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Abstract

Weak mechanical strength of hydrogels in wet condition limits their use for load
bearing applications. Their mechanical strength can be raised by grafting them over
some support or by converting them into nanofibrous form. Present thesis is focused on
the preparation of poly (acrylamide-co-acrylic acid) hydrogel grafted over cotton fabric
using two different cross-linkers i.e. PEG and MBAAm for making medicated dressing
and nanofibers of hydrogel of poly (acrylamide-co-acrylic acid). FTIR was used to
confirm the insertion of cross-links into the polymer chains. Grafting of uniform
hydrogel layer on cotton surface and formation of hydrogel nanofibers were confirmed

by using SEM. The average fibre diameter was found to be 275+94.5 nm.

Swelling of composite prepared using PEG followed first-order kinetic model
at acidic and neutral pH whereas second-order kinetic model at pH 8.5 while that
prepared using MBAAm followed second-order kinetic equation at all the pHs studied.
The kinetics of swelling was also governed by Peppas model at all pHs. Release of drug
from both the composites was studied in phosphate buffers having pH 5.5,7 and 8.5 at
37+0.1°C and observed that it was fastest in phosphate buffer having pH 7. On fitting
drug release data into different models, it was observed that drug release was diffusion
controlled and followed Fickian diffusion mechanism in case of composite prepared by
using PEG as cross-linker whereas it was controlled by diffusion as well as chain
relaxation in case of composite prepared by using MBAAm. Mechanical testing using
Universal Testing Machine supported a higher mechanical strength of the hydrogel

composite as compared to its film.



Swelling behaviour of Nanofibrous mats was found to be highest at neutral pH
and it followed second order kinetics at all pHs. The drug release kinetics was further
evaluated and found that it took place by Fickian diffusion (n < 0.5) and followed
second order release kinetics. Antimicrobial tests were performed to show the

effectiveness of drug loaded within the hydrogel samples.

Keywords: Hydrogel, poly (acrylamide-co-acrylic acid) composite, hydrogel

nanofibers, cross-linker, swelling kinetics, drug release.

Vi
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CHAPTER 1
INTRODUCTION & OBJECTIVES

1.1 Introduction

Wound care devices are the most lucrative and developing continuously with
changes in their demand in prospect of recent research and development. A wound is
any external or internal cut or break in the regularity of body tissue, especially skin,
because of some injury or operation. It may be acute or chronic depending upon its
nature and the time involved in its healing. An acute wound takes 8-12h for its curing
based on its size, depth and extent of harm, while chronic wounds such as burn
wound, ulcers take indefinite time for their curing and do not go through the normal
stages of wound healingl. A firm belief until mid-1900 was fast healing of the wound
in dry and uncovered conditions. Later it was observed that a covered wound remains
in contact with proteinases, chemotactic and growth factors which enhance the healing
process. Discoveries suggested that healing of wound is a complex and dynamic
process and involves the following four overlapping phases: coagulation and
haemostasis, inflammation, proliferation, maturation®. Any factor stimulating any of
these phases enhance the healing process. Winter® for the first time proved that wet
conditions help in faster healing of the wound. This is because scab formed in case of
an open wound results in a decreased rate of epithelisation4. Modern dressings not
only cover the wound but also enhance the healing process. These dressings were
developed to match the properties of ideal dressings such as permeability to gases,
providing a moist environment, non-permeability to micro-organisms, painless
removal, exudate absorption, biocompatibility, and elasticity, stimulation of growth
factors, non-toxicity and cost affectability. Till date near about more than 25

companies are supplying advanced dressings of more than 300 types. Some such
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dressings include semi-permeable films, foams, alginate , hydrocolloids
amorphous hydrogels, hydrogel sheets, hydrogel gauzes, bioactive wound dressings,

composite dressings, medicated dressings.

Hydrogels have gained remarkable attention, especially in the last 30 years'?,

as they can imbibe a large quantity of water owing to their hydrophilic nature but can
retain their existence due to three-dimensional network structure'. They can be used
as absorbents in baby diapersM, ion-exchange resins'”, biomedical substances like soft
contact lenses'® or carriers for the controlled release of dlrugs17 and supports for

catalystslg’lg.

They exhibit fast swelling, high normalised swelling, surface
slipperiness which make them a good candidate for drug delivery. Polyacrylamide, a
superabsorbent material, in the form of hydrogel widely found applications in various
fields such as agriculture, drug release, food packaging products, water treatment,
ophthalmic etc®, but this hydrogel lacks hydrolytic stability.

Stimuli-responsive hydrogel, especially pH responsive, can be prepared using
polyacrylic acid having trigger on/off point in an acidic environment. But its gel also
exhibits inferior gel strength, dispersion and elastic properties in aqueous media®'.
Presence of pendant -COOH groups and structural similarity with acrylamide, makes
acrylic acid a potent candidate for copolymerisation with acrylamide and making it
pH-sensitive. Bajpai et al.? prepared a pH- respondent hydrogel system using
acrylamide, methacrylamide and acrylic acid. Acrylamide and acrylic acid owing to
their high water affinity and copolymerisation velocity were now chosen as the base
materials for making hydrogels. Studies showed that hydrogel of the copolymer of
poly (acrylamide-co-acrylic acid) have high water absorption tendency23’24.

Hydrogel dressings can be supposed as the most promising candidate for

covering wounds, especially where the moist environment is required. They possess



the tendency to provide moisture to the dry wound and at the same time absorption of
extra exudate, if any, from the wound site. These dressings not only hydrate the
wound but also re-hydrate scar and cause autolytic debridement. These produce a
soothing and cooling effect which is more valuable in case of burn wounds. These
dressings are available as amorphous hydrogels (e.g. Curafil, Hypergel, Intrasite gel)
and sheet hydrogels. The former being soft and formless, become less viscous in
contact of fluid and lead some allergic reactions while the latter being sheet-like swell
in contact of fluid and maintain their integrity”. “Geliperm” (developed by Geistlich
& Sons Co) was the first hydrogel based dressing made up of acrylamide cross-linked
by using MBAAm (N, N-Methylene bisacrylamide) which fulfils almost every
condition of an ideal wound dressing. Some other commercially available hydrogel
dressings are Curasol, Tegagel, Carrasyn, DuoDerm, etc. These dressings require
secondary dressings, have weak mechanical strength, cause maceration of skin around
the wound and have limited absorption capacity which limit their use for wound
dressing applications, especially in case of heavily exudating wounds.

Composite dressings, containing more than one physiologically distinct layers,
are versatile and can be used conveniently for partial or full thickness wounds.
Generally such dressings are less flexible and costlier. Hydrogels, on the other hand,
flow away from the local target site or exhibit premature dissolution in wet conditions
1.e. are extremely flexible. So their composite with some support may meet with the
flexibility of ideal dressing or enhance their mechanical strength26. Such composites
are prepared by grafting the hydrogel layer over some support such as cotton?"%%,
chitosan® etc.

Medicated hydrogels containing drugs/antibiotic, reduce the bacterial infection

. . . . . 30,31
at wound site have grown their importance in improving wound healing process™ .



Highly porous structure and aqueous swelling of hydrogels can easily be tuned by
controlling the cross-links density in the gel network. Porous structure also allows
loading of nutrients/drugs into the gel network and subsequently release it at a rate
depending on the diffusion coefficient of the small molecules or large molecule
through the gel network™. Preparation of any hydrogel involves three integral parts:
Monomer, initiator and cross-linker. Cross-linker plays a key role in the conversion of
polymer to its hydrogel form. An optimum concentration of the cross-linker is
required to convert the copolymer into a form having optimum pore size. Below this
concentration hydrogel is not formed due to less cross-linking. But above this
concentration, excessive cross-linking hinders the swelling tendency of the hydrogel
due to reduction in pore volume. Besides quantity, nature of the cross-linker also
influences their swelling tendency. A cross-linker which is hydrophilic and has
somewhat longer carbon chain may lead to the formation of pores of optimum size as
compared to that having shorter (2-4 carbon) chains and the pores of optimum size
are responsible for more swelling in a shorter period of time. Therefore, pore size and
hence, swelling ability and drug holding capacity are related with the network
elasticity which on the other hand, depends upon the nature of hydrophilic group
present, extent of cross-linking and porosity in the network. Different cross-linkers
like formaldehyde3 NN ’-methylene bisacrylamide (MBAAmMm)** polyethylene
glycol diglycidal ether™®, tetraethylene g1y00137, polyethylene glycol26 had been used
by different researchers. For developing poly (acrylamide-co-acrylic acid) hydrogel,
MBAAm is widely and commercially used cross-linker but in literature use of PEG”
has also been reported. Hydrogel films of copolymers of acrylic acid (AAc) with

acrylamide (AAm) derivatives have been reported for the release of various
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drugs
theophylline*', ascorbic acid*, 5-fluorouracil® etc.

Electrospun nanofibrous mats have high surface to volume ratio, porous
structure, good mechanical strength, more flexibility as compared to their film
counterparts44. The swelling kinetics of hydrogels films are inversely related with the
square of their dimension, so the rate of volume change can be increased by changing
the morphology of the hydrogel material from films to nanofibrous form. Large
surface area of hydrogel nanofibrous mats enables fast release of antibiotics or growth
factors into the wound site*>*®. The high porosity of nanofibrous mats able do fast
absorption of body fluids and diffusion of waste. These alluring properties of hydrogel
nanofibrous mats make them a good candidate for medicated wound dressing
materials®’.

Recently, efforts have been made on the structure and composition design for
achieving advance nanofiber-based hydrogel with high mechanical strength and
multifunctional application performance. Electrospun hydrogel nanofibers from poly
(styrene-co-maleic anhydride)*, poly (styrene-co-maleic sodium anhydride) /
cellulose®, multiblock polyester urethane®?, PVA / Hyaluronic acid’, polyvinyl
alcohol / polyacrylic acid / MWCNT’!, Chitosan-g-PNIPAAM / Polyethylene oxide’?,
polyaspartic acid®, poly(vinyl caprolactam-co-hydroxymethyl acrylamide)53 and
Polyvinylpyrrolidone54 have been explored for tissue engineering and drug delivery
applications. An important shortcoming associated with the several hydrogel
nanofibrous mats was their easy deformation in aqueous media i.e. an unstable fibre
morphology in aqueous media makes them non-suitable for load bearing

L s 48,55
applications™ .



1.2 Motivation of Research

Hydrogel of poly (acrylamide-co-acrylic acid) finds several applications as
super-porous material but their weak mechanical strength limits their use for wound
dressing applications. Thus, there is a need to develop a structure which possesses
high mechanical strength and release drug in a controlled manner. To raise mechanical
strength, the hydrogel system was grafted over some support. The uniqueness here
was that the hydrogel layers bind chemically while the available composite dressings
have two layers - one adhered at the surface of other, from where the second layer can

be detached.

The drug release property can be tuned by controlling pore size and increasing
surface area. Cross-linker plays a important role in deciding the strength and pore size
of a hydrogel system. This induced the idea of using two different cross-linkers PEG
(polyethylene glycol) and MBAAm (N, N’—methylene bis acrylamide) for the
preparation of poly (acrylamide-co-acrylic acid) grafted cotton fabric and study their
effect on swelling and drug release properties of the composites. A higher cross-linker
concentration may lead to less swelling or drug loading because of highly condensed
structure. So, we also focused on predicting the adequate quantity of cross-linker for

maximum swelling.

Nanofibers are the materials having high mechanical strength, more surface
area and high porosity which introduced the idea of conversion of hydrogel into
nanofibrous form to enhance its mechanical strength and porosity to achieve control

release of drugs.



1.3 Objective

The broad objective of the thesis was design and development of poly

(acrylamide-co-acrylic acid) hydrogel based wound dressing material for drug release.

The above objective was achieved under the following sub-objectives:

Synthesis and characterization of hydrogel composite by graft
copolymerization of poly (acrylamide-co-acrylic acid) over cotton fabric using
PEG as cross-linker.

Synthesis and characterization of hydrogel composite by graft
copolymerization of poly (acrylamide-co-acrylic acid) over cotton fabric using
MBAAm as cross-linker.

Comparative study of swelling and drug release results of poly (acrylamide-co-
acrylic acid) hydrogel composites prepared by using MBAAm and PEG as
cross-linkers.

Fabrication and characterization of poly (acrylamide-co-acrylic acid) hydrogel

nanofibers.






CHAPTER 2
LITERATURE REVIEW

In the recent years, a considerable interest has been generated for the
preparation of smart wound dressing material to induce fast healing in moist
environment. But before going in their details, it is also essential to know about
traditional dressings available and the problems associated with them. Thus, in this
chapter, the properties and shortcomings of available wound dressings have been

discussed and the recent research going on in this field has also been explored.
2.1 Wound and its Healing

Skin, the single largest body organ, protects the body from the external
environment by keeping infection causing agents such as bacteria and viruses out and
maintaining the internal environment such as temperature and water level of the body.
Any injury like cut, shock etc., resulting in damaged dermis of the skin is termed as a
wound. Injured skin also results in loss of tissue fluid. If the wound covered more than
10% of the total body surface area, it may result in potentially life-threatening loss of
tissue fluid. Depending upon its cause and period of curing, a wound may beacute® or
chronic®’. The former is the result of some trauma and takes a limited period of time
for its curing. Contrary to this, the latter is a result of some disease and hence, requires

. 1,57
more care and time for curing ~'.

Wound healing being a complex process, involves which several cellular and
biochemical reactions'?. It generally involves following four overlapping phases:
coagulation and haemostasis, inflammation, proliferation, and maturation’. For the

successful healing of a wound, these phases must occur in proper sequence and time



period. Any factor which interferes in any of these phases may result in delay in
healing process. Smoking, age, stress, oxygenation, nutrition, medications etc., are
some factors which individually or collectively impaired the healing process®. On the
other hand, factors which stimulate any of these phases may fasten the healing

process.
2.1.1 Factors Affecting Wound Healing
(i) Wound infection

An open wound is more prone towards the bacterial infection and in an
infectious wound, the availability of growth factors reduces and fibrin essential for
healing process degrades. Since the bacteria cause inflammation so the chances of
their availability in chronic wounds are very high. Thus, the healing can be enhanced
by reducing wound infection by covering it with some dressing. Secondly, release of

some antibiotics also helps in controlling wound infection leading to its fast healing.
(ii) Role of wound pH in healing process

pH of normal skin is found to be acidic as first reported by Hesus et al.”® and
confirmed by Schade et al.’® after more than 50yr. The pH value of normal skin varies
from 4.0-6.0 depending upon the area of residence and age of the person and play a
key role in protecting skin from external adverse factors such as bacteria, chemicals
etc. In case of wound or injury the skin pH is disturbed because of the exposure of
underlying layers having pH near about 7.4. Further bacterial growth is supported by
weakly acidic or alkaline pH (more than 6.0) but reduces as pH approaches towards
acidic media. Thus, the bacterial infection can be controlled at the wound site by
shifting its pH towards acidic side. It is also evident by a clinical study where the

bacterial load is reduced sufficiently by just applying some acidic ointment'**. Thus,
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the shifting of pH from alkaline to acidic media not only helps in controlling bacterial
growth but also supports fast healing because of the more activity of the healing
nutrients and antibiotics at lower pH. The innate defence of the body also works on

the same fact.

