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Development of stimuli-responsive polymeric hydrogels 
and their applications 

ABSTRACT 

The present thesis deals with synthesis, characterization and evaluation of pH and 

electro-responsive swelling behaviour, actuation and drug release behaviour of some of 

the composite and nanocomposite hydrogels. A considerable effort has been devoted to 

enhance their pH and electro-responsive behaviour by the incorporation of different fillers 

such as polyaniline, graphite, organically modified montmorillonite clay (OMMT) and 

multiwall carbon nanotubes (MWCNTs). The influence of various parameters on swelling 

behaviour and in vitro biocompatibility of the prepared hydrogels have been determined. 

The actuation and drug release behaviour under the application of an electric field have 

been determined and reported. Moreover, the effects of fillers and nanofillers on 

mechanical strength and conductivity of the hydrogels have also been reported. The 

contents of the thesis have been compiled into six chapters. 

Chapter 1 deals with the general introduction on gels, hydrogels and stimuJi­

responsive polymeric hydrogels, their synthesis, characterizations, properties, importance, 

history and various fields of applications. A brief review on classification of different 

.hydrogels according to preparation methods, ionic charges, nature of the crosslinked 

junctions, crystallinity and various environmental responses has been described in this 

chapter. The applications of hydrogels in actuator and controlled drug delivery systems 

have been outlined. The chapter also focuses the scopes and objectives along with the 

plans of work of the present investigation. 

Chapter 2 reports the synthesis and characterization of two sets of pH and electro­

responsive composites based on poly(acrylamide-co-acrylic acid)/polyaniline and 

poly(acrylamide-co-acrylic acid)/graphite. The composite hydrogels are characterized by 

FT -IR, UV -Visible, XRn and SEM analysis. The tensile strengths of the both sets of 



hydrogels are determined by using a universal testing machine. The influence of various 

parameters on swelling and electrical properties of the composite hydrogels is evaluated. 

The in vitro biocompatibility of the composite hydrogels is tested by hemolytic 

potentiality test. Also, the bending behaviours of the both sets of composite hydrogels 

under the application of an external electric field have been determined by a home-made 

apparatus. 

Chapter 3 describes the synthesis of electric field responsive poly (vinyl alcohol)-g­

polyacrylic acid/OMMT nanocomposite hydrogels and evaluation of their swelling 

kinetics. The prepared nanocomposite hydrogels are characterized by FT-IR, XRD, SEM 

and TG analysis. The various network parameters such as average molecUfar weight 

between crosslinks (Me), crosslinking density (p), and mesh size (~) are evaluated and the 

effect of these parameters on swelling behaviour is also determined. Finally, the bending 

behaviour of the nanocomposite hydrogels under an external electric field has also been 

measured. 

Chapter 4 deals with the synthesis of pH-responsive, biocompatible 

carboxymethylcellulose-g-poly(acrylic acid)/OMMT nanocomposite hydrogels for in vitro 

release of vitamin B12. The nanocomposite hydrogels are characterized by using 

techniques such as FTIR, SEM and XRD analysis. The mechanical strength of the 

nanocomposite hydrogels is determined by dynamic mechanical analysis (OMA). The 

effects of various parameters on the swelling behaviour of the hydrogels have been 

studied and the in vitro biocompatibility has been determined by hemolytic potentiality 

test. The pH-responsive release of vitamin B12 has been studied during different time 

periods using a UV -visible spectrophotometer and reported. 

Chapter 5 reports the study of electric field assisted drug release from pH and 

electro-responsive Gelatin-g-poly(acrylic acid)/MWCNTs nanocomposite hydrogels. The 

nanocomposite hydrogels are characterized by FTIR, SEM and XRD analysis. The effects 

of pH, MWCNT-COOH content and applied electric field on swelling behaviour of the 

hydrogels are determined. The pulsatile release of vitamin B12 under the applied electric 

field is evaluated and the influence of ionic strength of the release media and MWCNT-

11 



COOH content has been determined. The drug release behaviour is also studied by using 

response surface methodology. 

Chapter 6, the last chapter of the thesis includes the concluding remarks, 

highlights of the findings and future scopes of the present investigation. The synthesized 

composite and nanocomposite hydrogels possess improved stimuli-responsive behaviour 

than the native gel in all the cases. The hemolytic potentiality test reveals that, all the 

prepared hydrogels are biocompatible in nature. The observed behaviour suggests the 

possible applications of the composite and nanocomposite hydrogels as artificial muscle, 

sensors, switches and electric current modulated drug delivery systems etc. 
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Preface 

Hydrogels are three-dimensional (3D) macromolecular networks composed of crosslinked hydrophiliC polymer 

chatns which can absorb upto thousands of times their dry weight of water or biological jluuis Stimuli-responsive (smart 

Dr intelligent) hydrogels are the polymenc networks which change their equlllbnum swelling with the change of the 

surrounding enVironment such as pH. lomc strength, temperature, pressure, light, electric, magnetic, sound etc Due to 

the fasCinating properties of the stimuli-responsive hydlogels, they prOVide platform for creating novel smart matenals for 

a Wide range of applicatIOns espeCially In the bIOmedical field As a result, hydlogels are commonly used In cllmcal 

practice and experimental mediCine for a Wide range of applicatIOns, inclUding controlled drug deltvelY, tissue 

englneenng, wound dreSSing, actuators, sensors etc 

The present thesiS deals with syntheSIS, charactenzatlOn and evaluatIOn of pH and electro-responsive swelling 

behaVIOur, actuation and drug release behaViour of some of the composite and nanocomposlte hydrogels An effort has 

been devoted to enhance their pH and electro-responsive behaVIOur by the incorporatIOn of different fillers such as 

polyamllne, graphite, orgamcally modified montmorillomte clay (OMMT) and multlwall carbon nanotube~ (MWCNTs) 

The contents oj the thesiS have been compiled Into SIX chapters Chapter 1 deals with the general introductIOn of 

hydrogels Chapter 2 deals With the syntheSIS of two sets of pH and electro-responsive composites based on 

poly(acrylamlde-co-acryltc aCld)/polyamlme and poly(acrylamlde-co-aClyltc aCld)/graphlte The bendmg behaVIOurs of 

the composite hydrogels under the applicatIOn of an external electnc field have been determmed Chaptel 3 deSCribes the 

synthesiS of electnc field responsive poly (Vinyl alcohol}-g-polyacryltc acuJ/OMMT nallocomposlte hydrogels The 

network parameters such as average molecular weight between crosslmks (MJ, crosslmlang density (p), and mesh size (f) 

are evaluated Chapter 4 descnbes the 5ynthesls of pH-responsive, blOcompatlble carboxymethylcellulose-g-poly(acryltc 

aCld)/OMMT nanocomposlte hydrogels for m vitro release of vltamm B 11" Chapter 5 reports the study of electriC field 

asSisted dnJg release from pH and electro-responsive Gelatm-g-poly( acryliC aCld)/MWCNTs nanocomposlte hydrogels 

Chapter 5 repO! Is the study of electnc field ruslsted drug release from pH and electro-responsive Gelatm-g-poly(acryllc 

aCld)/MWCNTs nanocomposlte hydrogels Chapter 6, the last chapter of the theSIS deals With the conclUSIOn and future 

scope of the theSIS The major findmgs of the theSIS are reported m thiS chapter 

We hope that thiS study contnbutes a little knowledge to the rapidly advanclngfield of 'smart hydrogels' and also 

opens up the posslbtlilies of further research on the subject 

ThiS research was carned out m the Department of Chemical SCiences, Tezpur Umverslty wah finanCial 

assIStance from DRDO and CSIR under sponsored research scheme 

9J1.ona{isfza (]3oruafi 
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Chapte~ 1: Introduction 

1.1 Introduction 

Materials are so important In the development of civilization that we associate 

' Ages' with them. In the Stone Age, people used only natural materials, like stone, clay, 

skins, and wood. Undoubtedly materials represent one of the most important preconditions 

of the quality of life of human societyl,2 For the past few decades, advancements in 

material science have driven economic, social and scientific progress and profoundly 

shape our everyday lives. Polymeric products have become so useful and so integral to the 

modern world that it is difficult to imagine life without them. In the 20th century, polymer 

science gave birth to multiple fascinating materials that completely changed our way of 

life. From car tyres and plastic bottles to contact eye lenses, paints etc. we are so used to 

polymers, it can be said that we now live in a polymer age] 

Natural polymers such as cellulose, starch, proteins, lignin, shellac, amber, wool, 

silk and natural rubber etc. have been used for centuries . .t However, these compounds are 

not always found to be suitable for specific use. So, in order to compensate for the 

unsuitability and inconvenience of natural polymers, synthetic polymers have been 

developed by using petroleum based raw materials. The first synthetic polymer was 

produced in 1909, called Bakelite which could be moulded at a high temperature and it 

would retain its shape once cooled. But it wasn't until the World War I that significant 

changes took place in the polymer industry. Polymers have become essential materials for 

almost every industry as adhesives, building materials, paper, cloths, fibers, coatings, 

plastics, cosmetics etc. Now-a-days, researchers have focused on developing synthetic 

routes toward well-defined speciality polymers. 

In the last few years, we have observed a remarkable migration of interest and 

activity from the traditional hard materials towards soft materials, such as biomaterials, 

self-assembly materials, . complex fluids and polymer gels. These soft materials will 

probably never replace hard ones, but their study has led to significant advances in many 

applications for mankind. Polymeric hydrogels are unique materials in the sense that no 

other class of materials can be made to respond to so many different stimuli as polymeric 
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hydrogels. In the last few years, these gels have become of major interest as novel 

intell igent materials. Different kinds of such gels have been developed and studied with 

regard to their application to several biomedical and industrial fields, for example, 

controlled drug delivery systems, musclelike soft linear actuators, biomimetic energy­

transducing devices and separation techniques etc. 

1.2 Gels of polymers 

The utilization of ' gel' in human society date back to 3000 years ago, where ancient 

Egyptians used ' a fat-based hair gel' when they were embalmed. Recently, McCreesh et 

al. from the University of Manchester (UK), revealed in a study that both men and women 

of ancient Egyptians were found to style their hair with 'a fat based gel' to keep their 

identity during the embalming process. They have examined hair samples of 15 mummies 

from the Kellis 1 cemetery, Dakhleh Oasis, Egypt and stated that the hair was styled and 

perfectly curled by using that gelS An art, representing the application of the ' hair gel' is 

shown in the Fig 1.1. 

Fig 1.1 Representation of: (a) use of 'hair gel' in ancient days and (b) a modern 'hair gel'. 

Gels of polymers are the materials of extreme importance to modern human society 

also. They are of great significance in the food industry, industries of photographic 

materials, man-made fibres and many other branches of technology as well as to living 

organisms. A 'gel ' is a polymer solvent system, with a network of sufficiently stable 

bonds which are not destroyed by thermal motion 6 Polymeric gels can be categorized into 

two major classes: thermo-reversib le gels and permanent gels.7 A thermo-reversible gel 
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passes over to the solution due to a change in temperature and the crosslink in a network 

become weaker and may be destroyed by thermal motion, which is known as gel melting. 

But a permanent gel consists of solvent-logged covalently bonded polymer networks. 

They are insoluble and can swell upto a considerable extent when kept in a solvent. 

Permanent gels can be classified according to the nature of the swelling agent. When the 

swelling agent is water, the gel is termed as ' hydrogel '. Similarly, when the swelling agent 

is an organic solvent, mineral oil or vegetable oil, the gel is coined to be organogel. A 

xerogel is a solid formed from a gel by drying with unhindered shrinkage.s Hydrogels can 

be defined as, a crosslinked network of hydrophilic polymers which possess the abi lity to 

absorb large amounts of water and swel1. 9 A hydrogel exhibits swelling in aqueous media 

for the same reasons that an analogous linear polymer dissolves in water to form an 

ordinary polymer solution. Thus, the feature central to the functioning of a hydrogel is its 

inherent crosslinking. 

There are plenty of natural gels which are present in nature. For example, Aloe vera 

leaves are filled with a gel containing vitamins like A, B l , B2, B3, B6, B l2, C and E and 

folic acid . This plant is considered to be a miracle plant because of its numerous curative 

and healing benefits . Carrageenans are a famil y of linear sulphated polysaccharides that 

are extracted from red edible seaweeds. They are widely used in the food industry for their 

gelling, thickening and stabilizing properties. Carrageenan based gel is found to be 

effective against HIY infection also. 

Xanthan Gum, is produced by Xanthomonas compestris bacteria through the 

fermentation of glucose. It is an effective food additive used to thicken, emulsify and 

stabilize water-based foods. It is also used in many different types of food, including salad 

dressings, sauces, condiments, ice creams and other frozen foods . Recently, Professor 

Jun-Woo Park and his team of scientists created 'Gingival' gel by using cutting edge Nano 

Bio-Fusion (NBF) technology, from 'Propolis' which is a natural product collected by 

honeybees from botanical sources to protect the hive from invasion and infection. Propolis 

is already known to be one of nature' s most powerful natural antibiotics. Thus, NBF 

Gingival gel is very much beneficial for diabetes, high blood pressure, heart disease, 

Sl'!._"'M.Lll&.LE!2.sssa ==L£ __ ... ~.£L _______ _. __ __ _ 2E 
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osteoporosis, compromised immunity and cancer sufferers etc.10 Some of the naturally 

available gels are shown in the above Fig 1.2. 

Fig 1.2 Examples of some natural sources of gels: (a) Aloe vera leaves, (b) Carrageenans, (c) 

Xanthan Gum and (d) Propolis. 

Above all , some low molecular weight inorganic molecules also form gels such as, 

silica gel , alumina gel etc. Silica gel is a granular, vitreous and porous form of si licon 

dioxide made synthetically from sodium silicate. The utilization of si li ca gel date back to 

World War II, where it was used to keep penicillin dry, protect military equipment from 
! 

moisture damage, as a fluid cracking catalyst for the production of high octane gasoline, 

as a catalyst support for the manufacture of butadiene from ethanol and also as feedstock 

for the synthetic rubber program. Alumina gel indicates a varied range of colloidal 

hydroxides, varied by the media: water, solvent or air It can act as proficient acid 

absorber and hence commonly used as gastric antacids. ll Recently, low molecular-mass 

organic gelators (LMOGs) have been introduced, which are relatively new and dynamic 

soft materials capable of numerous possible applications. It is generally accepted that a 

LMOG is a molecule that in small amounts, (typically <2 wt%), can gel water or organic 

solvent and combinations thereof, in which the minor solid and major liquid components 

form a three dimensional continuous phase.12 Such gels are commonly formed by 
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dissolving a low percentage (0.1-5.0 wt%) of gelator molecule in an appropriate heated 

solvent. For example, urea derivatives have been studied for their self-assembling 

properties and proved to fonn stable gels in organic solvents: Feringa's group reported 

geminal bisureas and tripodal tris-urea derivatives capable of gelling in most non-polar 

solvents.13
,14 More recently, thiourea- based compounds functionalised with n-alkyl chains 

and N-benzoyl-N'-aryl groups demonstrated their ability to gel in a variety of organic 

solvents.ls Some urea-based gelators are shown in Fig 1.3. 

1.3 Hydrogels 

o S 

RHN)lNHR' RHN)lNHR' 

R=R': CH3. C2H5 
n-C$H7• n-C .. Hg 
n-C1oH21. n-ClsH37 

(b) 

Fig 1.3 Urea-based gelators of organic solvents. 16 

Hydrogels are three-dimensional (3D) macromolecular networks composed of 

crosslinked hydrophilic polymer chains which can absorb upto thousands of times their dry 

weight of water or biological fluids!7 The tenn hydrogel is composed of 'hydro' (water) 

and 'gel' and refers to aqueous (water-containing) gels or more precisely, the polymer 

networks that are insoluble in water. The water holding capacity of the hydrogels arise 

mainly due to the presence of hydrophilic groups, suc~ as amino, carboxyl and hydroxyl 

groups in the polymer chains. They uniquely offer moderate-to-high physical, chemical, 

and mechanical stability in their swollen state. Their high water content renders them 
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compatible with living tissues and proteins and their rubbery nature minimizes damage to 

the surrounding tissues when implanted in the host.18,19 Hydrogels were found to be the 

first novel bioactive materials rationally designed for human use due to relatively high 

biocompatibility and have received considerable attention in the past 50 years, due to their 

exceptional promise in a wide range of applications. Owing to the advantages of hydrogel 

as a soft material over other polymeric materials, they are currently being considered for 

various applications such as hygienic products/o agriculture,21,22 waste water treatment,23-26 

carrier of catalyst/7,28 controlled drug-delivery systems29,30 and bioengineering material 

and regenerative medicines 31 etc. 

Recently, a new study suggests that, clay hydrogel may be the birth place of life on 

the Earth. Prof. Dan Luo in his study stated that over billions of years, chemicals confined 

in those spaces could have carried out the complex reactions that formed proteins, DNA 

and eventually all the machinery that makes a living cell work. Clay hydrogels could have 

confined and protected those chemical processes until the membrane that surrounds living 

cells developed?2 Although natural hydrogels have been utilized over the past few years, 

history of modern hydrogels began after the pioneering work of Wichterle and Lim (1955-

19(0). They developed a synthetic poly-2-hydroxyethyl methacrylate hydrogel, which was 

extensively used as a revolutionary biomaterial in contact lens production.33 The main 

features of their design were: (a) shape stability and softness similar to that of the soft 

surrounding tissue; (b) chemical and biochemical stability; (c) absence of extractable and 

(d) high permeability for water-soluble nutrients and metabolites. Since then the research 

on hydrogel has been steadily increased to a greater extent and with the involvement of a 

large number of scientists resulted in more understanding on the physicochemical 

properties of hydrogels and development of new types of hydro gels as, they form a class of 

soft materials with remote controllable properties that have attracted great attention due to 

their potential use in diverse applications?4,35 

Generally, preparation of hydrogel is based on hydrophilic monomers. Sometimes 

hydrophobic monomers are also used in order to regulate the properties for specific 

applications. Synthetic hydrogels are mostly produced via bulk, solution and inverse 

Development of stimuli-responsive polymeric hydrogels and their applications " 

6 



Chapter 1: Introduction 

dispersion techniques.36 The properties of hydrogels such as crosslinking density, 

biodegradation, mechanical strength and chemical and biological response to stimuli can be 

effectively modulated by varying the synthetic factors such as, monomer type, type of 

crosslinker, crosslinker-to-monomer ratio, monomer concentration etc. 

1.4 Water in Hydrogel 

Water is the main constituent of a hydrogel. Generally, water inside hydrogel 

matrices can be categorized into three different types. 37 The experimentally determined 

separate states of water can be defined as : (a) free water: water that is not intimately 

bound to the polymer chain and behaves like bulk water, i.e. undergoes thermal transition 

at temperature analogous to bulk water (at O°C); (b) semi-bound water: water that is 

weakly bound to the polymer chain or interacts weakly with nonfreezing water and 

undergoes a thermal phase transition at a temperature lower than O°C and (c) bound water 

(non-freezing water): water tightly bound to the polymer, which does not exhibit a first 

order transition over the temperature range from _70° to 0°c.38 Different states of water in 

hydrogel are shown in Fig 1.4. 

_ -- Free water 

_ -- Semi-bound water 
'"------Bound water 

\4----Gel network 

Fig 1.4 Different types of water in hydrogel. 39 

When a dry hydrogel begins to absorb water, the first water molecules entering the 

matrix will hydrate the most polar, hydrophilic groups, resulting in ' primary bound water'. 

As the polar groups are hydrated, the network tends to swell and exposes hydrophobic 
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groups, which also interact with water molecules, resulting in 'secondary bound water'. 

Primary and secondary bound water are often combined and simply called the 'total bound 

water'. After the polar and hydrophobic sites have interacted with bound water molecules, 

the network will imbibe additional water, due to the osmotic driving force of the network 

chains towards infinite dilution. This additional swellirig is opposed by the covalent or 

physical crosslinks, leading to an elastic network retraction force. In this way, the 

hydrogel will reach an equilibrium swelling level. The additional swelling water that is 

imbibed after the ionic, polar and hydrophobic groups become saturated with bound water 

is called 'free water' or 'bulk water' and is assumed to fill the space between the network 

chains and/ or the center of larger pores, macropores or voids. 40 All water types in a 

hydrogels can be identified and characterized in a simple differential scanning calorimeter 

thermogram. 

1.5 Characterization of hydrogels 

A hydrogels comprises of chemical and physical structures. Therefore, when two or 

more monomers are used in the reaction or when a monomer is grafted onto a polymer 

backbone, analytical techniques, such as FTIR and NMR, are used to monitor the degree 

of copolymerization or grafting processes. On the other hand, the physical structure of a 

hydrogels is related to its composite nature. Their physical properties can be characterized 

by determining the unique swelling and elastic behavior.41 

Since the weight, volume and dimension values of a hydrogels change during the 

swelling process (Fig 1.5), any of these factors can be used to characterize swelling 

b~havior of a hydrogels. The most commonly used method is the weight-swelling ratio, 

which can be expressed in weight unit or in percentage as shown in equation 1.1: 

CEqn.1.1) 

when Wst » Wd, the weight-swelling ratio can simply be expressed as in equation 1.2: 

CEqn.1.2) 
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Fig 1.5 Swelling measurement of a hydrogel.42 

For superabsorbent hydrogels with very high swelling capacities, the above 

equation is acceptable. When t - 00, the Qt becomes Qoo, which is the equilibrium 

swelling capacity or swelling at equilibrium. The Qoo, is also called a 'power factor ' in 

hydrogels, which can be used to compare the swelling capacity of a hydrogel. The higher 

the power factor is, the greater the swelling capacity becomes.42 Swelling in hydrogels 

'can also be expressed as volume-swelling ratio when the ultimate volume of the swollen 

gels is the goal for a given application. Moreover, since the swelling in hydrogels is 

driven by swelling pressure, the pressure sensors can be utilized to characterize swelling 

in hydrogels. It is well known that the initial water uptake process of hydrogels 

corresponds to the diffusion of water molecules into the gel network. A simple and 

useful empirical equation, so-called power law equation, is commonly used to determine 

the mechanism of diffusion,43 i.e. swelling kinetics in polymeric networks as shown in 

the equation l.3: 

M/Ma=kt (Equ.1.3) 

where, M/ and Ma are the weight of the swollen sample at time t and at infinitely 

equilibrium swollen state, respectively, k is a characteristic constant and n is a 

characteristic exponent of the mode transport of the water. According to the classification 
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of the diffusion mechanism, n - ~ and ~ < n < 1 indicates a Fickian and anomalous 

diffusion model respectively.44 

The properties of a specific hydrogel are extremely important in selecting which 

materials are suitable for a given application. The mechanical behaviour of hydrogels is 

best understood using the theories of rubber elasticity and viscoelasticity. These theories 

are based on time-independent and time-dependent recovery of the chain orientation and 

structure, respectively. By using theories to describe the mechanical behaviour, it is also 

possible to analyze the polymer structure and determine the effective molecular weight 

between the crosslinks as well as to elucidate information about the number of elastically 

active chains. In their swollen state, most of the hydrogels satisfy the criteria for a rubber. 

When a hydrogel is in the region of rubberlike behaviour, the mechanical behaviour of the 

gel is dependent mainly on the architecture of the polymer network. However, at low 

enough temperatures, these gels can lose their rubber elastic properties and exhibit 

viscoelastic behaviour.45 The viscoelasticity theory considers the relationships between 

elasticity, flow and molecular motion in polymeric materials. In general, hydrogels are not 

simply elastic materials, but they behave viscoelastically. Thus, the time dependence of 

the applied stress or strain is as much important as the magnitude in predicting the 

material's mechanical response.46 

There are various experimental procedures for testing the mechanical properties of 

hydro gels. But, the common methods for measuring mechanical properties of hydrogels 

include tensile (rubber elastic behaviour) or dynamic r:nechanical analysis (viscoelastic 

behaviour). Dynamic mechanical analysis provides quantitative information on the 

viscoelastic and rheological properties of a material by measuring the mechanical 

response of a sample as it is deformed under periodic stress (or strain). The dynamic 

modulus, G*, is defined as: 

G* = G' + iG" (Eqn.1.4) 

here, G' is the real (also elastic or storage) modulus and G" is the imaginary (also viscous 

or loss) modulus. 
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A crosslinked hydrogel with a greater storage modulus and lower loss modulus is 

.considered to have good mechanical property. Once the mechanical characteristics of a 

hydrogel have been determined, it is often necessary to improve them in some way to 

make the material suitable for the desired application. Mechanical properties of a hydrogel 

can be manipulated by altering the co-monomer composition, increasing or decreasing the 

crosslinking density and the reaction conditions. The mechanical strength of a hydrogel is 

often derived almost entirely from the crosslinks in the system. Particularly in the swollen 

state, where physical entanglements are nearly nonexistent, the strength of the material 

increases dramatically with increasing crosslinking density.47 

Hydrogels are extensively reported to be used in biomedical applications such as 

drug delivery, tissue engineering, biosensors and artificial muscles etc.48 Since these 

applications involve use of humans or other animals, it is important to study their 

biocompatibility. Generally, the biocompatibility of a hydrogel can be determined by 

testing their hemocompatibility and cytocompatibility. Hemocompatibility can be 

evaluated by examining the hemolysis percentage of. blood in presence of the prepared 

hydrogels. Hemolysis below 5% is reported to be the acceptable limit and the hydrogel is 

considered to be hemocompatible. Cytocompatibility of a hydrogel is usually determined 

by MIT assay test. The MTT assay helps in the determination of the viability of the cells 

when incubated in the presence of hydrogel samples.49 

1.6 Classification of hydrogels 

Hydrogels are classified into several distinct categories depending on their origin, 

method of preparation, ionic charge and physical structural feature' such as nature of 

crosslinking. 

