in clinical practice or have been accepted worldwide in formulation
development.

2 Polysaccharides and Hydrogels—General Consideration

Polysaccharides are found in nature in a wide range of intricate structural
arrangements formed by repeating saccharide units (such as mono-, di-, tri- or
tetrasaccharides) and joined together by glycosidic bonds, which upon hydrolysis
yield more than ten molecules of monosaccharides. Even though these structures
are mostly linear, they may have different degree of branching. Polysaccharides are
often heterogeneous and composed of repeating units of slightly modified
monosaccharide units. These different structural arrays of their building blocks
impart distinct physicochemical or mechanical properties. Furthermore, their sol-
ubility in water is largely governed by amorphous or crystalline molecular
arrangements of the monosaccharide units. From the chemistry view point,
polysaccharides have the general formula: Cx(H2O)y, where x is usually a large
number varying between 200 and 2500, considering that repeating units in polymer
backbone are often six-carbon monosaccharides. The general formula can also be
represented as: (C6H10O5)n, where n may vary between 40 and 3000. If all
monosaccharide units in a polysaccharide structure are of similar type, it is
homopolysaccharide (e.g., starch, glycogen, cellulose, and pectin), but if more than
one type of saccharide units are present, they are referred to as heteropolysaccha-
rides (e.g., hyaluronic acid, chondrotin, alginate, xyloglucan, ghatti, etc.).

In nature, polysaccharide plays a very vital role in different arrays of life. For
instance, cellulose provides basic structure for plants, chitin serves as exoskeleton
of crawfish and shrimps, collagen helps in mechanical support in connective tissues,
and silk in spider’s webs, etc. [1, 2]. Principally, it is the versatility of their
chemical structures that allows their crafting as advanced functionalized materials
capable of meeting many requirements. The unparalleled properties of polysac-
charides such as nontoxicity of monomer residues, high water solubility, and
swelling capacity make them desired materials for pharmaceutical and medical
applications [3]. Specifically, in biomedical research, their biodegradation into
biocompatible physiological metabolites makes them excellent candidates in drug
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delivery and regenerative medicine. Hyaluronic acid (HA) [4, 5], cellulose [6, 7],
carboxymethylcellulose [8], chitosan (CS) [9, 10], alginate [11, 12], starch [13],
carrageenan (CG) [14], dextran (DEX), agarose (AG), and pullulan have received
extensive technological acceptance due to their favorable characteristics and gelling
nature.

Polysaccharides, being hydrophilic, are attractive alternatives to synthetic
polymers, often used to develop hydrogels that are three-dimensional (3D) network
structures capable of retaining a large quantity of water and remain insoluble due to
their physical and/or chemical crosslinking matrix composition. Since their
development in the early 1960s [15], innumerable studies have been made on
hydrogels advocating their wide-ranging applications in pharmaceutical, agricul-
tural, and bioengineering areas [16–19]. Hydrogels accommodate a large quantity
of water into their water-filling porous structures and simulate soft network struc-
ture, resembling to natural ECM and minimize tissue irritation or cell adherence
[20]. High loads of water-soluble therapeutically active proteins, peptides, siRNA,
DNA, vaccines, etc., can be suitably encapsulated into these 3D networks. Unlike
other drug delivery systems such as microparticles and microemulsions, where
preparative conditions are detrimental to protein stability (due to the use of organic
solvents and involvement of protein denaturing steps like homogenization, expo-
sure to interfaces, shear forces, etc.), hydrogels can be prepared by simple
approaches under mild water-based conditions to maintain protein’s integrity.

Hydrogels can be produced either by chemical crosslinking or through physical
entanglements. In chemically crosslinked structures, permanent junctions and/or
covalent linkages are formed to build 3D network, where polymeric chains retain
their shape irreversibly. In physically entangled network structure, transient junc-
tions exist, arising from either chain entanglements or physical interactions (such as
van der Waals interactions, ionic interactions, H-bond or hydrophobic interactions)
and are reversible. Hence, they offer unique sol-to-gel reversibility and such
structural variations of hydrogels are displayed in Fig. 1.

3 Classification of Hydrogels

The unique physicochemical properties of hydrogels arise out of their diverse
internal structural arrangements [21], which can be further classified into different
classes as outlined in Table 1. The first and foremost classification of hydrogels
depends upon their origin or source, which falls broadly into two groups: natural
and synthetic [22]. Furthermore, based on other parameters, they are classified into
various classes, such as based on methods of preparation hydrogels are divided into
three major categories, viz., homopolymeric, heteropolymeric, and copolymeric
[23]. In homopolymeric hydrogels, crosslinked polymer networks are derived from
single species of polymer, whereas in heteropolymeric hydrogels, two polymeric
chains (natural, synthetic, or their combinations) constitute crosslinked structure. If
both polymers are crosslinked, then it will be a full-interpolymer network (full-IPN)
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hydrogel and if only one polymer chain participates in crosslinking, while the other
remains un-crosslinked, it is called as semi-IPN hydrogel [24].

In copolymeric hydrogels, two polymer chains are connected covalently as
blocks, in a random fashion, in alternate order and as grafts [25]. Hydrogels are
usually classified based on their sensitivity toward environmental stimulus. For
instance, physical stimuli sensitive (such as temperature, electric or magnetic field,
light, pressure, and sound) or chemical stimuli sensitive (like pH, solvent compo-
sition, ionic strength, and molecular species) are the governing parameters. Such
hydrogels are also called “smart materials” as they exhibit dramatic changes in
swelling and shrinking behavior with changes in stimuli level [26]. Hydrogels can
also be classified into four groups based on the presence or absence of electrical
charges located on crosslinked network such as nonionic (contains no charge), ionic
(carry either anionic or cationic charges), amphoteric (carrying both acidic and

Fig. 1 Types of hydrogel 3D network formation structures

Table 1 Classification of hydrogels based on various parameters

S.
no.

Parameters Type of hydrogels

1. Source of origin Natural and synthetic polymers

2. Polymeric
composition

Homopolymeric hydrogels, heteropolymeric hydrogels and
copolymeric hydrogels

3. Network structure Physical and chemical hydrogels

4. Sensitivity to
stimulus

Physical and chemical stimuli sensitive hydrogels

5. Charge of polymeric
network

Ionic, nonionic, zwitterion, and amphoteric hydrogels

6. Physical appearance Micro/nanoparticle, matrix, film, and gels

7. Configuration Noncrystalline, semicrystalline, and crystalline
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alkali groups such as gelatin), and zwitterionic, where both anionic and cationic
groups are present on repeating units of a polymer. Hydrogels can be further
classified based on their structural configurations or molecular arrangements on the
basis of degree of crystallinity such as amorphous, semicrystalline, and crystalline.
Finally, hydrogels can be also classified based on their physical appearance, i.e.,
final dosage forms such as microspheres, films, sheets, matrix, etc., which in turn
depend upon the processing parameters and the method of preparation [27].

In the recent past, research on the utilization of polysaccharide-based hydrogels
in biomedical areas has greatly increased. The varying role of hydrogels from
simple swelling structure to smart delivery device capable of swelling and shrinking
at predetermined rates according to environmental stimuli has greatly revolution-
ized and extended their applications in biopharmaceutical and bioengineering fields.
In particular, development of novel controlled release (CR) systems that maintain
therapeutic plasma concentration in the surrounding tissues, provides longer blood
circulation time and release cargos through a highly regulated feedback mechanism,
this has led to novel studies in this area.

4 Polysaccharide-Based Hydrogels as Biomaterials

Naturally occurring polysaccharides are used in the CR of therapeutics due to their
versatile functionality, formation of conjugates or complexes with proteins and
peptides that can offer considerable advantages in terms of resemblance to bio-
logical macromolecules (both from chemical and physical viewpoints) as these are
recognized by cell surface receptors, affecting adhesion, spreading, and prolifera-
tion [3, 28]. In view of their similarity to ECM, polysaccharides avoid stimulation
of chronic inflammation or immunological reactions and toxicity, which is often
seen with several synthetic materials. This chapter will cover the details on the
members of polysaccharides that are being widely investigated including those of
sodium alginate (NaAlg), CG, AG, dextran sulfate (DS), HA, and CS. These in
combination with other polymers (synthetic or natural) offer desired chemical and
biological advantages [29]. This chapter will also cover discussions on
polysaccharide-based hydrogels as biomaterials in tissue engineering, organ
replacement, implants, blood substitutes, wound dressings, bone replacement
composite materials, scaffolds, and semipermeable membranes (Table 2).

4.1 Chitosan

CS is a copolymer of β-(1 → 4)-linked 2-acetamido-2-deoxy-D-glucopyranose and
2-amino-2-deoxy-D-glucopyranose, obtained by alkaline deacetylation of chitin and
is the main component of exoskeleton of crustaceans like shrimps and crabs. The
molecular weight (MW) and degree of deacetylation (DD), which represents the
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Table 2 Structure and applications of biomedical polysaccharides

S. no. Polysaccharide Structure Major biomedical
applications

1. Chitosan • Wound healing
bandage [41]
• Bioadhesives in
peripheral
neurosurgeries [43]
• Tissue adhesive and
hemostatic material
[44]

2. Sodium
alginate

• Wound dressing
scaffold [66]
• 3D printed organs
[68]
• Prolonged release of
therapeutic proteins
[74]

3. Carrageenan • Drug or growth
factor delivery systems
[79]
• Cartilage
regeneration [84]
• Tissue engineering
[85]

4. Agarose • Temporary scaffold
for bony cells [94]
• 3D scaffold for
neural engineering
[97]

5. Hyaluronic
acid

• Stem cell
differentiation in vitro
[104]
• Nanofiber mimiking
fibrous tissue
architectures [114]
• Bone regeneration
implants [121]

6. Dextran • Gene therapy [125]
• Wound dressing,
hemostatics and
embolisation materials
[127]
• Cell proliferation
[132]
• Encapsulation of
siRNA [136]
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proportion of deacetylated units, greatly influences the characteristics of CS.
The CS has many interesting properties like ease of modification, cationic charge at
physiological pH, biocompatibility, bioadhesivity, and biodegradability. It is
metabolized by certain human enzymes, especially by lysozyme, chitotriodidase,
di-N-acetylchitobiase, and N-acetyl-β-D-glucosamineidase [30].

4.1.1 Chitosan-Based Hydrogels as Biomaterials

CS is widely studied in tissue engineering and drug delivery. The CS-based
hydrogels are used as scaffolds for hepataocyte attachments and enzyme immobi-
lization, as films for fabrication of amperometric glucose biosensor, as a material
for supporting nerve repair, wound dressing, as implants and blood substitutes
[31–36]. Techniques like ionic gelation, chemical crosslinking, and in situ gelation
are used to produce hydrogels of CS. The cationic amine group of CS retains
stability of hydrogels under mild physiological conditions (when injected into
body) either by ionic gelation or by thermo reversible gelling [37]. This ability is
utilized [38] to develop thermal and pH-responsive in situ hydrogels using inor-
ganic phosphate salts as acid neutralizer and a gelling agent. This combination
produces a cytocompatible hydrogel network capable of encapsulating MC3T3-E1
mouse osteoblast-like cells, which proves feasibility of CS hydrogel as a potential
stem cell carrier.

The CS hydrogels are safer and cytocompatible materials but the solubility of CS
at lower pH is a major challenge in terms of cell and growth factor encapsulation.
To overcome these difficulties, a water-soluble carboxymethyl chitosan (CMCS)
was proposed for drug delivery and tissue engineering [39]. To eliminate toxic
crosslinkers, dextran dialdehyde was used for crosslinking CMCS hydrogel via
imine bond to make it a useful scaffold for in vitro encapsulation of growth factors
and stem cells in tissue regeneration [40]. The CS is also ideal wound dressing
material to maintain moist environment at the wound interface, providing a cooling
sensation, easy gaseous exchange, biodegradability and biocompatibility, allowing
the absorption of wound exudates and maintaining the barrier to microorganisms.
One of its major drawbacks is that in alkaline to neutral pH, the CS fails to act as a
barrier to microorganisms and show poor antibacterial activity due to its positive
charge; it has led to the modify the structure of CS.

Composite hydrogels of CS loaded with zinc oxide nanoparticles (Fig. 2) were
prepared [41] for effective wound dressing to enhance wound healing and for fast
re-epithelialization and collagen deposition at the wound site occurred due to burn,
chronic wounds, and diabetic foot ulcers. Recently, enzyme-sensing hydrogels of
CS modified with fluorogenic substrate as enzyme-selective reporting moiety are
reported [42], wherein CS-based hydrogel was used for sensitive, fast, and effective
detection of enzymes (for indirect detection of bacteria) compatible with
infection-sensing wound dressings.
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Developing surgical bioadhesive of CS for rapid wound healing needs modifi-
cation of CS as noted in a study by Rickett et al. [43] who prepared UV
photo-crosslinkable CS derivative, viz., 4-azidobenzamide grafted CS (Az-CS) for
use as adhesive hydrogels for the treatment of peripheral nerve anastomosis.
Similarly, CS/pluronic blend temperature-sensitive hydrogels were developed [44]
as tissue adhesives and haemostatic materials showing solgel transition under
physiological conditions. The CS was conjugated with multiple catechol groups and
crosslinked with terminally thiolated Pluronic F-127 (Fig. 3) and this unique
composite remained viscous at ambient temperature, but transformed into cross-
linked hydrogel exhibiting excellent mechanical properties and stability (both
in vitro and in vivo) at the body temperature and physiological pH. These data are
undoubtedly leading to new applications of CS as antibleeding materials.

The CS-based hydrogels are also ideal scaffolds due to their resemblance to
water-filled biological tissues. The CS/PLGA blend microsphere functionalized
through heparin immobilization via attachment of osteoblast-like MC3T3-E1 cells
proliferate the porous structure of the scaffolds for cell differentiation [45]. The
scaffolds of CS-based hydrogels can reduce extracellular Ca2+ concentration to

Fig. 2 a Schematic representation of CS hydrogel/nano ZnO composite bandage; b, c,
d photographs of CS hydrogel, nano ZnO suspension, and CS hydrogel/nano ZnO mixture,
respectively; e, f, g, h photographs of CS hydrogel/nano ZnO composite bandage; i, j, k SEM
images of CS control, CS + 0.01 % nano ZnO, and CS + 0.005 % nano ZnO composite bandages,
respectively; l SEM image of CS + 0.01 % nano ZnO composite bandage; white arrows indicate
nano ZnO particles. Reprinted from [41]. Copyright © 2012, with permission from American
Chemical Society

Polysaccharide-Based Hydrogels as Biomaterials 53



reduce the secondary spinal cord injury cascades. Composite hydrogels of alginate,
CS, and genipin were developed to interact with extracellular Ca2+ to initiate in situ
gelation for producing a scaffold to maintain elastic modulus that is similar to the
native spinal cord (≈1000 Pa). This property facilitates the CR of therapeutics to
astrocyte inside an acutely injured spinal cord to regulate both astrocyte behavior
and prevention of Ca2+ related secondary neuron damage during acute spinal cord
injury [46].

The CS hydrogels are used in cartilage regeneration. In normal biological sys-
tem, cartilaginous ECM components (type II collagen and chondroitin sulfate) play
a crucial role in cartilage regeneration and use CS hydrogels as scaffolds for car-
tilage tissue engineering, which can be unsuccessful due to rapid enzymatic
degradation. To improve regeneration of cartilage tissue, a novel photo-crosslinked
injectable hydrogel of CS was prepared [47] by exposing CS to visible blue light
(VBL) in the presence of riboflavin (Fig. 4) into which type II collagen and
chondroitin sulfate can be incorporated to increase proliferation and deposition of
cartilaginous ECM to promote cartilage regeneration.

The CS hydrogels are used in colon delivery of drugs [48] because at intestinal
pH, CS deswells and causes insufficient delivery of therapeutics. This has opened
up ways to develop more swellable polyelectrolyte complex of CS in combination
with pectin and sodium alginate (NaAlg) along with water-soluble polyionic spe-
cies [49, 50]. The nanoparticles of CS-NaAlg blend (850 nm size) produced by
ionotropic gelation exhibit association efficiency of ≈81 % for insulin without
changing its conformation (α-helix and β-sheet content of insulin) [51].

Fig. 3 Chitosan-pluronic-based hydrogels as antibleeding biomaterials. Reprinted from [44].
Copyright © 2011, with permission from American Chemical Society
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Polyelectrolyte complexes of CS with other biopolymers [50, 52] such as folic acid
to produce conjugated nanoparticles for targeted delivery of 5-aminolevulinic acid
(5-ALA) and with tamarind kernel powder (interpolymer complex films) are used
for colon targeting [53, 54]. CS upon crosslinking with polyethylene glycol
(PEG) produces system swellable hydrogel in both acidic and alkaline pH media
[55] and also using genipin as crosslinker [56].

Nanohydrogels of CS appended with ligand/aptamer are suitable for encapsu-
lating negatively charged siRNA (via inter-polyelectrolyte complex phenomenon).
The crosslinked CS nanoplexes (size <150 nm) were prepared [57] by ionic
crosslinking at CS to siRNA mass ratio of 50:1 for encapsulating siRNA and
delivering to lungs. Also, inter-polyelectrolyte complex of CS with siRNA showed
a rapid uptake (≈1 h) of Cy5-labeled nanoparticles into NIH 3T3 cells in about 24 h
[58] that knocked down endogenous enhanced green fluorescent protein (EGFP) in
both H1299 human lung carcinoma cells and murine peritoneal macrophages.
Guanidinylated chitosan (GCS) hydrogel nanoplexes (*100 nm) with plasmid
DNA at physiological pH exhibit lower cytotoxicity and higher transfection effi-
ciency with about eightfold increase in cellular uptake [59, 60]. These systems after
incorporating siRNA could deliver to lungs.

4.2 Seaweed-Based Polysaccharides (Alginate,
Carrageenan, and Agarose) as Biomaterials

Algae-based polysaccharides like sodium alginate (NaAlg), AG, and CG are being
extensively studied in biomedicine due to their free availability and ease of their
fabrication [61] and these are gaining impetus in biomedical area due to the

Fig. 4 ECM incorporated CS hydrogels for tissue repair. Reprinted from [47]. Copyright ©
2014, with permission from American Chemical Society
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presence of functional groups like carboxylic acid and sulfate. This chapter will
briefly discuss on the three major seaweeds, viz., alginate, CG, and AG hydrogels
as biomaterials.

4.2.1 Alginate

Alginate is a naturally occurring anionic water-soluble polysaccharide first
described by the British chemist E.C.C. Stanford in 1881. It is one of the most
abundantly available biosynthesized materials, derived primarily from brown sea-
weed (comprising up to 40 % of dry matter) and bacteria. It is located in the
intercellular matrix as a gel containing salts like sodium, calcium, magnesium,
strontium, and barium. Because of its abilities like retention of water, gelling
property, viscous nature, and stabilizing properties, alginate is widely used in
biomedicine. Chemically, alginate contains blocks of (1–4)-linked β-D-mannuronic
acid (M) and α-L-guluronic acid (G) monomers. Typically, these blocks are com-
posed of three different forms of polymer segments: (a) consecutive G residues,
(b) consecutive M residues, and (c) alternating MG residues [62].

Sodium Alginate-Based Hydrogels as Biomaterials

NaAlg is a widely used biopolymer in biomedical field as a supporting matrix for
tissue repair and regeneration due to its nonantigenicity and chelating ability [63].
NaAlg hydrogels beads enclosing periosteum-derived chondrogenesis has been
reported as superior scaffold capable of promoting the cartilaginous constructs
useful for treatment of articular cartilage defects. The enclosed periosteal explants
showed hyaline-like in appearance after 6 weeks in vitro (Fig. 5), suggesting its
in vivo application as filling gels for treatment of partial- or full-thickness defects in
articular cartilage. Further, in drug delivery area, NaAlg is used for its anionic
property and used for targeting drugs at lower intestine since they exhibit pH
responsivity due to presence of functional carboxyl groups and its high swelling is
observed at increasing pH values due to chain expansion. Modification of syn-
thetically derived NaAlg hydrogels has expanded its utility in therapeutic appli-
cations [64].

NaAlg-based biomaterials are particularly used in tissue engineering and as
wound dressings like sponges, hydrogels, and electrospun mats that are promising
substrates for wound healing due to advantages like hemostatic capability and
gel-forming ability upon absorption of wound exudates. Similar to CS, the NaAlg
possesses many critical elements desirable to develop wound dressing material. For
instance, NaAlg dressings (like Kaltostat®) enhance wound healing through
selective stimulation of monocytes to produce elevated levels of cytokines such as
interleukin-6 and tumor necrosis factor-α [65]. Such wound dressings can prevent
wound bed from drying out, giving better cosmetic repair of wounds. NaAlg-based
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dressings can avoid the secondary injury when dressing is peeled off, and is thus a
popular alternative for the existing wound management dressings.

Many hybrid composites of NaAlg (tailored alginate) are produced by mixing
with other materials with improved adhesion properties [66, 67]. Currently,
silk-alginate-based hydrogels of defined molecular composition are used to support
stem cell survival, its differentiation, and to mimic the host environment [68]. Since
NaAlg is an unbranched polysaccharide consisting of 1-4′-linked β-D-mannuronic
acid (M) and α-L-guluronic acid (G) moieties in varying compositions [69], it can
form strong hydrogels by simple addition of metal ions to its aqueous solution,
which is suitable for encapsulating living cells and study their CR properties.
NaAlg hydrogels have the ability to regenerate tissues and simultaneously release
growth factors or cytokines [70]. Insulin can be delivered through oral route using
pH-responsive NaAlg-based nanoparticles prepared by spray drying, ionic
crosslinking, electrohydrodynamic spraying, and solvent diffusion methods
[71, 72]. Biodegradable PVA and NaAlg electrospun composite nanofiber-based
transmucosal patches are used for sublingual delivery of insulin or BSA [57, 73].

Fig. 5 a Periosteal explants cultured in alginate gel system in the presence of TGF-b1 after
10 days (a), 3 weeks (b), 6 weeks (c–e) in vitro culture; a–c safranin-O stain; d hematoxylin and
eosin stain; e immunostain for type II collagen. Scale bar: 50 mm; b light micrographs of
chondrocyte/alginate gel cultures fixed and stained with alcian blue after 4 days (a), 15 days (b),
and 42 days (c) in vitro culture; c high concentration of cells is visualized as dark region in the
center of the image. Scale bar: 20 mm. Reprinted from [63]. Copyright © 2004, with permission
from Elsevier
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Heparin incorporated photo-crosslinkable NaAlg hydrogels (HP-NaAlg) are used
for prolonged delivery of therapeutic proteins as well as affinity-based growth
factor [74].

4.2.2 Carrageenan

Different species of red seaweeds (family Rhodophycae) produce different
polysaccharides such as CG, furcellaran, and agar, which fill voids within cellulose
structure of the plant. The main species of Rhodophycae used in commercial pro-
duction of CG are Euchema cottonii and E. spinosum. CG is a high MW linear
polysaccharide comprising of repeating galactose units and 3,6-anhydrogalactose
(both sulfated and nonsulfated) joined by alternating α-(1,3) and β-(1,4) glycosidic
links [75]. The three different types of CG are lambda, kappa, and iota and are
generally considered safe as per US-FDA.

Carrageenan-Based Hydrogels as Biomaterials

Sulfate groups in CG and chemical affinity with mammalian glycosaminoglycans
are important to exhibit antiviral, anticoagulant, antioxidant, and anticancer activ-
ities [76]. CGs are soluble in water above 60 °C, which gel upon cooling to around
30–40 °C and are regarded as thermosensitive physical hydrogels [77]. CG
hydrogels are widely used in drug or growth factor delivery [78, 79], immobi-
lization of enzymes [80], various types of pharmaceuticals [81] and in cartilage
regeneration [82]. The kappa-carrageenan (k-carrageenan) can be used [83] for
encapsulating human adipose-derived stem cells (hASCs), human nasal chondro-
cytes (hNCs), and chondrocytic cell line (ATDC5). Popa et al. [84] developed
simple ionically crosslinked CG hydrogels by adding cations for in situ cell matrix
delivery. The photo-crosslinkable methacrylated derivative of k-carrageenan
(MA-k-CA) with good elastic moduli can be used in tissue engineering [85]. The
k-carrageenan hydrogel beads have been used for sustained release of growth
factors [79], scaffold [86], and for the CR of parenteral formulations [87]. The
oligosaccharides derived from both k-carrageenan and λ-carrageenan inhibit the
growth of new vessels in chicken chorioallantoic membrane model [88].

4.2.3 Agarose

AG is a polysaccharide originated from sea algae, composed of repeating units of
3,6-anhydrous-L-galactose and D-galactose, and these produce “physical gels” due
to presence of H-bonds. These hydrogels are porous reticulums that appear as a
pyrogenic, colorless, and transparent at temperatures above 45 °C.
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Agarose-Based Hydrogels as Biomaterials

AG hydrogels are used in numerous biocompatibility tests such as mutagenesis and
sensitivity in subcutaneous implants [89], cytotoxity, genotoxicity, and as a sub-
strate for cell growth [90, 91]. AG is used as a vehicle in a wide range of preclinical
applications, such as bioengineering as a substrate for 3-D tissue growth [92], in
gene therapy, and in the delivery of therapeutics [93]. AG is also used as a tem-
porary scaffold for bony cells such as in orthopedic and oral–maxillofacial surgery
as a biocompatible substrate enriched with osteoconductive particles for bone
grafting/augmentation procedures as well as a bone spacer in guided tissue
regeneration [94, 95]. An extrudable in situ hydrogel of AG was developed for
subcutaneous implantation that compared well with established hydrogels of col-
lagen and HA [96] and these are used as scaffolds in regenerative medicine. The
in vitro cell study on the blends AG and CS [97] revealed increased neuron
adhesion.

AG is widely studied for cartilage tissue engineering [98]. The articular chon-
drocytes seeded onto AG demonstrated enhanced chondrogenic matrix elaboration
when cultured under physiological deformation loading, which accelerated the
formation of a cartilage-like tissue [99]. The ability of AG to promote and maintain
chondrogenic phenotype of bone marrow stem cells (BMSCs) with deposition of
cartilage was also demonstrated [100]. Alginate and AG blend hydrogels are used
to encapsulate cells and tissues in for protection from the host immune system
[101]. The AG hydrogel in droplets can be suspended in liquid paraffin and gelated
by cooling, followed by gelation of alginate in CaCl2 solution. The mammalian
cells enclosed in subsieve-size alginate–AG capsules (Fig. 6) showed mitochondrial

Fig. 6 SEM image of subsieve-size cell-enclosing noncoated alginate–agarose particles; white
particles are seen in spherical vehicles (ca. 100 µm in dia) which represents individual cells.
Reprinted from [101]. Copyright © 2006, with permission of Elsevier
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activity in 27 days. Similarly, combination of AG with mesenchymal stem cells
including human adipose-derived stem cells (hASCs) and bovine mesenchymal
stem cells (bMSCs) are also investigated for cartilage repair.

5 Miscellaneous Types of Polysaccharides

5.1 Hyaluronic Acid

Among the glycosaminoglycans (GAGs), HA is a unique biopolymer produced and
secreted from cells as a linear polymer unattached to a polypeptide. HA is dis-
tributed natively as a component of ECM in connective, epithelial, and neutral
tissues in the body to help in regulating lubrication, water content for retaining
structural properties, inter/intracellular communication, pathological processes, and
shock absorption in synovial fluid [102]. Structurally, it comprised of alternating
α-1,4-D-glucuronic acid and β-1,3-N-acetyl-D-glucosamine units linked together by
β-1,3 linkages. Typically, HA MWs are above 1 million Da (107 Da) and are
degraded by both reactive oxygen intermediates as well as enzyme hyaluronidase;
HA is synthesized by macrophages, fibroblasts, and endothelial cells. HA has many
important physicochemical and biological properties such as lubricity, viscoelas-
ticity, water retention, biocompatibility, cell proliferation, morphogenesis, inflam-
mation, and wound repair properties as well as specific signal transduction and
cellular interactions through cell surface receptors such as CD44, CD54, and
CD168 [103–106].

5.1.1 Hyaluronic Acid-Based Hydrogels as Biomaterials

HA is currently investigated as a bioactive material as plastic fillers to eliminate
facial wrinkles, carrier to deliver stem cells, bioactive materials to treat specific
diseases and scaffold for tissue engineering of bone, cartilage, blood vessel, and
nerves. Since HA is produced and secreted from the cells as a linear polymer
unattached to a polypeptide, its production is easy to adapt for genetic engineering
areas using microbial fermentation technique [107]. These recombinant HAs are
nonimmunogenic and are available in a wide range of well-defined MWs.
Hydrogels based on HA have an interconnected porous structure that allows both
transportation of (nutrition) and penetration of (cells, nerve fibers, and blood ves-
sels). Therefore, HA-based hydrogel scaffolds are used as implants to enhance the
neural regeneration. Implantation of HA scaffolds help to reduce glial scar for-
mation [108] as well as they are effective in reducing scar formation to enhance
neural regeneration in peripheral nervous system (PNS) [109] and also in central
nervous system [110].
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One of the major drawbacks of HA is its inability to adhere to biological
membrane and hence, various modifications of its structure are attempted to
improve its functionality. The abundance of primary and secondary hydroxyl
groups, glucoronic acid’s carboxylic acid, and N-acetyl group on HA are amenable
for modification with reactive groups to form hydrogels. Generally, HA modifi-
cation produces two types of HA: monolithic and living. Monolithic type HA is
“terminally modified” form of HA, which may not form new chemical bonds in
presence of added cells or molecules, but living HA derivatives can form new
covalent bonds in presence of cells, tissues, and small or large molecules. Due to
this feature, living HA derivatives are generally used in clinical and preclinical uses
in 3D cell culture and in vivo cell delivery [111–114].

Heparin, a naturally occurring sulfated polysaccharide, isolated from animal
tissues is most commonly used for incorporation into HA hydrogels due to its high
degree of sulfation [115]. Researchers have attempted sulfation of HA directly
through nucleophilic substitution of primary hydroxyl hydrogens with SO3 in
organic solvent [116–118] to improve its binding affinity. Recently, thiolated HA is
gaining much importance as living hydrogels as they allow for easy incorporation
of cells [119]. Due to viscoelastic properties of HA, it helps to reduce the friction
between bones [120]. The photopolymerized HA hydrogels and HA–tyramine
conjugates crosslinked by disulfide bond formation are used in delivering proteins
and peptides [121]. HA is readily available in the market as an intraocular vis-
coelastic agent (Alcon Co., Texas, USA) under the trade name “Viscoat”, and as a
viscosupplementation for treatment of arthritic joints (Seikagaku Co., Tokyo,
Japan). Fidia Pharmaceutical (USA), a subsidiary of Italian pharmaceutical giant, is
also marketing HA with moderate molecular size as a viscosupplement.

Conjugation of HA with synthetic polymers can lead to a variety of assembled
structures such as micelles, nanoparticles, and nanogels. Lee et al. [122] studied
conjugation of HA and grafted HA with poly(lactic-co-glycolic acid) (PLGA) in the
form of nanoparticles to deliver anticancer drugs. Other efforts include conjugation
of Pluronic F127 di-acrylate with methacrylated HA via photo-crosslinking to
produce thermosensitive hydrogels that release human growth hormone for over
13 days and plasmid DNA for over 10 days by inducing in vitro transfection.
Grafting of amine-functionalized Pluronic® F127 onto methacrylated HA by car-
bodiimide coupling and subsequent photo-crosslinking with acrylated cell adhesion
domains gave hydrogels, which when encapsulated with chondrocytes increased
production of ECM proteins in cell culture studies [122].

5.2 Dextran

DEX is one of the most important polysaccharides used in biomedical area, which
is produced by bacterial strains. DEX exists in nature without any relevant
imperfection and shows a narrow MW distribution, which is advantageous for its
chemical modification. It belongs to the family of neutral polysaccharides
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consisting of α-1,6 linked D-glucose main chain with varying proportions of link-
ages and branches, depending on the type of bacteria used. The α-1,6 linkages in
DEX may vary between 97 and 50 % of the total glycosidic bonds and the balance
represents α-1,2, α-1,3, and α-1,4 linkages [123]. Due to good solubility in water
and various other solvents (DMSO, formamide, etc.,), DEX is used in many
biomedical applications [124].

5.2.1 Dextran-Based Hydrogels as Biomaterials

Hydrogels prepared by homogeneous esterification of DEX with unsaturated car-
boxylic acids are used in drug delivery and as protective encapsulants for viruses
used in gene therapy [125, 126]. Maleate esters of DEX are easily soluble in
common organic solvents (DMSO, DMF, N-methyl-2-pyrrolidone and DMA),
which can be converted into hydrogels by irradiation under long-wave UV light
(≈365 nm). The DEX hydrogels are transparent and are useful as adhesion inhi-
bitors when used as tissue adhesives and wound dressings [127].

Du et al. [128] and Tomme et al. [129] reviewed on DEX-based hydrogels for
protein delivery. Crosslinking with peptide resulted in enzyme-dependent degra-
dation controlled by cell-secreting enzymes, thus mimicking degradation of natural
ECM [130]. The self-assembled nanoparticles of quaternized CS (N-(2-hydroxyl)
propyl-3-trimethyl ammonium CS chloride (HTCC)) and DEX sulfate prepared by
ionic gelation method showed rapid internalization of nanoparticles into Caco-2
cells without loss of cell viability as demonstrated by a fast release of therapeutics
in pH 7.4 compared to slow release in pH 1.4 media [131]. DEX-based hydrogel
nanoparticles (20–170 nm) have shown excellent Nb2-11 cell proliferation [132,
133] confirming no protein aggregation or loss of bioactivity.

Delgado et al. [134] investigated a multicomponent delivery system based on
DEX, protamine, and solid lipid nanoparticles (SLN) containing pCMS-EGFP
plasmid for clathrin/claviolae-dependant transfection efficiency. These
surface-modified SLNs of DEX are suitable for erythrocyte interaction and potential
agglutination. Also, insulin-loaded nanoparticles (500 nm size) produced by com-
plexation of DEX and CS [135] showed good stability at optimal composition of
DEX:CS (mass ratio of 1.5:1) and these oral insulin delivery systems did not release
insulin in pH 4.8 for up to 24 h, but released in pH of 6.8. The cationic character
can be imparted to DEX by conjugating spermine to oxidized DEX by reductive
amination [136]; these nanoparticles when encapsulated with CXCR4-siRNAs
significantly downregulated CXCR4 expression as tested in colorectal cancer
metastasis in Balb/c mice through CXCR4 silencing.
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6 Application Areas of Polysaccharide-Based Biomaterials

The unique properties of polysaccharides make them suitable for the design of
biomaterials in view of their inherent advantages over the synthetic polymeric
materials. The presence of functional groups like carboxylic, amine, hydroxyl, and
sulfhate, presents much wider scope for their structure modifications for better cell
attachments (such as in case of sulfated HA), biodegradability, and tissue adhesion.
Few of the promising areas of application of polysaccharide-based hydrogels are
discussed here.

6.1 Scaffold

The 3D scaffolds help in cell adhesion, migration, differentiation, and proliferation
providing guidance for the formation of new tissues. Hydrogels are useful scaf-
folding biomaterials because of their close resemblance to natural tissues. The
aqueous environment of hydrogels mimics natural conditions of cells in the body
and finds a special place in tissue engineering, especially in repair of cartilage,
tendon, ligament, skin, blood vessels, and heart valves. Polysaccharides like AG,
alginate, CS, collagen, fibrin, gelatin, and HA are widely investigated for designing
scaffolds. Of all these, CS is the most widely used polymer due to its net positive
charge, which readily interacts with anionic biological membranes, cells, and tis-
sues. Polysaccharides such as silk-alginate-based hydrogels are also used to support
stem cell survival, its differentiation, and to mimic the host environment.

6.2 Cell Encapsulation

Cell technology provides a promising therapeutic modality for diabetes,
hemophilia, cancer, and renal failure [137, 138]. While using hydrogel-based cell
encapsulation therapy, key features of hydrogels like biocompatibility, microporous
structure, and minimal surface irritation within the surrounding tissues are impor-
tant. These can be designed with the required porosity that can selectively restrict
entrance of immune cells while allowing stimuli, oxygen, nutrients, and waste
transfer through the pores. The major challenge in cell encapsulation therapy is
selection of a suitable biomaterial membrane. Natural polysaccharide-based
hydrogel is efficient as cell encapsulating biomaterial. The major issue using
such crosslinked hydrogels is toxic residues of unreacted crosslinker, which causes
the death of enclosed cells. To circumvent this, living type HA derivatives can be
synthesized to form new covalent bonds in the presence of cells, tissues, and small
or large molecules and these can be used in clinical and preclinical 3D cell cultures
s well as in vivo cell delivery.

Polysaccharide-Based Hydrogels as Biomaterials 63



6.3 Wound Dressing Material

An ideal wound dressing material helps to maintain moist environment at the
wound interface, providing a cooling sensation, easy gaseous exchange,
biodegradability, and biocompatibility, allows the absorption of wound exudates,
and maintains the barrier property to microorganisms. Many polysaccharide-based
hydrogels meet these requirements as discussed in earlier parts of this chapter.