The therapeutic inventions shifting the wound pH towards acidic site may

reduce bacterial infection and supports fast healing5 .
(iii) Wound dressings

An open wound although cured readily as believed until mid-1900 but is more
prone towards infection, so to heal a wound readily it is generally covered with some
dressing”. For years, humans have used different materials such as linen, honey,
animal fats, and vegetables fibres for wound dressing. All these dressings are resistant
to infection causing bacteria, cheap and harmless. Honey besides aforesaid properties
also make the smell of discharge less offensive, but quality control in honey
production, its sensitiveness to pollen and lack of evidence base in therapeutic effects

and chemical properties limits its use for this purposeéo.

Traditional dressings like gauze, lint, plasters, cotton wool etc®'., are dry
dressings and have been used to protect a wound from contamination since a longer
period. In case of these dressings, wound becomes dry as they absorb the exudate.
When the conditions of the wound are dry, its bed rapidly dries out resulting in scab
formation made up of dead and dying cells. New epithelial cells migrate down
underneath to find a moist area, so the healing phase was extended. Further at the time
of dressing change, there occurs pain, dehydration, and adherence to the wound
causing damage to newly formed tissue and bleeding, microbial invasion, and

accumulation of exudate at the wound site due to its low absorption etc® and hence,
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delay the healing time. These disadvantages make these dressings uncommon for
wound dressing applications, mainly in case of chronic wounds. Therefore, it has been
concluded that traditional dressings should be applied only in case of clean and dry

. . 63,64,65
wounds or as secondary dressing to absorb exudates for protecting the wound .

Winter et al.* in 1962 worked on covering wounds with some specific
dressings in an experimental model (using the pig) and observed the rates of healing.
Winter’ observed that healing was faster in case of wounds covered with an occlusive
dressing in comparison to an open wound. This work generated the principles of moist
wound healing for the first time. Winter’s results on a human subject were confirmed

1.% in 1963. In a moist environment, exudate bathes the wound bed

by Hinmen et a
with nutrients. Many modern dressing materials such as semi-permeable films, foams,
alginate, hydrocolloids, amorphous hydrogels, hydrogel sheets, hydrogel gauzes,
bioactive wound dressings, composite dressings, medicated dressings are now

designed to fulfil many of the requirements of advanced dressings. These dressings

have their own advantages and disadvantages.

Semipermeable dressings®®’® are transparent (helps in continuous

inspection), permeable to gases, impermeable to micro-organisms, cause autolytic
debridement, highly elastic and flexible. Tegaderm™, Opsite™ etc., are some such
commercially available semi-permeable dressings which differ in water vapour
transmission rate, adhesive property, and comfortability. The disadvantages associated
with these dressings are their low tendency to absorb exudate and maceration of the

wound and nearby area®.

Foam dressings fulfil most of the requirements but are not suitable in case of

low exudating or dry wounds”'’. Moreover, these may adhere to the wound, if exudate
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dries. Hydrocolloid dressings'' are the combinations of inner layer of foming agents
(which are colloidal in nature) and outer impermeable layer of elastomers and
adhesives. These dressings fulfil the requirements like water vapour permeability,
non-permeability to bacteria, exudate adsorption, debridement property etc., and can
be used for low to moderately exudating wounds. Comfeel™, Granuflex™,
Tegasorb™, DuoDerm™ etc., are some commercially available hydrocolloid
dressings69. Use of these dressings initially leads to enlargement of wound and fouling
smell. These dressings cannot be used for highly exudating wounds and wounds

which involve anaerobic colonisation.

Alginate dressings’®’ contain sodium or calcium salts of guluronic or
mannuronic acid units. Their swelling ability is due to the formation of metal-alginate
gel when these dressings come in contact of the wound fluid. Thus, these dressings
maintain moisture at the wound site. These dressings also possess the properties like
water vapour transmission, painless removal and non-permeability to bacteria. These
can be applied on low to heavy exudate wounds. Sorbsan™, Curasorb'", Kaltostat' ™,
Algisite™, etc are some commercially available alginate dressings. The major
drawbacks associated with the alginate dressings are need of secondary dressings and
gel formation only in the presence of fluid which limit their use for dry wounds, and

third degree burn wounds®.

Bioactive dressings are biomaterial (natural or synthetic) based dressings and
possess properties like biocompatibility, non-toxicity, biodegradability. The synthetic
materials used for their synthesis are chitosan, collagen, hyaluronic acid, elastin etc.
Sometimes growth factors and antimicrobials have also been incorporated into these

dressings to enhance the wound healing process.
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Hydrogel dressings’° can be suggested as a promising candidate for covering
wounds especially where moist environment is required. Owing to their tendency of
providing moisture, they can be used for dry wounds. At the same time, these
dressings absorb the extra exudate, if any, from the wound site. These dressings not
only hydrate the wound, but also re-hydrate scar and cause autolytic debridement.
These generate soothing and cooling effect which is more valuable in case of burn
wounds. Although weak mechanical strength in wet conditions and need of secondary

dressings are the disadvantages associated with hydrogel dressings.
2.2 Hydrogels

Hydrogels, the three dimensional, crossed-linked network polymers made up
of hydrophilic materials, have good water swelling ability (some of them can soak up
as much as 500 times their weight in water), biodegradability, non-carcinogenicity and
biocompatibility”. Their swelling ability is mainly due to the presence of hydrophilic
groups such as —COOH, -SOs;H, -NH,, -OH. They can be formulated into different
forms such as slabs, films, coatings, nanoparticles, nanofibers etc. These are
composed of homo-polymers or co-polymers, and are immiscible with water due to
the presence of chemical cross-links (tie-points, junctions), or physical cross-links,
such as entanglements or crystallites. The monomer used for the preparation of
hydrogels may be natural or synthetic or a combination of both. These resemble in
their physical properties with living tissue because of their relatively high water
content and soft, rubbery consistency. Owing to their unique properties, hydrogels are
widely used in the medical pharmaceutical and related fields such as tissue
engineering72, cell culture, wound dressings, contact lenses75, artificial organs, barriers

(to regulate biological adhesion), super absorbent and drug delivery systems®’.
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7374 \whereas Wichterle et

The term hydrogel was first introduced by Bemmelen
al.” were the first who prepared hydrogel of hydrophilic networks of PHEMA for
making contact lenses. Afterwards several hydrogel systems have been developed. In
recent years, particular interest has been devoted to the hydrogels showing phase
transitions (i.e. volume change) in response to changes in external conditions such as
pH, ionic strength, temperature, electric currents etc’®”. Such hydrogels have been

termed as smart or intelligent gels. Some hydrogels are more common than the others

towards a particular response.
2.2.1 Important Features of Hydrogels

Some of the features which make hydrogels unique materials for wound

dressing applications are as follows:
(i) pH responsiveness

The hydrogels of PAAm, PAAc, PMAAc, PDMAEMA, PDEAEMA are
generally pH responsive. Besides some phosphoric acid derivative containing
hydrogels are also pH responsive. The pH responsiveness of these hydrogels is
because of the presence of hanging ionisable acidic (like -COOH, -SOs;H) or basic
(like NH4") groups. These groups have the ability to gain or loss proton(s) from the
environment. In basic environment, the acidic groups ionise and repel each other by
similar charges. This strong electrostatic repulsion allows the penetration of polar
solvent (or water) inside the polymer resulting in excessive swelling of the hydrogel.
However, in acidic medium, these groups protonate resulting in reduced charge
density and hence, collapsing polymeric chains. Due to which swelling reduces. The
hydrogel containing basic groups ionise in acidic medium and hence, exhibit a reverse

behaviour of the hydrogel containing acidic groups.
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Figure2.1 Hydrogel Containing Acidic Hanging Groups
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Figure 2.2 Hydrogel Containing Basic Hanging Groups

A hydrogel system containing acidic as well as basic hanging groups exhibits a

.. . P . . . 78
two phase transition in acidic and basic medium rather than neural medium"".

The efficiency of a hydrogel towards a response can be controlled by fine
tuning the monomer concentration, monomer type, cross-link density, and pendent

groups. A more expressive stimulus results in a highly substantial response.
(ii) Swelling behaviour of hydrogels

Hydrogels are porous materials and swelling is their one of the most studied
properties”™. It is related with the tendency of the hydrogels to hold water or any
other biological fluids into their structures. When water (or solvent) enters into a dry
hydrogel system, it first hydrates the most hydrophilic groups, and is known as the
primary bound water. After that it gets attached with the hydrophobic group forming
hydrophobically bound water, also known as the secondary bound water. The primary

and secondary bound water collectively form the total bound water. After the

16



interaction of water with the hydrophilic and hydrophobic groups, the water imbibes
into the gel matrix by the osmotic driving forces up to the infinite dilution. However
existence of physical forces such as hydrogen bonding, opposed the additional
swelling of the gel matrix. This additional water, after the saturation of hydrophilic
and hydrophobic groups with water, is called free or bulk water. This water is
assumed to be filled in the space present in between the polymeric chains and/or in the
centre of voids and pores. Thus, the swelling ability of a hydrogel system is related
with the presence of hydrophilic groups as well as the space present in between the
polymeric chains i.e. pore size which in turn depends upon the nature and composition
of monomers as well as cross-linker. Moreover, nature, composition, pH, temperature
and ionic strength of the solvent or dissolution medium also affect the solubility of a

hydrogel system.

Hydrogel swelling is governed by two factors: osmotic factor and counter
elastic factor. The latter controls the stretching of polymeric matrix and hence,
prevents its stretching. When these two forces counterbalance each other, the state of
equilibrium is achieved i.e., equilibrium swelling is achieved. After achieving this

stage there occurs no further swelling or deformation in the structure of hydrogel®'.

In case of degradable polymer chains or cross-links, the gel matrix

disintegrates and dissolves at a rate dependent upon the composition of gel matrix %,

The relative amount of total free and bound water present in a hydrogel matrix
can be determined by DSC, NMR, and/or use of molecular probes. By using DSC
technique, the relative amounts are calculated by assuming that only free water
freezes, so the endothermic peak predicted while warming the sample is due to

melting of free water and hence gives the amount of free water present in the water
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sample. The amount of bound water can be predicted by subtracting the amount of

free water from the total water content present in the hydrogel sample.

The water imbibing capacity of hydrogels also determines the permeation of
nutrients in and movement of cellular matrix out of the cell. Hydrogels, owing to their
porous structure, allow the loading of drugs or nutrients and their subsequent release.
Porosity of hydrogels is an important physicochemical parameter, on the basis of
which the hydrogels can be classified as non-porous, micro-porous, macro-porous,
and super-porous 8! In case of non-porous hydrogels, the pore size is below 100A. It
means that they contain mainly bound water and swelling is mainly governed by
diffusion through free volume. For micro-porous hydrogels, the pore size varies from
100 -1000A showing the presence of major amount of bound water and the swelling is
governed by molecular diffusion as well as convention in the solvent containing pores.
Macro-porous hydrogels have pore size greater than 1000A and also contain a major
fraction as bound water. Their swelling is governed by diffusion and is faster than
micro-porous hydrogels. The pore size in case of super-porous hydrogels (SPHs)
usually lies in the range of several micrometres. These hydrogels mainly contain free
water and their swelling is due to capillary action. They exhibit very fast swelling

which does not depend upon the size of the sample.

The porous network of the hydrogels can be tuned by controlling the cross-link

density in between the polymeric network and affinity towards the aqueous media.
Swelling Kinetics

The discussion of hydrogels is not complete without describing the various
mathematical models and equations of swelling kinetics. Various mathematical

models have been proposed to describe the swelling kinetics of hydrogels. These
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models quantitatively interpret the swelling data in terms of kinetic parameters®.
According to the classification proposed by Bajpai83, the movement of penetrant

(solvent) into the hydrogel matrix follows one of the following mechanism:

(i) When the hydrogel matrix has high flexibility, the penetrant easily penetrates into
the gel matrix or the rate of hydrogel matrix relaxation is much faster than the rate of

diffusion of the penetrant. This is the case of Fickian diffusion or case-I transport.

(i1)) When the hydrogel matrix is somewhat less mobile, the rate of hydrogel matrix
relaxation becomes approximately equal to the rate of diffusion of the penetrant. This

is the case of anomalous transport.

(ii1)) When the hydrogel matrix is very less mobile, it does not allow the urgent
penetration of penetrant into the gel matrix or the rate of hydrogel matrix relaxation is
much slower than the rate of diffusion of the penetrant. This is the case of non-
Fickian diffusion or case - II transport. In this case, the swelling varies directly with
time. Many researchers observed non-Fickian diffusion of the solvent into the gel

matrix* "848,

Korsermeyer—Peppas model*® was the most widely used model showing the

swelling kinetics of a hydrogel system. The empirical equation for this model is

Mo
M,

Where n is the swelling exponent exhibiting mode of movement of penetrate
and k is the constant for the hydrogel, ¢ is the time taken for swelling. While using this

equation only one dimensional movement is considered. A hydrogel film having the

value of n < 0.5 corresponds to Fickian diffusion, that having value 0.5 <n<1
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corresponds to anomalous or non — Fickian transport and that having value > 1
86 87
corresponds to case - II transport™,"".

Zero-order kinetics model indicates a slower rate of penetration. A first-order
kinetic model shows that the swelling varies directly with the water content present in
the hydrogel before achieving the state of equilibrium, whereas the second-order
kinetic model shows the variation of swelling with the square of water content present

in the composite before achieving equilibrium.

(iii) Drug loading and releasing capacity

In the past few decades, the pharmaceutical research has mainly focused on the
development of novel drug and the systems for administrating the drug, especially at a
specific target. The unique physical properties of hydrogels have sparked particular
interest in their use for drug delivery applications. The porous network of hydrogel
allows loading of drug into its matrix and also its subsequent release at a rate
dependent upon the diffusion coefficient of micro or macro molecules through the
hydrogel matrix® or in other words, hydrogels have the property of sustained drug
release. Hydrogels are known to reduce the problems of conventional dosage forms as
well as of the novel drug delivery systems for which a biocompatible, convenient and
stable drug delivery system is required to hold and release molecules as small as
NSAIDs (Non-steroidal anti-inflammatory drugs) or as large as proteins and
peptidesgg. Their porous network can easily be tuned by controlling the cross-link
density in the gel matrix and the affinity of the hydrogels towards aqueous media in

which they are swollen.

The hydrogel based drug delivery systems are usually pharmacokinetic but
they may be sustained also. The drug or antimicrobial agents can be incorporated into

a hydrogel system using one of the following methods:
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@) Blending of drug with the dope solution before subjecting to
electrospinning,

(i1) Encapsulating the drug before mixing the solutions,

(i11))  Attachment of the drug molecules with the fibre surface,

(iv)  Post treatment of sample with the drug to load drug in to it.

Out of these the last one is supposed to be more effective because the chances

of interaction between the drug and hydrogel system are less.

Dressings showing controlled and sustained drug release, exhibit continuous
antimicrobial behaviour and reduces the chances of adverse effect. Drug release is
governed by swelling, degradation, diffusion, affinity based mechanism. Drug release
from a hydrogel system depends upon the pore size, pore volume fraction,
interconnection of pores, and cross-link density. Type and strength of interaction of

drug with the polymer chain also affects its release profile from the hydrogel system.