1.6.1 Based on origin 

They can be separated into two groups based on their natural or synthetic origins.5o 

Hydrogel-forming natural polymers include proteins such as collagen, chitosan and gelatin, 

and polysaccharides such as alginate, cellulose, starch and agarose etc. All these natural 

polymers are obtained from various natural origins. Depending on their origin and 
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composition, various natural polymers have specific utilities and properties. Many natural 

polymers, such as collagen, hyaluronic acid and fibrin, are derived from various 

components of the mammalian extracellular matrix. Collagen is the main protein of the 

mammalian extracellular matrix, while hyaluronic acid is a polysaccharide that is found in 

nearly all animal tissues. Alternatively, alginate and agarose are polysaccharides that are 

derived from marine algae sources. The advantages or natural polymers include low 

toxicity and biocompatibility.51 Chitosan is another naturally occurring linear 

polysaccharide derived from chitin. Dissolved chitosan can be crosslinked by increasing 

pH, by dissolving in a non-solvent or by photo-crosslinking. It can be degraded by the 

lysosome and is therefore degraded in humans. Chitosan gels can be used for many 

applications including drug delivery.52,53 To synthesize gels with enhanced mechanical 

properties, natural-based hydrogels are usually prepared through addition of some synthetic 

parts onto the natural substrates, e.g., graft copolymerization of vinyl monomers on 

polysaccharides. Gelatin is a heterogeneous mixture of water-soluble proteins of high 

average molecular weights, present in collagen. The proteins are extracted by boiling skin, 

tendons, ligaments, bones, etc. in water. 

On the other hand, most of the synthetic hydrogels are synthesized by traditional 

polymerization of vinyl or vinyl-activated monomers. The equilibrium swelling of these 

synthetic hydrogels varies extensively according to the hydrophilicity of the monomers and 

the crosslinking density. Generally, a bi-functional monomer is added to carry out an in 

situ crosslinking reaction. Neutral synthetic hydrogels can be generated from derivatives of 

poly(hydroxyethyl methacrylate) (PHEMA), poly(ethylene glycol) (PEG) and poly(vinyl 

alcohol) (PV A) etc. PEG hydrogels are one of the most widely studied and used materials 

for biomedical applications.54 

1.6.2 Based on preparation method 

Based on the method of preparation, hydrogels ar~ classified into (i) homopolymer 

hydrogels, (ii) copolymer hydrogels, (iii) multipolymer hydrogels and (iv) interpenetrating 

polymeric hydrogels. Homopolymer hydrogels are crosslinked networks of one type of 

hydrophilic monomer unit, whereas copolymer hydrogels are produced by crosslinking of 
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two comonomer units, at least one of which must be hydrophilic to make them swellable. 

Multipolymer hydrogels are produced from three or more co-monomers reacting 

together.55 Interpenetrating polymer networks (IPNs) are defined as a combination of two 

network polymers, at least one of which is prepared or crosslinked in the immediate 

presence of the other. Recently, they have gained great attention because their feasibility 

in biomedical applications. The swelling behaviour and mechanical properties of 

hydrogels can be greatly improved by this method of preparation. 

1.6.3 Based on ionic charges 

Based on the ionic charges, hydrogels can be classified into neutral, anionic, 

cationic and ampholytic hydrogels.56 Neutral hydrogels, such as poly(N-vinyl pyrrolidone) 

and poly(ethylene oxide), swell in aqueous medium solely due to water-polymer 

interactions. Cationic hydrogels display superior swelling at acidic media since their chain 

dissociation is favored at low pH value. Similarly, anionic hydrogels dissociate more in 

higher pH media and hence, display superior swelling in neutral to basic solutions. 

Ampholytic hydrogels possess both positive and negative charges that are balanced at a 

certain pH (iso-electric point). A change in pH can change the overall ionic (cationic or 

anionic) properties. 

1.6.4 Based on the nature of the crosslinked junctions 

Now-a-days, many crosslinking methods have been developed and are presently 

available for the preparation of hydro gels. Based on the crosslinking method, hydrogels 

can be divided into two categories: chemically crosslinked networks or permanent gel and 

physically crosslinked networks or reversible gel.57 Chemical crosslinking is a versatile 

method to create hydrogels with good mechanical stability. 

Generally, crosslinking by radical polymerization can be obtained by introducing 

acrylate-based crosslinkers to the polymerization system.58 Ethylene glycol 

dimethylacrylate (EGDMA), is one of the most extensively used crosslinker in free radical 

copolymer crosslinking reactions. Other acrylate-based crosslinkers are (a) trimethylol 

propane trimethacrylate, (b) 2-hydroxy trimethylene dimethacrylate, (c) 2,3-dihydroxy 
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tetramethylene dimethacrylate and (d) hexamethylene bis (methacryloyloxy-ethylene 

carbamate) etc. Structures of these crosslinkers are shown in Fig 1.6. 

(3) (b) (e) 

Fig 1.6 (a) Trimethylol propane trimethacrylate, (b) 2-hydroxy trimethylene dimethacrylate, (c) 2,3-

dihydroxy tetramethylene dimethacrylate and (d) hexamethylene bis-(methacryloyloxy-ethylene 

carbamate). 

Covalent linkages between polymer chains can also be established by the reaction of 

functional groups with complementary reactivity, such as an amine-carboxylic acid or an 

isocyanate OHINH2 reaction etc.59 For example, the reaction of a,ro-hydroxyl 

poly(ethylene glycol) with a diisocyanate in the presence of a triol as crosslinker as shown 

in·the Fig 1.7. 

Water-soluble polymers with hydroxyl groups (e.g., poly vinyl alcohol)) can be 

crosslinked using glutaraldehyde. However, due to the toxicity of glutaraldehyde, 

alternatives have been developed as shown in Fig 1.B. Crosslinking of gelatin using 

polyaldehydes obtained by partial oxidation of dextran has been reported.61 High energy 

irradiation, particularly gamma and electron beam is able to crosslink water-soluble 

polymers without additional vinyl groups. During irradiation (gamma or electron beam) of 

aqueous solutions of polymers, radicals can be formed on the polymer chain by e.g., the 

homolytic scission of C-H bonds. 
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Fig 1.7 The reaction of a,w-hydroxyl poly(ethylene glycol) with a diisocyanate in the presence of a 

triol as cross linker. 61 

Moreover, radiolysis of water molecules generates the formation of hydroxyl 

radicals which can attack polymer chains also resulting in the formation of macroradicals. 

Recombination of the macroradicals on different chains results in the formation of 

covalent bonds and finally in a crosslinked structure.62 

Q-NH2 + o~o (a) aN~N 

Albumine Glutara ldehyde Crosslinked albumine hydrogel 

(b) 

Gelatin Dextranaldehyde Crosslinked hydrogel 

Fig 1.8 Crosslinking by (a) Glutaraldehyde and (b) Dextranaldehyde. 
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Physical hydrogels are formed due to the physical interactions, such as molecular 

entanglement, ionic interaction and hydrogen bonding and hydrophobic interactions 

among the polymeric chains etc.63 All of these interactions are reversible and can be 

disrupted by changes in physical conditions or application of stress. In recent years, there 

has been increasing interest in physically crosslinked gels because the use of crosslinking 

agents to prepare such hydrogels is avoided. This type of crosslink could be used to 

reverse the gelling properties of the hydrophilic polymers under the desired conditions. 

Physically crosslinked hydrogels can be obtained by ionic interactions, by crystallization, 

stereocomplex formation, hydrogen bonding etc. Ionic bonds exist in polyelectrolyte 

complexes between the pairs of charge sites on anionic and cationic polyelectrolyte 

chains. For example, ionically crosslinked chitosan and sodium alginate hydrogel as 

shown in Fig 1.9. 

H H 

Fig 1.9 Representation of ionically crosslinked chitosan and sodium alginate hydrogel.64 

1.6.5 Based on crystallinity 

On the basis of physical structure and chemical composition can be classified as 

amorphous hydrogels (non-crystalline), semi-crystalline hydrogels and hydrogen-bonded 

or complexation structures.65 In amorphous hydrogels, the macromolecular chains are 

arranged randomly. On the other hand, semi-crystalline hydrogels are characterized by 

dense regions of ordered macromolecular chains (crystallites). Finally, hydrogen bonds 

and complexation structures may be responsible for the three-dimensional structure 

formed. 
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1.6.6 Based on environmental response 

Hydrogels can also be classified as conventional and stimuli-responsive ones 

according to their response to different environmental factors .66 Conventional hydrogels 

are the crosslinked polymer chains which absorb water when put in an aqueous media and 

there is no change in the equilibrium swelling with the change in the pH, temperature or 

electric field of the surrounding environment while the stimuli-responsive (smart or 

intelligent) hydrogels are the polymeric networks which change their equilibrium swell ing 

with the change of the surrounding environment. Many physical and chemical stimuli can 

be applied to induce different responses of smart hydrogel systems. Physical stimuli 

includes temperature, pressure, light, electric, magnetic, sound etc. Chemical or 

biochemical stimuli comprise pH, ionic strength, ions or specific molecular recognition 

events6 7
,68 The swell ing behavior of a stimuli-responsive hydrogel after the response to a 

specific stimulus can be shown in the Fig 1.10. 

l '"""" .. 11" " 
b~d "'~~1 

• 

Fig 1.10 Stimuli-responsive swelling of hydrogel. 25 
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StimUli-responsive materials are very much essential for designing of a sustainable 

future which requires dynamic materials that can respond and adapt with the constantly 

changing environment. This extraordinary phenomenon of some hydrogels was 
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discovered by Professor T. Tanaka in 1978 which is called the 'volume phase transition' 

phenomena69,7o Classification of stimuli-responsive hydrogels is based on the external 

stimuli type. According to their nature, smart hydrogels can be classified as thermo­

responsive, pH responsive, electro-responsive, magnetic field responsive,71 as well as 

responsive to light, pressure, ionic strength and different molecules such as enzymes, etc. 

An interesting characteristic of numerous responsive gels is that the mechanism causing 

the network structural changes can be entirely reversible in nature. Some important classes 

of stimuli-responsive hydrogels are briefly described below: 

pH-responsive hydrogels 

The pH-responsive hydrogels are one of the most widely studied stimuli-responsive 

polymeric hydrogels. They exhibit swellingldeswelling behavior which is related to the 

environmental pH changes. The pH-responsive polymers consist of ionizable pendant 

group that can accept and donate protons in response to the environmental change in pH.72 

In aqueous media of appropriate pH and ionic strength, the pendant groups can ionize 

developing fixed charges on the gel. This, in turn cause differences of internal and 

external ionic strength and breakage of hydrogen bonds between the molecular segments. 

As a result, crosslinking density will be decrease and the increase in electrostatic 

repulsions lead to swelling of the hydrogel. pH-responsive hydrogels may be grouped into 

three main classes: (a) anionic hydrogels; (b) cationic hydrogels and (c) neutral hydrogels 

depending on the nature of pendant group present in the network 7 3 Anionic hydrogels 

contain negatively charged fragments of polymer network; cationic ones have positively 

charged fragments , while neutral hydrogels contain both positively and negatively charged 

polymer chain fragments . 

Anionic hydrogels often contain carboxylic or sulfonic acid groups on their 

backbone and the most commonly used monomers are acrylic acid (AAc) and its 

derivatives74 The more important parameter in anionic hydrogels is the relation between 

pKa of the polymer and pH of surrounding medium. In anionic hydrogels having pendent 

groups such as carboxylic
75 

or sulfonic acid,76 deprotonation occurs when the 

environmental pH is above the pKa leading to the ionization of the pendent groups. 
!212Z2!£ 2£2!SSi a 

Development of stimUli-responsive polymeric hydrogels and their applications 

18 



Chapter 1: Introduction 

Therefore, they dissociate more in higher pH media and hence, display superior swelling 

in neutral to basic solutions. 

Cationic pH-responsive hydrogels generally have basic pendants such as primary 

amine, secondary amine and tertiary amine.77 They swell at pH lower than pKa of cationic 

groups. This is due to the fact that amino group is protonated at pH lower than pKa and 

the amine group will change from NH2 to NH3 +, which subsequently increase the 

hydrophilicity, electrostatic repulsion and swelling rate.7S On the other hand, driving force 

for swelling of neutral hydrogels arises from thermodynamic mixing of water and polymer 

and elastic behaviour of the network. Neutral hydrogels such as poly(N-vinyl pyrrolidone) 

and poly(ethylene oxide) swell in aqueous medium solely due to water-polymer 

interactions. pH-responsive hydrogels were most frequently used to develop controlled 

release systems for oral administration. Fig 1.11 illustrates the structures of anionic and 

cationic polyelectrolytes and their pH-dependent ionization. Poly(acrylic acid) (PAAc) 

becomes ionized at high pH, while poly(N,N'-diethylaminoethyl methacrylate) 

(PDEAEM) becomes ionized at low pH. 

Low pH High pH 

H H 
I I 

-f-e-e+-
I I 

(a) 

H eOOH 

Fig 1.11 pH-dependent ionization of polyelectrolytes: (a) poly(acrylic acid) and (b) poly(N,N'­

diethylaminoethyl methacrylate).74 

Development of stimuli-responsive polymeric hydrogels and their applications 

19 



Chapter 1: Introduction 

Thermo-responsive hydrogels 

This is another important class of environmentally sensitive gels which has the 

ability to swell and shrink when the temperature changes in the surrounding fluid. A 

unique property of temperature-responsive polymers is the presence of a critical solution 

temperature, which is the temperature at which the phase of polymer and solution is 

discontinuously changed according to their composition.79 They are characterized by the 

presence of hydrophobic groups, such as methyl, ethyl and propyl groups. One of the most 

familiar polymers of this type is poly(N-isopropylacrylamide).8o Thermo-responsive 

hydrogels can be classified into three categories: negative thermosensitive (negative 

temperature dependent); positive thermosensitive (positive temperature dependent) and 

thermally reversible hydrogel. Structures of some thermo-responsive hydrogels are shown 

in Fig 1.12. 

Poly(N-isopropylacrylamide) 
(PNIAAm) 

Poly(N,N-diethylacrylamide) 
(PDEAAm) 

P(NIAAm-co-BMA) 

Fig 1.12 Structures of some thermo-responsive polymeric hydrogels.74 

Negative temperature-sensitive hydrogels have a lower critical solution temperature 

(LeST), which may be defined as the critical temperature below which the polymer swells 

in the solution while above it the polymer contracts. Below the LeST, the enthalpy term, 

related to the hydrogen bonding between the polymer and the water molecules, is 

responsible for the polymer swelling. But, when the temperature is raised above the 

LeST, the entropy term (hydrophobic interactions) dominates, leading to polymer 

contraction. In general, the LeST of polymer with more hydrophobic constituent shift to 

lower temperature and LeST can be changed by adjusting the percentage ratio of 

hydrophobic ,to hydrophilic contents of the structure of the hydrogel.81 An extensively 
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studied polymer with LeST at 32°e is poly(N-isopropylacrylamide) which has been 

widely employed as a negative thermosensitive hydrogel. The main reason for its frequent 

use is because its phase transition occurs at approximately body temperature. 

A positive temperature-sensitive hydrogel bears an upper critical solution 

temperature (UeST). In this case, at temperatures higher than UeST swelling takes place 

and the hydrogel starts to contract upon cooling below the UeST. Positive temperature 

PHGs are shrinking at low temperature because of formation of complex structure by 

hydrogen bonds. The structure dissociates at high temperature due to breaking of 

hydrogen bonds and the gel will swell to the maximum possible extent rapidly above the 

UeST. Examples of positive thermo-responsive hydrogels are, the interpenetrating 

polymer network (IPNs) based on poly(acrylic acid) and polyacrylamide or poly(AAm­

co_BMA).82 

Electro-responsive hydrogels 

Electro-responsive hydrogels are a kind of stimuli-responsive hydrogels which 

undergo swelling, shrinking and bending behavior in response to an external electric field. 

They are generally prepared from polyelectrolytes and are thus pH-responsive as well. 

Electro-responsive hydrogels generally deswell or bend, depending on the shape and 

orientation of the gel under the influence of an electric field. The gel bends when it is 

parallel to the electrodes, whereas deswelling occurs when the hydrogel lies perpendicular 

to the electrodes.83
,84 When an electric field is applied, the migration of free ions occurs 

within hydrogel, which in tum causes inhomogeneity inside and outside the hydrogel. 

This leads to the variation of osmotic pressure and deformation of hydrogel. Therefore, 

these hydrogels with ability to transform electric energy to mechanical energy have been 

investigated extensively as energy converter applied in fields such as robots, sensors, 

controlled drug release and artificial muscIes.85
,86 

Electrically induced anisotropic gel deswelling was first explained by Tanaka et al.69 

The electric field produces a force on both the mobile counter ions and the immobile 

charged groups of the gel's polymeric network. For. example, partially hydrolyzed 
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polyacrylamide hydrogels which are in contact with both the anode and cathode electrodes 

undergo volume collapse by an infinitesimal change in electric potential across the geL 

When the potential is applied, hydrated if ions migrate to the region of the cathode, 

which results in a loss of water at the anode side. Simultaneously, the electrostatic 

attraction that exists between the anode surface and the negatively charged acrylic acid 

groups creates a uniaxial stress along the gel axis. These two events lead to shrinking of 

the hydrogel on the anode side.87
,88 

Photo-responsive hydrogels 

Another type of stimuli-responsive hydrogel is the photo-responsive hydrogel, 

which have potential application in developing of optical switches, display units, photo­

responsive artificial muscles, memory devices and ophthalmic drug delivery devices etc. 

Since the light stimulus can be imposed instantly and delivered in specific amounts with 

high accuracy, light-sensitive hydrogels may possess special advantages over others.89 

Moreover, the capacity for instantaneous delivery of the sol-gel stimulus makes the 

development of light-sensitive hydrogels important for various applications in both 

engineering and biochemical fields. They can be classified into UV -sensitive and visible 

light-sensitive hydrogels; however, visible light-responsive polymers and the hydrogels 

prepared from them are more advantageous because of their safety, inexpensiveness, 

readily availability, clean and easy manipulation. 

Magnetic field responsive hydrogels 

Magnetic field-sensitive hydro gels are often prepared by incorporating or loading 

magnetic nanoparticles into the crosslinked polymeric hydrogels, i.e. they consist of a 

polymer matrix and a magnetic component embedded in the matrix.90 The presence of 

magnetic nanoparticles gives the hybrid system the capacity to respond to external 

magnetic stimulus, such as alternating magnetic fields (AMF) and to localize the hydrogel 

near the target site through the use of an appropriate magnet.91 They have numerous 

technological and biomedical applications, including tissue engineering, controlled drug 

delivery, magnetic separation, MRI contrast agents, hyperthermia and thermal ablation 
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etc.
92

-
94 

Various methods have been developed to fabricate magnetic hydrogels which 

includes a blending method,95 an in situ precipitation method96 and the grafting-onto 

method.97 

1. 7 Biomedical applications of stimuli-responsive polymeric Hydrogels 

Due to the fascinating properties of the stimuli-responsive hydrogels, such as 

reversible swelling/deswelling behaviour, sorption capacity, novel mechanical property, 

high ionic conductivity, high environmental sensitivity, permeability and surface property, 

hydrogels provide platform for creating novel smart materials for a wide range of 

applications especially in the biomedical field. They can be conveniently formulated in a 

variety of physical forms or shapes including slabs, microparticles, nanoparticles, coatings 

and films etc. As a result, hydrogels are commonly used in clinical practice and 

experimental medicine for a wide range of applications, including controlled drug 

delivery,98 tissue engineering,99 wound dressing, tOO actuators/Ot sensorst02 and so on. 

Moreover, there are some high swelling agricultural hydrogels, which can absorb ion­

containing aqueous solutions, while being stable to UV- irradiation, oxygen, ozone, acidic 

rains, temperature variation, microorganisms and soil composition. There are numerous 

studies which explain the applications of hydro gels in agricultural field. t03 Some of the 

major applications of stimuli-responsive hydrogels are elaborated below: 

1.7.1 Actuator 

There have been numerous attempts to mimic the efficient conversion of chemical 

energy into mechanical energy in living organisms.104 All living organisms move by the 

isothermal conversion of chemical energy into mechanical work such as muscular 

contraction. Stimuli-responsive hydrogels are capable of performing work by converting 

an external stimulation into mechanical motion can be an effective framework for soft 

actuators. Therefore, these systems can serve as actuators or artificial muscles in many 

applications. Conventional actuators require external power (e.g., electromagnetic, 

electrostatic or thermopneumatic effects) for operation and are relatively complex 

systems, which limits their use in practical systems. But, stimuli-responsive hydrogels 
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have a significant advantage over conventional actuators owing to their ability to undergo 

abrupt volume changes in response to the surrounding environment without the 

requirement of an external power source. Moreover, hydro gels have been proven to be the 

low-voltage actuators which are getting considerable interest in the present time due to 

their possible applications in biomedical devices/os machine components106
,107 and'micro­

electromechanical systems108 etc. Among various hydrogel systems, polyelectrolyte 

hydrogels are getting tremendous importance in such applications. The control over 

swelling, shrinking and bending behaviour of polyelectrolyte gels in response to 

environmental stimuli enables direct conversion of electrostatic energy into mechanical 

energy. Due to this capability, polyelectrolyte gels are designated as actuators for 

technical applications where large swelling and shrinkage is required, such as for artificial 

muscles or other chemo-electro-mechanical actuators. I09 

Polyelectrolyte gels are also capable of reversible contraction and expansion under 

physicochemical stimuli that are essential in the development of advanced robotics with 

electrically driven muscle-like actuators. Electro-responsive hydrogels are the most 

extensively studied polyelectrolyte hydrogels for actuator application, as in this case the 

mechanical energy is triggered by an electric signal. They can reversely bend under the 

application of an electric field (Fig 1.13). Also, for the realization of a powerful actuator, 

or a material with properties closely resembling those of skeletal muscles, it is necessary 

to have a polymer gel with both fast and sensitive electric responses with high mechanical 

strength. llO
,1ll Several research groups have focused their studies on the actuation 

behavior of polyelectrolyte gels under the influence of an applied electric field. 
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Fig 1.13 Schematic diagram of the apparatus for testing the bending behaviour of hydrogel under 

an applied electric field. 112 

Osada and his group claimed to be the first to offer an electrically activated artificial 

muscle system which undergoes contraction under isothermal condition when electric 

current is passed across water-swollen polyelectrolyte gels. The rate of volume change is 

proportional to the applied electric current. Hydrogel contraction is believed to be induced 

from the electrophoretic migration of hydrated ions and concomitant water release113 

Moschou et al. developed novel artificial muscle material based on acrylic acid, 

acrylamide and the composite polypyrrole/carbon black. The hydrogel material showed 

fast and reversible electro-actuation under low applied voltage in near neutral pH 

environments.1l4 Bassil et al. studied the electrochemical properties and actuation 

mechanisms of polyacrylamide hydrogel for artificial muscle application. They analyzed 

the volume variation kinetics of the gel responding to various pH stimulations and 

investigated the electroactivity of PAAm actuators in a fully hydrated gel. They also 

explained the bending mechanism of the hydrogel actuator based on the phenomenon of 

diffusion of hydroxide and hydronium ions showing the correlation between the electrical , 

chemical and mechanical properties of such devices . The bending behaviour was 

explained by the response of the gel to different pH values. The actuator undergoes a more 

important contraction (quicker shrink) in an acidic environment than in a basic 

environment. The gel shrinks and the structure bends toward the anode allowing chemical 

or electrical energy to be converted into mechanical work. 115 

&&:aa 
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Fig 1.14 Electro-actuation behaviour of polyelectrolyte hydrogel at different time interval.
116 

1.7.2 Controlled drug delivery 

Progress in medical science has led to tremendous enhancement of quality of life . 

