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ABSTRACT
Radiation processing technology is a useful tool for
modification of polymer material including grafting of monomer
onto polymer. In this study, novel superabsorbent hydrogels was
prepared with biodegradable and eco-friendly properties by graft
copolymerization of chitosan and different synthetic monomers
(AAc, DEAEMA, HEMA, HPMA and HEA) using gamma
irradiation to examine the potential use of these hydrogels in the
controlled drug release systems.
The different chitosan hydrogels were characterized using
FTIR spectroscopy, scanning electron microscopy and thermal
analysis techniques. The effects of the preparation conditions on the
gelation process of the synthesized copolymer were investigated.
The influence of variables such as feed concentration, irradiation
dose, composition ratio, pH and temperature on the swelling of the
prepared hydrogels was also examined. The water absorbency of
these hydrogels in various pH and salt solutions was studied.
The swelling kinetics of the prepared hydrogels and in vitro
release dynamics of model drug (Chlortetracycline hydrochloride)
from these hydrogels has been studied for the evaluation of
swelling mechanism and drug release mechanism from the
hydrogels.

The

adsorption

and

in

vitro

release

profiles

of

Chlortetracycline HCl from the prepared gels were also estimated
in different pH buffers. The amount of drug released from CS/
(AAc-DEAEMA) hydrogels was higher than that released from
other modified CS/AAc hydrogels. This preliminary investigation
of chitosan based hydrogels showed that they may be exploited to
expand the utilization of these systems in drug delivery
applications.
Key Words: Radiation, Hydrogels, Superabsorbent, Chitosan,
Swelling, Drug carriers and Drug release.
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CHAPTER Ι
INTRODUCTION
In the rapidly changing scientific world, contributions of
scientists are leading to major new solutions of significant medical
problems. No longer is the treatment of diseases based only on
conventional pharmaceutical formulations. Chemistry, biology and
medicine are beginning to reduce the problems of diseases to
problems of molecular science, and are creating new opportunities
for treating and curing diseases. Such advances are coupled closely
with advances in biomaterials and are leading to a variety of
approaches for relieving suffering and prolonging life.
Biomaterials are defined as any substance or combination of
substances of synthetic or natural origin that can be used for any
period of time, as a whole or as a part of a system which treats,
augments, or replaces any tissue, organ or function of the body
without causing local adverse reaction or systemic toxicity.
Biomaterials thus could either be implanted for long or short term
applications, or used externally. The desired final application
usually determines the design of the particular biomaterial (1).
In the last few years, novel synthetic techniques have been
used to impart desirable chemical, physical, and biological
properties to biomaterials.
1
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Materials have either been synthesized directly, so that
desirable chain segments or functional groups are built into the
material, or indirectly, by chemical modification of existing
structures to add desirable segments or functional groups. Modern
biomaterials could be composed of various components, for
example, metals, ceramics, natural tissues, and polymers (2-4).
Life is polymeric in its essence. The most important
components of living cell (proteins, carbohydrates and nucleic
acids) are all polymers. Nature uses polymers both for construction
and as part of the complicated cell machinery.
The main advantages of the polymeric biomaterials
compared

to

metal

or

ceramic

materials

are

ease

of

manufacturability to produce various shapes, ease of secondary
process ability, reasonable cost and availability with desired
mechanical and physical properties. The required properties of
polymeric biomaterials are similar to other biomaterials, that is,
biocompatibility, sterilizability, adequate mechanical and physical
properties, and manufacturability as given in Table 1.
Table 1: Requirements for biomedical polymers

2
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Polymers have gained importance in the pharmaceutical
industry as both drug encapsulants and vehicles of drug carriage.
Polymers employed to delay drug dissolution aim to slow the rate at
which drug molecules are exposed to water from the aqueous
environment surrounding the drug delivery system (5). Hydrogels
formed by chemical or physical crosslinking are a special class of
polymers that imbibe a considerable amount of water while
maintaining their overall shape. The research on hydrogels with
respect to drug delivery and biomedical devices has been extensive
over the last few decades because of their biocompatibility
properties and easy control of solute transport (6).
Hydrogel materials are increasingly studied for applications
in biological sensing, drug delivery, and tissue regeneration for a
number of reasons:
•

Hydrogels

provide

suitable

semiwet,

three-dimensional

environments for molecular-level biological interactions;
• Many hydrogels provide inert surfaces that prevent nonspecific
adsorption of proteins, a property known as antifouling;
• Biological molecules can be covalently incorporated into hydrogel
structures using a range of well-established chemistries;
• Hydrogel mechanical properties are highly tunable, for example
elasticity can be tailored by modifying cross-link densities;
• Hydrogels can be designed to change properties (e.g. swelling/
collapse or solution-to-gel transitions) in response to externally
3
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applied triggers, such as temperature, ionic strength, solvent
polarity, electric/magnetic field, light, or small (bio) molecules.

1.1. Hydrogels:
Hydrogels are considered as one of the most promising
materials due to their unique properties and wide scale of
applications. They are polymer-based three dimension crosslinked
network systems which can absorb amounts of water and biological
fluids in their structure without dissolution. The network structure
can be formed by chemical initiation or ionizing radiation methods
for one or more components by copolymerization, interpolymer
complexes and semi-interpenetrating polymerization (7). Their
ability to absorb water is due to the presence of hydrophilic groups
such as -OH, -CONH, -CONH2, -COOH, and -SO3H along the
polymer chain.

They can absorb other biological fluids, and

retaining a large amount of fluids in the swollen state.
Hydrogels find an extremely wide range of applications in
the fields of medicine, pharmacy, biotechnology, and controlled
release of drugs. In recent years, hydrogels have been used for the
immobilization of enzymes, proteins, antibodies, and antigens.
They find these considerable applications and have been
extensively studied, because they combine glassy behavior (in their
dry state) with elasticity (when sufficient water is adsorbed).

4
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The key in the preparation of hydrogels is the formation of
crosslinking structure, which maintains their stability in aqueous
medium (8).
The presence of various hydrogels makes it difficult to
classify them using a single criterion. Hydrogels can be classified
using various criteria depending on their preparation methods and
physicochemical properties, and some of them are listed in
Table 2.
Table 2: Various criteria for the classification of hydrogels

They can be also classified in accordance to their
monomeric composition based on the method of preparation giving
some important classes of hydrogels namely:
5
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1) Homopolymeric hydrogels: They are cross-linked networks
of one type of hydrophilic monomer unit.
2) Copolymeric hydrogels: They are cross-linked networks of
two or more different monomers species with at least one
hydrophilic component along the chain of the polymer network.
The co-polymeric hydrogel networks are generally covalently
or ionically cross-linked structures, which are not water soluble.
3) Interpenetrating polymeric hydrogels: They are two
independent crosslinked synthetic and/or natural polymers
components contained in a network form.
Furthermore, the chemical constituent of monomers used in
the preparation of hydrogels plays an important role in classifying
the hydrogels. The hydrogels are classed as either:
1)

Neutral hydrogels (non-ionic hydrogels): They are

homopolymeric or copolymeric networks, which do not bear
any charged groups in their structure.
2)

Ionic hydrogels: They are prepared from monomers

accompanying ionic charges. The charges could be positive or
negative thus classing ionic hydrogels as anionic, cationic or
ampholytic based on the presence of ionic charges on the
monomer.
Hydrogels are also classed as amorphous or semi-crystalline
materials based on their physical nature (9, 10).

6
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1.1.1. Superabsorbent Hydrogels:
About three decades ago, superabsorbent polymers (SAPs)
were introduced into the agriculture and diaper industries, and then
their applications were extended to other industries where an
excellent water holding property was of prime importance. In
recent years superporous hydrogels (SPHs) were introduced as a
different category of water-absorbent polymer systems (11).
Superabsorbents hydrogels are three dimensional networks
of hydrophilic polymers held together by crosslinking of covalent
bonds or ionic and/or secondary forces in the form of hydrogen
bonds or hydrophobic interactions and capable of absorbing and
holding a large amount of water while maintaining the physical
dimension structure (12). Recently, many researchers focus their
attentions on the superabsorbent hydrogels for developing new
applications, such as conducting materials, biomaterials, sensors
and release materials. Their affinity for water makes them useful,
especially for agriculture, personal hygiene products, industrial
absorbents, medicine and cosmetics (13, 14).
The water absorbing and retaining properties can be
controlled by the type of hydrophilic monomer and/or polymer used
their method of synthesis, the degree of crosslinking and the nature
of the swelling medium.
7
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The SAPs can be classified with different methods. From a
morphological point of view, they can be divided into particle,
powder, spherical, fiber, membrane and emulsion types etc (15).
The morphology of SAP is designed to respond the different
requirements of the applications. For example, the powder product
can be put in the mutilayers sheet to form sanitary napkins and
diapers, the particle and spherical product can be used as deodorant,
fiber product can be used as antistatic electric fiber, membrane
product can be used as antifost sheet and emulsion product can be
used in soaking and painting. From a material resources point of
view, SAP can also be divided into natural macromolecules, semisynthesized polymer, and synthesized polymers. From a preparation
method point of view, it can be classified as graft polymerization,
cross-linking polymerization, networks formation of water-soluble
polymer and radiation cross-linking etc. There are many types of
SAPs in the present market (16).

1.1.2. Stimuli Responsive Hydrogels:
For more than two decades, considerable attention has been
drawn to the so-called smart hydrogels, intelligent hydrogels or
stimuli responsive hydrogels which can undergo a reversible and
yet discontinuous volume phase change in response to various
external physicochemical factors, not only because of their unique
properties, but also because of their potential for significant
8
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technological and biomedical applications.

The uniqueness of

these materials lies not only in the fast macroscopic changes
occurring in their structure but also these transitions being
reversible (17). The environmental factors that affect the swelling
(or shrinking) of hydrogels and their applications are listed in
Table 3.
Table 3: Environmental factors which cause sharp response of
hydrogels

9
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Chemical signals, such as pH, metabolites and ionic factors,
will alter the molecular interactions between polymer chains, or
between polymer chain and solutes present in a system. Physical
stimuli, such as temperature or electrical potential, may provide
various energy sources for altering molecular interactions. These
interactions will change the properties of polymeric materials such
as solubility, swelling behavior as shown in Figure 1,
configurations of conformational change, redox (reductionoxidation) state and crystalline/amorphous transition (18-20).

Figure (1): Stimuli responsive swelling of hydrogels.
Recently, biochemical stimuli have been considered as
another strategy, which involves the responses to antigen, enzyme
and biochemical agents. It has been recognized that such smart gels
could be potentially used in the biomedical and pharmaceutical
fields. Among them, temperature and pH-responsive hydrogels
have been the most widely studied, because these two factors have
a physiological significance (21-23).
10
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1.1.2.1. pH Responsive Hydrogels:
Variations in pH are known to occur at several body sites,
such as the gastrointestinal tract, vagina and blood vessels, and
these can provide a suitable base for pH-responsive drug release.
Recently, pH-sensitive hydrogels, as promising biomaterials in the
design of oral delivery of peptide or protein drugs, have been
attracting increasing attentions. In addition, local pH changes in
response to specific substrates can be generated and used for
modulating drug release (24, 25).
pH-responsive hydrogels are composed of polymeric
backbones with ionic groups. The Most commonly studied ionic
polymers for pH-responsive behaviour include poly(acrylamide)
(PAAm), poly(acrylic acid) (PAA), poly(methacrylic acid)
(PMAA), poly(diethylaminoethyl methacrylate) (PDEAEMA) and
poly(dimethylaminoethyl methacrylate) (PDMAEMA) (26).
Until now, a variety of synthetic or natural polymers with
acidic or basic pendant groups have been fabricated as the pHsensitive controlled release systems. Among them, natural polymers
which possess properties such as non-toxicity, non-immunogenicity
and biodegradability have been commonly used in recent
years (27).
In aqueous media of appropriate pH and ionic strength, the
groups ionize and develop fixed charges on the polymer network,
11
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generating electrostatic repulsive forces responsible for pHdependent swelling or deswelling of the hydrogel, thereby
controlling the drug release (28).
Small changes in pH can result in significant change in the
mesh size of the polymeric networks. Pendant groups of anionic
hydrogels are un-ionized below and ionized above the pKa of the
polymeric network, leading to swelling of the hydrogel at a pH
above the polymer pKa because of a large osmotic swelling force
by the presence of ions. The reverse is the case for cationic
hydrogels, which swell at lower pH. Differential swelling of ionic
hydrogels in acidic and alkaline buffers is presented in Figure 2.

Figure (2): The pH-responsive swelling of (a) anionic and (b)
cationic hydrogels.
12
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1.2. Radiation Processing of Hydrogels:
Radiation processing is a very convenient tool for imparting
desirable effects in polymeric materials and it has been an area of
enormous interest in the last few decades (29).

Ionizing radiations have been recognized as a very suitable
tool for the formation of hydrogels. Ionizing radiation-induced
polymerization has many advantages in terms of process
controllability, products purity, etc. The radiation polymerization is
a chain reaction in which a large number of chemical changes may
follow each single act of ionization or excitation.
The use of radiation polymerization has a number of distinct
advantages when compared with the usual chemical techniques.
The latter require catalysts which may be incorporated in the
polymer and then remain as an impurity which may continue to
react.
With radiation, on the other hand, no impurities are
introduced although trapped radicals may still be present in the
solid polymer. The polymerization can occur under a variety of
conditions; as a liquid, in the gas phase, as solid, in emulsions or
dispersions. In chemical polymerization, the temperature conditions
needed for initiation by catalysts are not necessarily those most
suitable for chain propagation, whereas with radiation the initiation
13
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step is almost temperature independent. Hence a reaction
temperature may be chosen that is most suitable for the propagation
step. Radicals can be produced uniformly throughout the system
whatever its physical state is (30, 31).
There are three fundamental processes that are the results of
these reactions as showm in Figure 3:
[1] Crosslinking, where polymer chains are joined and a
network is formed; [2] degradation, where the molecular weight of
the polymer is reduced through chain scissoring; and [3] grafting,
where a new monomer is polymerized and grafted onto the base
polymer chain (32).

Figure (3): Radiation processing of polymers.
The polymerization of monomers involves at least three
separate stages, i.e. chain initiation, chain propagation and chain
termination, and these may be modified by further reactions such as

14
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chain transfer (33). The polymerization initiated by radiation can be
illustrated as follows:

High energy radiations like gamma and electron beam have
been used to prepare the hydrogels of unsaturated compounds. The
irradiation of aqueous polymer solution results in the formation of
radicals on the polymer chains.
Also, radiolysis of water molecules results in the formation
of oxidizing (hydroxyl radical OH˙) and reducing (hydrated
electron e-aq) reactive species hydroxyl radicals, as shown in the
equation. These species attack the polymer chains, resulting in the
formation of macroradicals. Recombination of the macroradicals on
different chains results in the formation of covalent bonds, and
finally a crosslinked structure is formed (34).

H2O → e-aq, OH., H. , H+, H2O2, H2
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1.3. Natural Polymers:
Biopolymers are terms commonly used to refer to polymers
biologically synthesized by nature. Polysaccharides are one such
class of biopolymers, comprising of simple monosaccharide (sugar)
molecules connected by ether type linkages to give high molecular
weight polymers. Compared to their renowned cousins, the nucleic
acids and proteins, the polysaccharides have traditionally been
considered of less significance and regarded primarily as structural
materials and metabolic energy sources (35- 37).
Only in the latter half of the 20th century, the chemistry of
the polysaccharides has attracted a great interest in the development
of new methods of isolation, extraction, separation, chemical and
enzymatic modification coupled with the advent of sensitive and
powerful instrumental analysis techniques (35).
Polysaccharides, such as cellulose, starch, dextran, guar gum
and chitosan, are abundant and readily available from renewable
sources such as the algal and plant kingdoms, cultures of microbial
selected strains, as well as through recombinant DNA techniques.
Thus, they have a large variety of compositions and
properties that cannot be easily mimicked in a chemical laboratory,
and the ease of their production makes numerous polysaccharides
cheaper than synthetic polymers (38).
16
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Hybridization of the natural polymers with synthetic
polymers is of great interest because of its applications to
biomedical and biodegradable materials. The chemical combination
of natural and synthetic polymers yields new materials, which
could have desirable properties including biodegradability. One of
the natural polymers that have attracted great attention of many
researchers is chitosan (39).
Chitosan (CS), poly-ß-(1-4)-2-amino-2-deoxy-D-glucose, is
a naturally occurring biodegradable and biocompatible cationic
aminopolysaccharide derived from the N-deacetylation of chitin
which is the most abundant natural structural polysaccharide after
cellulose. The structures of chitin and chitosan are represented in
Figure 4. It can be found in insects, exoskeleton of crustaceans, in
fungal cell walls (40, 41).