7 Conclusions

Promising results derived from natural polysaccharide-based hydrogels as bioma-
terials encouraged many researchers to exploit the natural resources for a wide
range of biomedical applications. The biodegradability and biocompatibility of
these materials are the major advantages with their natural tendency to retain water
in their hydrogel network. The safety, better therapeutic outcomes, and protection
of drug(s) are the most conducive environments for cell growth and proliferation,
substrate ability for tissue and bone regeneration, etc. These unique features are
important for a natural choice of these polymers as biomaterials. There are
tremendous opportunities for utilization of these materials in the near future.
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Protein-Based Hydrogels

Alexandra L. Rutz and Ramille N. Shah

Abstract Protein-based hydrogels are composed of isolated or enriched proteins
from natural extracellular matrix. Inherent and controllable bioactivity makes these
hydrogels promising candidates as smart biomaterials for drug delivery, tissue
engineering and regenerative medicine, and other applications. Desirable charac-
teristics for these applications include natural cell binding, cell degradable, and
growth factor-binding sequences. This chapter covers the unique properties of a
variety of proteins (collagen, gelatin, fibrin, silk, elastin, keratin, and decellularized,
tissue-specific extracellular matrix) as well as hydrogel synthesis, fabrication,
modification, and established applications. Conditions of solubility and the mech-
anism of the sol–gel transition are discussed. Since each protein presented under-
goes self-assembly to form a gel network, gelation parameters that affect this
assembly and subsequently the gel ultrastructure are specifically presented.
Emerging applications and technologies for protein-based hydrogels are also briefly
mentioned.
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1 Introduction

Extracellular matrix (ECM) is a complex mixture of proteins and carbohydrates that
are not only responsible for the structure of tissues and organs, but also cell sig-
naling in both normal and wounded or diseased states. Generally, cells secrete and
build ECM by synthesizing monomers that then aggregate. Either monomers or
oligomers are excreted to the extracellular space in which a change occurs that
induces their assembly into fibers. Researchers have harnessed this phenomenon to
synthetically fabricate ECM protein hydrogels in vitro, enabled by understanding
the conditions of protein solubility and the mechanisms of sol–gel transition. More
recently, gelation parameters that can change and tune the gel ultrastructure have
been discovered and utilized. This chapter will discuss each protein in detail, and
cover topics of protein structure and properties as well as hydrogel synthesis,
fabrication, and application. Particularly for in vivo applications, these protein
hydrogels typically possess inherent desirable characteristics: biocompatibility,
biodegradability, and bioactivity (such as growth factors or growth factor-binding
sequences).

A hydrogel is defined as an interconnected polymer network that holds over
90 % water. The fact that this material holds such little polymer and so much water
enables passive diffusion of solutes throughout the material. Hydrogels are the only
biomaterial that allows cell encapsulation since required nutrients and wastes can
freely diffuse across the material to sustain cell viability. The polymer network of
the hydrogel also serves as an extracellular matrix mimic by providing a completely
3D growth environment. Protein hydrogels in particular are ideal for cell encap-
sulation. Firstly, gelation is typically physical (assembly of fibers) and is therefore,
gentle enough for maintaining viable cells. Secondly, protein hydrogels contain
sequences for cell adhesion and degradation without further modification. In
addition to cell therapies and tissue engineering, hydrogels can also provide con-
trolled drug release. Protein hydrogels are ideal for drug delivery applications in
which the implant must degrade over a short period of time (weeks to months).
Gentle encapsulation methods and ability to be remodeled by cells make protein
hydrogels especially ideal for controlled release of biomolecules for regenerative
medicine. Finally, hydrogels also serve as injectable biomaterials for minimally
invasive therapies by preparing the polymer solution and coaxing the sol–gel
transition either in the body or immediately before injection. These unique prop-
erties of hydrogels, and especially those specific to protein hydrogels, make these
biomaterials valuable to the development of new therapies for drug delivery, tissue
engineering and regenerative medicine. The future may hold use of protein
hydrogels in other promising applications, particularly with the emerging tech-
nologies of genetic engineering, biomanufacturing, and microfabrication.
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2 Collagen

2.1 Structure, Solubilization, and Assembly

Collagen is the most abundant protein in mammals, and not surprisingly, has
become the most widely used natural biomaterial. Collagen exists in a variety of
forms, 28 different types [1]. The most typically occurring collagens are fibrous
collagens, types I, II, III, V, and XI [2]. Type I makes up 90 % of the protein in
connective tissue, and therefore, is the most readily available and most commonly
used type, typically from murine and bovine sources [3]. A collagen molecule
consists of three polypeptide chains assembled into a triple helix structure that is
300 nm in length and 1.5 nm in diameter (Fig. 1). A repeating amino acid sequence
(Gly-X-Y, X and Y most often proline and hydroxyproline) is responsible for the
helical conformation. At the ends of the helix, telopeptides assist in assembling the
molecules to form cross-striated fibrils with a characteristic 67 nm banding.
Cross-links occur between molecules to stabilize fibrils. Tissue can be processed to
break some of these cross-links and extract soluble collagen monomers (or even
multiple monomers that are still together such as dimers, trimers, etc.) in an acidic
solution [2]. Extraction is more easily achieved with the addition of proteolytic
enzymes (pepsin), which help cleave telopeptide regions, and is particularly needed
for tissues with densely cross-linked collagen [3]. This soluble solution is the
starting material for collagen-based biomaterials research. When the solubilized

Fig. 1 The assembly of collagen. Three alpha helix collagen molecules form a triple helix. These
triple helices stagger to form collagen fibrils that then bundle to form tissue. Reprinted from [10],
Copyright 2014, with permission from Elsevier
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collagen is neutralized and the temperature is raised (20–37 °C), collagen mono-
mers assemble into fibers and form a physically cross-linked hydrogel. Because of
the abundance of collagen in tissues, collagen hydrogels have been most often used
in medical and tissue engineering applications of all types including skin, bone,
tendon, ligament, etc. [4–9]. As well, the physical cross-linking of collagen is
desirable for cell-encapsulating biomaterials. Of important note is that collagen can
also be processed into a variety of forms including fibers via electrospinning, sheets,
and sponges, but these are not considered hydrogels and therefore will not be
discussed further in this chapter.

2.2 Gelation Parameters and Influence on Gel
Ultrastructure

There are many factors during gelation that influence the characteristics of the
resulting fibrous polymer network. Increasing temperatures increases the rate of gel
formation/collagen assembly, and therefore, this results in less collagen bundling
(smaller fiber diameters, smaller mesh pores) and less order [3]. Comparing gels
formed at a variety of temperatures (4–37 °C), gels formed at lower temperatures
exhibited numerous, desirable properties, including larger pore sizes for enhanced
cellular responses, higher strength, and prolonged degradation over those formed at
higher temperatures [11–13]. Similar to forming gels at higher temperatures (37 °
C), increasing the pH or decreasing the ionic strength of the collagen solution also
speeds fibrillogenesis and therefore, leads to smaller diameter fibers and pore sizes
[3]. Specifically for cell-encapsulating hydrogels, the pH must be restricted to a
narrow range, 7.4–8.4, during gel formation to ensure cell viability. Heterogeneous
properties can be instilled in collagen gels by forming regions of varying gelation
temperatures or collagen concentrations using microfluidics [14]. Comparing
pepsin-solubilized (typically bovine and porcine sources) and acid-solubilized
(typically murine sources) collagens, acid-solubilized collagens gel faster and
therefore, the gel network has shorter fibers and smaller pores than
pepsin-solubilized collagen [15]. This supports the fact that telopeptide regions,
absent in pepsin-solubilized collagen monomers, initiate fiber formation.

2.3 Increasing Mechanical Properties and Alignment

An often cited severe limitation of collagen hydrogels is lack of mechanical
robustness. Most commercially available collagen solutions are low weight fractions
(less than 5 mg/mL). Even if a high concentration of collagen is produced, high
weight fraction collagen gels (greater than 20 mg/mL) may not be suitable for cell
encapsulation since dense polymer matrices restrict cell spreading and migration as
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well as nutrient and waste diffusion [3]. The most typical resource for increasing
mechanical properties of protein biomaterials is chemical cross-linking. Ubiquitous
protein cross-linking strategies are discussed in later sections of this chapter. There,
however, are other strategies for controlling mechanical properties of collagen. First,
collagen gels can be mechanically conditioned. For example, plastic compression
may be performed to expel water from the gel. This can be done either with an
unconfined compressive load and/or by blotting with an absorbent material [10]. The
gel significantly shrinks (more than 100 fold), and the collagen concentration
increases by 7–10 fold [16, 17]. The resulting collagen sheets have been used in
many tissue engineering applications [4]. Second, collagen gels can be formed with
aligned fibers. Aligned fibers are not only desirable for increased mechanical
properties, but also for anisotropic mechanical properties (particularly increased
tensile mechanical properties). Cells respond to this anisotropic environment through
alignment, and cell alignment is desirable for many tissue engineering targets,
especially for load-bearing musculoskeletal tissues [18–20]. As discussed above,
fibril assembly and order can be influenced by temperature, pH, and ionic strength,
but there are also other influential factors. For instance, cells along with the presence
of a mechanical stimulus (either tensile or compressive strains or shear strains from
fluid flow) can remodel and direct the assembly of aligned collagen fibrils [21, 10].
This process, however, is slow, and furthermore, without cells, alignment has only
been achieved with high strain (30–50 %) [22, 23]. Applying strong magnetic fields
(greater than 6 T), either during or after fibrillogenesis, can also align fibrils [24–26].
Weak magnetic fields (as low as 10−4 T) can result in alignment with the incorpo-
ration of magnetic particles into the collagen solution and simply placing a magnetic
bar on the solution container [27]. With isoelectric focusing, aligned collagen bun-
dles (up to 7 cm in length) have been produced in solutions exposed to an electric
current to create a pH gradient [28]. Others have shown that molecular crowding with
hyaluronic acid or poly(ethylene glycol), mimetic of conditions during embryonic
development, can also induce aligned and planar fibrillar lamellae, strikingly similar
to that seen in the ECM of native tissue [29].

2.4 Other Fabrication Methods

In addition to bulk collagen gels, collagen can be easily fabricated into other shapes
by utilizing the solution phase prior to gelation. Collagen can be fabricated into
microspheres by simply pipetting and incubating collagen droplets on parafilm or
through controlled fluid flow and droplet formation using microfluidics [30]. These
microspheres could be used for cell-encapsulating gels as injectable cell therapies
[31] or microspheres may be fused together with additional collagen or through
cell–cell adhesions to form a scaffold that can even have multiple layers of different
cell types [32, 33]. Additionally, collagen gels can be formed in a variety of shapes
or surface features by filling micromolds with a collagen solution and subsequently
gelling [34, 35]. Microfabrication techniques may favor high polymer fraction gels
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for desirable mechanical properties in order to remove the gel from the mold, yet
these high concentrations (2 % or greater) may not promote the appropriate cell
behavior when encapsulated [36]. Alternatively, collagen can be cast into a sacri-
ficial mold that would later diffuse away [37, 38]. Tubes or microfluidic channels
can be fabricated and later perfused and lined with endothelial cells to achieve
engineered vessel-like structures of all physiologically relevant sizes (µm to
multi-mm scales) [12, 39]. Collagen has even been 3D printed by inducing gelation
layer-by-layer by applying heat or nebulized sodium bicarbonate [40–42]. Molding
also allows hydrogels to be cast into geometries relevant for traditional mechanical
testing such as “dogbones” for tensile testing [43], cylindrical disks for compression
testing, and between cone plate and parallel plate fixtures for rheological testing
[44]. These molding and microfabrication techniques are not just restricted to
collagen, but can be applied to all protein hydrogels discussed ahead. Since
hydrogel fabrication utilizes a sol–gel transition, the solution phase of the hydrogel
can be used to generate different structural architectures.

3 Gelatin

3.1 Structure, Solubilization, and Assembly

Gelatin is a heterogeneous mixture of polypeptides derived from collagen. Key
amino acid sequences, such as cell adhesion sites (RGD) and cell degradation sites
(MMP sensitive), are retained, and therefore, gelatin retains the biocompatibility
and biodegradability of collagen. As well, gelatin still possesses GXY repeats that
form triple helices. Although gelatin is degraded to such a degree that it no longer
retains the ability to form collagen fibrils, small regions between polypeptides link
and form physical cross-links that are responsible for gelation (Fig. 2). Lack of this
fibrous structure is why gelatin is transparent whereas fibrous collagen hydrogels
are opaque. Gelation of gelatin is thermoreversible and occurs in the opposite

Fig. 2 Gelatin is a solution at temperatures above *35 °C. When cooled, local regions of triple
helices form physical cross-links producing a gel. If not further cross-linked, the gelation is
reversible. Reprinted from [48], Copyright 2000, with permission from American Chemical
Society
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fashion as collagen hydrogels, which are soluble in only cold acid but gel at or
above room temperature at physiological pH. Gelatin solutions are simply prepared
by dissolving gelatin powder in warm water or buffer. The ease of isolation, sol-
ubilization, and processing as well as low costs have resulted in the use of gelatin
across many industries and uses, ranging from medical (plasma expanders [45],
tissue engineering [46], drug delivery), pharmaceutical (drug capsules), cosmetic,
and food [47] industries.

Interestingly, gelatin can be isolated with a variety of isoelectric points (IEPs).
Gelatin is derived from collagen by two main methods that result in two types of
gelatin, type A and type B. Before extraction, collagen is pretreated with either an
acidic (type A) or basic (type B) processing [49]. Alkaline processing (liming)
converts amide groups of asparagine and glutamine to carboxylic acid groups, thus
converting some positive charges to negative charges (at physiological pH). Acidic
processing does not largely affect any specific amino acid functional groups.
Therefore, type A gelatin has an IEP similar to collagen (positive, IEP 5.0) whereas
type B is lowered (negative, IEP of 9.0).

Gelatin is a solution above approximately 35 °C and gels below. Therefore,
gelatin is a solution at physiological conditions and requires chemical cross-linking
for cell culture and in vivo study. Gelatin solutions are used for coating tissue
culture substrates, and have even been used in monitoring traction forces of moving
cells [50]. Warm gelatin solutions can be cast into molds and cooled to room
temperature, and subsequently cross-linked [51]. Alternatively, an aqueous
cross-linker can be mixed into the gelatin solution prior to casting [52]. The tem-
perature during cross-linking is also an important parameter that can affect gel
properties. If cross-linking occurs below the sol–gel transition, the physical
cross-links of triple helix regions may be stabilized with chemical cross-links. After
cross-linking and swelling, gelatin hydrogels can also be freeze-dried to instill
microporosity, depending on the method of freezing [53]. Of note is that in addition
to cast hydrogels, micro- and nanoparticles of gelatin can be formed using a variety
of methods including desolvation, coacervation-phase separation,
emulsification-solvent evaporation, reverse phase microemulsion, nanoprecipita-
tion, self-assembly, and layer-by-layer coating [54, 55]. Gelatin can also be 3D
printed into porous scaffolds that are subsequently cross-linked [56]. Alternatively,
gelatin can be 3D co-printed with other materials and used as a sacrificial material
that dissolves away when incubated at 37 °C [40].

3.2 Drug Delivery and Tissue Engineering

Both gelatin hydrogel scaffolds and nano- and microparticles can be loaded with a
drug payload for sustained release. Proteins, polysaccharides, and plasmids may be
absorbed by polyion complexation using a gelatin with an IEP matched to the bio-
molecule of interest [49]. Delivery is not just restricted to biomolecules, but also has
been performed with small molecule drugs including cancer chemotherapeutics [54].
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Particularly for biomolecules, the main desired interaction is largely electrostatic.
Although other interactions, such as physical entrapment, covalent conjugation,
hydrogen bonding, and hydrophobic interactions, may also be present. Without
favorable interactions, biomolecules quickly diffuse from hydrogels due to the
heavily hydrated environment and thus do not provide any enzymatic or immuno-
logical protection to the payload. Absorbed biomolecule release from gelatin could
occur through two methods: (1) release from gelatin in a high ionic strength envi-
ronment or (2) degradation of gelatin that releases gelatin fragments with the
absorbed molecules. The latter is the accepted mechanism in vivo [49].

Loading of particles or scaffolds is achieved by rehydrating freeze-dried gelatin in
a solution of the biomolecule [52]. This provides safe loading for sensitive payloads,
particularly proteins. Growth factors have been safely loaded into freeze-dried
scaffolds to coax tissue regeneration and vascularization [57–60]. Alternatively,
particles may be loaded by direct incorporation of the drug into the gelatin solution
during particle preparation [54]. These microspheres can be used alone or loaded in
another hydrogel or scaffold of interest to provide controlled release [61–63]. In
either particles or scaffolds, the degree of cross-linking affords a means to control the
release rate [64, 65, 52].

4 Fibrinogen

4.1 Structure, Solubilization, and Assembly

Fibrin is the material that comprises a blood clot and provides a matrix for recruited
cells to aid in tissue repair. A fibrinogen molecule is a 45 nm long, 340 kDa
glycoprotein with a dumbbell shape and a dimer of three polypeptide chains held
together by disulfide bonds (Fig. 3) [66]. A central globular domain E is flanked by
two globular regions, D, connected with three-stranded alpha helix coiled-coils. In
the last steps of the coagulation cascade, the active protease thrombin cleaves
fibrinopeptides of fibrinogen, circulating in the blood, to produce a fibrin monomer
(Fig. 4). The fibrinopeptides (A and B) are on the E domain, and once cleaved,
change the electrostatic charges of fibrinogen that facilitate fibrin monomer inter-
action for lateral fibril polymerization. Fibrinopeptides A are cleaved first that allow
assembly into protofibrils, and further cleavage of fibrinopeptides B allow assembly
into the full fibril [67]. Fibrin monomers associate in a half-staggered fashion, with
the center of one molecule associating with the end of another. The fibrils are
stabilized with Factor XIII, transglutaminase, which links glutamine and lysine
residues.

Fibrin hydrogels are produced in the same fashion as a blood clot by simply
mixing isolated thrombin and fibrinogen in the presence of calcium, which aids in
fibrinopeptide cleavage. Fibrin gels are widely used in the clinic as a glue or sealant
to stop blood flow (hemostatic agent) and close tissue (used in place of sutures)
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Fig. 3 a Fibrinogen has a dumb-bell shape and is a dimer of three polypeptide chains held
together by disulfide bonds. A central globular domain E is flanked by two globular regions, D,
connected with three-stranded alpha helix coiled-coils. b Activated protease thrombin cleaves
fibrinopeptides of fibrinogen to produce fibrin monomers. Fibrinopeptides A are cleaved first that
allow assembly into protofibrils, and further cleavage of fibrinopeptides B allow assembly into the
full fibril. Monomers link with the center of one molecule associating with the end of another.
Reprinted from [66], Copyright 2011, with permission from Elsevier

Fig. 4 The coagulation cascade of the formation of a blood clot. Activated thrombin cleaves
fibrinopeptides of fibrinogen to produce the fibrin monomer. Fibrin monomers assemble and form
fibrils that are then cross-linked with Factor XIII/transglutaminase, which links glutamine and
lysine residues. Reprinted from [66], Copyright 2011, with permission from Elsevier
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[68]. In order to quickly gel, as is needed for these applications, fibrin glue is
prepared at a high concentration of both fibrinogen (up to 60 mg/mL) and thrombin
(up to 300 IU/mL). Fibrinogen is easily isolated by simply processing blood, either
from humans or other mammals. This means that as long as a patient does not suffer
from any clotting disorders, fibrinogen can be isolated from a patient’s serum for
autologous therapy [69]. The resulting enriched fibrinogen typically contains other
components such as growth factors and fibronectin, transglutaminase, and fibri-
nolytic inhibitors [70, 71]. There is no added cost to using autologous versus
commercially available fibrin, and in fact, can even be cheaper [72]. Although fibrin
glues cannot be used for patient-specific emergency care, autologous products can
be used for planned procedures. Autologous fibrin gels could also even be used for
culture, expansion, and differentiation of a patient’s cells to be influenced by their
own matrix and bioactive factors [73]. Although fibrin has long been utilized as a
biomaterial and the clotting cascade has been studied for decades, it was only until
very recently that the crystal structure of human fibrinogen was identified [74].
Furthermore, there is still much unknown about its structure, properties, and role in
physiology and diseases caused by both genetic and environmental factors.

4.2 Gelation Parameters and Influence of Gel
Ultrastructure

Fibrin fibrils assemble up to 600 nm in length, after which point either begin to
branch or become thicker diameters [66]. The most common branch point type is
the junction of three fibers [75]. Many conditions in vitro influence the gel network
structure of a fibrin gel [76, 75]. Higher thrombin concentrations result in faster
gelation, as used in fibrin glues. Low thrombin concentrations lead to thicker
diameter fibers and therefore, less branching and smaller pore sizes [67].
Incorporation of PEGylated peptides synthesized to interact with fibrin monomers
has also shown modulation of gel ultrastructure, particularly to increase porosity for
cell encapsulation and infiltration [77, 78]. Fibrinogen contains many
calcium-binding sites, and calcium has been shown to influence fibrin polymer-
ization, prevent denaturation caused by pH and heat changes, as well as help
prevent disulfide bond reduction [66]. At nonphysiological concentrations of cal-
cium, varying the calcium concentrations resulted in different diameter fibrils:
increasing the calcium concentration increased fibril diameter (from 150 to 510 nm)
[79]. The presence of calcium during gelation has also been shown to be critical for
in vivo stability [80]. Likewise, in fibrin gels prepared with varying sodium chloride
concentrations ranging from 0 to 4.45 % w/v, both fiber network and mechanical
properties change. The density of the network and mechanical properties increase
with increasing sodium chloride until 2.6 % w/v [81]. Another group noted slowed
gelation when sodium chloride was included in gel formulations [82]. Varying pH,
calcium concentration, and fibrinogen concentration together led one group to find a

82 A.L. Rutz and R.N. Shah



condition that produced a transparent fibrin gel with enhanced mechanical prop-
erties and prolonged degradation in vivo [83]. In addition to chemical additions and
similar to collagen, mechanical loading of fibrin hydrogels has been used to align
fibers, and can be used for aligning cells in culture [84–86]. Alignment has also
been achieved by gelling in the presence of a strong magnetic field [79] or by
magnetically guiding fibrin polymerization by covalently attaching thrombin to
magnetic microbeads, which were then arranged in a pattern on a substrate [87].
Fibrin gels have also been inkjet printed into defined, cell-encapsulating hydrogels
[88, 89]. This has been performed by applying thrombin droplets to a fibrinogen
solution to cause localized gelation.

4.3 Bioactivity

Mechanical properties, bioactivity, and cell and in vivo-friendly cross-linking have
made fibrin gels attractive candidates for tissue engineering and growth factor
delivery. Fibrin gels are used for growth factor delivery, either by entrapment or
binding [90, 91], as well as for cell culture, both on and within (encapsulating) the
hydrogel. Fibrinogen and cells can be injected in vivo to subsequently form gels.
Just like collagen and gelatin, fibrinogen can also be fabricated into microbeads,
including those for cell-encapsulating applications and those for drug and gene
delivery [67, 92, 91]. Fibrinogen has many specific binding sequences, those for
cell adhesion, heparin binding, ECM protein binding, and growth factor binding,
enabling either direct or indirect binding (via heparin or other ECM proteins) of
growth factors. Gels loaded with growth factors can release the payload for up to a
few weeks [67]. Especially for encapsulated growth factors, high fibrinogen con-
centrations are preferred to ensure a slower diffusion rate through a smaller mesh.
As mentioned above, isolated fibrinogen may also come enriched with certain
factors that contribute to fibrin’s bioactive properties aside from its inherent
sequences [71, 70].

4.4 Mechanical Properties and Controllable Degradation

Fibrin gels also possess amazing extensibility (can be stretched more than three
times length before breaking), due to unique properties at many scales: protein
folding and unfolding on the molecular level as well as movements within fiber and
network structures [84]. These remarkable mechanical properties of fibrin clots are
physiologically important for a clot to withstand the shear forces of blood flow [93].
The bioactivity and unique mechanical properties have led to the increasing
exploration of many tissue engineering applications, including adipose, bone,

Protein-Based Hydrogels 83



cardiac, muscle, cartilage, and nerve repair [72, 94]. Furthermore, fibrin gels have
been shown to promote and support angiogenesis and neurite extension, and this is
significant since vascularization and innervation are critical components to a suc-
cessful tissue engineered implant [95, 96]. However, a drawback to fibrin gels is
that although fibrin is quite extensible, the gels are still weak. To improve gel
stiffness, Tranquillo et al. has reported a cell-friendly method in which fibrin can be
photocrosslinked with blue light using ruthenium as a catalyst to couple tyrosines
[97, 98]. Another significant limitation to fibrin gels is rapid degradation since the
gels are cell degradable by both plasmin and matrix metalloproteases (MMPs). The
degradation rate can be slowed with the incorporation of fibrinolytic inhibitors such
as aprotinin [80]. The Hubbell group has demonstrated methods to control degra-
dation rates as well as enhance fibrin’s bioactivity. Bi-domain proteins or peptides
containing both a bioactive region and a Factor XIII substrate are added to the fibrin
mixture and are covalently attached to the fibrin matrix during gel formation [99].
This has been demonstrated with RGD [99], laminin [100], N-cadherin [100], and
fibronectin domain (including integrin binding site capable of binding VEGF,
PDGF, BMP-2) peptides [101], as well as fusion proteins of the Factor XIII sub-
strate and growth factors [102–104] or fibrinolysis inhibitors (aprotinin) [102]. This
technique provides site-specific cross-linking for enhanced retention of bioactivity
(i.e., decreased risk of denaturing or reacting at an active site with nonspecific
cross-linking). Since growth factors or peptides are covalently attached, release is
cell mediated from degradation by proteases. Furthermore, adding fibrinolysis
inhibitors provides a means to control degradation and thereby, control release rate.

5 Silk

5.1 Structure, Solubilization, and Assembly

Silk is the most widely studied nonmammalian protein biomaterial. It is produced
from species within the class of Arachnida, and is most commonly utilized from
silkworms (Bombyx mori) and orb-weaving spiders (Nephila clavipes) [105].
Because of silk’s heavy use in the textile industry, silk is easily acquired in many
forms from domesticated B. mori. Spider silks are not as widely available as that
from silkworms. Large populations of spiders cannot be maintained and further-
more, yield is lower [105]. Therefore, large-scale production of spider silk and
subsequent biomaterial use will come from biomanufacturing/genetic engineering
strategies [106–109]. Particularly for silk-based hydrogel research (derived from
sequences of any species), silk-like and silk-elastin-like polymers dominate the field
[105].

Silk fibroin fibers for B. mori are 10–25 µm in diameter and are coated with
hydrophilic proteins called sericins, which are removed during material processing.
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Silk proteins have large hydrophobic domains of short-chain amino acids (e.g.,
glycine, alanine) with short hydrophilic domains in-between. The intermingled
hydrophilic domains assist in the assembly of the silk proteins that form tightly
packed sheets from hydrogen bonding and hydrophobic interactions of the
hydrophobic domains. The soluble form of silk is in alpha helix and random coil
conformations, and by transitioning to beta sheets, silk is rendered insoluble. Silk’s
most unique and desirable property as a protein biomaterial is its incredible
mechanical properties [105]. Silk fibers have a tensile modulus of few-tens GPa,
tensile strength up 4.8 GPa, and yet is still elastic. Silk also has high thermal and
chemical stability, especially relative to other protein-based materials [110].

The first medical use of silk was using weaved silk fibers as sutures. The long
use of silk sutures has established silk as a biocompatible material, yet silk carries a
risk of an immune and inflammatory response. Silk is generally regarded as a
biocompatible material having only a mild inflammatory response and low adhesion
of immune-competent cells [105]. Although retention of sericins has been shown to
increase cell adhesion and proliferation in cell culture experiments, these proteins
have caused hypersensitivity (an exaggerated immune response) in vivo and
therefore, are typically removed. Long-term compatibility and compatibility of
degradation products are still in need of evaluation [111]. Like other proteins, silk is
degradable via proteases, but the degradation rate is heavily dependent on the
processing [105]. For example, silk fibroin fibers are classified as nondegradable.
Applications of silk biomaterials include tissue engineering [111, 105] (muscu-
loskeletal [112]), drug delivery [113, 114, 105, 115, 110] (genes, small molecules,
and biologics by covalent coupling or adsorption), biosensors [105], and most
recently, optics, photonics, and electronics [116–118].

5.2 Gelation Parameters and Influence on Gel
Ultrastructure

Like collagen, silk can be processed into a variety of forms including mats, films,
electrospun fibers, porous sponges, micro- and nanoparticles, and hydrogels [105].
Depending on the way silk is processed, there are different resulting cell behaviors
and in vivo host responses [112]. Silk is solubilized by first “de-gumming”, which
is performed by either boiling cocoons in an alkaline solution or exposing to
enzymes that produce sericin-free fibers (Fig. 5). The fibers are then dissolved in a
highly concentrated chaotropic salt solution (commonly 9 M LiBr) and then dia-
lyzed against water to obtain an aqueous solution [105]. In the aqueous solution,
silk proteins aggregate as random coils. The presence of calcium brings proteins
together through hydrophilic domains, and thus facilitates gelation. The proteins
transition to beta sheets through hydrophobic interactions, and hydrogen bonding
eventually forms a percolating network that forms the gel. Thus, increasing silk
concentration or temperature facilitates more rapid interaction and therefore,
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quicker gelation [119, 120]. Higher temperatures cause hydrophobic domains to be
more accessible; the hydrophobic domains can subsequently aggregate by either
less solvation or from greater exposure of these domains after temperature-induced
unfolding [120]. Decreasing the pH (near silk’s isoelectric point (pI, *4)) or
adding a hydrophilic polymer [poly(ethylene oxide)] decreases protein–protein
repulsion, and therefore causes faster gelation [120]. Silk solutions with calcium
exhibited fastest gelation, two days, at pH values of 3–4, near the isoelectric point
of silk *4 [121]. Gels did not form at pH values below 1.5 or above 13 [121].
Other additivities such as poloxamers [119] and glycerol [122, 123] can also
decrease gelation time with increasing concentrations. Furthermore, gelation was
obtainable at pH 7 with a poloaxmer (not achievable without) [119] and increased
the mechanical strength of the gels [124]. The addition of poloaxmer also enabled
thermoreversible gelation [119]. Poloaxmer bonds with silk and interferes with silk
intermolecular forces that are so strong without poloaxmer that gelation is irre-
versible. Pore sizes can also be affected by gelation parameters. Smaller pore sizes
are achieved by increasing protein concentration or gelation temperature [120], and
pore sizes can be increased by increasing the calcium concentration [120].
Mechanical properties are enhanced (likely due to gel ultrastructure) at higher
protein concentrations or higher gelation temperatures [120].

Fig. 5 Silk fibers are “de-gummed” (rid of sericins) by boiling B.mori cocoons in an alkaline
solution. The fibers are then dissolved in a highly concentrated chaotropic salt solution and
dialyzed against water to obtain an aqueous solution. Reprinted from [105], Copyright 2007, with
permission from Elsevier

86 A.L. Rutz and R.N. Shah



5.3 Gelation Strategies for Cell Studies

The pH and time of gelation are two key issues for cell seeding and encapsulation
with silk hydrogels. In one study, a silk hydrogel was formed in a citric acid
solution at a pH less than the pI [125]. The resulting gel had a pH of 3.3, and so, in
order to increase the pH for cell studies, the gel was extracted with saline solution.
Although the pH only increased to 5.8, favorable cell and in vivo compatibility
were still observed. The time of gelation (days) is obviously impractical and fur-
thermore, eliminates the possibility of cell encapsulation. A number of techniques
have been developed that dramatically decrease gelation time to hours or minutes,
and some have led to viable cell encapsulation. The methods include
vortex-induced hydrogelation [126], ultrasonication [127], alcohol-induced [128],
and electrogelation [129–133]. In the case of electrogelation, a DC current was
applied to an aqueous silk solution, and within seconds, a very soft (mucous-like)
gel began to form at the positive electrode [130]. The gel remained in absence of the
electric field; however, the process was reversible by switching the polarity. The
formed gel also displayed thermoresponsive behavior. When the gel was heated
above 60 °C, it turned into a solution, and when cooled back to room temperature,
the solution reformed into a gel [130]. The mechanism by which these gels form is a
local decrease in pH at the positive electrode, facilitating aggregation. Electric field
strength, pH, and silk concentration affect gelation kinetics and gel mechanical
properties [133]. Produced gels display a mostly random coil configuration.
Chemical and physical cross-links may also be employed to thermally and
mechanically stabilize the gels [131]. However, the percentage of amino acids with
modifiable side chains is much more limited in silk than compared to mammalian
extracellular matrix proteins [105]. Examples of cross-linking reactions include
carbodiimide and glucose oxidase. Silk has also been 3D printed into defined,
microporous structures, and with the recent advances in different gelation methods,
more instances of microfabricated silk may be seen in the near future [134].

6 Other Proteins: Elastin, Keratin, and Tissue-specific
ECM

6.1 Elastin

Elastin is the structural extracellular matrix protein largely responsible for a tissue’s
elasticity, specifically the skin, lungs, and blood vessels. It is particularly of interest
for skin and vascular tissue engineering for its mechanical properties as well as
natural cell binding and degradation sites [135, 136]. The monomer of elastin,
tropoelastin, has both hydrophilic and hydrophobic domains. The hydrophilic
domains are rich in amines, lysines, for cross-linking while the hydrophobic domains
interact during self-assembly [135]. 75 % of elastin’s amino acids are nonpolar
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amino acids, alanine, proline, valine, and glycine, producing one of the most
hydrophobic proteins known [137]. At physiological temperature, salt concentration,
and pH, tropoelastin monomers aggregate through hydrophobic domains and are
subsequently heavily cross-linked with lysyl oxidase into insoluble elastin [137].

For biomaterials research, the insolubility of elastin has posed a great challenge
for material processing [135]. However, recent strategies have emerged to facilitate
its use. These strategies include solubilization techniques, utilization of the
monomer tropoelastin, or peptide and recombinant proteins. Elastin-like peptides
and recombinant techniques (including recombinant tropoelastin) are beyond the
scope of this chapter, and thus are not discussed further. Although elastin-like
polypeptides and recombinant tropoelastin dominate elastin-based biomaterials,
there have been a few instances of elastin biomaterials, specifically alpha-elastin
hydrogels derived from solubilization techniques. The two types of solubilization
methods that have been developed are with oxalic acid to produce alpha-elastin and
with potassium hydroxide to produce kappa-elastin [137]. The synthesis of elastin
hydrogels occurs in a similar fashion as in vivo elastin formation from tropoelastin,
and that is alpha-elastin assembles through hydrophobic interactions. The hydrogel
is then cross-linked to stabilize and increase mechanical properties for cell culture
[138–140]. High pressure CO2 may be used during cross-linking to impart a porous
structure for cell infiltration [138, 139]. The future of elastin-based hydrogel bio-
materials, particularly for cell-encapsulating applications, will likely rely on peptide
and recombinant strategies due to ease of use, mild conditions, and accessibility,
although solubilized elastin hydrogels studies may continue, especially in the case
of protein or polymer blends, as well as non-hydrogel biomaterials such as coatings
and elastin tethering.

6.2 Keratin

Keratins are epithelia and epidermal cytoplasmic intermediate filament (IF) proteins
that are responsible for the toughness of hair, hooves, nails, and horns. Uniquely,
keratin extracted from human hair could be used as a cheap and renewable bio-
material; it is estimated that hundreds of thousands of tons of human hair are
annually discarded worldwide [141]. Highly cross-linked hair fibers are composed
of 50–60 % low-sulfur alpha keratins and 20–30 % high-sulfur matrix proteins
[142]. The alpha keratins assemble into coiled-coil IFs of 10 nm length while the
matrix proteins mostly serve as disulfide cross-linkers [143]. Keratin extraction and
purification procedures have been developed. Extracted keratin has been processed
into films, scaffolds (sponges), and fibers and studied for tissue engineering and
regenerative medicine [144, 142]. Thus far, it has shown good cell and in vivo
biocompatibility as well as biodegradability [144]. Recently, keratin hydrogels have
been developed from soluble extracts [145–148]. The procedure of extracting alpha
keratin from human hair consists of delipidization followed by solubilization using
either oxidative or reductive reactions to break down disulfide bonds (Fig. 6) [144].
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The extract is purified by dialysis, concentrated, neutralized, lyophilized, and then
ground to form a powder that can then be reconstituted in saline solution.
Thereafter, keratin molecules self-assemble to form a gel. These have been
investigated with promising results for nerve repair [145–147].

6.3 Tissue-Specific Decellularized Extracellular Matrix
(dECM)

Decellularization is required for isolating specific structural proteins from tissue,
like in the case of collagen, gelatin, fibrinogen, and elastin. More gentle methods
have been developed in order to maintain the original architecture of animal or
human cadaver tissues and organs (Fig. 7). For most researchers, the residual tissue
matrix will then be recellularized by in vitro perfusion and by host infiltration after
implantation to serve as an engineered repair or replacement tissue [149]. ECM is
vital in many pathways that are not yet well understood and is a complex mixture of

Fig. 6 Keratin extraction. Human hair is delipidized and is then solubilized by breaking down
disulfide bonds. The extract is purified by dialysis, lyophilized, and then ground to form a powder
that can then be reconstituted in saline solution. Reprinted from [144], Copyright 2014, with
permission from Springer

Fig. 7 The decellularization of a rat heart by perfusion with a detergent solution. The tissue
becomes clear, leaving behind the extracellular matrix. The histological section (hematoxylin and
eosin staining) shows that all cells have been removed. Reprinted from [159], Copyright 2008,
with permission from Nature Publishing Group
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proteins (structural, growth factors), glycoproteins, and glycosaminoglycans [150].
Because a specific protein is not isolated, all of these complex components are
retained, and in fact, many have shown excellent retention of collagen, gly-
cosaminoglycans, and growth factors [151]. Furthermore, the bioactivity of the
matrix is evident by those who have shown stem differentiation into the appropriate
tissue-specific lineage [152, 153]. Particularly for tissue engineering, this is a
valuable approach as one does not need to add lost key biochemical signals back
into the matrix. Hydrogels have recently been developed, including even one case
of those 3D printed, from many tissue-specific ECMs: cardiac [154, 153, 155], liver
[156, 157], adipose [152, 153], dermis [158], bladder [158], and cartilage [153].
After decellularization, the tissue is processed similar to how collagen fibrils are
processed for solubilization. Lyophilized tissue is milled into a powder and solu-
bilized by an acidic pepsin digestion (Fig. 8). After adjusting the salt concentration
and pH of a cold dECM solution, the temperature is raised to induce self-assembly
of the proteins to form a hydrogel. The ultrastructure of the gel can be modulated by
changing pH, temperature, and ionic strength, similar to that which can be done
with collagen gels. Particular challenges for the future study of dECM hydrogel
biomaterials will be to identify the many components and how each impacts gel
ultrastructure, mechanical properties, and bioactivity, as well as how processing
conditions can impact material properties and bioactivity (i.e., decellularization
method, length of pepsin digestion).