Over the past few years, greater attention has been focused on development of controlled 

and sustained drug delivery systems. The aim in designing these systems is to reduce the 

frequency of dosing or to increase effectiveness of the drug by local ization at the site of 

the action, decreasing the dose required or providing uniform drug delivery1l7 With the 

passage of time, newer and more powerful drugs continue to be developed, so increasing 

attention is being given to the methods by which these active substances are 

administrated . Conventional delivery systems suffer from the limitations of minimal 

synchronization between the required time for therapeutically effective drug plasma 

concentrations and the actual drug release profile exhibited by the dosage form. 

Meanwhile, some drugs exert their effects not only at the targeted sites but also at 

the adjacent sites and cause side effects, which demand to control the drugs distribution 

after entering humoral system and tissues. To meet the new demands of drug 

administrations, intelligent drug delivery systems have been developed to release drugs 

timely, quantitatively and site-specifically in response to the various physiological 

signals118 Moreover, they can also provide pulsatile drug release pattern, where the rapid 

and transient release of a certain amount of drug molecules within a short time-period 
Ell __ E&£E !L!!ZE2n:£L. .. 
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immediately after a predetermined off-release period can be obtained. Schematic 

representation of the steps involved in preparation of a hydrogel based drug delivery 

system is shown in the Fig 1.15. 

In the current niche of drug delivery technologies, hydrogels have made an 

irreplaceable space because of their unique characteristics. Hydrogel resemble natural 

living tissue more than any other class of synthetic biomaterials due to their high water 

content, which also contributes to their biocompatibility. Moreover, stimu li-responsive 

hydrogels can respond to various environmental stimuli which lead to drastic changes in 

their volume and shape reversibly and also change in the swell ing behavior of these 

hydrogels. These' intelligent' or ' smart' polymers play important role in drug delivery 

since they may determine not only where a drug is delivered, but also when and with 

which interval it is released .119 The stimuli that induce various responses of the hydrogel 

systems include physical (temperature, electric fields, light, pressure, sound and magnetic 

fields), chemical (pH, ions) or biological (biomolecules) etc. It has been mentioned earlier 

that stimuli-responsive hydro gels can exhibit dramatic changes in their swelling 

behaviour, network structure, permeability or mechanical strength in response to different 

stimuli, both internal and external to the body.120 

EJ Sotv t CltellliQl, physical or §-
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Fig 1.15 Schematic representation of the steps involved in preparation of a hydrogel based drug 

delivery system.121 
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External stimuli have been produced with the help of different stimuli generating 

devices, whereas internal stimuli are produced within the body to control the structural 

changes in the polymer network and to exhibit the desired drug release. Depending on 

different internal and external stimuli, intelligent drug delivery systems are classified into 

various categories. 

pH-responsive drug delivery systems 

The pH range of fluids in various segments of the gastrointestinal tract may provide 

environmental stimuli for responsive drug release (Fig 1.16). For example, oral 

administration will go through acidic environment in stomach and then neutral or slightly 

basic intestine, while anti-cancer drugs will come up against lower pH values in tumor and 

inflammatory tissue (PH ~6.8-7.2) as well as in endosome and lysosome of cells (pH ~5-

6) compared with pH - 7.4 in normal tissue and blood.122 In addition to these, local pH 

changes in response to speci fic substrates can be generated and used for modulating drug 

release. The charge density of the polymers depends on pH and ionic composition of the 

outer solution (the solution into which the polymer is exposed). Altering the pH of the 

solution will cause swelling or deswelling of the polymer. Polymers containing acidic 

groups will be unswollen at low pH, since the acidic groups will be protonated and hence 

unionized. With increasing pH, they will swell. The opposite holds for polybasic 

polymers, since the ionization of the basic groups will increase with decreasing pH. 

Therefore, the major factors that int1uence the degree of swelling of ionic polymers 

are the properties of the polymer (charge, concentration and pKa of the ionizable group, 

degree of ionization, crosslinking density and hydrophilicity or hydrophobicity) and 

properties of the swelling medium (pH, ionic strength and the counterion and its 

valency).123 
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Fig 1.16 Schematic illustration of oral colon-specific drug delivery using pH-sensitive hydrogels.124 

Most commonly studied ionic polymers for pH-responsive drug delivery include 

polyacrylamide, poly(acrylic acid), poly(methacrylic acid), poly(diethylaminoethyl 

methacrylate) and poly(dimethylaminoethyl methacrylate) etc. l2S Various natural 

polymers such as albumin, chitosan and gelatin have also shown pH-responsive swelling 

behavior as well as drug release behavior. Thus drug release from matrix devices made 

from these polymers display release rates that are pH_dependent.12
6-129 Numerous attempts 

have been llJade by the researchers to develop pH-responsive drug delivery systems. For 
, 

example, a series of pH-responsive block copolymers were developed by Sant et al. by 

using PEG as the hydrophilic component and poly(alkyl acrylate-co-methacrylic acid) as 

the pH sensitive core. Depending on the polymer composition, these block copolymers 

formed miceJles with the sizes from 120 nm to 350 nm at pH < 4.5, while releasing drugs 

as the pH increased up to 7.2.130 

Also, Park et al. synthesized pH-reSponsive hydrogels using poly(vinyl alcohol) 

(PVA) as the networks backbone grafted with poly(acrylic acid) and poly(methacrylic 

acid). In vitro studies on insulin release showed that there was no visible release of 

insulin in simulated gastric fluid (PH 1.2), but controlled release of insulin was observed 

in simulated intestinal fluid (pH 6). Further studies on the oral delivery behavior in vivo in 
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a rat model confirmed that the effectively released insulin could control the level of 

glucose within 4 hrs.l3l A pulsatile pattern of drug release is required in disease states 

exhibiting a rhythmic pattern. Pulsatile systems for localized delivery of heparin and 

streptokinase, based on a poly(N-isopropylacrylamide-co-methacrylic acid) hydrogel, 

were assessed for their swelling behaviour in response to pulses in temperature and pH. 

The weight: swelling ratio was found to respond quickly for variations in temperature 

from 33°C to 36°C and in pH from 5.7 to 5.3.132 

Electro-responsive drug delivery system 

The studies on electro-responsive drug delivery are growing day by day due to their 

advantages over other stimuli. Some advantages of an electric field as an external stimulus 

are accessibility of equipment, which provides precise control with respect to the 

magnitude of the current, duration of electric pulses, interval between pulses etc. The 

mechanical response of polyelectrolyte hydrogels to an applied electric field can be used 
o 

to' control drug release from these gels. Drug may be incorporated into the hydrogels 

either during gel formation or after the gel has been formed by incubating the gel in a drug 

solution and allowing drug molecules to diffuse into the network. The effect of electrical 

stimulation on drug release depends to a large extent on the mechanisms by which the gel 

responds to the stimulus.133
-
135 The principal mechanisms of drug release are forced 

convection of drug out of the gel along with syneresed water, diffusion and 

electrophoresis of charged drugs and liberation of drugs upon erosion of electro-erodible 

gels. 

Forced convection of the drug is the most important mechanism of electrically 

modulated drug release, where the ejection of the drug occurs due to the deswelling of the 

hydrogel upon electric stimulation. Sawahata et al. showed that drug release only occurred 

once the applied electrical field was sufficiently high to cause dimensional changes in the 

gel. They have also shown a lag time of a few minutes between the application of the 

electric field and drug release from the gel has also been shown, implying that drug 

release only occurred when the gel deswelled. 136 Yuk et al. demonstrated the higher 

release rates of hydrocortisone from calcium alginate gels containing increasing amount of 
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poly(acrylic acid). Increasing PAAc content in the gel leads to increased number of 

carboxylic acid groups, which can be ionized in response to electrically-induced changes 

in local pH and which then affect the extent of gel deswelling and drug release. Also, the 

drug release is stopped when the electric field is switched ' OFF ' . Thus, pulsatile drug 

release pattern can be obtained by switching the electric field 'ON' and 'OFF'. 137 

Drug dispersed \Vlthio 
the hydrogt'l networks 

l 
Electric field 

Electric field l 

Drug diffusion out of the hydrogel 
networks due to electl'o-Induce swelling 

Drug diffusion out oftht hydrogel networks 
dut'to electl'O-induce dt'Swelllog 

Fig 1.17 Schematic representation of drug release behavior from electro-responsive hydrogels 

due to electro-induced deswelling-swelling behavior.138 

Apart from forced convection, drug diffusion out of the gel can also be an important 

mechanism of release and interesting release profiles have been obtained when diffusion 

becomes the major mechanism of drug release as shown in Fig 1.17. It has been 

established that electrically-induced drug release from electro-responsive hydrogels is 

significantly dependent on the experimental set-up. Contacting electrodes induced bulk 

gel deswelling while non-contacting electrodes only caused deswelling of the gel surface. 

Consequently, the electrically-induced drug release profiles differed while contacting or 

non-contacting electrodes were used. 139 As the gel deswelled and the size of the polymer 

network was reduced, the macromolecule ' s pathway out of the gel became more difficult 

and drug diffusion out of the gel was decreased. However, a pulsatile release of the guest 

molecule was still achieved, except that the drug was released when the electric current 
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was switched off (when diffusion of macromolecules out of the network could take place 

unhindered) and release was stopped or reduced when the electric field was switched on. 

Therefore, it has been suggested that when electro-responsive release of 

macromolecules is desired, gels which swell in response to an electric field may be more 

suitable drug carriers. These type of gels swell in response to an electric field. These 

carriers allow the diffusion of drug out of the expanded gel network when they were 

electrically stimulated:4o For example, Kim et al. developed MWCNT/PVA 

nanocomposite hydrogels for electro-responsive drug release depending on the electro­

induced swelling behavior of the hydrogels. The cumulative amount of released drug and 

the release rate decreased as the content of MWCNTs increased at 0 V due to the lower 

swelling of hydrogels. On the other hand, both the cumulative amount of released drug 

and the release rate increased with the higher content of MWCNTs at 10 V as predicted 

from the swelling behavior of the nanocomposite hydrogel. 141 

Charged drugs may also be electro-released from hydrogels as the charged entities 

migrate towards the electrode bearing an opposite charge. Such an additional pathway of 

drug release has significant effects on the amount of drug that is electro-released. Upon 

electrical stimulation, the positively charged drugs were displaced from their interactions 

with the negative charges on the polymer network by H+ ions generated from water 

electrolysis at the anode. K won et al. studied the release of the positively charged 

edrophonium ion from the anionic poly(AMPS-co-BMA) gel. They suggested that at 

higher voltages, the H+ ions produced could migrate faster towards the cathode, resulting 

in a reduced chance for the H+ to exchange with the polymer-bound edrophonium ion. 

Thus, though drug release increases with increasing electric field , it is not linearly 

proportional. 142 Gel erosion is another mechanism of drug release from gels which erode 

in response to an electric stimulus. 143 K won et al. demonstrated a pulsatile release profile 

of entrapped insulin from a poly(ethyloxazoline)-poly(methacrylic acid) gel complex 

which reflected the pulsatile electrical stimulation. Insulin was released in a stepwise 

manner until 70% of the load had been released. The large deviations in the release rate 
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were attributed to irregular erosion of the gels which was due to defects in the gel 

matrix.140 

In this way, different stimuli-responsive drug delivery systems have undergone a 

revolutionary advancement in the past few years which further strengthened the link 

between therapeutic need and drug delivery. With the advent of novel delivery systems, 

various drug molecules have been revived of their therapeutic and commercial benefits. A 

lot of research is ongoing in different part of the world to explore stimuli-responsive 

hydrogels as drug delivery systems for better patient care. The more exploitation of these 

polymeric networks for improved therapeutic efficacy will open newer arenas in modem 

drug delivery systems. 

1.8 Superabsorbent hydrogel (SAH) 

Superabsorbent hydrogels (SAH) are structurally crosslinked hy~rophilic polymers, 

which have the ability to absorb considerable amounts of water or aqueous fluids. These 

ultrahigh absorbing materials can imbibe deionized water as high as 1,000-100,000% (10-

1000 gig) whereas the absorption capacity of common hydrogels is not more than 100% 

(1 glg).144,145 Commercial production of SAH began in Japan in 1978 for use in feminine 

napkins. Further developments lead to SAH materials being employing in baby diapers in 

Germany and France in 1980. In 1983, low-fluff diapers (contained 4-5 g SAH) were 

marketed in Japan. This was followed shortly by the introduction of thinner 

superabsorbent diapers in other Asian countries, US and Europe. As a result, 

superabsorbent hydrogel caused a huge revolution in the personal health care industries in 

just over ten years.146 The most commonly used monomers for synthesis of the first 

generation of SAHs are highly hydrophilic acrylamide, salts of acrylic acid and 

sulfopropyl acrylate. However, conventional superabsorbent hydrogels are mechanically 

very weak. Therefore, a composite agent is used in the preparation of superabsorbent 

hydrogel which serves as the local point of physical crosslinking (or entanglement) of the 

formed polymer chains during polymerization reaction. The presence of composite agent 

in SAH composites results in improved mechanical properties over conventional 
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superabsorbent hydrogels. These types of hydrogels are extensively used in drug delivery 

applications. 

Recently, superabsorbent hydrogel with very high mechanical or elastic properties 

have been developed by adding a hybrid agent that can be crosslinked after SAH is 

formed. The hybrid agent is a water-soluble or water-dispersible polymer that can form 

crosslinked structure (in a manner similar to forming interpenetrating network) through 

chemical or physical crosslinking. Examples of hybrid agents are polysaccharides 

including sodium alginate, pectin, chitosan, cellulose, starch and natural gums (such as 

xanthan, guar and alginates) or synthetic water-soluble hydrophilic polymers such as 

poly(vinyl alcohol).147 Superabsorbent hydrogels have tremendous applications in 

agricultural fields. They help in conservation of water and retain moisture by helping soil 

increase water holding capacity enabling the survival of plants during drought. They also 

cl~im to reduce leaching of fertilizers. 

Superabsorbent hydro gels for use in soil to promote plant growth has been reviewed 

by Kazanskii et al. 103 Crosslinked poly(acrylamide-co-sodium acrylate) microgels as well 

as polyacrylamide, poly(acrylic acid), poly(vinyl alcohol) and potassium polyacrylate 

have been produced via electron beam irradiation.148 The average plant height, leaf width, 

total dry weight and wilting time increased when these hydrogels were added to the 

soil.149 The germination of seeds and the growth of young plants were also better with 

hydrogels based on starch grafted with acrylic acid and acrylamide.1so In a study, the 

growth of rice is enhanced in soils containing superabsorbent hydrogels based on 

crosslinked carboxymethylcellulose and acrylamide.1S1 Superabsorbent hydrogels have 

also been used to reduce the environmental problem of polyphenols and organic contents 

in olive mill wastewater. They help the wastewater to be immobilized, so that it can be 

used as plant fertilizer. 1s2 The superabsorbent hydrogels that have been used in agriculture 

is coined as 'Jalshakti' which have significant role in seed germination and plant growth 

in desert. 
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1.9 Research background and challenges (scope and objectives) 

During the past two decades, hydro gels have emerged as a promising biomaterial 

due to their versatile applications in various fields. The existence of hydrogels dates back 

to 1960, when Wichterle and Lim first proposed the use of hydrophilic networks of 

poly(2-hydroxyethyl methacrylate) in contact lenses. Since then, the use of hydro gels has 

extended to various biomedical and pharmaceutical applications. In comparison to other 

synthetic biomaterials, hydrogels resemble living tissues closely in their physical 

properties because of their relatively high water content and soft and rubbery consistency. 

Hydrogels show minimal tendency to adsorb proteins from body fluids because of their 

low interfacial tension. The greater part of the work on hydrogels has centered on 'stimuli­

responsive' or 'smart hydrogels', due to their ability to respond towards various 

environmental stimuli such as temperature, pH, ionic strength, magnetic or electric field 

etc. The stimuli can result in changes in phases, shapes, optics, mechanics, electric fields, 

surface energies, recognition, reaction rates and permeation rates. Stimuli-responsive 

hydrogels can perceive the prevailing stimuli and respond by exhibiting changes in their 

physical or chemical behaviour. Their responses towards different stimuli can be exploited 

for various applications such as tissue engineering, controlled drug delivery, actuator and 

sensors etc. Amongst various stimuli, pH and electric field seemed to be promising 

stimuli. 

pH-responsive hydrogels possess a plenty of ionizable groups in the macromolecular 

networks. As the variation of environmental pH, these ionizable groups are ionized to 

cause differences of internal and external ionic strength and breakage of hydrogen bonds 

between the molecular segments. Therefore, pH-sensitive hydrogels have been most 

frequently used to develop controlled release formulations for oral administration. The pH 

in the stomach (- 3) is quite different from the pH in the intestine and such a difference is 

large enough to elicit pH-dependent behavior of polyelectrolyte hydrogels. 

Electro-responsive hydrogels can be synthesized in conjunction with conducting 

polymers (CP) or by the incorporation of different conducting fillers into the hydrogel 
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matrix. Conducting polymers such as polyaniline and polypyrrole are the frequently used 

conducting polymers in this appli~ation. Graphite, which is naturally abundant and low 

cost, has widely been used as electronically conducting filler in preparing conducting 

polymer composite hydrogels. But, in most of the cases relatively large quantities of 

graphite are required to reach a critical percolation value. Large amount of graphite 

concentration always lead to the poor mechanical property of the composite materials. To 

overcome this problem, the carbon nanotubes have been recently introduced for the 

preparation of electro-responsive hydrogels. These electric field-sensitive gels can be 

exploited to construct new types of soft actuators, sensors, micromachines, biomimetic 

energy-transducing devices and controlled delivery systems. 

In the present thesis, efforts have been made to synthesize different types of pH­

responsive and electro-responsive hydrogels with plausible applications in actuation and 

controlled drug delivery systems. 

Objectives of the present investigation: 

• To develop different stimuli-sensitive polymeric hydrogel, their composites and 

nanocomposites. 

• To study the effect of various parameters such as crosslinking density, pH, electric 

field etc. on swelling behaviour of the hydrogels. 

• To characterize the polymeric hydrogels using FTIR, XRD, SEM, DMA, UV­

visible and TGA analysis. 

• To evaluate the electrical properties and bending behaviour under the influence of 

an external electric field. 

• Applications of these stimUli-responsive hydrogels for controlled drug delivery 

and electric-field assisted delivery of drugs. 

• Determination of biocompatibility of the prepared hydrogels. 
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Plan of the work: 

To fulfill the above objectives the following plans of work have been adopted: 

• Synthesis of hydrogels from acrylic acid/acrylamide/poly(vinyl 

alcohol)/carboxymethylcellulose/gelatin with a suitable cross linker. 

• Synthesis of conducting hydrogel composites by in situ polymerization of aniline 

within hydrogel matrix. 

• Preparation of composite and nanocomposite hydrogels by the incorporation of 

graphite, multiwalled carbon nanotubes and OMMT nanoclay into the respective 

hydrogel matrix. 

• Evaluation of pH as well as electro-responsive of the hydrogels and their possible 

applications in controlled drug delivery and actuation. 
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Chapter 2: Synthesis ofpoly(AAm-co-AAc)/PANI and poly(AAm-co­
AAc)/graphite conducting composite hydrogels 

2.1 Introduction 

Hydrogels are crosslinked polymer network that can absorb water many times of 

their original volume. For this excellent water-holding property, hydrogel polymers were 

introduced into the agriculture, food, cosmetics, diaper and pharmaceutical industries.1
,2 

The volume phase transition of certain hydrogels is one of the most fascinating and 

important phenomena in the polymeric networks. Stimuli-responsive hydrogels, which are 

also called 'smart polymers' show drastic changes in their volume and shape reversibly 

due to changes in environmental stimuli such as external pH, temperature, ionic strength, 

nature and composition of the swelling agent, enzymatic or chemical reaction and 

electrical or magnetic stimuli3 etc. The change in the degree of swelling may occur 

discontinuously at a specific value of stimulus or gradually over a (mostly small) range of 

stimulus values. An interesting characteristic of responsive gels is their reversible change 

of network structure. 

pH-responsive hydrogels respond to changes in pH of the external environment. 

They bear readily ionizable side groups attached to impart peculiar characteristics and 

either accept or release protons in response to changes in environmental pH.4 Electro­

conductive hydrogel describes a polymer that combines the properties of hydrogels as 

well as that of the conductive system. Under the influence of an electric field, electro­

responsive hydrogels generally deswell or bend, depending on the shape of the gel and its 

position relative to the electrodes. 

A part of this chapter is published 

M. Boruah, A. Kalita, B. Pokhrel, R. Boruah and S.K. Dolui. Adv. Polym. Technol. 32, 

E520-E530,20l3 

M. Boruah, P. Phukon, B. Saikia and S.K. Dolui. Polym. Compos. 35,27-36,2014. 

Development of stimuli-responsive polymeric hydrogels and their applications 
47 



Chapter 2: Synthesis ofpoly(AAm-co-AAc)/PANI and poly(AAm-co­
AAc)/graphite conducting composite hydrogels 

In recent years, intelligent electro-responsive hydrogels are getting special interests 

because of their exceptional promise in biomedical applications such as sensors, actuators, 

chemical separation and drug delivery systemsS
-
9 etc. The ability to directly convert 

chemical energy into mechanical work makes smart gels suitable for actuator and other 

devices. lo-Is Electrically-responsive hydrogels are prepared generally from 

polyelectrolytes which contain relatively high concentrations of ionizable groups along 

the polymer backbone and are thus pH-responsive, as well as electro-responsive.16 When 

the hydrogel is negatively charged, it swells near the anode and contracts near the cathode, 

the contraction rate being proportional to the external current. So, a gel bar made of 

polyelectrolyte materials can bend backward and forward by the application of an electric 

field. 17 The electrical properties of an electro-responsive hydrogel can be significantly 

improved by the incorporation of different conducting polymers or conducting fillers to 

the hydrogel matrix. Polyaniline, polypyrrole, thiophene etc. are being used in the 

preparation of conducting ~ydrogels.18-20 Now-a-days, different carbon based conducting 

fillers like graphite,21 carbon fibers/2 carbon black,23 carbon nanotubes24 and graphene2s 

etc. are also getting considerable importance in the preparation of electro-responsive 

hydrogels. 

Considerable attempts have been made to mimic the efficient converSIOn of 

chemical energy into mechanical energy in living organisms. Electro-responsive 

hydrogels are capable of performing work by converting an external stimulation into 

mechanical motion can be an effective framework for soft actuators. Therefore, these 

systems can serve as actuators or artificial muscles in many applications. They are the 

most extensively studied polyelectrolyte hydrogels for actuator application, as in this case 

the mechanical energy was triggered by an electric signal. Also, they can reversely bend 

under the application of an electric field. 26,27 

Several successful attempts have been made by scientists worldwide to prepare 

electro-responsive hydrogels. Bajpai et al. prepared electrically conducting composite 

materials consisting of polyaniline (PAN I) nanoparticles dispersed in a poly(vinyl 

alcohol) (PVA)-g-poly(acrylic acid) (PAAc) hydrogel medium. They measured the 

electrical conductivities of the prepared hydrogel and also investigated the electro active 
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behavior of coftlposite hydrogels swollen in electrolyte solution using effective bending 

angle (EBA) measurements.28 Dai et al. made a high quality composite hydrogel of 

polyacrylamide/polyaniline by interfacial polymerization. They reported that interfacial 

polymerization is much more economical and effective than conventional methods 

because the polyaniline (PANI) formed at the water/organic-solvent interface assembles 

spontaneously and exclusively into the PAAm hydrogel. The resulting composite 

hydrogels exhibited interesting properties ranging from homogeneous structure, enhanced 

mechanical strength, high electrical conductivity and reversible interconversion between 

the doped and undoped states.20 

Moreover, efforts have also been made for the development of carbon conducting 

fillers based hydrogels. For example, Fan et al. successfully synthesized the 

interpenetrating network hydrogel of polyacrylamide/poly(vinyl 

alcohol)/polyacrylamide/graphite by simple two-step synthesis process and carried out the 

study of their swelling, conducting and mechanical properties. They found that the 

conductivity and swelling ratio of the hydrogel depends on the PV A, graphite and 

cross linker dosages. Moreover, the prepared hydrogels were found to possess good 

mechanical strength and thermal stability.29 Electrically conducting hydrogel based on 

polyacrylamide and graphite was synthesized by Tang et al. The influence of crosslinker, 

initiator, monomer, graphite, water absorbency and temperature on the conductivity of the 

hydrogel was investigated and an adsorbed network structure model for conducting 

hydrogel was proposed.3o Lin et al. synthesized conducting composite hydrogels based on 

polyacrylate and graphite. The influence of crosslinker, initiator, monomer, neutralization 

degree, graphite, water absorbency and temperature on the electrical conductivity of the 

hydrogel was investigated. The conducting composite hydrogel was found to possess good 

electrical conductivity and colloid stability. They concluded that the conductive hydrogel 

can be potentially used in the field of conductive materials and biomaterials.31 

In this chapter, we describe the synthesis of two sets of conducting composite 

hydrogels. In the first set, we performed the synthesis of conducting composite hydrogels 

of on poly (AAm-co-AAc) and polyaniline (PANI) using aqueous polymerization 
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technique. Impregnation of polyaniline was carried out by interfacial polymerization of 

aniline at water/organic-solvent interface. The percentage impregnation of PANI into the 

hydrogel was calculated and effect of crosslinker amount, polyaniline (PANI) content and 

pH of the media, on swelling behaviour of the composite hydrogels were determined. 