17
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Figure (4): Chemical structures of chitin and chitosan.
As a natural renewable resource, chitosan has a number
of

unique

properties

such

as

antimicrobial

activity,

nontoxicity, biocompatibility and biodegradability as shown in
Table 4 (42, 43).
These properties attract scientific and industrial interest in
many fields such as biotechnology, pharmaceutics, wastewater
treatment, cosmetics, agriculture, food science and textiles as
shown in Figure 5.
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Table 4: Intrinsic properties of chitosan
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Figure (5): Applications of chitin and chitosan.
20

INTRODUCTION

Chitosan has been widely used in pharmaceutical and
medical areas, due to its favorable biological properties such as
biodegradability,

biocompatibility,

low

toxicity,

hemostatic,

bacteriostatic, fungistatic, anticancerogen, and anticholesteremic
properties.
The abundance of hydroxyl groups (1 primary hydroxyl at
C-6 and 1 secondary hydroxyl at C-3) and highly reactive amino
group (at C-2) in the molecule make chitosan an attractive
biopolymer for many biomedical and pharmaceutical applications.
In a pharmaceutical industry, chitosan has been used in various
formulations,

like

powders,

tablets,

emulsions,

and

gels.

Furthermore, a controlled release of incorporated drugs can be
guaranteed (44, 45). The free amino group present in each
monomeric unit affords ammonium group, due to protonation, in
aqueous acidic media. The latter offers scope for manipulation for
preparing a broad spectrum of derivatives for specific end use
applications in diversified areas. The most essential medical
applications of chitosan are as follows:
- Wound healing promoting dressings.
- Dermatological agents.
- Anticoagulant agents.
- Optimological, dentistical and orthopedic agents.
- Tumor cell metabolism reducing agents.
- Biodegradable carriers for slow release drugs.
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1.4. Drug Delivery Systems:
Treatment of diseases has always been a major issue for
researchers as long as mankind has existed. As technology has
advanced, proteins, peptides, and other materials have been
identified as “drugs” which can be used to treat physiological life
processes, pain, and discomfort (46, 47). Drugs can vary in their
characteristics to the extent that drugs used to treat the same
symptoms might differ in characteristics such as hydrophilicity,
chemical

composition,

size

and

effectiveness.

Increasing

understandings of cellular biology at the molecular level and
breakthroughs in proteomics have led to the concept of gene
delivery (2). Drugs have to reach the site of action following
administration (oral, intravenous, etc) in a specific manner and in
specific quantity. This is the basis of the drug delivery field. Drug
delivery aims at delivering the right drug at the right place, at right
concentration for the right period of time. Sometimes direct
delivery of such drugs is difficult, due to the treacherous route of
delivery or discomfort caused to the patient (47).
Of

the

many

routes

of

drug

administration,

oral

administration has been considered to be most convenient, and
hence the majority of dosage forms are designed for oral delivery.
Different types of hydrogels can be used for delivery of drugs to
certain regions in the gastrointestinal tract ranging from the oral
cavity to the colon, as shown in Figure 6.
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Figure (6): Various hydrogels and hydrogel formulations that
can be used in different segements of the
gastrointestinal tract for drug delivery.
The interest of hydrogels as platforms for drug delivery
systems is rising continuously; their suitability for pharmaceutical
applications being mainly determined by their mechanical
properties, drug loading and controlled drug release capability.
Drug-loaded hydrogels may act as reservoirs that release the drug,
immediately or in a sustained way, by mechanisms such as
diffusion or erosion (48). They can be also used as targeting agents
for site-specific delivery, using two main approaches: (a) systems
that modify their structure, swelling or eroding, in response to
changes in the characteristics of the physiological medium (smart
hydrogels) and (b) devices in which the drug is covalently bonded
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to the polymer via a labile covalent bond that can broken at specific
biological conditions (49, 50).

.

Figure (7): Mechanisms of drug release.
One area in which interest is growing is use of chitosan as a
bioadhesive material. The mucoadhesive properties of chitosan
have been illustrated by its ability to adhere to porcine gastric
mucosa in vitro, and hence it could be useful for in site specific
drug delivery. Many commercially available chitosan exhibit fairly
good mucoadhesive properties in vitro (43, 51). It has been
suggested that residence time of formulations at sites of drug action
or absorption could be prolonged through the use of chitosan. It has
also been suggested that chitosan might be valuable for delivery of
drugs to specific regions of the gastrointestinal tract like the
stomach, small intestine, and buccal mucosa (52, 53).
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The adhesive properties of chitosan in a swollen state have
been shown to persist well during repeated contacts of chitosan and
the substrate which implies that, in addition to the adhesion by
hydration, many other mechanisms, such as hydrogen bonding and
ionic interactions might also have been involved. Different types of
chitosan based drug delivery systems are summarized in Table 5.
Table 5: Chitosan based drug delivery systems prepared by
different methods for various kinds of drug
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CHAPTER ΙІ
LITERATURE REVIEW
2.1. Superabsorbent Hydrogels:
Superabsorbent hydrogels are a kind of hydrogels, which
have the ability to absorb and retain water or physiological
solutions, hundreds of times their own weight, due to the
hydrophilic nature of their polymer chain and their interconnected
structure (11). In recent years many researchers have sought to find
or design new superabsorbent hydrogels for various applications.
Mahdavinia et al. carried out graft copolymerization of
mixtures of acrylic acid (AA) and acrylamide (AAm) onto chitosan
by using potassium persulfate (KPS) as a free radical initiator in the
presence of methylenebisacrylamide (MBA) as a crosslinker. The
effects of reaction variables, such as MBA concentration and
AA/AAm ratio on the water absorbency capacity have been
investigated. The polymer structures were confirmed by FTIR
spectroscopy. Water absorbencies were compared for the hydrogels
before and after alkaline hydrolysis. In the non-hydrolyzed
hydrogel, enhanced water absorbency was obtained with increasing
AA in monomer feed. However, after saponification, the sample
with high AAm ratio exhibited more water absorbency. The
swelling kinetics of the superabsorbing hydrogels was studied as
well. The hydrogels exhibited ampholytic and reversible pH26
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responsiveness characteristics. The swelling variations were
explained according to swelling theory based on the hydrogel
chemical structure. The hydrogels exhibited salt-sensitivity and
cation exchange properties. The pH reversibility and on–off
switching properties of the hydrogels make the intelligent polymers
as good candidates for considering as potential carriers for bioactive
agents, e.g. drugs (54).
Yiu and Hiu prepared a novel carboxymethylchitosan-gpoly(acrylic
polymerization

acid)

superabsorbent

of

acrylic

polymer

acid

onto

through
the

chain

graft
of

carboxymethylchitosan and subsequent crosslinking. It was
demonstrated by FTIR spectroscopy that acrylic acid had been graft
polymerized with carboxymethylchitosan. The thermal stability of
the polymer was characterized by thermogravimetric analysis. By
studying the swelling ratio of the polymer synthesized under
different conditions, optimization conditions were found for a
polymer with the highest swelling ratio. The rate of water
absorption of the polymer was high, and the swelling of the polymer
fitted the process of first dynamics. The swelling ratio of the
polymer was pH-dependent (55).
Liu et al. synthesized a novel chitosan-g-poly(acrylic
acid)/sodium

humate

multifunctional

superabsorbent

with

biodegradable and eco-friendly properties by graft polymerization
among chitosan, acrylic acid and sodium humate in aqueous
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solution, using N,N´-methylenebisacrylamide as a crosslinker and
ammonium persulfate as an initiator. The effect of polymerization
variables, including reaction temperature, content of initiator,
crosslinker and sodium humate, the weight ratio of acrylic acid to
chitosan, on water absorbency were studied. The swelling rate in
distilled water and the swelling behavior in various pH value
solutions were also investigated. The result from FTIR spectra
showed that chitosan and sodium humate participated in graft
polymerization reaction with acrylic acid. The introduced sodium
humate could enhance water absorbency and the content of 10 wt%
sodium humate gave the best absorption (183 g/g in distilled water
and 41 g/g in 0.9 wt% NaCl solution) (56).
Also superabsorbent hydrogels were prepared by Pourjavdi et
al. using direct grafting of acrylamide (AAm) monomer onto
chitosan using ammonium persulfate (APS) as an initiator and
methylenebisacrylamide (MBA) as a crosslinking agent under an
inert atmosphere. The effect of AAm and MBA concentrations on
the swelling capacity of the obtained hydrogel was studied. The
polymer structures were characterized by FTIR spectroscopy. Water
absorbencies of the hydrogels were compared before and after the
alkaline hydrolysis treatment. Saponification of chitosan-gpoly(acrylamide) (chitosan-g-PAAm) with a hot sodium hydroxide
solution gave rise to high water absorbency. Swelling of the
hydrogel samples in saline solutions was examined. It was found
28
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that swelling capacity of the chitosan-g PAAm hydrogels in CaCl2
and AlCl3 solutions was higher than that of its hydrolyzed chitosang-PAAm (H-chitosan-g-PAAm) hydrogels. It was also indicated
that the chitosan-g-PAAm and H-chitosan-g-PAAm hydrogels had
different swelling capacities in various pHs. The latter hydrogel
showed a pH-reversible property between 3 and 10. The swelling
kinetics of both hydrogels was found to obey second-order kinetics
(57).
Yin et al. synthesized superporous hydrogels (SPH)
containing

poly(acrylic

chitosan interpenetrating
crosslinking

of

acid-co-acrylamide)/O

carboxymethyl

polymer networks (SPH-IPNs) by

O-carboxymethyl

chitosan

(O-CMC)

with

glutaraldehyde (GA) .The structures of the SPH-IPNs were
characterized with FTIR,

13

C NMR and DSC, SEM, and light

images revealed that the SPH-IPNs possessed both the IPN network
and large numbers of pores and the cross-linked O-CMC molecules
were located on the peripheries of these pores. The swelling
behavior of SPH-IPNs was dependent on the O-CMC content, GA
amount and crosslinking time. Due to the crosslinked O-CMC
network, in vitro muco-adhesive force and mechanical properties of
the SPH-IPN were greatly improved when compared with the
conventional SPHs (CSPH). An enhanced loading capacity for
insulin could be obtained by the SPH-IPNs as compared to nonporous hydrogel and CSPH, and more than 90% of the insulin was
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released within 1 h. With the improved mechanical properties, in
vitro muco-adhesive force and loading capacities, the SPH-IPN may
be used as a potential muco-adhesive system for peroral delivery of
peptide and protein drugs (58).
Kim et al. studied temperature- and pH-responsive semiinterpenetrating polymer network (semi-IPN) hydrogels constructed
with chitosan and polyacrylonitrile (PAN). IPN hydrogels exhibited
a relatively high swelling ratio, 23% –145% at room temperature.
The swelling ratio of hydrogels depends on pH and temperature.
DSC was used to determine the amount of free water in IPN
hydrogels. The amount of free water increased with increasing
chitosan content in the semi-IPN hydrogels (59).
Another semi-interpenetrating polymer networks (semiIPNs), composed of chitosan and poly(hydroxy ethyl methacrylate)
hydrogels were prepared by Kim et al. using crosslinking with
ethylene glycol dimethacrylate (EGDMA). The semi-IPN hydrogels
exhibited pH sensitive and electro-responsive properties.

The

effects of various pH, temperatures, and an electric-field on the
swollen hydrogels were investigated. The swelling kinetics
increased rapidly, reaching equilibrium within 60 min. Semi- IPN
hydrogels exhibited relatively high swelling ratios, 150 ~ 350% at
25°C. The swelling ratio increased when the pH of the buffer was
below pH 7 as a result of the dissociation of ionic bonds. Semi-IPN
30

LITERATURE REVIEW

hydrogels showed electro responsiveness by shrinking when an
electric field was applied (60).
Mahdavinia et al. composed a semi-interpenetrating polymer
network

(semi-IPN)

hydrogel of crosslinked

chitosan and

polyacrylamide (PAAm) was prepared in the presence of
formaldehyde as a crosslinker. The swelling capacity of hydrogel
was shown to be affected by the crosslinker and the PAAm/chitosan
ratio. The PAAm/chitosan semi- IPN hydrogels are swelled at low
pHs that attributed to both osmotic pressure and repulsion of –NH3
groups on chitosan backbones. The swelling of hydrogel in acidic
pHs showed that with increasing of chitosan content in the hydrogel,
the swelling capacity was increased. But the swelling capacity of
hydrogel in neutral pH is reversed, i.e. the higher the
PAAm/chitosan ratio, the higher the swelling capacity. The results
also indicated that the semi-IPN hydrogel had different swelling
capacity in various pHs. It showed a reversible pH-responsive
behavior at pH 2 and 10 (61).
Ng and Swami synthesized biocompatible interpenetration
polymeric networks (IPN) hydrogels based on chitosan with N-vinyl
pyrrolidinone (NVP) as well as its copolymer with 2-hydroxymethyl
methacrylate (HEMA) using the photopolymerisation technique
without the inclusion of any photoinitiator or crosslinking agent.
These hydrogels were characterised using the Fourier-transform
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infrared spectroscopy (FTIR) technique. Equilibrium swelling of
these hydrogels was performed in water and drug release studies
were carried out using theophylline as the model drug. These tests
showed that the IPN comprised of chitosan and NVP with a very
small amount of N-hydroxymethylmaleimide (HMMI) included
exhibited higher swelling abilities and fast drug release rates than
the IPN which contained chitosan, NVP and HEMA. Kinetic studies
of water diffusion into these hydrogels and drug release revealed
that with the exception of the IPN with HEMA incorporated, the
other hydrogels did not adhere to the Fickian diffusion model. These
hydrogels were tested for their biocompatibility with human
epidermal keratinocyte cells. A positive cell growth as evidenced by
the 3-[4,5-dimethylthiazol-2-yl]- 2,5-diphenyl tetrazolium bromide
(MTT) cell proliferation assay indicated that these hydrogels are
non-toxic to human keratinocytes and can be potentially used as
biomaterials for biomedical applications (62).
Abd El-Rehim et al. designed Polyacrylamide/polyethylene
oxide (PAAm/PEO) controlled release matrices to obtain a better
control over the concentration of indole-3-butyric acid (IBA).
PAAm/PEO incorporated IBA was prepared by exposing aqueous
solutions of PEO, PAAm, crosslinking agent N,N'- methylenebisacrylamide, and IBA mixtures to electron beam irradiation.
PAAm/PEO copolymer structural property relationships that affect
its controlled release behavior were determined. Analysis of the
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results obtained indicated that it is possible to optimize IBA
controlled release by adjusting the dimensions and crosslinking
degree of the copolymer as well as the concentration of the
incorporated IBA. The crosslinking degree of the copolymer can be
controlled by governing the irradiation dose, polymer blend
composition and/or the amount of crosslinking agent. IBA release
rates have been investigated as a function of environmental
conditions, such as the changes in pH and temperature to determine
the factors, which mostly contribute to the release of IBA. The
effect of PAAm/PEO–IBA matrix on the average height of corn
(Zea mayz) plant was investigated. The results obtained, revealed
that PAAm/PEO-IBA systems have a capability to deliver IBA
slowly and continuously. As a result, the development of root and
vegetative systems of Zea mayz plant was greatly promoted (63).
Zhang et al. prepared a novel chitosan-g-poly(acrylic
acid)/attapulgite superabsorbent composite with water absorbency
of 159.6 g g-1 in distilled water and 42.3 g g-1 in 0.9 wt% NaCl
solution was by graft polymerization with chitosan, acrylic acid and
attapulgite in aqueous solution, using N,N´-methylenebisacrylamide
as a crosslinker and ammonium persulfate as an initiator. Factors
influencing water absorbency of the superabsorbent composite were
investigated, such as average molecular weight of chitosan, weight
ratio of acrylic acid to chitosan, dewatering method, the amount of
crosslinker and attapulgite. The result from FTIR spectra showed
33

LITERATURE REVIEW

that –OH, –NHCO, –NH2 of chitosan and –OH of attapulgite
participated in graft polymerization with acrylic acid. The
introduced attapulgite enhanced thermal stability of the chitosan-gpoly(acrylic acid) superabsorbent and formed a loose and more
porous surface. Introducing a small amount of attapulgite also
enhanced water absorbency of the chitosan-g-poly(acrylic acid)
superabsorbent (64).
Pourjavadi et al. was synthesized a novel biopolymer-based
superabsorbent hydrogel through chemically crosslinking graft
copolymerization of acrylic acid (AA) onto kappa-carrageenan
(кC), in the presence of a crosslinking agent and a free radical
initiator. A proposed mechanism for кC-g-polyacrylic acid was
suggested and the affecting variables onto graft polymerization (i.e.
the crosslinker, the monomer and the initiator concentration, the
neutralization percent and reaction temperature) were systematically
optimized to achieve a hydrogel with swelling capacity as high as
possible. Maximum water absorbency of the optimized final product
was found to be 789 g/g. The swelling capacity of the synthesized
hydrogels was also measured in various salt solutions. The time–
temperature profile of the polymerization reaction, in order to
investigate the effect of molecular oxygen was conducted in terms
of the absence and presence of the atmospheric oxygen. The overall
activation energy (Ea) of the graft polymerization reaction was
found to be 2.93 KJ/mol (65).
34