Recently a considerable progress has been observed to overcome the clinical

and pharmacological challenges of hydrogel based drug delivery systems.
Drug Release Kinetics

Korsermeyer—Peppas model® also indicates the drug release profile of a
hydrogel system. However, this model is applicable only for analysing initial data of
drug release (near about 60% release). For analysing the data beyond this limit, other

models like zero-order, first-order, second-order, Higuchi-model are used®.

Zero-order kinetics model indicates a slow drug release profile due to no
disaggregation of the hydrogelsgo. A first-order kinetics model indicates the direct

variation of drug release (water soluble) from the matrix with the amount of drug

21



remaining in the hydrogel matrix®'’’. When the drug molecules dispersed in a

uniform matrix act as the dispersing medium, Higuchi model is used to describe it.

Therefore, the mathematical model, development of which needs the
comprehension of all the phenomenon affecting drug release kinetics, is of great
82,92

importance for the process optimization of controlled release formulation

2.3 Different Forms of Hydrogels

Hydrogels can be prepared from any hydrophilic polymers, which differ in
their chemical compositions and bulk physical properties. Furthermore, they can be
formulated into various physical forms like slabs, coatings, films, micro particles, and
nanoparticles. In general, the hydrophilic materials used for the development of a
hydrogel are polyvinyl alcohol, polyacrylic acid, polyacrylamides, polyethylene oxide,

or polyvinyl pyrrolidone etc’**’.

2.3.1 Hydrogel Films

The hydrogels may be formed in the form of films by spreading their semi-
solid form over a disc or plate before drying them. These films can hold more than
90% of water, thus they possess properties such as high biocompatibility, swelling

ability, water holding capacity and rubbery consistency just like natural tissues.

Xie et al.”* developed a non-cytotoxic biodegradable hydrogel system of
PEGMC and PEGDA, which was able to take the wound shape and hence, covered the
wound completely to protect it from bacterial invasion. This system offered excellent

bacterial inhibition and enhanced wound healing.

Lian et al.” prepared carboxylated PVA through free radical solution

polymerization of VAc and AAc followed by saponification and reported that with
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increase in AAc content, storage modulus and mechanical strength decreases, due to
which physical cross-link density decreases and the network structure becomes looser.
The swelling rate constant and equilibrium swelling ratio are greatly improved by the
addition of AAc onto PVA chains. However, this hydrogel system follows Higuchi

model for drug release.

PAAm hydrogels can absorb relatively high amounts of water; however their
swelling capacity is not very sensitive to pH or electrolytes63. On the other hand,
hydrogel of acrylic acid possesses pH sensitivity but less water holding capacity.
Moreover its gel also exhibits inferior gel strength, dispersion and elastic properties in
aqueous media®'. Presence of pendant -COOH groups and structural similarity with
acrylamide makes acrylic acid a potent candidate for copolymerisation with
acrylamide and making it pH-sensitive.

Bajpai et al.? prepared a pH respondent hydrogel system using acrylamide,
methacrylamide and acrylic acid. Acrylamide and acrylic acid owing to their high
water affinity and copolymerisation velocity were then chosen as the base materials
for making hydrogels. Studies showed that hydrogel of the copolymer of poly
(acrylamide-co-acrylic acid) have high water absorption tendency.

Solpan et al.® developed pH and temperature sensitive hydrogel of poly
(acrylamide-co-acrylic acid) using irradiation technique and observed a high swelling
(3000%) with increasing AAm concentration. They also predicted non-Fickian nature
of swelling. This property suggested use of hydrogel for absorbing exudates from the

wound.

Chavda et al.** prepared a composite of poly (acrylamide-co-acrylic acid)
hydrogel and characterized its properties but they focused mainly on mechanical

properties like density, tensile strength and swelling behaviour. They observed that the
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tensile strength of the composite is much higher whereas its density and swelling ratio
are low. Thus, they suggested the need of optimization of swelling ratio with tensile

strength.

Li et al.”® reported that the pK, of the copolymer of acrylamide and acrylic
acid is ~4.5 and the equilibrium swelling ratio was 120 at pH lower than 6.0 with an
ionic strength, equivalent to 0.01M NaCl and 265 at low ionic strengths. They studied

the material binding property of the hydrogel for the adsorption of metal ion.

Turan et al.”’ studied the effect of amount of acrylic acid in the composite
material and reported that as the acrylic acid content increases, the porosity and
hydrophilicity of the material increases resulting in increased response rate. Further,
rate of de-swelling increases as pH goes down from 9.0 to 2.0. This is because of the
disappearance of electrostatic repulsion generating hydrophobic interaction between

the carboxylic and amide group.

Nesrinne et al.** also reported the pH sensitivity of poly (acrylamide- co-
acrylic acid) hydrogels and different swelling ratio in different media. They suggested
that the copolymer shows a slower saturation as compared to polyacrylamide sample,
due to which their level of swelling is much higher. Further if some electrolyte is also
present exo-osmosis takes place and hence, the hydrogels do not swell. Along with the
characterization, they also studied the rheological behaviour and observed an increase

in rigidity with increase in the amount of PAAc.

Katime et al.*' loaded the hydrogel of acrylamide and acrylic acid with
theophylline and reported that as the cross-linking increases, the rate of release of
theophylline decreases. Further the release follows non-Fickian diffusion mechanism

because the value of release index, n in each case is found to be greater than 0.5. A
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similar study is done by Thakur et al.*> when they loaded the hydrogel with

gentamicin sulphate and reported release through Fickian diffusion mechanism i.e. the

value of n here is less than 0.5. Ritger et a

186

necessary for giving an idea about drug release mechanism.

suggested that dimensionality index is

From the literature, it is clear that hydrogel system of poly (acrylamide-co-

acrylic acid) is a pH and temperature responsive superabsorbent system. Some of this

system studied so far along with its application is shown in the following table:

Table 2.1: Different Applications of Poly (acrylamide-co-acrylic acid) System

SI. | Monomers Redox Cross- Applications | Reference
No. Initiators linker
1. | AAm & AAc | APS-TEMED | MBAAm | ------ 7
2. | AAm & AAc | APS-TEMED | MBAAm | Gentamicin 0
sulphate
3. | AAm & AAc | Controlled MBAAm [Cu & Cd %
hydrolysis of metal binding
AAm
4. | AAm & AAc | Potassium MBAAmM Theophylline T
peroxo release
disulphate
5. | AAm & AAc | APS & sodium | MBAAm | Cu ion *
metabisulphite capture
6. | AAm & AAc | APS/TEMED | MBAAm | BSA release »
7. | AAm & AAc | APS/TEMED MBAAm Ascorbic acid 90
release
8. | AAm & AAc | APSSTEMED | MBAAm |5-FU  drug s
release
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Literature also suggested that the poly (acrylamide-co-acrylic acid) hydrogel
were mainly prepared by using methylene bisacrylamide as the cross-linker.

Moreover, all these have weak mechanical strength in wet conditions.
2.3.2 Composite Hydrogels

From the above literature, it is clear that hydrogels possess high swelling
ability, biodegradability, non-carcinogenicity and biocompatibility but have low
mechanical strength in wet conditions. A solution to this problem at that time was
supposed to be the conversion of hydrogel film into composite membranes, where the
hydrogel is coated (grafted) over a textile material. The fabric reinforcement enhances
the strength of the hydrogel and the drug loaded hydrogel offer precise control of the
release behaviour”. In these composite membranes, the layer which makes the
physical contact with the wound surface is referred to as primary layer or base layer
while that which covers the primary layer is called secondary or top layer. Different
hydrogel systems have been grafted over various supports like cellulose'®"'?,
cotton104, PET103’“4, pp!iLii2 etc., using different cross-linking techniques. The
grafting reaction was initiated by employing methods like chemical initiator?’, photo-

100, 106

irradiation'”’, high energy radiation techniques etc.

Borbely et al.'"!

grafted cellulose pulp with vinyl acetate monomer using ceric
ion redox system as initiator to enhance the mechanical strength of hydrogel and
optimized the conditions favourable for maximum grafting introduced a grafting
technique. This technique can also be implied for grafting any hydrogel over a fabric.
The above studies were also supported by J. Chen et al.'*. They used plasma induced

graft polymerization method for the grafting of PNIPAAm over non-woven fabrics,

but the point of difference was that here the substrate was activated by using
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radiations either in the presence or absence of monomer while in former case it was
done using chemicals (chemical grafting), which being cheaper, is more
advantageous. They also analysed the blood compatibility of the grafted material and
predicted that it has been improved, related to platelet adhesion, plasma protein

adsorption and thrombus.

Pour et al.'” developed PAAm hydrogel on the surface of PET in well
controlled manner and found that PAAm hydrogel-g-PET shows low adhesion to skin
1.e. keratinocyte cells. They also predicted a good antimicrobial activity of the grafted
material towards multidrug-resistant Pseudomonas aeruginosa when loaded with

silver nanoparticles.

Mostafa'®

grafted MAAm onto the cotton yarn using potassium permanganate
/ nitric acid as initiator to enhance the tensile strength and observed increased tensile

strength up to a certain grafting yield and then further reduction.

Khullar et al.'® grafted acrylonitrile on cellulose derivative, obtained from
Bamboo using chemical initiator CAN and observed that water retention value of the
grafted material was less, showing its more hydrophobicity. Afterwards several

attempts had been made for the grafting of different hydrogels over different supports.

A short description of some of the fabric supported hydrogel system is given in Table

2.2.
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Table 2.2: Fabric Supported Hydrogel Systems

Fabric Hydrogel Technique used Reference
Cotton NIPAAm Pre-irradiation 106
Cotton NIPAAm Photo-induced 107
Cotton Methacrylamide Chemical-induced 104
Cotton NIPAAm/Chitosan Plasma-induced 108
Cotton AAm-co-itaconic acid | Chemical-induced 27
Chitosan AAc/HEMA Radiation-induced 1
Chitosan NIPAAm Plasma-induced 102
Chitosan PU/NIPAAm uv Radiation- | "
induced
PP NIPAAm/AAc Radiation-induced H
PP Methylmethacrylamide | Radiation-induced 1z
PP+PET NIPAAm Photo-induced 13
PET NIPAAmM/AAc Radiation 114

Hydrogel of poly (acrylamide-co-acrylic acid) was studied for the release of
various drugs and was suggested as a good drug delivery device, but no literature was
observed showing an insight on the improvement of their mechanical strength in wet
situation. An initial work of grafting of poly (acrylamide-co-acrylic acid) hydrogel
system over the surface of cotton fabric using a chemical cross-linker was performed
by Purwar et al.’® Moreover, the use of a hydrophilic biodegradable cross-linker to

this system was also first time reported by them.
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2.4 Hydrogel Dressings

Hydrogels fulfils most of the desirable requirements of an ideal wound
dressing such as they promote moist healing, they are non-adherent and provide
cooling and soothing effect to the surface of the wound, which may have a marked
reduction in pain and therefore, have high patient acceptability’""'". Hydrogels are
biocompatible materials, so they have been recognized to function as drug protectors,
especially in case of peptides and proteins, from in vivo environment i.e., they exhibit
very low tendency to adsorb proteins from body fluids because of their low interfacial

tension. Chauhan et al.”

predicted that hydrogels meet with the two basic needs of
drug delivery systems i.e., they release drug in predetermined rate and at the site of
wound directly because of their three dimensional network structure. Further, they are
biocompatible and biodegradable with minimum tendency of protein absorption and
any kind of material can diffuse into and out of it. They are sensitive towards external

stimuli like pH, temperature etc., and hence, are called intelligent gels. All of the

above properties make hydrogel a good material for wound dressings.

Several hydrogel dressings are also available in the market. Some of the common

dressings along with their advantages and disadvantages are shown below:
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Table 2.3: Available Hydrogel Dressings with their Applications

Hydrogel Manufactured Components Applications Ref.
Dressings by
Aquaderm™ | DermaRite 2-Acrylamido-2 methyl-1- Pressure ulcers 116
industries propanesulfonic acid sodium, | Minor Burns
Propylene Glycol,
Poly (ethylene glycol)
dimethacrylate,
2-Hydroxy-2-
methylpropiophenone
DermaSyn® | DermaRite Acrylate polymer Acute or chronic | 117
industries partial and full
thickness wounds
Ulcers,
Suprasorb® | Lohmann Acrylic polymers, Dry Wound, first | 74
&Rauscher polyethylene, and second degree
phenoxyethanol burn wounds,
Pressure ulcers.
Neoheal® Kikgel PEG, polyvinylopyrrolidone, | Some chronic 118
and agar wounds Ulcers,
abrasions, burns,
bed sores
Simpurity™ | Safe polyethylene oxide, polyvinyl | Dry wounds, skin | 74
n’Simple alcohol, acrylate, burns and dry
polyurethane, scab
Intrasite Gel | Smith and Carboxymethyl cellulose and | Pressure ulcers, 74
Nephew propylene glycol. Diabetic foot
ulcers Surgical
incisions
Restore Hollister Hydrogel impregnated gauze | Partial and full 74
Hydrogel Incorporated | pad contains hyaluraonic acid | thickness wound
Solosite gel Smith and sodium salt of carboxymethyl | skin tears, Venous | 74
Nephew cellulose and glycerol ulcers, Surgical
incisions,
Diabetic foot
ulcers, Pressure
ulcers,cuts
Woun'Dres® | Coloplast Carbomer and collagen with | Dry wounds 74
other
Geliperm Geistlich Polyacrylamide, skin and tissue | 119
Sons Ltd polysaccharide, loss, chronic,
agar acute wounds,
superficial
pressure  sores.
Low acoustic
impedance.

The main disadvantages associated with these

dressings are their weak

mechanical strength in wet conditions and need of secondary dressings to keep them

in their place, which limit their use in this field.
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2.5 Nanofibers

Nanofibers are the fibres having diameter in the nanometre or micrometre
range. Unique properties like high surface area to volume ratio, easy surface
functionalization and tuneable porosity opens the doors for applications of nanofibers
in numerous fields, especially for biomedical applications such as wound dressings,
tissue engineering, antibacterial mats, drug delivery system. Several techniques are
available for the spinning of a polymer dope solution into nanofibrous form such as
solution blowing'®, electrospinning48 etc. Out of the various techniques
electrospinning being simple, cost effective and versatile, appealed the material

scientists globally.

A typical electrospinning machine is a combination of high voltage power
supply unit, spinneret, and collector. The fibre morphology can be controlled by
modifying the units of the apparatus as well as the concentration and viscosity of the
dope solution. Nanofibrous mats resemble with the extracellular matrix and hence,
help in promoting proliferation and cell migration phases leading to rapid wound
healing. Thus, they may be supposed to be a material for the use as wound dressing
applications. The main problem associated with most of the nanofibers was their easy
deformation in wet conditions. To overcome this problem the concept of development

of nanofibers-hydrogel composite was introduced.
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2.5.1 Nanofibers-Hydrogel Composite

If nanofibers are incorporated into hydrogel, they may result in hydrogels

. L . . 120,121,122
composite having improved mechanical properties 0121,

. Further incorporation of
nanofibers may also potentially enhance the cell activity in the resultant composite.
Hydrogels are usually prepared from a solution state, so the constructed nanofibers
can be easily unravelled (by manual tearing or cutting of the membrane) and mixed
with their solution'*. The nanofibers can also be incorporated in to a hydrogel system
by layer by layer assembly. The hybrid nanofibers and the three dimensional hydrogel
can be prepared by simultaneous electrospinning and electrospraying of
hydrogellzo’124. Researchers have reported the incorporation of nanofibrous membrane

or yarn into hydrogel blocks in their chopped state' 212,

Anderson et al.'?

used electrospun polycaprolactone as scaffold for supporting
the vertical stability of standing swollen hydrogel that surrounds micro fabricated
sensor hairs. Focusing ring was used to concentrate electrospun polycaprolactone

fibres such that it rest vertically on the sensor hairs before the hydrogel was added

over it.