Variation of conductivity with crosslinker amount and temperature was also studied. In 

the second set, we carried out the synthesis of composite hydrogel based on poly (AAm­

co-AAc)/ graphite following the same synthetic route. The influence of c!osslinker, 

graphite content and temperature on the conductivity of the hydrogel was investigated. 

Also, biocompatibility of the composite hydrogels was determined by hemolytic 

potentiality test. 

2.2 Experimental 

2.2.1 Materials 

Acrylic acid (AAc) was purchased from Merck Limited (Mumbai, India) and 

purified by vacuum distillation at 55°C. Acrylamide (AAm), N,N,N',N'­

tetramethylethylenediamine (TEMED), aniline and graphite powder were purchased from 

Aldrich and were used as received. Potassium persulphate (KPS) and ammonium 

persulphate (APS), as an initiator, supplied by Merck and was recrystallized before use. 

Oi-sodium phosphate (Na2HP04) and potassium hydrogen phosphate (K2HP04) were 

purchased from Merck. Other chemicals such as hydrochloric acid, ethylene glycol 

dimethylacrylate (EGOMA) were also of analytical grade and used without any further 

purification. 

2.3 Synthesis of poly(AAm-co-AAc)/P ANI composite hydrogel 

2.3.1 Fabrication of poly(AAm-co-AAc) hydrogel 

The composite hydrogel was fabricated by following a two-step procedure. The 

polymer matrix composed of poly(AAm-co-AAc) was prepared by using ethylene glycol 

dimethacrylate (EGOMA) as crosslinker and KPS/TEMED as a free radical-generating 

system. In a typical experiment, a mixed solution of acrylamide (AAm, 7 mol%) and 
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acrylic acid (AAc, 5 mol%) monomer and crosslinker ethylene glycol dimethacrylate 

(0.03 mol%-O.l5 mol%) was mixed well with 15 ml of double distilled water with 

vigorous stirring. Subsequently, redox initiator potassium persulfate (KPS, 0.l8 mol%) 

and tetramethylethylenediamine (TEMED, 0.05 mol%) were added to the mixture and 

mixed well. The homogenized mixture was kept in a petridish for 24 hrs. On completion 

of the reaction, the entire mass got converted into a semi-transparent film which was then 

purified by equilibrating the film in double distilled water for a week. The swollen gel was 

dried at room temperature, cut into rectangular pieces and stored in airtight plastic bags. 

Recipe for the preparation of poly(AAm-co-AAc) copolymer hydrogel are shown in 

Table 2.1. 

Table 2.1 Recipe for the preparation of poly(AAm-co-AAc) copolymer hydrogel with variation of 

crosslinker (EGDMA) content: 

Sample S(1) S(2) S(3) S(4) S(5) 

Acrylamide (mol%) 7 7 7 7 7 

Acrylic acid (mol%) 5 5 5 5 5 

Ethylene glycol 0.03 0.05 0.07 0.10 0.l5 

dimethacrylate 

Potassium persulfate = 0.18 mol% and tetraethylmethylendiammine = 0.05 mol%. 

2.3.2 Impregnation of polyaniline (P ANI) into the hydrogel matrix 

The impregnation of polyaniline (PAN I) into the hydrogel matrix was carried out 

through interfacial polymerization technique. The prepared hydrogel was dipped into an 

aqueous solution of 0.25 M ammonium peroxysulfate (APS) and 1 M HCI for 24 hrs. 

After that the aqueous solution was removed from the solution and the hydrogel was again 

immersed in a hexane solution containing 0.2 M aniline for 2 hrs. The temperature was 

maintained at 0_50°C?2 Aniline was absorbed into the hydrogel matrix leading to contact 

with oxidative medium resulting into polyaniline after polymerization. Samples of the 

conducting composite hydrogel of poly(AAm-co-AAc)/PANI were dipped in a large 

amount of 1 M HCl aqueous solution for 1 week to wash out low molecular weight 
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components of the system as well as the remaining APS and PANI oligomers. Preparation 

ofpoly(AAm-co-AAc)/PANI composite hydrogel is schematically shown in Fig 2.1. 

Pol)anthuC' partidcs "hhiu 
tbt' b;)lIrot:eI malrh 

TJI' .. ;"JED 

ADiUnc In bC'.ranC' .. 

APS partlcl .. 
"l1biu bydroa~l matrix 

Fig 2.1 Schematic representation of preparation of poly(AAm-co-AAc)/PANI composite hydrogel. 

The percentage impregnation of PANI into the gel was calculated by the following 

equation: 

% PAN! impregnation = WPANI - WDRy/ WDRY x 100 (Eqn.2.1) 

where, 'WPANI' is weight of the dry PANI impregnated gel and 'Wdry ' is the initial weIght 

of polymer gel. 

2.4 Fabrication of poly(AAm-co-AAc)/graphite composite hydrogel 

A polymer matrix composed of poly(acrylamide-co-acrylic acid)/graphite was 

prepared by dissolving a predetermined amounts of acrylamide (AAm) , acrylic acid 

(AAc) monomer in distilled water. Subsequently, graphite micropowder was dispersed in 

the above solution thoroughly to form a mixed solution. A given amount of crosslinker 

ethylene glycol dimethacrylate (EGDMA) was dissolved in the monomer/graphite mixed 

solution and the whole mixture was ultrasonicated for 30 min. The redox initiator system 
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potassium persulfate (KPS) and N, N, N', N'-tetraethylmethylendiammine (TEMED) were 

added to the mixture under stirring condition. The homogenized mixture was kept in a 

petri dish for 24 hrs. On completion of the reaction, the entire mass got converted into a 

dark black film which was then purified by equilibrating the film in double distilled water 

for a week. The swollen gel was dried at room temperature, cut into rectangular pieces and 

stored in airtight plastic bags. 

AcryliC acid 

+ 
Crossllnker 

+ 
Graphite 

KPS 

TEMED 

Graphite particles within 
the hydrogel matrix 

Fig 2.2 Schematic representation for the preparation of poly(AAm-co-AAc)/graphite composite 

hydrogel. 

Table 2.2 Recipe for the preparation of poly(AAm-co-AAc)/graphite composite hydrogels with 

variation of graphite content: 

SampJe G(l) G(2) G(3) G(4) G(5) G(6) 

Acrylamide (mol%) 7 7 7 7 7 7 

Acrylic acid (mol%) 5 5 5 5 5 5 

Graphite (wt %) 3 5 7 9 11 13 

Potassium persulfate = 0.l8 mol%, ethylene glycol dimethacrylate = 0.07 mol% and 
tetraethylmethylendiammine = 0.05 mol%. 

Preparation of poly(AAm-co-AAc)/graphite composite hydrogel is schematically shown 

in Fig 2.2 and the compositions of the prepared composite hydrogels are shown in Table 

2.2. 
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2.5 Characterization 

2.5.1 Fourier transform infrared spectrometer (FTIR) 

FTIR is a useful method for the characterization of monomer and polymers. It is 

primarily used for the detection of functional groups, but analysis of spectra in the lower 

frequency finger print region can give evidence of degree of polymerization and the effect 

of substituents on the electronic properties of the polymer backbone. 

Spectra were recorded from pressed KBr pellets using a Nicolet, Impact 410FT -IR 

spectrometer in the range of 4000-400 cm- I at room temperature. 

2.5.2 Powder X-ray diffractometer (XRD) 

Powder X-Ray diffraction (XRD) data were collected on a Rigaku Miniflex X-ray 

diffractometer (Tokyo, Japan) with Cu Ka radiation (1..=0.15418 A) at 30 kVand 15 mA 

with a scanning rate ofO.05°s-1 in a 2B ranges from 20° to 80°. 

From the 2(} value for the reflections, d values were calculated using Bragg's equation. 

nA. = 2d sinB (Eqn.2.2) 

where, 'n' is an integer, 'A.' is the X-ray wavelength, 'd' is the distance between crystal 

lattice planes and 'B' is the diffraction angle. 

2.5.3 Scanning Electron Microscope (SEM) 

The scanning electron microscope (SEM) is a type of electron microscope that 

images the sample surface by scanning it with a high energy beam of electrons in a raster 

scan pattern. The electrons interact with the atoms that make up the sample producing 

signals that contain information about the sample's surface topography, composition and 

other properties such as electrical conductivity. 

SEM studies were performed to investigate the surface morphology or 

microstructure of the samples. JSM-6390L V, JEOL, Japan was used for analysis. The 

surface of the sample was coated with platinum before SEM analysis. 
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2.5.4 Tensile strength 

A universal testing machine (Zwick 10KN) was used to measure the tensile strength 

of poly(AAm-co-AAc)/PANI and poly(AAm-co-AAc)/graphite composite hydrogels, 

with an extension rate of 10 mm/min at room temperature in wet condition. For 

measurement, the samples were immersed in water until equilibrium was established. 

2.5.5 Evaluation of optical and electrical properties 

2.5.5.1 UV -visible spectroscopy 

The UV -visible absorption spectra of polyaniline (PANI) powder and poly(AAm­

co-AAc)/PANI composite hydrogel, in I-methyl-2-pyrrolidone solvent were recorded in 

the range 300-800 nm with a UV -visible spectrophotometer (Shimadzu UV -2550). 

2.5.5.2 DC electrical conductivity 

The electrical conductivities of both sets of composite hydro gels were measured 

using four probe technique in the temperature range 300K ~ T ~ 413K. The electrical 

conductivity of the prepared hydrogels were calculated using the following relation-

p = (VI J) 2nS (Eqn.2.3) 

where, 'p I is the resistivity of the sample, 'V'is the applied voltage, '/' is the measured 

current through the sample and'S' is the distance between probes. Current-voltage (I-V) 

characteristics of prepared samples were recorded with a Keithley 2400 source meter at 

room temperature within the frequency range 102-106 Hz. 

2.5.6 Swelling behaviour 

To measure the degree of swelling the hydrogels, dried samples were placed in 

buffer media of different pH values at room temperature until the hydrated gels reached a 

stable weight. The water absorbed on the surface of the hydrogels was removed using 

filter paper and the weight noted. The swelling percentages of the composite hydrogels 

were calculated by using following equation: 

Swelling % = Ws - Wdr/Wdry x 100 
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where, 'Ws' is the weight of the hydrogels in swollen state and 'Wdry' is that of the 

hydro gels in dry state. 

2.5.7 Bending-Angle Measurement 

The composite hydrogels were swollen in different concentrations of aqueous NaCI 

solution at room temperature and cut into rectangular pieces. Then the bending angle of 

the gels under applied electric fields was measured using a self develpped device as 

shown in Fig 2.3. To demonstrate the bending behaviour of the hydrogels, the two carbon 

electrodes were placed in parallel 30 mm apart. One end of the sample column was fixed 

and placed vertically between two carbon electrodes in aqueous NaCI solution and the 

bending behavior was investigated under an applied electric field. 

-1----Carbon electrodes 

-f----Gel 

'"=i---- Carbon electrodes 

_-=:=+---- Electrolyte solution 
'-------------~ 

Fig 2.3 Apparatus for measuring bending angle. 

2.5.8 Biocompatibility by Hemolytic Potentiality Test 

The biocompatibility of the hydrogel is very important for their tissue engineering as 

well as other biomedical applications. The hemolysis activity tests were performed against 

some hydrogel samples by following the procedure of Miki et al. with slight 
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modifications.33 Blood was collected from a goat intestine using 1I1Oth volume of 3.8% 

sodium citrate out of the total blood volume. Blood was then centrifuged in a 50 ml 

centrifuge tube at 3000 rpm for 5 min. The supernatant containing platelet-poor plasma 

was discarded and the pellet containing RBC was re-suspended in 10 volumes of 

phosphate buffer saline (PBS) of pH 7.4. The process was repeated two to three times to 

completely remove the buffy coat of RBC. Finally the cells were suspended in PBS to get 

a uniform suspension of cells. 

Testing samples having uniform thickness (l0 mm) were placed in polypropylene . 
test tubes. Prior to this, the surfaces of all the films were sterilized under UV light for 20 

min under a sterile laminar air flow hood. After that 2 ml of erythrocyte suspension was 

added to 10 mg of each type of treated film samples. Each tube was gently inverted and 

gentle shaking was done to maintain contact of the blood with the material and 

incubated at 37°C for 90 min. Positive and negative controls were prepared by adding the 

same amount of erythrocyte suspension to Triton X-IOO (Sigma-Aldrich, USA) and PBS 

(PH 7.4) respectively. After incubation, the samples were centrifuged at 3000 rpm for 5 

min to pellet out RBC cells. The supernatants were carefully separated out and used for 

absorption studies at 540 nm using a UV- visible spectrophotometer against a PBS blank 

solution. The percentage of hemolytic index (%) was calculated using the following 

formula: 

Hemolysis (%) = (As - Ae) / (Ae + - Ae) x 100 (Eqn.2.5) 

where, 'As' is the absorbance of the test sample. The absorbance of positive (Ae +) and 

negative controls (Ae) were found to be 1.30 and 0.007, respectively. 

2.6 Results and discussion 

2.6.1 poly(acrylamide-co-acrylic acid)1P ANI composite hydrogel 

2.6.1.1 FTIR analysis 

Fig 2.4 shows the FTIR spectra of polyaniline (PANI) and poly(AAm-co­

AAc )/P ANI composite hydrogel. The FTIR spectra of P ANI exhibited absorption peaks at 
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3429, 2924, 1630, 1437 and 812 cm-!, due to N-H stretching of secondary amine, 

stretching of the C-H bonds in phenyl rings, aromatic C=C stretching and N-H bending 

vibrations respectively (Fig 2.4a)_ 

4000 3000 2000 1000 

Wavenumber (em-I) 

Fig 2.4 FTIR spectra of (a) polyaniline (PANI) and (b) poly(AAm-co-AAc)/PANI composite 

hydrogel. 

The characteristic peaks in the composite h~drogel are shown in the Fig 2.4b. Here 

peak at 3430 cm-! is due to N-H stretching of secondary amine, the one at 3264 cm-! is 

due to N-H stretching of primary amide group, the one at 2924 cm-! indicates stretching of 

the C-H bonds in phenyl rings, the one at 1735 cm-! is due to C=O stretching of 

carboxylic acid group ofPAAc and 1631 cm-! is for stretching ofC=O ofPAAm. Peak at 

1436 cm-! is due to aromatic C=C stretching and the peak at 836 cm-! is due to N-H 

bending vibrations. From the characteristic peaks, the impregnation of polyaniline into the 

polymer matrix can be confirmed. 

2.6.1.2 UV-visible spectral analysis 

The UV-visible analysis was carried out in the range 300 to 800 nm (Fig 2.5). The 

spectra showed two distinct absorption bands at 356 and 630 nm for pure polyaniline 
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(PANI) powder. In case of PANI impregnated hydrogel, two characteristic peaks were 

observed at 345 and at 636 nm which indicates the impregnation of polyaniline (PANI) 

into the gel. This confirms the impregnation of P ANI into the gel because the emeraldine 

form of PANI has two characteristic peaks at 334 and 632 nm originating from 1t-1t* 

transition ofbenzenoid rings and the exciton absorption of the quinoid rings, respectively. 
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Fig 2.5 UV-visible spectra of (a) polyaniline (PANI) and (b) poly(AAm-co-AAc)/PANI composite 

hydrogel. 

2.6.1.3 XRD analysis 

The XRD patterns of the prepared copolymer hydrogel, poly(AAm-co-AAc)IPANI 

composite hydrogel and polyaniline (PANI) powders are shown in Fig 2.6. XRD pattern 

of pure polyaniline (PANI) shows a broad peak at about 25.8°, which is a characteristic 

peak of amorphous polyaniline (Fig 2.6c). The prominent peak at 25° is present in case of 

RANI impregnated hydrogel (Fig 2.6b), which is not pre~ent in the native gel (Fig 2.6a). 

Thus, the XRD-patterns of poly(AAm-co-AAc)IPANI composite hydrogel confirms the 

impregnation of polyaniline (PANI) within the polymer matrix. 
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Fig 2.6 XRD spectra of (a) poly(AAm-co-AAc) copolymer hydrogel, (b) poly(AAm-co-AAc)/PANI 

composite hydrogel and (c) polyaniline (PANI). 

2.6.1.4 Scanning Electron Microscopy (SEM) 

From the SEM images ofpoly(AAm-co-AAc) copolymer hydrogel and poly(AAm­

co-AAc)fPANI composite hydrogel it has been found that the copolymer hydrogel 

possesses comparatively a smooth surface (Fig 2.7a), but heterogeneity develops in the 

matrix on impregnation of polyaniline (PANI) into the polymer matrix. From Fig 2.7b, it 

is confirmed that polyaniline (P ANI) molecules form clusters within the matrix. The 

polyaniline (PANI) molecules are hydrophobic in nature whereas the polymer matrix is 

hydrophilic. The formation of polyaniline (PANI) clusters is probably due to their 

hydrophobic dispersion forces. 

The SEM micrograph of the cross-section of the composite hydrogel is shown in Fig 

2.7c. It also shows the same heterogeneity as that of the surface of poly(AAm-co­

AAc)/PANI composite hydrogel, which confirms the presence of PAN I molecules within 

the whole matrix. Although, aniline molecules are hydrophobic in nature, they form 

aniline hydrochloride salt as they come contact with hydrochloric acid. This salt has good 

solubility in water and absorbed into the hydrogel matrix during swelling of the gel in 

Development of stimuli-responsive polymeric hydrogels and their applications 
60 



Chapter 2: Synthesis ofpoly(AAm-co-AAc)/PANI and poly(AAm-co­
AAc)/graphite conducting composite hydrogels 

water. There, it gets polymerized when comes in contact with ammonium persulphate 

initiator. So, the polyaniline (PANI) molecules are dispersed within the whole matrix. 

Fig 2.7 SEM micrographs of (a) poly(AAm-co-AAc) copolymer hydrogel, (b) poly(AAm-co­

AAc)/PANI.composite hydrogel and (c) cross-section of poly(AAm-co-AAc)/PANI composite 

hydrogel. 

2.6.1.5 Tensile strength 

Fig 2.8 is a representative tensile strength plot of the conductive composite 

hydrogels. It has been found that the mechanical strength gradually increases from 0.125 

to 0.212 MPa with increase in the crosslinker (EGDMA) amount from 0.03 mol% to 0.15 

mol% respectively. This may be due to the perfection affected in the 3D network structure 

with introduction of increasing amounts of crosslinker. Thus, it is reasonable to suggest 

that amount of permanent crosslinking between the polymer chains plays a significant role 

in enhancing the tensile strengths of the composite hydrogel. 
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Fig 2.8 Tensile strengths of the hydrogels with the variation of crosslinker content. 

The open spaces between polymer networks decreased with high crosslinking density 

thereby improving the strength. The composite hydrogels possess good tensile strengths as 

shown in the Table 2.4. 

2.6.1.6 DC electrical conductivity 

2.6.1.6.1 Effect of crosslinker amount on conductivity 

The conductivity tends to increase initially from 4.2x 10.3 Scm'! to S.6x 10.3 Scm'! 

with increase in crosslinker (EGDMA) amount and again decreases to 4.8x 10.3 Scm'! 

when amount of cross linker is highest. Our interpretation of the results is as follows: 

initial increase in amount of crosslinker facilitates the formation of a proper network 

structure which in tum enhances the hydrophilicity of the matrix and attracts a large 

number of aniline hydrochloride molecules to diffuse into the gel which upon subsequent 

polymerization leads to greater amount of polyaniline (P ANI) within the polymer matrix. 

So the conductivity increases with increasing amount of crosslin king agent. The 

observation that the conductivity decreases beyond an optimum level of crosslinker 

amount shows that beyond the optimal level of cross linker, the network becomes compact 

Development of stimuli·responsive polymeric hydrogels and their applications 
62 



Chapter 2: Synthesis ofpoly(AAm-co-AAc)/PANI and poly(AAm-co­
AAc)/graphite conducting composite hydrogels 

restraining the mobility of both incoming aniline molecules as well as the relaxation of 

polymer matrix chain. Conductivity values are reported in the Table 2.3. 

Table 2.3 Variation of % PANI impregnation, conductivity and tensile strengths of the prepared 

composite hydrogels with different crosslinker (EGDMA) content: 

8ample EGDMA %PANI Conductivity Tensile strength 

(mol%) impregnation (x 10-38cm-1
) (MPa) 

8(1) 0.03 12.33 4.23 0.125 

8(2) 0.05 18.71 4.75 0.164 

8(3) 0.07 26.28 5.12 0.186 

8(4) 0.10 42.50 5.63 0.202 

8(5) 0.15 31.83 4.81 0.212 

2.6.1.6.2 Effect of temperature on conductivity 

The dependence of temperature on the conductivity of hydrogel shows that the 

conductivity of hydrogel rises with the increase of temperature. But conductivity value 

was found to be low. So, the observed conductivity may be due to the ionic movement. 

The conductivity increases with the increase in temperature due to the increasing ionic 

movement of the ions. The conductivity-temperature behavior of the conductive hydrogel 

can be described by Arrhenius equation: 

a(T) = A exp (-Ea / RTJ (Eqn.2.6) 

where, 'Ea' is the activation energy, 'R' is the molar gas constant, 'A' is a constant, and 

'T' is absolute temperature. According to the experimental data, the Ea is calculated as 

6.01 klmol-1 and the value of A is 29.22. The Arrhenius behavior of conductivity for the 

hydrogels suggested that the conduction was due to charge carriers (protons) hopping 

along the polyaniline chain. The conductivity data are shown in Table 2.4. 
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Table 2.4 Conductivity of poly(AAm-co-AAc)/PANI composite hydrogel at various temperatures. 

Temperature Conductivity (x 10-3 Scm-I) 

(C) S (1) S (2) S (3) S (4) S (5) 

27 4.37 4.85 5.18 5.78 4.92 

40 4.43 4.93 5.24 5.80 5.03 

50 4.56 5.17 5.39 5.87 5.17 

60 4.91 5.22 5.42 5.91 5.26 

70 5.19 5.28 5.48 6.02 5.33 

2.6.1. 7 Swelling behavior 

Fig 2.9 and Fig 2.10 represent the swelling behavior of the poly(AAm-co-AAc) 

copolymer hydrogels and poly(AAm-co-AAc)/PANI composite hydrogels respectively. In 

both the cases, swelling behaviour was found to be same, but the values tend to decrease 

slightly with incorporation of P ANI into the hydrogel matrix. It may be due to the 

hydrophobic nature of the PANI molecules present within the hydrogel matrix. 

The hydrogels were allowed to swell in different pH media and variation of swelling 

behavior with respect to the crosslinker amount and pH were studied. With diminishing 

acidity of the media (larger pH), ionization of the carboxylic acid groups occurs, resulting 

in both electrostatic repulsion between the carboxylate (-COO-) groups as well as 

expansion of the space network. 34 Therefore, the swelling percentage is found be highest 

in basic medium (higher pH). 
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Fig 2.9 Swelling % of poly(AAm-co-AAc) copolymer hydrogels in different pH medium: (a) pH 4, 

(b) distilled water and (c) pH 7.4 

Furthermore, presence of crosslinker is an important pre-requisite for formation of 

ideal three-dimensional networks of hydrogels. Under lower crosslinker concentrations, 

the polymerization reaction does not occur adequately and the 3D network of the polymer 

does not form effectively; water molecules cannot be held in the 3D network, which leads 

to the decrease of swelling percentage. So, as the amount of cross linker increases, the 3D 

network of the polymer forms effectively and after an optimum level of crosslinker 

,amount, the network density increases which results in a compact network. It is clearly 

seen from the Fig 2.10 that percentage swelling increases with increase in crosslinker 

amount in samples S(1) to S(4) but is found to decrease in case of sample S(5). It can be 

explained that the amount of crosslinker may be higher than the optimum level in case of 

sample S(5), thereby decreasing the percentage swelling. 
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Fig 2.10 Swelling % of poly(AAm-co-AAc)/PANI composite hydrogels in different pH medium: (a) 

pH 4, (b) distilled water and (c) pH 7.4. 