LITERATURE REVIEW

Park et al. prepared chitosan and glycol chitosan hydrogels,
investigated their swelling behaviors in acidic solution and studied
their application for gastric retention device. The optimum
preparation condition of superporous hydrogels was obtained from
the gelation and blowing kinetics measured at varying acidic
conditions. Both the swelling rate and swelling ratio of glycol
chitosan hydrogels were higher than those of chitosan hydrogels.
Swelling behaviors were significantly affected by not only
foaming/drying methods but also crosslinking density, as the sizes
and structures of pores generated were highly dependent on those
preparation conditions. The prepared superporous hydrogels were
highly sensitive to pH of swelling media, and showed reversible
swelling and de-swelling behaviors maintaining their mechanical
stability. The degradation kinetics in simulated gastric fluid was
also studied (66).
Pourjavadi et al. synthesized fast-swelling highly porous
superabsorbent hydrogels through a rapid radical polymerization
under normal atmospheric conditions. To synthesize a biopolymerbased superabsorbent hydrogel, 2-hydroxyethyl acrylate (HEA) and
sodium acrylate (AANa) were grafted on the starch backbone in an
aqueous solution. The graft copolymerization reaction was carried
out in the presence of ammonium persulfate (APS) as an initiator
and N, N´-methylenebisacrylamide (MBA) as a crosslinker in a
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homogeneous medium. The chemical structure of the hydrogels was
confirmed by FT-IR spectroscopy and thermogravimetric analysis
(TGA). The morphology of the samples was examined by scanning
electron microscopy (SEM). The results indicated that with
increasing the amount of sodium acrylate both swelling capacity and
swelling under load (AUL) were increased. Preliminary swelling
and deswelling behaviors of the hydrogels were also studied. The
effects of pH and inorganic salt on the swelling behavior of the
hydrogels were investigated as well (67).
Abd

El-Rehim

et

al.

investigated

preparation

and

characterization of superabsorbent hydrogels obtained by radiation
induced crosslinking of polyacrylamide (PAAm), poly(acrylic acid)
(PAAc), poly(vinyl alcohol) (PVA), and potassium polyacrylate
(PAAcK) individually and in (PAAm)– binary systems for possible
uses in agricultural fields. The swelling of the investigated
hydrogels was mainly related to the type of their hydrophilic
functional groups and/or the presence of polarized charges. The
preparation conditions, such as irradiation dose and hydrogel blend
compositions,

that

influence

the

water

absorbency

of

PAAm/PAAcK copolymers and alter their gel content and
crosslinking density were investigated. The higher the irradiation
dose, the higher the gel content, and the lower the water absorbency.
PAAm/PAAcK copolymer, possessing pore structure and fast
swelling, was prepared by mixing the hydrogel components with a
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gas-forming agent, namely, ammonium carbonate. Studies were also
made on the applications of such hydrogels to improve the physical
and water retention properties of sandy soil for agricultural
purposes. The effect of different types and amounts of hydrogels
added to sandy soil on the emergence, vegetative growth, and
wilting time of corn (Zea mays) plants was investigated. As the
hydrogel level increased, the average of plant height, leaf width,
total dry weight, corncob production, and time to wilt increased.
The obtained results suggested that the PAAm/PAAcK hydrogels
can improve sandy soil properties for cultivation, because they often
absorb and keep water one thousand times more than their own
weight, reduce watering frequency of the plants, and enhance water
retention of soil matrix that results in an increase in plant growth
and performance (68).
Also the same authors prepared polyacrylamide/ potassium
polyacrylate (PAAm/PAAcK) superabsorbent hydrogels by using
ionizing radiation for possible use in agricultural purposes. The
influence of environmental conditions such as water quality,
fertilizer

salts,

soil

pH,

and

surrounding

temperature

on

PAAm/PAAcK water absorbency and retention was investigated.
The water absorbency apparently decreased with an increase in the
valence and ionic strength of the salt solutions. The swelling of
PAAm/PAAcK immersed in the solutions containing fertilizer of
different nitrogen sources followed the order: Urea > NH4NO3 >
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(NH4)2SO4. The PAAm/PAAcK water absorbency in solutions
containing different types of phosphate sources was in the order:
H3PO4 > KH2PO4 > K2HPO4. However, the water absorbency of
PAAm/PAAcK in the solution of different types of potassium salts
followed the order: KCl > K2SO4 > K2HPO4. PAAm/PAAcK
hydrogel is fully swollen at pH 6. The relation between the ability of
PAAm/PAAcK to retain water against time at different temperatures
was studied. As the environmental temperature increases, the water
retention of PAAm/PAAcK decreases. Potential application of
PAAm/PAAcK in agriculture was evaluated (69).

2.2. Radiation Processing of Polysaccharides:
The physical and chemical properties of polymeric materials
can be modified by treatment with ionizing radiations such as
gamma rays, X-rays and energetic electrons which initiate
polymerization, grafting, crosslinking and chain scission reactions.
The results of such reactions can enhance the utility and value of
commercial products.

Although polysaccharides such as cellulose, starch,
chitin/chitosan and their water-soluble derivatives have been known
as degradable type polymers under action of ionizing radiation,
Yoshii et al. found that water-soluble polysaccharides derivatives
such as carboxymethylcellulose (CMC), carboxymethylstarch
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(CMS) and carboxymethylchitin (CMCT), carboxymethyl-chitosan
(CMCTS) lead to radiation crosslinking at high concentrated
aqueous solution (more than 10%, paste-like state). It was proved
that the crosslinking was remarkably affected by their concentration
and also that radiation formation of hydrogels of these
polysaccharides derivatives were mainly due to the mobility of side
chains. Side-chains radicals were formed mostly via indirect effects,
by the abstraction of H atoms by the intermediate products of water
radiolysis. Some important characteristics of these novel hydrogels
were also investigated. These hydrogels exhibited good swelling in
water and possess satisfying biodegradability. In addition, the
antibacterial activity against E. coli was also found in CMCTS
hydrogel (70).
Francis et al. prepared a series of superabsorbent hydrogels
from carrageenan and partially neutralized acrylic acid by gamma
irradiation at room temperature. The gel fraction, swelling kinetics
and the equilibrium degree of swelling (EDS) of the hydrogels were
studied. It was found that the incorporation of even 1% carrageenan
(sodium salt) increases the EDS of the hydrogels from ~320 to ~800
g/g. Thermal analysis were carried out to determine the amount of
free water and bound water in the hydrogels. Under optimum
conditions, poly(acrylic acid)–carrageenan hydrogels with high gel
fraction (~80%) and very high EDS (~800 g/g) were prepared
gamma radiolytically from aqueous solution containing 15%
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partially neutralized acrylic acid and 1–5% carrageenan. The
hydrogels were also found to be sensitive to the pH and the ionic
strength of the medium (71).
Wang et al. synthesized carboxymethylated chitosan (CMCt)
hydrogels by γ-ray radiation-induced crosslinking in the presence of
acids or polyfunctional monomers. Compared with that of CMCt
hydrogels synthesized without additives, the gel fraction was
improved and the gelation dose was decreased obviously after
incorporating acids or polyfunctional monomers into CMCt
hydrogels. The diffusion behavior of water in the CMCt gels
prepared at different conditions was Fickian diffusion, and the
swelling of the CMCt gels displayed characteristic pH sensitivity,
which was analyzed by fluorescence molecular probes. Preliminary
mechanism of radiation-induced crosslinking of CMCt in the
presence of acids or polyfunctional monomers was discussed based
on the FTIR and sol–gel analysis. Furthermore, it was found that
CMCt hydrogels were hydrodegradable with high temperature
(> 60°C) and incorporating polyfunctional monomers into the CMCt
hydrogels also could improve the thermal stability of the CMCt
hydrogels obviously (72).
Zhao and Mitomo prepared a series of environmentally
friendly hydrogel films from dihydroxypropyl chitosan (DHPchitosan) using irradiation technique without any bifunctional
40

LITERATURE REVIEW

crosslinking

compounds.

DHP-chitosan

irradiated

at

high

concentrated solution state (more than 10%, paste-like state) was
found to introduce crosslinking structure. Crosslinking behavior,
mechanical property, morphology, and swelling behavior of the
hydrogel films were studied. It has been found that a concentration
of 40% solution is the most effective for crosslinking. The hydrogel
films of DHP-chitosan exhibited controllable mechanical property
and typically pH-sensitive character in their swelling behavior.

A

preliminary biodegradation study confirmed that DHP-chitosan
hydrogels also undergo biodegradation by enzymatic degradation
test (73).
Yang et al. prepared poly(vinyl alcohol) (PVA)/water-soluble
chitosan (ws-chitosan) hydrogels by a combination of γ-irradiation
and freeze thawing. The thermal and rheological properties of these
hydrogels were compared with those of hydrogels prepared by pure
irradiation and pure freeze thawing. Irradiation reduced the
crystallinity of PVA, whereas freeze thawing increased it.
Hydrogels made by freeze thawing followed by irradiation had
higher degrees of crystallinity and higher melting temperatures than
those made by irradiation followed by freeze thawing. ws-Chitosan
disrupted the ordered association of PVA molecules and decreased
the thermal stability of both physical blends and hydrogels. All the
hydrogels showed shear-thinning behavior in the frequency range of
0.2–100 rad/s. Hydrogels made by freeze thawing dissolved into sol
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solutions at about 800°C, whereas those made by irradiation showed
no temperature dependence up to 1000°C. The chemical
crosslinking density of the hydrogels made by irradiation followed
by freeze thawing was much greater than that of hydrogels made by
freeze thawing followed by irradiation (74).
The same authors also prepared poly(vinyl alcohol)
(PVA)/water soluble chitosan (ws-chitosan)/glycerol hydrogels by
γ-irradiation

and

γ-irradiation

followed

by

freeze-thawing,

respectively. The effects of irradiation dose and the contents of PVA
and agar on the swelling, rheological, and thermal properties of
these hydrogels were investigated. The swelling capacity decreases
while the mechanical strength increases with increasing PVA or
agar content. Increasing the irradiation dose leads to an increase in
chemical crosslinking density but a decrease in physical
crosslinking density was observed. Hydrogels made by irradiation
followed by freeze-thawing own smaller swelling capacity but
larger mechanical strength than those made by pure irradiation.
These hydrogels are high sensitive to pH and ionic strength,
indicating that they may be useful in stimuli-responsive drug release
system (75).
Cai et al. prepared thermo- and pH-sensitive hydrogels by
graft copolymerization of chitosan (CS) and N-isopropylacrylamide
via γ-radiation. The effects of monomer concentration and
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irradiation dose on grafting percentage and grafting efficiency were
studied. The graft copolymers were characterized by 13C CP/MAS
NMR

and

thermogravimetric

analysis.

The

pH

and

thermosensitivity and swelling properties of the hydrogels were
investigated. The results showed that the grafting percentage and
grafting efficiency increased with the increase of monomer
concentration and total irradiation dose. The highest grafting
percentage is 620%, the lower critical solution temperature (LCST)
of this hydrogel is about 28 °C (76).
Abd El-Aal et al. prepared Copolymer hydrogels by γ radiation copolymerization of N-vinyl-2-pyrrolidone (NVP) and
methylmethacrylate (MMA) or acrylonitrile (AN). The effect of
NVP/MMA and NVP/AN compositions and irradiation dose on the
gel fraction yield in the prepared hydrogels was determined. It was
found that as the content of NVP increased, the gel fraction yield
decreased. The increase in irradiation dose resulted in increasing the
crosslinked network structure and consequently the gel percentage
increased. The thermal stability and swelling properties were also
investigated as a function of comonomer composition. The nitrile
groups (–CN) in the prepared copolymer were converted into their
respective

amidoxime

groups

by

treating

with

NH2OH-

hydrochloride. Such a process resulted in improving both the
swelling behavior and adsorption capacity. Characterization and
some selected properties of the prepared hydrogels were studied and
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accordingly the possibility of its practicable use in the treatment of
industrial waste dyes was determined. The thermodynamic
parameters for the adsorption process were calculated. The effect of
treatment time, pH of feed solution, effect of initial feed
concentration and temperature on the dye uptake was also
investigated. The maximum uptake for investigated dyes was higher
for treated NVP/AN hydrogel than that for untreated NVP/AN and
NVP/MMA ones (77).
Abd El-Rehim et al. designed polyacrylamide/ poly(ethylene
oxide) (PAAm/ PEO) crosslinked hydrogels for controlled delivery
of an herbicide, Atrazine, which is used in the agricultural field.
Atrazine was incorporated into a PAAm/PEO matrix during an
electron beam irradiation process. The Atrazine release rate from
matrices prepared under different conditions was studied to
determine which factors have the most affect and control over the
PAAm/PEO matrix release property. The copolymer blend
composition, copolymer gel content, and irradiation dose greatly
affected the Atrazine release rate. In addition, its release rate was
influenced by the pH and temperature of the matrix-surrounding
medium. The Atrazine release rate decreased as the pH increased,
but it increased as the temperature increased. The properties of the
prepared crosslinked hydrogels may make them acceptable for
practical use as bioactive controlled release matrices (78).
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Casimiro et al. modified chitosan/pHEMA membranes by γirradiation under nitrogen atmosphere to improve its structural
arrangement keeping the natural antimicrobial properties of
chitosan. The effect of various synthesis conditions on the chemical,
physical

and

biological

properties

was

evaluated.

The

chitosan/pHEMA membranes were characterised using FTIR
spectroscopy, scanning electron microscopy and thermal analysis
techniques. Its hydration capacity and its antimicrobial properties
were also determined. The obtained results showed that the
hydration capacity decreases in the irradiated membranes. It was
also found that chitosan/pHEMA membranes present good barrier
properties against microbes (79).
Singh

et

al.

optimized

microwave

methylmethacrylate

on

to

chitosan.

the

grafting

of

Chitosan-graft-

poly(methylmethacrylate) (Ch-g-PMMA) could be synthesized with
160% grafting using 80% MW power in 2 min at (MMA) 0.17 M,
(Chitosan) 0.1 g/25 ml. While for the same concentration of the
methylmethacrylate and the chitosan, 105% grafting was observed
when K2S2O8/ascorbic acid redox initiator used in presence of AgC
(catalyst) and atmospheric oxygen (co-catalyst) at 35±0.2 °C.
K2S2O8/ascorbic acid redox system is for the first time used for
grafting methylmethacrylate on to the chitosan. The representative
graft copolymer was characterized by Fourier transform-infrared,
thermo gravimetric analysis and X-ray diffraction measurement,
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taking chitosan as reference. The effect of reaction variables as
monomer/chitosan concentration, microwave power and exposure
time on the graft co-polymerization was studied. A probable
mechanism for grafting under microwave heating has been
proposed. Viscosity of the grafted chitosan solutions and
water/saline retention for the grafted chitosans were determined and
compared with that of the chitosan. The microwave synthesized
graft copolymer was found to have efficient adsorption ability for
Zn2+ ions in aqueous solution. Effect of pH and Zn2+ concentration
on adsorption was also studied (80).
Nge et al. investigate the improved swelling behavior of
chitosan/poly(acrylic acid) complex by solvent (methanol, ethanol,
and acetone) extraction. The complex is developed by photoinitiated
free-radical polymerization of acrylic acid in the presence of
chitosan. The swelling ratio of the complexes depends on the cosolvency effect of poly(acrylic acid) to the extracted solvent, which
in turn affects the polymer network structure and ionic states
characterized by dynamic force microscopy (DFM), Raman, and
FTIR spectroscopy. The DFM investigation displays the improved
structural changes of the polymer network structure after solvent
extraction and its relation to the improved swelling property of the
chosen system in different environmental conditions (pH, solvent,
and salt concentration) are discussed. A high swelling ratio of about
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600 times its dry weight is observed in water as well as in low salt
and solvent concentration after methanol extraction (81).
Casimiro et al. prepared 2-hydroxyethyl methacrylate grafted
onto chitosan by using either chemical initiation, or photo-induction
or

gamma

radiation-induced

polymerisation,

all

under

heterogeneous conditions. The evidence of grafting was provided by
Fourier transform infrared spectroscopy and thermal analysis. The
results concerning the effect of initiator concentration, initial
monomer concentration and dose rate influencing on the yield of
grafting reactions are presented. These suggest that gamma
irradiation is the method that leads to higher yields of grafting (82).
Zhou et al. prepared semi-interpenetrating polymer network
(semi-IPN) hydrogels by UV irradiation of water soluble
N-carboxylethyl chitosan (CECS) and 2-hydroxyethyl methacrylate
(HEMA) aqueous solutions in the presence of D-2959 as
photoinitiator. Hydrogels were characterized by using scanning
electron microscopy (SEM), thermal gravimetric analysis (TGA)
and X-ray diffractometry (XRD). SEM showed that semi-IPN
hydrogels displayed porous surface and therefore had high surface
area. XRD indicated that CECS/poly (HEMA) semi-IPN hydrogels
had amorphous structure. The thermal stability and equilibrium
degree of swelling improved obviously with increase of CECS
content. Differential scanning calorimetry (DSC) indicated that free
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water content increased with increase of CECS content while
bonded water content decreased. Cytotoxicity results suggested that
semi-IPN hydrogels had good biocompatibility. From these
preliminary evaluations, it is possible to conclude that these
materials have potential applications in the biomedical field (83).
Kim et al. prepared poly(vinyl alcohol) (PVA)/chitosan
interpenetrating polymer networks (IPN) by UV irradiation. The
water sorption behavior of the IPNs was measured at various
temperatures and humidity levels. Vapor sorption behavior is more
affected by the density of water vapor than by hydrophilic
properties with increasing temperature. Equilibrium water uptake
increases as humidity increases, and the increase is more noticeable
at high humidity. The sorption system of all IPNs is a relaxation
controlled mechanism at a relative humidity (RH) of 90%, but it is a
Fickian diffusion-controlled mechanism when the RH is below
50%. With an increase in humidity, the diffusion coefficients were
found to increase due to greater penetration of water into the IPNs
(84).
Zhao et al. irradiated carboxymethylchitin (CM-chitin) and
its deacetylated product carboxymethylchitosan (CM-chitosan) in
aqueous solutions at various irradiation doses by high-energy
radiation electronic accelerator in vacuum. Carboxymethylated
chitin derivatives irradiated at paste-like conditions were found to
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introduce crosslinking structure. When the dosage of electron beam
irradiation was 20 kGy or more, transparent hydrogels could be
produced. In the case of CM-chitosan, high degree of deacetylation
was found to negatively correlate to crosslinking even if it has a
high degree of substitution. The hydrogels created from
carboxymethylated