Mo et al.'* electrospun p(LLA-CL) into nanofibrous form and then mixed it
(in chopped state) with the collagen solution in 1:1 ratio. The storage modulus of this
hydrogel-nanofibers composite was found to be very high as compared to that of

hydrogel of pure collagen.

The nanofibers can also be encapsulated within hydrogel network without
further modifications to prepare the nanofibers-hydrogel composite. Because of the
hydrophilic nature of the hydrogels, the nanofibers used should also be hydrophilic so

that the hydrogel solution integrates completely within the pores of the nanofibers.
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A major drawback associated with the hydrogels was that they generally do
not affect direction of cell growth. Electrospun scaffolds in contrast are able to orient
cells through contact guidance when the fibres are aligned. An advantage of the
nanofibers-hydrogel composite was that cells can be easily encapsulated within the

hydrogel before attaching with the nanofibers.
2.5.2 Hydrogel Nanofibers

Hydrogel nanofibers possess the properties of both hydrogels and nanofibers.
Like hydrogels they exhibit sustained swelling in aqueous media and like nanofibers
they possess very high surface area and diameter in the submicron range. Owing to
biocompatibility and a faster response rate as compared to other hydrogel structures
such as slab, disc, rod, film, hydrogel nanofibers have enhanced applications in the
field of drug delivery, wound dressing, tissue engineering etc. Three dimensional
cross-linked structure of hydrogels make them insoluble in water or any other medium
and non-fusible. So their direct electrospinning is not possible. They are converted
into nanofibrous form using specific methods such as photo-induced cross-linking
polymerisation, hydrolysis reaction, heat induced esterification etc. Among these
techniques the last one i.e. heat induced esterification being simple was widely used.
Liu et al.'”’ prepared the hydrogel nanofibers of poly [acrylamide-co-(maleic acid)]

using this technique.

The idea of conversion of hydrogel into nanofibrous form was first
incorporated in 2002 by Ding et al.”. They prepared the nanofibers of PVA hydrogel
using electrospinning technique and glyoxal as a cross-linker. However, the

nanofibers formed have beaded structure. The cross-linked nanofibers were insoluble
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in water and possessed a good mechanical strength than the non-cross-linked

nanofibers in wet condition.

1.128, in 2003, prepared the nanofibers of PEO and PVA using chemical

Xieeta
cross-linker 4,4’-methylenebis(phenyl diisocyanate) to enhance catalytic activity of

lipase enzyme.

Xu et al.'"® developed the hydrogel nanofibers of Chitosan / PLA / PEG cross-
linked with glutaraldehyde, using solution blowing method for wound dressing
application. They studied the properties like swelling, air permeability and

antimicrobial activity.

Afterwards hydrogel nanofibers of poly (styrene-co-maleic anhydride)*®, poly
(styrene-co-maleic sodium anhydride) / cellulose*’, multiblock poly ester urethane™,
PVA / Hyaluronic acid®, PVA / PAAc / MWCNT®', chitosan-g-PNIPAAM / PEO*,
polyaspartic acid®, poly (vinyl caprolactam-co-hydroxymethyl acrylamide)’® and
polyvinylpyrrolidone™, have been prepared and explored for tissue engineering and
biomedical applications. Out of these, hydrogel nanofibers of polyester urethane were

32
thermo-responsive™.

Some of them along with the cross-linking techniques used and applications

are tabulated below:
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Table 2.4: Some Hydrogel Nanofibers and Their Applications

Hydrogel Nanofibers Cross-linker Application Reference
Poly(2-hydroxyethyl Photoinduced Enzyme and |’
methacrylate) cell
immobilization
Poly(styrene-co-maleic Diethylene glycol -- 8
anhydride)
Poly(acrylamide-co-maleic Diethylene glycol -- 127
acid)
Poly (vinyl alcohol) Glutaraldehyde Hyaluronic >0
acid
Poly (styrene-co-maleic | Diethylene glycol - ¥
sodium anhydride)/cellulose
PVA/PAA/MWCNT Glutaraldehyde Ketoprofen !
release
Chitosan-g-PNIPAAM/PEO | 3-mercaptopropanoic BSA release >

acid

Poly aspartic acid

Ethylene diamine

46

Chitosan/PLA/PEG

Glutaraldehyde

129

PNIPAAM/PAA

PVA or Na,HPO,

45

Literature suggested that hydrogel system of poly (acrylamide-co-acrylic acid)

has not been electrospun till date although this hydrogel system was found to be a

superabsorbent system and studied widely for the release of various nutrients/drugs.
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CHAPTER 3
EXPERIMENTAL WORK

In this chapter, an insight have been provided on the materials and methods
used in the research work. An idea about the various techniques used to characterise
the samples prepared has also been given. Here, the various methods and formulae
used to predict the swelling and drug release behaviour of the samples developed have

also been discussed.

3.1 Materials

Acrylic acid (AAc), N, N’-Methylene bisacrylamide (MBAAm) and
Ammonium per sulphate (APS) were purchased from Central drug house (Delhi,
India), Acrylamide (AAm) of reagent grade was bought from Sisco Research
Laboratories (Mumbai, India), Polyethylene glycol (PEG-6000) from LOBA CHEMI
(Mumbai, India), Potassium dihydrogen phosphate, Ortho- phthalaldehyde, Methanol,
Mercaptoethanol, 2-propanol, Borax, Sodium hydroxide were procured from Sigma
Aldrich, Gentamicin sulphate and Amoxicillin were purchased from HIMEDIA
Laboratories Pvt (India) Ltd, Cotton fabric (139gm'2), Distilled water was used to

carry out all the experiments.
3.2 Methods of Preparation

3.2.1 Preparation of Hydrogel Composite using PEG as Cross-linker

The hydrogel composite using PEG as cross-linker was prepared in the

following steps:
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(i) Active sites generation

Washed, dried and weighed cotton fabric of 3x3 cm’ was immersed in APS
initiator solutions of the concentrations 1% to 7% (w/V) to generate active sites over
the surface of cotton fabric. The fabric treatment temperature was varied from 30°C to

60°C and its time was varied from 15minutes to 45minutes.
(ii) Grafting of copolymer over the activated fabric

The activated fabric was graft copolymerized by varying the concentration of
the monomers i.e., AAc and AAm from 5% to 15% (w/V). The reaction time was
varied from 15minutes to 55minutes and the reaction temperature was varied from

30°C to 60°C.
(iii) Insertion of cross-links

After graft copolymerization, PEG [0.05 to 1% (w/w) w.r.t weight of the
monomer]| was added to convert the graft copolymer into hydrogel form by inserting

cross-links. The reaction was carried out for 10minutes to 30minutes.
In terms of grafting yield the following reaction parameters were optimized: -

1. Monomer concentration,

2. Reaction time,

3. Reaction temperature,

4. Initiator concentration,

5. Initiator treatment time and temperature,

6. Cross-linker concentration.

The cross-linker concentration was also optimised in terms of percentage swelling.
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Schematic diagram for the development of hydrogel composite using PEG as

cross-linker is shown in Figure 3.1.

Activated Cotton

CottonPiece dipped )
Fabric

in APS solution

Hydrogel grafted Add PEG and continue the Copolymer grafted
CottonFabric reaction for a certain period. CottonFabric

Figure 3.1 Schematic Diagram Showing Development of Hydrogel Composite
using PEG

3.2.2 Preparation of Hydrogel Composite using MBAAm as Cross-linker

The hydrogel composite using MBAAm as cross-linker was also developed by
a three-step process. In the first step, a 3x3cm? sample of the support, i.e., cotton
fabric, was activated by treating it with an initiator, APS. The concentration of the
initiator was varied from 1% to 7% (w/V) and the treatment temperature and treatment
time were varied from 30°C to 60°C and 15minutes to 45minutes respectively. The
activated substrate was then treated with monomers [AAc and AAm] by varying the
net concentration from 5%-17% (w/V), temperature from 30°C to 60°C and time from
15minutes to S5minutes to graft a layer of their copolymer over the surface of the
substrate. Further cross-linker MBAAm [0.05% to 1% (w/w)] was added, and the
reaction was continued to induce cross-links in the grafted copolymer. The cross-
linking reaction time was varied from 10minutes to 30minutes. The reaction

parameters were optimised in terms of grafting yield.
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Schematic diagram for development of hydrogel composite using MBAAm as

cross-linker is shown in Figure 3.2.

Treatment
with APS

Treatment
With AAm

Figure 3.2 Schematic Diagram Showing Development of Hydrogel Composite
using MBAAm

3.2.3 Preparation of poly (acrylamide-co-acrylic acid) Hydrogel Nanofibers

The poly (acrylamide-co-acrylic acid) hydrogel nanofibers were prepared via the

following two steps:

(i) Development of copolymer of poly (acrylamide-co-acrylic acid)

Copolymer of poly (acrylamide-co-acrylic acid) was developed using solution
polymerisation method. In a 1M aqueous solution of AAm, a 10ml mixture of 0.1mole
AAc and 0.076g APS was added drop wise with constant stirring. The reaction was
carried out for about 3h at a temperature of 70°C. The copolymer precipitated out and
was washed with a methanol water mixture of ratio 1:1. The copolymer was filtered

and kept in a vacuum oven at 60°C for about 10h to make it moisture free.
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(ii) Development of hydrogel nanofibrous mat

The dope solution for electrospinning was prepared by dissolving poly (acrylamide-
co-acrylic acid) copolymer [8% (w/V)] in distilled water with continuous stirring at
room temperature. PEG (2% w/w) was added in the dope solution. The copolymer
dope solution was electrospun using a voltage of 23kV, tip to collector distance of
15cm and feed rate of 3.5-4pLmin ' on a drum collector. Cotton fabric is used for
collecting the nanofibrous mats. The nanofibrous mats were converted into hydrogel
form by placing it in an oven at 150°C for 10minutes and the obtained hydrogel

nanofibrous mats were dried in a vacuum oven at 80°C for 10h to 12h.

Schematic diagram for development of hydrogel nanofibrous mats is shown in

Figure 3.3.

1 mol AAc +

Figure 3.3 Schematic Diagram Showing Development of Hydrogel Nanofibrous Mats
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3.3 Grafting Yield

The conditions for composite preparation were optimized by plotting grafting
yield obtained by varying a single parameter fixing the others as constant. Grafting
yield of dried and weighed poly (acrylamide-co-acrylic acid) hydrogel grafted cotton

fabric was calculated using the formula

Grafting yield = Wgw;:d x 100 e EEEE (D)

Where w, = Weight of grafted material, wq= Weight of fabric before grafting
3.4 Characterisation

The following techniques were utilized to characterize the hydrogel grafted

cotton fabric (composite) and hydrogel nanofibers —
3.4.1 Fourier Transformed Infrared Spectroscopy (FTIR)

Thermo-scientific Nicolet 380 spectrophotometer, USA, in ATIR mode was
used for the structural analysis of the hydrogel composites prepared by using PEG or
MBAAm and poly (acrylamide-co-acrylic acid) hydrogel nanofibers. The scanning

was performed setting frequency range 500- 4000cm™ and a resolution of 4cm™.
3.4.2 Scanning Electron Microscopy (SEM)

Morphologies of hydrogel composite samples and poly (acrylamide-co-acrylic
acid) hydrogel nanofibers were studied using SEM (model no. S-3700N, Hitachi,
Germany). Before mounting in SEM, the samples were made conductor of electricity

by gold-sputter coating and then fastened using adhesive tape in the sample stage.
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Diameter distribution of the hydrogel nanofibers was obtained by analysing the SEM

images for 50 fibres using J-image software.

3.4.3 Thermo Gravimetric Analysis (TGA)

The thermal properties of the poly (acrylamide-co-acrylic acid) hydrogel
nanofibers were tested using Perkin Elmer TGA 4000 instrument under nitrogen

atmosphere with scanning rate of 10°C/min and temperature range of 30°C to 700°C.

3.4.4 Differential Scanning Calorimetry (DSC)

The differential scanning calorimetry of the poly (acrylamide-co-acrylic acid)
hydrogel nanofibrous mats was carried out using Perkin Elmer DSC8000 instrument
in the temperature range of 30°C to 160°C and scanning rate 10°C /min under

nitrogen atmosphere.

3.4.5 Porosity

Porosity of the poly (acrylamide-co-acrylic acid) hydrogel nanofibrous mat
was evaluated using liquid displacement method. For this, solvent used was n-hexane
as it shows unhindered motion through interlinked pores and has no effect on the
morphology of nanofibrous mat. For measurement known amount of solvent, here
7ml, was taken in a measuring cylinder and then the sample of specific size was kept
inside it for 10min. The volume of the solvent was measured after immersion of
sample and after removal of hexane-soaked sample. Following formula is used to

calculate the porosity of nanofibrous mats from the volumes obtained

(Vo—V2) X100

% Porosity = ="
1—VvV2

2
Where Vi = Volume of n-hexane taken, V; = Volume of solvent after dipping the mat,

V> = Volume of solvent after removing hexane soaked mat.
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3.4.6 Swelling Studies

For swelling studies hydrogel composites of size Ixlcm® and hydrogel
nanofibers of size 3x4 mm? were immersed in phosphate buffer solutions of different
pH(4.5, 7.0,and 8.5). At regular time intervals, the sample were taken out and
weighed. The pHs selected for swelling test simulates with wound pH in fresh and
curing conditions. Chronic wound has pH in the range of 7.15-8.9 and it becomes
neutral and then acidic with the curing of the wound 28 3 Before weighing, the
surface water was wiped out using tissue paper. The swelling ratio (o) was calculated

using the formulae

Percent swelling (Sw,) = %;WL) X 100%  =mmmm=mmmm o 3)

Here, w,, = Weight of wet composite and w; = Initial weight of dry composite.