Fig. 8 The preparation of tissue-specific decellularized extracellular matrix (dECM) hydrogels.
Tissue is minced, washed, and decellularized with detergent. The tissue is then lyophilized and
milled into a fine powder, which is then suspended in an acidic pepsin solution to solubilize the
components. Reprinted from [160]
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7 Chemical Cross-linking

As mentioned above, with many of the discussed protein hydrogels, mechanical
strength, thermal stability, and rapid degradation are typically concerns for end
applications. Chemical cross-linking is performed in many cases to improve these
properties. Since proteins are amino acid-based, the potential cross-linking reactions
are almost universal for proteins, albeit conditions such as those for solubility are
important considerations that may make some reactions not possible. The most
abundant functional groups for reaction are amines and carboxylic acids. Amines are
present at both the N terminus as well as in lysine and arginine residues. Likewise,
carboxylic acids are found at the C terminus and glutamic and aspartic acid residues.
Other functional groups exist, particularly hydroxyl and sulfhydryl groups, that may
be utilized; although, these groups are typically not found in abundant enough
quantities for substantial cross-linking. However, sulfhydryl and hydroxyl groups can
be used for tethering, functionalization, or grafting purposes. The degree of
cross-linking, and therefore, mechanical properties, degradation rate, and release rates
of payloads, can be tuned by simply changing the concentration of the cross-linker.

Protein biomaterials are most commonly cross-linked by aldehydes (cross-links by
a variety of mechanisms [161]) and amine–carboxylic acid carbodiimide coupling [51,
162, 163, 164]. Both of these cross-linkers, however, are cytotoxic and must be
thoroughly removed prior to cell work, and thus, also eliminate the possibility of cell
encapsulation. There have been instances of PEG cross-linkers (bi or multifunctional)
with aldehyde or activated ester (intermediate in carboxylic–amine coupling succin-
imide) groups used for cross-linking [43, 165, 166, 167, 168]. Since PEG remains in
the hydrogel, if used in large quantities, the properties of the gel will change (e.g.,
increase mechanical properties, increase swelling). Other small molecules such as
isocyanate and genipin have also been used for cross-linking, although cytotoxicity is
still cited as a concern with these. Genipin has been used to cross-link collagen [169,
170], gelatin [171], fibrin [172], and silk [173, 174]. Genipin is a natural small
molecule derived from gardenia fruits that reacts with primary amines. Although these
aforementioned cross-linkers carry a risk of toxicity, carbodiimide and genipin are
regarded as safer than aldehyde cross-linking [175, 176]. Transglutaminase, the
enzyme responsible for fibrin cross-linking in vivo, has also been used for cross-linking
other proteins in vitro [177, 178]. For more details on these reactions (excluding
enzymes) as well as other methods such as biomolecule attachment to proteins or
PEGylation, readers are referred to the text “Bioconjugate Techniques” [179].

8 Functionalization and Cell-Friendly Encapsulation

To expand potential cross-linking reactions, proteins may be functionalized to
present more utilizable functional groups. Namely, amines and carboxylic acids can
be reacted with bifunctional small molecules that on the unreacted end, display the
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functional group of interest. Ethylenediamine has been used to change carboxylic
acid groups to amines to catonize gelatin for controlled release of plasmid DNA
[64, 180, 181]. The abundance of positive charges provides plasmid DNA com-
plexation with its negatively charged phosphate backbone [182]. Functionalization
with phenolic hydroxyl group had led to peroxidase-catalyzed cross-linked proteins
[183–185]. More commonly, acrylation or methacrylation has been performed to
create UV cross-linkable gels for cell (Fig. 2) [186–188] and growth factor [189]
encapsulation and stabilization after additive manufacturing [190, 191]. Likewise,
thiolation can also be performed to expand cross-linking to thiol-ene,
thiol-maleimide, and thiol-vinyl sulfone reactions, all regarded as cell-friendly
[192–194]. These thiol-based reactions are included in a group of biorthogonal
reactions referred to as “click chemistry” [195]. Click reactions have been devel-
oped extensively in the past few years to include cell-friendly (metal-free and mild
reaction conditions) chemistries [196]. In fact, PEG, hyaluronic acid, and gelatin
hydrogels have been fabricated by click chemistry, and it is expected that more
click hydrogels will be developed as this group of reactions becomes more widely
used. In addition to cross-linking, functionalization of proteins is instrumental in
tagging proteins with targeting motifs, drugs, or imaging modalities [197].
Functionalization of specific functional groups can enable site-specific modifica-
tion, such as those performed with click chemistry. Covalent modification is
especially important for hydrogels since small molecules passively diffuse through
the material and larger or charged encapsulated molecules have quick release. It
should be noted that of all proteins, gelatin is the most easily modified. Unlike
collagen, the range of conditions at which gelatin is soluble as well as minimal risk
of denaturing allow gelatin to be synthesized with other functional groups for
chemical cross-linking and easily processed into other forms.

9 Conclusion

In summary, protein hydrogels are a valuable biomaterial for their inherent bio-
compatibility and biodegradability. Since most protein hydrogels undergo a mild
sol–gel transition, this allows cells to be encapsulated in the solution and subse-
quently gelled. Cell-encapsulating protein hydrogels provide cell adhesion and cell
degradation sequences and may be used for injectable cell therapies or tissue
engineering. Protein hydrogels also provide a gentle means for encapsulation of
biomolecule payloads for controlled release. In addition to drug delivery, tissue
engineering and regenerative medicine, protein hydrogels may be useful for other
applications, such as biosensors and bioelectronics.

Of all of the proteins discussed, collagen is by far the most widely studied. Due
to the natural abundance of collagen in our own tissues, collagen will continue to be
important for mimetic tissue engineering strategies. Derived from collagen, gelatin
has also become an important biomaterial due to mild and easy solubilization.
Gelatin still possesses the primary sequence of collagen and therefore, still has cell
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adhesion and degradation sites, yet with the loss of nanostructure. Gelatin can be
processed with different IEPs to electrostatically bind and subsequently release
charged biomolecules, and can also be easily modified with other functional groups
to expand potential cross-linking strategies. Fibrin is the most bioactive of the
discussed proteins, containing growth factors, growth factor-binding sequences, and
ECM protein-binding sequences. Ideally, the soluble monomer (fibrinogen) can
also be harvested from a patient to provide a patient-specific biomaterial. There is
still much unknown about fibrin and its roles in tissue regeneration and disease, and
therefore, as we know more, more biomaterial advances may ensue. Silk, the most
widely used nonmammalian protein, has been established as biocompatible and is
cited for its incredible mechanical strength; although with hydrogels, these high
mechanical properties are not retained. Solubilization and gelation strategies for silk
have been developed, including those for short time scales and conditions friendly
for cell encapsulation. Although elastin is physiologically important for many of
our compliant tissues, its solubilization has made utilization in biomaterials rather
difficult. Some instances of elastin hydrogels have been produced, but recombinant
elastin and elastin-like peptides dominate the field and will continue to do so.
Emerging protein hydrogels include those containing keratin and dECM. Keratin is
unique in the sense that it is isolated from discarded human hair and therefore
provides a cheap and renewable biomaterial source. Tissue-specific dECM will
likely prove to be instrumental in tissue engineering as many bioactive factors
found in the native tissue are retained, and some researchers have proven enhanced
stem cell differentiation to the specific lineages on these matrices.

As discussed above, parameters that influence protein monomer self-assembly
have been uncovered, and thereby, have led to modulation of gel ultrastructure.
More advances in this arena will continue, but far more promising technologies are
emerging. Specifically, those that can create heterogeneous hydrogels, either on the
nanoscale with specific chemistries or on the microscale with microfabrication
technologies. Other emerging technologies include genetic engineering and
biomanufacturing. Particularly recombinant proteins will prove to be easier for
protein hydrogel processing, like in the case of elastin and spider silk. As well,
bioactive peptides (e.g., cell adhesion, growth factor binding) and protein-like
peptides (e.g., elastin-like, silk-like) will continue to be an important strategy for
harnessing the strong bioactivity of protein hydrogels when the protein hydrogels
themselves are not ideal for the end application.
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Sterculia Gum-Based Hydrogels for Drug
Delivery Applications
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Abstract Sterculia gum is one of the medicinally important plant-derived water
soluble polysaccharides obtained from the exudate of the tree, Sterculia urens
(Family: sterculiaceae). It is recognized as a promising biodegradable material in
the development of various biomedical applications including drug delivery
applications, wound dressing applications, etc. Sterculia gum is also employed as
excipient in the designing of various pharmaceutical applications. In recent years,
several attempts for the modification of sterculia gum have been undertaken to
develop sterculia gum-based hydrogels for controlling the rate of hydration and
swelling, and also tailoring the release profile of various types of drugs. In the
development of these sterculia gum-based hydrogels, modifications of sterculia
gum through polymer blending, cross-linking, interpenetrated polymer network
(IPN) formation, polymer grafting, etc., were investigated for improved drug
delivery applications. Most of these already reported sterculia gum-based hydrogels
were found effective for gastroretentive deliveries as wound dressings for sustained
release of various drugs. The current chapter deals with a comprehensive and useful
discussion on already investigated sterculia gum-based hydrogels for the use in
drug delivery applications, where the first portion of the chapter contains source,
composition, and properties of sterculia gum and the latter portion contains dis-
cussion on the formulations of various sterculia gum-based hydrogel systems used
for various types of drug delivery applications.
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1 Introduction

Naturally derived materials are gaining importance day by day [1–5]. Currently,
natural polysaccharides are the choice of potential biomaterials used in various
biomedical and pharmaceutical applications due to their biocompatibility and
biodegradability [6–8]. These are also available from natural renewable sources.
These are also capable of high swelling ability, aqueous solubility, and stable in
various pH environments [9, 10]. Besides these, natural polysaccharides have a
wide variety of compositions and properties which allow these for appropriately
tailoring chemical as well as physical modifications [11–14]. In recent years,
various modified (either chemical or physical) natural polysaccharides are exten-
sively used to develop hydrogels for various biomedical applications including
drug delivery, wound dressing, tissue engineering, etc. [11, 15–19]. Modifications
of natural polysaccharides include polymer blending [20–24], chemical
cross-linking [25–29], polymer grafting [30–34], carboxymethylation [35–38],
carbomoylethylation [39, 40], thiolation [41–43], esterification [44–46], inter-
penetrating polymer networks (IPNs) [47–50], polyelectrolyte complexes [51–53],
etc. These modifications are able to overcome some important limitations of
natural polysaccharides such as uncontrolled hydration rate, fall in viscosity on
storage, chemical instability, low mechanical properties, proneness to microbial
contamination, etc. [12]. Recently, various types of hydrogels are formulated using
various modified natural polysaccharides for the use in biomedical and pharma-
ceutical applications.

Hydrogels are cross-linked three-dimensional networks of hydrophilic polymeric
systems which are capable of holding large amount of water or biological fluids
without losing their structure [54]. In swollen state, hydrogels are soft and rubbery
[55]. However, hydrogels do not dissolve quickly in water, aqueous solutions, or
biological fluids [56]. These resemble with living tissues exhibiting excellent
mechanical ability [55]. Hydrogels are of special interest in controlled release
applications in which drugs are dispersed throughout the matrix and are capable of
delivering drugs at a constant rate over an extended period of time [56–58]. In the
light of the above discussion, the present chapter deals with a comprehensive and
useful discussion on already investigated hydrogel systems made of sterculia gum,
plant-derived nontoxic natural polysaccharides and its derivatives for the use in
drug delivery applications. The first portion of the chapter contains source, com-
position, and properties of sterculia gum. Then, the latter portion contains discus-
sion on the formulations of various sterculia gum-based hydrogel systems and their
applications in drug delivery.

106 A.K. Nayak and D. Pal



2 Sterculia Gum: Source, Chemical Composition,
Properties, and Uses

2.1 Source

Sterculia gum is one of the medicinally important plant-derived water soluble, high
molecular weight polysaccharides commonly known as karaya gum [59]. It is
obtained from a low-cost source, the exudate of the tree, Sterculia urens (Family:
sterculiaceae) [59, 60]. This tree is a small to medium-sized tree with a pale-colored
trunk or by making deep gashes at the base of the trunk with an axe. It is found in
India and Burma. The crude gum is conventionally tapped as exudate through
cutting or peeling back the bark of the tree.

2.2 Chemical Composition

Sterculia gum is a partially acetylated polysaccharide [61]. It is composed of three
different polysaccharide chains. The first chain (50 % of the total polysaccharide)
contains repeating units of four galacturonic acid residues containing β-D-galactose
branches and L-rhamnose residues at the reducing end of the unit. The second chain
(17 % of the total polysaccharide) contains an oligorhamnan having D-galacturonic
acid branch residues and interrupted occasionally by D-galactose residues. The third
chain (33 % of the total polysaccharide) contains D-glucuronic acid residues which
constitutes about 13–26 % galactose, 15–30 % rhamnose, and approximately 40 %
uronic acid residues [60, 62].

2.3 Properties and Uses

Sterculia gum exhibits some unique properties like greater acidic stability, good
viscosity, high swelling, and water retention ability [63, 64]. Sterculia gum is
graded as ‘Generally Recognized as Safe’ (‘GRAS’) in USA [65]. It is reported as
nontoxic, nonallergic, nonmutagenic, and nonteratogenic [63, 64, 66]. Sterculia
gum has antimicrobial property [64]. It has the ability to reduce cholesterol to
improve glucose metabolism without hampering mineral balances [67].

Sterculia gum has been studied for its use in treatment of ulcers [68], diarrhea
[69], chronic colonic disorders [70], and irritable bowel syndrome [71]. It is also
reported as balk laxative [72]. Although the intake of sterculia gum without ade-
quate amount of water is harmful to our body, no side effect of it has been reported
till date [66]. Sterculia gum is used as emulsifier, stabilizer, and thickener in foods
[73]. It is also used as adulterate gum tragacanth due to their similar physical
characteristics [74].
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The gelation of sterculia gum by the influence of polyvalent metal cations like
‘Egg-box model’ of alginate has been reported in the literature [75]. It could be due
to the formation of intermolecular junction zones involving ionotropic interaction
between homogalacturonic segments present in sterculia gum chains and the
polyvalent metal cations. Also, the ionotropic interaction of sterculia gum could
occur between two or more galacturonic acid residues on different main chains or
glucuronic in branched or nonregular chain segments of the sterculia gum [76].

During last few decades’, sterculia gum is recognized as a promising
biodegradable polysaccharide excipient used in the development of various drug
delivery dosage forms [77–80]. However, several attempts for the modification of
sterculia gum to develop sterculia gum-based hydrogels have been undertaken by
various research groups to control the rate of hydration and swelling, and also to
tailor the release profile of drugs. The modifications of sterculia gum like polymer
blending [75, 81], cross-linking [82, 83], IPN formation [62, 84], polyelectrolyte
complex formation [85], grafting [66, 86], etc., were already investigated to develop
various sterculia gum-based hydrogels for improved drug delivery applications.

3 Sterculia Gum-Alginate Beads for Use in Antiulcer Drug
Delivery

During last few decades’, polymer blends of sterculia gum and a widely used
natural polysaccharide, sodium alginate has been extensively studied to develop
various potential hydrogel systems for the use in drug delivery [75, 81, 87]. Sodium
alginate is a biodegradable, biocompatible anionic natural heteropolysaccharide,
which is widely used in various drug delivery dosage forms [88–91]. It is able to
form hydrogel microparticles/beads through ionotropic gelation in the presence of
divalent and trivalent metal cations like Ca2+, Ba2+, Zn2+, Al3+, etc. [92]. The
ionotropically gelled alginate-based hydrogel beads have been employed in
encapsulation of a variety of drug molecules and other therapeutic agents [93–97].
However, these alginate-based hydrogel beads have some drawbacks like low
encapsulation efficiency and premature release of encapsulated small molecular
drugs [20, 92]. To overcome these drawbacks, polymer blends of alginate with
second natural biocompatible polymers have been researched to develop new and
effective controlled release drug delivery matrices [23, 98–100].

Few hydrogel beads of sterculia gum-alginate blends have been investigated for
the use in oral drug delivery [62, 75, 81, 87]. Most of the sterculia gum-alginate
blends hydrogel beads were prepared using ionotropic cross-linkers like Ca2+, Ba2+,
etc. [61, 75, 81, 87]. Actually, sterculia gum and sodium alginate contain anionic
groups (i.e., –COOH groups) in their structures. Both gums exhibit the character-
istics of electrostatic interaction by the influence of divalent metal cations. When
the blends of sterculia gum and sodium alginate come in contact with the divalent
metal ions, an ionotropic interaction occurs between the positively charged metal
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cations and –COOH groups of both sterculia gum and sodium alginate chains. The
divalent metal cations compete with the monovalent Na+ ions of the anionic sites of
the sterculia gum–sodium alginate polymer blends and replace it, thus bringing the
two polymeric chains together. Divalent metal ions get accommodated in the
interstices of two polyuronate chains having a close ion pair interaction with –

COO– anions and sufficient coordination by other electronegative oxygen atoms
[75, 101]. Besides the ionotropic interaction, the hydrogen bonding occurs between
two polysaccharide chains present in the sterculia gum–sodium alginate polymer
blends [75]. The schematic presentation of proposed interactions between sterculia
gum, sodium alginate, and divalent cations (M2+) is presented in Scheme 1.

In view of pharmacological importance related with antiulcer properties of
sterculia gum and alginate, Singh et al. [75] have formulated sterculia gum-alginate
beads and floating sterculia gum-alginate beads containing an antiulcer drug,
pentoprazole using calcium chloride (CaCl2) as ionotropic cross-linker. After pre-
liminary evaluation, optimized formula of Ca2+ ion cross-linked sterculia
gum-alginate beads of pentoprazole was considered as polymer blends of 2 % w/v
sodium alginate, 1.25 % w/v sterculia gum, and 0.1 M CaCl2. To prepare the
floating sterculia gum-alginate beads of pentoprazole in this work, the effervescent
technique was employed. These Ca2+ ion cross-linked sterculia gum-alginate

Scheme 1 Schematic presentation of proposed interactions between sterculia gum, sodium
alginate, and divalent cations (M2+)

Sterculia Gum-Based Hydrogels for Drug Delivery Applications 109



floating beads of pentoprazole were prepared using 2 % w/v calcium carbonate
(CaCO3) in the sterculia gum–sodium alginate polymer blend solutions (2 % w/v
sodium alginate and 1.25 % w/v sterculia gum). The sterculia gum–sodium alginate
polymer blend solutions were added dropwise to the 0.1 M CaCl2 containing 10 %
acetic acid (v/v). In case of the Ca2+ ion cross-linked sterculia gum-alginate floating
beads of pentoprazole, both external and internal gelations occurred. Upon contact
with an acidic medium, ionotropic gelation through Ca2+ ions took place to facil-
itate a gel barrier at the surface of the formulated beads. The CaCO3 effervesced
with releasing carbon dioxide (CO2) and Ca2+ ions. The released CO2 was
entrapped into the gel network to provide buoyancy to those formulated beads.
Then, the Ca2+ ions interacted with the –COOH groups of these two anionic
polysaccharides (i.e., sterculia gum and sodium alginate) to produce Ca2+ ion
cross-linked three-dimensional gel network that restricted further diffusion of CO2.

The shape of these Ca2+ ion cross-linked sterculia gum-alginate beads of pen-
toprazole was found spherical as the sodium alginate concentration increased in the
polymer blend solutions. This can be attributed that the mean diameter of these
beads increased due to increment in microviscosity of the polymer blend with the
increment in sodium alginate concentrations in the polymer blend solutions.
However, sterculia gum concentration in the polymer blend solutions and the
cross-linker concentration did not influence the bead shape and diameter. The mean
diameter of the optimized Ca2+ ion cross-linked sterculia gum-alginate floating
beads of pentoprazole was found as 1.35 ± 0.30 mm. The mean diameter increment
with the incorporation of CaCO3 in the formula might be due to the cause that when
CaCO3 reacted with acetic acid present in the cross-linking medium, CO2 was
formed and escaped from the bead matrix. The scanning electron microscope
(SEM) image of optimized Ca2+ ion cross-linked sterculia gum-alginate
non-floating beads of pentoprazole possessed rough surface (Fig. 1). On the other
hand, SEM image of optimized Ca2+ ion cross-linked sterculia gum-alginate
floating beads of pentoprazole prepared through the incorporation of CaCO3 con-
firmed comparative smooth surface (Fig. 2). The Ca2+ ions from CaCO3 might have
contributed to the homogeneous sterculia gum-alginate beads formation, which may
be responsible for smooth surface of the beads. This might be due to the bursting
effect of larger amount of CO2 evolved before the walls get sufficiently hardened.

The optimized Ca2+ ion cross-linked sterculia gum-alginate non-floating and
floating beads of pentoprazole were characterized by electron dispersion X-ray
(EDX) analysis and the EDX results demonstrated the presence of carbon, oxygen,
and hydrogen, which are the key constituents of polysaccharides. Additionally,
the elemental peak for calcium in optimized Ca2+ ion cross-linked sterculia
gum-alginate non-floating and floating beads of pentoprazole supported the fact of
Ca2+ ion-induced cross-linking of these beads. Fourier transform infrared (FTIR)
analyses supported that both the Ca2+ ion cross-linked sterculia gum-alginate
non-floating and floating beads of pentoprazole had significant characteristic peaks
of sterculia gum and alginate.

In swelling study of these beads, the effect of alginate amount, sterculia gum
amount, CaCl2 (ionotropic cross-linker) concentration, and pH were evaluated.
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The effect of alginate amount varying from 0.5 to 2.5 % w/v on the swelling of Ca2+

ion cross-linked sterculia gum-alginate beads of pentoprazole in distilled water
displayed an irregular trend of swelling up to 5 h. However, after attaining the
swelling equilibrium after 24 h, a decrease in swelling was observed. Though the
swelling of beads prepared using 0.5 % w/v sodium alginate was found more, the
sodium alginate concentration for the further preparation of optimized Ca2+ ion
cross-linked sterculia gum-alginate non-floating and floating beads of pentoprazole
was taken as 2.0 % w/v. when the sterculia gum amount in these beads varied from
0.25 to 1.25 % w/v, it was observed that the swelling of these beads increased with
the increment of the sterculia gum content. The maximum swelling of these beads

Fig. 1 SEM image of
optimized Ca2+ ion
cross-linked sterculia
gum-alginate non-floating
beads of pentoprazole at
different magnifications
a ×86 and b ×2500 [75].
Copyright © 2010. The
Institution of Chemical
Engineers, with permission
from Elsevier B.V.
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was seen in case of beads prepared with 1.25 % w/v sterculia gum. The effect of
CaCl2 concentration as cross-linker on the swelling of these beads showed a decrease
in swelling with the increment of the CaCl2 concentration and maximum swelling of
these beads was experienced in case of the beads prepared by 0.1MCaCl2. The effect
of pH on the optimized Ca2+ ion cross-linked sterculia gum-alginate non-floating
beads of pentoprazole was evaluated. In this study, it was experienced that the
swelling in pH 7.4 was found increased up to 1 h and thereafter, dissolution of these
beads took place. In pH 2.2, the swelling of these beads was found higher as

Fig. 2 SEM image of
optimized Ca2+ ion
cross-linked sterculia
gum-alginate floating beads
of pentoprazole at different
magnifications a ×60 and
b ×2500 [75]. Copyright
© 2010. The Institution
of Chemical Engineers,
with permission from
Elsevier B.V.
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compared with that in distilled water. Similar trends of swelling of optimized Ca2+

ion cross-linked sterculia gum-alginate floating beads of pentoprazole in various pHs
(distilled water, pH 7.4 and 2.2) were observed. Almost all these floating beads
exhibited buoyant behavior for a longer period. The drug loadings in these optimized
Ca2+ ion cross-linked sterculia gum-alginate non-floating and floating beads of
pentoprazole were measured as 83.90 and 66.10 %, respectively. All these
non-floating and floating beads of pentoprazole showed sustained drug release
pattern over 24 h in distilled water and in pH 2.2 (Figs. 3 and 4). The drug release
mechanism from these beads was found to follow the Fickian diffusion mechanism.

Fig. 3 Release profile of
pantoprazole from optimized
Ca2+ ion cross-linked sterculia
gum-alginate non-floating and
floating beads of pentoprazole
in different media at 37 °C
[75]. Copyright © 2010.
The Institution of Chemical
Engineers, with permission
from Elsevier B.V.

Fig. 4 Release profile of
pantoprazole from optimized
Ca2+ ion cross-linked sterculia
gum-alginate floating and
floating beads of pentoprazole
in different media at 37 °C
[75]. Copyright © 2010.
The Institution of Chemical
Engineers, with permission
from Elsevier B.V.
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In another report, the same research group has investigated same types of ster-
culia gum-alginate floating beads of pentoprazole using BaCl2 as cross-linker
through ionotropic gelation [87]. These Ba2+ ion cross-linked sterculia
gum-alginate beads of pentoprazole were prepared through a similar method as
mentioned in the preparation of Ca2+ ion cross-linked sterculia gum-alginate beads
of pentoprazole [75]. But, 0.1 M BaCl2 was used as cross-linked instead of CaCl2;
while other ingredients were remained the same as before. The drug loadings in
these Ba2+ ion cross-linked sterculia gum-alginate non-floating and floating beads
of pentoprazole were measured as 67.90 and 61.60 %, respectively. Therefore, the
drug loadings in Ba2+ ion cross-linked sterculia gum-alginate beads of petoprazole
were lesser than that of Ca2+ ion cross-linked sterculia gum-alginate beads of
petoprazole prepared in the previous study by the same research group. The
swelling and drug release of these Ba2+ ion cross-linked sterculia gum-alginate
floating beads of petoprazole were studied in distilled water, pH 7.4 and 2.2. The
swelling of these floating beads was found much higher in pH 7.4 than pH 2.2 and
distilled water. In case of the Ba2+ ion cross-linked sterculia gum-alginate floating
beads of petoprazole, less swelling was observed as compared to the Ba2+ ion
cross-linked sterculia gum-alginate non-floating beads of petoprazole. At the same
time, the Ba2+ ion cross-linked beads showed more stability in pH 7.4 than that of
Ca2+ ion cross-linked beads. This phenomenon can be explained on the basis of the
size of Ba2+ ions used in cross-linking in this study. Since both Ba2+ and Ca2+ ions
are divalent, the bondings to alginate by Ba2+ and Ca2+ ions are expected to occur
in a planner two-dimensional manner inside the beads. However, the Ba2+ ions
possess the larger radius (1.74 Å) than that of Ca2+ ions (1.14 Å). Therefore, it is
supposed to fill a larger space between the cross-linking chains, this produces a
tight arrangement with a smaller voids. So, the exchange of the larger Ba2+ ions in
these beads with the monovalent Na+ ions and also their removal in the form of
insoluble barium phosphate is hindered, which might result in the lowest water
uptake and higher stability. The release of drug from these floating beads was found
to be sustained over 24 h in all tested mediums. Also, the drug release from these
beads occurred through the Fickian diffusion mechanism.

4 Sterculia Gum-Alginate IPN Microparticles
for Sustained Release of Antidiabetic Drug

IPN hydrogels are polymeric systems composed of two or more hydrophilic
polymers, which are obtained when at least one polymer network is synthesized
and/or cross-linked independently in immediate presence of others [47, 48].
According to IUPAC, an IPN is defined as a polymer comprising two or more
networks, which are at least partially interlocked on a molecular scale; but cannot
be separated unless chemical bonds are broken. A mixture of two or more pre-
formed polymer networks is not an IPN [102]. An IPN can be distinguished from a
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polymer blend in the way that an IPN swells; but does not dissolve in solvents,
creep and flow are suppressed [103]. IPNs can be distinguished from other multiple
polymeric systems through their bicontinuous structure ideally formed by
cross-linking of two polymers that are in intimate contact but without any chemical
contact and yields a material with improved properties depending on their com-
position and degree of cross-linking [104]. Sterculia gum–sodium alginate blends
have also been investigated to prepare IPN hydrogel systems for prolonged drug
release applications [62].

In an investigation by Kulkarni et al. [62], IPN microparticles of sterculia gum–

sodium alginate blends were prepared to load an antidiabetic drug (repaglinide) by
ionotropic gelation and emulsion cross-linking method. In the preparation of these
IPN microparticles containing repaglinide, CaCl2, BaCl2, and AlCl3 solutions were
employed as cross-linking solutions. The researchers have explained that the
exchange of Na+ ions occurred with Ca2+, Ba2+, and Al3+ ions at the carboxylate
site and a second strand of sodium alginate might be connected to the same through
the formation of a link in which, the counter ions (Ca2+, Ba2+, and Al3+ ions) could
be attached to two or three sodium alginate strands jointly. The further treatment of
these ionotropically cross-linked sterculia gum-alginate microparticles with glu-
taraldehyde, an acetal structure had been formed between the –CHO groups of
glutaraldehyde and –OH groups of sodium alginate and sterculia gum to form an
IPN structure. The schematic presentation of proposed interactions to form an IPN
structure between sterculia gum and sodium alginate is presented in Scheme 2.

The drug encapsulation efficiency in these IPN microparticles of sterculia gum–

sodium alginate blends containing repaglinide was measured as, 81.10–91.70 %
and it was found to decrease with the decrease of sodium alginate concentration.
The drug encapsulation efficiency of the microparticles prepared by Al3+

ion-induced cross-linking was found to be higher than the microparticles prepared
by Ba2+ ion-induced cross-linking, which in turn was comparatively higher than the
microparticles prepared by Ca2+ ion-induced cross-linking. In case of the Ca2+ ion
cross-linked microparticles, the polymeric network might loose with the larger
pores that may result in leakage of entrapped drug molecules into the external
medium from the polymeric matrix during the preparation of microparticles, which
may lead to lower drug encapsulation efficiency. In case of the Al3+ ion cross-linked
microparticles, the polymeric network should be rigid due to faster cross-linking
rate and the presence of extra positive charge compared to other divalent metal ions
(each Al3+ ion is able to bind extra caroxylate ions of the alginate backbone than
other divalent metal ions) [96]. These phenomenons might lead to higher drug
encapsulation efficiency of the Al3+ ion cross-linked microparticles. The drug
encapsulation efficiency of these sterculia gum-alginate microparticles containing
repaglinide prepared by dual cross-linking (i.e., sequential ionotropic and covalent
cross-linking) was found higher than the microparticles prepared by ionotropic
cross-linking. This event might be explained by the formation of stiffer matrix that
could reduce the leakage of the entrapped drug molecules from the sterculia
gum-alginate IPN matrix investigated in this work. The average size of these
microparticles was measured as 19.75–61.52 μm. The size of these microparticles
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was found to be increased as the sodium alginate concentration was increased. The
microparticle size was also found dependent upon the type of the ionotropic
cross-linking agents. AlCl3 produced smaller microparticles than BaCl2, which in
turn produced smaller microparticles than CaCl2. At the time of cross-linking of
sterculia gum-alginate polymer blends, the polymeric network might have under-
gone the syneresis, which might form smaller microparticles at higher cross-linking
densities. When ionotropically cross-linked and dual cross-linked sterculia
gum-alginate microparticles were compared, comparative smaller microparticles of
sterculia gum-alginate blends containing repaglinide was experienced in case of
dual cross-linking. This might be due to rapid shrinking of the polymeric matrix

Scheme 2 Schematic
presentation of proposed
interactions to form an IPN
structure between sterculia
gum and sodium alginate
[62]. Copyright © 2014
with permission from
Elsevier B.V.
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through the formation of covalent cross-links between the sterculia gum and algi-
nate chains resulting in rigid IPN network.

SEM analyses of the sterculia gum-alginate IPN micoparticles containing
repaglinide revealed smooth surface. FTIR spectroscopy and thermogravimetric
(TG) analyses confirmed the formation of IPN structure between sterculia gum and
alginate chains in these IPN micoparticles containing repaglinide. Differential
scanning calorimetry (DSC) and X-ray diffraction (XRD) suggested the occurrence
of uniform and amorphous dispersion of drug in the sterculia gum-alginate IPN
matrix.

The in vitro drug release from these IPN microparticles was evaluated in 0.1 N
HCl (pH 1.2) for 2 h and in phosphate buffer (pH 1.2) for the next hours. The results
indicated that the drug release from these IPN microparticles was sustained over
24 h (Fig. 5). The drug release was found slower from Al3+ ion cross-linked
microparticles as compared to Ba2+ ion cross-linked microparticles, which in turn
was slower than that of Ca2+ ion cross-linked microparticles. The glutaraldehyde
treatment of ionotropic cross-linked sterculia gum-alginate blends microparticles
produced further slower profile of drug release. The drug release was found slower
as the sodium alginate concentration was increased in these microparticles. The
ionotropically cross-linked microparticles discharged encapsulated drug quickly;
while the dual cross-linked IPN microparticles showed an extended in vitro drug

Fig. 5 In vitro drug release from sterculia gum-alginate IPN microparticles evaluated in 0.1 N
HCl (pH 1.2) for 2 h and in phosphate buffer (pH 1.2) for next hours [Key: KA1, KA2, and KA3
were Ca2+ ion cross-linked microparticles; KA4 was Ba2+ ion cross-linked microparticle; KA5 was
Al3+ ion cross-linked microparticle; KA6 was dual cross-linked IPN microparticle (sequential
ionotropic cross-linking by Ca2+ ions and covalent cross-linking); KA7 was dual cross-linked IPN
microparticle (sequential ionotropic cross-linking by Ba2+ ions and covalent cross-linking); KA8
was dual cross-linked IPN microparticle (sequential ionotropic cross-linking by Al3+ ions and
covalent cross-linking)] [62]. Copyright © 2014 with permission from Elsevier B.V.
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release for prolonged period. The in vitro drug release from sterculia gum-alginate
IPN microparticles containing repaglinide was found to follow the non-Fickian
transport mechanism.

The in vivo antidiabetic activity of sterculia gum-alginate IPN microparticles
containing repaglinide was performed in streptozotocin-induced diabetic rats. The
results showed that the pristine repaglinide produced a sudden reduction in blood
glucose level in streptozotocin-induced diabetic rats up to 3 h and afterward, the
blood glucose level was recovered. In case of the diabetic rats treated with sterculia
gum-alginate IPN microparticles containing repaglinide, the percentage reduction
of glucose level was slower as compared to pristine repaglinide within 3 h, but, it
was increased gradually to 81.27 % up to 24 h. This indicated the slower drug
release from these sterculia gum-alginate IPN microparticles containing repaglinide
over a longer period (Fig. 6). Therefore, the developed sterculia gum-alginate IPN
microparticles containing repaglinide was found useful to release repaglinide in a
sustained manner for the effective treatment of diabetes mellitus.

5 Oil-Entrapped Sterculia Gum-Alginate Buoyant
Systems for Gastroretentive Drug Delivery

Guru et al. [81] have developed and optimized oil-entrapped buoyant beads made of
sterculia gum–sodium alginate blends for gastroretentive delivery of a NSAID
(nonsteroidal anti-inflammatory drug), aceclofenac by ionotropic emulsion–gelation
technique using CaCl2 as ionotropic cross-linker. A 32-factorial design-based
computer-aided optimization technique was employed for the formulation

Fig. 6 Percentage reduction of blood glucose in streptozotocin-induced diabetic rats treated with
pristine repaglinide and repaglinide-loaded KA8 IPN microparticles (dual cross-linked IPN
microparticles by sequential ionotropic cross-linking by Al3+ ions and covalent cross-linking) [62].
Copyright © 2014 with permission from Elsevier B.V.
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optimization of oil-entrapped buoyant beads containing aceclofenac. Through this
32-factorial design, the effects of process variables like polymer-to-drug ratio by
weight and sodium alginate-to-sterculia gum ratio by weight on the drug entrapment
and drug release of these oil-entrapped buoyant beads containing aceclofenac were
analyzed. From the 32-factorial design-based optimization process, optimized for-
mula of these oil-entrapped buoyant beads was obtained through numerical opti-
mization, where polymer-to-drug ratio by weight and sodium alginate-to-sterculia
gum ratio by weight were considered as 4.99 and 2.17, respectively. The drug
entrapment efficiency of these oil-entrapped beads ranged from 63.28 ± 0.55 to
90.92 ± 2.34%, while the optimized oil-entrapped beads showed the drug entrapment
efficiency of 83.73 ± 0.81 %. The drug entrapment efficiency of these beads was
found increased with decreasing sodium alginate-to-sterculia gum ratio and
increasing polymer-to-drug ratio. Actually, the decrease in sodium alginate-to-
sterculia gum ratio in the preparation of these oil-entrapped beads might produce an
increase in viscosity of the polymeric solution by increasing addition of sterculia gum
amount in the polymer blend solutions, so that this might have prevented leaching of
the drug molecules to the cross-linking solutions, which may increase the drug
entrapment efficiency in these beads. Increase in polymer-to-drug ratio in these
oil-entrapped buoyant beads might produce entanglements of higher drug amounts
inside the intricate cross-linked sterculia gum-alginate gel network, which may
facilitate the increase of drug entrapment efficiency. The average bead sizes of these
beads ranged from 1.32 ± 0.04 to 1.72 ± 0.12 % mm. The average size of the
optimized beads was measured as 1.62 ± 0.08 mm. The densities of these
oil-entrapped beads were measured less than the density of simulated gastric fluid
(pH 1.2), imparting buoyancy. These oil-entrapped beads were also found to float
within 6 min after being placed in simulated gastric fluid (pH 1.2) and exhibited
buoyancy over 7 h, in vitro. The entrapment of liquid paraffin as low-density oil by
these sterculia gum-alginate beads was responsible for imparting low density as well
as buoyancy of these oil-entrapped beads containing aceclofenac.

SEM image of the optimized oil-entrapped sterculia gum-alginate buoyant beads
containing aceclofenac showed a rough surface with small pores or channels
(Fig. 7). The surface had an ‘orange peel’ appearance with corrugations. FTIR
spectroscopy analyses confirmed the compatibility of the aceclofenac with sodium
alginate and sterculia gum, which were used to prepare optimized oil-entrapped
sterculia gum-alginate buoyant beads containing aceclofenac. XRD results sug-
gested the crystalline nature of aceclofenac in the pure drug sample and the crys-
talline nature of aceclofenac was found to decrease significantly in the optimized
oil-entrapped sterculia gum-alginate beads containing aceclofenac. This could be
due to the effect of polymers used or the formulation process employed.