chitin

derivatives,

exhibited

excellent

mechanical properties and good swelling in water. The further study
on the swelling properties at various conditions indicated that CMchitin and CM-chitosan hydrogels displayed characteristically pHsensitive character in their swelling behavior. The gel of CMchitosan swelled in acid (pH 3.5) and alkaline (pH 6) conditions and
deswelled between pH 3.5 and 6.0 due to the ionic composition
changes of the gel network. In addition, the antibacterial activity
against E. coli was also found in CM-chitosan hydrogel (85).
Zhai et al. prepared starch/chitosan blend films by irradiation
of compression-molded starch-based mixture in physical gel state
with electron beam (EB) at room temperature. The influence of
chitosan and radiation on the properties of the prepared films was
investigated. The tensile strength and the flexibility of starch film
were improved largely after incorporation of 20% chitosan into
starch film. X-ray diffraction and scanning electron microscope
analyses of starch/chitosan blend films indicated that there was
interaction and microphase separation between starch and chitosan
molecules. Furthermore, in order to produce a kind of antibacterial
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films, the starch/chitosan blend film was irradiated, and the
antibacterial activity of the starch/chitosan blend films against
Escherichia coli (E. coli) was measured via optical density method.
After irradiation, there is no obvious change in the structure of
starch/chitosan blend films, but antibacterial activity was induced
even when the content of chitosan was only 5% due to the
degradation of chitosan in blend films under the action of irradiation
(86).
Chen et al. synthesized superabsorbent polymers (SAPs) by
grafting copolymerization of acrylic acid and acrylamide onto starch
by using γ-ray radiation technique and poly(ethylene glycol) (PEG)
as a crosslinker. The samples were characterized by IR
spectroscopy. The effect of various synthetic parameters such as
irradiation dose, irradiation dose rate, monomer concentration,
monomer/starch ratio, and PEG content were studied. The effects of
different drying methods on water absorbency of the SAPs were
also studied. The experimental results showed that the water
absorbency of the SAPs depends largely on the specific conductance
of water when the specific conductance is below 500 μs/cm. The
water retention of sand and soil was enhanced by using the SAPs.
Effects of the SAPs on the germination of seeds and growth of
young plants were investigated (87).
Kiatkamjornwong et al. studied graft copolymerizations of
acrylamide and/or acrylic acid onto cassava starch by a
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simultaneous irradiation technique using gamma-rays as the initiator
with regard to various parameters of importance: the monomer-tocassava starch ratio, total dose (kGy), dose rate (kGy h-1),
acrylamide-to-acrylic acid ratio, and the addition of nitric acid and
maleic acid as the additives.
Grafting parameters were determined in relation to the water
absorption of the saponifed graft copolymer. The water absorption
of the saponifed graft copolymer in salt and buffer solutions of
different ionic strengths was also measured, from which the
superabsorbent properties are found to be pH sensitive. The starch
graft copolymers of acrylamide and acrylic acid give higher water
absorption than the starch graft copolymers of either acrylamide or
acrylic acid alone. The porosity of the saponifed starch graft
copolymers prepared by the acrylamide/acrylic acid ratios of 70:30
and 50:50 was much higher than the porosity of copolymers in
terms of fine networks. Ionic strength and multi-oxidation states of
the saline and buffer solutions markedly decreased the water
absorption of the saponifed cassava starch grafted superabsorbent
polymers (88).

2.3. Biomedical Applications:
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Polymers in biomedical applications is one of the fastest
growing areas in polymer science, where the traditional sciences are
connected to the more modern engineering sciences to solve human
health problems. Polymeric biomaterials are usually understood as
polymeric materials and articles made from them, which are used in
medicine or biotechnology.
Torre et al. prepared polyionic complexes of chitosan (CS)
and poly(acrylic acid) (PAA) in a wide range of copolymer
composition and with two kind of drugs. Release of amoxicillin
trihydrate and amoxicillin sodium from these different complexes
was studied. The swelling behavior of solute transport in swellable
hydrogels was investigated to check the effect of polymer/polymer
and polymer/drugs interactions. The electrostatic polymer/polymer
interactions take place between the cationic groups from CS and the
anionic ones from PAA. The diffusion of amoxicillin trihydrate was
controlled only by the swelling/eroding ratio of the polyionic
complexes. The swelling degree of amoxicillin sodium hydrogels
was more extensive when compared to the swelling degree of
amoxicillin trihydrate formulations. It was concluded that the water
uptake was mainly governed by the degree of ionization. Restriction
of

amoxicillin

sodium

diffusion

could

be

achieved

by

polymer/ionized-drug interaction that retards the drug release.
Freeze-dried polyionic complexes could serve as suitable candidates
for amoxicillin site-specific delivery in the stomach (89).
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Lichen et al. evaluated superporous hydrogels containing
poly (acrylic acid-co-acrylamide)/O-carboxymethyl chitosan (OCMC) full interpenetrating polymer networks (SPH-IPNs) for their
potentials in effective insulin absorption via the oral route. Insulin
release from the SPH-IPNs exhibited sensitivity towards pH and
ionic strength. After drug loading and release, the circular dichroism
(CD) spectra revealed that conformation of insulin had no
significant alteration and bioactivity of insulin was well preserved
according to hypoglycemic effect in mice. Through their abilities to
bind Ca2+ and to entrap the enzymes, SPH-IPNs could partly
inactivate trypsin and chymotrypsin, and SPH-IPN with higher OCMC/monomer ratio appeared more potent. Swollen SPH-IPNs
could attach mechanically and muco-adhere to the intestinal wall,
thus achieving improved retentive properties compared to
commonly used muco-adhesive Carbopol. These pronounced
properties demonstrated that the SPH-IPN would be a promising
peroral carrier for insulin and other peptide (90).
Ali and Hegazy prepared pH-sensitive hydrogels from
poly(ethylene glycol) (PEG) and acrylic acid (AAc) in aqueous
solution employing g-radiation-induced copolymerization and
crosslinking. The swelling behavior of the prepared hydrogels was
determined by investigating the time and pH-dependent swelling of
the (PEG/AAc) hydrogels of different PEG content. The effect of
environmental parameters such as pH and ionic strength on the
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swelling kinetics was studied. The results not only show the
dependence of the swelling indices on the pH value of the swelling
medium but also show a clear dependence of the diffusion
coefficient on the ionic strength of the medium. To estimate the
ability of the prepared copolymer to be used as a colon-specific drug
carrier, the release of ketoprofen was studied as a function of time at
pH 1 and pH 7 (91).
Transmucosal

drug

delivery

(TMD)

system

using

mucoadhesive polymer has been recently interested due to the rapid
onset of action, high blood level, avoidance of the first-pass effect
and the exposure of the drug to the gastrointestinal tract. Thus,
Ahn et al. prepared A novel mucoadhesive polymer complex
composed of chitosan and poly(acrylic acid) (PAA) by template
polymerization of acrylic acid in the presence of chitosan for the
Transmucosal drug delivery (TMD) system. Triamcinolone
acetonide (TAA) was loaded into the chitosan/PAA polymer
complex film. TAA was evenly dispersed in chitosan/PAA polymer
complex film without interaction with polymer complex. Release
behavior of TAA from the mucoadhesive polymer film was
dependent on time, pH, loading content of drug, and chitosan/PAA
ratio. The analysis of the drug release from the mucoadhesive film
showed that TAA might be released from the chitosan/PAA
polymer

complex

film

through

mechanism (92).
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Shim and Nho prepared biocompatible and biodegradable
pH-responsive hydrogels based on poly(acrylic acid) (AAc) and
chitosan prepared for controlled drug delivery. These interpolymeric
hydrogels were synthesized by a gamma irradiation polymerization
technique. The degree of gelation was over 96% and increased as
the chitosan or acrylic acid content increased. The equilibrium
swelling studies of hydrogels prepared in various conditions were
carried out in an aqueous solution, and the pH sensitivity in the
range of pH 1–12 was investigated. The AAc/chitosan hydrogels
showed the highest water content when the 30 vol % AAc and 0.1
wt % chitosan were irradiated with a 30-kGy radiation dose. Also,
an increase of swelling degree with an increase in the pH was
noticed and showed the highest value at pH 12. The drug, 5fluorouracil, was loaded into these hydrogels and the release studies
were established in simulated gastric fluid and simulated intestinal
fluid. The hydrogel with the lower content of chitosan and AAc was
quickly swollen in the medium solution and the release rate of the 5FU from it was expedited. Also, the release behavior of the 5-FU
from the hydrogel was different according to the pH of the release
medium, content of the monomer, and the radiation dose. The in
vitro release profiles of the drugs showed that more than 90% of the
loaded drugs were released in the first 1 h at the intestinal pH and
the rest of the drug had been released slowly. This investigation of
chitosan-based interpolymeric pH-responsive hydrogels indicates
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that the rate of drug release can be modulated by the appropriate
chemical modification of the crosslinking densities of these gels and
further modification of these hydrogels can lead to a successful
application

for

localized

drug

delivery

to

the

intestinal

environment )93).
Abd El-Rehim et al. dealed with the radiation synthesis of
stimuli response hydrophilic polymers from polyacrylic acid
(PAAc). To maintain the property of PAAc and control the water
swellibility for its application as a drug delivery system, radiation
polymerization of AAc in the presence of poly(vinyl pyrrolidone)
(PVP) as a template polymer was carried out. Characterization of
the prepared PAA/ PVP inter-polymer complex was investigated by
determining gel content, swelling property, hydrogel microstructure
and the release rate of caffeine as a model drug. The release rate of
caffeine from the PAA/PVP inter-polymer complexes showed pHdependency, and seemed to be mainly controlled by the dissolution
rate of the complex above a pKa of PAAc. The prepared interpolymer complex could be used for application as drug carriers
(94).
Santos et al. developed chitosan based membranes to be
applied on wound healing as topical drug delivery systems by graft
copolymerization of acrylic acid (AA) and 2-hydroxyethyl
methacrylate (HEMA) onto chitosan using cerium ammonium
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nitrate as chemical initiator. Evidence for graft copolymerization of
the vinyl monomers onto chitosan was obtained by FTIR and
DMTA. Swelling degree, cytotoxicity, thrombogenicity and
haemolytic activity of these membranes were evaluated. Chitosangraft-AA-graft-HEMA showed to be the best matrix for drug
delivery systems than chitosan-graft-AA because it retains good
swelling properties, but the content in HEMA has improved
cytocompatibility, hemocompatibility and thrombogenic character
(95).
Singh et al. prepared psyllium and polyacrylic acid based
polymeric

networks

by

radiation-induced

crosslinked

copolymerization. They discuss the swelling kinetics of the
hydrogels and release dynamics of anticancer model drug
5-fluorouracil from the hydrogels for the evaluation of swelling and
drug release mechanisms. Polymeric networks (hydrogels) formed
were characterized with SEM, FTIR and swelling studies. Swelling
behavior of the hydrogels was studied as a function of monomer
concentration in the hydrogels and temperature, pH and NaCl of the
swelling medium. It has been observed from the release dynamics of
drug that diffusion exponent ‘n’ have 0.7, 0.8 and 0.7 values and gel
characteristics constant ‘k’ have 9.13 x 10-3, 6.22 x 10-3 and 9.01
x10-3 values for the release of 5-fluorouracil, respectively, in
distilled water, pH 2.2 buffer and pH 7.4 buffer. The values of the
diffusion exponent show that the release of drug from drug-loaded
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hydrogels has occurred through Non-Fickian diffusion mechanism.
It has also been observed from the swelling and release of drug in
the different pH buffer that the polymer matrix is pH responsive and
can be exploited for the delivery of anticancer drug to the

colon

(96).
Sokker et al. prepared temperature and pH-responsive
hydrogels based on chitosan grafted with poly acrylic acid (PAAc),
poly hydroxy propyl methacrylate (PHPMA), poly (vinyl alcohol)
(PVA) and gelatin for controlled drug delivery. These stimuliresponsive hydrogels were synthesized by gamma irradiation
technique. The degree of gelation was over 90% and increased as
chitosan, AAc and PVA content increased, while the degree of
gelation decrease with the increase of gelatin content. The
equilibrium swelling studies of hydrogels prepared in various
conditions were carried out in an aqueous solution, and the pH
sensitivity in the range of 2–9 was investigated. An increase of
swelling degree with an increase in the pH was noticed and showed
the highest value at pH 9. Also antibiotic drug oxttetracycline was
loaded into the hydrogels and the release studies were carried out at
different pH and temperature. The in vitro release profiles of the
drug showed that the release of the drug increased as the time,
temperature and pH increased and reached to maximum after 48 h at
pH 9 (97).
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Verestiuc et al. synthesized a series of hybrid polymeric
hydrogels, prepared by the reaction of acrylic acid-functionalized
chitosan with either N-isopropylacrylamide or 2-hydroxyethyl
methacrylate monomers, pressed into minitablets, and investigated
for their ability to act as controlled release vehicles for ophthalmic
drug delivery. For comparison, interpolymeric complex analogues
synthesized using the same monomers and pure, unfunctionalized
chitosan were examined by means of an identical characterization
protocol. The effects of network structure and composition upon the
swelling

properties,

adhesion

behavior,

and

drug

release

characteristics were investigated. Comparative in vitro studies
employing chloramphenicol, atropine, norfloxacin, or pilocarpine
informed the selection of drug-specific carrier compositions for the
controlled delivery of these compounds. In addition, in vivo (rabbit
model) experiments involving the delivery of pilocarpine indicated
that

chitosan

based

hybrid

polymer

networks

containing

2-hydroxyethyl methacrylate are useful carriers for the delivery of
this therapeutic agent (98).
Zhao et al. prepared hydrogel membranes of poly(Nvinylpyrrolidone) (PVP) and carboxymethylated chitosan (CMchitosan) blend with electron beam (EB) irradiation at room
temperature

to develop a nontoxicity, biocompatibility, pH-

sensitive hydrogel system with potential ability to immobilize and
absorb proteins. The FTIR spectroscopic, mechanical property,
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swelling behavior, and surface property of the hydrogel membrane
were measured. The capacity of these gel membranes to adsorb
bovine serum albumin (BSA) was investigated with varying content
of CM-chitosan by static adsorption experiment at pH 7.4. The
mechanical and swelling properties were improved obviously after
adding CMchitosan into PVP hydrogels. The changes of contact
angles of water, glycerin and octane drops on the blend membranes
surface with increasing CM-chitosan content indicated that the CMchitosan molecules were more hydrophilic than PVP molecules, and
cause a larger polar component of surface free energy. The
incorporation of CM-chitosan introduced the protein adsorptive
property into blend system. From these preliminary evaluations, it is
possible to conclude that these materials have potential for
applications in the biomedical field (99).
Yu

et

al.

prepared

poly(vinyl

alcohol)/poly(N-vinyl

pyrrolidone) (PVP)/chitosan hydrogels by a low temperature
treatment and subsequent