Swelling ratio (@) = SWy/SDgq—---———mmmmmmm e 4)

Where $D,,= Equilibrium swelling degree at a certain temperature and pH.
The experiments were performed in triplicate.
Network parameters

Swelling behaviour of the hydrogel composites can also be explained by their
number average molecular mass between cross-links (#4,), cross-link density (g) and
mesh size (&).
1. Number average molecular mass between cross-links (M)

Following equation was used to predict the number average molecular mass

35 131

between cross-links (M.)™, ",

v 2
1 V—[ln(l—v2,5)+ Vs XV5 ]
D — 5)

3 1
(V3 5= 3V2,5)
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Where, Vi = molar volume of water= molar mass of water = 18.1gmol'1 132
x = Flory Huggins polymer —water interaction parameter = 0.5'*>'%
v = Specific volume of the polymer = Volume of the polymer/mass

v, = Polymer volume fraction in the swollen condition, it was predicted from

equilibrium swelling results using the relation

Uy =2 e T (©6)
vy = Volume of dry polymer, v, = Volume of the swelled hydrogel at equilibrium
condition

2. Cross-link density, q
The cross-linking ratio, g was obtained in terms of mole fraction of cross-linked

. 134 .
units ', 1.€.

g= 2 e R B e -(D)

M
Where M, = Molar mass of the repeating unit, its value was obtained using the

following relation'>

nAaAmXMaam+ naacXMaact ncLXMcr,
M, = T (8)
naamtnaact ncL

Where ny 4, , nase, ne,= number of moles of acrylamide, acrylic acid, and cross-linker
respectively and M, ., M40, M, = molar masses of acrylamide, acrylic acid, and cross-
linker respectively.

3. Mesh size (¢)

The mesh size (§) was calculated using M, and Flory characteristic ratio of the

polymer C, by the following relation

§ = 0 P e 9)

Where [ = length of C-C bond along the backbone of the polymer = 1.54 A'%
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In the above equation value of C, was used as the weight average of C, values of poly
(acrylamide) and poly (acrylic acid) chains in accordance to their mole ratio used in
the hydrogel matrix. The C, values for poly (acrylamide) chain and poly (acrylic acid)
chain are 2.74 and 6.7 respectively35.
Swelling Kkinetics

The swelling data of hydrogel composite was fitted in different models like
Peppas-model, Higuchi-model, zero-order, first-order and second-order Kkinetic
equations. Models / Equation having the highest value for correlation coefficient (R?)
was supposed to be the best model showing swelling kinetics.

The mathematical expression for the Peppas-model is

A — S — S — (10)

Moo
Where M,/M,, = Normalized swelling ratio, n = Swelling exponent exhibiting mode of
movement of penetrate,

k = Constant for the hydrogel, t = Time taken in Swelling.

The mathematical expression for the Higuchi-model is

e (11)

Where M,/M,, = Normalized swelling ratio, k = Constant for hydrogel, r = Swelling
time.
The integrated equation for zero-order kinetic model is

M, = M, + kt e —mmmee - (12)

The integrated equation for first-order kinetic model is

= (1 — Ao - (13)

Where, A = pre-exponential factor.
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The integrated equation for second-order kinetic model is

GGG 9

Where M..= Weight of composite at equilibrium, M; = Weight of composite at time .

After performing swelling experiment, the dry weight of the sample was measured to
calculate total weight loss in wet conditions in 24h.
3.4.7 Antimicrobial Activity

The antimicrobial activity of the hydrogel composites and hydrogel nanofibers

were analysed using the zone inhibition method'*®

. Here discs of drug loaded hydrogel
samples were sterilized in a laminar airflow under UV light for 24h. The sterilized
samples were mounted on agar plates cultured with E.coli (Gram-negative bacteria)
and S.aureus (Gram-positive bacteria) as model bacteria. The plates were kept in an
incubator at 37°C for 24h. Development of a clear zone below and around the discs on
the plate medium recognized the release of drug and antimicrobial behaviour of the

composite. The experiments were performed in triplicate.

3.4.8 Drug Release Studies

Drug release kinetics of the hydrogel composites and the hydrogel nanofibrous
mat were studied using Carry 300 UV-Visible spectrophotometer (Agilent
Technologies). Drug loaded samples were prepared by immersing dried composite or
nanofibers sample into 20mL of drug (gentamicin sulphate or amoxicillin) solution
(1mgmL™) for 48h. The samples were then separated and dried. The concentration of
the drug in the remaining solution was measured using the calibration curve of the
drug loaded. The amount of drug loaded was calculated by subtracting the remaining

concentration of the drug from its initial concentration in the solution.
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To check release profile, the dried drug loaded samples were placed separately
in 10mL phosphate buffers having pH 4.5 (acidic), 7.0(neutral) and 8.5(basic). At a
regular time interval, 1.0mL aliquot was taken out with subsequent mixing of the
same amount (1.0mL) of the fresh buffer. Here the homogeneous distribution of drug
molecules in the composite was assumed. The concentration of the drug in the aliquots
was also measured using the calibration curve of the drug loaded. The percentage

cumulative release was calculated by using the formula

VeC1+ VoChp

% Cumulative Release = X 100 ——mmmmmmemmeee - (15)

Where V, = sampling volume, Vj = initial volume, C; and C, are the initial
concentration and concentration at sampling time n, m = mass of drug containing
sample.

The experiments were carried out in triplicate and their mean value was used
for analysis.
Drug release kinetics

The drug release data were fitted in different models like Peppas-model,
Higuchi-model, zero-order, first-order and second-order equations. Equations of
Peppas-model, first-order, second-order models have been given in swelling studies.
The mathematical formulation for the Higuchi-model is
My = Mg + kytt? e (16)
Where k, = Higuchi constant, an indicator of characteristics of a hydrogel system.

The model having the maximum value of correlation coefficient (RZ) was

considered the best model for showing the drug release mechanism.
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3.4.9 Mechanical Testing

Universal Testing Machine (Instron-2700) in tension mode was used to study
the mechanical properties of the hydrogel films and hydrogel composite in wet
conditions. Dog bone shape (70x10x0.4mm) wet sample was clamped between the

137
two arms 3

. The gauze length of the sample was S0mm. The ends were fixed using
tape to avoid the slipperiness. The clamped sample was stretched at a rate of Smm

min"'. The test results were reported as stress-strain curves. Three samples of each

were tested and their mean value was used for comparing mechanical properties.
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CHAPTER 4

SYNTHESIS AND CHARACTERIZATION OF HYDROGEL
COMPOSITE BY GRAFT COPOLYMERIZATION OF POLY
(ACRYLAMIDE-CO-ACRYLIC ACID) OVER COTTON
FABRIC USING PEG AS CROSS-LINKER

In this chapter, the mechanism of the grafting and cross-linking reaction were
predicted. The effect of various parameters on the grafting of the copolymer of poly
(acrylamide-co-acrylic acid) over the cotton fabric and insertion of cross-links in
between the chains of the grafted copolymer have also been studied in terms of
grafting yield. The characterisation of the composite by using FTIR spectroscopy and
SEM techniques; and comparison of its mechanical properties with hydrogel film has

also been done.

4.1 Mechanism of Reaction

The mechanism of the grafting reaction is shown in Figure 4.1. The cotton
fabric got activated when treated with APS solution. In this reaction, the APS solution
abstracted the cellulosic hydrogen to generate cellulose macro radicals. These radicals
initiated graft polymerization reaction in the presence of AAm leading to the
generation of a new free radical which combined with AAc to generate another free
radical. In this way, a chain reaction started. Subsequent monomer addition to the
activated chain propagates the grafting reaction onto the cotton fabric. The grafting
reaction may be terminated by coupling or combination with the initiator, or by
disproportionation with cross-linker. After grafting reaction, the addition of PEG
inserted cross-links among the poly (acrylamide-co-acrylic acid) chains by forming an

ester linkage with some of the -COOH groups in between the chains.
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Figure 4.1 Mechanism of Grafting Reaction

4.2 Optimisation of Reaction Parameters

4.2.1 Effect of Initiator Concentration

The initiator concentration was plotted with the % grafting and the plot

obtained is shown in Figure 4.2.

180 =
160 =
T
140 =
£ 120 =
®
o 100 = /
=S
80 = I
0.1% PEG
60 = Monomer Conc.=15%
Temperature = 500C
40 = Time =55 minutes
T T T T T T T 1
1 2 3 4 5 6 7 8

APS Conc.(%,w/V)

Figure 4.2 Effect of Initiator Concentration
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The plot revealed a hike in grafting yield with rise in APS concentration
indicating that APS was responsible for generating active sites over the surface of the
substrate. A 0.2320.05mm thick (approximately equal to the thickness of the cotton
fabric) hydrogel layer was grafted using 5% (w/V) APS concentration. At 5% (w/V)
APS concentration, the grafting yield was 102+5%. Further rise in APS concentration
might weaken the bonds present among cotton fibers leading to the rupturing of fabric.
It was reported that an initial increase and then decrease in the percentage grafting
with increasing APS concentration shows more homo-polymerization due to the
presence of initiator in the complete reaction mixture'®. In our case, homo-
polymerization was almost negligible as the initiator was available only over the

substrate surface.

For further studies, the optimized APS concentration was 5% (w/V) as it led to

the grafting of a sufficiently thick hydrogel layer over cotton fabric.
4.2.2 Effect of APS Treatment Time and Temperature

At lower temperature, the fabric was not activated but it got activated when the
temperature was increased. This was because the initial increase in temperature
increased the rate of dissociation of the initiator and at the temperature of 55+5°C
maximum active sites were generated. Further increase in temperature might lead to
weakening of the bonds present among cotton fibers leading to the rupture of the
fabric. The fabric was treated with APS for a period of 30minutes. Treatment for
longer period also caused weakening of the bonds present among cotton fibers leading

to the rupture of fabric.
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4.2.3 Effect of Monomer Concentration

The copolymer of poly (acrylamide-co-acrylic acid) was grafted over the
cotton fabric and the percentage grafting was plotted with the monomer concentration.

The plot obtained is revealed in Figure 4.3.

250 =
—u— 0.1 % PEG
200 = APS Conc.=5% *
Time = 50 minutes
Temperature = 55°¢C
o) 150 =
=
=
©
=~ 100 = {
(D /
e i
50 =
0 = [

T T T T T T T T 1
4 6 8 10 12 14 16 18 20

Monomer Conc. (% w/V)

Figure 4.3 Effect of Monomer Concentration

A gradual increase in the percentage grafting was observed with increase in
monomer concentration (Figure 4.3). It may be justified with the availability of more
reaction sites at higher monomer concentration. Sufficiently thick (0.23+0.05mm
thick, resembling with the thickness of the cotton fabric) hydrogel layer was grafted
with 15% (w/V) monomer concentration. Grafting gradually increases with further
rise in monomer concentration. Chun et al.”® also observed the same findings for

acrylic acid-acrylamide grafted polypropylene.
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A thicker hydrogel layer left the fabric surface when equilibrated with water,
due to rupture of forces between hydrogel and cotton owing to the bulkiness of
hydrogel film in wet conditions. At 15% monomer concentration, the grafting yield

was found to be 105+5%.

Thus, for further studies the optimized monomer concentration was 15% (w/V).

4.2.4 Effect of Monomer Type

The nature of monomer also affects the grafting yield. Polyacrylamide,
polyacrylic acid and poly (acrylamide-co-acrylic acid) were grafted over the cotton

fabric and the data was plotted in terms of grafting yield. The plot is shown in Figure

4.4,
140 =
120 =
100 =
(=2]
=
el
£ 80-
S
s= 60 -
PEG = 0.1% (w/w)
40 = APS Conc.= 5% (w/V)
Monomer Conc.=15% (w/V)
_L Temperature = 55°9C
20 = Time = 50 minutes
] ] ] |
AAc + AAM AAc AAM -

Hydrogel System Grafted

Figure 4.4 Effect of Hydrogel System Grafted

The plot shown in Figure 4.4 suggested the highest grafting for the
polyacrylamide system, followed by grafting of its copolymer with acrylic acid. Least

grafting was observed in case of polyacrylic acid. This may be due to repulsive
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interactions between the chains owing to ionisation of carboxylic groups of the acrylic
acid in the reaction medium (having pH above than the pK, of acrylic acid) in case of

acrylic acid systems.
4.2.5 Effect of Temperature

The percentage grafting was also obtained by varying the temperature of the
reaction and it was plotted with temperature. The plot is shown in Figure 4.5. The plot
revealed a rise in % grafting up to 50+5°C and then a decrease. This was because the
initial increase in temperature increases the monomer's diffusion and mobility from
the aqueous phase to the fabric phase resulting in increased grafting yield. A further
rise in temperature (above 50+5°C) might accelerate radicals’ termination, leading to a

decrease in % grafting.
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Figure 4.5 Effect of Temperature
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4.2.6 Effect of Reaction Time

The percentage grafting was also obtained by carrying out the propagation reaction for

different times and the results were plotted with time. The effect of reaction time on %

grafting is shown in Figure 4.6.
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Time (minutes)

Figure 4.6 Effect of Propagation Reaction Time

The results suggested that grafting yield increased with increase in time, and
SSminutes was the sufficient time to graft a hydrogel layer of requisite thickness
(0.23+0.05) over the cotton fabric. A prolonged reaction may lead to the deposition of

a thick hydrogel layer which in wet condition would detached easily from the fabric

due to its bulkiness.
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4.2.7 Effect of Cross-linker Concentration

The effect of variation of cross-linker concentration was predicted in terms of
percentage grafting as well as percentage swelling. The grafting and swelling results

were plotted w.r.t. cross-linker concentration. The plots are shown in Figure 4.7(a)

and 4.7(b).
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180 =- / I
<, 160 - /I
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£ 140 -
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| | | | | | |
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Cross-linker Conc.(%,w/w)

Figure 4.7(a) Effect of Cross-linker Concentration on % Grafting
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Figure [4.7(a)] indicated a regular increase in grafting yield with increasing cross-

linker concentration but there appeared a decrease in percentage swelling after a

certain cross-linker concentration [Figure 4.7(b)].
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Figure 4.7(b) Effect of Cross-linker Concentration on % Swelling

This may be attributed to reduced space present between the polymer chains

with raising cross-linker concentration’ resulting in decreased pore size and hence,

reduced swelling.
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4.3 Structural Analysis

FTIR spectra of the cotton and the poly (acrylamide-co-acrylic acid) hydrogel
composite are shown in Figure 4.8(a) and 4.8(b) respectively. The characteristic bands
of cotton at 3300cm'1(f0r —OH group) and 1027cm'1(C—O str.) were appeared in

Figure 4.8(a).
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Figure 4.8(a) FTIR Spectra of Cotton

The characteristic bands of polyacrylic acid, acrylamide and PEG were

appeared in FTIR spectra of hydrogel composite as shown in Figure 4.8(b).
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Figure 4.8(b) FTIR Spectra of Cell-o-(AAm),-co-(AAc),-PEG

Bands in the range of 3100-3500cm™ (due to O-H and N-H stretching)
confirmed the formation of the copolymer of AAm and AAc and that in the range of
2990-2700cm™ were due to asymmetric and symmetric stretching of C—H of acrylate
unit. Band for carbonyl, C=0 (C=0 of ester group) stretching appeared at 1732cm™
and for C=0 (C=0 of acrylamide group) stretching appeared at 1652cm™. A band at
1449cm™ was due to symmetrical stretching of Co0*. Cross-linking by PEG in the
hydrogel was revealed by a characteristic band of C-O-C stretching at 1168cm™

showing the presence of ester linkage in it.
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4.4 Morphological Analysis
The morphology of the cotton fabric and the composite prepared was observed by
their SEM micrographs. Figure 4.9 (a) and 4.9(b) show the SEM images of pure cotton

and composite respectively.