In vitro drug release from these oil-entrapped sterculia gum-alginate buoyant
beads containing aceclofenac in simulated gastric fluid (pH 1.2) was studied and the
results showed prolonged sustained release of aceclofenac over 7 h (Fig. 8). An
increase in aceclofenac release from these beads was observed with the increase of
polymer-to-drug ratio. The slower drug release was also observed with the incre-
ment of liquid paraffin entrapment in these beads and this can be explained as the
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most of the drugs remained saturated and dispersed in the oil pockets of the beads to
form a drug–oil dispersed matrix. Actually, two steps of drug dissolution from these
oil-entrapped beads may occur. First, the drug may diffuse out of the oil pockets
into calcium alginate matrix and second, it may diffuse out of the calcium alginate
matrix into the dissolution medium. The in vitro drug release from these
oil-entrapped beads followed the Koresmeyer–Peppas model over a period of 7 h

Fig. 7 SEM image of optimized oil-entrapped sterculia gum-alginate buoyant beads containing
aceclofenac at magnification of ×700 [81]. Copyright © 2012 with permission from Elsevier B.V.

Fig. 8 In vitro drug release profile of oil-entrapped sterculia gum-alginate buoyant beads
containing aceclofenac in simulated gastric fluid (pH 1.2) [81]. Copyright © 2012 with permission
from Elsevier B.V.
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and the anolomous (non-Fickian) drug release mechanism, indicating both
diffusion-controlled and swelling-controlled drug release. Therefore, the
oil-entrapped sterculia gum-alginate buoyant beads containing aceclofenac were
combined of excellent drug entrapment efficiency, good buoyant ability with a
minimum lag time and suitable drug release pattern over a longer period, which
should be effective for gastroretentive drug delivery. In addition, the antiulcer
activity of sterculia gum and alginate might be beneficial for such a formulation
loaded with a NSAID like aceclofenac, which often can produce ulceration as a
result of prolonged use.

6 Alginate-Sterculia Gum Gel-Coated Oil-Entrapped
Alginate Buoyant Systems for Gastroretentive Drug
Delivery

In an investigation, Bera et al. [61] have employed Ca2+ ion cross-linked
alginate-sterculia gum gel coating onto olive oil-entrapped alginate beads con-
taining risperidone to improve gastroretention through a combination mechanism of
floatation and mucoadhesion. In this work, researcher have placed optimized
oil-entrapped alginate beads containing risperidone in 1.0 % w/w alginate-sterculia
gum (1:1) aqueous dispersion and subsequently introduced into 5 % w/v CaCl2
solution for 10 min to harden. Then, these coated beads were washed with distilled
water and dried overnight at room temperature. These alginate-sterculia gum
gel-coated oil-entrapped alginate beads containing risperidone possessed drug
entrapment efficiency of 81.63 ± 1.54 %, mean diameter of 2.49 ± 0.12 mm, and
density of 0.66 ± 0.15 g/cm3.

SEM analyses of the alginate-sterculia gum gel-coated oil-entrapped alginate
beads containing risperidone revealed spherical shape with smooth surface relative to
optimized uncoated oil-entrapped alginate beads containing risperidone (Fig. 9a, b).
The coated membrane could reduce the number of cracks and pores on the outer
surface of the beads. The SEM view of the cross section of the coated beads showed
a sponge-like structure, in which oil was entrapped (Fig. 9c, d). In addition, it showed
that a thin-film membrane deposited onto the surface of the oil-entrapped beads as
coating.

The alginate-sterculia gum gel-coated oil-entrapped alginate beads containing
risperidone exhibited sustained in vitro drug release in simulated gastric fluid (pH
1.2) over 8 h of the in vitro dissolution, which was found much slower than the
uncoated oil-entrapped alginate beads containing risperidone. The coating mem-
brane might act as a barrier to retard risperidone release from the coated beads.
Moreover, the coating could block the surface pores of the uncoated beads, which
could lead to reduced water penetration and slower drug release rate. In addition,
these coated beads followed the Koresmeyer–Peppas model kinetics and the
Fickian diffusion mechanism during in vitro drug release. These alginate-sterculia
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gum gel-coated oil-entrapped alginate beads showed improved swelling, buoyancy
with minimum lag time, and good mucoadhesion as compared to that of uncoated
beads containing risperidone.

7 Pectinate–Sterculia Gum Interpenetrating Polymer
Network (IPN) Beads for Gastroretentive Drug Delivery

In recent years, extensive research efforts have been paid to develop pectinate-based
hydrogel beads for oral drug delivery due to its high biodegradability, excel-
lent biocompatibility and acid stability [105–107]. Pectin is a plant-derived

Fig. 9 SEM images of the surface of the uncoated oil-entrapped alginate beads containing
risperidone (a), alginate-sterculia gum gel-coated oil-entrapped alginate beads containing
risperidone (b), cross-sectional view of the coated beads with less magnification of ×65 (c) and
high magnification of ×650 (d) [61]. Copyright © 2014 with permission from Elsevier Ltd.
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polysaccharide, which consists of linearly connected α-(1-4)-D-galacturonic acid
regularly interspersed with α-(1-2) linked α-L-rhamnopyranose residues [108, 109].
Low methoxy pectin is able to cross-link inotropically with various divalent metal
cations like Ca2+, Zn2+, etc., to produce rigid hydrogel beads, which has been
intensively exploited as drug delivery carriers [22, 110]. The high aqueous solu-
bility and swelling of these ionotropically cross-linked pectinate hydrogel beads led
to poor encapsulation efficiency of low molecular drugs and also premature release
of the entrapped drug molecules [10, 22]. Previous researches have already revealed
that the blending of low methoxy pectin with other second biocompatible polymers
is an effective approach to diminish the above-discussed drawbacks of ionotropi-
cally cross-linked pectinate gel beads as oral drug delivery carriers [10, 22, 109–
111]. Based on this approach, novel dual cross-linked IPN beads made of pecti-
nate–sterculia gum were developed for intragastric delivery of an atypical
antipsychotic drug, ziprasidone HCl [84].

The IPN beads made of low methoxy pectin–sterculia gum blends containing
ziprasidone HCl were accomplished by simultaneous ionotropic gelation by zinc
acetate and covalent cross-linking by glutaraldehyde. In this work, the effects of
low methoxy pectin and sterculia gum amounts on the drug encapsulation and drug
release were studied to optimize the formulation of the floating mucoadhesive IPN
beads containing ziprasidone HCl using 32-factorial design. In fact, Zn2+ ions
(having a lower coordination number) could induce strong noncovalent associations
(viz., hydrogen bonding and hydrophobic interactions) between the carbohydrate
chains of the pectinate gel network [105]. Also, the ionotropic interactions between
the homogalacturonic segments, galacturonic acid, or glucurunic acid residues of
sterculia gum molecules and divalent ions could form intermolecular zones like
‘Egg-box model’. Thus, sterculia gum could be associated with the ionotropic
gelation process [75]. The hydrogen bonding and the electrostatic interactions
between both low methoxy pectin and sterculia gum chains might also play a
crucial role in the formation of hydrogel beads. Moreover, the –CHO groups of
glutaraldehyde reacted with the –OH groups of the polysaccharides to create an
acetal linkage leading to formation of IPN structure between low methoxy pectin
and sterculia gum. The optimized IPN beads made of low methoxy pectinate–
sterculia gum blends containing ziprasidone HCl displayed good drug encapsula-
tion efficiency of 87.98 ± 1.15 % and mean diameter of 2.17 ± 0.13 mm.

SEM analyses of these optimized IPN beads of ziprasodone HCl revealed a
spherical-shaped structure with characteristic large wrinkles and cracks on the bead
surface (Fig. 10). The rough surface of the bead contained channels and small
pores, which could be possibly formed as a result of the migration of the water
molecules during the drying process and subsequent shrinkage of the polymer
networks. The SEM image of surface of the IPN beads did not reveal the presence
of drug crystals on the bead surface, indicating that the drug was in finely dispersed
state in the polymeric matrix after formulation. In addition, some polymeric debris
was seen on the bead surface, which could be due to the method of preparation (i.e.,
simultaneous gel bead formation and the formation of the polymeric matrix) [23].
FTIR analyses confirmed the absence of drug–excipients incompatibility and
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formation of IPN structure between low methoxy pectin and sterculia gum in the
optimized IPN beads. DSC and XRD analyses revealed the physical state of the
encapsulated drug (i.e., ziprasidone HCl) within the IPN matrix.

All these pectinate–sterculia gum IPN beads exhibited in vitro sustained
ziprasidone HCl release over 8 h in simulated gastric fluid (pH 1.2) (Fig. 11). The
delayed release of drug could probably due to reduced free volume spaces of

Fig. 10 SEM images of optimized pectinate–sterculia gum IPN beads containing ziprasidone HCl
(F-O) showing rough surface magnification of ×75 (a) and presence of pores and channels at high
magnification of ×900 (b) [84]. Copyright © 2015 with permission from Elsevier Ltd.

Fig. 11 In vitro drug release profiles of pectinate–sterculia gum IPN beads containing ziprasidone
HCl in simulated gastric fluid (pH 1.2) [84]. Copyright © 2015 with permission from Elsevier Ltd.
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glutaraldehyde-treated IPN matrices, which could restrict the drug diffusion from
the IPN network [62]. In most of the cases, the drug release behavior obeyed the
Higuchi kinetics with the anolomous transport or non-Fickian release mechanism.
The swelling profiles of all the IPN beads in simulated gastric fluid (pH 1.2)
demonstrated that the beads swelled to a lesser extent with gradual increments up to
6 h. The optimized IPN beads also exhibited excellent buoyancy with floating lag
time of <2 min and percentage buoyancy at 8 h of 63 % (Fig. 12). It also showed
good mucoadhesivity with the goat gastric mucosa (Fig. 12).

8 Sterculia Gum Cross-Linked Polyacrylamide [Poly
(AAm)] Hydrogel for Use in Antiulcer Drug Delivery

Sigh and Sharma [112] have synthesized cross-linked hydrogels of sterculia gum
and acrlamide (AAm), sterculia gum-cl-poly(AAm) hydrogels for an antiulcer drug
(ranitidine HCl) delivery using N,N′-methylene bisacrylamide (N,N′-MBAAm) as
cross-linker and ammonium persulfate (APS) as initiator. The optimum reaction
parameters were evaluated for the synthesis of sterculia gum-cl-poly(AAm)
hydrogels through performing the preliminary trials by varying AAm concentration,
APS concentration, N,N′-MBAAm concentration, and sterculia gum amount on the
basis of swelling of the synthesized hydrogels in distilled water after 24 h of
swelling, shape and structural integrity were maintained by the hydrogels during
swelling. After performing the preliminary trials, the optimum reaction condition

Fig. 12 The percentage buoyancy (a) and percentage mucoadhesion (b) of the pectinate–sterculia
gum IPN beads containing ziprasidone HCl at 8 h in simulated gastric fluid (pH 1.2) [84].
Copyright © 2015 with permission from Elsevier Ltd.
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for the synthesis of sterculia gum-cl-poly(AAm) was considered as AAm concen-
tration = 1.125 mol/l, APS concentration = 13.158 mmol/l, sterculia gum
amount = 0.8 g, and N,N′-MBAAm concentration = 6.486 mmol/l.

SEM analyses indicated smooth and homogeneous morphology of sterculia
gum; whereas structural heterogeneity was evidenced in case of the synthesized
sterculia gum-cl-poly(AAm) hydrogel (Fig. 13). FTIR analyses suggested the
cross-linking between sterculia gum and AAm to form sterculia gum-cl-poly(AAm)
hydrogel.

The swelling of these synthesized sterculia gum-cl-poly(AAm) hydrogels was
studied as a function of AAm concentration, APS concentration, N,N′-MBAAm
concentration, and sterculia gum amount, pH and [NaCl] of the swelling mediums.
The swelling of these sterculia gum-cl-poly(AAm) hydrogels decreased with

Fig. 13 SEM images
showing the surface
morphologies of sterculia
gum (a) and sterculia
gum-cl-poly(AAm) hydrogel
(b) [112]. Copyright © 2008
with permission from
Elsevier Ltd.
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increment of monomer (i.e., AAm) concentration in the polymeric hydrogel matrix.
At the AAm concentration of 1.125 mol/l, maximum water uptake was seen after
24 h of swelling and the formed cross-linked hydrogels maintained a cylindrical
shape. It was also seen that the hydrogels prepared with different monomer con-
centrations followed the Fickian diffusion mechanism. The swelling of these syn-
thesized sterculia gum-cl-poly(AAm) hydrogels was decreased with the increase of
APS (initiator) concentration used during synthesis. This could be due to the fact
that higher concentration of initiator has started the formation of the number of the
polymeric chains, which decreased the chain length and affected the network for-
mation. It was observed that these cross-linked hydrogels prepared by different
concentrations of initiators followed the non-Fickian diffusion mechanism. The
swelling of the synthesized sterculia gum-cl-poly(AAm) hydrogels was found to be
increased with the increment of sterculia gum amount in the composition of
hydrogel matrix. This could be higher degree of hydration of the hydrophilic
sterculia gum with its increasing amount during synthesis of sterculia gum-cl-poly
(AAm) hydrogels. The increasing amount of sterculia gum in these hydrogels might
increase the number of intimate contacts between sterculia gum particles and water
leading to higher degree of swelling. The diffusion of water from these cross-linked
hydrogels prepared with different amounts of sterculia gum followed the Fickian
diffusion mechanism. The swelling of synthesized cross-linked sterculia gum-based
hydrogels was found decreased with the increment of the N,N′-MBAAm
(cross-linker) concentration during synthesis. This could be due to the reason that
with the increment of cross-linker during synthesis, cross-linking density increases
and this may lead to decrease in the size of the pores in the cross-linked hydrogel
matrix and thereafter, to decrease in the swelling of the cross-linked matrix. The
diffusion of the water from these sterculia gum-based hydrogels prepared with
different concentrations of cross-linkers followed the non-Fickian diffusion mech-
anism. The swelling of the optimized cross-linked sterculia gum-cl-poly(AAm)
hydrogels in different pH mediums indicated increase of swelling with the incre-
ment of the pH of swelling mediums. At the lower pH, the –CONH2 groups are
unable to ionize and maintain the hydrogel network at its collapse state. At the
higher pH, the –CONH2 groups get partially ionized and the charged –COO–

groups repel each other and cause more swelling of the hydrogel. Moreover, the
swelling of these optimized cross-linked sterculia gum-based hydrogels in 0.9 %
NaCl was observed lesser than that in distilled water. The Fickian diffusion
mechanism was observed in case of the all swelling mediums investigated in
this study.

The loading of an antiulcer drug onto the optimized cross-linked sterculia gum-
cl-poly(AAm) hydrogel was carried out by swelling equilibrium method. The
in vitro release profile of ranitidine HCl from these hydrogel was studied in distilled
water, pH 2.2 and pH 7.4 buffers. The amount of drug released from per gram of the
cross-linked hydrogel was higher in pH 2.2 buffer as compared to drug release in
pH 7.4 buffer and distilled water (Figs. 14 and 15). The drug release trends were not
corresponding to the swelling pattern of the newly synthesized hydrogel, where
swelling was observed higher in distilled water and pH 7.4 buffer. This may be
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because of more solubility of ranitidine HCl in pH 2.2 buffer. The drug (ranitidine
HCl) release from these drug-loaded optimized cross-linked sterculia gum-cl-poly
(AAm) hydrogel followed the Fickian diffusion mechanism in distilled water and
pH 2.2 buffer, and the non-Fickian diffusion mechanism in pH 7.4 buffer. Thus, the
synthesized sterculia gum-cl-poly(AAm) hydrogel exhibited suitability as carrier
for sustained delivery of antiulcer drug.

Fig. 14 Release profile of
drug (ranitidine HCl) release
from these drug-loaded
sterculia gum-cl-poly(AAm)
hydrogel in different mediums
at 37 °C [112]. Copyright
© 2008 with permission
from Elsevier Ltd.

Fig. 15 Percentage of the
total release of drug
(ranitidine HCl) release from
these drug-loaded sterculia
gum-cl-poly(AAm) hydrogel
in different mediums at 37 °C
[112]. Copyright © 2008
with permission from
Elsevier Ltd.

128 A.K. Nayak and D. Pal



9 Sterculia Gum Cross-Linked Polymethacrylate [Poly
(MAAc)] Hydrogel for Use in Antiulcer Drug Delivery

In an investigation, modification of sterculia gum with methacrylic acid (MAAc)
was carried out to synthesize sterculia gum-cl-poly(MAAc) hydrogels using N,N′-
MBAAm as cross-linker and APS as initiator for the use in drug delivery [86]. After
performing the preliminary trials, the optimum reaction condition for the synthesis
of sterculia gum-cl-poly(MAAc) hydrogels were selected as MAAc concentra-
tion = 1.179 mol/l, APS concentration = 21.930 mmol/l, sterculia gum
amount = 0.6 g, and N,N′-MBAAm concentration = 6.486 mmol/l on the basis of
swelling after 24 h in distilled water, shape and structural integrity were maintained
by the synthesized hydrogels after swelling.

The SEM photograph of the morphology of sterculia gum-cl-poly(MAAc)
hydrogel showed structural heterogeneity (Fig. 16). Similar type of morphology
was seen in case of another cross-linked sterculia gum-based hydrogel, sterculia
gum-cl-poly(AAm) hydrogel. FTIR analyses supported the cross-linking between
sterculia gum and MAAc within the synthesized sterculia gum-cl-poly(MAAc)
hydrogel.

The swelling of these synthesized sterculia gum-cl-poly(MAAc) hydrogels was
evaluated as a function of MAAc concentration, APS concentration, N,N′-MBAAm
concentration, and sterculia gum amount, pH and [NaCl] of the swelling mediums.
With the increment of monomer (MAAc) concentration or during the synthesis, a
decrease in the swelling of the sterculia gum-cl-poly(MAAc) hydrogels was
experienced. The swelling of these hydrogels with different concentrations of

Fig. 16 SEM image showing
the surface morphology of
sterculia gum-cl-poly(MAAc)
hydrogel [86]. Copyright
© 2008 with permission
from Elsevier B.V.

Sterculia Gum-Based Hydrogels for Drug Delivery Applications 129



MAAc was followed by the Fickian diffusion mechanism. The swelling of these
hydrogels increased with the increase in the concentration of the initiator
(APS) used in the hydrogel synthesis. The diffusion of the water molecules from
these hydrogels prepared with different concentrations of APS as initiator occurred
through the non-Fickian diffusion mechanism. The swelling of the hydrogels was
also found to increase with time and with the increase in sterculia gum amounts in
the composition of the hydrogel matrix up to 0.6 g of sterculia gum amount and
after that, the swelling of these hydrogels was found to be increased. This might
occur due to the fact of higher degree of sterculia gum hydration with increased
number of intimate contacts between the sterculia gum particles and water. This
might lead to higher rate of swelling of the polymeric matrix. The diffusion of water
from the hydrogel matrix prepared with different amounts of sterculia gum was
found to follow the non-Fickian diffusion mechanism. The swelling of the syn-
thesized hydrogels was decreased with the increase in concentration of the
cross-linker (N,N′-MBAAm) used in the synthesis of hydrogels. This might occur
due to the fact that with the increase in the concentration of the cross-linker,
cross-linking density increases, which decreases the pore size in the cross-linked
matrix and thereafter decreases the swelling of the polymeric matrix. The
non-Fickian diffusion mechanism was followed for the diffusion of water from
these hydrogels. The hydrogels synthesized using optimum reaction conditions
were studied for the effect of swelling mediums on the swelling of these hydrogels.
The swelling of these hydrogels were also evaluated in distilled water, pH 2.2
buffer, and pH 7.4 buffer for 24 h. It was experienced from this study that the
swelling of these hydrogels was increased with the increase in the pH of the
swelling mediums after 24 h. A similar result was also seen in case of the sterculia
gum-cl-Poly (AAm) hydrogels [112]. The non-Fickian diffusion mechanism was
found to follow for the diffusion of the water from these hydrogels, in distilled
water, pH 2.2 and pH 7.4 buffers. To study the effect of salt concentration, the
swelling of the sterculia gum-cl-poly(MAAc) hydrogels was evaluated in 0.9 %
NaCl solution at 37 °C and the results of it exhibited lesser swelling as compared to
the distilled water. In 0.9 % NaCl solution, the Fickian diffusion mechanism was
observed for the diffusion of water from these hydrogel matrices.

For the loading of an antiulcer drug, ranitidine HCl within these optimized
cross-linked sterculia gum-cl-poly(MAAc) hydrogel was carried out by swelling
equilibrium method. The ranitidine HCl-loaded hydrogel was evaluated for in vitro
drug release dynamics in distilled water, pH 2.2 and pH 7.4 buffers. The results of
the in vitro drug release from these drug-loaded hydrogel exhibited higher amount
of drug release in pH 7.4 buffer and distilled water, which was not corresponding to
the results of swelling of these hydrogel (Figs. 17 and 18). Similar type of
occurrence was seen in case of sterculia gum-cl-poly(AAm) hydrogel [112], and
this can be explained on the basis of high solubility of ranitidine HCl in pH 2.2
buffer. The drug release from these hydrogels was found to follow non-Fickian
diffusion mechanism in all the release mediums (distilled water, pH 2.2 and pH 7.4

130 A.K. Nayak and D. Pal



buffers) used in the study of drug release dynamics of drug-loaded sterculia gum-cl-
poly(AAm) hydrogel. Hence, synthesized sterculia gum-cl-poly(MAAc) hydrogel
exhibited efficacy as carrier for the effective delivery of antiulcer drug.

10 Sterculia Gum Cross-Linked Poly (N-Vinylpyrrolidone)
[Poly(NVP)] Hydrogel for Use in Antidiarrhoeal Drug
Delivery

In view of the antidiarrhoeal property of the sterculia gum and the antimicrobial
property of NVP, a novel sterculia gum-cl-poly(NVP) hydrogel was developed
through the functionalization of sterculia gum with NVP for the use in the treatment

Fig. 17 Release profile of
drug (ranitidine HCl) release
from these drug-loaded
sterculia gum-cl-poly(MAAc)
hydrogel in different mediums
at 37 °C [86]. Copyright
© 2008 with permission
from Elsevier B.V.

Fig. 18 Percentage of the
total release of drug
(ranitidine HCl) release from
these drug-loaded optimized
cross-linked sterculia
gum-cl-poly(MAAc)
hydrogel in different mediums
at 37 °C [86]. Copyright
© 2008 with permission
from Elsevier B.V.
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of diarrhea [63]. These sterculia gum-cl-poly(NVP) hydrogels were synthesized by
free radical graft copolymerization of NVP onto sterculia gum using N,N′-MBAAm
as cross-linker and APS as reaction initiator. The optimum reaction parameters for
the synthesis of sterculia gum-cl-poly(NVP) hydrogels were searched by varying
amounts of sterculia gum, concentrations of NVP, APS, and N,N′-MBAAm on the
basis of swelling of these novel hydrogels in distilled water, shape, and structural
integrity after 24 h of swelling. The optimization reaction parameters for the syn-
thesis of optimized cross-linked sterculia gum-cl-poly(NVP) hydrogel were
obtained from the preliminary trial as 0.375 mol/l of NVP, 21.930 mmol/l of APS,
1.0 g of sterculia gum, and 19.459 mmol/lof N,N′-MBAAm.

SEM image of optimized cross-linked sterculia gum-cl-poly(NVP) hydrogel
exhibited the structural homogeneity. FTIR analyses and TG analyses suggested the
cross-linking between sterculia gum and NVP in this novel hydrogel.

The swelling of synthesized sterculia gum-cl-poly(NVP) hydrogels first
increased with the increasing of NVP concentration up to 0.563 mol/l and then
decreased. These trends can be explained on the reason that after forming the pore
of optimum size, further increase in the monomer concentration led to decrease in
pore size and increase in the network density of the hydrogels. Swelling of these
hydrogels prepared with different concentrations of NVP occurred through the
non-Fickian diffusion mechanism. The swelling of these hydrogels was increased as
the concentration of APS increased up to 13.158 mmol/l and after that swelling
decreased. The swelling of these hydrogels prepared with varying concentrations of
APS also occurred through the non-Fickian diffusion mechanism. Swelling was also
found to increase with the increment of sterculia gum amount as composition of
these hydrogels during synthesis. The non-Fickian diffusion mechanism occurred
for the swelling of these hydrogels prepared with varying amounts of sterculia gum.
Decrease in swelling of these hydrogels was observed with the increase of
cross-linker concentrations during synthesis. This might be due to decrease in pore
size and polymer chain flexibility. The swelling of these hydrogels occurred
through the non-Fickian diffusion mechanism, when the cross-linker concentrations
were varied during the synthesis. The swelling of the optimized hydrogel was much
higher in distilled water than that in pH 2.2 and pH 7.4 buffers. This might be due to
the nonionic nature of NVP. Swelling of the optimized hydrogel occurred through
the Fickian diffusion mechanism in pH 2.2 and pH 7.4 buffers; while it exhibited
the non-Fickian diffusion mechanism in distilled water. Swelling of the optimized
hydrogel in 0.9 % NaCl solution was observed lesser than that in distilled water and
it followed the Fickian diffusion mechanism.

The optimized sterculia gum-cl-poly(NVP) hydrogel was loaded with an
antidiarrhoeal drug, ornidazole and the drug loading into the optimized cross-linked
hydrogel was carried out by swelling equilibrium method. The in vitro drug release
from the drug-loaded hydrogel showed higher amount of drug release in pH 2.2
buffer than that in distilled water and pH 7.4 buffer (Fig. 19). The diffusion of the
drug release from these hydrogel followed the Fickian diffusion mechanism in all
cases. Thus, the optimized sterculia gum-cl-poly(NVP) hydrogel was found effec-
tive for the sustained release of antidiarrhoeal drug. In addition with the
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antidiarrhoeal property, sterculia gum has bulk laxative action [72]. This may
produce a decrease in the fluidity of the existing bowel contents and increase in
fecal bulk. Sterculia gum also has the capacity to absorb water and it is transferred
to a gelatinous state at a higher level. Thus, it is transported more rapidly through
the intestinal tract and also, it increases the volume of the stool. This also softens
the stool and stimulates the intestinal motility. Therefore, sterculia gum-cl-poly
(NVP) hydrogel can be used for double potential antidiarrhoeal drug delivery,
which is due to therapeutic importance of sterculia gum as an antidiarrhoeal ther-
apeutic importance of sterculia gum and the loaded antidiarrhoeal drug (ornidazole).

11 Sterculia Gum Cross-Linked Polyvinyl Alcohol
(PVA) Hydrogel Membrane as Wound Dressings
for Delivery of Antimicrobial Drug

In an investigation, modification of sterculia gum with PVA to develop novel
wound dressings of sterculia gum-cl-PVA hydrogel for the delivery of an antimi-
crobial agent (tetracycline HCl) was investigated in view of the gel-forming nature
and antimicrobial activity of sterculia gum [113]. The optimum reaction parameters
for the synthesis of sterculia gum-cl-PVA hydrogel were searched on the basis of
swelling by varying the content of glutaraldehyde as cross-linker and di-n-
butylphthalate (DBP) as plasticizer, and concentration of sterculia gum solution and
PVA solution. After performing the preliminary trial, the optimum reaction
parameters were chosen for the synthesis of optimized cross-linked sterculia gum-
cl-PVA hydrogel as 3 ml of glutaraldehyde, 3 ml of 2.5 % sterculia gum solution,
0.1 ml of DBP, 5 ml of 5 % PVA solution. FTIR analyses supported the formation
of cross-linking between sterculia gum and PVA within the sterculia gum-cl-PVA
hydrogel matrix.

Fig. 19 Release profile of
antidiarrhoeal drug
(ornidazole) release from
these drug-loaded sterculia
gum-cl-poly(NVP) hydrogel
in different mediums at 37 °C
[63]. Copyright © 2010
with permission from
Elsevier B.V.
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The swelling of these sterculia gum-cl-PVA hydrogel was found increased with
the increase of glutaraldehyde content as cross-linker during synthesis. This might be
due to the fact that increasing in glutaraldehyde content in the formula of hydrogel
membrane can increase the cross-linking between the polymeric chains. This
increases the retractive force in the polymeric hydrogel network. The swelling of
these hydrogel matrices prepared by varying amounts of glutaraldehyde in the syn-
thesis followed the non-Fickian diffusion mechanism. The amount of DBP used in the
synthesis affected the swelling of these hydrogel matrices and the trends showed that
the swelling of the hydrogel matrices decreased with the increase in the DBP contents
as plasticizer in the sterculia gum-cl-PVA hydrogel formula. This could be due to the
fact that plasticization occurs when plasticizer molecules interact with the polar
groups of the polymers and replace the polymer/polymer interactions with the
plasticizer/polymer interactions. This occurs the shielding of the polymeric chains
from interacting with each other and with water molecules. On the other hand, the
nonpolar groups present in the plasticizers also may contribute in the reduction of
same interactions in the polymeric chains [114]. The non-Fickian diffusion mecha-
nism was evidenced in case of the swelling of all these hydrogel matrices prepared by
varying amounts of DBP as plasticizer. The swelling of the sterculia gum-cl-PVA
hydrogel matrices increased with the increment of PVA amount in the hydrogel
matrices and this might be due to the hydrophilic property of PVA. So, the increase in
PVA amounts in these hydrogel matrices increased the hydrophilicity, which
increased the water uptake to swell. The swelling of these hydrogel matrices followed
non-Fickian diffusion mechanism when the varying amount of PVA was used in the
synthesis of hydrogel matrices. The swelling of the sterculia gum-cl-PVA hydrogel
matrices also found to be increased with the increase in the sterculia gum amounts in
the hydrogel formula. This is probably due to the increase in hydration with the
increment of hydrophilic gum in these hydrogel matrices. The non-Fickian diffusion
mechanism was observed in case of these hydrogels prepared by varying amounts of
sterculia gum. In addition, the swelling of the sterculia gum-cl-PVA hydrogel matrix
prepared using optimum reaction parameter was observed to increase with the
increment of time, when it was evaluated in distilled water, pH 2.2 and pH 7.4 buffers.
The swelling of this optimized hydrogel matrix was found comparatively higher in
distilled water than that in pH 2.2 and pH 7.4 buffers. The non-Fickian diffusion
mechanism was observed for the swelling of the optimized sterculia gum-cl-PVA
hydrogel matrix in the distilled water and the case II transport mechanism in both pH
2.2 and pH 7.4 buffers. The swelling of the optimized sterculia gum-cl-PVA hydrogel
matrix in simulated wound fluid was evaluated to assess the viability of the hydrogel
for the use as wound dressings and the result indicated less swelling in simulated
wound fluid than that in distilled water. The case II transport mechanism was occurred
for the swelling of the optimized hydrogel matrices in simulated wound fluid.

An antimicrobial drug, tetracycline HCl was loaded to the optimized sterculia
gum-cl-PVA hydrogel matrix membrane and evaluated for in vitro drug release
dynamics in distilled water, pH 2.2 and pH 7.4 buffers. Tetracycline HCl released
from the tetracycline HCl-loaded optimized sterculia gum-cl-PVA hydrogel matrix
membrane showed comparative higher amount of drug release in distilled water
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than that in pH 2.2 and pH 7.4 buffers (Fig. 20). The drug release trends corre-
sponding to the swelling pattern of these hydrogel matrix membrane and the drug
release mechanism in all three mediums were found to follow the non-Fickian
diffusion mechanism. When tetracycline HCl release from the tetracycline
HCl-loaded optimized sterculia gum-cl-PVA hydrogel matrix membrane was
evaluated in simulated wound fluid, the drug release was found slower than that in
distilled water, pH 2.2 and pH 7.4 buffers though the non-Fickian diffusion
mechanism was evidenced (Fig. 21). Therefore, tetracycline HCl-loaded optimized
sterculia gum-cl-PVA hydrogel matrix membrane as wound dressings can be
effective for double potential action; first, due to the inherent antimicrobial property
of sterculia gum and second, due to sustain release of loaded antimicrobial drug
from the tetracycline HCl.

Fig. 20 Release profile of
antimicrobial drug
(tetracycline HCl) release
from tetracycline HCl-loaded
sterculia gum-cl-PVA
hydrogel matrix membrane
as wound dressings in
different mediums at 37 °C
[113]. Copyright © 2008
with permission from
Elsevier Ltd.

Fig. 21 Release profile of
antimicrobial drug
(tetracycline HCl) release
from tetracycline HCl-loaded
sterculia gum-cl-PVA
hydrogel matrix membrane
as wound dressings in
simulated wound fluid at
37 °C [113]. Copyright
© 2008 with permission
from Elsevier Ltd.
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12 Sterculia Gum Cross-Linked PVA and PVA-Poly
(AAm) Hydrogel Films as Wound Dressings
for Releases of Antimicrobial Drugs

In an investigation, Singh and Pal [82] have synthesized sterculia gum-cl-PVA and
sterculia gum-cl-poly(VA-co-AAm) hydrogels using N,N’-MBAAm as cross-linker
and APS as reaction initiator. The reaction conditions for the synthesis of sterculia
gum-cl-PVA hydrogel were 0.5 g of sterculia gum, 0.5 g of PVA, 0.065 mmol of N,
N’-MBAAm, 0.132 mmol of APS, and 15 ml of water. The reaction conditions for
the synthesis of sterculia gum-cl-poly(VA-co-AAm) hydrogel were 0.4 g of ster-
culia gum, 7.03 mmol of AAm, 0.5 g of PVA, 0.065 mmol of N,N’-MBAAm,
0.132 mmol of APS, and 20 ml of water. At these above reaction conditions,
sterculia gum-cl-PVA and sterculia gum-cl-poly(VA-co-AAm) hydrogels were
synthesized. Hydrogel films were prepared from these two synthesized hydrogels
by solution casting method and these hydrogel films were evaluated for their
suitability as wound dressings for sustained release of antimicrobial drugs, tetra-
cycline HCl, and gentamicin sulfate, respectively.

SEM images obtained by SEM analyses of the sterculia gum-cl-PVA and ster-
culia gum-cl-poly(VA-co-AAm) hydrogel films revealed smooth sheet-like net-
works in the cross-linked structure (Figs. 22 and 23). EDAX spectrum of these films
showed the presence of carbon, oxygen, nitrogen, and hydrogen, which are the
main constituents of polysaccharide. The incorporation of nitrogen in these poly-
meric hydrogel films was due to the presence of cross-linker. FTIR and thermo-
gravimetric analyses suggested the cross-linking of the polymers present within
these synthesized cross-linked hydrogel films.

Fig. 22 SEM image showing the surface morphology of sterculia gum-cl-PVA hydrogel
at different magnifications a ×50 and b ×1000 [82]. Copyright © 2012 with permission from
Elsevier Ltd.
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The polymeric films of sterculia gum-cl-PVA and sterculia gum-cl-poly(VA-co-
AAm) hydrogels were evaluated for swelling analyses in distilled water, pH 2.2
buffer, pH 7.4 buffer, and simulated wound fluid. Almost equal amounts of swel-
lings were observed in distilled water, pH 2.2 and pH 7.4 buffers. However,
swellings of these two hydrogel films in simulated wound fluid were found lesser
than that in other swelling mediums investigated. The lesser swelling of these
hydrogel films in simulated wound fluid could be due to very high ionic strength of
the simulated wound fluid [115]. The increase in ionic strength reduces the swelling
due to difference in concentration of mobile ions between the gel and solutions
causing a reduction in osmotic swelling pressure of mobile ions inside in any gel
[116]. From the swelling results, it was observed that the sterculia gum-cl-poly(VA-
co-AAm) hydrogel films captured more amount of water as compared to that of
sterculia gum-cl-PVA hydrogel film. These films showed case II transport mech-
anism. Therefore, the results of the swelling study indicated that these hydrogel
films were found as capable of absorbing a high volume of fluid in relation to their
physical dimensions and suitable for moderate to high exuding wounds.

In vitro release dynamics of the loaded antimicrobial drugs from both the
hydrogel films were evaluated in various releasing mediums like distilled water, pH
2.2 buffer, pH 7.4 buffer, and simulated wound fluid. The release of tetracycline
HCl from the sterculia gum-cl-PVA hydrogel film and gentamicin sulfate release
from the sterculia gum-cl-poly(VA-co-AAm) hydrogel films were found to be
sustained over 24 h of release (Figs. 24 and 25). The antimicrobial drug releases in
simulated wound fluid occurred through the case II transport diffusion mechanism
in case of tetracycline HCl-loaded sterculia gum-cl-PVA hydrogel film and the
non-Fickian diffusion mechanism in case of gentamicin sulfate-loaded sterculia
gum-cl-poly(VA-co-AAm) hydrogel film.

Fig. 23 SEM image showing the surface morphology of sterculia gum-cl-poly(VA-co-AAm)
hydrogel at different magnifications a ×50 and b ×1000 [82]. Copyright © 2012 with permission
from Elsevier Ltd.
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As the evaluation of blood compatibility is an important property of any material
employed for wound dressing applications, thrombogenicity and haemolytic
potential of these two hydrogel films were assessed. In the thrombogenicity eval-
uation, it was observed that clot formation was less in case of both hydrogel films
than in the control, indicating the nonthrombogenic character of these synthesized
hydrogel matrices. In addition, it was also observed that the thrombus formation in
case of sterculia gum-cl-PVA hydrogel film was higher than that of sterculia gum-
cl-poly(VA-co-AAm) hydrogel film. This could be due to more hydrophilicity of
sterculia gum-cl-PVA hydrogel. When placed in contact with a hydrophobic sur-
face, proteins adsorb to it in a strong and irreversible way, while at hydrophilic
surfaces, proteins adsorb weakly and reversibly [117]. The haemolytic percentage

Fig. 24 Release profile of
tetracycline HCl from
drug-loaded sterculia
gum-cl-PVA hydrogel film
[82]. Copyright © 2012
with permission from
Elsevier Ltd.

Fig. 25 Release profile of
gentamicin sulfate from
drug-loaded sterculia
gum-cl-poly(VA-co-AAm)
hydrogel film [82].
Copyright © 2012
with permission from
Elsevier Ltd.
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of sterculia gum-cl-PVA and sterculia gum-cl-poly(VA-co-AAm) hydrogel films
were measured as 2.64 and 5.58 %, respectively. From this result, it can be said that
sterculia gum-cl-PVA hydrogel film was partially haemolytic. Hence, it can be used
for the preparation of wound dressings. On the other hand, sterculia gum-cl-poly
(VA-co-AAm) hydrogel film showed haemolytic percentage above 5 % and hence,
it was haemolytic in nature. Therefore, sterculia gum-cl-poly(VA-co-AAm)
hydrogel film may be used in other biomedical applications after proper processing.
It is reported that material for which, the envisaged final application is on the
biomedical applications, should not promote haemolysis and by definition, a blood
compatible material should be nonhaemolytic in nature [118, 119].