60

Co γ-ray irradiation and then were

medicated with ciprofloxacin lactate (an antibiotic) and chitosan
oligomer (molecular weight= 3000 g/mol). The molecular weight of
chitosan was lowered by the irradiation, but its basic polysaccharide
structure was not destroyed. Repeating the low-temperature
treatment

and

crosslinking

γ-ray

and

irradiation

chemical

caused

crosslinking,

effective

physical

respectively,

and

contributed to the mechanical strength of the final hydrogels. The
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incorporation of PVP and chitosan resulted in a significant
improvement in the equilibrium swelling ratio and elongation ratio
of the prepared hydrogels. The ciprofloxacin lactate and chitosan
oligomer were soaked into the hydrogels. Their in vitro release
behaviors were examined, and they were found to follow diffusioncontrolled kinetics (100).
Abdelaal et al. prepared two series of pH-responsive
biodegradable interpolymeric (IPN) hydrogels based on chitosan
(Ch) and poly(vinyl alcohol) (PVA) for controlled drug release
investigations. The first series was chemically crosslinked with
different concentrations of glutaraldehyde and the second was
crosslinked upon γ-irradiation by different doses. The equilibrium
swelling characteristics were investigated for the gels at 37°C in
buffer solutions of pH 2.1 and 7.4 as simulated gastric and intestinal
fluids, respectively. 5-Fluorouracil (FU) was entrapped in the
hydrogels, as a model therapeutic agent, and the in vitro release
profiles of the drug were established at 37°C in pH 2.1 and 7.4.
FTIR, SEM, and X-ray diffraction analyses were used to
characterize and investigate the structural changes of the gels with
the variation of the blend composition and crosslinker content
before and after the drug loading (101).
Singh et al. utilize the psyllium husk, a medicinally
important natural polysaccharide, to develop the hydrogels for the
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drug delivery by preparing psyllium 2-hydroxylethylmethacrylate
(HEMA) and acrylamide (AAm)-based polymeric networks by
using N,N'-methylenebisacrylamide (N, N-MBAAm) as crosslinker
and ammonium persulfate (APS) as initiator. The polymeric
networks

thus

formed

[psy-poly(HEMA-co-AAm)]

were

characterized with FTIR and swelling studies which were carried
out as a function of crosslinker concentration, time, pH and [NaCl]
of the swelling medium. The swelling kinetics of the hydrogels and
in vitro release dynamics of model drug (tetracycline hydrochloride)
from these hydrogels has been studied for the evaluation of swelling
mechanism and drug release mechanism from the hydrogels. The
values of the diffusion exponent ‘n’ have been obtained 0.5 for both
swelling kinetics and drug release dynamics. This value shows that
the Fickian type diffusion mechanism has occurred for the swelling
of the polymers and for the release of drug from the polymers in
different release mediums. The values of the initial diffusion
coefficients (10.6×10−4, 13.1×10−4, 14.0×10−4) cm2/min, average
diffusion coefficients (22.2×10−4, 25.7×10-4 , 27.0×10−4) cm2/min
and late diffusion coefficients (1.68×10−4, 2.15×10−4, 2.28×10−4)
cm2/min for the release of tetracycline HCl respectively in distilled
water, pH 2.2 buffer and pH 7.4 buffer from the drug loaded
samples shows that in the initial stages, the rate of release of drug
from the hydrogels is slow and rate of diffusion of drug increases
with time (102).
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Ali and Al-Arifi synthesized a series of starch/methacrylic
acid (MAAc) copolymer hydrogels of different compositions using
γ-rays induced polymerization and crosslinking. The effects of the
preparation conditions such as the feed solution concentration, feed
solution composition and irradiation dose on the gelation process of
the synthesized copolymer were investigated. The swelling behavior
of the Starch/methacrylic acid (MAAc) copolymer hydrogels was
characterized by studying the effect of the hydrogel composition on
the time- and pH-dependent swelling. Swelling kinetics showed that
the synthesized hydrogels possessed Fickian diffusion behavior at
pH 1 and non-Fickian diffusion at pH 7 which recommend them as
good candidate for colon-specific drug delivery systems. The
synthesized hydrogels were loaded with ketoprofen as a model drug
to investigate the release behavior of the synthesized hydrogels. The
results showed the ability of the hydrogels to keep the loaded drug
at pH 1 and release it at pH 7. The data also showed that the release
rate can be controlled by controlling the preparation conditions such
as comonomer concentration and composition and irradiation dose
(103).
Wang et al. prepared a series of pH-sensitive composite
hydrogel

beads

composed

of

chitosan-g-poly

(acrylic

acid)/attapulgite /sodium alginate (CTS-g-PAA/APT/SA) as drug
delivery matrices crosslinked by Ca2+ owing to the ionic gelation of
SA. The structure and surface morphology of the composite
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hydrogel beads were characterized by FTIR and SEM, respectively.
pH sensitivity of these composite hydrogels beads and the release
behaviors of drug from them were investigated. The results showed
that the composite hydrogel beads had good pH-sensitivity. The
cumulative release ratios of diclofenac sodium (DS) from the
composite hydrogel beads were 3.76% in pH 2.1 solution and 100%
in pH 6.8 solutions within 24 h, respectively. However, the
cumulative release ratio of DS in pH 7.4 solution reached 100%
within 2 h. The DS cumulative release ratio reduced with increasing
APT content from 0wt% to 50wt%. The drug release was swelling.(controlled at pH 6.8 (104
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CHAPTER ΙІІ
EXPERIMENTAL
3.1. Materials:
Chitosan (CS), powder was supplied by Fluka Chemical. The
degree of deacetylation and molecular weight were determined as
14% and 50,000, respectively.

Acrylic acid (AAc) was purchased from Acros Chemical
Company, USA.
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2-Hydroxyethyl methacrylate (HEMA) of purity 99% was
supplied from Merck, Germany and was used as received.

2-Hydroxypropyl methacrylate (HPMA) was from Aldrich,
German and was used without any purification.

2-Hydroxyethyl acrylate (HEA) was purchased from Aldrich,
German and was used as received.

66

EXPERIMENTAL

2-Diethyamino ethyl methacrylate (DEAEMA) was purchased
from Aldrich, German and was used as received.

Chlortetracycline HCl from Sigma Chemical Co., USA;
mainly used in the treatment of Chlamydia, Vibrocholera, Acnc
vulgaris, Gonorrhea, Syphilis, Prostitis and Sinusitis with a dosage
250 and 500 mg.

Other chemicals, such as citrate, phosphate buffer salts of
analytical reagents, were purchased from El-Nasr Co. for Chemical
Industries, Egypt.
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3.2. Gamma Radiation Source:
The samples were irradiated with the 60Co Indian irradiation
facility gamma rays at dose rate 1.7 Gy/s. The irradiation facility
was constructed by National Center for Radiation Research and
Technology

(NCRRT),

Egyptian

Atomic

Energy

Authority

(EAEA).

3.3. FTIR Spectroscopic Analysis:
Analysis of infrared spectrophotometer was carried out in the
form of KBr pellets by using Mattson 1000, Unicom infrared
spectrophotometer Cambridge, England in the range from 400–4000
cm−1.

3.4. Scanning Electron Microscopy (SEM):
For morphological characterization, the swollen hydrogels
were freeze-dried using a freeze drier (Christ, Germany, Alpha 1–2)
at -52°C for 6 h. Cross sections were cut from freeze-dried film
samples using a cold knife. Samples were then examined with a
JEOL JSM-5400 scanning electron microscopy (SEM) (JEOL,
Tokyo, Japan). The surface of the polymers was coated with gold
for 3 minutes.
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3.5. Thermal Gravimetric Analysis (TGA):
Thermal gravimetric analyzer Shimadzu TGA system of type
TGA-50 was used in this study. The temperature range was from
ambient to 600°C at heating rate of 10°C/min under nitrogen
atmosphere at flow rate 20 ml/min. The primary TGA thermograms
were used to determine the rate of thermal decomposition reaction.

3.6. Ultraviolet (UV) Measurements:
Determination of the loaded and released amount of
Chlortetracycline HCl as a model drug was carried out at
376 nm using UNICAM UV/Vis Spectrometer 1000 Model.

3.7. pH Measurments:
(Citric acid/trisodium citrate) and (Sodium dihydrogen
phosphate/disodium hydrogen phosphate) were used to prepare
buffer solutions ranged from 3-5 and 6-7, respectively (105).

3.8. Preparation of Chitosan Hydrogels:
Different series of hydrogels from CS and different
monomers (AAc, HEMA, DEMA, HPMA, and HEA) were
synthesized with different preparation conditions according to the
following procedure:
Pure CS (1 g) was dissolved in 100 ml aqueous acetic acid
solution (1%). Chitosan has been dissolved till a clear solution has
been obtained. The different monomers (AAc, HEMA, DEAEMA,
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HPMA and HEA) were added to the CS solution with different
ratios. Later, the solutions were sealed in glass tubes and irradiated
in a 60Co-γ-ray field under a certain irradiation dose rate (1.7 Gy/s)
at ambient temperatures.
After irradiation process, the tubes were broken and the
hydrogels were cut in small discs. All prepared samples were
immersed twice in excess water for 24 h to remove the unreacted
monomer. The hydrogel was then left to dry at room temperature.

3.9. Determination of Gel Fraction:
The samples were extracted by water in a soxhlet apparatus
for 24 h to remove sol content and then dried to a constant weight at
50oC in vacuum oven. The gel fraction (%) was calculated
gravimetrically from the following formula:

Where G, Wg, and W0 are the gel fraction (%) and, the weights
of sample after and before extractions, respectively.

3.10. Swelling Studies:
Analysis of the dynamic swelling characteristics of all
hydrogels was performed in double distilled water. The equilibrium
swelling was determined by gravimetric method.
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The dried gel samples were immersed in excess distilled
water or other mediums until the swelling equilibrium were reached.
The swollen gels were withdrawn at regular time intervals from the
water, and weighed after removal of excess surface water by light
blotting with a filter paper. Thus, the degree of swelling was
calculated as gram of water per gram of polymer (g/g) from the
following equation:

Degree of Swelling (g/g) = (Ws -Wd) / Wd
Where Ws and Wd are the weights of the swollen gel at definite
time and dry sample, respectively.
The equilibrium swelling (g/g) was calculated from the
following equation:

Equilibrium Swelling (g/g) = (We -Wd) / Wd
Where We is the weight of the swollen gel at equilibrium state.

3.11. Determination of Calibration Curves:
In this procedure, the absorbance of a number of standard
solutions of the reference substance at concentrations encompassing
the sample concentrations were measured on the UV–vis
spectrophotometer (UNICAM UV/Vis Spectrometer. 1000 Model)
and calibration graph was constructed. The concentration of the
drug in the sample solution was read from the graph as the
concentration corresponding to the absorbance of the solution.
These calibration graphs of tetracycline HCl were made to
71

EXPERIMENTAL

determine the amount of drug release from the drug loaded polymer
matrix in different mediums.

3.12. Drug Loading to the Polymeric Hydrogels:
The loading of the drug onto the prepared hydrogels was
carried out by the swelling equilibrium method. The hydrogels were
allowed to swell in the drug solution of a known concentration for
24 h at pH 8 and then dried at room temperature to obtain the
release device. The concentration of the rejected solution was
measured to calculate the drug percentage adsorbed in the polymer
matrix (106).
In order to obtain adsorption isotherms of hydrogels, the mass of
adsorbate per unit mass of adsorbent (qe) was plotted versus the
equilibrium concentration of drug (C). qe values are calculated from
the following equation:

qe=[(Ci-C) /m] × Vt
Where qe is in mg adsorbate per gram of dry adsorbent, Ci
and C are the initial and equilibrium concentrations of adsorbate
solution (mg/ml), Vt is the volume of solution treated (ml), and m is
the mass of dry adsorbent (g).

3.13. Drug Release from the Polymeric Hydrogels:
Release experiments were performed by placing the
hydrogels loaded with Chlortetracycline HCl into buffer solution of
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pH 2 then 8 at 37°C. At first, the loaded gels were put in 25 ml of
0.2 M HCl (pH 2) for 3 h, and then transferred to 50 ml 0.2 M
phosphate buffer (pH 8) for 24 h. At a predetermined time, one
milliliter sample was withdrawn on definite time intervals to follow
the release process. The concentration of Chlortetracycline HCl was
measured by UV spectroscopy (UNICAM UV/Vis Spectrometer.
1000 Model).
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CHAPTER ΙV
RESULTS AND DISCUSSION
Polymeric systems have gained great interest in the field of
drug delivery due their peculiar physico-chemical characteristics. A
number of polymer-based drug delivery devices and carriers have
been proposed for efficient therapy. Among all polymeric systems,
hydrogels, specially based on polysaccharides, have attracted
considerable attention, as an excellent candidate for controlled
release of therapeutic agents.

There are numerous applications of these hydrogels,
especially in the medical and pharmaceutical sectors. Ionizing
radiations may modify physical, chemical and biological properties
of materials. Radiation graft copolymerization is a well-established
technique for producing polymeric materials that combine the
chemical and physical properties of both the base polymer and the
grafted monomer (107, 108). Graft copolymerization of vinyl
monomers onto natural polymers can introduce desirable properties
and enlarge the field of the potential applications by choosing
various types of side chains (76).

In this work, attempts were made to prepare different
hydrogels based on chitosan for biomedical applications. Hydrogels
from a mixture of chitosan and some monomers have been
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synthesized using gamma irradiation. The different conditions of
preparation and properties of the hydrogels have been examined to
evaluate the usefulness of the prepared hydrogels for biomedical
applications.

4.1. Synthesis of CS/AAc Hydrogels by Radiation-Induced
Crosslinking Polymerization:

In the present work, an attempt has been made to synthesis a
series of hydrogels using chitosan and different monomers with
different preparation conditions by irradiation crosslinking. The
effect of these conditions on gel and swelling properties has been
studied.

4.1.1. Gel Content of CS/AAc Hydrogels:
Gel content and crosslinking density of the prepared
copolymers have a great influence on its swelling character, the
higher the gel content, as well as the density of crosslinking, the
lower the water absorbency. There are many factors affecting the
polymer gel content, among them, polymer concentrations and
irradiation doses have been studied.

Figure 8 illustrates the relation between the polymer
concentration and gel fraction of the prepared CS/AAc hydrogels at
different irradiation doses. The Figure shows that the increase of
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concentration of the feed from 20% to 50% reduced the gel fraction
and increase the sol fraction, which is inversely correlated with the
crosslinking index (j) (the number of crosslinks per single
macromolecule) then by increasing the concentration more than
50%, the gel fraction increased (109).

The explanation of the reduction of gel fraction by increasing
the concentaion from 20 to 50% might be that the formed
macroradicals would react with the monomer molecules; therefore,
the polymer backbone becomes busy at these positions for
crosslinking (110, 111). As the concentrations increase more than
50%; the free radicals become rich. Accordingly; the possible
monomer– monomer interaction is higher more than monomer–
solvent or solvent-solvent interaction and therefore; the AAc acid
free radicals interacted and crosslinked through the polymer chains
than the other interactions. So; the obtained hydrogels having a
maximum gel fraction yield percent as well as 99% where all the
polymer chains are completely and saturated crosslinked than the
other concentrations (112).

Also with the same composition of CS/AAc, the greater the
radiation dose, the higher the degree of gelation of the CS/AAc
hydrogel polymer complex. This behavior may be attributed to the
higher degree of crosslinking of the hydrogel structure as a result of
radiation induced and chemical crosslinking during preparation.
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Radiation formation of hydrogels in aqueous solutions
proceeds according to the radical mechanism. The probable
mechanism of the radiation-induced crosslinking polymerization
involves the irradiation of the aqueous polymer solution, which
results in the formation of the radicals on the polymer chains.

Radiolysis of water involves the formation of hydroxyl
radicals, which also attack the polymer chains thus leading to the
macroradicals formation. In the processes of polymerization and
crosslinking, recombination of the macroradicals on the different
polymeric chains results in the formation of covalent bonds and
finally a crosslinked structure (109).
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Figure (8): Effect of feed concentration on gel fraction of
CS/AAc hydrogels prepared at (CS/AAc)
composition ratio; 50:50 vol.% and different
irradiation doses. (●) 5 kGy, (○) 10 kGy, and
(▼) 15 kGy
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4.1.2. FTIR Analysis:
A comparative IR spectrum study of chitosan (CS),
polyacrylic acid (PAA), and the prepared CS/AAc hydrogels is
shown in Figure 9, confirmed the success of formation of CS/AAc
hydrogels.

The chitosan IR spectrum (Figure 9a) exhibited characteristic
bands at 1664 cm-1 (amide I), 1580 cm-1 (amide II) and 1380 cm-1
(amide III). The absorption bands at 1160 cm-1 (asymmetric
stretching of C–O–C bridge), 1075 and 1033 cm-1 (C–O stretching)
were characteristics of its saccharine structure. N–H and O–H
stretching vibrations were characterized by the broad band in the
region of 3200–3500 cm-1. The spectrum of polyacrylic acid (Figure
9b) showed that the characteristic carbonyl absorption band of the
PAA itself appeared at 1730 cm-1.

As can be seen, in the spectrum of CS/AAc hydrogel (Figure
9c) as compared to its original components, the additional
absorption bands appear at 1716 cm-1and 1635 cm-1 which can be
ascribed to the C=O and to C=C, respectively. In addition, there is
also a distinct absorption band at 3400 cm-1 corresponding to the
hydroxyl group. It is clear from the spectra that the CS/AAc
superabsorbent hydrogels had both characteristic peaks of PAA and
the saccharide unit of chitosan, providing evidence of formation of
CS/AAc network (55, 113).
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Figure (9): FTIR spectra for a) chitosan, b) polyacrylic acid
and c) CS/AAc hydrogel.
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4.1.3. Thermal Analysis (TGA):
The thermogravimetric analysis (TGA) of CS, PAAc,
CS/AAc hydrogels are shown in Figure 10. The thermogram of CS
(Figure 10a) exhibits two distinct stages. One is in the range of 30250 ˚C due to water loss and decomposition of polymers of low
molecular weights, the other stage in the range of 251–570 ˚C is
ascribed to a complex process including dehydration of the sugar
rings, depolymerization and decomposition of the acetylated and
deacetylated units of the polymer (76). Figure 10b shows the
thermal stability of PAAc. The thermal degradation of PAA shows
three decomposition regions. The first region (30-280 °C) may be
due to a minor decarboxylation reaction. The second was observed
to initiate at ~ 281°C and end at ~ 450°C. This decomposition stage
is mainly due to anhydride formation. The third region is the
thermal degradation for the corresponding polyacrylic anhydride
(114). As can be seen from Figure 10c, CS/AAc hydrogels exhibit
three-stage thermal decomposition processes. As the temperature
increased to 314˚C, the weight of samples decreased gradually
implying a loss of moisture, dehydration of saccharide rings and
breaking of C–O–C glycosidic bonds in the main chain of CS. With
further increasing temperature to 450˚C, CS/AAc exhibits a second
step decomposition implying the decomposition of carboxyl groups
of PAAc chains. The third decomposition step is suggested to be
due to the thermal decomposition of the PAAc chain backbone
(115).
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Figure (10): TGA curves of: a) CS, b) PAAc and c) CS/AAc
hydrogel.
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4.1.4. Swelling Character of CS/AAc Hydrogels:
When a dry hydrogel is immersed in a water , the water
movement into the hydrogel polymer chains leads to a considerable
volume expansion and a macromolecular rearrangement depending
on the extent of crosslinking within the network. The rate at which a
polymer expands or swells depends on two coupled processes, the
relative rates of polymer-chain relaxation and water penetration
into the network. Swelling equilibrium is reached when these two
forces are equal (116).