2.6.1.8 Bending angle measurements 

The bending behavior of poly(AAm-co-AAc)/P ANI composite hydrogels under 

varying concentrations of the electrolyte solution and applied voltages are shown in Fig 

2.11. It is clear that the bending behavior is low when applied voltage is low and tends to 

increase with increase in applied voltage. The increase in effective bending angle may be 

attributed to the fact that with increase in voltage, the charged matrix is attracted more and 

more towards the electrodes leading to the said observation. It also indicates that bending 

is induced by an electric current.35 

The bending behaviour of the gel was studied in NaCI solutions of concentrations 

OJ and 0.2 N separately. It was found that bending angle tends to decrease at higher 

concentrations of the electrolyte (Fig 2.11b). It may be due to the fact that beyond a 

critical electrolyte concentration, the ions present in the polymer chain are shielded by the 
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other ions in the electrolytic solute leading to electrostatic repulsion of the polyions and a 

decrease in the degree of bendingJ6 Also, according to Flory' s theory, an increasing 

amount of ions could reduce the electrostatic repulsion of the polyions by the screening of 

fixed charges and bring about a decrease in the degree of bending. So, bending angles are 

found to decrease with increase in electrolyte concentration.37 
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Fig 2.11 Effective bending angles of poly(AAm-co-AAc)/PANI composite hydrogel in: (a) 0.1 N 

NaCI solution and (b) 0.2 N NaCI solution. 
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Also, the bending behavior of the hydrogels with time is studied. All conducting 

hydrogels show good response in a short time. But, sample S(4) (containing highest % of 

P ANI) is found to show highest bending within the given time interval. Bending angles 

with respect to time are shown in Fig 2.12. 

2.6.1. 9 Hemolytic potentiality test 

The biomedical application of any material involves the use of humans or other 

animals, it is important to study their biocompatibility with blood. The prepared 

composites hydrogels were subjected to hemolytic potentiality test to evaluate their in 

vitro blood compatibility. 
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Fig 2.13 The percentage of hemolytic activity of poly(AAm-co-AAc)/PANI composite hydrogel at 

concentration (5 mg/2ml) at 540 nm. 

The test showed overall less hemolysis activity by all the tested samples and the data 

obtained are at the permissible limit for their biomedical applications. Also, hemolysis 

percentage was decreased with increase in polyaniline impregnation into the hydrogel 

matrix. Fig 2.13 represents the hemolysis percentage of the composite hydrogels. 

Development of stimuli-responsive polymeric hydrogels and their applications 
68 



Chapter 2: Synthesis ofpoly(AAm-co-AAc)/PANI and poly(AAm-co­
AAc)/graphite conducting composite hydrogels 

2.6.2 poly(acrylamide-co-acryJic acid)/graphite composite hydrogel 

2.6.2.1 FTIR analysis 

FT -IR analysis was carried out to elucidate the composition of the hydrogel and is 

shown in the Fig 2.14. FT-IR spectrum of the composite hydrogel shows peaks at 3468, 

3410,3185,2925,1726,1630,1437,1266 and 442 em-I. The characteristic peak at 3468 

cm- J is assigned to the O-H stretching from carboxylic group. Peak at 3410 cm-I is due to 

N-H stretching vibration, at 3185 cm-I is due to N-H bending vibration from -CONH2 

group ofPAAm. 

4000 3000 2000 1000 

Wave number (em) 

Fig 2.14 FTIR spectrum of poly(AAm-co-AAc)/graphite composite hydrogel. 

Also, the characteristic peaks at 1726 cm-I is due to C=O stretching of carboxylic 

aci<;l group of PAAc and at 1630 cm-I is for C=O stretching of PAAm. Peak at 1437 cm-I 

is due to the aromatic C=C stretching vibration, 1266 cm-I is due to the C-N stretching 

vibration and at 442 cm-I is due to the -NH2 out of plan rocking. The results indicate the 

formation of poly(AAm-co-AAc )/graphite composite hydrogel. 

2.6.2.2 XRD analysis 

The XRD patterns ofpoly(AAm-co-AAc) copolymer hydrogel and poly(AAm-co­

AAc)/ graphite composite hydrogels are shown in Fig 2.15. The different peaks were 
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observed at 29, 26.6, 44.6 and 54° respectively and are matched with (002), (101) and 

(004) planes of the hexagonal system with primitive structure of graphite.38 These peaks 

were absent in the native gel. Thus, the XRD-pattems provide an evidence of 

impregnation of graphite within the polymer matrix (Fig 2.15b). 
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Fig 2.15 XRD spectra of (a) poly(AAm-co-AAc) copolymer hydrogel and (b) poly(AAm-co­

AAc)/graphite composite hydrogel. 

2.6.2.3 SEM morphological observation 

Fig 2.16 illustrates the scanning electron micrographs of poly(AAm-co-AAc) 

copolymer hydrogel with and without graphite. The surface morphology of the hydrogel 

without graphite appears to be rough while with graphite it is found to be smooth. Here, 

the graphite particles may act as nucleating centre over which polymer grows with 

uniform rate (Fig 2.16b). 
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Fig 2.16 SEM images of (a) poly(AAm-co-AAc) copolymer hydrogel and (b) poly(AAm-co­

AAc)/graphite composite hydrogel. 

2.6.2.4 Tensile strength 

It has been found that the mechanical strength gradually increases from 0.112 to 

0.282 MPa with increase in the crosslinker (EGDMA) amount from 0.03-0.15 mol% (Fig 

2.17). This may be due to the formation of the 3D network structure with introduction of 

increasing amounts of crosslinker. Thus, amount of crosslinker plays a significant role in 

enhancing the tensile strengths of the composite hydrogel. The open spaces between 

polymer networks decreased with high crosslinking density thereby improving the 

mechanical strength. The composite hydrogels possess good tensile strengths for which 

they may find applications in flexible electronics and soft machines. 
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Fig 2.17 Tensile strength of the poly(AAm-co-AAc)/graphite composite hydrogels (with different 

amount of crosslinker) . 
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2.6.2.5 DC electrical conductivity 

2.6.2.5.1 Influence of crosslinker concentration on the conductivity of hydrogel 

The structure of the polymeric network plays a significant role in the electrical 

conductivity of hydrogel. The conductivity tends to increase initially with increase of 

crosslinker (EGDMA) amount from 0.03-0.09 mol% and again decreases beyond a 

crosslinker amount of 0.1 0 mol% as shown in Fig 2.18. 
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Fig 2.18 Conductivity of the poly(AAm-co-AAc)/graphite composite hydrogels with the variation of 

crosslinker amount. 

Initial increase in amount of crosslinker facilitates the formation of a proper network 

structure which in turn enhances the uniformity in distribution of graphite into the 

hydrogel matrix. So the conductivity increases with increasing amount of crosslinking 

agent. Again, beyond an optimum level of crosslinker amount, the network becomes 

compact restraining the mobility of the charge carriers. So, at higher crosslinking density, 

the connection between graphite particles decreases thereby decreasing the electrical 

conductivity of the hydrogel. 

2.6.2.5.2 Influence of graphite amount on the conductivity of hydrogel 

Fig 2.19 represents the conductivities of the prepared hydrogels with the variation of 

graphite amount. The electrical conductivity of the prepared hydro gels is mainly 
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accounted for the presence of graphite micropowder component. It was observed that the 

conductivity values increases with the increase in graphite content from 3 to 9 wllo. 

0.10 

0.09 

.t"'" 0.08 

's 
u 0.07 !!t 
~ "> 0.06 

~ 
~ 0.06 
'a 
C S 0.04 

0.03 

3 5 7 9 11 13 

Wt % of graphite 

Fig 2.19 Conductivity of the poly(AAm-co-AAc)/graphite composite hydrogels with the variation of 

graphite amount. 

With the increase of graphite amount, the contact between the graphite particles 

increase which leads to the enhancement of conductivity. On the other hand, conductivity 

tends to decrease when amount of graphite exceeds 9 w%. It may be due to the fact that, 

with increase in amount, graphite particles tend to form agglomerates thereby restricting 

the uniform distribution of graphite within the hydrogel matrix. So, a little decrease in the 

conductivity value was observed. 

2.6.2.5.3 Influence of temperature on the conductivity of hydrogel 

The conductivity of hydrogel also depends on temperature. The conductivity of 

hydrogel rises with the increase of temperature as shown in Fig 2.20. It may be due to the 

fact that, as temperature increases, the mobility of liquid within the polymeric network 

increases which again enhances the connectivity between the graphite particles. This leads 

to the increase in conductivity. The conductivity-temperature behavior of the conductive 

hydrogel can be described by Arrhenius equation. 

u(T) = A exp [-Ea / RT] Eqn.2.7 

where, 'Ea' is the activation energy, 'R' is the molar gas constant, 'A' is a constant, and 

'T' is absolute temperature. According to the experimental data, the Ea is calculated as 

6.01 kJ mol-I and the A is 29.22. 
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Fig 2.20 Conductivity of the poly(AAm-co-AAc)/graphite composite hydrogels with the variation of 

temperature. 

2.6.2.6 Swelling behaviour 

The swelling behavior of hydrogels is a measure of their utility as biomaterials in 

various fields. So, the swelling behaviors of the composite hydro gels without graphite and 

with graphite are investigated and shown in Fig 2.21 and Fig 2.22. In both the cases, 

swelling behaviours are found to be same, but the values tend to decrease slightly with 

incorporation of graphite into the hydrogel matrix due to the hydrophobic nature of the 

graphite molecules. 

The hydrogels were allowed to swell in different pH media. The swelling percentage 

is found be highest in basic medium (higher pH). With diminishing acidity of the media 

(higher pH), ionization of the carboxylic acid groups occurs, resulting in both electrostatic 

repulsion between the carboxylate (-COO-) groups as well as expansion of the space 

network.28 Also, there is development of a large osmotic swelling force caused by the 

presence of.the ions. 
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Fig 2.21 Swelling % of poly(AAm-co-AAc) copolymer hydrogel in different pH medium: (a) pH 4, 

(b) Distilled water and (c) pH 7.4. 

Furthermore, presence of crosslinker is an important pre-requisite for formation of 

ideal three-dimensional networks of hydrogels. Under lower crosslinker concentrations, 

the 3D network of the polymer does not form effectively in the gel. Thereby 3D network 

of gel cannot hold sufficient water which leads to decrease in swelling percentage. So, as 

the amount of crosslinker increases, the 3D network of the polymer forms effectively. 

After an optimum level of cross linker amount, the network density increases which results 

in a compact network causing decrease in swelling. 
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Fig 2.22 Swelling % of poly(AAm-co-AAc)/graphite composite hydrogels in different pH medium: 

(a) pH 4, (b) distilled water and (c) pH 7.4. 

2.6.2.7 Bending angle measurements 

When an electric field was applied to a strip of the hydrogel in an aqueous NaCI 

solution, the hydrogel showed significant and quick bending towards the cathode. When 

the electric stimulus was removed, it returned to its original position. The bending 

behavior of the hydrogels under varying concentrations of the electrolyte solution and 

applied voltages are shown in Fig 2.23. It is clear that the bending angle is low when 

applied voltage is low and tends to increase with increase in applied voltage. The increase 

in effective bending angle may be attributed to the fact that with increase in voltage, the 

charged matrix is attracted more and more towards the electrodes leading to the said 

observation. However, bending was not found in pure water and this indicates that 

bending was induced by th~ electric current.36 The effect of voltage on bending 
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phenomenon has been investigated in the range 3 0 to 120 V. No bending was observed 

below 3.0 V, so, lower critical voltage (LeV) found in this case is 3.0 V 
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Fig 2.23 Effective. bending apgles of poJy(AAm-co-AAc)/graphite composite hydrogel in: (a) 0.1 N 
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NaCI solution and (b) 0.2 N NaCI solution. 

The influence of the medium ionic concentration on the bending behavior of the 

hydrogel in response to an electric stimulation was determined by varying the 
, ~ r , , 

concentrations of aqueous NaCI from 0.1 Nand 0 2 N separately It was found that . . 
bending angle tends to decrease at higher concentrations of the electrolyte. This may be 

due to the fact that beyond a critical electrolyte concentration, the ions present in the 

polymer chain are shielded by the other ions in the electrolytic solute which leads to the 

electrostatic repulsion of the polyions and a decrease in the degree of bending?5 Also, 

according to Flory's theory, an increasing amount of ions could reduce the electrostatic 

repulsion of the polyions by the screening of fixed charges and bring about a decrease in 

the degree of bending So, bending angles are found to decrease with increase in 

electrolyte concentration.37 A similar result was reported by Sun and Mak in their study of 

the mechano-electrochemical behavior of a hydrogel fiber based on 

chitosanlpoly( ethylene glycol). 

Moreover, the bending behavior of the hydrogels with time IS studied. All 

conducting hydrogels show good response in a short time. But, sample containing highest 
. . 

weight % of graphite is found to show highest bending within the given time interval. 

Bending angles with respect to·time are shown in Fig 2.24. 
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2.6.2.8 Hemolytic potentiality test 

I , -

The hydrogel samples were tested for hemolytlc actIvlty and the results obtatned are 

shown in Fig 2.25 The test showed overall less hemolysis actiVIty by all the tested 

samples and the data obtained are at the permIssible limit 39 These results reveal that the 

hydrogel samples are hemocompatible and may be potentIally used for biomedIcal 

applications 

30 
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Fig 2.25 Bar diagram showmg the percentage of hemolytiC actlvrty by different samples at 

concentration (10 mg/2ml) at 540 nm 

Development o!stlmul!-responslVe polymenc hydrogeis and theIr applIcatIOns 
78 



Chapter 2: Synthesis ofpoly(AAm-co-AAc)/PANI and poly(AAm-co­
AAc)/graphite conducting composite hydrogels 

2.7 Conclusion 

>- Two sets of composite hydrogels with poly(AAm-co-AAc)/PANI and poly(AAm-co­

AAc)/graphite were prepared by solution polymerization process in presence of redox 

initiator potassium persulfate (KPS)lTEMED and crosslinker (EGDMA). 

>- The FTIR spectrum shows the characteristic peaks of the functional groups of 

constituent polymers. The presence of polyaniline and graphite in the hydrogel matrix 

was confirmed by XRD and SEM analysis. 

>- The swelling behaviour of both the composite hydrogels were found to be pH­

responsive upon study across varying pH media. Also, the swelling is found to be the 

highest in basic medium (pH 7.4). 

>- The mechanical properties of the composite hydrogels were improved with an increase 

in crosslinker (EGDMA) content due to the formation of a compact network structure. 

>- The prepared conducting composite hydrogels were found to possess gratifying 

conductivity which was significantly dependent on crosslinker (EGDMA) content, 

temperature and amount of the conducting filler. 

>- The hemolytic potentiality test reveals that, all the composite hydrogels are 

biocompatible in nature. 

>- Both the composite hydrogels show significant bending behaviour when exposed to an 

external electric field. 

>- The properties of composite hydrogels confirmed in this chapter indicate that the 

hydrogels can find possible application in artificial organ components, especially as 

actuator. 
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CHAPTER 3 

Synthesis of electric field responsive poly (vinyl alcohol}-g­

poly(acrylic acid)/OMMT nanocomposite hydrogels and 

their swelling kinetics. 

GRAPHICAL ABSTRACT 



Chapter 3: Nanocomposite hydrogel based on PVA-g-PAAc and organo-MMT 
nanoclay 

3.1 Introduction 

During the past decades, there has been an explosion of advances in the fields of 

structured and intelligent materials science and nanomaterials properties. Nanocomposite 

hydrogels have been introduced as suitable novel materials for a variety of applications 

such as wound dressing,l,2 drug delivery system3
,4 and agricultureS as well as waste­

water treatment6
,7 etc. Smart polymeric hydrogels can change their volume and shape 

reversibly depending on several environmental stimuli such as temperature, pH, ionic 

strength, pressure, electronic and magnetic field etc. Among these possibilities, electro­

responsive polymer hydrogels seem to be particularly interesting because mechanical 

energy has been triggered by an electric signal.s 

Nanocomposite refers to a composite material, in which reinforcing agent has at 

least one dimension in nanometer scale.9 In recent years, organic-inorganic 

nanocomposites have attracted great research interests because of their high water 

absorbency, relatively low production cost and considerable range of applications. IO
,1I 

Also, natural inorganic clays have been widely utilized in this field for improving 

performance and reducing costY For a successful nanocomposite to be prepared, the 

dispersion of inorganic material with the polymeric matrix is necessary. But, the intrinsic 

incompatibility of hydrophilic clay layers with hydrophobic polymer chains prevents the 

dispersion of clay nanolayers within polymer matrix. The weak interfacial interactions 

again hinder the exfoliation of clay. For this reason modification of clay layers with 

hydrophobic agents is necessary in order to render the clay layers more compatible with 

I h · 13 po ymer cams. 

A part of this chapter is published 

M. Boruah, M. Mili, S. Sharma, B. Gogoi and S. K. Dolui, Po/ym. Compos. 001: 

10.1002/pc.22909, 2014. 
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The organophilized filler shows compatibility with the relatively hydrophobic 

polymer matrix due to the hydrophobic surface. These fillers may help to improve the 

swelling, the mechanical properties, as well as the thermal stability of the polymers. 

Layered silicates, e.g., montmorillonite (MMT) , have been used in polymer 

nanocomposites with a significant improvement in the properties. I4
,I5 Due to unique 

structure of montmorillonite, the mineral platelet thickness is only one nanometer, 

although its dimensions in length and width can be measured in hundreds of nanometers, 

with a majority of platelets in 200-400 nm range after purification. Furthermore, being 

lamellar clay, MMT has intercalation, swelling and ion exchange properties and it can 

expand considerably more than other clays due to the water penetrating the interlayer 

molecular spaces and concomitant adsorption. I6 Moreover, Poly vinyl alcohol (PV A) 

and polyacrylic acid (PAAc) are hydrophilic polymers used in many biomedical 

researches, previously. Polyvinyl alcohol (PVA) is a well known biologically friendly, 

non-toxic, semi-crystalline synthetic polymer with properties such as water solubility, 

biodegradability and biocompatibility for which it finds use in a broad spectrum of 

applications. 

Currently, several successful methods have been carried out to obtain functional 

polymer/organo clay nanocomposite hydrogels to improve the properties of hydrogel, 

such as swelling and deswelling properties, thermal properties etc. For example, Wu et 

al. reported the preparation of starch-g-polyacrylamide/clay and poly(acrylic acid)/mica 

composites with striking capability of water absorption by grafting the monomers on the 

inorganic clay/mica. 17 Zheng et al. studied the effect of cation-exchanged 

montmorillonite on water absorbency of poly(acrylic acid-co­

acrylamide)/montmorillonite/sodium humate superabsorbent composite. Their results 

showed that the properties of the composite including water absorbency, swelling 

behavior and deswelling capability were dependent strongly on the kinds of cation 

exchanged. IS 

Electro-sensitive hydrogels are generally made of polyelectrolytes which contain 

relatively high concentrations of ionisable groups along the polymer backbone. I9 The 
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response of electro-sensitive hydrogels generally exhibits in the form of swelling, 

shrinking or bending behaviors. Several research groups have extensively studied the 

mechanism of such behaviors of this kind of hydrogels. Kim et al. reported a poly(vinyl 

alcohol)/chitosan (PV Nchitosan) IPN hydrogel that exhibited the electro-sensitive 

behavior in an aqueous NaCI solution.2o The bending angle and the bending speed of the 

PV A/chitosan hydrogel increased with an increasing applied voltage and the 

concentration of the aqueous NaCI solution. Sun and Mak demonstrated that a hydrogel , 
fiber based on chitosanlpoly(ethylene glycol) displayed mechano-electro-chemical 

(MEC) behaviour. They also showed the reversibility of the bending behavior under an 

applied electric field. 21 

This chapter includes the synthesis of a new type of electro-responsive 

organic/inorganic nanocomposite hydrogel, by introducing the organically modified MMT 

nanoclay into the poly(vinyl alcohol)-g-poly(acrylic acid) polymer network. Molecular 

structure and surface morphology of the prepared hydrogels are investigated thoroughly. 

The influence of clay content and the crosslinker amount on the swelling properties of the 

nanocomposite hydrogels were determined. In addition, the bending behaviour of the 

swollen hydrogels under an electric field at various applied voltages was also evaluated. 

3.2 Experimental 

3.2.1 Materials 

Acrylic acid monomer (Aldrich) was distilled under reduced pressure prior to use. 

Polyvinyl alcohol (MW=1,25,OOO g/mol, 98.5-99.5% hydrolyzed), potassium persulfate 

(initiator), glutaraldehyde as a crosslinking agent, MMT nanoclay, and N, N, N', N'-

tetramethylethylene diamine were supplied by Aldrich (A.R. grade). Cetyl 

trimethylammonium bromide (CTAB) was supplied by G.S Chemical testing lab and 

allied industries, New Delhi. Sodium hydroxide and ethanol were purchased from Merck 

and were of A. R grade. 
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3.3 Synthesis of poly(vinyl alcohol)-g-polyacrylic acid/OMMT 

nanocomposite hydrogel 

3.3.1 Preparation of organo-MMT nanocIay 

The organophilic clay was prepared by treating the clay with cetyl 

trimethylammonium bromide (CTAB) as reported elsewhere.22 3 g clay (Na+-MMT) was 

dispersed in 2S0 ml of deionized water under vigorous stirring (700 rpm). A solution,of 

CTAB (1.318g, 3.61Sx 10-3 mol) in 100. ml of deionized water was slowly added to the 

dispersion, under continuous stirring. The resultant dispersion was stirred for a further 6 

hrs. The dispersion was filtered and obtained cake was thoroughly washed with deionized 

water. Samples of the filtrate were taken in regular intervals and tested with a solution of 

0.1 M silver nitrate for the presence of released counterions. Washing was discontinued 

only when the filtrate did not give a positive test to silver nitrate. The washed cake was 

dried overnight under reduced pressure (vacuum) at 40°C and ground in a mortar. 

3.3.2 Preparation of PV A-g-P AAc/OMMT nanocomposite hydrogel 

Poly(vinyl aIcohol)-g-poly(acrylic acid) /OMMT nanocomposite hydrogels were 

prepared by free radical polymerization in distilled water. Before polymerization, 2 g of 

PV A was dissolved in 30 ml of hot double distilled water and 1.S ml of partially 

neutralized (60%) acrylic acid monomer was added to this solution. Also, a certain 

amount of OMMT nanoclay was dispersed in the deionized water under the ultrasonic 

vibration for 30 min. Both the solutions were mixed well and subsequently, 

glutaraldehyde (O.3-1.S mol%), potassium persulfate (0.18 mol%) and tetramethylethylene 

diamine (O.OS mol%) were added to the mixture under continuous stirring. Nitrogen was 

used to remove dissolved oxygen from the reactive solution. The reactive solution was 

first prepolymerizd at 70°C for 30 min under stirring, and then poured into a petri dish 

quickly. The post polymerization was carried out at 6SoC for 15 hrs. When the reaction 

completed, the hydrogel was cut into same size and immersed in repeatedly changed 

deionized water for 72 hrs to remove the residual monomers. 
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Table 3.1 Compositions of PVA-g-PAAclOMMT nanocomposite hydrogels with various crosslinker 

(Glutaraldehyde) content: 

Ingredients/Sample 8(1) 8(2) 8(3) 8(4) 8(5) 8(6) 8(7) 
PVA(g) 2 2 2 2 2 2 2 
Acrylic Acid (ml) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
OMMT(wt%) 5 5 5 5 5 5 5 
KPS (mol%) 0.18 0.18 0.18 0.18 0.18 0.18 0.18 
Glutaraldehyde (moJ%) 0.3 0.5 0.7 0.9 1.2 1.3 1.5 
TEMED (mol%) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Table 3.2 Compositions of PVA-g-PAAc/OMMT nanocomposite hydrogels with various OMMT 

nanoclay content: 

Ingredients/Sample G(I) 
PVA(g) 2 
Acrylic Acid (ml) 1.5 
OMMT(wt%) 1 
KPS (mol%) 0.18 
Glutaraldehyde (mol%) 0.9 
TEMED (mol%) 0.05 

l\'L,n IUlDoelay 
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Fig 3.1 Schematic representation for the preparation of PVA-g-PAAc/OMMT nanocomposite 

hydrogel. 
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3.4 Characterization 

3.4.1 Fourier transform infrared spectrometer (FTIR) 

To gain insights into the structural information of prepared hydrogels, the IR spectra 

of the hydrogels were recorded with a Nicolet Impact-41 p IR spectrometer (USA) in KBr 

medium at room temperature in the region 4000-450 cm· l
. 