When mucoadhesion of sterculia gum-cl-PVA and sterculia gum-cl-poly(VA-co-
AAm) hydrogel films were evaluated, maximum detachment force and work of
adhesion were found in case of the sterculia gum-cl-PVA hydrogel film than the
sterculia gum-cl-poly(VA-co-AAm) hydrogel film. Thus, sterculia gum-cl-poly
(VA-co-AAm) hydrogel film indicated good adhesion with the mucous membrane
in simulated wound fluid indicating the ability to adhere to the wound site and also
to protect the wound from the external milieu, which is a primary requisite for a
material to act as wound dressing. Both the hydrogel films showed sufficient
mechanical strength, which is also considered as an important parameter for wound
dressing materials. Sterculia gum-cl-poly(VA-co-AAm) hydrogel film exhibited
higher oxygen permeability than sterculia gum-cl-PVA hydrogel film, while both
the hydrogel films confirmed their high permeability of water vapor and imper-
meability to the microorganisms. All these results indicated that these synthesized
sterculia gum-cl-PVA hydrogel film and sterculia gum-cl-poly(VA-co-AAm)
hydrogel film as wound dressings for sustained drug release.

13 Radiation-Induced Graft Copolymerization
of Sterculia Gum Cross-Linked PVA Hydrogel
for Delivery of Antimicrobial Drug

Singh et al. [66] have made an attempt to develop novel hydrogel of sterculia gum
and PVA through radiation-induced graft copolymerization method for the use in
drug delivery. In this radiation-induced method, solutions of sterculia gum and
PVA were prepared in a beaker and stirred for half an hour to attain homogenous
mixture. The reaction mixture was irradiated with the gamma rays for a definite
time in 60Co gamma chamber. The optimum reaction parameters were searched for
the synthesis of this sterculia gum–PVA-based radiation-induced hydrogels by
varying various reaction parameters like sterculia gum content, PVA content, and
total radiation dose on the basis of the swelling of these hydrogels and the surface
consistency maintained by the hydrogels after 24 h of swelling. After preliminary
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evaluation, the researcher have selected the optimum parameters as 0.125 g ster-
culia gum, 0.250 g PVA, 8.42 kGy total radiation dose and 30 ml solvent for the
synthesis of optimized sterculia gum–PVA-based hydrogel through gamma
ray-induced radiation method.

SEM analyses of the radiation-induced sterculia gum–PVA-based hydrogel
demonstrated a sheet-like structure with pressed surface and the hydrogel networks
indicating the change in morphology (Fig. 26). The SEM image of the synthesized
hydrogel showed the structural homogeneity. During the alteration of surface
morphology the hydrogel was found clearly and also, cross-linked network was also
evidenced in the SEM image. Similar type of structure was already reported in the
previous literature [120]. FTIR spectroscopy and various therogravimetric analyses
suggested the cross-linking through radiation-induced graft copolymerization of
sterculia gum and PVA.

The swelling of these synthesized sterculia gum–PVA-based radiation-induced
hydrogels was increased with the increment of sterculia gum amount in the com-
position of the hydrogels copolymerization. This might be due to the increase in
polymers to cross-linker ratio with the increase in sterculia gum amount, which
decreased the cross-linking density. Another way, the increase in swelling of
hydrogels may also be explained on the basis of higher degree of hydration of
polymeric hydrogel matrices, with the increment in sterculia gum amounts during
synthesis. This might increase the number of interactions with water, which could
lead to higher swelling of the polymeric hydrogel matrix. The swelling of these
hydrogels prepared with varying amounts of sterculia gum followed the
non-Fickian diffusion mechanism. These hydrogels were not formed when PVA

Fig. 26 SEM image showing
the surface morphology of
sterculia gum–PVA-based
radiation-induced hydrogel
[66]. Copyright © 2011 with
permission from Elsevier Ltd.
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content was less than 0.150 g in the reaction system during synthesis. The swelling
decreased as the PVA contents in the reaction mixture increased from 0.150 to
0.200 g and after that increase in PVA content in the reaction mixture did not
influence significantly on the swelling of these hydrogels. The swelling of these
hydrogels occurred through non-Fickian diffusion mechanism when PVA content
was varied. The influence of the water content on the networks of these hydrogels
was studied by varying water 9–13 ml during hydrogel synthesis. An increase in
water content did not exert any significant effect on the swelling of these hydrogels
prepared through radiation-induced method. This might be due to the effect of
dilution, which was very less. The swelling of these hydrogels prepared by varying
water content occurred through the non-Fickian diffusion mechanism. The effect of
total radiation dose on the swelling of the hydrogels was evaluated by varying total
radiation dose 8.42–50 kGy during synthesis and a decrease in swelling was
observed with the increment of total radiation dose. This might be due to the
increment of cross-linking density of the hydrogel with the increase of total radi-
ation dose employed during the synthesis of these sterculia gum–PVA-based
radiation-induced hydrogels. Similar results of radiation dose on the swelling of
radiation-induced polymeric hydrogels were also reported by Zhai et al. [121] and
Maziad [122]. Actually, cross-linking is the most important effect of polymer
irradiation and the increase in total radiation dose lessens the number of small
chains. Therefore, hydrogels prepared through higher amount of total radiation dose
should produce higher cross-linking density than the hydrogels prepared through
lower amount of radiation dose. This supports that higher amount of radiation dose
can produce a decrease in the number of average molar mass between the
cross-links, while a lower amount of radiation dose increases the number of average
molar mass between the cross-links [123]. The swelling of these hydrogels prepared
by varying radiation doses was followed by the non-Fickian diffusion mechanism.
The swelling of these radiation-induced hydrogel prepared using optimizing reac-
tion parameters was investigated in distilled water, pH 2.2 and pH 7.4 buffers. The
swelling of optimized hydrogel was found higher in pH 7.4 buffer as compared to
other medium investigated and the swelling occurred through non-Fickian diffusion
mechanism in all these three swelling mediums.

In the sterculia gum–PVA-based radiation-induced hydrogel, tetracycline HCl
(an antimicrobial drug) was loaded by swelling equilibrium method to study the
release dynamics of these hydrogel in different release mediums like distilled water,
pH 2.2 and pH 7.4 buffers. The amount of the drug release from the drug-loaded
optimized cross-linked sterculia gum–PVA-based radiation-induced hydrogel was
found higher in distilled water than that in pH 2.2 and pH 7.4 buffers (Fig. 27). The
drug release from the drug-loaded hydrogel occurred through non-Fickian diffusion
mechanism. Therefore, the synthesized sterculia gum–PVA-based radiation-
induced hydrogel could be effective for the use in sustained drug release therapy.
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14 Radiation-Induced Cross-Linked Sterculia
Gum–PVA–NVP-Based Hydrogel as Wound
Dressing for Antimicrobial Drug Release

Singh and Pal [124] made an attempt to synthesize a novel hydrogel [sterculia gum-
cl-poly(VA-co-NVP)] made of sterculia gum, PVA, and NVP as wound dressing
for slower release of an antimicrobial drug (doxycycline hyclate) through
radiation-induced cross-linking method. In this work, solutions of sterculia gum,
PVA, and NVP were prepared and mixed to get a homogeneous polymeric mixture.
The polymeric mixture was irradiated with the gamma rays in 60Co gamma
chamber for a definite time. The optimum reaction conditions were searched for the
synthesis of sterculia gum-cl-poly(VA-co-NVP) hydrogels by varying amounts of
sterculia gum, PVA, and NVP, radiation dose, and water on the basis of swelling of
the synthesized hydrogels and surface consistency after 24 h of swelling. After
preliminary evaluation, the optimized reaction conditions were selected as 0.125 g
sterculia gum, 0.250 g PVA, 4.69 mmol NVP, 25.17 kGy radiation dose, and 13 ml
water.

SEM analyses indicated the change in surface morphology of the cross-linked
sterculia gum-cl-poly(VA-co-NVP) hydrogel (Fig. 28). FTIR analyses and ther-
mogravimetric analyses of the sterculia gum-cl-poly(VA-co-NVP) hydrogel sup-
ported the cross-linking between these polymers (i.e., sterculia gum, PVA, and
NVP) used as composition of the synthesized hydrogel.

The effect of various reaction parameters investigated in this work on the
structure of radiation-induced sterculia gum-cl-poly(VA-co-NVP) hydrogel poly-
mer network was determined by studying the swelling behavior of the hydrogels.
Swelling of the sterculia gum-cl-poly(VA-co-NVP) hydrogels was increased with

Fig. 27 Release profile of
antimicrobial drug
(tetracycline HCl) release
from the drug-loaded sterculia
gum–PVA-based
radiation-induced hydrogel
in different mediums at 37 °C
[66]. Copyright © 2011
with permission from
Elsevier Ltd.
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increase in NVP concentration during the synthesis and this might be due to the
reduction in the crystallinity of NVA segments with increase in NVP contents in the
hydrogel polymer network. The swelling of the sterculia gum-cl-poly(VA-co-NVP)
hydrogels prepared with different NVP concentration followed a non-Fickian dif-
fusion mechanism. The increment in PVA content from 0.05 to 0.20 g did not found
to exert very strong effect on the swelling and the structural integrity of these
hydrogel; but after 0.20 g of PVA content, a sudden increment in swelling of the
hydrogels was observed. This might be due to the fact that PVA as a hydrophilic
polymer is able to retain water; hence swelling ratio increases with the increase in
weight percent of PVA in the hydrogel matrix. The swelling of these hydrogels
prepared with varying amounts of PVA occurred through the non-Fickian type of
diffusion mechanism. The increment in sterculia gum amount in the reaction system
for the hydrogel synthesis did not find to exert very strong effect; but in general, the
increment in gum amount increased the swelling of the resultant hydrogels. This is
possibly due to the fact that sterculia gum is hydrophilic gum in nature and higher
degree of the gum hydration has occurred, which has increased the number of
intimate contacts between the gum particles and water and led to high swelling rate
for the radiation-induced sterculia gum-cl-poly(VA-co-NVP) hydrogel prepared by
varying amount of sterculia gum. The increment in swelling with the increase in
sterculia gum amounts could also be due to reduction in sterculia-to-NVP ratio and
sterculia-to-PVA ratio in the sterculia gum-cl-poly(VA-co-NVP) hydrogels and
formation of loose networks. The swelling of these hydrogels prepared with varying
amounts of sterculia gum occurred through the non-Fickian diffusion mechanism.

Fig. 28 SEM image showing
the surface morphology of
radiation-induced sterculia
gum-cl-poly(VA-co-NVP)
hydrogel [124]. Copyright
© 2011 with permission
from Elsevier B.V.
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It was also observed that solvent, water content did not find to exert strong effect on
the swelling of these hydrogels. The swelling of the hydrogels occurred through the
non-Fickian diffusion mechanism, when these hydrogels were prepared by varying
the water content from 10 to 15 ml during synthesis. When the total radiation dose
increased from 8.42 to 50.54 kGy during the synthesis of radiation-induced ster-
culia gum-cl-poly(VA-co-NVP) hydrogels, the swelling of the resultant hydrogels
was found to be increased first and then, it was decreased. This phenomenon
denotes that the further increase in total radiation dose has decreased the
cross-linking density of the hydrogel networks after the formation of optimum pore
size of the hydrogel networks, which has reduced the pore size as well as swelling
of the resultant hydrogels. The swelling of these radiation-induced hydrogels pre-
pared with different total radiation doses took place through the case II diffusion
mechanism, except for the hydrogels prepared with total radiation dose of
25.17 kGy. The maximum swelling was observed for the optimized radiation-
induced sterculia gum-cl-poly(VA-co-NVP) hydrogel in pH 7.4 buffer than that in
other swelling mediums investigated and in case of simulated wound fluid, lesser
swelling was observed as compared to that of distilled water, pH 2.2 and pH 7.4
buffers. The decreased swelling of the optimized radiation-induced hydrogel in
simulated wound fluid might be due to the very high ionic strength of the simulated
wound fluid. An increase in ionic strength might decrease the swelling of the
hydrogel network as the difference in concentration of mobile ions between the gel
and the solution could be reduced causing a decrease in the osmotic swelling
pressure of these mobile ions inside the gel. The swelling of the optimized hydrogel
occurred through the non-Fickian diffusion mechanism in different swelling
mediums investigated.

The loading of doxycycline hyclate (200 μg/ml) into the optimized radiation-
induced sterculia gum-cl-poly(VA-co-NVP) hydrogel was performed by swelling
equilibrium method and the release of drug from the drug-loaded hydrogels was
studied in different release mediums (i.e., distilled water, pH 2.2 buffer, pH 7.4
buffer, and simulated wound fluid) at 37 °C. The amounts of doxycycline hyclate
released from the doxycycline hyclate-loaded optimized radiation-induced sterculia
gum-cl-poly(VA-co-NVP) hydrogel in pH 7.4 buffer, pH 2.2 buffer, and distilled
water were almost comparable. Both swelling and release of drug have been
observed less in simulated wound fluid as compared to the other mediums inves-
tigated (Fig. 29). The drug release from the drug-loaded optimized radiation-
induced sterculia gum-cl-poly(VA-co-NVP) hydrogel occurred through the
non-Fickian diffusion mechanism. Therefore, the optimized radiation-induced
sterculia gum-cl-poly(VA-co-NVP) hydrogel may have potential to act as wound
dressings and the drug-loaded sterculia gum-cl-poly(VA-co-NVP) hydrogel wound
dressings can be effective for the double potential action and may show the synergic
effect, due to inherent antimicrobial action of sterculia gum and release of
antimicrobial agent from the newly synthesized hydrogel.
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15 Conclusion

Recently, various natural polysaccharides are extensively used to develop hydrogels
for various biomedical applications to control the hydration rate and swelling, and
also to tailor the release profile of various types of drugs. Several attempts to develop
sterculia gum-based hydrogels through the modifications of sterculia gum by poly-
mer blending, cross-linking, IPN formation, polymer grafting, etc., also have been
undertaken for the use in drug delivery, wound dressing, etc. These sterculia
gum-based hydrogels were capable of good swelling in different swelling mediums.
The incorporation of various types of drugs (such as antiulcer drugs, antidiarrhoeal
drug, antimicrobial drugs, anti-inflammatory drug, antidepressant drugs, etc.), in
these sterculia gum-based hydrogels were investigated and found effective for gas-
troretentive deliveries or wound dressings for slower release of drugs over prolonged
period. In view of the medicinal importance of the sterculia gum (such as antiulcer,
antidiarrhoeal, bulk laxative, and antimicrobial properties), various types of sterculia
gum-based hydrogel systems were designed for the double potential action to attain
the synergic effect, due to inherent medicinal action of sterculia gum and release of
incorporated drugs from these hydrogels. In some cases like oil-entrapped buoyant
beads made of sterculia gum–sodium alginate blends for gastroretentive delivery of
aceclofenac, the antiulcer activity of sterculia gum can be helpful to minimize the
occurrence of ulceration, which is associated with the prolonged use of the incor-
porated drug (aceclofenac). This chapter provides comprehensive information of
already investigated sterculia gum-based hydrogel systems for various types of drug
delivery applications. This information can be supportive for the drug delivery
researchers and scientists in applying pertinent strategies to develop newer sterculia
gum-based hydrogel systems with improved mechanical properties and capability to
control sustained drug release over prolonged period.

Fig. 29 Release profile of
doxycycline hyclate from
drug-loaded radiation-induced
sterculia gum-cl-poly
(VA-co-NVP) hydrogel
in different media at 37 °C
[124]. Copyright © 2011
with permission from
Elsevier B.V.
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Antimicrobial Polymeric Hydrogels

Jaydee D. Cabral

Abstract Microbial infections continue to endanger human health and present a
great economic problem to society. To solve this predicament, great efforts to
develop macromolecules that can inhibit pathogens without incurring pathogen
resistance are needed. The development of antimicrobial polymeric hydrogels has
grown considerably as an important alternative in the fight against pathogen drug
resistance. This chapter summarizes significant and recent progress in the manu-
facture and application of antimicrobial hydrogels. Advances in macromolecular
sciences have made it possible to modify molecular structure and functionality to
generate broad-spectrum antimicrobial activity. As a result, the range of biomedical
applications has expanded significantly, from wound dressings, tissue engineering,
medical device, and surface coatings; to creams for the treatment and deterrence of
multi-drug resistant strains. Both natural and synthetic hydrogels possessing
either inherent antimicrobial properties or loaded with antibiotics, antimicrobial
peptides, or metal nanoparticles are discussed herein.

Keywords Antimicrobial � Polymer � Hydrogel � Peptides � Nanoparticles

1 Introduction

The progressive rise of antibiotic resistance in pathogenic microorganisms has
limited our ability to control bacterial infections. Standard antibiotic treatment
frequently leads to resistance and can be attributed to the improper use of antibi-
otics, the survival of resistant bacteria due to genetic mutation, or by acquired
resistance from another bacterium via conjugation, transduction, or transformation
[1]. Multiple resistance traits can be collected over time resulting in resistance to
entire classes of antibiotics. Compounding the resistance problem is the ever
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diminishing global discovery and development of new antimicrobials [2].
Microorganisms mainly involved in resistance, referred to as the ESKAPE patho-
gens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumniae,
Acinetobacter baumanii, Pseudomonas aeruginosa, and enterobacteriaceae)
emphasize their ability to “escape” from customary antibacterial treatments [3].
There exists an urgent need to develop new antibiotics and formulations to keep up
with the corresponding growth in global resistance.

Macromolecular antimicrobials have received much attention as next-generation
biocides with antimicrobial hydrogels as an important class. Hydrogels exhibit
many polymer characteristics, for instance, by remaining in place and intact under
physiological conditions. Hydrogels, produced from natural or synthetic polymers,
display three-dimensional (3-D) systems that are cross-linked by physical or
chemical means. Hydrogels, being highly hydrated materials, are typically soft and
compliant allowing good biocompatibility with biological tissue. The first
biomedical application of hydrogels was reported by Wichterle and Lin back in the
1960s where cross-linked poly(2-hydroxyethyl methacrylate) (pHEMA) was used
as a soft contact lens material [4]. Since then, there has been tremendous growth in
hydrogel research and its use in many biomedical applications [5–8]. Their large
water content plays a key role in their biocompatibility with applications found in
several areas such as wound dressings, surface coatings, bioactive delivery, and in
tissue engineering. Each application requires a different set of conditions with its
own challenges to overcome, i.e., degradation rates, gel strength, injectability,
biodistribution, clearance, etc. The high water content also provides a moist envi-
ronment to wounds which can be helpful in mounting a cellular immunological
response as part of the wound healing process. Unfortunately, this damp environ-
ment may also expedite microbial infection. Therefore, hydrogels that can be
multi-functional, i.e., promote wound healing and deliver drugs, in addition to
possessing antimicrobial activity are of particularly interest.

One methodology takes advantage of either a natural or synthetic polymers
intrinsic antimicrobial activity to prepare hydrogels. An alternative method involves
the incorporation of conventional antibiotics within the hydrogel itself. The
hydrogel, may not possess any inherent antimicrobial capacity, but in this instance
can offer other benefits such as biocompatibility, site-specific delivery, and con-
trolled degradation [9]. Numerous classes of innovative materials, such as antimi-
crobial peptides (AMPs) [10], synthetic cationic polymers [11], and metal
nanoparticles [12, 13] have emerged as potential substitutes for conventional
antibiotics. The main methodologies to achieve antimicrobial polymeric hydrogels
are outlined in Table 1.

An array of chemically or physically cross-linked natural or synthetic hydrogels
have been developed using either methodologies. Hydrogels can be further sub-
classified into different categories depending on various parameters, such as
material source, preparation, charge, and mechanical characteristics. This chapter
provides an overview of recent antimicrobial polymeric hydrogel strategies with
specific focus on (1) naturally derived hydrogels and (2) synthetic hydrogels
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possessing inherent antimicrobial activities, to those (3) loaded with antimicrobials,
i.e., antibiotics, antimicrobial peptides, synthetic cationic polymers, and metal
nanoparticles.

2 Natural Antimicrobial Hydrogels

Natural biopolymers are polymers created by living organisms. These biomaterials
and their derivatives offer a wide range of properties and applications. Biopolymers
can be subdivided into three subcategories: (1) polysaccharides such as cellulose,
alginate, chitosan, starches, and dextrans, (2) polypeptides such as collagen, gelatin,
and keratin, and (3) polynucleotides such as DNA and RNA.

2.1 Polysaccharides and Their Derivatives

Many antimicrobial hydrogels are based on natural biopolymers, such as chitosan.
Chitosan and its derivatives have generated much interest due to their biocompati-
bility, biodegradability, hydrophilicity, intrinsic antimicrobial properties, and low
cost [14–16]. Chitosan, derived from the alkaline deacetylation of chitin, is a linear
polysaccharide consisting of (1, 4)-linked 2-amino-deoxy-β-D-glucan (Fig. 1).
Chitosan is the second most abundant polysaccharide in nature after cellulose.
Depending on its application, the chemical characteristics of chitosan can be altered
by modifying its degree of acetylation and molecular weight [17]. Under weakly
acidic conditions, the primary amino groups of chitosan are readily protonated

Table 1 List of antimicrobial
hydrogels

Type of antimicrobial
hydrogel

Applications

Intrinsically active due to:

Peptides Wound dressing

Chitosan Tissue engineering
scaffolds

Oxidized dextran

Nanopolymeric materials

Loaded with drugs:

Silver Wound dressing

Copper surface coatings

Zinc oxide

Cupric oxide

Gold

Cerium

Conventional antibiotics
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making it polycationic, thereby imparting its intrinsic antimicrobial activity [18].
Chitosan gelation can occur easily via physical or chemical means by mixing or
cross-linking with appropriate reagents. Chitosan can be easily modified to fit the
needs of a particular biomedical use. For example, to enhance chitosan’s antimi-
crobial properties, functional groups that structurally mimic known antibacterial
peptides can be attached. Regions of positively charged functional groups, such as
quaternary ammonium or phosponium groups and hydrophobic regions containing
alkyl chains have been used. In 2011, a quarternized ammonium chitosan-graft-poly
(ethylene glycol) hydrogel was reported to have broad-spectrum antimicrobial
activity. The proposed mechanism of the antimicrobial activity of the polycationic
hydrogel was thought to be due to the attraction of the anionic microbial membrane
into the internal nanopores of the hydrogel. This ionic interaction subsequently led to
membrane disruption, and was then followed by microorganism death [19].
Similarly, Jiang et al. developed a quaternary ammonium salt of gelatin using
2,3-epoxypropyl triammonium chloride (EPTAC), and found that an increase in the
degree of cationic charges on the polymer correlated to an increase in antimicrobial
activity [20]. Another group developed chitosan hydrogels cross-linked with
oxalyl-4-(2, 5)-dioxo-2H-pyrrol-1(5H)-yl) benzamide, and were found to possess
more antimicrobial efficacy then the parent chitosan molecule. The authors noticed
an increase in the degree of cross-linking improved the hydrogel’s antimicrobial
properties [21]. Venkatesan and coworkers developed novel chitosan–carbon nan-
otube (CNT) hydrogels which showed increasing antimicrobial activity with
increasing CNT concentration. The mechanism of action was thought to be through
direct binding of bacterial surface proteins with the CNTs [22]. Aziz et al. reported
the development of an antimicrobial chitosan/dextran-based (CD) hydrogel for use
in endoscopic sinus surgery [23]. The CD hydrogel was synthesized by reacting

chitosan

dextran aldehyde

Fig. 1 Structures of
commonly used antimicrobial
biopolymers
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N-succinyl chitosan with dextran aldehyde in a Michael-type addition using a 1:1
mixture [24, 25]. The dextran aldehyde component of the CD hydrogel was found to
be the antimicrobial component (Fig. 1), and was thought that addition reactions
between the aldehyde moiety of the dextran and bacterial membrane amino groups
resulted in membrane disruption.

Another prevalent natural polysaccharide of interest in the development of
antimicrobial hydrogels is alginate. Alginate is a biodegradable, linear copolymer
composed of two block copolymers, β-D-mannuronic acid (M) and α-L-guluronic acid
(G) that are linked by (1–4) glycosidic bonds. Natural polysaccharides, due to their
biocompatibility and structural similarity to that of extracellular matrix
(ECM) components, i.e., glycosaminoglycans, make them attractive candidates for
tissue engineering applications. Alginate has been utilized to synthesize hydrogels by
the simple addition of divalent cations, such as Ca2+, which bind to a monomer’s
carboxylic acid groups providing ionic cross-linking of the polymeric chains,
resulting in the gelation of the alginate solution [26]. A novel antimicrobial
alginate-based hydrogel containing Ce(III) ions was developed to serve as a synthetic
bone substitute.Morias and coworkers showed that Ce(III) significantly improved the
antimicrobial activity of the hydrogel without conceding osteoconductivity [27].
Catanzano and coworkers developed an in situ forming ionically cross-linked algi-
nate hydrogel delivery system consisting of a tea tree oil microemulsion to be used as
a dressing for infected wounds. These alginate hydrogels were synthesized via a
spray-by-spray deposition method and found to exhibit antimicrobial efficacy when
tested against E. coli [28]. Various alginate solutions have been used for the release of
silver nanoparticles [29–31]. Obradovic and coworkers reported the synthesis of
nanocomposite Ag/alginate microbeads produced by electrostatic extrusion of algi-
nate colloid solutions containing electrochemically synthesized silver nanoparticles.
Both wet and dry microbeads exhibited a growth delay of S. aureus and E. coli [31].
Alginate solutions, zinc-cross-linked with N-succinyl chitosan, were also shown to
exhibit antimicrobial efficacy against S. aureus and E. coli [32].

2.2 Antimicrobial Peptides

In addition to naturally occurring sugars, antimicrobial peptides are considered to
be an important weapon in the fight against microbial infection and biofilms.
Antimicrobial peptides (AMPs) are endogenous polypeptides made by multicellular
organisms to protect against pathogenic microbes [10]. Peptide hydrogels have been
developed utilizing the cationic nature of particular amino acids, such as lysine and
arginine, in order to disrupt negatively charged bacterial cell membranes through
electrostatic interactions. The peptide translocation across the membrane, a mem-
branolytic effect, is the most common mechanism of action [33]. Such a distinct
mechanism allows AMPS to elude common resistance mechanisms observed for
conventional antibiotics. For example, hydrogels made from epsilon-poly-L-
lysine-graft-methacrylamide (EPL-MA) were found to have an impressive
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broad-spectrum of antimicrobial activity against both bacteria (E. coli,
P. aeruginosa, S. marcescens, and S. aureus) and fungi (C. albicans and F. solani)
[34]. Protein domains that deliver distinct biological cues or mechanical properties
have been copied from nature and synthetically manipulated or attached to other
polymers to function as a new material [35]. Cationic antimicrobial peptides have
been greatly investigated and considered as a new generation of antibiotics due to
their broad-spectrum activities and ability to fight antibiotic-resistant microbes [36].
Most designated antimicrobial peptides are amphipathic. There exists a general
recognition that the presence of both a net positive charge and hydrophobicity
facilitate peptide contacts with negatively charged membrane lipids [37].

Self-assembled antimicrobial peptides have recently been developed in a “bot-
tom up” approach where known antimicrobial primary sequence peptides are
modified with natural and synthetic amino acids to produce inherently antimicrobial
hydrogels [38]. A class of β-sheet peptides or β-hairpins formed hydrogels after
intramolecular folding and intermolecular assembly, when triggered by changes in
an external stimulus, i.e., increases in pH, salt ion concentration, or temperature
[35]. Another example of self-assembling hydrogels was the development of the
MAX1 or MAX8 peptide (Fig. 2). Self-supporting hydrogels were formed via
side-chain hydrophobic associations (via valine residues) among the bilayers, and
lateral hydrogen bonding to the peptide backbone (via lysine residues) resulting in
the formation of peptide fibrils [39]. MAX1 hydrogel also exhibited antibacterial
efficacy and was thought to be due to the high concentration of lysine residues

Fig. 2 Antimicrobial mechanism of the action of self-assembling β-sheet cationic peptides MAX1
as shown by the Schneider group [43]
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exposed on MAX1 fibril surface disrupting the bacteria’s negatively charged
membrane surface (Fig. 2) [40]. Another group, Veiga and coworkers, reported on
the preparation of arginine (Arg)-rich, self-assembling peptides [41]. They found
that the optimal gel contained six Arg residues and functioned by disrupting the
bacterial cell wall via dissociation of essential divalent metal ions as the bacteria
came into contact with the hydrogel’s surface. Another group utilized ultrashort
peptides, i.e., composed of two or three amino acids, to produce the self-assembly
of ciprofloxin, a sparingly soluble antibiotic, and a hydrophobic tripeptide
(DLeu-Phe-Phe) into an antimicrobial nanostructured hydrogel. The ciprofloxin was
bound within the hydrogel by noncovalent interactions, and was able to retain its
antimicrobial activity over a prolonged release time-frame [42].

In addition to small peptides, polypeptides such as keratin have been developed to
make antimicrobial gels. Keratin, a structural protein, has generated much interest
due to its intrinsic biocompatibility, biodegradability, mechanical durability, and
natural abundance [44]. One group combined chitosan with keratin films that
resulted in improved mechanical strength. Furthermore, the chitosan–keratin films
also showed antibacterial properties and were found to be good substrates for cell
culture. The biological activity of keratin films was also increased by incorporating a
cell adhesion peptide, Arg-Gly-Asp-Ser (RGDS), at the free cysteine residues of
reduced keratin extracts. These RGDS-carrying keratin films although antimicro-
bial were proven to be excellent substrates for mammalian cell growth [45].

2.3 Antimicrobial Metal Nanoparticles

Another methodology utilized in the development of antimicrobial hydrogels is the
incorporation of metal nanomaterials, such as silver and copper. Hydrogel systems
containing silver ions to prevent bacterial growth are of great interest, and has been used
in commercial products. For example, SilverMed™ Antimicrobial Hydrogel (MPM
Inc.), a hydrolyzed collagen silver impregnated gel, has been approved by the FDA to
provide antimicrobialwound care.Collagenwas selected as a support polymer due to its
hydrophilicity, biocompatibility, non-antigenicity, and mechanical durability, making
it useful in many biomedical applications [46]. The antimicrobial activity of metal
nanoparticles is attributed to the metal cation causing membrane disruption resulting in
subsequent lysis. Metal nanoparticles can be incorporated into polymeric nanocom-
posites via various approaches. Some of the most common methods include
self-assembly processes, nanoprecipitation, single and double emulsification-solvent-
evaporation, nanospray, and electrospinning [47]. For polymer hydrogel nanocom-
posites, themostwidely usedpreparation follows an in situ synthesiswhere the polymer
matrix serves as the reaction medium. A hydrogel’s water-rich surrounding has been
found to improve metal stabilization and dispersion [48].
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Copper has been impregnated in polymer matrices, but studied to a lesser extent
than silver due to silver’s higher stability and efficiency. For example, a copper
cellulose nanocomposite was developed and shown to exhibit increased antimi-
crobial activity with an increase in copper content [49]. Another group reported on
the antimicrobial efficacy of covalently attached copper nanoparticles in cotton,
cellulose hydrogels [50].

Mechanisms based on reduction potential of metals (Fig. 3) is dependent on the
capacity of the metal to participate in redox reactions where electrons are acquired
from a donor [51]. These redox-active metals can act as catalytic cofactors gen-
erating reactive oxygen species (ROS). An increase in ROS can trigger a
pro-inflammatory signaling cascade resulting in programmed cell death [52].
Another mechanism involves ionic mimicry where metal ions can replace original
metals present in biomolecules leading to cellular dysfunction [53]. The main
mechanism of antimicrobial metal nanoparticle hydrogels is thought to be driven by
ion release [54, 53]. Although there are several examples of silver and copper
nanoparticles incorporated into polymer matrices, continued research exploring
scaling up processes for implant materials at an industrial scale is needed.

Overall, there are several examples of antimicrobial natural hydrogels that
exhibit broad-spectrum activity. Yet, there are still challenges that need to be
addressed. For example, these hydrogels can be riddled with immunogenicity, batch
variance problems, and high cost associated with the development of expensive
peptides. More research is needed in order to deliver a consistent and affordable
antimicrobial hydrogel product.

Fig. 3 A summary of the antimicrobial mechanisms of metal nanoparticles as shown by Palza [48]

160 J.D. Cabral



3 Synthetic Antimicrobial Hydrogels

Researchers have turned to synthetic chemistry to address the problems associated
with natural biopolymers. Progress in synthetic chemistry has resulted in the devel-
opment of low-cost and biodegradable antimicrobial hydrogels. These synthetic
hydrogels possess broad-spectrum antimicrobial activity, in addition to retaining
tuneable rheological and mechanical properties. Examples of hydrogel-forming
synthetic polymers include poly(vinyl alcohol) (PVA), poly(ethylene oxide) (PEO),
poly(acrylic acid) (PAA), poly(L-lactide) (PLLA), and poly(ethylene glycol) (PEG).
Chemically, cross-linked hydrogels can be prepared via various reactions including
free radical polymerization, click chemistry, and thiol-ene chemistry [6]. For example,
Du and coworkers utilized thiol-ene “click” chemistry to develop a biodegradable,
antibacterial, and cationic hydrogel. PEG derivatives withmulti-enes andmulti-thiols
were synthesized by polycondensation of oligo(ethylene glycol) (OEG) with “click-
able” monomers. Ammonium groups with long alkyl chains were incorporated into
one of the precursors covalently, using dodecyl bis(2-hydroxyethyl) methylammo-
nium chloride as a comonomer (Fig. 4). The authors found that these cationic
PEG-type hydrogels were effective against both gram-negative and gram-positive
bacteria due to their attached ammonium groups with long alkyl chains [55].

Another group investigated a PEG-based hydrogel as a protective, antibacterial
coating for medical equipment. These PEG hydrogels were chemically incorporated
with an antimicrobial cationic block copolymer containing quaternary ammonium
groups (APC) that were grafted onto silicone rubber; exhibiting effective antifouling
and antimicrobial efficacy [56]. Irrespective of the monomer structure, cationic
groups, such as APC or protonated amines; and hydrophobic groups, such as alkyl
chains, normally present on the polymer chain provide the polymers cationic and
hydrophobic properties that are critical for demonstrated antimicrobial efficacy [57].

Fig. 4 Syntheses of antimicrobial cationic PEG-type hydrogels as shown by Du [55]
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3.1 Synthetic Cationic Polymers

Due to the demonstrated antimicrobial effectiveness of cation containing polymers,
interest in the use of synthetic cationic polymers has grown significantly and is seen
as an important substitute to conventional antibiotics. These antimicrobial polymers
were designed to imitate the cationic and amphiphilic structures of natural AMPs.
Reduced production cost and complexity are key advantages of synthetic polymer
materials verses, for example, peptide engineering. Although there are several
synthetic cationic polymers reported in the literature (Table 2), there have been
limited efforts to integrate these polymers into hydrogels [58]. Several synthesis
pathways exist and can be prepared from biodegradable or nonbiodegradable
polymer supports.

One example of an antimicrobial, biodegradable, and synthetic hydrogel
involved a vitamin E-functionalized polycarbonate synthesis as reported by Lee
et al. (Fig. 5). These hydrogels were formed by incorporating positively charged
polycarbonates containing propyl and benzyl side-chains with vitamin E moieties
into physically cross-linked networks of “ABA”-type polycarbonate and poly
(-ethylene glycol) triblock copolymers. The hydrogel was formed though physical
cross-links between “flower-like” micellar networks. They were found to be
effective against both gram-positive and gram-negative bacteria. In vitro release
studies using the antifungal drug fluconazole were found to be effective on
C. albicans as well [71].

Another example of a synthetic antimicrobial hydrogel preparation was per-
formed using a lactide stereocomplexation upon heating to physiological temper-
ature. The charged hydrogels were developed using noncovalent interactions, and
formed from stereocomplexation of biodegradable poly(l-lactide)-b-poly
(ethyleneglycol)-b-poly(l-lactide) (PLLA-PEG-PLLA) and a charged biodegradable
polycarbonate triblock polymer (i.e., PDLA-CPC-PDLA). The moldable aspect of

Table 2 List of synthetic
polymers

Synthetic cationic polymers Reference

Poly(acrylate) [59]

Poly(norborene) [60]

Poly(ethyleneimine) [61]

Poly(arylamide) [62]

Poly(vinylpyridines) [63]

Poly(vinylether) [64]

Poly-β-lactams [65]

Poly-α-amino acids [66, 67]

polycarbonates [68]

Synthetic zwittterionic polymers Reference

Poly(carboxybetaine) [69]

Poly(sulfobetaine) [70]
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these nontoxic, antimicrobial hydrogels were developed with potential applications
for injectable, topical, and surface coating needs [73].

3.2 Zwitterionic Antimicrobial Hydrogels

Zwitterionic polymers, such as poly(carboxybetaine) and poly(sulfobetaine), are yet
another category of antimicrobial, synthetic, polymeric hydrogels. Jiang and
coworkers lead in the development of these novel systems [70]. In 2012, Cao and
coworkers reported the synthesis of a smart polymer surface possessing two
reversibly switchable equilibrium states, a cationic N,N-dimethyl-2-morpholinone

Fig. 5 Syntheses of ‘(MTC-VE)n-PEG-(MTC-VE)n’ and vitamin E-containing polycationic
polymers. Schematic illustration of incorporating polycationic polymers into hydrogel system
(inset) as shown by Lee [72]
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(CB-Ring) and a zwitterionic carboxy betaine (CB–OH). The CB-Ring killed
bacteria upon contact under dry conditions, while the CB–OH provided an
antifouling function by releasing formerly attached bacteria [74]. The Cheng group
reported an improvement on the ring-opening/ring-closing strategy by using
methacrylate monomers. The hydrogels were formed by UV photopolymerization
in the presence of a crosslinker, carboxy betaine dimethacrylate, and an initiator,
2-hydroxy-2-methylpropiophenone, and their respective monomers. Elasticity and
stability were shown to increase in addition to maintaining antimicrobial efficacy
against E. coli [75, 76].