There is a relationship between the degree of swelling and
the nature of both the polymer forming the hydrogel and the
swelling medium. Also, the swelling percent was inversely
proportional to the gel percent because crosslinking density
increases with increasing gelation (117, 68). Therefore, the swelling
degree of CS/AAc Hydrogels prepared at different conditions are
investigated.

4.1.4.1. Degree of Swelling of CS/AAc Hydrogels as a Function
of Feed Concentrations:
The effect of concentration of feed on hydrogel swelling is
shown in Figure 11. Maximum swelling (~300 g/g) has been
observed at concentration 50%, while other factors were kept
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constant. It was found that the degree of swelling increased by
increasing the concentration from 20 to 50 %.

As the concentration increased in the polymerization feed
(20% up to 50%), the active sites can react easily with monomers.
Increasing concentration more than 50%, results in a high viscosity
of the medium and a decrease in the diffusion of monomers to
active sites to produce crosslinked hydrogels which result in a
decrease in the degree of swelling (118).
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Figure (11):

Time dependent swelling of CS/AAc hydrogels
prepared at irradiation dose 5 kGy, (CS/AAc)
composition ratio; 50:50 vol.% and different
concentrations. (●) 20 wt.%, (○) 50 wt.%,
(▼) 70 wt.%, (∆) 80 wt.%, and (■) 100 wt.%
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4.1.4.2. Degree of Swelling of CS/AAc Hydrogels as a Function
of Irradiation Doses:

Figure 12 shows the degree of swelling of CS/AAc hydrogels
prepared at different irradiation doses. It was found that the degree
of swelling decreased with increasing in irradiation dose. The
change of swelling of the prepared hydrogels with the increase of
dose could be explained as consequence of the existing pressure
involved between the solvent and the polymer crosslinking that
develops by irradiation. It can be suspected that the degree of
swelling is controlled by changes in the crosslinking density. Higher
irradiation dose increases the number of intermolecular crosslinks,
which leads to the decreasing of the degree of swelling (70).

When a hydrogel is immersed in water, it swells and the
swollen equilibrated state results from a balance between the
osmotic driving pressures that causes the water to enter into the
polymer network. For the case of a hydrogel with varying
crosslinking density, the balance force no longer remains the same,
causing the change of swelling values.

In practice, the density of crosslinking in a hydrogel
increases rapidly with increasing radiation dose, resulting in a rise in
network elasticity contributions. These restrict extensibility of the
polymer chains induced by swelling to counter any tendency for
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dissolution. Thus, the swelling decreases with increasing network
formation (119).

4.1.4.3. Degree of Swelling of CS/AAc Hydrogels as a Function
of AAc:CS Composition Ratio:

The relationship between the AAc:CS ratio and equilibrium
swelling values was studied by varying the AAc acid content and
the results are shown in Figures 13, 14. It is observed that the degree
of swelling is substantially increased with increasing in the AAc
content and then it is decreased. The initial increment in swelling
values can be attributed to the higher hydrophilicity of the hydrogel
and the greater availability of AAc molecules in the vicinity of
chitosan macroradicals.

The swelling-loss after the maximum may be originated
from (a) the increased chance of chain transfer to AAc molecules,
(b) increase in viscosity of the reaction which restricts the
movement of the reactants and deactivates the macroradical
growing chains soon after their formation, and (c) the enhanced
homopolymerization reaction over graft copolymerization. Similar
conclusions were reported by other investigators (118, 120).

87

RESULTS & DISCUSSION

350
60
50
40

300

30
20

Degree of Swelling (g/g)

10

250

0
0

1

2

3

4

5

6

7

200

150

100

50

0
0

50

100

150

200

250

Time (h.)

Figure (12):

Time dependent swelling of CS/AAc
copolymer hydrogels prepared at total
concentration;
50
wt.%,
(CS/AAc)
composition ratio; 50:50 vol.% and different
irradiation doses. (●) 5 kGy, (○) 10 kGy, and
(▼) 15 kGy
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Figure (13):

Time dependent swelling of CS/AAc
copolymer hydrogels prepared at irradiation
dose; 5 kGy, total concentration; 50 wt.% and
different (AAc:CS) composition ratios.
(●) 40:60 vol.%, (○) 50:50 vol.%, (▼) 60:40
vol.%, (∆) 80:20 vol.%, and (■) 100:0 vol.%
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Figure (14):

Effect of AAc:CS composition ratios on the
equilibrium swelling of CS/AAc copolymer
hydrogels prepared at total concentration;
50 wt.% and irradiation dose 5 kGy.
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4.1.4.4. Swelling Kinetics:
Generally, during the initial stages of the polymer swelling,
polymer chains relaxation begins to start the opening of the
networks and is responsible for the slow rate of diffusion of water in
the polymer networks. Formation of a thin layer of a swollen gel
occurs on the polymer surface in which the polymer chains are
slowly hydrating and relaxing. On the other hand, in the later stages
of swelling, all the polymer chains are completely relaxed and
equilibrium swelling is about to be established. Therefore, in the
initial and later stages, the rates of diffusion of water molecules in
the polymer networks are slow (117).

The diffusion mechanism of water in the hydrogels has a lot
of relevance due to the unique applications of the hydrogels.
Hydrogels consist of macromolecular chains crosslinked to create a
tangled mesh structure, providing a matrix for the entrapment of
drugs. The swelling kinetics of the dried hydrogels thus depends on
the absorption of water occurring by a diffusional process and the
relaxation of the polymer chains in the rubbery region. Diffusion in
polymers is known to be associated with the physical properties of
the gel network and the interaction between the polymer and the
penetrant medium (25).

Based on Fick’s law of diffusion, a classification of
diffusional behaviours namely Fickian (Case I) and non-Fickian
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(Case II and anomalous) in swellable polymers were proposed. In
the Fickian (Case I) diffusion behavior by a solvent (or drug); the
diffusion rate Rdiff is slower than the polymer chain relaxation rate
Rrelax (Rdiff « Rrelax). In non-Fickian (Case II) diffusion; the rate of
diffusion is much greater than the rate of relaxation (Rdiff »Rrelax),
while anomalous diffusion behaviour is characterized by the
intermediate properties between the Fickian and non Fickian
case (109). The entire mechanism is modeled in Figure 15.

Figure (15): Mechanism of different types of diffusion
The following equation can be used to determine the nature
of water diffusion into the hydrogels:
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F=

Mt
= ktn
M∞

(1)

where F is the fractional uptake at time t; Mt and M∞ represent the
amount of water absorbed by the hydrogel at time t and at
equilibrium respectively , k is a constant incorporating characteristic
of the polymer network and the solvent ; n is the diffusion exponent,
which is indicative of the transport mechanism.
The values of n and k are calculated from the slope and
intercept of the plot of ln F against ln t, respectively. A value of n =
0.5 indicates a Fickian diffusion mechanism, while value of
0.5<n<1 indicates that diffusion is anomalous or non-Fickian
(intermediate situation). In this situation the penetrate mobility and
segmental relaxation are on a comparable time scale (Table 6).

Table 6:

Transport mechanisms of water penetration through
a polymer matrix
Exponent n

Type of transport

0.5

Fickian diffusion
Non-Fickian diffusion

0.5 > n > 1

(anomalous)
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Figure (16): Plot for the evaluation of diffusion exponent
‘n’ and gel characteristic constant ‘k’ for the
swelling of CS/AAc copolymer hydrogels
prepared at irradiation dose; 5 kGy, total
concentration; 50 wt.% and different (AAc:CS)
composition ratios. (▲) 40:60 vol.%,
(■) 50:50 vol.%, (●) 60:40 vol.%, (▼) 80:20
vol.%, and (♦) 100:0 vol.%
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Equation (1) is applied to the initial stages of swelling and
plots of ln F versus ln t yields straight lines up to almost 60%
increase in the mass of hydrogel (121).

The values of diffusion exponent ‘n’ and gel characteristic
constant ‘k’ have been evaluated from the slope and the intercept of
the plot ln F versus ln t (Figure 16) and results are presented in
Table 7.

Table 7:

Values of n and k for swelling of several AAc/CS
hydrogels (synthesized at 5 kGy , total concentration
50 wt% and different composition ratio)

AAc/CS
ratio (vol%)
40/60
50/50
60/40
80/20
100/0

n

kx10-2

R2

0.631
0.705
0.638
0.625
0.612

4.03
4.70
3.70
4.40
4.30

0.97
0.99
0.97
0.98
0.96

No variation of the diffusion exponent is observed, and its
values are higher than 0.5, indicating that the diffusion of water to
the interior of all CS/AAc hydrogels follows an anomalous
mechanism and reveals the existence of certain coupling between
molecular diffusion and tension relaxation developed during
swelling of the hydrogels.
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4.1.4.5. Effect of Ionic Strength on Equilibrium Swelling of
CS/AAc Hydrogels:

Figure 17 shows the effect of different concentrations of NaCl
solution on the swelling behavior of the hydrogels. The increase in
ionic strength of the solution leads to a decrease in the swelling of
CS/AAc hydrogels. This behavior can be explained on the basis of
osmotic pressure developed due to unequal distribution of ions in
the medium and the polymer network. The ions attached to the
polymer network are immobile and considered to be separated from
the external solution by a semi permeable membrane (122).

When the hydrogels are placed in water, there is maximum
osmotic pressure developed and hence the maximum swelling.
When the polymer is in NaCl solution the osmotic pressure
developed is much lower because the external solution contains Na+
and Cl-. So the swelling is drastically reduced.
In continuation, the effect of various salt solutions (NaCl,
CaCl2 and AlCl3) on the swelling behavior of CS/AAc hydrogels
was investigated in Figure 18.

According to Figures 17 and 18, the ultimate swelling
capacities of hydrogels in salt solutions are decreased compared
with the value measured in distilled water.
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A great loss in swelling has been observed. This undesired
swelling loss has been attributed to the ‘‘charge screening effect” of
the cations leading to the reduction of osmotic pressure, the driving
force for swelling between the gel and the aqueous phases (7). An
additional reason may be the increment of electrostatic attraction
between anionic sites of chains and multi-valent cations (Ca2+ and
Al3+) resulting in an increase in the ‘‘ionic crosslinking” degree and
subsequent loss of swelling. The effect of charge of cations on
swelling can be concluded from Figure 18.

As shown in this Figure, the absorbency of the hydrogel in
the studied salt solution, from high to low is monovalent > divalent
> trivalent cations. By increasing the charge of the cation, the
degree of crosslinking is increased and swelling is consequently
decreased. This dramatic decrease of water absorbency in
multivalent cationic solutions could be due to the complexing ability
of the carboxylate groups inducing the formation of intramolecular
and intermolecular complexes, which resulted in an increase in the
crosslinking density of network (123).
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Figure (17):

Equilibrium swelling of CS/AAc hydrogels
prepared at total concentration; 50 wt.%,
irradiation dose; 5 kGy and (CS/AAc)
composition ratio; 50:50 vol.% in different
NaCl concentrations.
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Figure (18):

Equilibrium swelling of CS/AAc hydrogels
prepared at total concentration; 50 wt.%,
irradiation dose; 5 kGy and (CS/AAc)
composition ratio; 50:50 vol.% in different salt
cations.

99

RESULTS & DISCUSSION

4.1.4.6. Degree of Swelling of CS/AAc Hydrogels as a Function
of Temperature:
Figure 19 represents the effect of temperature of the swelling
medium on the degree of swelling of CS/AAc hydrogels. The
increase in swelling has been observed with increase in temperature
of the swelling medium. This is due to increase in kinetic energy of
solvent molecules and increase in the rate of diffusion of water
molecules with increase in temperature of the swelling medium
(109).

4.1.4.7. Degree of Swelling of CS/AAc Hydrogels as a
Function of pH:
The swelling-controlled release systems (i.e., pH-sensitive
hydrogels) are shown to be related to the swelling behavior of
hydrogels, which is further dependent on the composition of the
hydrogels and pH of the swelling medium (116).

To investigate the sensitivity of CS/AAc hydrogels to pH,
firstly the equilibrium swelling of the hydrogel was studied at
various pHs as shown in Figure 20. No additional ions (through
buffer solution) were added to medium for setting pH because
swelling of a superabsorbent is strongly affected by ionic strength.
Therefore, stock NaOH (pH 13.0) and HCl (pH 2.0) solutions were
diluted with distilled water to reach desired basic and acidic pHs,
respectively. According to Figure 20, the two sharp swelling
100

RESULTS & DISCUSSION

capacity changes at pH 3 and 8 can be attributed to high repulsion of
–NH3+ groups in acidic media and –COO- groups in basic media
respectively (58).

However, at very acidic conditions (pH ≤ 2), a screening
effect of the counter ions, i.e. Cl-, shields the charge of the
ammonium cations and prevents an efficient repulsion. As a result, a
remarkable decreasing in equilibrium swelling is observed (gel
collapsing). Around pH 5, the carboxylic acid component comes
into action as well. Since the pKa of the weak polyacid is about 6.4,
its ionization occurring above this value, may favor enhanced
swelling. But under pH 6.4, at a certain pH range 4–6, the majority
of the base and acid groups are as non-ionized forms, so hydrogen
bonding between amine and carboxylic acid may lead to a kind of
crosslinking followed by a decreased swelling.

At higher pHs, the carboxylic acid groups become ionized
and the electrostatic repulsive force between the charged sites
(COO-) causes increasing in swelling (26). Again, a screening effect
of the counter ions (Na+) limits the swelling at pH above 8. The
interaction between anionic carboxylate and cationic ammonium
groups is shown in Figure 21.
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Figure (19):

Time dependent swelling of
copolymer hydrogels prepared at
dose; 5 kGy, total concentration,
(CS/AAc) composition ratio; 50:50
different temperatures. (●) 25 °C ,
and (▼) 45 °C
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Equilibrium Swelling (g/g)

400

300

200

100

0

0

2

4

6

8

10

pH
Figure (20):

pH dependent swelling of CS/AAc hydrogels
prepared at total concentration; 50 wt%,
irradiation dose; 5 kGy and (CS/AAc)
composition ratio; 50:50 vol.%.
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The values of diffusion exponent and gel characteristics
constant k were evaluated in Figure 22 and the results are presented
in Table 8. The hydrogels exhibited pH-dependent swelling
behavior with transition from Fickian (n=0.46) to non-Fickian
(n=0.79) as the pH of the swelling medium varied from 2 to 8.

Table 8:

pH
2
5
8

Values of n and k for swelling of several AAc/CS
hydrogels (synthesized at 5 kGy, total concentration
50 wt%, (AAc:Cs) composition ratio; 50:50 vol.%
and different pHs')
kx10-2
3. 3
4.27
4.70

n
0.461
0.535
0.786

R2
0.97
0.973
0.99

Thus, the swelling mechanism was probably a non-Fickian
with n values approaching Fickian (diffusion controlled). In
conclusion, the mechanism of transport mainly depended on
diffusion of water rather than polymer relaxation. Generally, two
factors, namely osmotic swelling pressure and chain relaxation
process, are responsible for the gel to exhibit non-Fickian type of
swelling behavior. This dramatic change of swelling mechanism
was observed by other authors for different polymeric systems (124,
125).
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Figure (21):

Interaction between anionic carboxylate and
cationic ammonium groups.
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Figure (22): Plot for the evaluation of diffusion exponent
‘n’ and gel characteristic constant ‘k’ for the
swelling of CS/AAc copolymer hydrogels
prepared at irradiation dose; 5 kGy, total
concentration;
50
wt.%,
(CS/AAc)
composition ratio; 50:50 vol.% and different
pHs. (■) pH 2, (●) pH 5, and(▲) pH 8
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4.1.4.8. Effect of Drug Concentration on Equilibrium Swelling
of CS/AAc Hydrogels:

The effect of drug concentration on the equilibrium swelling
of hydrogels was investigated at different CS/AAc composition
ratio. Equilibrium swelling values of hydrogels in distilled water
and other selected concentrations 0.3, 0.5 and 0.8 mg/ml of
Chlortetracycline HCl solutions at pH 8 is given in Figure 23.

It was seen from this Figure that the increase of ionic
strength of the solution and adsorption of Chlortetracycline HCl
show a sharp decrease in their swelling. When the concentration of
drug increases from 0.3 to 0.8 mg/ml, slight decrease in the swelling
values has been observed.

An increase in ionic strength generally decreased the
swelling because the difference in concentration of mobile ions
between the gel and solution is reduced and causing a decrease in
the osmotic swelling pressure of these mobile ions inside the gel.
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4.1.5. Adsorption of Chlortetracycline HCl:

As can be seen from Figures 24, 25 and 26, adsorptions of
the drug within CS/AAc hydrogels correspond to type S adsorption
isotherms in the Giles classification system for adsorption of a
solute from its solution. In the S curves in the Giles classification
system, initial direction of curvature shows that adsorption easier as
concentration rises.