3.4.2 Powder X-ray diffraction (XRD) 

Powder X-Ray diffraction (XRD) data were collected on a Rigaku Miniflex X-ray 

diffractometer (Tokyo, Japan) with Cu Ka radiation (/...=0.15418 A) at 30 kV and 15 rnA 

with a scanning rate ofO.05°s·1 in a 29 ranges from 10°.70° for the native gel and 0-45° for 

OMMT nanoclay and nanocomposite hydrogel. 

3.4.3 Scanning Electron Microscope (SEM) 

The surface morphology of the composites was observed using a scanning electron 

microscope (SEM) (Model- JSM-6390L V, JEOL, Japan). The surface of the sample was 

platinum coated before SEM analysis. 

3.3.4 Thermo Gravimetric analysis (TGA) 

Thermal analysis was done in a Shimadzu TA-60 thermo gravimetric analyzer. A 

pre weighted amount of the latex was loaded in a platinum pan and heating was done 

under nitrogen atmosphere at a heating rate of 10°C/min in the range of 0-600°C. 

3.4.5 Swelling behaviour 

To measure the degree of swelling the hydrogels, dried samples were placed in 

buffer media of different pH values at room temperature until the hydrated gels reached a 

stable weight The water absorbed on the surface of the hydrogels was removed using 

filter paper and the weight noted. 
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The swelling percentages of the composite hydro gels were calculated by usmg 

following equation: 

Swelling % = Ws - Wd,jWdry x 100 (Eqn.3.1) 

where, Ws is the weight of the hydrogels in swollen state and Wdry is that of the hydrogels 

in dry state. 

3.4.6 Bending-Angle Measurement 

The composite hydrogels were swollen in different concentrations of aqueous NaCI 

solution at room temperature and cut into rectangular pieces. Then the bending angle of 

the gels under applied electric field was measured using a self developed device as shown 

in Fig 3.2. To demonstrate the' bending behaviour of the hydrogels, the two carbon 

electrodes were placed in parallel 30 mm apart. One end of the sample column was fixed 

and placed vertically between two carbon electrodes in aqueous NaCI solution and the 

bending behavior was investigated under an applied electric field . 

....... ---Carbon electrodes 

-+----Gel 

"=1---- Carbon electrodes 

'-;:,:;==r---- Electrolyte solutIon 

'---------------, 

Fig 3.2 Apparatus for measuring bending angle. 
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3.4.7 Swelling kinetics 

The swelling capacity of a hydro gels can be determined by the amount of space 

inside the hydrogels network available to accommodate water. Three forces; polymer­

water interactions, electrostatic and osmosis expand the hydrogels network to 

accommodate water inside it. The maximum amount of water that can be absorbed by a 

hydrogel is called its 'equilibrium swelling capacity' which depends on many factors 

including hydrogel structure, crosslinking density, ionic content and hydrophilic content. 

The suitability of hydrogels as biomedical materials and their performance in a particular 

application depend to a large extent on their bulk structure. Three important parameters 

can define the structure of a hydrogel, the polymer volume fraction in swollen state V2.s, 

the number average molecular weight between the crosslinks (Me) and the correlation . . 
length (a.23 

In our work, the polymer volume fraction of the hydrogel in swollen state V2.s was 

estimated using the equation: 

(Eqn.3.2) 

where, Vd is the polymer volume fraction in dry state and Vs is the polymer volume 

fraction in swollen state. The value of Vd and Vs are determined by using the buoyancy 

principle with equation (3.3) and (3.4) as follows: 

(Eqn.3.3) 

(Eqn.3.4) 

where, ma is the mass of the initially dry polymer in air, mh is the mass of the dry 

polymer in n-heptane, ma.s is the mass of swollen hydrogel in air after reaching 

equilibrium swelling, mh.s is the mass of swollen hydrogel in n-heptane after reaching 

equilibrium swelling and Ph is the density of n-heptane (0.684 glcm3 at 37±0.1°C). 

Prepared hydrogels were weighed in air and in n-heptane where a brass wire (0.04 mm 

in diameter) basket was suspended for placing samples. 
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3.4.8 Effective molecular weight of the polymer chain between two neighbouring 

crosslinks, Me 

The molecular weight between two consecutive crosslinks, which can be either 

chemical or physical in nature, is a measure of the degree of crosslinking of the polymer. 

But due to the random nature of the polymerization process only average values of Me 

can be calculated. Based on the equilibrium swelling data, effective molecular weight of 

the polymer chain between two neighbouring crosslinks, Me was calculated using 

equation:24 

(Eqn.3.5) 

wh(ue, M; is the number average molecular weight of PV A before crosslinking and 

taken as 1,25,000. iJ is the specific volume of PV A before crosslinking and was taken as 

0.788 cm3tg,25 VI is the molar volume of the solvent (water) • 18 cm3morl. V2,s is the 

polymer volume fraction in swollen state and was calculated using equation 3.2. The 

valu,e of Flory Huggins polymer water interaction parameter equal to 0.494. 

3.4.9 Mesh size, I; 

An important structural parameter for analyzing hydrogels is the space available 

between macromolecular chains. This space is often regarded as the molecular mesh or 

pore which is denoted by (. Also, it can be reported only as an average value. Using the 

calculated values of number average molecular weight between crosslinks, mesh size for 

the hydrogel was estimated using equation: 

(= V2,s-II3 [Cn{2M/MJf12 .f (Eqn.3.6) 

where, Cn is the Flory characteristics ratio for PV A = 8.3, f is the carbon-carbon bond 

length along the polymer backbone which is equal to 1.54 A, Mr is the average 

molecular weight of the repeating units ofPVA and acrylic acid in gmorl. 
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3.5 Results and discussion 

3.5.1 FTIR analysis 

FTIR spectra of OMMT nanoclay, PVA-g-PAAc copolymer and PVA-g­

PAAc/OMMT nanocomposite hydrogels were recorded to investigate the formation of 

the nanocomposite as shown in Fig 3.3. The FTIR spectrum of OMMT nanoclay shows 

characteristics peaks at 3631 em-I, -OH stretching; 1637 cm-I, -OH bending; 1108 cm-I, 

Si-O stretching (out-of-plane); 1044 cm-I, Si-O stretching (in-plane); 830 cm-I, AI-Mg­

OH bending vibrations and at 522 cm-I due to the bending vibrations of Si-O. Also, the 

characteristics peaks were found for PVA-g-PAAc copolymer at 1730-1850 cm-I due 

to the presence of C=O stretching vibration and the peak observed at 639 cm -I is due to 

the -OH out of plane vibration of the carboxylic groups of PAAc, which obviously 

confirms the grafting reaction_ The characteristic peaks at 3468 cm-I and 3420 cm-I are 

due to -OH stretching vibration ofPVA and PAAc, respectively, which also confirms the 

grafting ofPAAc into PV A. Other characteristics peaks for PYA are found at 2890 cm-I 

for -CH2 stretching, 1402 cm-I for -O=C-OR stretching and at 860 cm- I for -CH 

stretching vibrations respectively. 

From the FTIR spectrum ofPVA-g-PAAc/OMMT nanocomposite hydrogel, it was 

found that, characteristics peaks occur at 1735-2010 cm -I due to the presence of C=O 

stretching vibration, 3600-3450 cm- I due to -OH stretching vibrations. Also, the 

characteristics peaks at 1050-1000 cm- I are found for OMMT nanoclay. When OMMT 

nanoclay was incorporated into the PVA-g-PAAc gel matrix, it was observed that peaks 

intensity related to PVA-g-PAAc gel have increased. So, it can be said that OMMT 

nanoclay is acting here as active fillers. 
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Fig 3.3 Representative FTIR spectra of (a) OMMT nanoclay, (b) PVA-g-PAAc copolymer and (c) 

PVA-g-PAAc/OMMT nanocomposite hydrogel. ., 

3.5.2 XRD analysis 

XRD experiments were run to gather information on the structure of PVA-g­

P AAc/OMMT nanocomposite hydrogel. Fig 3.4 shows the XRD spectrum of the PV A­

g-PAAc copolymer gel and Fig 3.5 represents that of the OMMT nanoclay and the 

nanocomposite hydrogel respectively. A prominent peak is observed near 19.4° (d-, 

spacing of 4.57 A) in the XRD spectrum of PV A-g-PAAc, which corresponds to the 

(101) plane of the PV A crystal. Other minor peaks around 21 and 22° could be attributed 

to minor crystallites of grafted polyacrylic acid chains. Pure OMMT displays a 

diffraction peak at 6.24°, corresponding to a d-spacing of 14.12 A. But after 

incorporation of 3.0 wt% of the mineral clay (OMMT) in the polymer matrix, a peak at 

4.69° corresponding to a d-spacing of 18.6 A was found. This increase in d-spacing 

indicates the increasing of layers spacing due to the intercalation or exfoliation of 

organophilic clay into the PVA-g-PAAc copolymer matrix. 
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Fig 3.4 XRD pattern of PVA-g-PAAc copolymer hydrogel. 
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Fig 3.5 XRD patterns of (a) OMMT nanoclay and (b) PVA-g-PAAc/OMMT nanocomposite 

hydrogel. 
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3.5.3 SEM analysis 

One of the most important properties that must be considered is hydrogel 

composite microstructure morphologies The morphological image of the nanocomposite 

hydrogel was studied by SEM. The SEM images in Fig 3.6 show that the morphology of 

PV A-g-P AAc/OMMT becomes smoother than pure polymer. Also, the clay incorporated 

hydrogel matrix is found to be filamentous . Since PV A is crystalline in nature. So, this 

morphological change can be attributed to the re-ordered crystalline phase of the PV A 

matrix, causing a packed network. 

Fig 3.6 SEM micrographs of (a) PVA-g-PAAc hydrogel and (b) PVA-g-PAAc/OMMT 

nanocomposite hydrogel. 

3.5.4 Thermal behaviour 

The thermogravimetic analysis (TGA) of the OMMT nanoclay incorporated 

nanocomposites and copolymer are shown in Fig 3.7 . Both TGA curves show a very 

small weight loss below 100°C, implying a loss of moisture. The initial decomposition 

for the copolymer starts at 230°C whereas that for clay incorporated polymer was found 

at 270°C. The major weight loss of the copolymer is found at 340°C, while for the 

nanocomposite it was found at 41 5°C. So, it can be concluded that the nanocomposites 

are thermally more stable. Thus, the incorporation of clay fillers into the polymer 

matrices results in the improvement of their thermal stability. The clay layers act as 

superior insulation and mass transport barrier against the volatile compounds generated 

during the decomposition of polymer under thermal conditions. 

£jj£.E sa. 2_ M 1L~ ~.~ _ !&£2L£!. E _~a.L !2L 
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Fig 3.7 TGA curves of (a) PVA-g-PAAc/OMMT nanocomposite hyd rogel and (b) PVA-g-PAAc 

copolymer hydrogel. 

3. 5.5 Swelling behaviour 

The swelling behavior of hydrogels is a measure of their utility as biomaterials in 

various fields . Fig 3.8 represents the swelling behaviour of the composite hydrogels with 

the variation of crosslinker and with different OMMT content as a function of time, from 

which some differences can be observed. It was observed that the water absorbency 

decreased with the increase of clay content. It may be due to the fact that, inorganic clay 

mineral particle in network acted as an additional network point. The crosslinking 

density of composite increased with the increase of OMMT content, which resulted in a 

decrease in water absorbency. Fig 3.9 represents the influence of clay amount on 

swelling behaviour of the nanocomposite . 

Presence of crosslinker is an important pre-requisite for formation of ideal three­

dimensional networks of hydrogels. It was observed that the swell ing capacity of the 

nanocomposite hydrogels decreased with the increase in crosslinker amount . According 

to Flory 's theory, the excessive crosslinking may cause the generation of more 

crosslinking points during radical polymerization and the increase of crosslinking 
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density of polymer network. 26 Therefore, the water absorption of the hydrogel was 

decreased with increasing the concentration of crosslinker. 
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Fig 3.8 Swelling curves of PVA-g-PAAc/OMMT nanocomposite hydrogel with various crosslinker 

amounts. 
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Fig 3.9 Effect of OMMT nanoclay content on the swelling properties of PVA-g-PAAcJOMMT 

nanocomposite hydrogel. 

Swelling behaviour is observed to be varied with the network parameters such as 

the polymer volume fraction in swollen state V:l. s• molecular weight of the polymer chai n 

between two neighboring crosslinking points (Me) and the correlation length or mesh 
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size (0. Table 3.3 represents the calculated values of these parameters found in case of 

the prepared nanocomposite hydrogel. It can be seen that mesh size (0 decreases with 

increasing polymer volume fraction and accordingly swelling % decreases. Also, gradual 

increase of crosslinker leads to a compact network which results low value of ( and Me, 

indicating that the network meshes were less open with the higher amount of crosslinker. 

For that, there will be a fall in the swelling percentage of the hydrogels . 

Table 3.3 Swelling Kinetics Parameters: polymer volume fraction in swollen state (U2.s), number 

average molecular weight between the crosslinks (Me) and the correlation length (~ for PVA-g-

PAAc/OMMT nanocomposite hydrogel: 

Sample GA v 2,s t;, A Me, g/mol 'n'value 
(mol%) (Eqn.3.2) (Eqn. 3.6) (Eqn.3.5) 

S(l) 0.3 0.256 56.2 1296 0.50 

S(2) 0.5 0.288 42.3 1189 0.54 

S(3) 0.7 0.317 37.0 1056 0.75 

S(4) 0.9 0.330 31.6 994 0.81 

S(5) 1.1 0.352 28 .8 973 0.87 

S(6) 1.3 0.376 22 .1 91 2 0.91 

3.5.6 Modelling of the swelling kinetics of the hydrogels 

It is well known that the initial water uptake process of hydrogels corresponds to 

the diffusion of water molecules into the gel network.24 A simple and useful empirical 

equation, so-called power law equation, is commonly used to determine the mechanism 

of diffusion in polymeric networks. 

Eqn.3.7 

where, Mt and Ma are the weight of the swollen sample at time' and at infinitely 

equi librium swollen state, respectively, k is a characteristic constant and n is a 

characteristic exponent of the mode transport of the water. Table 3.3 shows the 'n' 

values obtained for the PV A-g-PAAc/OMMT hydrogels. According to the 

classification of the diffusion mechanism, n -12 means Fickian and 12 < n < J indicates 
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an anomalous diffusion model respectively.27 The 'n' value was found to be 0.5 in case 

ofthe sample with lowest crosslinker amount and it is found to be increased from 0.50-

0.94 with increase in crosslinker amount. So, the n values found in our work indicate 

that the transport mechanism for the PV A-g-PAAc/OMMT nanocomposite hydrogels 

changes from Fickian to non-Fickian as the crosslinking density increases. 

3.5. 7 Bending behaviour under an electric field 

The exact mechanism of bending of ionic polymer films has not been fully 

understood, it is generally thought that the deformation of a hydrogel film under an 

electric field is due to the voltage-induced motion of ions. When a strip of PV A-g­

P AAc/OMMT nanocomposite hydrogel, in an aqueous solution of NaCI, was subjected 

to an electric filed, the hydrogel showed significant and quick bending towards the 

cathode. Again, if the electric stimulus was removed, it returned to its original position. 

The same behaviour was not observed in pure water. This implies that the bending of the 

hydrogels was induced by electro-chemical reactions. The bending behaviors of the 

hydrogels under different applied voltages are shown in Fig 3.10 . 

It can be seen that both the bending speed and the maximum bending angle of 

hydrogel increased with the increasing of applied voltage, indicating that bending is 

induced by an electric current. 28 It is thought that the counterions ( cations) of the 

polyion, which is an ionic group in the polymer network, moves toward the negative 

electrode. The polyion (anion) remains immobile. The free ions in the surrounding 

solution move towards their counter electrode and come in contact with the gel. 

Therefore, the osmotic pressure of the gel polymer network near the positive electrode 

increases and becomes larger than that of the negative electrode side. Consequently, the 

osmotic pressure difference occurs within the gel and is the driving force that controls 

bending toward the negative electrode. The effect of voltage on bending phenomenon 

has been investigated in the range 3.0 to 12.0 V No bending was observed below 3.0 V; 

so, lower critical voltage (LeV) found in this case is 3.0 v. 
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The influence of the medium ionic concentration on the bending behavior of the 

nanocomposite hydrogels were determined by varying the concentrations of aqueous 

NaCI solution from 0.05 N to 0.2 N respectively. It was observed that the bending 

degree increased when the concentration of aqueous NaCI solution was increased from 

0.05 N to 0.1 N, but again decreased when concentration of NaCI exceeds 0.1 N. May 

be, an increase in the electrolyte concentration in a solution induces an increase of the 

free ions moving from the surrounding solution toward their counter electrode or into the 

hydrogel. 
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Fig 3.10 Effect of aqueous NaCI solution concentration on the equilibrium bending angle (EBA) 

at different applied voltages. 

So, the bending degree of the hydrogel increased when concentration of NaCI was 

increased from 0.05 N to 0.1 N . But after an optimum electrolyte concentration, the 

shielding effect of the polyions by the ions in the electrolytic solute occurs which leads 

to a reduction in the electrostatic repulsion of the polyions and a decrease in the degree 

of bending. A similar result was reported in our previous study of bending behaviors of 

composite hydrogels composed ofpoly(acrylamide-co-acrylic acid) and polyaniline.29 

=== . ill __ 2 
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3.6 Conclusion 

~ Nanocomposite hydrogels based on PYA, partially neutralized acrylic acid and 

organically modified OMMT clay were prepared by free radical graft polymerization 

reaction and the grafting of acrylic acid on PYA was confirmed by FTIR analysis. 

~ X-ray diffraction analysis showed that the nanocomposite forms a partially exfoliated 

or intercalated structure. Also, SEM studies demonstrated a finer dispersion of the 

clay particles in nanocomposite. 

~ From thermogravimetric analysis, it was observed that introduction of OMMT to the 

polymer network results in an increase in thermal stability. 

~ Since, crosslin king density of composite increased with the increase of OMMT 

content, so there was decrease in water absorbency with an increase in OMMT 

content. 

~ Swelling kinetics of the prepared hydrogels shows that transport mode of water in the 

nanocomposite hydrogels exhibited Fickian diffusion which gradually changes to 

non-Fickian diffusion with increase in crosslinker amount. 

~ The nanocomposite hydrogels showed significant and quick bending towards the 

cathode under an applied electric field. 

~ The observed behaviour suggest the possible applications of PYA-g-PAAc/OMMT 

nanocomposite hydrogels as artificial muscle, sensors, switches and electric current 

modulated drug delivery systems etc. 
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Chapter 4: Nanocomposite hydrogel based on carboxymethylcellulose-g-PAAc 
and organo-MMT nanoclay 

4.1 Introduction 

In recent years, stimUli-responsive polymeric hydrogels have attracted attention as 

'intelligent materials' because of their ability to mimic natural systems. They can sense a 

stimulus as a signal and give rise to volume changes in response to small changes in 

external stimuli, such as solvent composition, l temperature,2 pH,3 salt concentration,4 

electrical pulses5 etc. Amongst the stimuli-responsive systems, pH-responsive hydrogel 

has been extensively studied in the biomedical field because the pH can be easily 

controlled and is applicable both in vitro and in vivo conditions.6 

Carboxymethyl cellulose (CMC) is a type of cellulose derivative with 

carboxymethyl groups (-CH2-COOR) bound to some of the hydroxyl groups present on 

the cellulose backbone. It can be easily produced by the alkali-catalyzed reaction of 

cellulose with chloroace.tic acid. The polar carboxyl groups provide solubility, chemical 

reactivity to cellulose and make it strongly hydrophilic in nature. But, the main 

disadvantage of natural polymer based hydrogels is their poor mechanical properties due 

to extensive swelling. To get rid of this problem, attempts have been made to modify their 

structures by the incorporation of different nanofillers, grafting,1 developing 

interpenetrating polymer networks8 (lPNs) or by physical blending with other polymers.9 

Poly(acrylic acid) is a hydrophilic polymer owing to the existence of hydrophilic -COOH 

group and it has the capacity to absorb large amounts of water. For this reason, 

poly(acrylic acid) has been extensively used in controlled drug delivery system. 

Nanocomposites exhibit superior properties when compared to micro- and macro­

composites. The strong interfacial interactions between the dispersed clay layers and the 

polymer matrix give rise to improved mechanical and thermal properties than that of the 

virgin polymer.10 

A part of this chapter is published 

M. Boruah, P. Gogoi, A.K. Manhar, M. Khannam, M. MandaI & S.K. Dolui. RSC Adv. 4, 

43865-43873,2014. 
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Clays have been widely utilized in this field due to improved performance and low 

cost.ll Montmorillonite (MMT) is smective-type clay composed of an expandable 2: 1 type 

of aluminosilicate clay mineral which has a layered structure and also relatively high 

cation exchange capacity, large specific surface area, good swelling capacity and high 

platelet aspect ratio. 12 The organic cations can enter into the surface of clay by cation 

exchange reaction and clay can be modified into organophillic in nature.13 

Biocompatibility is a prime requirement for the development of functional 

biomaterials. It is governed mainly by the interface between foreign materials and host 

living cells/tissues. So, fundamental aspect of any biocompatibility evaluation is to know 

the effects of the polymers on living cells. I4 Thus, suitability of a hydrogel for biological 

applications can be confirmed by determining the potential toxicity of all materials which 

have been used for fabrication of gel. 

Now-a-days, researchers are concentrating on developing natural polysaccharide 

based hydrogels due to their enhanced pH-responsive characteristics. IS Sadeghi et al. 

reported the novel CMC-g-(PNVP-co-PAMPS) based hydrogels for the controlled release 

of metronidazole. They investigated the release behavior of metronidazole from this kind 

of responsive hydrogel by control of pH of the surrounding environment. I6 Wang et al. 

synthesized a series of carboxymethyl cellulose/organic montmorillonite (CMC/OMMT) 

nanocomposites and studied their adsorption behavior for Congo red dye from 

wastewater. MMT clay was organically modified by using cetyl trimethylammonium 

bromide (CTAB). The prepared nanocomposites exhibited improved thermal properties. 

The effect of various parameters such as CTAB content, weight ratio ofCMC to OMMT, 

reaction time and reaction temperature on adsorption behaviour of congo red dye was 

thoroughly investigated. I7 Also, Irani et al. synthesized linear low-density polyethylene-g­

poly(acrylic acid)/organo-montmorillonite superabsorbent hydrogel composites. They 

determined the optimum reaction conditions and effect of different parameters on the 

swelling behaviour of the superabsorbent hydrogels along with the equilibrium swelling. 

The gel strength of the nanocomposite hydrogel was increased with the increase in 

OMMT content. I8 
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To combine the advantages of synthetic and natural polymers and at the same time 

maintain the beneficial properties of natural polymers, we have prepared pH-sensitive 

hydrogels based on carboxymethylcellulose, acrylic acid and organically modified MMT 

nanoclay for the controlled release of vitamin B12. It is a water-soluble vitamin with a key 

role in the normal functioning of the brain and nervous system and for the formation of 

blood. Therefore, Vitamin B12 was chosen as a model drug. This chapter deals with in 

vitro release studies on nanocomposite hydrogel formulations loaded with different 

amounts of vitamin B 12. The drug release kinetics was studied and effect of pH and 

crosslinker content on the release behavior of the prepared hydro gels have been 

determined. 

4.2 Experimental 

4.2.1 Materials 

Acrylic acid monomer (Aldrich) was distilled under reduced pressure prior to use. 

Carboxymethylcellulose was supplied by Aldrich (Mw = 2,50000). Potassium persulfate 

(KPS, analytical grade), methylene bis-acrylamide (MBA, chemically pure) as a 

crosslinking agent, montmorillonite nanoclay, and N, N, N', N'- tetramethylethylene 

diamine were supplied by Aldrich (A.R. grade). Cetyltrimethylammonium bromide 

(CTAB) was supplied by G.S Chemical testing lab & allied industries, New Delhi. 

Sodium hydroxide and ethanol (A. R grade) were purchased from Merck, Mumbai. 

Vitamin B12 (C63HssCoNI4014P) was purchased from Merck, Mumbai (M.W= 1355.4 

g/mol). 