3.3 Synthetic Hydrogels Loaded with Antibiotics

Recent studies have shown that a mixture of synthetic antimicrobial polymers and
antibiotics could potentially avoid difficulties of drug resistance. Ng et al. showed
that by combining cationic antimicrobial polycarbonates with conventional
antibiotics, the developed hydrogel was able to kill multi-drug resistant
P. aeruginosa [77]. Another strategy explored the distribution of antibiotics by
incorporating the drug into the hydrogel backbone itself. Vancomycin was cova-
lently attached by coupling of a PEG-based monomer to create a poly (β-amino
ester), and the antimicrobial activity of the released vancomycin confirmed [78].
Nanopolymeric materials have been loaded with antibiotics to produce
self-assembled polymers that function as vehicles to encapsulate water insoluble
antibiotics. Polycations and their self-assembly were found to be strongly depen-
dent on molecular weight, amphiphilic balance, the nature of the cationic charges,
the density, and spatial arrangement of cationic charges [47]. One study involved
the development of block copolymers made up of negatively charged polystyrene-
b-poly(acrylic acid)(PS-b-PAA) or positively charged polystyrene-b-poly
(4-vinylpyridine) (PS-b-P4VP) loaded with triclosan and thiocyanomethylth-
iobenzothiazole. The proposed mechanism of action involved the release of the
biocide from the micelle into the bacteria via repeated bacteria/micelle interactions
[79].

Another type of modification involves complex formation where metals such as
silver (I), copper (II), or zinc (II) are used [80, 81]. The mechanism of action
remains to be elucidated, but several important parameters appear to play a role, i.e.,
slow release of metal ion from the complexes, ligand exchange of metal complexes
with bioligands of the microorganism, and formation of hydroxyl radicals. The
configuration of functionalized surfaces with antimicrobial-absorbing hydrogel thin
films was developed using the layer-by-layer (LbL) technique (Fig. 6). The
hydrogel was produced by cross-linking of poly(methacrylic) acid (PMAA) and
branched poly(ethyleneimine) (BPEI). These hydrogels were able to absorb and
retain antimicrobial substances [82].
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3.4 Synthetic Hydrogels Containing Antimicrobial Metal
Nanoparticles

Over the last few years, nanotechnology has created a new way to impart antimi-
crobial behavior by synthesizing highly active metal nanoparticles. Silver
nanoparticles are the most widely used fillers in the preparation of polymeric
nanocomposites [11]. Generally, these systems use silver salt precursors, such as
nitrate, jointly with a reducing agent, in the presence of a polymer gel network [48].
For example, poly(acrylamide-co-acrylic acid) hydrogels were a medium for the
formation of silver nanoparticles around 25–30 nm, and demonstrated excellent
antibacterial activity which was nanoparticle size-dependent [83]. Ravindra et al.
synthesized silver nanoparticles containing poly(N-isopropylacrylamide)
(PNIPAAm) hydrogels loaded with curcumin. Bacterial inhibition was found to be
particle size-dependent as well [84]. Antimicrobial hydrogels based on copper
nanoparticles have been investigated to a lesser extent probably due to decreased
information available in regard to copper's antimicrobial effects [48]. A hydrogel
thin film composed of poly(ethylene glycol diacrylate) modified with copper

Fig. 6 Schematic formation of loaded cross-linked hydrogel. Representative optical images of
a cross-linked hydrogel as synthesized and b loaded with cationic peptide L5 as shown by
Pavlukina [82]
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nanoparticles was used as a coating by means of electrochemical polymerization
technique and demonstrated antimicrobial efficacy [85]. Jayaramuda et al. devel-
oped a biodegradable, antimicrobial gold nanocomposite hydrogels using acry-
lamide and wheat protein isolate. The gold nanoparticles were prepared as a gold
colloid by reducing HAuCl(4) · XH(2)O with leaf extracts of Azadirachta indica
(neem leaf) to form a hydrogel network [86]. Gao et al. synthesized a novel
hydrogel formulation containing pH responsive gold nanoparticle-stabilized lipo-
somes embedded into an acrylamide-based hydrogel for topical antimicrobial
delivery [87]. The effective release of the nanoparticle-stabilized liposomes was
demonstrated in an S. aureus model. The addition of metal-based nanoparticles to
hydrogel technology embodies a versatile route by combining a nanoparticles
strong antimicrobial ability coupled with the mechanical strength and biocompat-
ibility of a hydrogel scaffold. These composite, multifunctional hydrogels could be
used in any number of potential biomedical applications.

4 Conclusions and Perspectives

With the decline of antibiotic development and corresponding rise in microbial
resistance, health-care associated infections continue to be a constant risk to patient
welfare. Adding to the antimicrobial “pipeline” is the emergence of natural and
synthetic antimicrobial hydrogels which possess either inherent antimicrobial
properties or function as delivery vehicles for antibiotics. This chapter has attempted
to present an overview of current trends and ingenuity in the antimicrobial polymeric
hydrogel field. The advantage of these types of materials are that they can be readily
applied as wound dressings or coatings that prevent bacterial growth as well as offer
a comfortable, soft, aqueous, and hygienic environment. The release of different
bioactive agents, i.e., such as drugs or proteins that facilitate wound healing, will
increase the multi-functionality of hydrogels further and extend their application.
More research is needed to test hydrogels against clinically isolated microbes that are
multi-drug resistant. As well, a thorough in vitro and in vivo evaluation of a
hydrogel’s biocompatibility and biodegradability are also required in the develop-
ment of new antimicrobial hydrogels. As these materials become better understood,
they can be controlled and utilized in numerous biomedical applications.
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Biopolymer-Based Hydrogels
for Decontamination for Organic Waste

Ajay Kumar Mishra and Shivani Bhardwaj Mishra

Abstract Organic waste material in water is accumulated from domestic and
industrial discharge. The nature and type of organic contaminants in wastewater
differ based on the industrial products and domestic usage. Some of the organic
pollutants occur from soap and detergents, petroleum products, dye and textile
industries, drugs and pharmaceuticals, herbicide and pesticide and many more.
There are numerous technologies available for the treatment of organics that may
include the physical, chemical, photocatalytic and microbial processes. The
hydrogels offers eco-friendly substrates that have been investigated for decontam-
ination of organics. There are varieties of hydrogels available for different appli-
cation in pristine forms as well as synthetic forms. Among these, biopolymers that
have been categorized as hydrogels and were used for treating organic pollutants
have been discussed in this chapter.

Keywords Biopolymer � Hydrogel � Organic � Contaminants � Treatment

1 Introduction

The ever-growing industrialization for the increasing demands of materialistic
world, push forth the challenge of pollution to a new scale. The environmental
pollution in all forms such as air, water and soil are rich with organic contaminates
and discharged by various sources.

Air pollution is primarily comprised of different types of organics that directly
and indirectly enter into air reducing the air quality. The biggest anthropogenic
source of the highly toxic organic pollutants is fuel emissions by motor vehicle
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industry releasing carbon monoxide and carbon dioxide in air. These oxides of
carbon directly affects the central nervous system, heart and asthmatic conditions
leading to reduced supply of oxygen for the metabolic activity. Volatile organic
compounds (VOC) are another set of carcinogenic pollutants that evaporates easily
and rapidly into air from solvent use in various industries such as paints, adhesive
and aerosols, etc., distribution of fossil fuel, production process like alcoholic
drinks and arable farming. Organic pollutants that resist to degrade or biodegrade
are persistent organic pollutants (POP) that lead to neurobehavioral disorders,
malfunctioning of immune, endocrine and reproductive systems.

The organics pollutants also penetrate the soil and sediments through a number
of sources such as mine waste dumping, oil and fuel dumping, the use of herbicide
and pesticide, deforestation, acid rain, dye industry and genetically modified plants,
etc. The soil pollutants enter into biocycle entering into living bodies affecting the
genetic makeup, congenital illness and chronic health problems. These organic
beyond the threshold limit effect the growth of plants, soil structure and soil fertility
leading to crop damage.

The quality of fresh and ground water is equally affected by the presences of
organic contaminants released by domestic sewage (raw and treated), urban run-off,
farm and industrial wastewater. These organic lowers the available oxygen and
enhances the turbidity thereby reducing the penetration of sunlight that affects
underwater photocatalysis affecting the for aquatic life growth.

Hydrogels are three-dimensional polymer networks that have capacity to absorb
large quantity of water. The natural hydrogels are usually composed of single
component. However, synthetic hydrogels based on biopolymers or polymers can
be one, two or multi components yielding amorphous, semi-crystalline, and crys-
talline type of hydrogels. The hydrogels of both types have found its utility in many
industrial applications and most commonly are hygienic products, pharmaceuticals,
diagnostics, healthcare and agriculture. Recently, much research is dealing with the
use of hydrogels for environmental protection and also many emerging researchers
are investigating the hydrogels for wastewater treatment.

This chapter discusses about organic pollutants, those that are responsible for
water pollution, biopolymer-based hydrogels. The author further describes about
the utility of such biopolymer-based hydrogels for decontamination of organics
from waste water.

2 Organic Water Pollutants

Organic water pollutants are the carbon-based chemicals that are released into the
environment from various industrial wastewater. Some of the wide range of organic
contaminants originates from the industries producing commercial products such as
soap and detergent, insecticide and herbicide, dyes, pharmaceutical drugs and
metabolite, industrial solvents, perchlorate, food processing waste, petroleum and
hygiene and cosmetic products.
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2.1 Soap and Detergent Organic Contaminants

Soap and detergents form a raw material for many commercial products that are
categorized as bathing soap, hand and body liquid soap, face wash, baby soap,
shampoo and conditioners, shaving soap and creams, washing powder and liquids,
etc. In a typical soap making process generally known as saponification reaction,
the raw material used is a triglyceride that is hydrolyzed by a base to produce salt of
a carboxylate/fatty acid (soap). However detergent are the charged surfactants that
are used for laundry cleaning. A common cationic surfactants is a quaternary
ammonium salt of alkyl benzene where as an anionic is usually alkyl benzene
sulphonate. Non-ionic or zwitter ionic may be based on a polyoxyethylene or a
glycoside [1]. The final product of soap or a detergent is basically a complex
mixture, which is composed of many other ingredients such as additives, perfumes
dyes, enzymes, bleaching agents and brightners [2]. These harmful chemicals are
xenobiotic and the use of these chemicals leads to allergies of skin or dermatitis [3].
It has been reported that the bioaccumulation of soap and detergents in natural
waters induces eutrophication of aquatic life [4]. The water discharged from soap
and detergent industry undergoes treatment before the discharge, even then the
concentration of these surfactants may range from 1.2 to 9.2 mg/L [5].

2.2 Herbicide

Herbicide is commonly known as weed killer, a chemical compound used to
destroy the unwanted weeds that might affect the crops. These chemicals can be
natural organic or synthetic organic compounds and its presence in environment
may prove to be harmful affecting the living bodies. The natural organics that are
frequently used as herbicide is vinegar and corn gluten meal. The synthetic organic
compounds that has been used as herbicide are mainly different types of carboxylic
acids such as dichlorophenoxyacetic acid, 2-(2,4-dichlorophenoxy) propionic acid,
methylchlorophenoxypropionic acid and 3,6-dichloro-2-methoxybenzoic, etc.
Researchers across the world have used different methods to treat herbicides as
pollutants. In some recent research studies, the herbicide was degraded using
chlorine dioxide [6], photodegradation [7] and membrane retention [8].

2.3 Pesticide

Pesticide is another general term used for the chemical or microbes that have ability
to prevents or destroy pest that may be insects, mollusks, nematodes, birds and
fishes, etc. Pesticides have been identified as endocrine disrupting chemicals posing
harmful effects on aquatic life and human beings at the trace levels [9, 10].
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Continuous exposure of pesticide can be detrimental leading to cancer and loss of
life [11]. Many techniques have been used to remove pesticides which include
adsorption by activated carbon [12], bioremediation [13] and biodegradation [14].

2.4 Pharmaceutical Drugs

Drugs and pharmaceuticals are those chemical compounds that have the ability to
detect, diagnose, prevent or treat the disordered metabolic conditions that cause a
disease. Enormous amount of chemicals are used to develop suitable drugs to
combat the abnormal functions of the body. The presence of these pharmaceutical
drugs in water has increased from nanograms to micrograms that directly affect the
normal functions of a living body leading to serious health impacts [15, 16].

2.5 Dyes

Dyes are the organics that have ability to impart colour by absorbing certain
wavelength from the visible spectrum. These organics are used by various indus-
tries such as fabric, textile, food, leather, laser and solvent dyes, etc. The dyes used
are may be a natural dye which is extracted from a plant source. Few examples of
natural dyes are indigo, saffron, henna and woad. The natural dyes are fairly safe for
the environment and life. However, the synthetic dyes which are more popularly
used for commercial products have been widely classified based on the type of
chromophore in its chemical structure. Some of the categories are phthalocyanine,
nitroso, azo, nitro, thiazole and diazonium, etc. The dyes discharged into the
wastewater affects the aesthetic value of the water as it resists the penetration of
sunlight to the aquatic environment thereby affecting the water bodies. It has been
reported that fabric or textile dyes are the most recalcitrant in nature [17–19].

2.6 Petroleum Products

The products obtained from petroleum refineries are rich in hydrocarbons. Different
types of petroleum products are commonly known as fuel, heavy oil, jet oil, diesel
oil, petrol, paraffin wax, asphalt and petroleum coke, etc. The wastewater dis-
charged from the petroleum refineries is heavily loaded with polycyclic aromatic
hydrocarbons, phenols and heterocyclic compounds [20]. These organics are ren-
dered as highly toxic for the ecosystems and therefore categorized as organics that
are priority substance to be controlled [21, 22].
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3 Biopolymer-Based Hydrogels for Decontamination
of Organic Waste

3.1 Biopolymer-Based Hydrogels

Natural polymers both plant and animal based such as cellulose, chitosan, collagen,
gelatin, alginate, dextrose, hyaluronic acid, silk, fibrin and gums, etc. are
well-known hydrophilic gels/hydrogels that have been well documented by
researchers. The unique property of these hydrogels is ability of water retention
without dissolving in water due to three-dimensional network of cross-linked chains
enriched with hydrophilic functional groups [23]. The cross linking may be
physical indicating a week interaction via hydrogen bonding/hydrophobic interac-
tion or electrostatic attractions and is reversible in nature. If the nature of
crosslinking involve covalent bonding then hydrogel is anticipated as more stronger
than the physical ones. The water retention capacity of the hydrogels influences the
volume transitions that may be stimulated by external factors such as temperature,
pressure, pH and most important is the type of solvent which is in direct contact of
these hydrogels [24]. Biopolymer-based hydrogels have received a special recog-
nition in the field of biomedical sciences as these resemble the natural macro-
molecules. Recognition by cell surface receptors provides an advantage to influence
adhesion and proliferation preventing the chronic inflammation, toxicity and
immunological bioreactions [25–27]. These are biodegradable and biocompatible
for which these have been investigated for various biomedical and environmental
applications such as drug delivery systems, targeted drug delivery and tissue
engineering and wastewater treatment. Although, these stimulus responsive mate-
rials have many benefits and biomedical applications, there are few challenges such
as non-adherent, poor mechanical properties that make these hydrogels difficult to
handle [28, 29]. The chemical structures of some of the biopolymer hydrogels are
shown in Scheme 1.

3.2 Removal of Organic Pollutants Via BioPolymer
Hydrogels

Biopolymer-based hydrophilic gels have been used for removing water contami-
nants specifically by physicochemical techniques where by hydrogels and its
composites have been investigated as an adsorbent. After an extensive research for
the reports available or published in various scientific journals, it was found that
biopolymer hydrogels have been applied to remove the two prominent pollutants
that are dyes and drugs. The other organics such as pesticides, herbicides and
petroleum products have not been investigated to such an extent. However, a large
amount of studies were done for heavy metal removal from the waste water using
these natural hydrophilic polymers. Since these have an advantage of being
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biodegradable and biocompatible, the main focus on application of hydrogels is in
the field of biomedical and pharmaceutical sciences. The following sections
therefore describes about the recent work done in the field of biopolymers hydro-
gels applied to remove the dyes, drugs and other organics.

3.2.1 Dyes

Dye industry is continuously in growing demand as per the web reports where it has
been disclosed that this industry will have an annual increase of 6 % and is expected
to reach $30 billion by 2020 [30]. Dyes are either natural or synthetic but a unique
factor in any case is that it is basically made up of carbon skeleton-based chemical
structure. There are many industries which make use of different types of dyes for
the commercial products. The prominent industries that make use of dyes and
pigments are textile and fabric, leather, ink, food, pharmaceutical and nutraceutical.
The ever-growing demand of the products from these industries therefore forces the
dye industry to target increased amount of dye production. The increased com-
mercialization and market growth of this industry therefore put a pressure on
environment pollution due to limited scope and methods of treatment of water
before discharge by these industries.

Scheme1 Chemical structures of biopolymer hydrogels
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In some recent studies on treatment of dye waste water, chitosan hydrogels were
treated with ammonium sulphate solution to be used as an adsorbent for acid orange
7 and acid red 8 [31]. It was reported the adsorption capacities of modified chitosan
hydrogels for these dyes were 7.4 and 14.4 times more than the pristine polymer.
Desorption of the dyes and regeneration of this hydrogel adsorbent up to 20 times
was successfully done without the loss of adsorption capacities. In a different study,
the authors prepared lithocholate salts which was studied for its gelatin behaviour
and were formed as negatively charged tubular structure [32]. The prepared
hydrogel was applied to uptake cationic dyes, such as methylene blue and rho-
damine B, and was found that these hydrogels were able to adsorb maximum dye
from a solution as shown in Fig. 1.

Semi-interpenetrating networks of sodium alginate-acrylic acid and acrylamide
copolymer were developed to remove basic fuchsin and methyl violet from the
water. The increase in the crosslinker improved the swelling capacity of these
hydrogels and the adsorptions of dyes were found to increase with an increase in
feed dye concentration [33]. The researchers described the adsorption mechanism
as initially stage to be mass transfer controlled which was followed by diffusion
controlled. Table 1 was presented by them to show a comparison with some other
similar type of work.

A novel poly(acrylic acid-aniline)-grafted gumghatti-based conducting hydrogel
was prepared and studied for adsorption of dyes such as stilbene, malachite green
(MG), methyl blue (MB), rhodamine (Rh) and fluorescent sodium (FS), and it was
shown that the prepared hydrogels had fascinating stimuli responsive towards
electrical conductivity [41]. The additional feature lied in the fact of better
adsorption efficiency when compared to semi-interpenetrating networks. This was
shown in Fig. 2.

In another study, partially hydrolyzed polyacrylamide/cellulose nanocrystal
nanocomposite hydrogels were used to investigate the adsorption kinetics and
equilibrium parameter for the methylene blue dye removal [42]. It was reported that
these hydrogels had 90 % adsorption efficiency along with qe >40 mg/g and

Fig. 1 The methylene blue (a) and rhodamine 6G (b) solutions before (left) and after (right)
adsorption. Reprinted with permission from [32]. Copyright © 2011, American Chemical Society
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followed pseudo second order model indicating chemisorption. The adsorption
mechanism of methylene blue due was shown in Fig. 3.

Carrageenan, a linear sulphated polysaccharide obtained from edible red sea-
weeds is poly-anionic hydrogel which has been exploited as an adsorbent for

Table 1 Comparison of dying adsorption capacity of semi interpenetrating networks of acrylic
acid and acrylamide and sodium alginate hydrogels with the reported data

Name of the
hydrogel

Dye used in
water/temp./conc./
pH

Adsorption performance mg/g
resin

References

IPN2 2.5 mg/L in water
at pH 7 and 25 °C

2.249 for BF, Qmax 5.96
1.723 for MV, Qmax 3.93

[34]

IPN2 500 mg/L in water
at pH 7 and 25 °C

368.70 for BF, Qmax 920, Qmax

283.76
[34]

Poly (HEMA-g-GA) 700 mg/L in water
at pH 5

121.5 Qmax 0.189 [35]

Poly (AA-co-AM)
attapulgite

200–100 mg/L in
water at pH 7

917 for 100 mg/L for MV [36]

Soya ash 25.9 mg/L at pH 9 4.209 for 5.76 for MV [37]

Supramolecular and
composite gel of
agarose

1000 mg/L at pH 7 Removal % 95.1 and 95.7 for
MV

[38]

Poly (AA-co-AM) 50 mg/L at pH 7 6.38 for MV [39]

Poly (VP-co-MA) 500 mg/L at pH 7 4.22 for MV [40]

CPSA4 2.5 mg/L at pH 7 2.09 for MV with 84 % removal
and 2.37 for BF with 95 %
removal

[33]

CPSA4 200 mg/L at pH 7 174 for MV with 87 % removal
and 188 for BF with 94 %
removal

[33]

Reprinted with permission from [33]. Copyright © 2014, Elsevier

Fig. 2 Comparison of IPN
and semi IPN for dye
adsorption. Reprinted with
permission from [41].
Copyright © 2015, Elsevier
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up-taking cationic dyes [43]. This natural gum was used to form a composite
material using polyvinyl alcohol and iron oxide nanoparticles via in situ precipi-
tation method [44]. Crystal violet was the candidate dye as an adsorbate from the
aqueous solution. It was concluded that the screening effect of sodium ions and
the sulphate ions present on the carrageenan affect the dye adsorption capacity by
the hydrogel nanocomposites. The ΔG −20 to 0 kJ/mol indicated primarily
physisorption whereas ΔG −80 to −400 kJ/mol confirmed the chemisorption. The
scheme representing the overall research work done in Fig. 4.

Chitosan-polyacrylamide-based composite hydrogels were prepared to remove
direct blue and methylene blue from the aqueous solution as per the following
Fig. 5. Semi-interpenetrating network (sIPN) and full interpenetrating networks
(dIPN) were for a comparative study. It was observed that dIPN was able to adsorb
the dyes at better fashion when compared to the former due to structural changes
occurred when the transformation of amide group into carboxylate group. The dIPN
obtained was a monolith with a high porosity with an increase in crosslinker ratio.

Potato starch or modified potato starch was entrapped into polyacrylamide matrix
to developed semi-interpenetrating networks which was applied to study the
physisorption of methylene blue confirmed from pseudo first-order kinetic model
[46]. The kinetic studies indicate that the sorption of methylene blue was consid-
erably affected by the nature of entrapped polymer into polyacrylamide. The studies

Fig. 3 Adsorption mechanism of partially hydrolyzed polyacrylamide/cellulose nanocrystal
nanocomposite hydrogels using methylene blue as an adsorbate. Reprinted with permission from
[42]. Copyright © 2014, Elsevier
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Fig. 4 Scheme showing the preparation of carrageenan-polyvinyl alcohol-iron oxide nanocom-
posites for the removal of crystal violet. Reprinted with permission from [44]. Copyright © 2014,
Elsevier

Fig. 5 Preparation of dIPNs from chitosan and polyacrylamide. Reprinted with permission from
[45]. Copyright © 2011, Elsevier
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were proceeded with desorption cycles that enhanced the possibility of reusability of
these composite hydrogels up to four cycles without losing the adsorption efficiency.

Alginate and alginate/polyaspartate hydrogel beads were prepared for methylene
blue, malachite green and methyl orange removal. A weak solute-solid interactions
were confirmed from Type S isotherm with an adsorption efficiency of 300–
700 mg/g of gel [47]. A comparative study of pristine cellulose with cellulose
modified with glycidyl methacrylate and sulfosalicylic acid was carried for crystal
violet uptake [48]. The modified hydrogel adsorbent showed better conductivity
with an adsorption capacity of 218 mg/g which was found to 70 % higher than that
of cellulose to remove the dye up to eight cycles.

Recently, a new biocomposite hydrogel was prepared using calcium alginate as a
matrix incorporated with vineyard pruning waste. The authors recommended that it
would a promising eco-friendly alternative foe the removal of organic wastes [49].
The biocomposite hydrogels were found to be stable and kept elongation with
constant roundness and compactness values. These hydrogels successfully adsorb
75 % of the dyes from winery waste water. Besides this study, similar work have
been done where immobilization of grape marc peat [50], saw dust [51] and sug-
arcane molasses [52] onto calcium alginate matrix were used to develop composite
hydrogels for the pigments removal from wastewater discharged by agro industries.

Chitosan-g-poly (acrylic acid)/vermiculite hydrogel composites were able to
adsorb methylene blue from the aqueous water. The adsorption was enhanced with
pH, initial time of contact and concentration whereas surfactant concentration, ionic
strength and temperature influenced negatively [53]. The electrostatic attraction
between the carboxylate group present on the hydrogels composite and the dye
molecules were identified as the main cause of adsorption and have the adsorption
capacity of reach 1573.87 mg/g.

3.2.2 Drugs

Very few literatures have been found where hydrogel and hydrogel-based
nanocomposites have been used to remove pharmaceutical drugs from waste
water. In a recent work done, the authors reported the study of measured and
predicted equilibrium partition coefficient of pharmaceutical drugs such as aceta-
zolamide, caffeine, hydrocortisone, Oregon Green 488, sodium fluorescein and
theophylline in hydroxyethyl methacrylate [HEMA]/methacrylic acid [MAA] [54].
The exclusion factor was found to be E > 1 for pure HEMA indicating a strong
adsorption and the solute partitioning was influenced by properties like size
exclusion and non-specific electrostatic interaction.

Xanthan gum/lignin composite hydrogels were investigated for vanillin carriers
[55]. The two natural polymers were cross-linked using epichlorohydrin and were
found to have high swelling degree and rate in aqueous solutions. This composite
hydrogel had strong intra and intermolecular interactions with vanillin as it allowed
slow desorption of about 15–18 % within 100 min attributed to the fact that content
of lignin affects the release.
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Chitosan-magnesium aluminium silicate nanocomposites were studied for per-
meability of drugs such as propranolol HCl (PPN), diclofenac sodium (DCF) and
acetaminophen (ACT) [56]. It was found that the permeation of negatively charged
drugs through this hydrogel composite was primarily a diffusion phenomenon
whereas the positively charged drugs was able to concurrently undergo the diffusion
and adsorption process.

Modified chitosan was prepared by crosslinking glutaraldehyde and sulfonate
(CsSLF) or N-(2-carboxybenzyl) (CsNCB), groups to remove pramipexole dihy-
drochloride which is non-ergoline dopamine agonist from the aqueous water [57].
The adsorption capacity of (CsSLF) was found to be 367 mg/g than that of
(CsNCB) 357 mg/g capacity. The interaction of the drug with the modified chitosan
is shown in Fig. 6a, b. The authors also provided the comparison of their work with
some earlier research shown in Table 2.

3.2.3 Herbicide, Pesticide and Petroleum Products

Rare research work is found in the field of hydrogel as an adsorbent for the removal
of herbicide, pesticide or petroleum products. Recently, the authors have developed
synthetic hydrogel poly(N-vinyl-2-pyrrolidone)/(acrylic acid-co-styrene) [PVP/
(AAc-co-Sty)] hydrogels via γ-irradiation as an adsorptive systems. They used this
adsorbent to decontaminate the pesticides such as fluometuron (FH), thiophanate
methyl (TF) and trifluralin (TI). They reported that the nature of adsorption was
influenced by hydrophobic interactions and hydrogen bonds between the hydrogel
and the pesticide molecules. The maximum adsorption was observed at a low pH
with rise in temperature [61].

Gum tragacanth-acrylic acid-based hydrogel was used to uptake crude oil via
adsorption process that had high adsorption rate at pH 3 with 40 % acrylic acid
content [62].

3.2.4 Miscellaneous

Hydrogel, functionalized hydrogels and hydrogel composites have been extensively
exploited for the uptake of inorganics especially the heavy metal ions from the
aqueous solutions. This section will describe some recent research done in this area.

Graft copolymerization was carried out using acrylic acid and xylan rich
hemicellulose to develop an adsorbent that could behave as potential candidate for
heavy metal removal [63]. Lead, cadmium and zinc ions were the target cations for
this modified hydrogel that showed an adsorption capacity of 859, 495 and
274 mg/g, for each of these cations, respectively. Table 3 represents the
adsorption/desorption capacity of this hydrogel for heavy metal ions.

Potato starch graft polyamidooxime embedded in chitosan beads was prepared to
remove copper ions from aqueous solution [64]. The authors used two different
strategies to develop the candidate hydrogel. The first approach was mixing of
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previously prepared poly(amidoxime) grafted on potato starch in the CS solution
which was proceeded with the bead formation and the next approach thorough via
mixing the potato starch-g poly(acrylonitrile) (PS-g-PAN) copolymer in the initial
CS solution, followed by bead formation. The maximum equilibrium sorption
capacity of this hydrogel was found 133.15 mg Cu2+/g for the hydrogel prepared by
the first route while the second route yielded hydrogel that showed adsorption
efficiency 238.14 mg Cu2+/g.

Fig. 6 a Interaction of PRM
drug with (CsNCB).
Reprinted with permission
from [57]. Copyright © 2013,
Elsevier. b. Interaction of
PRM drug with (CsSLF).
Reprinted with permission
from [57]. Copyright © 2013,
Elsevier
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Response surface methodology was used to prepare noval magnetic hydrogel
beads with an average diameter of 3.4 mm based on calcium alginate and
maghemite with an adsorption capacity of 159.24 mg/g for 500 mg/L initial Cu(II)
ion concentration for a period of 6 h [65].

In another fascinating work, calcium alginate/polyacrylamide hydrogel was used
for nano-filtration membrane via photo-induced copolymerization. Membranes
show the prominent antifouling properties that efficiently resisted the adsorption of
proteins [66].

Table 2 Comparison of adsorption capacities hydrogel composite with other Adsorbents

Adsorbent compound Drug/adsorption capacity Qm
(mg/g)

References

Mesoporous silica SBA-15 Carbamazepine (0.16) [58]

Mesoporous silica SBA-15 Clofibric acid (0.07) [58]

Mesoporous silica SBA-15 Diclofenac (0.34) [58]

Mesoporous silica SBA-15 Ibuprofen (0.41) [58]

Mesoporous silica SBA-15 Ketoprofen (0.28) [58]

High-silica zeolite HSZ-385 Sulfamethoxazole (237) [59]

High-silica zeolite HSZ-385 Sulfathiazole (402) [59]

High-silica zeolite HSZ-385 Sulfamerazine (302) [59]

High-silica zeolite HSZ-385 Sulfamethizole (267) [59]

High-silica zeolite HSZ-385 Sulfadimidine (278) [59]

Activated carbon Atenolol (130) [60]

Activated carbon Diclofenac (280) [60]

Non-grafted cross-linked chitosan (Cs) Pramipexole (181) [57]

N-(2-carboxybenzyl) grafted chitosan
(CsNCB)

Pramipexole (307) [57]

Sulfonate grafted chitosan (CsSLF) Pramipexole (337) [57]

Reprinted with permission from [57]. Copyright © 2013, Elsevier

Table 3 Metal ion sorption and desorption study by xylan type hemicellulose grafted acrylic acid
hydrogel

Metal
ion

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Aa

(mg/g)
Rb

(%)
A
(mg/g)

R
(%)

A
(mg/g)

R
(%)

A
(mg/g)

R
(%)

A
(mg/g)

R
(%)

Pb2+ 876 98.9 850 99.0 831 98.6 810 97.7 774 96.7

Cd2+ 510 99.1 496 98.7 484 98.1 467 97.2 441 96.4

Zn2+ 261 99.0 260 98.8 254 98.5 241 98.2 230 97.6

Reprinted with permission from [63]. Copyright © 2012, American Chemical Society
aAdsorption capacity of the metal ion, bRecovery rate (desorption) of the metal ion
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In another study silver ions were adsorbed from aqueous solution by molecular
ion imprinted hydrogels of chitosan that had high adsorption capacity [67]. The
scheme shown in Fig. 7 represents the mechanistic path way of the methodology
used for the preparation.

4 Summary

The chapter delivers a brief overview in the field of biopolymer-based hydrogels,
modified or functionalized biopolymer hydrogels and composite material that have
been used for the decontamination of organic wastes. There are various industries
that discharge gallons of wastewater enriched with organic pollutants and with
growing demand of market with such products, it is estimated there will a quantum
leap in the rise of discharged wastes. The organic wastes are predominantly gen-
erated by paper making, dye, textile, pharmaceutical and nutraceutical, agro-based
and petroleum industries. The important aspect lies in the lack of treatment setup for
the wastewater discharge by most of these industries.

Researchers across the world have investigated all the possible treatment
methods based on physicochemical, chemical, photocatalytic and biological process
to combat the challenge. This chapter dealt with the research work done in the area
of biopolymer-based hydrogels and its application for decontamination of organic
waste. After extensive literature research done on the recent work in this area
suggested that scientists have carried out maximum work in the field of organic
dyes followed by heavy metal removal by hydrogels. The ultimate objective in most
of the studies was adsorption efficiency of hydrogels. Comparison of the natural
polymer-based hydrogels with other potential adsorbents suggested that choice
biopolymer hydrogels has the ability to lead the eco-friendly steps towards envi-
ronment protection.

Fig. 7 Scheme representing the formation of molecular ion imprinted chitosan. Reprinted with
permission from [67]. Copyright © 2014, American Chemical Society
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However, the natural hydrogels has been in demand by the biomedical science
especially for developing drug formulation for targeted and slow release, tissue
regeneration and molecular engineering.

5 Future Scope

Natural polymers have been the choice of scientists across the world where these
have been extensively investigated for possible application in various fields. The
biocompatibility, biodegradability, water retention property and supra adsorbent
behaviour prioritize its utility for lab scale, pilot scale and industrial scale research.
However, the researchers have not explored its capability for decontaminating
organic waste discharged from many industries.

The future scope of this work shall focus on the investigation of natural poly-
mers for removal of organics released from as drugs, petroleum products, pesticide
and herbicides, etc. The other major possibility which may play a huge role for
these biopolymer-based hydrogels is its use to develop catalysts and photocatalysts
so that dual benefit of adsorption and photodegradation enhances the removal
capacity.

It is important to make a note that any research with commercial application
plays a pivotal role for the upliftment of social causes that are directly related to
environmental protection and sustainability. To address this, there is a need to
utilize these hydrogels that can participate as potential commercial method of water
treatment.
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Chitosan and Starch-Based Hydrogels
Via Graft Copolymerization

Annamaria Celli, Magdy W. Sabaa, Alummoottil N. Jyothi
and Susheel Kalia

Abstract Graft copolymerization is an attractive method for surface functional-
ization of natural polymers and can be initiated by chemical methods, radiation
technique, and other systems. Polymer grafting onto polysaccharides is an effective
method for the synthesis of superabsorbents. Depending upon the type of mono-
mers and the conditions employed the properties of graft copolymers vary to a large
extent. Chitosan is a nontoxic, biocompatible polysaccharide, and starch is a natural
hydrophilic biopolymer. Both these are most abundant natural organic materials
which are extensively investigated in the development of biodegradable and
environment-friendly materials. Their hydrogels are of utmost importance for wide
use in many fields including structural transplants, target drug delivery, tissue
engineering, biosensors, adsorbents, etc. In this chapter, the various techniques used
for the synthesis of chitosan/starch graft copolymers, their properties and possible
applications are discussed in detail.
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1 Introduction

Polysaccharides are the basic raw materials for fabrication of micellar carrier
because of their excellent properties like biocompatibility, hydrophilic, and
biodegradable nature [1]. Lack of these properties can prevent a biomaterial from
performing its function and often trigger undesirable side effects. Recently devel-
oped biomaterials can actively interact with tissues and organs in comparison to the
earlier biomaterials [2, 3]. Polysaccharides-based hydrogels find use in many fields
including structural transplants, target drug delivery, tissue engineering, antibac-
terial agents, biosensors, adsorbents to their excellent properties [4–8].

Chitosan is a cationic polysaccharide and excellent properties of chitosan are
being used for controlled releasing of drugs by hydrogels devices [9, 10]. Starch is a
natural hydrophilic polysaccharide and a valuable biodegradable material because
of its excellent properties. Hydrolysis product of starch and its derivatives are well
established in the food and technical industries. Various strategies have been
developed for polymer grafting onto starch backbone [11, 12]. Caprolactone was
grafted on the active sites of starch using ring-opening polymerization to increase
the miscibility of starch and polycaprolactone [13]. Graft copolymers of polysac-
charide have been widely used in diversified fields such as in gene delivery,
selective water absorption, drug carrier, composites, water purification, etc.
Polysaccharides such as starch, cellulose, hydroxyethyl cellulose, sodium aliginate,
and partially carboxymethylated guar gum have been grafted copolymerized into
water-absorbing polymers [14]. This chapter describes the concept of graft
copolymerization and synthesis of chitosan and starch-based hydrogels via graft
copolymerization for high-performance applications.

2 Graft Copolymerization

2.1 Concept of Graft Copolymerization

Graft copolymerization is an attractive method to combine properties of two or
more polymers in one entity. In graft copolymers, indeed, branches develop from a
main backbone (Fig. 1), and main and side chains, which may be constituted by
homopolymeric and copolymeric units, differ by chemical structure or composition
[15]. Graft copolymers are characterized by branches randomly distributed along
the main chain, with a low density, and can be considered a special case of
comb-shaped polymers, which have backbone and side chains of the same chemical
nature. There is also a special case of cylindrical polymer brush where the density
of the branches is very high.

In graft copolymers the chemical nature of the backbone and branches and their
structural characteristics, such as molecular weight, number and spatial distribution
of the branches, are fundamental to determine some specific behaviors, i.e., in bulk
and in solution. More specifically, topological constrains prevent macromolecular
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chain motions [16] and the lack of compatibility between polymers having different
chemical characteristics causes repulsions and separation of phases. Some uses of
graft copolymers exploit this incompatibility between backbone and side chains: for
example, they are used to compatibilize polymer blends, as they tend to settle at the
interface between two polymers or other materials, according to their chemical
characteristics, improving the interconnections [17]. For example, polypropylene-
graft-poly(ɛ-caprolactone) is a good compatibilizer for blends between PP and many
engineering plastics, such as polycarbonate and poly(vinyl chloride) [18].

Moreover, graft copolymers are often amphiphilic materials, which contain both
hydrophobic and hydrophilic parts connected each other. In this case, as backbone
and grafts are characterized by different solubility, they can be used as emulsifiers,
adhesives, moisturizers, or water repellents. In the presence of solvent which
exhibits preference for the chemical units present in the grafts, they can assume
micellar-type conformations. In particular, in the last few years a notable interest of
academic research has been addressed to the micellization behavior of amphiphilic
graft copolymers [19, 20], for example, to design drug delivery systems [21–23].
Moreover, the capability of graft copolymers to modify surface properties of
materials found numerous applications in biomedical field [24, 25].