Figure 4.9 SEM Micrographs of (a) Pure Cotton (b) Cell-0-(AAm),-co-(AAc),-PEG

There appeared no layer over the surface of cotton fabric in Figure 4.9(a) but
uniform layers of hydrogel appeared over the surface of cotton fabric in Figure 4.9(b),

which was a clear indication of grafting of the hydrogel layer over cotton fabric.
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4.5 Mechanical Properties

The mechanical properties of hydrogel film and composites were evaluated

under wet conditions. The data is shown in Table 4.1.

Table 4.1: Mechanical Properties of Hydrogel Film and Hydrogel Composite

Prepared by using PEG in Wet Conditions

Materials Tensile Stress Tensile Extension at

at Max Load Modulus Break

(MPa) (MPa) (mm)
Hydrogel Film 3.07+£.5(0.03) | 31.3%x1.4(0.03) | 26.8+5(0.02)
Cell-0-(AAm),-co-(AAc),-PEG | 4.21 £0.5(.01) 91.6£5 (.02) | 7.51+0.6 (.01)

Values in the bracket show coefficient of variation (CV).

The tensile strength was lower (3.0MPa) but extension at break was much
higher (26.8mm) in case of hydrogel film as compared to hydrogel composite, in case
of which tensile strength was 4.2MPa and extension at break was 7.5mm. Hydrogel
composite showed very high modulus as compared to hydrogel film. These results
supported the reinforcement of the strength of the hydrogel after grafting over the

fabric.
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CHAPTER 5

SYNTHESIS AND CHARACTERIZATION OF HYDROGEL
COMPOSITE BY GRAFT COPOLYMERIZATION OF POLY
(ACRYLAMIDE-CO-ACRYLIC ACID) OVER COTTON
FABRIC USING MBAAM AS CROSS-LINKER

In this chapter, the mechanism of the grafting and cross-linking reaction, effect
of various parameters on the grafting of copolymer of poly (acrylamide-co-acrylic
acid) over cotton fabric and insertion of cross-links in between the chains of grafted
copolymer using MBAAm in terms of grafting yield were explored. The study was
also focused on the characterisation of the composite using FTIR (Fourier transformed
infrared spectroscopy) and SEM (scanning electron microscopy) techniques. The
mechanical strength of the composite has also been compared with that of the

hydrogel film by using UTM data.

5.1 Reaction Mechanism

The active sites were generated when the cotton fabric was treated with APS
solution. The APS abstracted cellulosic hydrogen and generate cellulose macro
radicals which initiated graft polymerization reaction in the presence of acrylamide. It
gave a new free radical which combined with acrylic acid to generate another free
radical. In this way, a chain reaction initiated. Subsequent addition of the monomers to
the activated chain propagated the grafting reaction over the cotton fabric. The
grafting reaction might ceased by coupling or combination with the initiator, or by
disproportionation with the cross-linker.
After grafting of copolymer over cotton fabric, the addition of MBAAm inserted

cross-links among poly (acrylamide-co-acrylic acid) chains by introducing an amide
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group in between the polymeric chain. In this reaction, MBAAm attacked at the
unsaturated chain and generated new free radicals. The mechanism of the reaction is

shown in Figure 5.1.

Proton NH, Cell— « NH,
Cell-OH + APS MCGU—G

Cell—

Cell—

n

Figure 5.1 Mechanism of Grafting Reaction using MBAAm

5.2 Optimisation of Reaction Parameters

5.2.1 Effect of Initiator Concentration

The grafting yield was calculated by preparing the composite using different
APS concentration and the obtained yields were plotted with the respective

concentrations of APS. The plot is shown in Figure 5.2.

The plot indicated an increase in percentage grafting with increase in APS
concentration. This is due to the generation of active sites over the surface of the
cotton fabric by the use of APS. A 0.30+0.04 mm thick hydrogel layer was grafted

with 5% (w/V) APS concentration. A further rise in APS concentration may weaken
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the bonds present among fibers leading to the rupturing of the fabric. At 5% (w/V)

APS concentration, the grafting yield was 184+5%.
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APS Conc.(%,w/V)
Figure 5.2 Effect of Initiator Concentration

Literature review showed an initial increase and then decrease in percentage
grafting with rise in APS concentration because of the homo-polymerization as the
initiator was present in the complete reaction solution™. However, in our case,
presence of initiator only over the surface of the fabric reduced the chances of homo-
polymerization. For further studies, the optimized APS concentration was 5% (w/V)

as it leads to the grafting of a sufficiently thick hydrogel layer over cotton fabric®.
5.2.2 Effect of Monomer Concentration

The percentage grafting was also obtained by varying monomer concentration
and the obtained results were plotted with the respective monomer concentration. The
plot is shown in Figure 5.3. This plot revealed the effect of monomer concentration on

percentage grafting.
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Figure 5.3 Effect of Monomer Concentration

The percentage grafting gradually increased with increase in monomer
concentration. It might be because of the availability of more reaction sites at higher
monomer concentration. Similar findings were observed in case of AAc-AAm grafted
polypropylene composite prepared by Chun et al*®. Sufficiently thick (0.23+0.05mm
thick, resembling with the thickness of the cotton fabric) hydrogel layer was grafted
with 15% (w/V) monomer concentration. A thicker hydrogel layer left the fabric
surface when equilibrated with water due to rupturing of the forces existing between
the hydrogel layer and cotton fabric owing to the bulkiness of hydrogel film in wet
conditions. At 15% monomer concentration, the grafting yield was 182+5%. For

further studies, the optimized monomer concentration was 15% (w/V).
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5.2.3 Effect of Monomer Type

Different hydrogel systems were grafted over the cotton fabric and the

percentage grafting for these systems were plotted. The plot is shown in Figure 5.4.
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150 = Temperature = 55°C
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140 T T T 1

AAc + AAM AAc AAM -
Hydrogel System Grafted

Figure 5.4 Effect of Hydrogel System Grafted
The percentage grafting was found to be highest in case of polyacrylamide
system, followed by grafting of its copolymer and least grafting was observed in case
of polyacrylic acid system. This might be due to repulsive interactions between the
chains owing to ionisation of carboxylic groups of the acrylic acid in the reaction
medium (having pH above than the pK, of acrylic acid) in case of acrylic acid

systems.

5.2.4 Effect of Temperature

The plot shown in Figure 5.5 indicated the effect of the temperature of
propagation reaction on the grafting yield of the hydrogel system over the cotton

fabric.
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Figure 5.5 Effect of Temperature
.An initial rise in % grafting was observed with increase in temperature up to
5045°C and then a decrease. This is because the initial rise in temperature raised the
rate of monomer diffusion and their mobility from the aqueous phase to the fabric
phase. Hence, the percentage grafting increases. A further rise in temperature (above

50+5°C) may accelerate radicals' termination, leading to a decrease in % grafting.

Thus, 50+5°C was the optimised temperature for the grafting reaction.

5.2.5 Effect of Reaction Time

Figure 5.6 shows the effect of reaction time on the percent grafting of hydrogel

over cotton fabric using MBAAm as cross-linker.

The results indicated a regular increase in percentage grafting with passage of
time and a sufficiently thick layer (0.23+0.05mm) was grafted in S5minutes. If the
reaction was continued for a longer period, the thickness of hydrogel layer increased

and the bulky layer readily detached from the fabric surface in wet condition.
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Figure 5.6 Effect of Propagation Reaction Time

Thus, 55minutes was optimised as the sufficient time to graft the hydrogel

layer of requisite thickness over the fabric.

5.2.6 Effect of Cross-linker Concentration

The effect of cross-linker concentration was studied in terms of percentage
grafting and percentage swelling. For this the percentage grafting and percentage
swelling calculated for a specific cross-linker concentration were plotted with the
respective cross-linker concentration. The plots are shown in Figure 5.7(a) and 5.7(b).

The plot shown in Figure 5.7(a) indicated an increase in percentage grafting
with increase in cross-linker concentration up to a certain concentration and then it
became constant because no sites are available for further cross-linking.

The percentage swelling first increased and then reduced after a certain cross-
linker concentration as indicated in Figure 5.7(b) because initial addition of cross-
linker generates pores for holding water. However, a higher cross-linker concentration
increased the compactness of the gel matrix resulting in reduced pore size and

decreased swelling.
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Figure 5.7(a) Effect of Cross-linker Concentration on % Grafting
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Figure 5.7(b) Effect of Cross-linker Concentration on % Swelling
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5.3 Structural Analysis

FTIR spectra of pure cotton and hydrogel composite are shown in Figure 5.8(a)
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Figure 5.8(a) FTIR Spectra of Pure Cotton Fabric
and 5.8(b).

The characteristic bands of cotton at 3300cm™ (for —OH group), 1027cm'1(C—O str.)

were appeared in Figure 5.8(a).

Figure 5.8(b) also revealed characteristics band in the range of 3100-3500cm’™

(due to O-H and N-H stretching) showing the formation of the copolymer of
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Figure 5.8(b) FTIR spectra of Cell-o-(AAm),-co-(AAc),-MBAAm
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acrylamide and acrylic acid and those in the range of 2990-2700cm™ showing
asymmetric and symmetric stretching of C—H of acrylate unit 138 Carbonyl band at
1537cm™ showed the presence of secondary (2°) amide group. It, indeed, indicated N-
H bending trans to the carbonyl 0xygen34. A weak band 1420cm™ was an indication

of C-N stretching showing the presence of cross-linking agent MBAAm.

5.4 Morphological Analysis
Figure 5.9(a) and 5.9(b) show the SEM images of pure cotton and Cell-o-

(AAm),-co-(AAc),-MBAAm respectively.

Figure 5.9 SEM Micrographs (a) Pure Cotton and (b) Cell-0-(AAm),-co-(AAc),-

MBAAm

There was no layer over the surface of cotton fabric as indicated by Figure
5.9(a) but uniform layers of hydrogel appeared over the surface of cotton fabric in
Figure 5.9(b), which was a clear indication of grafting of the hydrogel layer over the

cotton fabric.
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5.5 Mechanical Properties

The mechanical properties of hydrogel film and composites were evaluated under wet

conditions. The data are shown in Table 5.1.

Table 5.1: Mechanical Properties of Hydrogel Film and Hydrogel Composite

Prepared by using MBAAM in Wet Conditions

Materials Tensile Stress Tensile Extension at
at Max Load Modulus Break
(MPa) (MPa) (mm)

Hydrogel film 3.07+.5 (0.03) 31.3£1.4(0.03) 26.8+5(0.02)

Cell-0-(AAm),-co-(AAc),-MBAAmM

6.23+0.6(.03)

275.37+4.9 (.04)

9.73+1.7 (0.05)

Values in the bracket show coefficient of variation (CV).

The tensile strength was found to be lower (3.0MPa) but extension at break

was much higher (26.8mm) in case of hydrogel film as compared to hydrogel

composites, having tensile strength of 6.23MPa and extension at break 9.7mm.

Hydrogel composites revealed a very high modulus as compared to hydrogel film.

These results supported the reinforcement of the strength of the hydrogel after grafting

over the fabric.
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CHAPTER 6

COMPARATIVE STUDY OF SWELLING AND DRUG
RELEASE RESULTS OF POLY (ACRYLAMIDE-CO-
ACRYLIC ACID) HYDROGEL COMPOSITES PREPARED
BY USING MBAAM AND PEG AS CROSS-LINKERS

In this chapter, the swelling and drug release profile of the poly (acrylamide-
co-acrylic acid) hydrogel grafted over cotton fabric composites prepared by using two
different cross-linkers (PEG and MBAAm) have been discussed because cross-linker
tuned the pore-density (volume) and thus, affects the swelling and drug release
behaviour of the hydrogels. In this chapter, the composite prepared by using PEG as
cross-linker is represented as cell-(AAm),-(AAc),-PEG and that prepared by using
MBAAm as cross-linker as cell-(AAm),-(AAc),-MBAAm. The kinetics of swelling

and drug release has also been explored by using various models.

6.1 Swelling Behaviour

The hydrogel composites were pH responsive as revealed in Figure 6.1(a)-(c).

8001 At pH 4.5

0 200 400 600 800
Time(minute)

Figure 6.1(a) Swelling Behaviour of Hydrogel Composites at pH 4.5
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Figure 6.1(b) Swelling Behaviour of Hydrogel Composites at pH 7
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Figure 6.1(c) Swelling Behaviour of Hydrogel Composites at pH 8.5

78



There appeared a gradual sweep in swelling up to a certain point and then it
became constant. This constant value was taken as the equilibrium swelling of the
composites. Equilibrium swelling was maximum [i.e., 1466 % and 720 % respectively
for cell-(AAm),-(AAc),-PEG and cell-(AAm),-(AAc),-MBAAm] at neutral (7.0) pH
and minimum [i.e., 736 % and 490 % respectively for cell-(AAm),-(AAc),-PEG and
cell-(AAm),-(AAc),-MBAAm] in acidic medium below the pK, of acrylic acid
(below pH 4.7). In alkaline medium, however, the equilibrium swelling was
intermediate of these two [i.e., 1050 % and 690 % respectively for cell-(AAm),-
(AAc),-PEG and cell-(AAm),-(AAc),-MBAAm]. This is because at lower pH (below
the pK, of AAc), the carboxylic groups, which were not involved in cross-linking with
the hydroxyl group of PEG, remain unionised and form hydrogen bonds with the
amine group of acrylamide. Thus, polymer-polymer interaction becomes more
dominant over the polymer-solvent (water) interactions”. So the hydrogel shrank and
aggregate together in absence of any repulsive forces causing less swelling. With rise
in pH, the repulsion generated due to ionisation of carboxylic groups leads a large
pore size and hence, results in more swelling. In alkaline media, the structure and
physical forces get weaken due to the dissociation of the carboxylic group leading to

smaller pore size and hence, somewhat less swelling.

At all the pHs swelling was higher in the case of cell-(AAm),-(AAc),-PEG as
compared to cell-(AAm),-(AAc),-MBAAm. This might be attributed to the difference
in the hydrophilicity and chain structure of the cross-linker used. In cell-(AAm),-
(AAc),-PEG, hydrophilicity and comparatively longer chains of PEG might lead to
larger pores for holding more water. It can also be justified through the network

parameter such as polymer volume fraction, average molar mass between cross-links
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M., cross-link density, ¢ and mesh size (§) for cell-(AAm),-(AAc),-PEG and cell-

(AAm)n—(AAc)n-MBAAmSI. These parameters are shown in Table 6.1.

Table 6.1: Network Parameters of Hydrogel Composites, Cell-(AAm),-(AAc),-

PEG and Cell-(AAm),-(AAc),-MBAAm

Network Parameter

Hydrogel Composite

Cell-(AAm),-

Cell-(AAm),-

(AAc),-PEG (AAc),-MBAAmM
Polymer volume fraction,v; 0.28 0.67
Average molecular weight between | 1.293x10° 6.827x10"
cross-links, M,
Cross-link density, ¢ 4.53%x10” 1.05x107
Mesh size,() (in A) 1120 193

This table revealed a higher M, value in the case of cell-(AAm),-(AAc),-PEG

showing its more water absorbing tendency as compared to cell-(AAm),-(AAC),-

MBAAm. As the average molar mass between cross-links M, increased, cross-link

density decreased, which was also evident from the values obtained by calculations.