In practice, the S curve usually appear when three conditions
are fulfilled, when the solute molecule is monofunctional, has
moderate intermolecular attraction, causing it to pack vertically in
regular array in the adsorbed layer, and meets strong competition,
for substrate sites, from molecules of the solvent or of another
absorbed species.

The hydrogel is covered with a layer of adsorbed water,
however, the adsorbent–adsorbate interaction would be virtually
reduce to the weak dispersion energy of water with drug, so that a
type S isotherm should results. In system that give rise to a type S
isotherm, however, the multilayer is being built up on some parts of
the surface whilst the monolayer is still incomplete on other
parts (126).
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Figures 24, 25 and 26 also showed that an increase in drug
concentration leads to increase the amount of adsorption capacity of
drug in the adsorption medium. These results can be attributed to
the interaction drug solute molecules with the surface of the
hydrogel to form multi adsorbed layers. It was provided that when
the adsorbent (hydrogel)–adsorbate (drug) force is relatively strong,
the adsorption capacity will be increased.

On the other hand, at low concentration the surface of the
hydrogel is covered with a layer of adsorbed water molecules,
however , the adsorbent (water)–adsorbate (drug) force interaction
would be virtually reduced to the weak dispersion energy of water
with drug molecules so that the uptake at low concentration was
concerned to be small (106).
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Figure (23): Effect of AAc : CS composition ratios on the
equilibrium swelling of CS/AAc copolymer
hydrogel prepared at total concentration;
50 wt.%, irradiation dose; 5 kGy and at
different concentration of Chlortetracycline
HCl. (■) water, ( ) 0.3 mg/ml, ( ) 0.5 mg/ml,
and (□) 0.8 mg/ml
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Figure (24): Relationship
concentration of Chlortetracycline HCl and its
amount
adsorption
(mg/g)
at
total
concentration; 50 wt.%, irradiation dose;
5 kGy, at drug concentration; 0.3 mg/ml and at
different
AAc/CS
composition
ratios.
(●) 40:60 vol.%, (○) 50:50 vol.%, (▼) 60:40
vol.%, (∆) 80:20 vol.%, and (■) 100:0 vol.%
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Figure (25):

Relationship
between
equilibrium
concentration of Chlortetracycline HCl and its
amount
adsorption
(mg/g)
at
total
concentration; 50 wt.%, irradiation dose;
5 kGy, drug concentration; 0.5 (mg/ml) and at
different
AAc/CS
composition
ratios.
(●) 40:60 vol.%, (○) 50:50 vol.%, (▼) 60:40
vol.%, (∆) 80:20 vol.%, and (■) 100:0 vol.%
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Figure (26):

Relationship
between
equilibrium
concentration of Chlortetracycline HCl and its
amount
adsorption
(mg/g)
at
total
concentration; 50 wt.%, irradiation dose;
5 kGy, drug concentration; 0.8 (mg/ml) and at
different
AAc/CS
composition
ratios.
(●) 40:60 vol.%, (○) 50:50 vol.%, (▼) 60:40
vol.%, (∆) 80:20 vol.%, and (■) 100:0 vol.%
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4.1.6. Release of Chlortetracycline HCl:
The entrapped drug in hydrogels releases only when the
water penetrates into the polymer networks and dissolves the drug.
A drug solubilization is followed by diffusion through a network of
fluid-filled pores and channels. In such cases, the control over the
internal pore size, distribution, and connectivity would be useful for
fine tuning formulation conditions and drug release kinetics.

The release kinetics often deviates from the expected one and
is strongly influenced by a variety of parameters. These parameters
include device geometry, the physicochemical properties of the
polymer matrix (molecular weight, swelling, crystallinity, and glass
transition temperature), initial drug concentration profile, drug–
matrix interactions, and osmotic pressure associated with drug
solubility and its loading content (127, 128). The release of drug is
closely related to the swelling characteristics of the hydrogels,
which in turn, is a, key function of chemical architecture of the
hydrogels.
The release of drug from hydrogels takes place through three
steps as depicted in Figure 27. The surface-adhered drug is released
firstly (Figure 27, step 1), then the inner drug is released from
swollen hydrogels and the release rate is sustained, which is mainly
governed by the diffusion ability (Figure 27, step 2). After drug
release from swollen hydrogels, they begin to erode from outside to
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inner and the drug molecule is released through erosion of polymer
matrix (Figure 27, step 3).

Figure(27): Scheme of the drug release process for hydrogels.
4.1.6.1. Effect of pH on Release of Chlortetracycline HCl:
To optimize the conditions of chlortetracycline HCl release,
the effect of the pH on the release pattern of drug was studied by
varying the pH of the release medium at the same drug
concentration. Figures 28, 29 and 30 have showed the release
profile of Chlortetracycline of the loaded hydrogels at different pHs
and at constant drug concentrations (0.3, 0.5 and 0.8 mg/ml
respectively). In all Figures, it has been found that the amount of
drug released increased with increasing in pH. At lower pH values
the COOH groups of the polymeric matrix do not ionize and keep
the polymeric network at its collapsed state. At higher pH values,
these get partially ionized, and the charged COO− groups repel each
other, leading to the higher swelling of the polymer and resultant
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into increase in drug diffusion from the polymeric network, which
otherwise is immobilized in the glassy polymer hydrogels (129).

The release experiments were conducted at buffer solution of
pH 2 which is almost similar to that of stomach medium for 3 hours
and at buffer solution of pH 8 which is similar to that of the
intestine medium for 21 hours. Figures 31, 32 and 33 show the
effect of the AAC/CS composition ratio on the drug release as a
function of time at pH 2 and pH 8 at different concentrations of drug
(0.3, 0.5 and 0.8 respectively) and at 37 ˚C. The maximum amount
of drug released were 51, 98 and 186 mg/g dry hydrogel for 0.3, 0.5
and 0.8 mg/ml respectively.The figures generally show that there is
no significant drug release at pH 2 whereas the drug release occurs
as soon as the copolymer transferred to buffer solution of pH 8
which nominate such hydrogel as a suitable materials for colon
specific drug carrier. A linear increase of the released drug with the
time, followed by a plateau may be observed. A decrease in the drug
release is expected over time as the drug is depleted in the matrix
and the diffusion path length increases. The highest drug release
was observed for the highly swollen hydrogel 50:50. This is
probably because of its highest swelling capacity; in which loading
occurs mainly through simple diffusion of the drug into a hydrogel
along its swelling (103, 130).
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Figure (28):

Amount of drug released against time by
CS/AAc copolymer hydrogels prepared at
irradiation dose; 5 kGy, total concentration; 50
wt.% , (CS/AAc) composition ratio;
50:50 vol.%, drug concentration; 0.3 mg/ml
and different pHs. (●) pH 2, (○) pH 5 and
(▼) pH 8
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Figure (29): Amount of drug released against time by
CS/AAc copolymer hydrogels prepared at
irradiation dose; 5 kGy, total concentration; 50
wt.% , (CS/AAc) composition ratio;
50:50 vol.%, drug concentration; 0.5 mg/ml
and different pHs. (●) pH 2, (○) pH 5 and
(▼) pH 8
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Figure (30):

Amount of drug released against time by
CS/AAc copolymer hydrogels prepared at
irradiation dose; 5 kGy, total concentration;
50 wt.% , (CS/AAc) composition ratio;
50:50 vol.%, drug concentration; 0.8 mg/ml
and different pHs. (●) pH 2, (○) pH 5 and
(▼) pH 8
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Figure (31):

Release profile of Chlortetracycline HCl as
model drug from CS/AAc copolymer hydrogels
prepared at pH 2 for 180 minutes and then at
pH 8 for 21 hours, total concentration;
50 wt.%, dose; 5 kGy, drug concentration;
0.3 mg/ml and at different AAc:CS
composition ratios. (●) 40:60 vol.%,
(○) 50:50 vol.%, (▼) 60:40 vol.%,
(∆) 80:20 vol.%, and (■) 100:0 vol.%
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Figure (32):

Release profile of Chlortetracycline HCl as
model drug from CS/AAc hydrogels prepared
at pH 2 for 180 minutes and then at pH 8 for
21 hours, total concentration; 50 wt.%, dose;
5 kGy, drug concentration; 0.5 mg/ml and at
different
AAc:CS
composition
ratios.
(●) 40:60 vol.%, (○) 50:50 vol.%, (▼) 60:40
vol.%,(∆) 80:20 vol.%, and (■) 100:0 vol.%
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Figure (33):

Release profile of Chlortetracycline HCl as
model drug from CS/AAc copolymer hydrogels
prepared at pH 2 for 180 minutes and then at
pH 8 for 21 hours, total concentration;
50 wt.%, dose; 5 kGy, drug concentration;
0.3 mg/ml and at different AAc:CS
composition ratios. (●) 40:60 vol.%, (○) 50:50
vol.%, (▼) 60:40 vol.%, (∆) 80:20 vol.%, and
(■) 100:0 vol.%
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4.1.7. Surface Morphology (SEM):
One of the most important properties that must be considered
is hydrogel microstructure morphologies. Figure 34 shows the
scanning electron microscope images of CS-AAc and the drug
loaded hydrogels.

These pictures verify that the prepared hydrogels have a
porous structure. It is supposed that these pores are the regions of
water permeation and interaction sites of external stimuli with the
hydrophilic groups of the prepared hydrogels. Therefore, the porous
structure is the predominant reason for the higher swelling
ratios (118).

Fig. (34a) shows the SEM image of CS/AAc hydrogels.. It is
clear that the prepared hydrogels were porous, with a three
dimensional interconnected microstructure. The interconnection
between pores could be assigned to the crosslinking network
formation in gels. These pores allow the drug be diffused into the
network of the polymer and aggregate on its surface as shown in
Fig. (34b).
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(a)

(b)

Figure (34):

SEM images of: a) CS/AAc hydrogel and
b) drug loaded hydrogel.
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4.2. Synthesis of Different CS Hydrogels with Different
Monomers:
Polymers of natural and synthetic origin find extensive
application as biomaterials on account of the flexibility to modified
for specific applications.

Poly acrylic acid (PAAc) is a typical pH responsive
polyelectrolyte polymer able to form ions when subjected to an
aqueous environment causing considerable volume swelling due to
hydrogen bridge or covalent bond formation. It has been widely
used in the area of site-specific delivery to specific regions of the
gastrointestinal tract. However high water solubility has limited
their use as a drug carrier to a certain extent; because of dissolution
before the drug can be delivered. In order to overcome the above
drawback, acrylic acid (AAc) is polymerized with either hydrophilic
or hydrophobic monomers to form copolymers of tunable
physicochemical properties (131).

The main objective of this part was modification of CS/AAc
copolymer hydrogels by incorporation of different monomers with
different degree of hydrophilicity (DEAEMA, HEMA, HPMA and
HEA). The swelling behaviors of the prepared hydrogels were
controlled through changing type of monomers and feed
composition ratios.
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To evaluate drug controlled release performances of the
modified hydrogels, release of the model drug chlortetracycline
from modified CS/AAc hydrogels was studied.

4.2.1. FTIR Analysis:

FTIR spectra of polymeric networks have been recorded to
study the modification of CS/AAc and incorporation of different
monomers into the networks. The spectrum of CS/(AAc-DEAEMA)
copolymer hydrogel is shown in Figure (35a). The broad and intense
band at 3422 cm-1 is attributed to the stretching of N–H and O–H
bonds. The absorption band at 2932 cm-1 is resulting from the C–H
stretching vibrations of CH3 and CH2 groups. The bands at 1734 cm1

is ascribed to the stretching –C=O bonds in DEAEMA. N–H

bending (amide II) and C–H bending are seen at 1541cm-1 and 1454
cm-1, respectively. The band at 1397 cm-1 is also due to symmetrical
C–H bending. The sharp band at 1169 cm-1 due to bending or
stretching of C–O bond in DEAEMA indicates the presence of
DMAEMA in the copolymer structure (132, 133). The absorption
bands in the modified polymers get overlapped in the bands already
exists in chitosan.

Figure (35b) represents the FTIR spectrum of CS/(AAcHEMA) copolymer hydrogel. It was found that the absorption at
1720 cm-1 is attributed to the C=O asymmetric stretching of the
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ester of poly (HEMA). The characteristic band at 1560 cm-1 is due
to the C=O asymmetric stretching of the carboxylate anion from
poly (AAc). This is reconfirmed by other sharp peak at 1405 cm-1,
which is related to the symmetric stretching mode of the carboxylate
anion (95). These bands have been observed in addition of usual
bands in chitosan.

Figure (35c) shows the FTIR spectrum of CS/(AAc-HPMA)
hydrogel. The characteristic absorption bands of the hydroxyl
groups of HPMA can be seen at 3,500 cm-1 and at 1620 and 1410
cm-1 for the asymmetric COO- stretching vibration. The
characteristic absorption bands due to the C=O stretching of the
ester groups of poly (HPMA) can be seen at 1730 cm-1 (134). The
absorption bands in the modified polymers get overlapped in the
bands already exist in both chitosan and acrylic acid.

FTIR spectrum of CS/(AAc-HEA) copolymer hydrogel is
shown in Figure (35d). The main contribution to the absorption
band in the spectral region 1750–1700 cm-1 is due to the ester group
from the poly (HEA), and the absorption band in the region 1229–
915 cm-1 comes mostly from the saccharide structure of
chitosan (135).
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Figure (35):

FTIR spectra for a) CS/(AAc-DEAEMA),
b) CS/(AAc-HEMA), c) CS/(AAc-HPMA)
and d) CS/(AAc-HEA) hydrogel.
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4.2.2. Swelling Character of Different CS Hydrogels:

From the results shown in Figures (36-39), it can be seen that
the swelling of CS/AAc hydrogels prepared in the presence of
HEMA, HPMA and HEA is low compared with those prepared
from CS/AAc and CS/(AAc-DEAEMA). This is due to its
hydrophobic nature, where most of the hydrophobic segments of the
chain tend to be aggregate, and therefore the water form hydrogenbonded with the polar groups is preferentially accumulate on the
periphery, giving rise to a less swollen hydrogel. These results can
be also explained on the basis of Flory’s ionic swelling theory.

According to this theory, the hydroxyl group of HEMA,
HPMA and HEA does not dissociate and the amount of dissociated
ions

inside

the

polymeric

gel

decreases

with

increasing

concentration of these monomers. This occurrence causes the
decrease of the osmotic pressure difference between the polymeric
gel and the external solution. In addition, the hydroxyl group is a
weakly hydrophilic group and may subsequently produce a
hydrogen bond between two neighboring chains that ultimately
causes the network to shrink (131).
In the case of CS/(AAc-DEAEMA) copolymer hydrogel, the
presence of DEAEMA, which is a pH-responsive cationic
polyelectrolyte containing a tertiary amine group, increases the
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degree of swelling in comparison with CS/AAc hydrogel. This is
due to the presence of amino group which increase hydrophilicity of
the prepared hydrogels and result in an increase in the degree of
swelling (136, 137).

In all Figures it was observed that the degree of swelling
increase by increasing AAc ratio. This can be explained on the basis
that by increasing AAc ratio the charged ionic groups (COO-) in the
hydrogel increases and therefore the degree of swelling increase due
to osmosis and charge repulsion. In other words, the presence of
more ionic groups in the polymer chains results in increased
swelling, because the ionic groups are more strongly solvated than
non-ionic groups in aqueous medium (118).
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Figure (36):

Time dependent swelling of CS/(AAcDEAEMA) copolymer hydrogels prepared at
irradiation dose; 5 kGy, total concentration;
50 wt.%, CS:(AAc-DEAEMA) composition
ratio;
50:50
vol.%
and
different
AAc:DEAEMA
composition
ratio.
(●) 40:60 vol.%, (○) 50:50 vol.%, and (▼)
60:40 vol.%
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Figure (37):

Time dependent swelling of CS/(AAc-HEMA)
copolymer hydrogels prepared at irradiation
dose; 5 kGy, total concentration; 50 wt.%,
CS:(AAc-HEMA)
composition
ratio;
50:50 vol.%
and different AAc:HEMA
composition ratio. (●) 40:60 vol.%,
(○) 50:50 vol.%, and (▼) 60:40 vol.%
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Figure (38):

Time dependent swelling of CS/(AAc-HPMA)
copolymer hydrogels prepared at irradiation
dose; 5 kGy, total concentration; 50 wt.%,
CS:(AAc-HPMA) composition ratio; 50:50
vol.% and different AAc:HPMA composition
ratio. (●) 40:60 vol.%, (○) 50:50 vol.%, and
(▼) 60:40 vol.%
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Figure (39):

Time dependent swelling of CS/(AAc-HEA)
copolymer hydrogels prepared at irradiation
dose; 5 kGy, total concentration; 50 wt%,
CS:(AAc-HEA) composition ratio; 50:50 vol.%
and different AAc:HEA composition ratio.
(●) 40:60 vol.%, (○) 50:50 vol.%, and
(▼) 60:40 vol.%
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4.2.3 Effect of pH on Modified CS Hydrogels:
The swelling behavior of modified CS hydrogels was
investigated as a function of pH by immersion of the prepared
hydrogels in different pH solutions. Figure (40) shows that in the
case of CS/(AAc-DEAEMA) , the water content was greater than
the other modified CS hydrogels. The maximum degree of swelling
was found to be ~395 g/g at pH 8. DEAEMA is a monomer of
weakly basic nature attributed to the lone pair of electrons on the
nitrogen in the tertiary amino groups (138). The hydrogels formed
from CS, AAc and DEAEMA contained both acidic and basic
moieties in the structures and were thus considered as ampholytic
polymers (polyampholytes). They were therefore expected to be
responsive to both acidic and basic environments (95).