Then, the macromolecular architecture must be carefully controlled to obtain
successful applications in the different fields. Various copolymerization methods
have been developed and now some structural parameters, such as length of main
and side chains, can be well adjusted. Otherwise, the control of number and dis-
tribution of grafts along the chains is still a challenge.

The synthetic methodologies to prepare graft copolymers have been extensively
studied and reviewed [15, 26–30]. These three are the methods that have been
optimized with the aim of preparing randomly branched graft copolymers: (a) the
‘‘grafting onto,’’ (b) the ‘‘grafting from,’’ and (c) the ‘‘grafting through’’ or mac-
romonomer method [31] (Fig. 2). The ‘‘grafting onto’’ method consists of the
exploitation of functionalities X that are randomly distributed along the backbone
chain. X groups are able to couple with reactive chain ends Y of polymeric bran-
ches. However, the incapability between polymers of different chemical nature
(backbone and side chains) limits the exact control of the reaction progress, together
with the restricted accessibility of the functional groups along the main chain.
Nevertheless, this method, first used for the preparation of graft copolymers by
ionic living polymerization, has been applied to other copolymerization pathway.

Graft copolymer  Comb-shape polymer Polymer brush

Fig. 1 Scheme of branched polymeric architecture
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In the ‘‘grafting from’’ method, instead, active sites are generated randomly
along the backbone. From these sites the polymerization of a second monomer can
initiate creating branches. This method can be applied to a wide range of monomers
and polymerization reactions. However, the length and number of grafts are not
accessible.

The ‘‘grafting through’’ or macromonomer method is widely used for the
preparation of graft copolymers [32]. Macromonomer is an oligomer or a polymer
characterized by the presence of a polymerizable chain end, which is used for a
polymerization with a low molecular weight monomer. Graft copolymers are then
formed. Based on this macromonomer approach it is possible to prepare graft
copolymers with different structures, chemical compositions, and properties.

The three approaches described in Fig. 2 are characterized by reactions that can
proceed by different mechanisms, such as ionic, radical, etc., as explained in the
following paragraph. Moreover, some of these methods, mainly “grafting from,” is
used for graft copolymerization initiated by photoirradiation or high-energy irra-
diation techniques. These processes, which are applicable to a large number of
polymers, can take place in solution, in bulk or on surfaces.

2.2 Methods of Graft Copolymerization

Various polymerization methods are used to produce graft copolymers. In the
following a rapid review of the most used methods are reported.

Fig. 2 Scheme of different
methods of graft
copolymerization
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2.2.1 Chemical Methods

Ionic Grafting

Grafting can proceed through an ionic mechanism, involving either cationic or
anionic species. In “grafting from method” a large variety of graft copolymers have
been obtained over the years via anionic polymerization. The method consists of
creating anionic sites along a polymeric backbone. Grafts are built on these sites,
thanks to the polymerization of another monomer.

Anionic active sites can be prepared through a metalation of allylic, benzylic, or
aromatic C–H bonds, present in the backbone, by using organometallic compounds,
such as s-BuLi, in the presence of chelating agents that facilitate the reaction.

The metalation of polydienes with s-BuLi in the presence of N,N,N′,N′-tetram-
ethylethylenediamine (TMEDA) is a significant example. Metalation of polyisoprene
(PI) and polybutadiene (PBd) by following this strategy and subsequent polymer-
ization of styrene induce the formation of PI-g-PS and PBd-g-PS copolymers with
well-defined molecular characteristics [28, 29].

In another approach, a polymer, such as PMMA treated with the 18-crown-6
complex of potassium hydroxide to produce carboxylate-active groups, is an
anionic macromolecular initiator for ring-opening polymerization (ROP). By
reaction with β-butyrolactone in THF at room temperature PMMA-g-poly(β-buty-
rolactone) copolymers were prepared. Grafting efficiency is notably high and the
density of grafted chains can be easily controlled [33].

This is an example of graft copolymer synthesis by RPO with anionic mecha-
nism. This approach actually is finding numerous applications. As example, the
preparation of graft copolymers characterized by a hydrophobic backbone and
water-soluble grafts has been the object of notable research [34]. Graft copolymers
with EVOH and polyamide 12 backbone and PEO side chains were prepared by
ionization of amide and hydroxyl groups in the main chains by appropriate solvent
and catalyst. They served in the following step as initiating sites for the anionic
polymerization of ethylene oxide [35].

In the “grafting onto” method a living polymerization mechanism is used to
prepare backbone and arms separately. The backbone bears functional groups
distributed along the chain that can react with other polymeric chains bearing active
chain ends. The functions may already exist along the main chains or can be created
by chemical modifications. Backbone and branches are mixed in the desired pro-
portion and under the appropriate experimental conditions, and then the coupling
reaction occur and result in the final copolymers.

For example, poly(butadiene-g-styrene) graft copolymers are prepared by
hydrosilylation of the backbone to introduce chlorosilane groups [36]. Final
materials are characterized by a high molecular weight and compositional
homogeneity.

Grafting can also proceed through cationic mechanism. For example, tri-alkyl
aluminum (R3Al) and the polymeric backbone in the alide form (P-Cl) react to form
carbonium ions along the chain, which can copolymerize [27]:
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P-ClþR3Al ! PþR3AlCl�

Pþ þ M ! PMþ ! graft copolymer

Anionic and cationic polymerizations are characterized by the ability to form a
“living” polymerization system. There are not specific chain terminator or chain
transfer reactions and the growth of the chain is limited only by the amount of the
monomer in the system. Therefore, this copolymerization method allows one to
control molecular weight and polydispersity index. However, for the classical living
polymerization techniques a poor number of monomers can be used as they are
sensitive to the most functional groups such as halogens, nucleophilic groups,
acidic protons, etc., existing on most vinyl monomers. Moreover, pure solvents and
monomers, highly reactive initiators, anhydrous conditions, and low polymerization
temperatures are necessary.

Free Radical Grafting

Methods involving classical free radical grafting techniques are very common
procedures for the synthesis of graft copolymers [26, 27].

A conventional method to produce free radicals is through redox reactions,
which have the advantages of being simple to be carried out, feasible at room
temperature and also in aqueous solution, and which produce an extent of grafting
controllable by tuning the reaction variables (mixture composition, reaction and
temperature, and time).

An example of redox initiator is the Fenton’s reagent (Fe2+/H2O2), which gen-
erates an OH·radical:

Fe2þ þ H2O2 ! Fe3þ þ OH� þOH�

The hydroxyl radical is able to abstract the H atom from the polymer (P–H),
producing the free radical on it (P·). The monomer molecules (M) are radical
acceptor and, thus, can be chain initiator for the growth of the graft chains:

OH� þ PH ! P� þH2O

Initiation: P� þM ! P�M�

Propagation: P�M� þM ! P�M2�

The same mechanism, involving the reactions between radicals and polymeric
substrate, is found with other redox initiator systems, such as persulfate/Fe2+,
persulfate and other reducing agents, such as Ag+, hydroperoxides/Fe2. Moreover,
also through direct oxidation by transition metal ions with low oxidation potential
(e.g., Ce4+, Cr6+, V5+, Co3+) free radical sites are prepared on the polymer
backbone.
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The use of other redox initiator systems, like metal carbonyls and metal chelates,
has also been reported for chemical grafting. Moreover, certain organic compounds
(azo, peroxides, hydroperoxides) produce free radicals by heating and transferring
them to the main chain. Chemical pretreatments (e.g., ozonation, diazotization,
xanthation) and ionizing radiations (gamma rays, X-rays, e-beams) in the presence
of air, ozone, UV, and free radical initiators or peroxide groups introduced on the
parent polymer have been used.

Radical process has significant advantages, such as to be tolerant of functional
groups and impurities can be carried out in wide variety of solvents and to be the
leading industrial method to produce polymers. Free radical functionalization of
polyolefins is the most studied case. However, conventional methods do not exhibit
the basic characteristics of living polymerization such as control over polymer
structure and molecular weight due to diffusion-controlled chain terminator and
transfer reactions. Cross-linking due to radical recombination, degradation of
backbone can also occur.

The introduction of the controlled radical polymerization (CRP) in the 1990s
was an important scientific development, which combines the advantages of free
radical polymerization with that of living polymerization approaches and opens
new important perspectives in design and synthesis of complex branched macro-
molecular architectures. All the CRP methods are based on finding the conditions
for a fast dynamic equilibrium between a small amount of growing free radicals and
a large majority of the dormant species. There are currently three main types of
living free radical polymerization methods: nitroxide-mediated polymerization
(NMP) uses reversible chain termination by means of exchange of a stable radical, a
nitroxide group [37–40]. Reversible addition–fragmentation chain transfer (RAFT)
polymerization involves reversible chain transfer, rather than chain termination
[41–44]. Atom transfer radical polymerization (ATRP) is probably the most effi-
cient method to control the structural parameters of the graft copolymers [24, 30,
45]. In ATRP the radicals, or the active species, are generated through a reversible
redox process catalyzed by a transition metal complex (Mt n-Y/Ligand, where Y
may be another ligand or the counter ion) which undergoes one-electron oxidation
with concomitant abstraction of a (pseudo)halogen atom, X, from a dormant spe-
cies, R–X (Fig. 3).

Polymer chains grow by the addition of the intermediate radicals to monomers in a
manner similar to a conventional radical polymerization. Termination reactions also
occur in ATRP, mainly through radical coupling and disproportionation; however, in
a well-controlled ATRP, a few percent of the polymer chains undergo termination.

R-X Mt
n-Y/Ligand

kact

kdeact
R
kp

X-Mt
n+1-Y/Ligand

k t
terminationmonomer

Fig. 3 Mechanism of ATRP. Reprinted from [30], copyright 2001, with permission from
American Chemical Society
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A successful ATRP will have not only a small contribution of terminated chains, but
also a uniform growth of all the chains.

The “grafting from” and “grafting through” methods have been used in con-
junction with ATRP to prepare graft copolymers and underscore the versatility of
this controlled radical polymerization technique to synthesize a variety of
copolymers.

An early example of graft copolymers utilizes the ATRP of vinyl monomers
from pendant-functionalized poly(vinyl chloride) (PVC) macroinitiators. The aim
was to insert another monomer into the PVC matrix to reduce the brittle charac-
teristics of that polymer. The problem is not to overcome with plasticizers that
suffer from some problems such as leaching and phase separation [46, 47]. More
recently, Tizzotti et al. [48] in review article covered the literature regarding ATRP
graft copolymerization of polysaccharides along with other living polymerization
techniques like RAFT and NMP.

Other Chemical Reactions

Graft copolymerization by using ring-opening polymerization (ROP) has gained
significant interest in recent years, mainly to prepare amphiphilic copolymers,
which are often biodegradable. They may be used as nanocarriers in biomedical
applications, such as drug delivery. ROP is a well-established technique to poly-
merize cyclic monomers such as lactones and lactides. ROP operates through dif-
ferent mechanisms depending on which monomer, initiator, and catalytic system are
used. The graft copolymerization by ROP can proceed in homogeneous and
heterogeneous conditions by following “grafting to” or “grafting from” mechanisms
(Fig. 4) [17].

An alcohol (or hydroxyl group) is generally used as the initiator for ROP: for this
reason, for example, ROP is especially interesting for the graft copolymerization of
cellulose, which contains numerous hydroxyl groups along the chain. This is an
interesting example of “grafting from” procedure in heterogeneous conditions.
Indeed, no chemical treatment of the cellulose is necessary prior to the grafting

cellulose

OH OH

cellulose

O
O

O
O

O

H

O

O

O

HFig. 4 Grafting of cellulose
with PCL. Reprinted from
[17], copyright 2012, with
permission from Elsevier
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reaction [49–51], even if literature reports also approaches where the number of
available hydroxyl groups is increased by reaction with specific molecules [52].

Other significant example is the production of PP-graft-poly(ɛ-caprolactone)
copolymers, obtained by two steps: preparation of hydroxylate PP, containing
primary or secondary OH groups, followed by anionic ROP of ɛ-caprolactone [53].

Moreover, thiol–ene chemistry can be considered an eco-friendly route due to
the absence of metal catalysts or solvents. Example of using ‘‘grafting to,’’ modi-
fication of native cellulose by thiol–ene, ‘‘click’’ chemistry in combination with
organocatalysis has been reported by Zhao et al. [54]. Initially, the cellulose surface
was modified by reaction of 9-decenoic acid in the presence of tartaric acid, and
subsequently further reacted with several different molecules with thiol end groups,
including PCL (Fig. 5) [17].

2.2.2 Initiation by Irradiation

Graft copolymers can be prepared also by irradiation methods [55–57]. The active
sites in the polymer backbone can be obtained by several routes, such as
high-energy radiation, ultraviolet (UV) light radiation [58], plasma treatment [59].

Using High-Energy Radiation

High-energy radiation-induced graft copolymerization (RIGC) method has been
widely investigated to obtain a bulk modification of polymer films unlike
plasma-induced and UV-induced graft copolymerization, which produce only
surface modification in polymers.
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Fig. 5 “Grafting to” via thiol–ene ‘‘click’’ chemistry of PCL onto cellulose. Reprinted from [17],
copyright 2012, with permission from Elsevier
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RIGC is able to induce polymerization in a wide range of temperatures including
low regions, in various states of monomers such as in bulk, solution, and emulsion
and even at solid state. Additives and catalysts are not needed to initiate the grafting
mechanism, which can proceed by production of radicals, cations, and anions.
Various types of high-energy radiations can be used, classified into (i) electromag-
netic radiations (photons), such as γ-rays and X-rays, and in (ii) particulate radiation
(charged particles), such as electrons and swift heavy ions. All these radiations are
produced by already available commercial sources. The main source of γ-radiation is
the radioactive isotopes such as 60Co and 137Cs. Commercial accelerators (electron
beam machines) produce particulate radiations such as electrons. Swift heavy ions
are produced by ion accelerators (heavy ion beam machines). Many ions are
available, ranging from hydrogen and helium up to ions of heavy elements such as
197Au, 208Pb, 209Bi, and 238U. However, grafting initiated by swift heavy ions is
different from that one initiated by -rays or electron beam due to the high electronic
stopping power of the particles. Moreover, the values of the grafting yield and the
molecular mass distribution vary depending on the kind of ion used.

The amount of the grafted moiety can be controlled by varying the irradiation
parameters. Indeed, during irradiation polymers can be subjected to molecular
changes, such as chain cross-linking, which causes an increase in the polymer
viscosity by the formation of a microscopic network structure. Otherwise, chain
scission can take place, inducing a decrement in the molecular weight and sub-
stantially changing the polymer material properties. Moreover, small molecule can
be produced and structural changes in the polymer can occur. The extent of each
one of these reactions depends on the chemical nature of the polymer and irradi-
ation conditions, i.e., irradiation dose and dose rate.

These two are the main methods for RIGC: (1) simultaneous irradiation and
(2) pre-irradiation, which can be performed either in the presence of air or under
vacuum.

In simultaneous irradiation a polymer backbone is irradiated in the presence of a
monomer. The formation of active free radicals may occur both in the polymer and
in the monomer. Radicals on polymer backbone induce the growth of side chains,
according to the following scheme:

Irradiation: P �!c-rays
P�

Initiation: P� þM ! PM�

Propagation: PM� þ nM ! PM�
nþ 1

Termination: PM�
n þ PM�

m ! PMnþmðgraft copolymerÞ

By combination of two polymeric radicals the deactivation of primary radicals takes
place. Moreover, the homopolymerization of the radicals of the monomeric units
can be another side reaction which limits the graft copolymer formation. Therefore,
some conditions can be adopted to overcome these problems, such as homopoly-
merization inhibitors or the selection of low dose rates to avoid rapid termination of
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graft growing chains and the addition of the monomer either in vapor or liquid form
to the polymer backbone while it is in a solid form.

Pre-irradiation method involves: (1) irradiation of the polymer backbone to form
active radicals and (2) contact of the irradiated polymer backbone with monomer. If
irradiation step takes place in air, the generated radicals react with oxygen to form
peroxides and hydroperoxides. These stable products are treated with the monomer
at high temperature, which causes decomposition of peroxides/hydroperoxides in
radicals, initiating grafting. This route can be schematized by the following steps:

Formation of diperoxides/hydroperoxides: PHþO2 �!c - rays
POOP or POOH

Thermal decomposition: POOP or POOH�!D PO� þOH�

Initiation: PO� þM ! POM�

Propagation: POM� þ nM ! POM�
nþ 1

where PH is the polymer backbone, POOP and POOH are peroxides/
hydroperoxide, PO is the primary radical and POM· is the initial chain graft and
POMn+1 is the graft growing chain.

On the other hand, if irradiation takes place under vacuum or inert atmosphere,
the grafting follows the mechanism:

PH �!c-rays
P� þH�

P� þM ! PM�

The pre-irradiation method has the advantages that the homopolymer formation is
little and the grafting can be carried out at any time, away from radiation sources.

Limitations of using high-energy radiation are connected to the facts that the
technique is expensive and requires long irradiation times. Moreover, the opti-
mization of the experimental conditions is a huge task and modification of chains
(chain scission or cross-linking) can occur.

Using Photoradiation

Grafting can be proceeded by the use of low-energy radiations like UV light, which
generates, often in the presence of a photoinitiator, free radicals only on the material
surface [58]. Therefore, the grafts will be formed only superficially without mod-
ifying or damaging the bulk material. In this case, the reaction proceeds quickly,
equipment is simple, the upscaling to industrial level can be easily realized with low
costs.
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However, conventional photografting methods often do not ensure a good
control of the final copolymer architecture. Homopolymerization of the monomers,
grafting and cross-linking, degradation of the substrate can occur. Then, in order to
overcome these obstacles, “living” or controlled graft copolymerization was
developed, where chain transfer and chain terminator mechanisms are absent.
The ATRP method may be well-suited for surface modifications and the accurate
control of molecular weight, molecular weight distributions, and surface density of
grafts has been achieved.

Using Plasma Radiation

Recently, the plasma polymerization technique has received increasing interest
[59]. The interaction of plasma with polymeric surface causes electron-induced
excitation, ionization, and dissociation. Macromolecular radicals are formed and
reactions similar to those produced by high-energy irradiation occur, even if the
effects of the plasma are milder than those of conventional energy (e-beam, gamma
irradiation). As the changes are confined only to the depth of a few nanometers at
the surface, the bulk properties of material, such as degree of polymerization and
crystallinity, are not very much influenced.

2.2.3 Other Initiating Systems

Enzymatic grafting is a relatively new method, which have several advantages with
respect to chemical and physical pathways. In terms of health and safety, enzymes
have eliminated the hazards associated with the use of harsh chemicals and the
reactions occur in milder reaction conditions. Moreover, enzyme selectivity and
specificity make the reactions very simple and offers the potentiality of a good
control of the final macromolecular structure with the advantage that protection
and de-protection steps are not necessary. Finally, enzymatic reactions can be used
together with chemical reactions. Most of the grafting reactions use oxidoreductase
enzymes, which are capable of forming free radicals, thanks to electron removal or
due to oxygen supply to the molecules. The use of oxidative enzymes in the
grafting reactions is extensively studied for natural polymers. As examples, lipase
was used to catalyze ROP from cellulose substrates. Li et al. [60] grafted
hydroxyethyl cellulose films with poly(caprolactone) by the use of a lipase and
Gustavsson et al. [61] used a lipase for the ROP of ε-CL in close proximity to
cellulose fibers in a filter paper. First, the enzyme was immobilized on the filter
paper which was used as a substrate, and then polymerization was carried out. FTIR
spectroscopy and contact angle measurements showed that PCL is not covalently
bonded but coats the cellulose surface.
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3 Polysaccharide and Their Hydrogels

3.1 Chitosan-Based Hydrogels

Chitin is a naturally occurring polysaccharide and is considered the second most
abundant in nature after cellulose [62]. Chitin consists of units of β-(1,4)-linked-
2-acetamido-2-deoxy-D-glucose. It is present in large quantities in the shells of
crabs, shrimps and other crustaceans, and in the exoskeletons of insects and mol-
lusks. Chitosan (Ch) is the N-deacetylated derivative of chitin [63] obtained by the
alkaline hydrolysis of chitin, which is almost never complete [64, 65]. Thus Ch is a
copolymer composed of glucosamine and N-acetylglucosamine units [66], and the
degree of deacetylation indicates whether the biopolymer is chitin or chitosan. Ch is
a linear hydrophilic polysaccharide that has received much attention in biological
fields. Its physical properties depend on a number of parameters including its
molecular weight, its degree of deacetylation (DD), and the sequence of the free
amino acetamido groups at C2. Ch is poly [β-(1–4)-2-amino-2-deoxy-D-glucopy-
ranose], its chemical structure is illustrated in Fig. 6. It is an attractive biocom-
patible, biodegradable, and nontoxic natural biopolymer that exhibits excellent
film-forming ability [67].

Ch has many properties that classified it as one of the most important modified
natural polymer due to its biodegradability, biocompatibility, its nontoxic nature,
and its metal uptake capacity [68]. The presence of the active free amino group at
C2 in the structure of Ch affords more functionality toward biotechnological needs
in many fields of applications, such as in food, in drug carriers, etc. Polymeric
materials based on Ch can be formed into fibers, films, gels, sponges, or nano-
materials [69]. Moreover, Ch was proved to have broad-spectrum antifungal
activity toward a variety of fungi [70], in addition to its ability to represent the core
of a new generation of drug and vaccine delivery systems [71]. Chemical
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modification of Ch by grafting technique has found wide field of applications
especially as superabsorbent materials, as metal ions adsorption and as ion
exchangers, in pharmaceuticals and drug delivery systems, and in the formation of
hydrogel materials.

3.1.1 Synthesis of Chitosan-Based Hydrogels Via Graft
Copolymerization

Graft copolymerization is a joint polymerization in which the backbone chain is
formed from one type of polymer, while the side chains are formed from the other
type. The length of the side chains should be less than that of the main chains. Ch
has possible applications in many fields such as in biomedicine, in waste water
treatment (removal of heavy metal ions and dyes), in polymer membranes, and in
flocculation. However, due to its basic nature (resulting from the free −NH2

groups), it is only soluble in dilute acids which limits its applications. For this, there
is growing interest nowadays to modify its chemical structure in order to improve
its solubility and consequently widen its applications [72]. Among various methods,
graft copolymerization of Ch is one of the most attractive technique for modifying
its chemical and physical properties. Ch bears two types of reactive groups in its
repeated units, the −NH2 group at C2 for the deacetylated units and the −OH group
at C3 and C6 for both acetylated and deacetylated units. Grafting onto Ch allows
the addition of new functional groups depending on the grafted materials, which
can afford more solubility to the grafted copolymer [73]. Free radical initiating
method may be considered in terms of irradiation method or chemical method.

Initiation by Irradiation Method

Initiation by irradiation method, gamma rays or an electron beam, is a physical way
of initiation, producing the free radical sites at the break points [74]. If this
application is done in the presence of a vinyl or an acrylate monomer, copoly-
merization is initiated and graft copolymer is produced, attached to the Ch at the site
of the free radical formation. Irradiation can be applied to a mixture of the Ch and
the monomer which will yield some homo polymers, but will also provide for the
reaction short-lived free radicals. Low temperature, low moisture content, and the
absence of oxygen will favor increased stability of the free radicals. When organic
substrates are subjected to high-energy radiation (γ-radiation), free radicals are
formed through electron abstraction to form radical cations. The radical formation is
concentrated in the vicinity of the incident radiation beam, and it is fairly unse-
lective. Due to the lack of specificity, the formed radical appears to have a number
of disadvantages, however, it is considered as a convenient method because there
are no synthetic steps to be formed. Initiation by γ-radiation is often used for the
initiation of vinyl polymerization (or copolymerization) by both radical and ionic
mechanisms. Various vinyl and acrylate monomers are graft copolymerized onto
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Ch by means of γ-radiation. Wang et al. [74] graft copolymerized acrylamide
(AM) onto Ch by means of γ-radiation. The graft copolymerization was carried out
at 20–25 °C. Characterization of the graft copolymer was performed by various
techniques, such as FTIR, X-ray diffraction, and TGA. The effect of acetic acid
concentration, total irradiation dose, dose rate, and acrylamide concentration on the
graft% were also investigated. Moreover, the results of the flocculation experiment
showed that the produced graft copolymer was significantly superior to both Ch and
PAM.

Pengfei et al. [75] graft copolymerized styrene (St) onto Ch using 60Co
γ-radiation. The solvent composition has a marked effect on the degree of grafting.
The graft yield was found to increase with the increase in the absorbed dose, while
for the same dose, the graft yield of St on Ch was higher than that of chitin.

Initiation by Chemical Methods

Initiation by chemical initiators takes place either by free radical or ionic (cationic
or anionic) mechanisms. The most used method of chemical initiation of vinyl graft
copolymerization onto Ch is the reaction of Ch with ceric (IV) ions [76], Fenton’s
reagent [77] or Fe2+/persulfate [78] as redox systems. In these systems, free radicals
are produced from the decomposition of the initiators and transferred to the sub-
strate. The latter reacts with the monomer to yield the graft copolymers. Free
radicals are produced either by indirect or direct methods.

Ceric Ion-Induced Grafting

Cerium (IV) in a slightly acidic medium is a versatile oxidizing agent used mainly
in the graft copolymerization of vinyl and acrylate monomers onto cellulose and
starch [79, 80]. It forms a redox pair with the hydroxyl groups at C-2 and C-3
position of the anhydroglucose units of the polysaccharide to yield the macrorad-
icals. The latter is responsible for the attack of the vinyl or acrylate monomer to
form the graft copolymer. The use of cerium (IV) was extended to the chemical
initiation of chitin and chitosan for the graft copolymerization of various monomers
due to the similarity of these polysaccharides with cellulose and starch [81–85]. The
mechanism of initiation for Ch is started by complex formation between the Ce(IV)
ion with the −NH2 and −OH groups at C-2 and C-3 positions, respectively. The
dissociation of the formed complex produced the macroradical which is responsible
for the initiation of the grafted copolymer in the presence of the vinyl or acrylate
monomers. A typical mechanism for the chemical initiation by cerium ammonium
nitrate for the graft copolymerization of vinyl and acrylate monomers onto Ch is
represented in Fig. 7.
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Fenton’s Reagent-Induced Grafting

Fenton’s reagent (Fe2+/H2O2) is a typical redox initiator used frequently for the
initiation of graft copolymerization of various monomers onto chitin and chitosan
[86]. The reagent involves a redox reaction between the ferrous ions (usually fer-
rous sulfate) and hydrogen peroxide. This interaction leads to the formation of a
single hydroxyl radical which initiates the graft copolymerization through
abstraction of a hydrogen atom from the hydroxyl groups of the glycosidic ring of
the chitin or Ch (usually from the primary alcohol at C6). Although hydrogen
peroxide can be used alone as an effective initiator for the copolymerization, there
are reasons why reducing agent like ferrous ions is preferable to be used. First, a
higher yield of radicals is produced at lower temperature in the presence of redox
initiator, and second, the chelating properties of Ch with the metal ions promote the
formation of OH radicals in the vicinity of the Ch chains, thus lower the opportunity
for homopolymer formation. Methyl methacrylate (MMA) was graft copolymerized
onto Ch with grafting percentage of 400–500 % in the presence of Fenton’s reagent
with a homopolymer yield in the range of 20–30 % [77].

A schematic presentation for the graft copolymerization in the presence of Fe(II)/
H2O2 redox initiator is illustrated in the following Scheme:
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H2O2 þ Fe2þ ! OHþ�OHþ Fe3þ

�OHþ Fe2þ ! �OHþ Fe3þ
�OHþH2O2 ! H2Oþ �OOH
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Ch� þmonomer ! Ch-g-copolymer:

Persulfate-Induced Grafting

Ch has been graft copolymerized with vinyl monomers using Fe2+ ions/potassium
persulfate (Fe2+/KPS) as initiator [87]. The redox initiator in an aqueous medium
decomposes by heat to yield sulfate radicals and other free radicals species, as
represented in the following scheme:

Fe2þ þ S2O2�
8 ! Fe3þ þ SO2�

4 þ SO��
4

SO��
4 þH2O ! HSO�

4 þ �OH
�OHþCh-H ! H2OþCh�

�OHþ Fe2þ!�OHþ Fe3þ

SO��
4 þ Fe2þ ! SO2�

4 þ Fe3þ

An interesting reaction mechanism with Ch/persulfate system has been proposed by
Wang et al. [88], where chitosan’s free amino group reacts directly with the per-
sulfate to yield R−·NH, ·OSO3H, and SO4

2−. In the work of Yazdina-Pedram et al.
[89, 90] KPS was used to graft Ch by vinyl pyrrolidone and both methyl acrylate
(MA) and MMA. They compare the use of KPS alone and in the presence of
various reducing agents in the initiation process [90].

Modification of Ch dissolved in 1.5 % acetic acid was carried out in homoge-
neous phase by graft copolymerization of vinyl butyrate using KPS as a redox
initiator. The grafted product is insoluble in common organic solvents and in dilute
organic and inorganic acids. The maximum grafting percentage (%G) and grafting
efficiency (GE%) values obtained under these conditions were 359 and 94 %,
respectively. Moreover, the thermal property measurements (DSC measurements)
have proved the higher thermal stability of the grafted Ch as compared with the
ungrafted one [91]. Chemical modification of Ch by grafting with PAM was carried
out in a homogeneous phase using KPS as redox initiator and in the presence of N,N
′-methylenebisacrylamide as cross-linking agent. The percentage of grafting was
found to depend on the various reaction conditions. At optimized combinations of
the reaction variables, a GE of 88 % and a G% of 220 % were attained. When
grafting of AM onto Ch was achieved in the absence of the cross-linker, the
obtained grafted product was slightly soluble, while in the presence of the
cross-linker, it is completely insoluble giving a typical polymeric hydrogel [92].
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Graft copolymerization of 2-hydroxyethyl acrylate (HEA) onto Ch using
ammonium persulfate (APS) as a redox initiator was carried out in aqueous solution
and inert atmosphere. Graft yield up to 300 % was reached depending on the
reaction conditions. The polymerization rate was found to be more sensitive to the
concentration of the monomer than to the concentration of the initiator. The grafted
samples are soluble in water and at alkaline pH, and possess an enhanced hydro-
philic character as compared with the parent acetylated Ch [93].

Novel Redox Initiators

A novel redox system, potassium diperiodatocuprate (III)-Ch [94], was used to
initiate the graft copolymerization of methyl acrylate (MA) onto Ch in alkaline
aqueous solution. Cu (III) was used as an oxidant and Ch as a reductant in this redox
system. Cu (III) was an efficient as well as a cheap initiation system, and the initiation
mechanism of grafting reaction proceeds according to the following scheme:

3.2 Starch-Based Graft Copolymers

Starch is a major storage polysaccharide in higher plants and is found as granules in
cereal grains, roots and tubers, pulses, etc. [95]. Starch has been used for centuries as
a thickener in food and is a versatile and widely used viscosifier. But more than that,
it is a precursor for a very large number of ingredients used in food, textile, paper,
pharmaceutical, and adhesive industries. Though starch occurs throughout the plant
world, there are only a limited number of plants utilized extensively for the pro-
duction of commercial starch. Cereals, root and tubers, and legumes are rich sources
of starch. Corn (maize) is the major commercial source of starch and other com-
monly used sources include wheat, potato, tapioca, and rice. The major cereal
sources of starch include wheat, rice, maize, sorghum, barley, oats, rye, millets, and
the starch content varies in the range 55–79.5 % on dry weight basis [96]. Roots and
tubers such as potato (Solanum tuberosum), tapioca (cassava, Manihot esculenta
Crantz), sweet potato (Ipomoea batatas), arrowroot (Maranta arundinacea), yams
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(Dioscorea spp.), and taro (Colocasia esculenta) are rich sources of starch. In some
cereals, the waxy and non-waxy and even sugary genotypes are also available [96].
Starch is composed of two types of α-D-glucose polymers: the linear and helical
amylose (20–30 %) and the branched amylopectin (70–80 %). In amylose, the
glucose units are linked through α-(1 → 4) linkages, whereas amylopectin consists
of linear α-(1 → 4) chains with α-(1 → 6) branch points (Fig. 8). The amylose to
amylopectin ratio and the branching in amylopectin depend on the source of starch
[97]. Amylose has comparatively lower molecular weight (MW * 106), whereas
amylopectin has huge and compact molecules (MW * 108). The α-(1,4) glucan
chains in amylopectin are organized as A, B, and C chains. The outer chains
(A-chains) are linked to the inner chains (B-chains) through glycosidic bonds and the
latter are branched chains. The single C-chain per molecule contains other chains as
branches and it has a single terminal reducing group [98].

The starch granular size is unique for a particular plant species. Rice starch
granules are relatively small with a granule size of about 2 μm, whereas potato
starch granules are very large in size (up to 100 μm). When starch is heated in
water, the granules undergo swelling by absorption of water and at some point the
swollen granules burst. As a result, the semicrystalline structure of starch will be
lost and the smaller amylose molecules leach out into the solution causing an
increase in viscosity. This process is called starch gelatinization. When starch paste
is cooled or stored for long duration, retrogradation of the amylose takes place
resulting in the partial recovery of the semicrystalline structure. This causes
thickening of starch paste by expelling water (syneresis). Retrogradation is
responsible for the hardening of bread or staling.

3.2.1 Synthesis of Starch-Based Hydrogels Via Graft
Copolymerization

In starch graft copolymerization, starch yields free radical sites on the glucan
backbone on treatment with initiators in the presence of synthetic monomers

Fig. 8 Structure of amylose
and amylopectin molecules
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resulting in high molecular weight polymer grafts [99]. The starch graft copolymers
may be hydrophilic, hydrophobic, or polyelectrolyte in nature depending on the
reagents and conditions used for the reaction.

Chemical Methods

The most popular chemical method for the synthesis of starch graft copolymers is
the free radical initiated solution polymerization reaction. Other techniques such as
bulk polymerization and inverse suspension polymerizations, etc., were also used
for the synthesis of graft copolymers. Different chemical initiators were used for the
synthesis of grafted starches, which included ceric ammonium nitrate (CAN) [100],
ammonium persulfate (APS) [101–103], potassium persulfate (PPS) [104, 105], and
benzoyl peroxide [106].

In free radical initiated polymerization reactions, polysaccharide reacts with
initiator in two ways. In the first one, the neighboring OH groups of the starch and
the initiator reacts to form a redox pair complex, which then dissociates to form
carbon free radicals on the starch substrate. The radicals thus formed initiate the
graft copolymerization of monomers on the starch [107]. In the second method, the
initiator may abstract hydrogen from the OH groups of starch producing initiating
radicals on starch backbone, which then reacts with the monomers.

Among the free radical initiators, ceric ion is considered as the most selective
initiator, since it reacts directly with the starch backbone, creating radicals at certain
points on the backbone where they can effectively start a graft polymer attachment
[108]. Here, the homopolymer formation would be suppressed and the reaction
takes place effectively even at ambient temperature [109]. The grafting of acrylic
acid (AA) onto granular maize starch was carried out by ceric ion initiation and the
effect of grafting parameters has been studied [110]. Jyothi et al. [111] synthesized
highly water absorbing graft copolymers of cassava starch by polymerization with
poly(acrylamide) in the presence of ceric ion initiator. Graft copolymers of starch
and acrylonitrile have been synthesized in aqueous solution by ceric ammonium ion
initiation at varying concentrations of monomer and initiator [90].

Potassium or ammonium persulfate is an efficient redox initiator for the graft
copolymerization of starch in aqueous medium. Heating of an aqueous solution of
persulfate causes its decomposition to produce sulfate ion radical and other radical
species [107, 112, 113]. The preparation and properties of a number of graft
copolymers of starch with vinyl monomers (acrylamide, acrylonitrile, acrylic acid,
and methacrylic acid) in the presence of potassium persulfate as the free radical
initiator have been reported [113]. Taghizadeh and Mafakhery [105], Bhuniya et al.
[104] and Mostafa et al. [114] used potassium persulfate (I) redox system in the
graft copolymerization of starch in aqueous medium. Ammonium persulfate (APS),
N,N,N′,N′-tetramethylethylenediamine (TEMED), and a cross-linker have also been
reported to be used for graft copolymerization onto starch.

Starch-graft-poly(methacrylamide) has been synthesized in aqueous medium by
using benzoyl peroxide as the free radical initiator [115]. The graft copolymerization

208 A. Celli et al.



of styrene and methyl methacrylate/butyl acrylate onto starch was carried out by
using a Fe2+-peroxide redox system [116]. Potassium permanganate–acid system
(Mn4+) and manganic pyrophosphate (Mn3+) have been used for the graft copoly-
merization of vinyl monomers onto starch. Graft polymerization of acrylonitrile onto
starch was performed under the initiation of potassium permanganate and the
mechanism of reaction has been investigated [117]. The relation between grafting
rate and the concentrations of initiator, monomer and starch, as well as the reaction
temperature were studied. The initiating ability of potassium permanganate in graft
copolymerization reaction of acrylonitrile onto corn starch was studied [118]. Graft
copolymerization of N-vinyl formamide onto pregelled starch was carried out in the
presence of bromate/cyclohexanone redox initiator [119].

Initiation by Irradiation

Irradiation using high-energy γ-radiation is reported to be an efficient method for
initiating graft copolymerization reactions on polysaccharides [120]. Even though
radiation-based grafting is cleaner and more efficient than chemical initiation
methods, there are technical difficulties in handling such reactions. Therefore, reports
on earlier studies employing radiation initiation for the synthesis of graft copolymers
are scanty. Gamma rays were used as initiator for the graft copolymerization of
acrylic monomers onto cassava starch and the effect of various parameters such as
monomer–starch ratio, dose of gamma rays (kGy), dose rate (kGy h-1), and the
presence of additives were studied [121]. El-Mohdy et al. [122] have also reported
the synthesis of starch/AA superabsorbents via γ irradiation. Cassava starch-g-poly
(acrylic acid) copolymers were synthesized by γ-ray irradiation from a 60Co source
[123]. Graft copolymerization of acrylonitrile onto maize starch was carried out by
gamma ray irradiation at different levels of monomer-to-maize starch ratio and total
dose (kGy) of gamma rays [124]. Potato starch-graft-poly(acrylonitrile) could be
efficiently synthesized using small concentration of ammonium peroxydisulfate
(0.0014 M) in aqueous medium under microwave irradiation [125]. Tao and Jiao
[126] adopted microwave irradiation technique for the synthesis of multi-grafted
starch interpenetrating network structure. Kumar et al. [127] have compared
the synthesis of graft copolymers via conventional, microwave-initiated, and
microwave-assisted methods.