This table also revealed an increase in mesh size (§) with decrease in polymer volume

fraction showing a high water content which was observed in case of cell-(AAm),-

(AAC),-PEG.

6.1.1 Swelling Kinetics

To study swelling kinetics the swelling data was fitted in different models like

Peppas-model, first-order and second-order kinetic equations. The results have been

reported in Figure 6.2 for cell-(AAm),-(AAc),-PEG and cell-(AAm),-(AAC),-

MBAAmM.
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Figure6.2 Swelling Kinetics for Sample A (a) Peppas Model (b) First-order (c) Second-order, and

Sample B (d) Peppas Model (e) First-order (f) Second-order

Where Sample A= cell-(AAm),-(AAc),-PEG, and Sample B = cell-(AAm),-(AAc),-MBAAm
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Related kinetic constants have been summarised in Table 6.2.

Table 6.2: Kinetic Constants for Swelling at Different pH for Sample A and

Sample B
pH Model Name
value Peppas Model First-order Second-order
R’ n k R’ k) | R® |[Kk@Lmol's"

4.5 Sample A | 0.978 0.324 0.432 0.998 | 0.0036 | 0.997 3x107

Sample B | 0.987 0.57 0.21 0.94 0.0022 | 0.97 1x10”

7 Sample A | 0.997 | 0.327 0.392 0.989 | 0.0016 | 0.971 1x10”

Sample B | 0.997 0.65 0.173 0.62 0.56 0.96 4.2x10°

85 | Sample A | 0.976 0.35 0.416 0.994 0.004 | 0.998 2.3x107

Sample B | 0.97 0.56 0.294 0.84 0.58 0.99 1.6 x10”

Where Sample A =cell-(AAm),-(AAc),-PEG, and Sample B = cell-(AAm),-(AAc),-MBAAm

From Table 6.2, in case of cell-(AAm),-(AAc),-PEG, highest R? values for
first-order kinetics at pHs 4.5 and 7.0 suggested a first-order swelling kinetics in
acidic and neutral medium which showed that the swelling varied directly with the
water content present in the hydrogel before achieving the state of equilibrium.
However, at pH 8.5, the R? value was highest for second-order kinetics showing a
second-order swelling kinetics in alkaline medium, which indicated a direct relation of
swelling with the square of water content present in the composite before achieving
equilibrium. Table 6.2 also revealed that the value of n for cell-(AAm),-(AAc),-PEG
in all the cases was below 0.5 which was a case of Fickian diffusion i.e., swelling took
place mainly by diffusion rather than chain relaxation®®. A similar trend was reported

by Purwar et al. for a similar type of hydrogel composite13 .

Contrary to this, swelling in case of cell-(AAm),-(AAc),-MBAAm followed
second-order kinetics at all the tested pHs (as revealed by R? values). For cell-
(AAm),-(AAc),-MBAAm, n value was greater than 0.5 at 4.5 and 7.0 pH, showing

anomalous (Non-Fickian) diffusion at these pHs. It showed the nearly equal
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contribution of diffusion and chain relaxation towards the swelling of hydrogel
composites. Although the behaviour turned from anomalous to slight Fickian at higher

1?° also observed a second-order

i.e., 8.5 pH as suggested by n value (0.46). Thakur et a
swelling kinetics and non-Fickian mechanism for poly(acrylamide-co-acrylic acid)

hydrogel system prepared by using MBAAm as cross-linker.

The weight loss after swelling experiment in the case of cell-(AAm),-(AAC),-
PEG was 40% whereas in the case of cell-(AAm),-(AAc),-MBAAm it was only 8%.
It suggested that cell-(AAm),-(AAc),-PEG disintegrated faster as compared to cell-
(AAm),-(AAc),-MBAAm because it hold more water due to its more hydrophilicity
and large pores but the inter particles entanglement were weaker as compared to that

generated by MBAAm as cross-linker.

6.2 Antimicrobial Behaviour

Results of antimicrobial tests are revealed in Figure 6.3(a) and 6.3(b). A clear
zone of inhibition of growth of bacterial colonies below and around the drug loaded
composite was observed whereas a dense population of bacterial colonies appeared in
the control set that contained hydrogel composite having no drug. The zone diameter
for E.coli. and S. aureus. were 17.5mm and 14.0mm in case of cell-(AAm),-(AAC),-
PEG whereas these were found to be 15.0mm and 11.0mm for cell-(AAm),-(AAC),-
MBAAm because drug (gentamicin sulphate) destroyed the bacterial cell when comes
in its contact. Inhibiting action of drug-loaded composite material was a piece of

evidence for drug release from both the composite samples.
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Figure 6.3(a) Antimicrobial Behaviour of Cell-(AAm),-(AAc),-PEG
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Figure 6.3(b) Antimicrobial Behaviour of Cell-(AAm),-(AAc),-MBAAm

More diameter of zone of inhibition in cell-(AAm),-(AAc),-PEG as compared

to cell-(AAm),-(AAc),-MBAAm supported the dependency of bactericidal action of

composite material upon the amount of drug released, i.e., upon the swelling and drug

loading property of the composite.
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6.3 Drug Release Studies

When gentamicin sulphate drug was used, the aliquot was derivatized using
the method proposed by Pishbin et al'®. In this method, a reactive solution was
prepared by dissolving 130.0mg ortho-phthalaldehyde in 0.5mL methanol and then
mixing it with 3.8mL borate buffer (pH 10.4) and 290.0uL 2-mercaptoethanol. Final
volume of the reactive mixture was made 5.0mL using borate buffer. For
derivatization, mixture of 1.0mL aliquot, 0.4mL reactive mixture and 1.2mL 2-
propanol was kept in a heating bath at 40°C for Sminutes. The calibration curve was
made using gentamicin sulphate derivative solutions having concentrations in the
range 0.0 to 0.lmgml' at 333nm. The aliquot derivatives were analysed
spectrophotometrically at 333nm using Cary 300 UV-VIS spectrophotometer.

UV-VIS spectrophotometer was used to check the amount of drug loaded in the
composites. This amount was calculated from the difference of amount taken initially
and the amount of drug remaining in the mother liquor after loading in the composites.
The amount of drug loaded was found to be 76.45 % and 55.89 % respectively for
cell-(AAm),-(AAc),-PEG and cell-(AAm),-(AAc),-MBAAm. Although a good
amount of drug was loaded in both the cases but more drug was loaded in case of cell-

(AAm),-(AAc),-PEG due to more hydrophilicity and optimum pore size in this case.
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Figure 6.4 reveals plots of drug release as a function of time.
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Figure 6.4 Cumulative Drug Release from (a) Cell-(AAm),-(AAc),-PEG (b) Cell-

(AAm),-(AAc),-MBAAmM

From these plots, it was evident that maximum drug release was observed at
pH 7.0. Below and above this pH, hydrogen bonding and weakening of physical
forces between polyacrylic acid and polyacrylamide respectively resulted in lesser
release. Up to 68% drug was released in the first 12 h in the case of cell-(AAm),-

(AAc),-PEG while it was only 62% in the case of cell-(AAm),-(AAc),-MBAAm.
6.3.1 Drug Release Kinetics

Drug release data were fitted in different kinetic models like Peppas-model,
Higuchi-model, zero-order, first-order and second-order equations. These plots for

cell-(AAm),-(AAc),-PEG and cell-(AAm),-(AAc),-MBAAm are shown in Figure 6.5.
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Figure 6.5 Drug Release Kinetics for Cell-(AAm),-(AAc),-PEG (a-c) and for Cell-(AAm),-

(AAc),-MBAAm (d-f)

[Where, Sample A= cell-(AAm),-(AAc),-PEG and Sample B= cell-(AAm),-(AAc),-

MBAAm]
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The plots showing maximum linearity, was supposed to be the best fit model
in each case. The kinetic constants of different models for these two composites at

different pHs are summarized in Table 6.3.

Table 6.3: Kinetic Constants for Drug Release at Different pH for Composite

Cell-(AAm),-(AAc),-PEG and Cell-(AAm),-(AAc),-MBAAmM

pH Value Model Name
Peppas-Model First-order Second-order
R’ n k R’ ks | R® |[Kk@Lmol's"
4.5 | Sample A 0.994 0.438 0.28 0.993 | 0.0012 | 0.97 5%107
Sample B 0.995 0.74 0.134 0.977 | 0.0036 | 0.96 1.8x107
7 | Sample A 0.99 0.43 0.29 0.99 0.0017 | 0.98 2.6x107
Sample B 0.991 0.62 0.174 0.984 | 0.0012 | 0.98 2%x107
8.5 | Sample A 0.99 0.416 0.32 0.995 | 0.0019 | 0.98 1.8x107
Sample B 0.998 0.586 0.199 0.96 0.0023 | 0.93 1.7x107

[Where, Sample A= cell-(AAm),-(AAc),-PEG and Sample B= cell-(AAm),-(AAc),-

MBAAm]

From the table, it was evident that the value of correlation coefficient was
highest for Peppas-model at all the studied pHs. It means drug release followed
Peppas-model in both cases. According to this model, for a slab like drug delivery
system, value of release exponent provides information about the type of diffusion. A
system having the value of n < 0.5 corresponds to Fickian diffusion, that having value
0.5 < n <I corresponds to anomalous or non —Fickian transport and that having value

> | corresponds to case II transport™,*’.

Table 6.3 also revealed the value of n below 0.5 showing Fickian type drug
release i.e. drug release was mainly controlled by diffusion rather than chain
relaxation in case of cell-(AAm),-(AAc),-PEG. Value of constant k also increased
with a rise in pH of medium showing its dependency upon the structural constitution

of the hydrogel composite. At lower pH hydrogen bonds formed by unionised
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carboxylic group resulted in smaller pores. At a pH greater than pK, of AAc (pK, =
4.7) repulsion among negatively charged carboxylate ions led to the formation of
larger pores. In alkaline medium diminishing of physical forces between PAAc and
PAAm further resulted in somewhat smaller pore size. These results were in
agreement with that reported by Purwar et al'*. Table 6.3 shows value of n greater
than 0.5 supporting a non-Fickian diffusion. It means drug release was governed by

diffusion as well as chain relaxation in the case of cell-(AAm),-(AAc),-MBAAm.

Mesh size calculation revealed a higher mesh size in case of cell-(AAm),-
(AAc),-PEG i.e. it had more surface area so drug release was governed by diffusion
rather than chain relaxation, a case of Fickian diffusion. On the other hand, drug
release from cell-(AAm),-(AAc),-MBAAm was governed by diffusion as well as
chain relaxation (a case of non-Fickian diffusion) because of its lesser mesh size (as

represented in Figure 6.6).
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Figure 6.6 Schematic Diagram Showing Mechanism of Drug Release from (a)

Cell-(AAm),-(AAc)n-PEG (b) Cell-(AAm),-(AAc),-MBAAmM
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CHAPTER7:

FABRICATION AND CHARACTERIZATION OF POLY
(ACRYLAMIDE-CO-ACRYLIC ACID) HYDROGEL
NANOFIBERS

In this chapter, the reaction mechanism involved in the preparation of hydrogel
nanofibers has been discussed. The morphological and structural analysis of the poly
(acrylamide-co-acrylic acid) hydrogel nanofibers have also been revealed by using
FTIR, SEM, DSC and TGA techniques. The swelling and drug release behaviour of

the hydrogel nanofibers have also been explored

7.1 Reaction Mechanism

When AAc was treated with APS, it attacked at the unsaturated carbon
generating free radicals. When this solution was added to the solution of acrylamide,
the free radicals attacked at the unsaturated carbon of acrylamide forming another free

radicals. Thus, a chain reaction was initiated. Subsequent addition of monomer units
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Figure 7.1 Reaction Mechanism Showing Formation of Poly (acrylamide-co-
acrylic acid) Copolymer Dope Solution
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resulted in the propagation of the chain leading to the formation of copolymer of poly
(acrylamide-co-acrylic acid). The dope solution was electrospun and subjected to heat
treatment at a temperature of 150°C for 10 minutes to introduce ester linkage in
between the polymer chains. The reaction mechanism for the formulation of hydrogel

nanofibrous mat was shown in Figure 7.1.

7.2 Morphological Analysis

Morphology of hydrogel nanofibrous mats was shown by its SEM images as

given in Figure 7.2(a).

Frequency
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Diameter range (nm)

10.0um

Figure 7.2 (a) SEM Image of Hydrogel Nanofibrous Mat (b) J Image Analysis for
Fibre Diameter

Bead less nanofibrous morphology was obtained at 23kV voltage. However,
there appeared a large variation in the fibre diameter. Figure 7.2(b) showed the
diameter distribution of different nanofibers. The average diameter of the nanofibers
was found to be 275nm+94.5. This was due to the change in viscosity of the solution
with passage of time. The average diameter and bead less structure of nanofibers
depended on the concentration of polymer in the dope solution, molecular weight of

the polymer, and process parameters of the electrospinning machines. Similar
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diameter range were reported for hydrogel nanofibers made from CTS-g PNIPAAm /
poly (ethylene oxide)*® and PVA'*'. The diameter of poly (acrylamide-co-maleic acid)

127

hydrogel nanofibers was found to be lower i.e., 120nm ~'. The average diameter of

chitosan / PLA / PEG'® and chitosan / PVA'* hydrogel nanofibers were reported to

be 341nm and 430nm respectively.

7.3 Structural Properties

In Figure 7.3 FTIR spectra of non-cross linked and cross-linked nanofibrous

mats are shown.
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Figure 7.3 FTIR Spectra for Uncross-linked and PEG Cross-linked

Nanofibrous Mats

Figure 7.3 clearly revealed the characteristic bands of copolymer of poly
(acrylamide-co-acrylic acid). In this spectra, band at 3456cm ' was due to N-H
stretching, at 1727cm™' it was for C=0 (C=O of acidic group) stretching, and at
1659cm !, it was for C=0 (C=0 of acrylamide group) stretching. In the spectra of
cross-linked nanofibrous mats, an extra band at 1167cm ! was for C-O-C stretching
showing the presence of PEG cross-linking in hydrogel. Other characteristic bands of

poly (acrylamide-co-acrylic acid) cross-linked with PEG such as N-H stretching at
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3442cm™', C=0 (C=O0 of acrylamide group) stretching at 1658cm ' and C=0 (C=0 of

acidic group) stretching at 1727cm™" also appeared in it.

These results were in close agreement with the FTIR results reported by Purwar et
al’®., where they examined the cotton grafted poly (acrylamide-co-acrylic acid)

hydrogel.
7.4 Thermal Properties

These properties of cross-linked and non-cross-linked nanofibrous mats were

analysed through DSC and TGA.

Figure 7.4 shows the DSC thermogram of cross-linked and non-cross-linked

nanofibrous mats.

0= DSC Results
2 - Crosslinked
4 Un-crosslinked
e 6 -
% Peak=64.75"C
= s Area =54.569m)J
% Delta H=38.97)/g
[}
3 10 - Peak=73.22°C
Lﬁ Area=1.389mJ
= 12 = Delta H=0.634)/g
o
T 144
T+ ¥ ¥ L ) ) T )
20 40 60 20 100 120 140 160

Temperature (°C)

Figure 7.4 DSC Thermogram of Uncross-linked and PEG Cross-linked

Nanofibrous Mats

The non-cross-linked sample and cross-linked nanofibrous mats showed
endothermic peaks at 73.22°C and 64.75°C due to loss of water’®. The values of

enthalpy are 0.694J) g_1 and 38.97Jg " at endothermic peak of 73.22°C and 64.75°C
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respectively. The higher enthalpy value for cross-linked nanofibrous mats as
compared to that of uncross-linked sample suggested that the nanofibrous hydrogel

had more capacity to hold water as compared to its non-cross-linked counterpart.