4.3 Synthesis of carboxymethylcellulose-g-poly(acrylic acid)/OMMT 

nanocomposite hydrogel 

4.3.1 Preparation of organo-MMT nanoclay 

The organophilic MMT -nanoclay was prepared by treating the pristine clay with 

cetyltrimethylammonium bromide (CTAB) as reported elsewhere.19 3 g of pristine clay 

was dispersed in 250 ml of deionized water under vigorous stirring. Then, a solution of 
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CTAB (1.318 g in 100 ml of deionized water) was slowly added to the dispersion, under 

continuous stirring for 6 hrs. The dispersion was filtered and obtained product was 

thoroughly washed with deionized water. To determine the presence of released 

counterions, samples of the filtrate were taken in regular intervals and tested with 0.1 M 

silver nitrate solution. Washing was stopped only when the filtrate did not give a positive 

test to silver nitrate. The washed product was dried overnight under reduced pressure 

(vacuum) at 40°C and finally ground in a mortar. 

4.3.2 Preparation of CMC-g-P AAc/OMMT nanocomposite hydrogels 

Carboxymethylcellulose-g-poly(acrylic acid)/OMMT nanocomposite hydrogels 

were prepared by free radical polymerization in distilled water. 2 g of CMC was dissolved 

in 30 ml of double distilled water and 1.5 ml of partially neutralized (60%) acrylic acid 

monomer in 10 ml of double distilled water was added to it. Also, a certain amount of 

OMMT nanoclay (0-20 wt%) was immersed in 5 ml of deionized water for 2 hrs and 

dispersed under the ultrasonic vibration for 30 min. Both the solutions were mixed well 

and subsequently, methylene bis-acrylamide (0.05-0.25 wt%), potassium persulfate (0.1-

1.0 wt%) and TEMED (0.05 ml) were added to the mixture under continuous stirring. 

Nitrogen was used to remove dissolved oxygen from the reactive solution. The reactive 

solution was first prepolymerizd at 70°C for 30 min under stirring, and then poured into a 

petri dish quickly. The post polymerization was carried out at 65°C for 15 hrs. When the 

reaction completed, the nanocomposite hydrogel was cut into the same size (3 x 4 cm) and 

immersed in repeatedly changed deionized water for 72 hrs to remove the residual 

monomers. Tables 4.1-4.3 outline the feed compositions of subsequently prepared 

hydrogels. Also, the formation ofnanocomposite hydrogel has been presented in Fig 4.1. 
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Table 4.1 Recipe in the preparation of CMC-g-PAAclOMMT nanocomposite hydrogel with the 

variation of initiator (KPS): 

Recipe CP-l CP-2 CP-3 CP-4 CP-5 

Carboxymethyl cellulose (g) 2 2 2 2 2 

Acrylic acid (ml) l.5 l.5 l.5 l.5 l.5 

, Methylene bis-acrylamide (wt%) 0.2 0.2 0.2 0.2 0.2 

Potassium persulfate (wt%) 0.1 03 0.5 0.8 l.0 

Tetramethylethylene diamine (ml) = 0.05 ml, OMMT (wt %) = 10. 

Table 4.2 Recipe in the preparation of CMC-g-PAAclOMMT nanocomposite hydrogel with the 

variation of crosslinker (MBA) and 'n' value: 

Recipe MP-l MP-2 MP-3 MP-4 MP-5 

CarbQ~ym~thyl C~H1JIQ~~ (g) 2 2 2 2 2 

Acrylic acid (ml) l.5 1.5 l.5 L5 l.5 

Methylene bis-acrylamide (wt%) 0.05 0.1 0,15 0,2 0.25 

'n' value determined 0.63 0.71 0.78 0.83 0.87 

Potassium persulfate (wt%) = 0.5, tetramethylethylene diamine (ml) = 0,05 ml and OMMT (wt%) = 10, 

Table 4.3 Recipe in the preparation of CMC-g-PAAc/OMMT nanocomposite hydrogel with the 

variation of organo-MMT nanoclay content and gel fraction: 

Recipe NP-l NP-2 NP-3 NP-4 NP-5 

C~l;)()xym~thyl celluIQ~~ (g)' 2 2 2 2 2 

Acrylic acid (ml) 1.5 1.5 l.5 l.5 l.5 

Methylene bis-acrylamide (wt%) 0.2 0.2 0.2 0.2 0.2 

Organo-MMT nanoclay (wt%) 0 5 10 15 20 

Gel Fraction (%) determined 74 78 84 89 93 

Potassium persuliate (wt %) = 0.5 and tetramethylethylene diamine (ml) = 0.05 ml. 
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Fig 4.1 Proposed reaction mechanism for the formation of CMC-g-PAAclOMMT nanocomposlte 

hydrogels. 

4.4 Characterization 

4.4.1 Fourier transform infrared spectrometer (FTffi) 

To gain insights into the structural information of prepared hydrogels, the IR spectra 

of the hydrogels were recorded with a Nicolet Impact-410 IR spectrometer (USA) in KBr 

medium at room temperature in the re~ion 4000-450 em- l 
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4.4.2 Powder X-ray diffractometer (XRD) 

Powder X-Ray diffraction (XRD) data were collected on a Rigaku Miniflex X-ray 

diffractometer (Tokyo, Japan) with eu Ka radiation ("-=0.15418 A) at 30 kV and 15 rnA 

with a scanning rate of 0.050s-1 in a 28 ranges from 10°-70° for the native gel and 0-45° for 

OMMT nanoclay and nanocomposite hydrogel. 

4.4.3 Scanning Electron Microscope (SEM) 

The surface morphology of the composites was observed using a scanning electron 

microscope (SEM) (Model- JSM-6390L V, JEOL, Japan). The surface of the sample was 

platinum coated before SEM analysis. 

4.4.4 Dynamic Mechanical Analysis 

The mechanical properties of the hydrogels were determined by dynamic 

mechanical analysis (DMA). The equilibrated swollen hydrogel samples were used for the 

measurement. The samples were cut in cylindrical shapes with about 6 mm diameter and 4 

mm thickness. The samples were then loaded into a DMA (perkenElmer DMA 8000), 

which applied a sinusoidally oscillating tensile strain, measured the resulting force 

waveform, and using the input geometrical parameters determined the resulting stress 

waveform. The frequency sweeping test experiments were performed under constant 

strain amplitude (1 %) at frequency range 0.1 Hz to 10 Hz and storage moduli G' and loss 

moduli Gil were monitored as a function of frequency. In DMA, dynamic stress and 

dynamic strain are obtained describing the viscoelastic behavior of a material. The 

dynamic modulus, G*, is defined as: 

G* = G' + iG" 

where, G' = storage modulus, Gil = loss modulus. 

4.4.5 Swelling properties 

(Eqn.4.1) 

To measure the degree of swelling the hydrogels, dried samples were placed In 

buffer media of different pH values at room temperature until the hydrated gels reached a 
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stable weight. The water absorbed on the surface of the hydrogels was removed using 

filter paper and the weight noted. 

(Eqn.4.2) 

where, 'Ws ' is the weight of the hydrogels in swollen state and 'Wdry ' is that of the 

hydrogels in dry state. 

4.4.6 Gel fraction 

The weight ratio of the dried hydrogels in rinsed and unrinsed conditions can be 

assumed as an index of degree of crosslinking or gel fraction. The pieces of hydrogel 

samples (3 x 3 cm) were dried for 6 hrs at 50°C under vacuum. Same sample (3 x 3 cm) was 

immersed into excess of DDW for 4 days to rinse away unreacted parts. The gels were 

dried again at 50°C under vacuum. The gel fraction percentage was calculated by the 

following equation2o
: 

Gel fraction % = Wf/ W, xl 00 (Eqn.4.3) 

where, W, = Initial weight before rinse and Wf = Final weight after rinse. 

4.4.7 Blood compatibility by hemolytic activity assay 

The hemolytic test was performed following the protocol of Das Purkayastha, M. et 

al. with slight modification?l Briefly, fresh goat blood from a slaughterhouse was 

collected in a centrifuge tube containing anticoagulant, trisodium citrate (3.2%) and was 

centrifuged at 2500 rpm for 10 min. The supernatant was discarded and only the 

erythrocytes were collected. The erythrocytes were further washed three times with PBS 

(PH 7.4). A 5% (v/v) suspension of erythrocytes in PBS was prepared; 0.95 ml of this 

erythrocyte solution was placed in a 1.5 ml centrifuge tube and 0.05 ml of sample (0.5 mg 

dissolved in 1 ml of 0.5 % DMSO) was added to it. The tubes were then incubated for I hr 

at 37°C. Triton X-IOO (0.2 %) and PBS were taken as the positive and negative controls, 

respectively, for comparison. After incubation, the tubes were subjected to centrifugation 

at 2500 rpm for 10 min. Then, 0.2 ml of the supernatant was added to 96-well plate and 
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finally absorbance was taken at 570 nm in a UV-visible spectrophotometer (Shimadzu 

UV-2550 UV-visible spectrophotometer). 

Hemolysis % = [(Sample o.D - Negative control o.D)/ (Positive control o.D 

-Negative control o.D] X 100 (Eqn.4.4) 

4.4.8 Loading of vitamin BI2 

The method of soaking or equilibration was employed for vita~in BI2 loading. In 

this method the amount of buffer necessary for complete swelling of the nanocomposite 

hydrogel was determined.22 Dry hydrogel was placed in the drug solution at a 

concentration of 0.125 wt%, prepared in the buffer solution of pH 7.0 and left: until all the 

drug solution was sucked up. Then the completely swollen hydrogel loaded with the 

vitamin B12 was placed in an oven at 30°C for drying overnight. 

4.4.9 In vitro drug release studies 

The dried vitamin B12 loaded hydrogel was immersed into 30ml solution of different 

pH, namely, 1.2 and 7.4. At scheduled time intervals, 5ml solution was withdrawn and 

assayed spectrophotometricaUy at 362 nm by using a UV -visible spectrophotometer (UV-

2001Hitachi, Japan) for the determination of the cumulative amount of drug release. To 

maintain a constant volume, 5 ml of distilled water and the solution having same pH was 

returned to the container. The amount of vitamin B12 released from the nanocomposite 

hydrogel was calculated from a calculated from a previously calibrated standard curve.23 

4.5 Results and discussion 

4.5.1 FTIR analysis 

To investigate the formation of CMC-g-PAAc/OMMT nanocomposite, FTIR 

spectra of OMMT nanoclay, CMC-g-PAAc copolymer and CMC-g-PAAc/OMMT 

nanocomposite hydrogels are shown in the Fig 4.2. In the FTIR spectrum of OMMT, a 

broad band centered near 3400 cm -I is due to the -OH stretching mode of the interlayer 

water. The overlaid absorption peak in the region of 1637 cm- I is assigned to the -OH 

bending mode of adsorbed water. The characteristic peak at 1108 cm -I is due to the Si-O­

Si stretching and out of plane Si-O-Si stretching mode for montmorillonite. The band in 
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the region of 830 cm -I is due to the Si-O-AI stretching mode for montmorillonite. The 

FTIR peak at 522 cm -I is assigned to the Si-O-AI bending vibration (Fig 4.2a). 

4000 3500 3000 2500 2000 1500 1000 500 

Wavenumber (em-,) 

Fig 4.2 FTIR spectra of (a) Pure OMMT nanoclay, (b) CMC-g-PAAc copolymer and (c) CMC-g­

PAAcJOMMT nanocomposite hydrogels. 

Also, the FTIR spectrum of CMC-g-PAAc copolymer (Fig 4.2b) shows 

characteristics peaks at 1741 cm- I due to the presence of C=O stretching vibration and the 

peak observed at 613 cm- I is due to the -OH out of plane vibration of the carboxylic 

groups of PAAc, which confirms the grafting reaction. The characteristic peaks at 3552 

cm-I and 3431 cm-1 are due to -OH stretching vibration ofCMC and PAAc, respectively, 

which also confirms the grafting of PAAc onto CMC backbone. Other characteristics 

peaks at 1657 and 1457 cm- I are assigned to the asymmetrical and symmetrical stretching 

of -COO- groups. 

In the FTIR spectrum of nanocomposite hydrogel, it has been observed that the 

spectrum of CMC-g-PAAc/OMMT nanocomposite hydrogel shows variations in intensity 

and shifting of peak from 3552 to 3435.8 cm- I appear due to -OH stretching vibration of 

Development of stimuli-responsive polymeric hydrogels and their applications 
112 



Chapter 4: Nanocomposite hydrogel based on carboxymethylcellulose-g-PAAc 
and organo-MMT nanoclay 

CMC. The intensities of peaks due to Si-O and AI-O of MMT are reduced as shown in 

Fig 4.2c. It can be explained that -OH of MMT could react with acrylic monomer and 

MMT particles chemically bond with the polymer chains to form the 

CMC/polymer/OMMT network.24 The very intense characteristic band at 1550 cm -I is 

due to C=O asymmetric stretching in carboxylate anion that is reconfirmed by the peak at 

1450 cm- I which is related to the symmetric stretching mode of the carboxylate anion. 

4.5.2 XRD analysis 

XRD experiments were run to gather information on the structure of CMC-g­

PAAc/OMMT nanocomposite hydrogel. Pure OMMT (Fig 4.3) displays a diffraction peak 

at 6.24°, corresponding to a d-spacing of 14.12 A, but the presence of 4.0 wt% of the 

mineral clay (OMMT) in the polymer matrix resulted in a shift of this diffraction peak 

towards smaller angle 28= 4.69° corresponding to a d-spacing of 18.6 A. This increase in 

d-spacing indicates the increasing of layers spacing due to the intercalation or exfoliation 

of organophilic nanoclay into the CMC-g-P AAc copolymer matrix. 

<a) (b) 
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Fig 4.3 XRD patterns of (a) Pure OMMT nanoclay and (b) CMC-g-PAAc/OMMT nanocomposite 

hydrogels (10 wt% OMMT nanoclay). 

4.5.3 SEM analysis 

The morphological Images of the copolymer hydrogel and OMMT nanoclay 

incorporated hydrogels were studied by SEM and are shown in the Fig 4.4. These 

micrographs indicate the change in the surface morphology of the prepared hydrogels 

Development of stimuli-responsive polymeric hydrogels and their applications 

113 



Chapter 4: Nanocomposite hydrogel based on carboxymethylcellulose-g-PAAc 
and organo-MMT nanoclay 

after the incorporation of nanoclay. A rough surface morphology is observed and some 

pores and gaps can be observed in the micrograph of OMMT nanoclay incorporated 

hydrogel. This observation implies that incorporating OMMT nanoclay is favourable to 

improve the surface structure of the hydrogel 

Fig 4.4 SEM images of (a) CMC-g-PAAc copolymer and (b) CMC-g-PAAc/OMMT 

nanocomposite hydrogels (10 wt% OMMT nanoclay). 

4.5.4 Mechanical properties 

Dynamic mechanical analysis was performed on the nanocomposite hydrogel to 

provide quantitative information on the viscoelastic and rheological properties of the 

hydrogel by measuring the mechanical response of the samples as they are deformed. Fig 

4.5 depicts the isothermal DMA-response of the nanocomposite hydrogels as a function of 

frequency in terms of storage modulus (G') and loss modulus (G''). The elastic component 

(G') is related with the stiffness of the material, while G" (the viscous component) is 

associated with the dissipation of energy, as heat, due to internal friction at the molecular 

level. 

It was observed, for all the compositions, that the storage (G') tends to increase with 

increasing frequency. It was also observed that the elastic modulus increased significantly 

with the increase amount of nanoclay content, indicating that the nanoclay (OMMT) acts 

as additional crosslinking agent and improves the stiffness of the nanocomposite 

hydrogels. Lima et al. developed stimuli-responsive chitosan-starch injectable hydrogels 

combined with encapsulated adipose-derived stromal cells with better mechanical 
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properties. They found that for all the compositions, the storage modulus (Gj tends to 

increase with increasing frequency.25 

.~-r~~~-r~~~-r~~~~ 

• I" III 

Fig 4.5 Dynamic mechanical analysis of CMC-g-PAAC/OMMT nanocomposite hydrogels as a 

function of frequency: (a) Storage Modulus (G) and (b) Loss Modulus (G') with OMMT nanoclay 

content from 0-20 wt%. 

The loss modulus was also dependent on the cross-linking density and in the whole 

range of deformation the loss moduli was also increased with the increasing nanoclay 

content but lower than the storage modulus as the elastic properties dominate. The 

maximum G' of the nanocomposite hydrogel reached 18, 020 Pa at 'Y = 1%, (0 = 10 Hz and 

20 wt% OMMT nanoclay and the maximum value of Gil was 9,566 Pa at 'Y = 1%, (0 = 10 

Hz and 20 wt% OMMT nanoclay content, which was remarkably lower than the value for 

G'. However, larger values of G' and Gil were observed for the clay incorporated hydrogel 

indicating the improved mechanical properties. The values indicate the formation of a 

strong nanocomposite hydrogel. 

4.5.5 Swelling properties of the hydrogels 

4.5.5.1 Effects of initiator content 

It was observed that the swelling behavior increased initially with the increase in 

initiator (KPS) content from 0.1 wt% to 0.5 wt% but tends to decrease with further 

increase in KPS content. Because, with increase in KPS content, the 3D network of the 

hydrogel form effectively due to an increase in the number of radicals produced . So, the 
L ._ . __ ES 
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swelling capacity increases. Fig 4.6a depicts the effect of initiator content on swell ing 

behavior of CMC-g-P AAc/OMMT nanocomposite hydrogels. 

4.5.5.2 Effects of crosslinker content 

The swelling behaviors of nanocomposite hydrogel with 0.05, 0.1, 0.15, 0.2 and 

0 .25 % crosslinker content (MBA) are shown in Fig 4.6b. It was observed that higher 

crosslinker content resulted in the generation of more crosslink points, which, in turn, 

caused the formation of an additional network and decreased the available free volume 

within the nanocomposite hydrogel. So, it can be observed that there is a decrease in 

swelling percentage with O. 05-0.15 wt% of methylene bi s-acrylamide. 
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Fig 4.6 Influence of preparation conditions on the swelling behaviours of the nanocomposite 

hydrogels: (a) KPS content, (b) MBA content and (c) OMMT-nanoclay content. 
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4.5.5.3 Effects of nanoclay content 

The water absorbency of the nanocomposite hydrogels was found to follow a similar 

trend as in case of crosslinker, i.e. swelling percentage decreased with the increase of clay 

content. It may be due to the fact that, inorganic clay mineral particle in network acted as 

an additional network point The crosslinking density of composite increased with the 

increase of OMMT content, which resulted in a decrease in water absorbency. The 

influence of OMMT nanoclay content on the swelling behavior of CMC-g-P AAclOMMT 

nanocomposite hydroge\s is shown in the Fig 4.6c. 

4.5.6 Determination of Gel fraction 

A typical dependency of gel fract ion to the quantity of clay incorporated into 

hydrogels is given in Table 4.3. It was observed that the gel fraction of the prepared 

nanocomposite hydrogels was gradually increased with increasing clay content The gel 

fraction data reveal that the presence of clay within the three dimensional network of 

hydrogel causes an increase in crosslinking density and creates more entangled structure. 

As the organo-modified MMT nanoclay was added to the CMC-g -P AAc hydrogel, 

strong interactions are developed between the functional groups of the nanoclay and the 

polymer matrix which may cause an increase in the gel fraction?6 

4.5. 7 Blood compatibility studies 

Continuous efforts have been made to design novel biomaterials with superior blood 

compatibility by various research groups. Biomedical applications such as drug delivery, 

tissue engineering are the well known examples of the use of hydrogels which have been 

extensively reported 27 Since these applications involve use of humans or other animals, it 

is important to study their biocompatibility with blood. The in vitro blood compatibility 

studies were carried out for the prepared nanocomposites hydrogels by using hemolysis 

tests as described in section 4.4 .7. The hemolysis test was performed both for the native 

hydrogel and OMMT nanoclay incorporated nanocomposite hydrogel with different 

concentrations. Significantly less hemolysis activity was found for the clay incorporated 

hydrogel (10 wt%). For all samples, in contact with blood showed a mean hemolysis value 
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less than 0.5 %.The test showed very low hemolysis activity and the data obtained are at 

the permissible limit as shown in the Fig 4.7 . Photographs showing precipitated RBCs at 

the end of the hemolysis experiment are also given. 

Fig 4.7 Hemolysis results: (a) Hemolysis percentage of the nanocomposite hydrogels without 

nanoclay (NP-1) and with nanoclay (NP-3, 10 wt%), (b) Photographs of RBCs treated with 

different samples (NP-1 and NP-3) . 

4.5.8 In vitro release of vitamin BJ2 from CMC-g-PAAclOMMT nanocomposite 

hydrogel 

4.5.8.1 Effects of pH 

Fig 4.8a shows the release profile of vitamin BI 2 from sample MP-4 at various 

time intervals in solutions of pH 1.2 and 7.4 at room temperature . It was found that the 

cumulative release (%) of vitamin BI2 from CMC-g-PAAc/OMMT nanocomposite 

hydrogel was pH dependent. At pH 1.2 (below the pKa of AAc), the number of negative 

charges were very low. So, the carboxylic acid groups of the acrylate structure were 

hardly ionized for which a poor swelling behavior is observed. With diminishing acidity 

of the media (higher pH), ionization of the carboxylic acid groups occurs, resulting in 

& ~2E 
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both electrostatic repulsion between the carboxylate (- COO-) groups as well as 

expansion of the space network thereby improving the swelling behavior.28 As swelling 

behavior of the hydrogel is the main factor governing the controlled release of the drug, 

release of vitamin B12 increased as the pH of the medium was increased from 1.2 to 7.4. 
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Fig 4.8 The vitamin 8 12 release profile from the CMC-g-PAAc/OMMT nanocomposite hydrogels: 

(a) With different pH values at pH 1.2 and 7.4 (MP-4), (b) With different crosslinker content 

(0 .05-0 .25 wt%). 

There was a burst release initially for the first hour both in acidic and basic 

medium, followed by an almost constant release of vitamin B12 from the nanocomposite 

hydrogel for 10 hrs. Similar release behavior was observed by Wang et at whil e 

performed the pH-dependent release of vitamin B12 and paclitaxel from poly(MPEG­

PLA-co-IA-MEGMA) hydrogels. They found that the release behavior has apparent pH 

responsiveness and release rate was increased as the pH of the release medium was 

increased from 1.2 to 68.29 

4.5.8.2 Effects of crosslinker content (MBA) 

Fig 4.8b depicts the effect of crosslinker content on the release profile of vitamin 

B 12 . The effect of MBA content on vi tamin B12 release was conducted in deionized water 

at room temperature . Here, cumulative release was inversely proportional to MBA content 

in CMC-g-P AAc/OMMT nanocomposite hydrogels. The cumulative drug release reached 

about 76.2, 72.4, 68 .9, 62.5 and 57.2 % after 10 hrs release, as MBA was fixed at 0.05, 

0.1 , 0.15, 0.2 and 025 % respectivel y. Higher the content of MBA, the lower is the 

E£&. _. .... ... ... tEE .~_S. _~._._ _ ... 

Development of stimuli-responsive polymeric hydrogels and their applications 
119 



Chapter 4: Nanocomposite hydrogel based on carboxymethylcellulose-g-PAAc 
and organo-MMT nanoclay 

FE . 

swelling ability of nanocomposite hydrogels resulting lower release amount. The network 

space for vitamin B12 release got small at the higher l\1BA content, which further hindered 

the effective diffusion of vitamin BI2 from the nanocomposite hydrogels. As a result, the 

rate and the cumulative vitamin BI2 release were subsequently decreased. 

4.5.9 Determination of release kinetics of vitamin BJ2 

In order to study vitamin B12 transport mechanism from the nanocomposite 

hydrogels with different crosslinker content, the data was modeled by the Ritger- Peppas 
. 30 equatIon -

(Eqn.4.5) 

Where, M/Mo. is the fractional vitamin B12 release, 'k' is a kinetic constant and 'J]' is the 

diffusional exponent which be related to the drug transport mechanism. For a thin 

hydrogel, when n = 0.5, the drug release mechanism is Fickian diffusion. When n = 1, 

Case II transport occurs, leading to zero-order release. When the value of n is between 0.5 

and 1, anomalous transport is observed. The values of 'n' were found to be increased from 

0.63 to 0.87 with increasing crosslinking agent as shown in the Table 4.2.These results 

indicate that neither pure Fickian diffusion nor pure polymer chain relaxation was the 

predominant drug transport mechanism, but anomalous drug transport was observed. So, 

release of vitamin B12 was controlled by diffusion and relaxation of the nanocomposite 

hydrogels. 