Other Initiating Systems

Besides the major grafting processes described above, several other initiating
systems and methods for synthesizing starch graft copolymers are reported.
Pregelled starch has been graft copolymerized with methacrylamide as a reactive
monomer using vanadium mercaptosuccinic acid redox pair as an initiation system
[128]. Starch-poly(acrylamide) graft copolymers were synthesized in water medium
in the presence of horseradish peroxidase (HRP) catalyst/H2O2/2,4 pentanedione
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and acetate buffer at 30 °C and pH 7.0 [129]. It is postulated that peroxide-activated
HRP oxidizes PDO to a free radical which then abstracts a proton from starch
backbone to give carbonyl radicals, which in turn initiates the grafting reaction and
copolymerization. Extrusion technique was also reported for grafting reactions of
starch for grafting [130–133].

4 Characterization and Some Properties
of Chitosan-Based Hydrogels

4.1 Spectral Analyses

FTIR spectroscopy is a common tool used by many authors [91, 134–138] to
characterize the prepared copolymers and acts as a proof for the grafting process. In
addition, if it is done quantitatively, it can be considered as an additional proof for
the grafting yield. For example, Li et al. [134] characterized the prepared
Ch-graft-poly(ethyleneimine) (Ch-g-PEI) by FTIR (Fig. 9). They found that new
peaks appeared for the graft at 1468, 1412, and 814 cm−1 which are attributed to the
absorption of −CH2−CH2−NH− moiety. This result gave a strong evidence for the
grafting process.

Graft copolymer ofChwith poly[rosin-(2-acryloyloxy)ethyl ester] (Ch-g-PRAEE)
has been synthesized and characterized using FTIR spectroscopy byDuan et al. [135],
(Fig. 10). Figure 10a represents the characteristic peaks of Ch, while Fig. 10b rep-
resents the characteristic peaks of the grafted Ch. The results indicated that in addition
to the characteristic peaks of Ch, some new peaks appeared. Thus the peaks at 1728,
1105, and 1248 cm−1 are attributed to the C=O,−C−O−, and−O−C− ester functional
groups of the grafted PRAEE, respectively. Also, the−CH2 peak of PRAEE appeared
at 1546 cm−1. Moreover, peaks of the amide linkage were shifted to lower wave
numbers. From these results, it was possible to conclude the successful synthesis of
the grafted copolymer.

Fig. 9 FTIR spectra of a Ch,
b Ch-SS-COOH, and
c Ch-g-PEI. Reprinted from
[134], copyright 2010, with
permission from Elsevier
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Li et al. [134] used 1H-NMR spectroscopy as a fine tool to prove and charac-
terize the grafting of poly(ethylenimine) with a disulfide linkage onto Ch
(Ch-g-PEI). The 1H-NMR spectra of the Ch derivatives are represented in (Fig. 11).
The proton peaks of −CH 2CH 2S− appeared at 2.8–2.95 and 2.5–2.6 ppm in the
spectrum of the intermediate Ch-SSCOOH (Fig. 11b), indicating that 3,3′-
dithiodipropionic acid was successfully grafted to the Ch chain. The PEI grafting
degree per glucosamine unit was determined by comparing the 1H-NMR signal
integrals from –CH2 protons of PEI, which should subtract the absorption areas
of –CH2CH2S–, with integrals of the Ch backbone proton signals.

Liu et al. [139] used the ring-opening polymerization technique for the graft
copolymerization of p-dioxanone (PDO) onto Ch (Ch-g-PDO) and its chemical
structure was determined by 1H-NMR. Comparing the 1H-NMR spectrum of Ch
[140, 141] with that of graft copolymer indicated the presence of new proton signals
at 4.16, 3.70, and 4.22 ppm, which corresponded to the different methylene groups
of PPDO side chains.

Fig. 10 FTIR spectra of a Ch
and b Ch-g-PRAEE.
Reprinted from [135],
copyright 2008, with
permission from Elsevier

Fig. 11 1H-NMR spectra of
a Ch, b Ch-SS-COOH, and
c Ch-g-PEI in D2O. Reprinted
from [134], copyright 2010,
with permission from Elsevier
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4.2 Surface Morphology

Several authors have considered the SEM as a useful tool for proving the grafting
process. Thus any change in the morphological structure of the pure Ch is the direct
evidence that grafting had occurred [91, 135–137, 142]. For instance, Mum et al.
[142] used SEM to characterize the graft copolymerization of 2-hydroxyethyl
acrylate (HEA) onto Ch. The results are represented in (Fig. 12). The Ch particles
typically present a porous morphology (Fig. 12a), while a nonporous fibrous
structure was observed for the Ch-g-PHEA copolymer with percent graft near
100 % (Fig. 12b).

Fig. 12 SEM images of the top view of a Ch and b Ch-g-PHEA at 3000 magnification. Reprinted
from [142], copyright 2008, with permission from Elsevier
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4.3 Thermal Behavior

Thermal analyses (TGA and DSC) are considered by many investigators [135–138,
143] as powerful tools to prove the grafting copolymerization process from one side,
and to characterize the thermal stability (or instability) of the resulting graft
copolymers as compared with the native matrix. Thus, for example, in the work of
Duan et al. [135], the degradation process and thermal stability of Ch and Ch-g-poly
[rosin-(2-acryloyloxy)ethyl ester] (Ch-g-PRAEE) copolymer were evaluated by
thermogravimetric analysis (TGA) experiments, and the results are illustrated in
(Fig. 13). Figure clearly showed three consecutive wight loss stages for both Ch
(curve a) and Ch-g-PRAEE (curve b). For the TGA curve of Ch, the first stage
indicated a 6.3 wt% loss at temperature range 55–191 °C due to the loss of absorbed
and bound water, as a result of the hygroscopic nature of Ch; the second stage
occurred in the range 230–327 °C resulted from the scission of the ether linkages in
the Ch backbone; while the third stage showed a loss between 327 and 703 °C which
is due to the thermal decomposition of glucosamine residue. However, the grafted
copolymer (curve b) had different course of the thermal degradation compared to the
parent Ch. The first stage at temperature range 30–153 °C is due to the loss of
absorbed water; the second stage from 196 to 328 °C which resulted from the
scission of the ether linkages in the Ch backbone, while the third stage was from 400
to 470 °C and this is attributed to the thermal decomposition of PRAEE side chains.

This is due to the high crystallinity of Ch, which is responsible for its relatively
high thermal stability, as compared with the graft copolymer.

Akgün et al. [91] graft copolymerized poly(vinyl butyrate) onto Ch.
Characterization of the graft copolymers was done by differential scanning
calorimetry (DSC). The results revealed a difference in thermal stability between Ch
and its grafted product. The thermal property of Ch-g-poly(vinyl butyrate) was
more stable than that of the ungrafted Ch. El-Sherbiny and Smith [144] graft
copolymerized polyethylene glycol (PEG) onto N-phthaloylCh (NPHCh). The
prepared copolymer was confirmed by studying its thermal characteristics in
comparison with PEG-COOH and NHPHCh starting materials. The results indi-
cated the presence of an endothermic peak at around 65 °C for which corresponds

Fig. 13 TGA thermograms
of a Ch and b Ch-g-PRAEE
copolymer. Reprinted from
[135], copyright 2008, with
permission from Elsevier
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to its melting process. The same endothermic peak appeared also in the thermogram
of the copolymer (PEG-g-NPHCh) at around 58 °C due to melting of the grafted
PEG side chains which gave a real proof for the grafting process. Moreover, the
copolymer showed an exotherm at 231 °C which was due to the decomposition of
the graft copolymer.

4.4 X-Ray Diffraction Analysis

X-Ray diffraction analysis (XRD) is another useful technique used by several
researchers [145–147] to elucidate the structure of graft copolymers in the solid state.
Liu et al. [145] prepared grafted Ch using binary grafts of hydrophobic poly-
caprolactone (PCL) and hydrophilic PEG and characterized the graft copolymers by
XRD. The results indicated the disappearance of the signal at 2θ = 12° belonging to
the polysaccharide giving evidence for the formation of the graft which suppresses
the crystallinity of the parent Ch. Similar results were obtained in the work of
Elkhouly et al. [147] when Ch was grafted with poly(acryloylcyanoacetohydrazide).

5 Characterization and Some Properties of Starch-Based
Hydrogels

5.1 Spectral Analysis

Fourier transform infrared (FTIR) spectroscopy has been used for the confirmation of
graft copolymer formation. The appearance of absorption peaks characteristic to
starch and the grafted polymer in the IR spectrum is an evidence for grafting reaction
[110, 148–151]. The FTIR spectrum of the native cassava starch was compared with
that of cassava starch-graft-poly(acrylamide) for confirming the grafting reaction
[111, 151]. In the spectrumof cassava starch, theO–Hstretching absorption appears in
the region 3390 cm−1, C–H stretching at 2932 cm−1 and absorption corresponding to
carbonyl group at 1647 cm−1. A triplet absorption band was observed at 1159, 1084,
and 1013 cm−1 which is peculiar for C–O–C stretching vibration in starch. For the
poly(acrylamide) and poly(methacrylamide) grafted starches, the additional peaks
found at 3400, 1650, and 1600 cm−1 correspond to the stretching vibrations of N–H
and C=O groups and bending vibration of N–H group of amide, respectively. These
absorption bands are characteristics of –CONH2 group in acrylamide (31). The peak
corresponding to the –C–N stretching was found at 1411 cm−1, whereas the weak
band in the region 765–710 cm−1 is due to the N–H out-of-plane bending. Gao et al.
[119] reported the existence of an absorption peak at 2245 cm−1 due to CN stretching
in PAN,which confirms the graft copolymer starch-g-PAN. Singh et al. [125] reported
that the IR spectrum of microwave-synthesized starch-graft-PAN has absorption
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peaks at 2242–2245 cm−1 (–CN stretching) and 1453 cm−1 (CH2 deformation
vibration), which could be attributed to grafted PAN chains at starch backbone.
The FTIR spectra of cassava starch-graft-poly(acrylonitrile) copolymer showed the
existence of a moderate peak at 2240 cm−1 which arises from the stretching vibration
mode of the nitrile group. FTIR studywas used to characterize the semi-IPNs of starch
and poly (acrylamide-co-sodium methacrylate) [152] (Fig. 14).

The evidence for grafting reaction is also obtained by 13C-NMR spectroscopy
(Fig. 15). The esterified products of cassava starch-graft-poly(acrylic acid) with
poly(ethylene glycol) 4000 and propylene oxide was characterized by NMR
spectroscopy [123]. The presence of hydroxypropyl groups on a modified starch
was indicated by the appearance of a peak at a chemical shift of 19.96 ppm and the
chemical shift at 52 ppm indicated the C–O– on PEG 4000 chains. A distinct peak
at 1.2 ppm in the 1H-NMR spectrum was due to the protons of hydroxypropyl

Fig. 14 IR spectra of the starch and starch/poly(AAm-co-NMA) semi-IPN hydrogel. Reprinted
from [152], copyright 2006, with permission from Elsevier
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groups in the modified starch. High-resolution solid-state 13C NMR spectroscopy
was reported to be used for studying the structure of samples such as starch-g-poly
(sodium acrylate) superabsorbent, neat starch, poly(sodium acrylate), and blend of
starch and poly(sodium acrylate) [153]. The results showed that there was a sig-
nificant decrease in the crystallinity of starch in grafted starch and starch blends.
The 1H spin–lattice relaxation time showed that starch and poly(sodium acrylate)
had good compatibility in nanometer scale in grafted starch as well in starch blends.
The chemical shift of the carbonyl group of poly(sodium acrylate) in the 13C
CP/MAS spectra was found to depend on the composition of grafted starch. This
showed that starch and poly(sodium acrylate) have better molecular level com-
patibility than blended samples.

5.2 Surface Morphology

The surface morphology of starch graft copolymers is investigated using scanning
electron microscopy (SEM). The electron micrographs of pure starch exhibited
granular structure, whereas grafted poly(methacrylonitrile) exhibited a change in
granular structure and the formation of a polymeric coating on the granule surface
[154]. Scanning electron micrographs of starch-graft-poly(potassium acrylate-co-
acrylamide) showed the existence of holes between the fine particles of polymer [150]
and it can easily absorb water because of larger surface area. Scanning electron
microscopic study of pure starch and starch-graft-poly(butyl acrylamide) with a %G
of 33 revealed that the grafting process did not alter the granular nature of starch but

Fig. 15 13C CP/MAS spectra of a pure starch, b starch-g-poly(sodium acrylate), and c poly
(sodium acrylate). Reprinted from [153], copyright 2008, with permission from Springer
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it make it more compact and it participates in the orientation of the surface by
making some cubic granules [155]. Maharana and Singh [156] reported that
starch-g-poly(ethylene) samples showed neither planar nor uniform surface, unlike
the virgin polyethylene and increase in grafting percentage resulted in decrease of
planarity and uniformity of the surface. The microstructural cross-sectional features
of starch/semi-IPN cross-linked with different methylene bisacrylamide (MBA)
concentrations determined with SEM revealed that hydrogel networks density
improved enormously as MBA concentration increased [152]. Jyothi et al. [111]
observed that for grafted cassava starch at a high level of grafting (%G = 174.82),
there was a complete disappearance of the granular structure (Fig. 16).

5.3 Melting and Glass Transition Temperature

In the case of substances like starch which contains amorphous as well as crystalline
regions, the midpoint of transition in the differential scanning colorimetric curve is
taken as its glass transition temperature. At this point, the majority of the molecules
undergo phase transition. Starch graft copolymers usually exhibit lower glass

Fig. 16 Scanning electron micrographs of a native cassava starch and b starch-g-poly(AM) (%
G = 31.91), c starch-g-poly(AM) (%G = 174.82). Reprinted from [111], copyright 2010, with
permission from John Wiley & Sons
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transition temperature than native starch, since the monomer when grafted to starch
acts as internal plasticizer resulting in a decrease in Tg. The area and intensity of DSC
peaks as well as the heat of fusion decreased significantly with increase in grafting
percentage of starch onto PE [156]. Therefore, grafted PE is thermally less stable than
the virgin PE. DSC studies showed that the Tg of amylopectin was about 50 °C and it
was dropped to −11 °C after grafting [157]. This Tg in grafted samples, which is
lower than room temperature is an important factor in the potential application of
them as solid electrolytes, since low Tg allows for greater chain mobility which in
turn improves solvation and ion conduction. The presence of a second endotherm in
the DSC curves around 250 °C for the copolymer synthesized from acrylamide was
reported earlier which was due to the fusion of the crystallites [100]. The graft
structures of starch-g-poly(1,4-dioxan-2-one) (Starch-g-PPDO) copolymers were
reported to affect their thermal and crystallization behavior. The short-grafted chains
of PPDO resulted in more defect sites in the crystalline phase of the copolymers and
hence its crystal structure was much less perfect than that of PPDO [158].

5.4 Thermogravimetric Analysis

The grafting of vinyl monomers onto starch alters the thermal stability of the latter
and in most cases it increases [159]. The thermal stability of graft copolymers can
be compared by considering the onset temperature of decomposition and the per-
centage weight loss at different decomposition stages. Athawale and Lele [154]
studied the thermal properties of native starch and graft copolymers of starch with
poly(methacrylonitrile) (PMAN). Pure starch showed a characteristic three-step
thermogram in thermogravimetric analysis, whereas poly(methacrylonitrile)

Fig. 17 Primary thermogram and derivatogram for a pure granular maize starch and b grafted
starch with %G = 97.3. Reprinted from [154], copyright 2000, with permission from Elsevier

218 A. Celli et al.



showed two-stage decomposition pattern (Fig. 17). The thermal stability of starch
was not significantly altered in starch-g-methacrylonitrile and the derivatogram
exhibits the temperature for maximum decomposition at 309 °C. TGA/DTA ther-
mograms of polyethylene (PE) and PE-g-starch showed a multistep degradation of
PE and grafted starch [160]. The maximum decomposition rate of cassava starch
appeared at 375 °C [123]. The esterified and etherified cassava starch graft poly
(acrylic acid) showed two-stage decomposition. Fares et al. [155] also reported a
three-stage decomposition for starch in the thermograms with a major weight loss of
69 %, where the major weight loss occurred at the second stage within the tem-
perature range of 263–336 °C at Tmax = 316 °C. Poly(butylacrylamide)
(BAM) homopolymer showed three decomposition stages with major weight loss
within the temperature range of 300–367 °C at Tmax = 348 °C. Starch-g-BAM
copolymer showed two characteristic peaks within the temperature range of 263–
332 °C and 332–400 °C with Tmax at 316 and 343 °C, respectively. Thermal
stability of starch studied by TG was reported to increase as a result of grafting
[115]. The thermal behavior of starch, poly(ethyl methacrylate) (PEMA),
St-g-PEMA, and St-g-PEMA/sodium silicate (SS) was studied [106]. The decom-
position temperatures were 210 °C for starch, 230 °C for PEMA and 285 °C for
St-g-PEMA/SS, and St-g-PEMA/SS had higher thermal stability.

Thermogravimetric analysis of starch and microwave-synthesized starch-
graft-poly(acrylonitrile) showed that grafted starch was more thermally stable than
the pure starch [125]. TG and DTA curves of graft copolymers of mixed monomers
vinyl acetate and butyl acrylate onto cornstarch showed that starch copolymer has
higher thermal stability than pure cornstarch [102]. Thermal stability of cassava
starch was reported to increase by grafting poly(acrylamide) onto it [161].

Graft copolymerization significantly alters the solution properties of starch such
as viscosity, gelling nature, rheology, etc. Graft copolymers of starch, with
hydrophilic grafts generally exhibit higher viscosity, better thermal stability, good
film-forming properties, and higher water absorption capacity than native starch.

Hydrophilic, hydrophobic, or polyelectric nature can be imparted to starch by
grafting it with suitable monomers. Grafting with acrylic acid and acrylamide
polymers causes increased hydrophilicity, whereas acrylonitrile results in more
hydrophobic nature to starch. The moisture absorbance was reported to decrease in
graft copolymers of starch with AA due to the blockage of active sites and con-
sequent decrease in affinity toward −OH groups of water [162, 163].

6 Applications of Chitosan and Starch-Based Hydrogels

6.1 Graft Copolymers as Absorbents and Ion Exchangers

Environmental contamination is a serious problem that is related to possible serious
consequences, including heavy metals contamination of water from various sour-
ces. The traditional methods of water purification such as filtration, flocculation,
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etc., are expensive and unsafe. Adsorption is now recognized as the effective,
efficient, and economic method for removal of heavy metal ions from both
wastewater and natural water resources.

Recently, Ch has been widely used in water purification due to its excellent
properties like chelating capacity for cations, low cost, renewability, and
biodegradation [164, 165]. The capacity of Ch to complex metallic ions is one of its
most important potentialities. Ch was modified by many chemical treatments to
improve its adsorption ability. Adsorption capacity of Ch toward heavy metals was
improved by the use of carboxymethylation [166, 167]. Jiang et al. [168] Ch-g-poly
(sodium 4-styrenesulfonate) (PSS) ion exchanger was synthesized by nitroxide-
mediated polymerization and ion exchanging property of this could be controlled
by changing the PSS graft contents.

The results obtained by Sabaa and his group [136] showed that the amount of
metal ions uptake (Ni2+ and Co2+) by Ch is highly increased by polyacrylonitrile
(PAN) grafting and conversion of nitrile groups in grafted copolymers to the more
polar amidoxime groups. The results also indicated that carboxymethyl
chitosan-grafted polyacrylonitrile (CMCh-g-PAN), on the other hand, adsorb less
metal ions (Ni2+, Co2+, Cd2+ and Cu2+) from aqueous solutions than the original
CMCh, while their amidoxime derivatives showed better results in comparison to
both CMCh and their graft copolymers [137].

Zinc ion binding ability of both Ch and Ch-grafted PMMA (Ch-g-PMMA) was
studied by Muzzarelli and found to be higher at alkaline pH [169]. In addition, the
results obtained by Singh and his group [170] have proved that grafting of PMMA on
Ch increased the zinc ions binding capacity by providing the additional binding sites.
Amino groups of Ch and ester groups at grafted sites are the best sites for metal ions
adsorption. Alkaline medium is best for adsorption because the amino groups remain
protonated in the acidic medium and are not available for binding. However, it was
shown that at pH >8 for Ch and >10 for graft copolymer, the adsorption decreases.

El-Sherbiny [171] graft copolymerized N-acryloylglycine (NAGly) onto CMCh
using 2,2-dimethoxy-2-phenyl acetophenone as photoinitiator under nitrogen
atmosphere in aqueous solution (Fig. 18). Synthesized graft copolymers were then
subjected to the uptake of copper ions from aqueous systems. The obtained results
showed that this system may be extended to be used for metal ions uptake and
treatment of wastewater.

Hydrogels composed of poly (vinyl alcohol) (PVA) and carboxymethyl chitosan
(CMCh) were prepared by Sabaa et al. [172] via ultraviolet (UV) irradiation with
the aim to be used as absorbent for heavy metal ions. The results indicated that the
prepared hydrogels adsorb more metal ions like Cu2+, Cd2+, and Co2+ in com-
parison to raw CMCh and adsorption capacity was improved with the high PVA
contents in the hydrogel.

Traditional chemical and physical methods are very efficient in color removal
from wastewater, but these methods are costly [173, 174]. Recent studies have
suggested the effective use of graft copolymers as natural adsorbents for color
removal [175–177]. Sabaa and his group [136] studied the effect of graft copoly-
merization of acrylonitrile and its amidoxime derivative onto chitosan on the ability
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for removal of Congo red (acidic dye) and Maxilon Blue (cationic dye) from
wastewater. The amount of adsorbed dye was calculated as follows [178]:

Q ¼ Na � Nsð Þ=w

where, Q is fixed quantity of dye (mg)/grafted chitosan (g); Na is the quantity of the
original dye (mg); Ns is quantity of the remaining dye after adsorption (mg) and
W is the mass of grafted chitosan (g). The amount of dye adsorbed by Ch-g-PAN
increases with increase in percentage grafting because of incorporation of more
−CN groups into the chitosan backbone in addition to unaltered −NH2 groups. The
amidoxime derivative adsorbs more dye than its corresponding graft as the
−C=NOH group is much more polar than the parent −CN group found in the graft.
Also, the chitosan-grafted copolymers and their amidoxime derivatives adsorb more
cationic dye in comparison to acidic dye.
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Fig. 18 Preparation of CMCh and CMCh-g-NAGly. Reprinted from [171], copyright 2009, with
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Adsorption of dyes by carboxymethyl chitosan (CMCh) was reported in the
literature [179]. Sabaa et al. [137] studied the adsorption of acidic and cationic dyes
by CMCh, its graft copolymers with acrylonitrile (CMCh-g-PAN) and their cor-
responding amidoxime derivatives. The reported results indicated that dye
adsorption ability of the synthesized samples increase with increase in percentage
grafting. Further, the amidoxime samples adsorb more dye (especially acidic dye)
due to the introduction of the more polar amidoxime, −C(NH2)=NOH, groups in
the polymer backbone, and also due to the basic nature of the −NH2 groups.

Traditional methods used for removal of heavy metals from all kinds of
wastewater are relatively expensive. Natural polymers such as starch, gums, glues,
alginate, etc., function as bridging flocculants. The dangling-grafted chains of
polyacrylamide-grafted polysaccharides have easy accessibility to the pollutants.
Starch graft copolymers with longer branches provide better flocculating perfor-
mance in comparison to the other polysaccharide graft copolymers. Polyacrylamide-
based starch graft copolymers are useful flocculants for clays and coal refuse slurries.
Enhanced functionality can be imparted to starch by grafting suitable acrylic poly-
mers onto it, which will allow it to be more effective in flocculation, dispersion, and
other applications [179].

Starch-g-polyacrylamide was found to be the best in performance among the
various polysaccharide graft copolymers [180]. Starch-g-polyacrylamide was found
to be better in flocculation and rheological studies in comparison to
amylose-g-polyacrylamide [181–183]. Hydrolyzed starch graft poly acrylonitrile
(HSPAN) could be potentially used for various applications including adsorption of
heavy metal ions such as Cr3+ and Co2+ [108]. The poly (methacrylamide)-preg-
elled starch graft copolymers were found to be effective in removing heavy metal
ions and followed the order: Hg+2 > Cu+2 > Zn+2 > Ni+2 > Co+2 > Cd+2 > Pb+2

[128]. Cross-linked starch graft copolymers with aminoethyl groups were studied
for adsorption of copper (II) and lead (II) ions from aqueous solutions. Adsorption
capacity was increased with the increase in percentage grafting and metal ions
concentration. The adsorption time reaching equilibrium for Cu (II) and Pb (II) was
2 and 1 h, respectively [184]. Poly(N-vinyl formamide)-cross-linked pregelled
starch graft copolymers with 11.5–55.3 % graft yields were used for removing
Cu+2, Pb+2, Cd+2, and Hg+2 from their solutions at 200 ppm [114]. The residual
removal of heavy metal increased with increase in percentage graft yield irre-
spective of the nature of metal ions used. It was also observed that synthesized
starch graft copolymers were more effective in removing Hg+2 than the other metal
ions and followed the order: Hg+2 > Cd+2 > Pb+2 > Cu+2.

Cornstarch, acrylamide, and sodium xanthate-based graft copolymers were
prepared with excellent flocculation capacity using epichlorohydrin as cross-linking
agent and ceric ammonium nitrate (CAN) as initiator [185]. An amphoteric
starch-graft-polyacrylamide (S-g-PAM) was prepared for treatment of several kinds
of industrial wastewater and showed better results in comparison to cationic
polyacrylamide (PAM) and hydrolytic PAM [102]. A cationic starch graft
copolymer and its composite with alum were found effective in treating wastewater
from paper making industry [186].
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Flocculating capacity of the graft copolymers and linear polymers was explained
by Singh et al. [187]. The graft copolymers have sufficient chain lengths and can
easily bind the colloidal particles through bridging and form the flocs. Whereas,
polymer segment in linear polymers attached to the surface project into the solution
as tails or form part of loops [188].

6.2 Graft Copolymers as Superabsorbent Polymers

Superabsorbent polymers (SAPs) can absorb over a hundred times of liquid to their
weight [189] and the absorbed liquid can be released slowly. Application of
superabsorbent hydrogels is vast which involves use in agriculture, control delivery
systems, perfumes, etc. Disposable diapers and sanitary napkins use hydrogel as
superabsorbent polymer. Graft copolymerization is best method to prepare Ch- and
CMCh-based superabsorbent polymers for various applications [190–192]. Water
uptake behavior of Ch was improved by graft copolymerization of acrylonitrile
followed by their amidoxime derivatives and swells more water in comparison to
raw Ch [136, 137]. Microwave radiation initiated graft copolymerization of par-
tially neutralized acrylic acid was carried out on Ch to synthesize superabsorbent
Ch resin. Synthesized resin was found to be an effective superabsorbent material,
which absorbs water 704 times of its own dry weight [138].

Alkaline hydrolysis of starch-graft-polyacrylonitrile (SPAN) led to the first
commercial SAP. The product, HSPAN, was developed in the 1970s at the
Northern Regional Research Laboratory of the US Department of Agriculture and
patents were licensed to General Mills Inc., among others [193]. The acrylamide-
and acrylic acid-based binary graft copolymers of starch give higher water
absorption than the starch graft copolymers of either acrylamide or acrylic acid.
Polymer-grafted sago starch was reacted with hydroxylamine in order to have high
water absorption capacity [194]. Such products are useful in various products where
water absorbency or water retention is important.

Starch graft copolymer-based superabsorbent was found to be useful for agri-
cultural applications. Application of such superabsorbent reduced the water
requirement and increases the crop growth and yield, etc. [195]. Starch- and
acrylonitrile-based superabsorbents were prepared using a manganic pyrophosphate
redox initiation system for various applications [196]. Ethyl methacrylate was
grafted on starch to prepare a new superabsorbent composite polymer using sodium
acrylate as a cross-linking agent. Synthesized composite was doped with sodium
silicate to have higher water absorption capacity [106].

Talaat et al. [197] prepared hydrogel by grafting of starch with acrylonitrile
followed by saponification of the synthesized graft copolymer. Afterward, a fertil-
izing base composed of cornstarch (65–70 %), urea (28–33 %), and other ingredients
(2 %) was prepared. Starch-based SAP particle suspension was combined with a
liquid fertilizer solution and used as a fertilizer for soil improvements [198].
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6.3 Graft Copolymers in Pharmaceutical and Medical
Applications

Ch has been widely used in the pharmaceutical and biomedical fields due to its
nontoxicity and high biocompatibility [199, 200]. Ch could adhere to the mucosal
surface and transiently open the tight junction between epithelial cells. It has been
reported that Ch can enhance the penetration of macromolecules across the intestinal
and nasal barriers [201]. Ch has been investigated as drug delivery systems for genes
and proteins because positively charged Ch can be easily connected with negatively
charged DNAs and proteins [202, 203]. Ch is only soluble in acidic medium due to
the protonation of the free amino groups in its polymeric chains, which restrict the
use of Ch in pharmaceutical and biomedical fields. Several derivatives of Ch have
been studied to improve the water solubility of Ch. N-Trimethyl chitosan chloride
(TMC) is a quaternized derivative of Ch. Various researchers have studied the
modifications of Ch by quaternization of the amino groups to enhance the absorption
effects [204, 205]. In neutral and physiological environments, the use of TMC could
contribute significantly to the delivery of hydrophilic compounds such as protein and
gene drugs. Sabaa et al. [206] investigated the antimicrobial activities of a variety of
CMCh Schiff bases and their reduced forms as derivatives for CMCh resulting from
the reaction of CMCh with a variety of aromatic aldehydes (eighteen derivatives)
bearing either electron-donating or electron-withdrawing groups. Both the nature
and position of the substituent groups in the aryl ring of the synthesized derivatives
affects the antibacterial and the antifungal activities. On the other hand, quater-
nization of the reduced derivatives using N-(-3-chloro-2-hydroxypropyl) trimethyl
ammonium bromide (Quat-188) has been synthesized and tested for their antimi-
crobial activities by Sabaa et al. [207]. The obtained results clearly revealed that all
the quaternized derivatives exhibited better antimicrobial properties than that of the
original CMCh. These derivatives possess outstanding properties for pharmaceutical
and biomedical applications, but limit their use in blood contact problems [208].
Toxicity of many cationic polymers comes from their effect on the plasma
membranes [209]. Interaction of cationic polymers with negatively charged cell
components and proteins are responsible for other possible toxic mechanisms [210].
High positive charge on quaternized derivative of Ch can be easily contacted with
negatively charged blood corpuscles and results in hemolysis and toxicity.

Ch derivatives were modified by biodegradable PEG because of its biocom-
patibility and capacity to minimize the interaction between cationic polymers and
cell membranes [208]. PEG-coated nanoparticles found potential therapeutic
application for controlled release of drugs and targeted drug delivery [211–213]. In
addition, hydrophilic PEG could form a hydrated shell around the nanoparticles and
prevent their quick uptake by the reticuloendothelial system (RES) [214], extend
the half-lives of drugs, and change the tissue biodistribution of drugs.

Ch-g-poly(p-dioxanone) (Ch-g-PDO) was synthesized by Liu et al. [139] in
bulk by ring-opening polymerization using stannous octanoate (SnOct2) as catalyst.
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The degree of substitution (DS) and the degree of polymerization (DP) of the
copolymer were influenced by the feed ratio of Ch to PDO. Synthesized copolymer
was evaluated as a promising device for controlled drug delivery of Ibuprofen (IBU).

In recent years, nonviral cationic vectors have been applied to protect the DNA
from degradation based on the condensation of negatively charged DNA into
compact particles essentially by electrostatic interactions [215, 216]. The safety of
gene transfer vectors can be improved by choosing the biocompatible and
biodegradable materials for cationic polymers [217, 218]. Ch was first applied in
the effort of gene delivery [219] and recognized as the best cationic vector [220].
Direct grafting of Ch with poly(ethylenimine) (PEI) was considered to be one of the
most prominent methods to improve the transfection efficiency of Ch poly plexes
[221–223]. Hydrophilic exterior of the modified Ch polymer decreases the inter-
actions of cationic vector with plasma proteins and erythrocytes [224, 225].
Chemical composition of the synthetic polymer and nanoparticle size of the com-
plex may affect the transfection efficiency [226]. Resulting properties of Ch-g-PEI
were due to the conjugation mechanism and grafting ratios of PEI [227]. A novel
Ch-g-PEI copolymer was prepared with biocleavage disulfide linkages (Fig. 19) and
evaluated as a possible nonviral gene vector due to its excellent properties [134].

Fig. 19 Synthesis of Ch-g-PEI. Reprinted from [134], copyright 2010, with permission from
Elsevier
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Rosin-(2-acryloyloxy) ethyl ester (RAEE) was grafted onto Ch by Duan and his
coworkers [135] and used as a carrier for fenoprofen calcium and controlled release
behavior in artificial intestinal juice. The rate of release of fenoprofen calcium from
the carrier becomes very slower than that of Ch in the artificial intestinal juice.
A promising approach for sustained pulmonary drug delivery system has been
achieved by the work of El-Sherbiny et al. [228]. They encapsulated poly(D,L-
lactic-co-glycolic acid) (PLGA) nanoparticles in amphiphilic Ch-g-PEG copolymer
and evaluated it as a potential carrier for sustained pulmonary delivery of curcumin.

The Ch graft poly(p-dioxanone) copolymer (Ch-g-PDO) was prepared by Wang
and his group [229], starting from N-phthaloyl-chitosan (PHCh) [230]. It was then
reacted with the already synthesized reactive poly(1,4-dioxane-2-one) tolylene-
isocyanate (PPDO-NCO) in DMF homogeneous solution and resulted in grafting of
PPDO onto the Ch backbone in the same way as described for the grafting of PPDO
onto starch [231]. Finally, free amino group was regenerated by de-protection of the
N-phthaloyl protecting group in the presence of hydrazine. Pre-polymers of PPDO
with different molecular weights can be used to control the PPDO graft chain length.
Synthesized copolymer exhibited a significant controlled drug-releasing behavior
for sinomenine (7,8-didehydro-4-hydroxy-3,7-dimethoxy-17-methyl-9a,13a,14a-
morphinan-6-one) both in artificial gastric juice or in neutral phosphate buffer
solution [229].

CMCh was graft copolymerized with poly(ethylene glycol) in the presence of
2,2-dimethoxy-2-phenyl acetophenone (DMPA) as photoinitiator. Synthesized
copolymer was cross-linked via methylenebisacrylamide as a cross-linking agent to
develop pH-responsive hydrogel (Fig. 20). Synthesized hydrogels were evaluated
as good drug delivery systems for in vitro release profiles of 5-fluorouracil (5-FU)
as a model drug [232]. 1-Cyanoethanoyl-4-acryloylthiosemicarbazide (CEATS)
was graft copolymerized on chitosan using the redox initiators. The graft copoly-
merization results in improved water swelling capacity and antifungal activity of Ch
[233].

Carboxymethyl chitosan (CMCh) and poly(acrylonitrile) (PAN) were cross-
linked to prepare the blend hydrogels. Synthesized hydrogels were investigated for
their antibacterial behavior toward E. coli and hydrogels with high CMCh content
exhibited the good antibacterial properties [234].

Hydrolyzed starch-graft-acrylic acid was used as a micro-hydrogel in surgical
dressing and maintained relatively a constant temperature on application to skin
[235]. Yamamoto et al. [236] have manufactured the wound dressing using a
water-absorbable/-swellable starch-graft-acrylic acid copolymer, which acts as bar-
rier for microorganisms. A transdermal therapeutic system based on starch-graft-poly
(acrylic acid) was reported with best storage stability and controlled drug release rate
[237]. A silicone polymer-grafted starchmicroparticle systemwas developed that was
efficacious both orally and intranasally [238]. Acrylic acid was graft copolymerized
on starch to develop nonirritant bioadhesive drug release systems for buccal appli-
cation [239]. Saboktakin et al. [240] reported the development of slow release for-
mulations of two anti-inflammatory model drugs, 5-aminosalicylic acid and salicylic
acid in the nano gels of poly(methacrylic acid) grafted onto carboxymethyl starch.
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Starch and other polysaccharide-based graft copolymers are the best to develop
various stimuli-dependent controlled release systems [120, 241, 242]. Tablets syn-
thesized from graft copolymers of ethyl methacrylate on waxy maize starch and
hydroxypropyl starch showed higher crushing strength and disintegration time in
comparison to original starch tablets [243].

6.4 Miscellaneous Applications

Graft copolymers can be used in other applications like dehydrating agent for
organic solvents and aqueous solutions of polymers such as proteins. It can also be

Fig. 20 CMCh-g-PEG and its hydrogel matrix. Reprinted from [232], copyright 2010, with
permission from Elsevier
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used as an agar substitute in tissue culture media. Graft copolymerization of vinyl
acetate and butyl acrylate onto cornstarch was reported to be used as a wood
adhesive with superior property and low cost [101]. Starch-based graft copolymers
can be used as an effective compatibilizer for starch-based blends [149, 244, 245].
PCL- and PLA-based biodegradable starch graft copolymers can be used as ther-
moplastics or compatibilizer and exhibit enhanced mechanical performances. Starch
graft copolymers are more compatible with the plastic matrix than unmodified
starch and plastics filled with graft copolymers exhibit higher tensile strength.
Traditional expanded packaging material can be replaced by the extrusion of
starch-graft-poly(acrylonitrile) and starch-graft-polymethacrylate [246].

7 Conclusions

Polysaccharide and its derivatives have been widely used in various fields and the
properties of polysaccharides can be improved by grafting. Polysaccharide and their
graft copolymers are used as drug carrier, gene delivery, composites, selective water
absorption from oil–water emulsions, purification of water, etc. Graft copolymers
can also be used in other applications like dehydrating agent for organic solvents
and aqueous solutions of polymers such as proteins. They can also be used as an
agar substitute in tissue culture media. Hydrogels are used as the superabsorbent
materials or absorption materials for removal of heavy metal ions or dyes from
wastewater. Chitosan has been formulated on films, beads, microspheres, and
nanoparticles in pharmaceutical and biomedical fields due to its nontoxic and high
biocompatibility. Chitosan and starch-based graft copolymers can be used in dif-
ferent pharmaceutical and biomedical applications.
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