The thermal degradation behaviour of non-cross-linked and cross-linked nanofibrous

mats is shown in Figure 7.5.
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Figure 7.5 TGA Thermogram of Non-cross-linked and PEG Cross-linked

Nanofibrous Mats

Both the samples showed three steps degradation behaviour. Initially up to

100°C, the mass loss was due to water content. The cross-linked sample showed

higher thermal stability as compared to non-cross-linked sample above 400°C.
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7.5 Swelling Behaviour

The swelling behaviour of hydrogel nanofibrous mat as a function of time was

studied at different pHs (in the range of 2.0 to 8.5) and the results are shown in Figure

7.6.
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Figure 7.6(a) Swelling Behaviour of Hydrogel Nanofibrous Mat at Different
pHs

It was observed that the hydrogel nanofibrous mats i.e., cross-linked
nanofibrous mats, attained the maximum percentage swelling within 8h at all the pHs.
However, a continuous swelling was observed up to 30h. The percent swelling
increased with increase in pH upto pH 7.0 and then decreased. The maximum percent
swelling (430%) was achieved at pH 7.0 (neutral medium). This swelling behaviour of
poly (acrylamide-co-acrylic acid) hydrogel nanofibrous mat can be explained by the
fact that at lower pH i.e., below the pK, of AAc, all the pendant groups exist in

unionized form and some hydrogen bonds may exist between carboxylic acid and
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amino groups. Formation of hydrogen bonds reduces the available space for holding

water molecules resulting in low percentage swelling.
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Figure 7.6(b) Swelling Behaviour of Hydrogel Nanofibrous Mats in First 500

Minutes

In alkaline pH (8.5), a decline in percent swelling was because of the
dissociation of carboxylic group in alkaline medium. Due to which the physical forces
existing between poly acrylic acid and poly acrylamide became weak, hence pores got
diminished. Similar results were observed in our previous study where poly
(acrylamide-co-acrylic acid) hydrogel cross-linked with polyethylene glycol was

grafted over cotton fabric.

A major observation was found that the hydrogel nanofibrous mat achieved
equilibrium swelling in 10h. In case of grafted hydrogel films the equilibrium swelling

was achieved after 20h, however the amount of maximum swelling percentage
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achieved 800%'"*°. The swelling percentage of polyacrylic acid nanofibers cross-
linked with B-cyclodextrin was reported 1800% at pH 7.0. Jin et al.'” have compared
swelling behaviour of hydrogel films and nanofibrous mat prepared with polyvinyl
alcohol / polyacrylic acid blend and reported that percent swelling increased with rise
in pH. The mass swelling of films were found higher than that of nanofibrous mat.
The nanofibrous hydrogel attained equilibrium swelling within 10minutes as

compared to 30minutes in the film form.
7.5.1 Swelling Kinetics

Swelling kinetics of the hydrogel nanofibrous mats was studied by fitting the swelling
data into different kinetic models namely Peppas-model, Higuchi-model, zero-order,
first-order and second-order kinetics equations. The plots of the models / equations,

having higher value of R?, are shown in Figure 7.7(a) to (c).
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Figure 7.7(a) Peppas-Model
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Out of these, the plot having maximum linearity was considered as best fit
kinetic model. Kinetic constants for swelling at different pHs using various kinetic

models have been summed up in Table 7.1.

Table 7.1: Kinetic Constants for Swelling at Different pH

Peppas Model First-order Model Second-order
Model

pH (RZ)a nb kc (RZ)a kc (R2)a kc
2 0.89 0.23 0.11 0.57 0.027 0.96 0.0017
4.5 0.955 0.23 0.21 0.32 0.02 0.99 0.0032
5.5 0.95 0.27 0.164 0.30 0.029 0.99 0.0018
7 0.98 0.094 0.451 0.399 0.009 0.99 0.0027
8.5 0.86 0.066 0.7 0.19 0.0046 1 0.013

Correlation coefficient,” Release exponent,® Constant of hydrogels

Value of correlation coefficient (Rz) clearly indicated that swelling followed
second order kinetics at all the pHs taken for study (2.0, 5.5, 7.0, 8.5). Literature
review revealed that swelling kinetics of polymer hydrogel may be either diffusion
controlled (Fickian) or relaxation controlled (non- Fickian). The mechanism of water
insertion into the hydrogel nanofibrous mats was governed by diffusion of water
molecules into the gel matrix and subsequent relaxation of polymeric chain of
hydrogel nanofibers. Literature also revealed first-order swelling kinetics for poly
(acrylic acid) hydrogel at all the pHs studied while second-order swelling kinetics for
poly (acrylamide-co-itaconic acid) / chitosan and chitosan-g-PAAm hydrogel’. In this
study, swelling kinetics was of second order at all the pHs studied. It suggested
swelling rate varied directly with the square of water content retained in the hydrogel
nanofibrous mat before attaining equilibrium. With passage of time, swelling rate

decreased rapidly because of its dependence upon the osmotic pressure difference.
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Swelling kinetic of poly (acrylamide-co-acrylic acid) hydrogel films emulate first

order kinetics at pH 5.5 and 7.0 while at pH 8.5 it emulates second order kinetics”.
7.6 Antibacterial Activity

A clear inhibition zone was generated within and around the drug loaded
samples in the 24h incubated agar plates. This shows the bactericidal behaviour of the
hydrogel nanofibrous mats. The growth of inhibition zone, for both Gram-positive and
Gram-negative bacteria, were measured. From Figure 7.8, the mean diameter of
inhibition zone for Gram-positive bacteria S. aureus. was found around 13.5mm and

for Gram-negative bacteria E. coli. it was found 12mm.

Zone Diameter
=13.5mm

Growth of E.coli when Drug is Not Growth of E.coli when Drug is loaded in
loaded in Hydrogel Nanofibre Hydrogel Nanofibre

Zone Diameter =
14.8 mm

Growth of S.qureus when Drugis Growth of S.aureus when Drug is loaded
Not loaded in Hydrogel Nanofibre in Hydrogel Nanofibre

Figure 7.8 Antibacterial Activity of Drug Loaded Hydrogel Nanofibrous Mats

The results showed that amoxicillin drug readily comes out from the
nanofibrous mats and show very good zone of inhibition around the samples. The
amoxicillin released from the nanofibrous mats ruined the cell walls of both the

bacterial strains.
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7.7 Drug Release Behaviour

Figure 7.9 shows the amount of drug discharged as a function of time at different pHs.
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Figure 7.9 Cumulative Drug Release from Hydrogel Nanofibrous Mats

From the Figure it was evident that a considerable amount of drug was
discharged at all the pHs and maximum liberation was observed at pH 7.0. Up to 68%

of drug came out in first 9 h.
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7.7.1 Drug Release Kinetics

The drug release data was fitted into various kinetic models like Peppas model,
Higuchi model etc. The graphs of Peppas model and Higuchi model are shown in

Figure 7.10(a) and (b) respectively.
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Figure 7.10(a) Plots of Higuchi Model

The graph showing highest linearity was considered as best fit model.
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The kinetic constants for drug release at different pHs for different kinetic

models were summarized in Table 7.2.

Table 7.2: Kinetic Constants for Drug Release at Different pH

Peppas Model Higuchi Model
pH (RZ)a nb kC (RZ)a kC
2 0.95 0.12 46.26 | 0.82 0.008

5.5 0.93 0.21 49.74 0.7 0.006

7 0.95 0.28 54.47 | 0.78 0.016

8.5 0.91 0.15 52.17 | 0.74 0.010

“Correlation coefficient, "Release exponent, ‘Constant of hydrogels

From this table it was clear that drug release kinetics was best described by
Peppas-model as the value of correlation coefficient was found to be more than 0.9.
Studies suggested that a drug delivery system with slab geometry and values of
release exponent (n) < 0.5, 0.5 < n < 1.0 or 1.0 corresponds to Fickian diffusion,
anomalous transport and case-1I transport (zero order release) respectively.
Theophylline release from poly (acrylic acid-co-acrylamide) hydrogels followed an
anomalous kinetics*' while gentamicin sulphate liberation from poly (acrylamide-co-
acrylic acid) showed anomalous diffusion at low acrylic acid concentration and

Fickian diffusion at high acrylic acid concentration®.

For hydrogel nanofibrous mat release exponent value was below 0.5 at all the
pHs which indicated Fickian diffusion at all the pHs. It means that the drug diffusion
rate was less as compared to the relaxation rate of the hydrogel matrix. The table also
indicated that value of k raises with increase in pH up to 7.0 and then decreased. Since
k is related with the geometry of the hydrogel, so it can be assumed that the pore size

in the nanofibers hydrogel was maximum at pH 7.0 because of the repulsion between
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the negatively charged carboxylate groups formed due to the ionization of carboxylic
acid groups at this pH. However, above this pH, the physical forces working between
poly acrylic acid and poly acrylamide diminished and hence pore size reduced
resulting in less drug release. A lack towards the study of drug release kinetics from
hydrogel nanofibers was appeared in the previous papers. Yuan et al.>? studied the
release of BSA as a model protein from hydrogel nanofibers of CTS-g-PNIPAAm /
PEO and reported that BSA release was a diffusion controlled process. Agarwal and
Purwar studied the drug release kinetics of hydrogel films of poly (acrylamide-co-
acrylic acid) and reported that it fits best in Peppas-model i.e., drug release occur by
Fickian diffusion mechanism'’. This was also in accordance with the results obtained

for hydrogel nanofibers.
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CHAPTER 8
CONCLUSIONS

Bilayer composites of poly (acrylamide-co-acrylic acid) grafted cotton fabric
were prepared using cross-linkers MBAAm and PEG. The optimized conditions for
the development of bilayer composites were initiator concentration 5%(w/V),
monomer ratio 1:1 (in mol), monomer concentration 15%(w/V), reaction time
S55minutes, and reaction temperature 50+5°C. The cross-linker concentration was
found to be 0.1% (w/w) in case of composite prepared by using PEG, whereas it was
found to be 0.3% (w/w) in the case of the composite prepared using MBAAm as a
cross-linker. Sufficiently thick i.e., 0.23+0.05mm thick in case of composite prepared
by using PEG and 0.30+0.04mm in case of composite prepared using MBAAm,
hydrogel layer were grafted over the cotton fabric. These layers had approximate
resemblance with the thickness of the cotton fabric. The grafting yield was 102% and
184% in case of composites prepared by using PEG and MBAAm respectively. These
composites were characterised structurally and morphologically using FTIR and SEM
techniques. Cross-linking by PEG in the hydrogel was revealed by a characteristic
band of C-O-C stretching at 1168cm’™ showing the presence of ester linkage in it
whereas cross-linking by MBAAm was indicated by a weak band at 2156cm’
showing the presence of C-N bond. SEM micrographs of both the composites
revealed formation of a uniform layer of hydrogel over the cotton fabric. Mechanical
testing using Universal Testing Machine (Instron-2700) showed a higher tensile
strength (6.2 and 4.2MPa respectively for the composite prepared with MBAAm and

PEG as cross-linkers) of the composites as compared to the hydrogel film.
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Comparison of grafting and swelling ability tests of the grafted composites
suggested more grafted and a highly condensed structure in case of composite
prepared by using MBAAm but swelling ability of composite prepared by using PEG
was just the double in comparison to that prepared with MBAAm at all the pHs
studied. However, maximum swelling i.e., 1466% and 720% respectively, for the
composites prepared by using PEG and MBAAm was achieved at neutral pH.
Swelling of the composite prepared by using PEG followed first-order kinetics at
acidic and neutral pH, whereas second-order kinetic model at pH8.5 while that
prepared using MBAAm followed second-order kinetic equation at all the pHs
studied. The swelling kinetics was also governed by Peppas-model at all pHs.
Antimicrobial tests were performed to show the effectiveness of drug loaded within
the hydrogel samples. The zone diameter in the discs having E.coli. and S. aureus.
were 17.5mm and 14.0mm in case of composite cell-(AAm),-(AAc),-PEG whereas
these were found to be 15.0mm and 11.0mm for cell-(AAm),-(AAc),-MBAAmM. More
diameter of zone of inhibition in case of composite cell-(AAm),-(AAc),-PEG as
compared to the composite cell-(AAm),-(AAc),-MBAAm supports the dependency of
bactericidal action of composite material upon the amount of drug released, i.e., upon
the swelling and drug loading property of the composite. The amount of drug loaded
was found to be 76.45% and 55.89% respectively for cell-(AAm),-(AAc),-PEG and
cell-(AAm),-(AAc),-MBAAm. Although a good amount of drug was loaded in both
the composites but more drug was loaded in case of cell-(AAm),-(AAc),-PEG due to
more hydrophilicity and optimum pore size in this case. Release kinetics of
gentamicin sulphate from both the composites was studied in phosphate buffer of pH
5.5, 7.0 and 8.5 at 37+0.1°C and observed that it was faster in phosphate buffer of pH

7.0. Up to 68% drug was released in the first 12h in case of cell-(AAm),-(AAc),-PEG
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while it was only 62% in case of cell-(AAm),-(AAc),-MBAAm. On fitting release
data in Peppas-model, Higuchi-model, zero-order, first-order and second-order kinetic
equations, it was found that drug release was diffusion controlled and followed
Fickian diffusion mechanism in case of composite prepared by using PEG as cross-
linker whereas it was controlled by diffusion as well as chain relaxation in case of

composite prepared by using MBAAm.

Hydrogel nanofibers of copolymer of poly (acrylamide-co-acrylic acid) were
also developed using electrospinning machine with a voltage of 23kV, tip to collector
distance 15cm and feed rate of 3.5-4uLmin” followed by cross-linking through heat
induced esterification at 145-150°C. The obtained fibers had bead less morphology
and average fiber diameter of 275+94.5nm. These mats were highly porous structure
with 74% porosity. Swelling of these mats was highest at neutral pH and it followed
second-order kinetics at all pHs. Half of the swelling was achieved within a period of
two hours. The nanofibrous mats were loaded with amoxicillin drug for antimicrobial
activity. Formation of a clear zone of inhibition with both Gram positive and Gram
negative bacteria in disc diffusion test confirmed the loading and releasing of the drug
from the hydrogel nanofibrous mat. The drug release kinetics followed Fickian
diffusion (n < 0.5). Initial excessive swelling and a higher initial release rate make the

hydrogel nanofibrous mat a potent candidate for making active wound dressings.
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FUTURE PROSPECTIVE OF THE RESEARCH

This research work helps in understanding the correlation of drug release with
the geometry of the dressing matrix. It opens many new opportunities for the
development of several other hydrogel based nanofibers and their use for the release

of various nutrients.

This is only an initial step for the development and characterisation of
nanofibers of poly (acrylamide-co-acrylic acid). Further study of the rheological

properties of hydrogel nanofibers is still unrevealed.
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