These behaviors can be explained by the difference of the
electrostatic interaction due to the balance of dissociation and by the
influence of the Donnan osmotic pressure due to the ion
concentration difference inside and outside the hydrogel. At pH 4
the hydrogels acquired positive charges due to protonation of the
tertiary amino groups of DEAEMA which created a change in the
gel ionization leading to a change in swelling capacity due to
electrostatic repulsion of protonated amino groups. At basic pH, the
gels acquired negative charges due to ionization of carboxylic
groups of AAc (139).
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At pH 5, the minimal swelling ratios may be attributed to the
limited ionization within the network. This was a typical
polyampholyte behavior: a polycomplex was highly swollen at high
alkaline pH and low acidic pH because of the dual ionization
character (140). In addition, since Cl- ions that can freely move exist
in the solution, and the Donnan osmotic pressure based on the
Donnan effect between free ion (Cl-) ion and fixed ion (cationic
tertiary amino group) in DEAEMA occurs, the water content of
hydrogel increased. Donnan effect is greatly dependent on ionic
strength of the external solution. However, there is no big difference
in the ionic strength of the each pH solution, since the external
solution is adjusted by 0.1N HCl and 0.1N NaOH (138).

In the case of using of hydroxyl monomers (HEMA, HPMA
and HEA), it was found that two maximum swelling was attained at
pH 3 and 8. These results can be attributed to the protonation of
amino group of CS at pH 3 and complete ionization of carboxylic
group of AAc acid which enhance the repulsive force between the
ionizable groups (95, 141).

The degree of swelling of the modified CS hydrogels at
different pH solutions was found to be in order CS/(AAcDEAEMA) > CS/AAc > CS/(AAc-HEMA) > CS/(AAc-HPMA) >
CS/(AAc-HEA).
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Figure (40 ): pH dependent swelling of CS hydrogels
prepared at total concentration; 50 wt%,
irradiation dose; 5 kGy.(●) CS/AAc, (○)
CS/(AAc-DEAEMA),
(▼) CS/(AAcHEMA),
(∆) CS/(AAc-HPMA), and (■)
CS/(AAc-HEA).
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4.2.4. Surface Morphology:
The porosity of the prepared hydrogels is shown in Figure 41.
This figure displays cross-sectional scanning electron microscope
images of swollen CS/(AAc-DEAEMA) hydrogels (Figure 41a),
and CS/(AAc-HEMA) (Figure 41b) and CS/(AAc-HEA) hydrogels
(Figure 41c) synthesized by gamma irradiation. Figure 41a shows
an open structure, which is in good agreement with swelling
experiments, observed in these hydrogels. These pores are mostly
circular and elliptical pores. Because of these pores, these hydrogels
have also a macroporous structure. Namely, when the hydrogels are
immersed in an aqueous solution, water molecules may diffuse
easily into these gaps (123).

On other hand, the presence of HEMA increases the
crosslinking density which led the more crosslinking of the
hydrogel, which, in turn, led to a denser structure and smaller
polymer network space as shown in Figure 41b. Consequently, the
porosity is decreased (56, 131). These observed morphologies are
consistent with the fact that the equilibrium water absorption in
CS/(AAc-DEAEMA) (320g/g) was greater than that of CS/(AAcHEMA) (72 g/g) and CS/(AAc-HEA) (27 g/g).
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(a)

(b)

(c)
Figure (41):

SEM images of: a) CS/(AAc-DEAEMA)
hydrogel , b) CS/(AAc-HEMA) and
c) CS/(AAc-HEA) hydrogels.
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4.2.5. Adsorption and Release of Drug:
The effect of drug loading and releasing rate of drug was
shown in Figure 42. In all experimental systems we found that the
increase in drug loading percentage leads to an increase in releasing
rate.

From the graphs, it was evident that at low percentage
loading of the drug, the entire drug was not released even after a
longer period of time. On the other hand, in the case of higher
loading, the drug particles on the surface of the matrix (beads) touch
each other and large clusters of drug particles were extended from
the surface deep into the matrix.

These clusters result in connected pore space upon
dissolution of the drug molecules from the polymeric beads.
Therefore, the entire drug molecules from the clusters were released
leading to the increase in the amount of drug release. This was
observed in our systems (97).

In Figure 43, the amount of drug released from CS/(AAcDEAEMA) hydrogels was higher than that released from other
modified CS/AAc hydrogels.
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Generally there are two factors that operate simultaneously
when the alkyl chain length increased on the releasing rate of the
modified hydrogels, (a) hydrophobic nature and (b) the chain
mobility. Chain mobility generally will have a greater impact when
the releasing system will be of film type. So in our case, chain
mobility has got low effect in the releasing rate. On the other hand,
the hydrophobic part of the polymer chain will decrease the
swelling property of the hydrogels and thereby decreasing the
releasing rate of the substance entrapped in the polymeric hydrogels
(137).

The drug release rate is dependent on several factors,
including: the polymer structure, concentration of polymer and
crosslinking density, the volume swelling ratio, and the interaction
between polymer and drug. Among these factors, the volume
swelling ratio most closely predicts the ability of drug to be
released. The observed results could be also attributed to the
swelling behavior of the copolymer hydrogels (128).
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Figure (42):

Relationship
between
equilibrium
concentration of Chlortetracycline HCl and its
amount
adsorption
(mg/g)
at
total
concentration; 50 wt.%, irradiation dose;
5 kGy, at drug concentration; 0.8 (mg/ml) and
at different hydrogels.
(●)
CS/AAc,
(○)
CS/(AAc-HEMA),
(▼) CS/(AAc-DEAEMA), (∆) CS/(AAcHPMA), and (■) CS/(AAc-HEA)
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Figure (43):

Release profile of Chlortetracycline HCl as
model drug from different hydrogels prepared
at pH 2 for 180 minutes and then at pH 8 for 21
hours at 37°C, irradiation dose; 5 kGy, drug
concentration; 0.8 mg/ml and at different
hydrrogels.(●) CS/AAc, (○) CS/(AAc-HEMA),
(▼) CS/(AAc-DEAEMA), (∆) CS/(AAcHPMA), and (■) CS/(AAc-HEA)
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SUMMARY

SUMMARY
Hydrogels have played a very important role in biomedical
applications. With increasing efforts devoted to controlled drug
release, the applications of hydrogels will continue to grow in the
future. In this study, Experiments were done to prepare different
chitosan hydrogels as potential drug carriers for small intestinal or
colon specific drug delivery system. The conditions of preparation
and the influence of different factors on the properties of the
prepared hydrogels have been investigated.
1-

The effect of CS/AAc concentrations on the degree of

crosslinking was investigated. It was found that the increase
in the feed concentration from 20% to 50% result in small
reduction in gel fraction. The increasing of the feed
concentration more than 50% was accomplished by a
significant increase in gel content.
2-

The effect of the applied irradiation dose on the

crosslinking process of CS/AAc was studied in terms of gel
fraction. It was found that the greater the radiation dose, the
higher the degree of gelation of the CS/AAc hydrogel
polymer complex.
3-

The thermal stability of CS and PAAc and their

copolymer were investigated using thermo gravimetric
analysis (TGA); an increase in thermal stability of CS/AAc
hydrogels was observed.
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4-

The characteristic swelling feature of CS/AAc

hydrogels in distilled water was investigated with respect to
different feed concentrations; it was observed that the
maximum swelling (~300g/g) was attained at concentration
50%, while other factors were kept constant.
5-

The effect of different irradiation doses on the degree

of swelling showed that degree of swelling decreased with
increasing in irradiation dose.
6-

The swelling behavior of different CS/AAc hydrogels

with different AAc:CS ratios showed that the degree of
swelling was substantially increased with increasing AAc
content till the AAc:CS ratio 50:50; then by increasing AAc
content, the swelling ratio decreased.
7-

The effect of salt solution concentration on the

swelling behavior of CS/AAc hydrogels was examined and
showed that the increase in ionic strength of the medium
resulted in a significant decrease in the degree of swelling of
such hydrogels in distilled water.
8-

The effect of various salt solutions (NaCl, CaCl2 and

AlCl3) was investigated. The swelling capacity for these
hydrogels in different salt solutions with the same
concentration was found to be in order NaCl > CaCl2 >
AlCl3.
9-

The effect of swelling medium temperature was

investigated. It was observed that an increase in the
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temperature was accomplished by a significant increase in
the degree of swelling.
10-

The influence of the solution pH (2-9) on the swelling

capacity of the prepared CS/AAc hydrogels was studied. The
results showed two sharp swelling capacity changes at pH3
and pH 8.
11-

The prepared hydrogels was used as drug carriers in

drug delivery systems. The amount of drugs adsorbed on
CS/AAc hydrogels at different drug concentrations showed
that; an increase in drug concentration leads to increase in
adsorption capacity of drug in the adsorption medium.
12-

To optimize the conditions of chlortetracycline HCl

release, the effect of the pH on the release pattern of drug
was studied by varying the pH of the release medium at the
same drug concentration. It was found that the amount of
drug released increased with increasing in pH. The highest
drug release was observed for the highly swollen hydrogel at
AAc:CS ratio 50:50.
13-

The pore structure at the surface of the prepared

hydrogels was studied using scanning electron microscope
(SEM). There is a relation between the crosslinking density
and the pore structure; hydrogels of low crosslinking density
relatively form wide pore structure while those of high
crosslinking density randomly aggregate and exhibit a
granular structure of narrow pore size.
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14-

The prepared CS/AAc hydrogels were modified by

incorporation of different monomers with different degree of
hydrophilicity (DEAEMA, HEMA, HPMA and HEA).
15-

The increase in AAc content in all modified

hydrogels resulted in an increase in the degree of swelling.
16-

The degree of swelling of CS/(AAc-DEAEMA)

hydrogels was found to be greater than CS/AAc, CS/(AAcHEMA), CS/(AAc-HPMA) and CS/(AAc-HEA) hydrogels.
17-

The effect of drug loading and releasing rate of drug

for different modified hydrogels showed that the amount of
drug released from CS/(AAc-DEAEMA) hydrogels was
higher than that released from other modified

CS/AAc

hydrogels.
 It can be concluded from the above mentioned results that the

radiation can be used as a very effective tool for synthesis of
superabsorbent hydrogels which are relatively economic,
environmentally friendly and based on natural occurring
polymers. This preliminary investigation of chitosan based
hydrogels showed also that they may be exploited to expand
the utilization of these systems in drug delivery applications.
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الملخص العربي
 -١تم دراسة تأثير الكيتوزان و الكريلك على إحداث ترابط شبكي ،وقد أظهتترت النتتتائج
أن زيادة التركيز من  ٪٢٠إلتتى  ٪٥٠يتتؤدي إلتتى نقتتص بستتيط فتتي نستتبة الجيتتل ولكتتن
بزيادة التركيز بنسبة أكبر من  ٪٥٠يحدث زيادة في نسبة تكوين الجيل.
 -٢تم دراسة تأثير الجرعات الشعاعية المختلفة علتتى نستتبة تكتتوين الجيتتل وقتتد ُوجتتد أن
درجة الترابط الشبكي تزداد بزيادة الجرعة الشعاعية.
 -٣تم قياس درجتة الثبتات الحتراري للكيتتوزان والكريلتتك و الهيتدروجيل المحضتتر متتن
الكيتتتوزان  -أكريلتتك .وقتتد لتتوحظ أن درجتتة الثبتتات الحتتراري زادت فتتي الهيتتدروجيل
المحضر من الكيتوزان -أكريلك.
 -٤و قد تم دراستتة تتأثير التتتركيزات المختلفتتة علتتى خاصتتية المتصتتاص للهيتتدروجيلت
المحضرة .وقد لوحظ أن أعلى قتتدرة امتصاصتتية )٣٠٠جتتم/جتتم( ظهتترت عنتتد تركيتتز
 ٪٥٠مع ثبات باقي العوامل الخرى.
 -٥أظهرت النتائج أن القدرة المتصاصية للهيدروجيلت المحضرة تقل بزيادة الجرعتتات
الشعاعية.
 -٦عند دراسة تاثير النسب التركيبية المختلفة للهيدروجيلت المحضتترة متتن الكيتتتوزان –
أكريلك لوحظ أن القدرة المتصاصية تزيد تدريجيا بزيادة نستتبة الكريلتتك حتتتى تصتتل
إلى النستتبة التركيبيتتة  ٥٠ :٥٠ثتم تبتتدأ درجتتة المتصتتاص فتتي النقصتتان بزيتتادة نستبة
الكريلك.

 -٧تم دراستة تتأثير تركيتزات المحلتول الملحتتي علتى درجتة المتصتتاص ،وقتتد أظهترت
النتائج أن زيادة تركيز محلول كلوريد الصوديوم تؤدي إلتتى نقتتص ملحتتوظ فتتي القتتدرة
المتصاصية للهيدروجيلت المحضرة.
 -٨عند دراسة تأثير وجود محاليل ملحية مختلفة علتى درجتة المتصتاصُ ،وجتد أ القتدرة
المتصاصية للهيدروجيلت في هذه المحاليل تتبع الترتيب التي:
كلوريد الصوديوم < كلوريد الماغنسيوم < كلوريد اللومنيوم.
 -٩لوحظ أن القدرة المتصاصية للهيدروجيلت المحضرة تتتزداد بزيتتادة درجتتة الحتترارة
للماء.
 -١٠تم دراسة تاثير الس الهيدروجيني على هيدروجيلت الكيتوزان – أكريلك ،وقد وجد
أن القدرة المتصاصية للهيتتدروجيل لهتتا قيمتتتين ُعظميتتتين عنتتد الس الهيتتدروجيني ٣
والس الهيدروجيني .٨
 -١١تم استخدام الهيدروجيلت المحضرة كحوامل للدوية في أنظمة توصيل الدواء .وقتتد
ُوجد أن زيادة تركيز الدواء تؤدي إلى زيادة كمية الدواء المحملتتة علتتى الهيتتدروجيلت
المستخدمة.
 -١٢و لتوفير أفضل شروط لتوصتتيل التتدواء ،تتم دراستتة تتتأثير الس الهيتتدروجيني علتتى
تحرر الدواء .وقد أظهرت النتائج أن التوصيل يتتزداد بزيتتادة الس الهيتتدروجيني ،وأن
أعلى نسبة تحرر للدواء ظهرت عند النسبة التركيبية .٥٠ : ٥٠
 -١٣تم استخدام الميكرسكوب اللكتروني الماسح لدراستتة درجتتة مستتامية الهيتتدروجيلت
المحضرة .و قد لوحظ أن الهيدروجيلت ذات الدرجة العالية متتن التتترابط الشتتبكي بهتتا
ثغور أضيق من غيرها.

 -١٤تتتم تعتتديل الهيتتدروجيلت المحضتترة متتن الكيتتتوزان -أكريلتتك عتتن طريتتق إدختتال
مونيمرات مختلفة في تحضير الهيدروجيل.
 -١٥وعند دراسة تأثير نسبة حمض الكريلتتك علتتى القتتدرة المتصاصتتية للهيتتدروجيلت
المعدلة ،لوحظ أن زيادة نسبة الكريلك في أدت إلى زيادة درجة المتصاص.
 -١٦وقد ُوجتتد أن القتتدرة المتصاصتتية للهيتتدروجيل المكتتون متتن الكيتتتوزان) -أكريلتتك-
ثنائي إيثيل أمينو إيثيل ميث أكريلت( أعلى من الهيدروجيل المحضر متتن الكيتتتوزان-
)أكريلك -هيدروكسي إيثيل ميث أكريلت( وكذلك الهيدروجيل المكون من الكيتتتوزان-
)أكريلك -هيدروكسي بروبيل ميث أكريلت( و الهيدروجيل المحضر متتن الكيتتتوزان-
)أكريلك -هيدروكسي إيثيل أكريلت(.
 -١٧عند دراسة تحميل وتحترر التدواء متن الهيتدروجيلت المعدلتة المختلفتة ،لتوحظ أن
كمية الدواء المتحرة من الهيدروجيل المحضر من الكيتتتوزان) -أكريلتتك  -ثنتتائي إيثيتتل
أمينو إيثيل ميث أكريلت( أكبر متتن كميتتة التتدواء المتحتتررة متتن بتتاقي الهيتتدروجيلت
المحضرة.
نستتتخلص متتن تلتتك الدراستتة أن الشتتعاع المتتؤين وستتيلة فعالتتة فتتي تحضتتير
الهيدروجيلت التي تتمتع بالعديد من الصفات المميتتزة حيتتث أنهتتا عاليتتة المتصتتاص
واقتصادية وصديقة للبيئة كما أنها تعتمد على بوليمرات طبيعية .وُتظهتتر هتتذه الدراستتة
أن الهيدروجيلت المحضرة من الكيتوزان يمكن استخدامها في التطبيقات الطبية ومنها
أنظمة توصيل الدواء.
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