4.6 Conclusion 

~ Nanocomposite hydrogels based on CMC, partially neutralized acrylic acid and 

layered organically modified OMMT clay were prepared by free radical graft 

polymerization reaction. 

~ X-ray diffraction analysis showed that the nanocomposite forms a partially 

exfoliated or intercalated structure. Also, SEM studies demonstrated an 

improvement of surface properties of the nanocomposite as compared to the 

composite. 

& .... _ & A 
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~ The evaluation of the dynamic mechanical analysis of the nanocomposite hydrogels 

showed an increase in the storage modulus within increasing frequency and OMMT 

nanoclay content, clearly demonstrating a good mechanical behavior. 

~ The swelling properties of the nanocomposite hydrogels were found to be 

dependent on initiator (KPS), crosslinker (MBA) and nanoclay (OMMT) content. 

~ Blood compatibility of the prepared hydrogels was improved after the incorporation 

of nanoclay as confirmed by in v~tro experiments of percentage hemolysis. 

~ The vitamin BI2 release behavior was found to be greater in basic medium (PH 7.4) 

than in the acidic medium (PH 1.2). 

~ Kinetic study of release behavior showed increase in "n' value from 0.63 to 0.87 

exhibiting a non-Fickian transport mechanism with increase in cross linker content. 

~ The results obtained in this work lead us to the conclusion that CMC-g­

PAAc/OMMT nanocomposite hydrogels can be a promising platform for the 

development of pH-responsive drug delivery systems. 
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Chapter 5: Electric field assisted drug release from pH and electro-responsive 
gelatin-g-poly(acrylic acid)/MWCNTs nanocomposite hydrogels 

5.1 Introduction 

In recent times, stimuli-responsive polymenc hydrogels constitute a new generation 

of biomaterials for a wide range of applications such as drug delivery, tissue engineering, 

bioseparation, sensors, actuators etc 1-3 Despite many advantages of using conventional 

hydrogels, their applications are often limited due to their poor mechanical and some 

restricted response properties 4 So, attention has been given to improve the properties of a 

hydrogel such as mechanical strength, thermal properties, response to a stimuli etc In the 

current scenario of drug delivery technologies, hydrogels have emerged an irreplaceable 

space because of their special three dimensional network structure which can effectively 

provide a matrix for the entrapment of drugs 5 

It is obvious that the precise controls over the drug quantity and the release rate are 

required in order to optimize the drug release Now- a -days, pulsatile drug release devIces 

are extenSIvely developed WhICh releases drug at a predetermmed tIme or m pulses of a 

predetermined sequence These systems have been shown to alter their rate of drug delivery 

in response to various stimuli 6 Therefore, stimuli-responsive polymeric hydrogels have 

been profoundly employed as intelligent drug delivery systems Amongst various stimuli­

responsive drug delivery systems, electro-resp.onsive hydrogels whIch carry free cations or 

anions are fascinating materials for the design of electrically modulated drug-delivery 

systems 7 The advantages of an electric field as an external stimulus are accessibility of 

equipment, which imparts precise control with respect to the magnitude of the current, 

duration of electric pulses, interval between pulses8 etc Electro-responsive behavior of the 

hydro gels can be significantly improved by the successful incorporation of different 

conducting polymers such as polyaniline,9 polypyrrol etc or different carbon conducting 

fillers such as graphite,10, 11 carbon fibers,12 carbon black13 and carbon nanotubes14 into the 

hydrogel matrix 

Both single-walled (SWCNT) and multi-wall (MWCNT) carbon nanotubes are 

promising nanomaterials with great potential in the field of nanomedicine for both 

therapeutic and diagnostic applications 15 They have also been proved to be advanced multl-
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functional fillers in polymer-based nanocomposites 16 But, incorporation of CNTs into 

different polymeric systems becomes a technical challenge due to their poor dispersibility in 

water or organic solvents 17,18 So, this problem has been removed by chemical 

functionalization, in which some strong oxidants are used to generate carboxyl group on the 

surface of CNTs 19 Moreover, it has been already reported that the biocompatibility of 

carbon nanotubes can be enhanced by the surface functionalization and introduction of 

hydrophilic moieties to avoid unwanted cytotoxic responses and risks for carcinogenesis 20 

Gelatin is a low cost material and has been extensively studied to be used as a biomaterial 

like artificial skin, bone grafts, and scaffolds for tissue engineering21
-
24 etc Its 

physicochemical properties can be suitably modulated by developing composites or 

nanocomposites through the introduction of some reinforcing fillers into its structure 25 

Various approaches have been demonstrated in the literature describing the 

preparation of electro-responsive drug delivery systems using hydrogels Kulkarni et al 

developed polyacrylamide-g-alginate based electrically responsive hydrogel for drug 

delivery application A pulsatile pattern of drug permeation was observed as electric 

stimulus was switched on and 6ff 26 Banga et al synthesized polyacrylamide hydrogels and 

demonstrated the feasibility of the prepared hydrogels in iontophoretic release and 

transdermal delivery of three model peptides, insulin, calcitonin and vasopressin under an 

applied electric field It was observed that the release of drug from a hydrogel matrix under 

action of electric field strength was more than the release in the absence of electric field and 

the release can be precisely controlled 27 Kim et al investigated the electrically modulated 

delivery of ionic drug cefazoline from electro-active Poly(vinyl alcohol)lPoly(acrylic Acid) 

IPN hydrogels The rapid release behaviors of cefazoline were observed when an electric 

stimulus was at "ON' state, whereas they showed relatively slow release during the "OFF" 

state 28 Tanaka et al demonstrated that the partially hydrolyzed polyacrylamide gel 

undergoes phase transition upon application of an electric field, and collapsed if the gel was 

placed in a solvent such as 50% acetone-water binary mixture 29 

Modern optimization techniques using experimental designs are important 

assistance to the formulator, as they help in developing the best possible formulation under 
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a given set of conditions, consequently saving considerable time, money and developmental 

effort.30
,31 Moreover, these systematic techniques are known to provide a depth of 

understanding and ability to explore and defend the ranges for varied formulation and 

processing factors. In this regard, Central composite design (CCD) has been frequently 

employed for the optimization of controlled drug delivery systems.32 The advantages of 

experimental design method over classical experimental approach are, the reduction in the 

number of trials, ability to cover a large number of factors, the detection of interactions 

between factors, detection of optimum reaction condition, a higher precision of the response 

data and the empirical modeling of the data?3 Statistical methods, such as response surface 

methodology are used in developing and optimizing polymeric systems for a wide range of 

applications.34 For example, Li et al. performed the optimization of sustained release matrix 

tablet of metoprolol succinate using central composite design. After investigating the effects 

of various parameters on drug release, a 2-factor, 5-level central composite design was 

employed. Response surfaces were also established to obtain the matrix ranges and the main 

factors affecting four responses. They predicted that this matrix combination can be used as 

a good alternative to the commercially pellet technology, which was complicated, time­

consuming and energy-intensive?S 

Observing the significant applicati9ns of electro-responsive nanocomposite 

hydrogel, the present chapter involves the development of a pH and electro-responsive 

nanocomposite hydrogel based on gelatin-g-poly(acrylic acid) and acid functionalized 

multi wall-carbon nanotubes. Physical characteristics such as molecular structure and surface 

morphology of the prepared hydrogels were investigated thoroughly. We examined the 

release behavior of vitamin B12 at different applied voltages and ionic strength of the release 

media. Also, the effect of time, MWCNT -COOH content and applied voltage on electro­

responsive drug release behavior was studied by response surface analysis. Vitamin B12 is a 

water-soluble vitamin with a key role in the normal functioning of the nervous system and 

for the formation ofblood?6 Therefore, vitamin B12 is chosen as a model drug. 
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5.2 Experimental 

5.2.1 Materials 

Acrylic acid monomer (Aldrich) was distilled under reduced pressure prior to use. 

Gelatin A (300 Bloom), ammonium persulfate (initiator), methylene bis-acrylamide (MBA) 

as a crosslinking agent and N, N, Nt, Nt_ tetramethylethylene diamine were supplied by 

Aldrich (A.R. grade). Multiwall carbon nanotubes (MWCNTs) were supplied from 

Shenzhen Nanotech Port Co., Ltd., China. Nitric acid, sodium hydroxide and ethanol (A. R 

grade) were purchased from Merck, Mumbai. Vitamin B12 (C63H88CoN14014P) was 

purchased from Merck, Mumbai (M.W= 1355.4 glmol). 

5.3 Preparation of gelatin-g-poly(acrylic acid)/MWCNTs nanocomposite 

bydrQgel 

5.3.1 Acid treatment of MWCNT 

Functionalization of CNTs with different chemical groups is generally used to 

enhance their dispersibility in water and the mostly used technique for this purpose is the 

oxidization with strong oxidants to generate carboxyl group on the surface of CNTs. In 

this case, the carboxylic acid functionalized MWCNTs were prepared according to the 

earlier described method.37
,38 60 mg of MWCNTs were added to a round-bottom flask 

containing 50 ml of 60% RN03 aqueous solution. The mixture was refluxed for 6 hrs and 

then cooled to room temperature. The mixture was diluted with 500 ml of deionized water 

and then collected by low speed centrifugation. The obtained product was washed with 

deionized water until the pH of the filtrate reached 7 and was dried under vacuum for 24 

hrs at 80°C. 

5.3.2 Preparation of Gelatin-g-PAAcIMWCNTs nanocomposite hydrogel 

Gelatin-g-poly(acrylic acid) IMWCNT-COOH nanocomposite hydrogels were 

prepared by free radical polymerization in distilled water. 2 g of gelatin was dissolved in 

30 ml of distilled water at 60°C and l.5 ml of partially neutralized (60%) acrylic acid 
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m0nomer was added t'o this solution. Also, MWCNT-COOH (0.1-0.6 wt%) was added to 

gelatin-acrylic acid mixture and dispersed under the ultrasonic vibration for 30 min. 

Subsequently, methylene bis-acrylamide (0.05-0.25 wt%), ammonium persulfate (1.0 

wt%) and TEMED (0.05 ml) were added to the mixture under continuous stirring. 

Nitrogen was used to remove dissolved oxygen from the reactive solution. The reactive 

solution was first prepolymerizd at 60°C for 1 hr under stirring, and then poured into a 

petri dish quickly. The post polymerization was carried out at ,70°C for 3: hrs. When the 

reaction was completed, the nanocomposite hydrogel was cut into (3 x3 cm) blocks and 

immersed in repeatedly changed deionized water f9r 72 hrs to remoye the residual 

monomers. Tables 5.1-5.2 outline the feed cpmpositions of subsequently prepared 

hydrogels. Also, the preparation of nanocomposite hydrogel is shown schematically in Fig 
.. • ~ I 

5.1. 
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Fig 5.1 Schematic representation for the formation of Gelatin-g-PAAclMWCNT-COOH 

nanocomposite hydrogel. 
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Tabl,e 5.1 Recipe in the preparation of Gelatin-g-PAAc/MWCNT-COOH nanocomposite hydrogel 

with different crosslinker (MBA) content: 

Recipe GM-l GM-2 GM-3 'GM-4 GM-5 

Gelatin (g) 2 2 2 2 2 

Acrylic acid (ml) 1.5 1.5 1.5 1.5 1.5 

Methylene bis-acryhimide (wt%) 0,05 0,1 0.15 0.2 0.25 

Gel fraction determined (%) 54 62 74 82 91 

Ionic Conductivity (S/cm xl 0-2
) , 250 1.94 1.72 1.58 1.37 

Tetramethylethylene diamine (ml) = 0.05 Ihl, MWCNT-COOH (wt%) = 0 4 and anunonium persulphate 

(wt%) = 0.1. 

Table 5.2 Recipe in the preparation of Gelatin-g-PAAc/MWCNT-COOH nanocomposite hydrogel 

with different MWCNT-COOH content: 

Recipe GA GA-l GA-2 GA-3 GA-4 GA-5 GA-6 

Gelatin (g) 2 2 2 2 2 2 2 

Acrylic acid (ml) 1.5 1.5 1.5 1.5 1.5 1 5 1.5 

MWCNT (wt%) 0 0.1 0.2 0,3 0.4 0.5 0.6 

Ionic Conductivity (S/cm x 10-2
) 0.92 1.65 2.2 2.85 3.41 3.92 4.52 

Tetramethylethylene diamine (ml) = 0.05ml, methylene bis-acrylamide (wt%) = 0.15 and ammonium 

persulphate (v.1%) = 0.1. 

5.4 Characterization 

5.4.1 Fourier transform infrared spectrometer (FTIR) 

To gain insights into the structural information of prepared hydrogels, the IR spectra 

of the hydrogels were recorded with a Nicolet Impact-410 IR spectrometer (USA) in KBr 

medium at room temperature in the region 4000-450 cm-I
. 

5.4.2 Powder X-ray diffractometer (XRD) 

Powder X-Ray diffraction (XRD) data were collected on a Rigaku Miniflex X-ray 

diffractometer (Tokyo, Japan) with Cu Ka radiation (A,=0.15418 A) at 30 kV and 15 rnA 

with a scanning rate ofO.05°s-1 in a 28 ranges from 20°_80°. 

Development o/stimuli-responsive polymeric hydrogels and their applications 
129 



Chapter 5: Electric field assisted drug release from pH and electro-responsive 
gelatin-g-poly(acrylic acid)/MWCNTs nanocomposite hydrogels 

5.4.3 Morphological Analysis 

The surface morphology of the composites was observed using a scanning electron 

microscope (SEM) (Model- JSM-6390L V, JEOL, Japan). The surface of the sample was 

platinum coated before SEM analysis. Further morphological analysis was done by 

Transmission electron microscope OEM 2100) with an acceleration voltage of 200 kv. 

5.4.4 Swelling properties 

To measure the degree of swelling the hydrogels, dried samples were placed in 

buffer media of different pH values at room temperature until the hydrated gels reached a 

stable weight. The swelling behavior under an applied electric field was determined by 

applying different electric potentials to the nanocomposite hydrogel in distilled water. The 

water absorbed on the surface of the hydrogels was removed using filter paper and the 

weight noted. 

(Eqn.5.1) 

where,· 'Ws 'is the weight of the hydrogel in swollen state and 'Wdry' is that of the hydrogel 

in dry state. 

5.4.5 Gel fraction 

The weight ratio of the dried hydro gels in rinsed and unrinsed conditions can be 

assumed as an index of degree of crosslinking or gel fraction. The pieces of hydrogel 

samples (3 x 3 cm) were dried for 6 hrs at 50°C under vacuum. Then the sample (3 x 3 cm) 

was immersed into excess of double distilled water for 4 days to rinse away unreacted 

parts. The gels were dried again at 50°C under vacuum. The gel fraction percentage was 

calculated by the following equation39
: 

Gel fraction % = WflW, xl 00 

where, W, = Initial weight before rinse and Wj= Final weight after rinse. 
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5.4.6 Ionic conductivity 

Impedance spectroscopy was used to assess the ionic conductivity by using a two 

electrode cell and an impedance analyzer (HIOKI 1M 3570). The impedance spectrum was 

measured in the frequency range 100 Hz to 1 MHz with potential amplitude of 10m V at 

room temperature. The ionic conductivity was calculated using the following equation-

f5 = llR x A (Eqn.5.3) 

where, f5 is the ionic conductivity of the nanocomposite hydrogel (S.cm-1
), I is the thickness 

of the film (cm), R is the film resistance (0) and A is the surface area of the electrodes (cm2
) 

prior to the measurement, the hydrogel films (2.5 cmx2.5 cm) were immersed.in distilled 

water at room temperature for 24 hrs and the surface water was gently removed before the 

film were positioned between the electrodes in the measurement cell. 

5.4.7 Blood compatibility by hemolytic activity assay 

The hemolytic test was performed following the protocol ofDas Purkayastha, M. et 

aI, with slight modification. 40 Briefly, fresh goat blood from a slaughterhouse was collected 

in a centrifuge tube containing anticoagulant, trisodium citrate (3.2%), and was centrifuged 

at 2500 rpm for 10 min. The supernatant was discarded, and only the erythrocytes were 

collected. The erythrocytes were further washed three times with PBS (pH 7.4). A 5% (v/v) 

suspension of erythrocytes in PBS was prepared; 0.95 ml of this erythrocyte solution was 

placed in a l.5 ml centrifuge tube and 0.05 ml of sample (0.5 mg dissolved in 1 ml of 0.5% I 

DMSO) was added to it. The tubes were then incubated for 1 hr at 37°C. Triton X-100 (0.2 

%) and PBS were taken as the positive and negative controls, respectively, for comparison. 

After incubation, the tubes were subjected to centrifugation at 2500 rpm for 10 min. Then, 

0.2 ml of the supernatant was added to 96-well plate, and finally absorbance was taken at 

570 nm in a UV-visible spectrophotometer (Shimadzu UV-2550 UV-visible 

spectrophotometer) . 

Hemolysis % = [(Sample o.D - Negative control o.D)I (positive controlo.D 

- Negative control o.D] X 100 (Eqn.5.4) 
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5.4.8 Loading of vitamin B12 

The method of soaking or equilibration was employed for vitamin B12 loading In 

this method, the amount of buffer necessary for complete swelling of the nanocomposite 

hydrogel was' determined 41 Dry hydrogel was placed in the drug solution at a 

concentration of 0 125 wt%, prepared in the buffer solution of pH 7 0 and left until all the 

drug solution was sucked up Then the completely swollen hydrogel loaded with the 

vitamin B12 was placed in an oven at 30°C for drying overnight 

5.4.9 Drug release experiment under electric field 

To investigate the release behavior of vitamin Bl2 under electric stimulus, drug 

loaded hydrogels were placed in the middle of two carbon electrodes in a desired release 

medium as shown in the Fig 5.2. Then, the amount of drug released into the respective 

medium was monitored by varying factors such as ionic strength of the release medium and 

the MWCNT -COOH content in the nanocomposite hydrogel The pulsatile release of 

vitamin B12 under the applied electric field was also determined by applying pulses of 

electric current at 5 V, 30 min 'ON' and 30 min 'OFF' 

-t---Carbon electrodes 

-1--- ~13Iin-g-PAAdMWCNT-COOH 
nanocomposite h~drogel 

"=II---Carbon electrodes 

_",,='1---IJrug re~l'ase medium '--------' 
Fig 5.2 Apparatus for electro-responsive drug delivery 
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At scheduled time intervals, 5 ml solution was withdrawn and assayed 

spectrophotometrically by using a UV-visible spectrophotometer (UV-2001Hitachi, Japan) 

for the determination of the cumulative amount of drug release from the absorbance at 362 
, , 

nm. To maintain a constant volume, 5 ml of the same solution was returned to the container. 
, . . . 

The amount of vitamin B 12 released from the nanocomposite hydrogel was calculated from a 

calculated from a previously calibrated standard curve.42 

5.4.10 Experimental Design 

Central composite design (face-centered) was used in this study and 2 tactors were 

evaluated, each at 3 levels; experimental trials were performed at all 13 possiole 

combinations to investigate influence of the parameters such as time, MWCNT -COOH 

content and applied voltage on release behaviour of the drug. Two central composite 

designs (with electric field and without electri,c field) were constructed to study the effect of 

two different factors in each study on drug release behavior. In each case, the two factors, 
, . 

Xl (time) and X2 (MWCNT-COOH content); X1(time.) and X2 (applied voltage) were varied, 

as required by the experimental de~ign and the factor levels were suitably coded (Table 5.3-

5.4). 

Suppose, we code the levels in standardized units so that the values taken by each of 

the two variables Xl and X2 are -1, 0 and + 1.Coded values were obtained by the following 

formula43
: 

z = (X-Xo)/ LtX (Eqn.5.5) 

Where, Z is the coded values, X is the corresponding natural value, Xo is the natural value 

in the center of the domain and LlX is the increment of X co~responding to one unit of Z. 
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Table 5.3 Central composition design conditions (without electric field): 

Coded factor levels 

Run Xl X2 

1 1 1 

2 0 1 

3 0 0 

4 0 0 

5 0 0 

Q 0 0 

7 -1 1 

~ 1 -1 

9 0 -1 

10 -1 0 

11 -1 -1 

12 0 0 

13 0 0 

Translation of coded levels in actual units 

Coded level -1 0 +1 

Xl: Time (hr) 0 5 10 

X2 : MWCNT-COOH 0.2 0.4 0.6 
(wt%) 
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Table 5.4 Central composition design conditions (with electric field): 

Coded factor levels 

Run Xl X2 

1 1 0 

2 1 -1 

3 -1 -1 

4 1 1 

5 a 1 

(5 -1 1 

7 -1 0 

8 0 -1 

9 0 0 

10 0 0 

11 0 0 

12 0 0 

13 0 0 

Translation of coded levels in actual units 

Coded level -1 0 +1 

X( Time (hr) 0 5 10 

X2: Applied voltage 0 5 10 

(V) 
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7=- . 

Again, data were analyzed by multiple regressions to fit the following second order 

equation: 

k k 

Y=B +'BX+'BXX. o L..J"L..J 'J' J 
i~ l i ~ l 

(Eqn.5.6) 

where, Y = predicted response. 

The resulting data were fitted into Design Expert Software (Version 6.0.10 Stat­

Ease, USA) and the developed models were adopted for the multiple correlation coefficient 

(R2), the adjusted multiple correlation coefficient (adjusted R2) and corresponding 'P ' value 

provided by analysis of variance (ANOVA). The greater values of R2 and adjusted R2 are 

preferable and it was considered significant when the corresponding 'P ' value was less than 

0.05 . The data were also subjected to 3D response surface methodology to determine the 

influence of each factor on electro-responsive release behaviour of vitamin 8 12. 

Effectiveness of the model is evaluated based on the calculated coefficient of determination 

(R 2) by the program. 

5.5 Results and discussion 

5.5.1 FTIR analysis 

FTIR spectra of pristine MWCNT, acid functionalized MWCNT, gelatin-g-PAAc 

copolymer and gelatin-g-PAAc/MWCNT-COOH nanocomposite hydrogels are shown in 

the Fig 5.3. The characteristic bands due to generated polar functional groups on the 

MWCNT are observed in the FTIR spectrum of the MWCNTs after chemical oxidation 

in HN03 acid. The FTIR spectrum of MWCNT-COOH shows absorption peak at 2910 

cm-1 corresponding to the C-H symmetric stretching vibration. Also, the appearance of 

peak at 1531 cm-1 confirms the existence of carbon double bonding (C=C), which again 

reveals the integrity of hexagonal structure on the pristine MWCNT 44 Appearance of 

peak at 1731 cm- I assigns carbonyl (C=O) stretching vibration of carboxyl groups which 

is not present in pristine MWCNTs. It confirms the carboxylation on the surfaces of 

functionalized MWCNTs (Fig 5.3a). 
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Fig 5.3 FTIR spectra of (a) MWCNT-pristine, (b) MWCNT-COOH, (c) gelatin-g-PAAclMWCNT­

COOH nanocomposite hydrogels and (d) gelatin-g-PAAc hydrogel. 

FTIR spectrum of gelatin-g-PAAc shows absorption peaks at 3391 cm-1 and 2950 

cm-1 which are attributed to the N-H stretching vibration and C-H stretching vibration in -

CH3 group. The peaks at 1630 cm-1 and 1520 cm-1 are due to the amide I (C=O stretching 

vibration) and amide II (-NH bending vibration) respectively. The absorption peak at 1126 

cm-1 is due to the C-N stretching vibration of amide III . Also, the characteristic peaks at 

3450 cm-1
, 1735 cm-I and 613 cm-1 are due to the -OH stretching vibration of PAAc, C=O 

stretching vibration and the -OH out of plane vibration of the carboxylic groups of P AAc, 

which confirms the grafting reaction. Fig 5.3c represents the FTIR spectrum of gelatin-g­

P AAc/MWCNT -COOH nanocomposite hydrogel which shows characteristics peaks of 

MWCNT- COOH at 1565 cm-1 which is ascribed to the C=C bonding that forms the 

framework of the carbon nanotube sidewall. The peak at 1050 cm-1 indicates the presence 

of - COOH groups of carboxylated MWCNT and the peaks present in 500- 1000 cm-1 range 

indicates the presence of hexagonal carbon atom. Presence of all these characteristics peaks 

indicates the incorporation ofMWCNT- COOH into the gelatin-g-PAAc hydrogel matrix. 

a 
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RTEZ 

5.5.2 XRD analysis 

The diffraction peaks with 28 values of 25.54° and 45 .70° are found for pristine 

MWCNTs and the diffraction peaks at 26.080 and 43 .080 are attributed to the graphite 

structure (002) and (100) planes of the MWCNT-COOH as shown in the Fig 5.4. The 

shifting of characteristic peak position in the XRD pattern of MWCNT -COOH shows the 

perfect modification of pristine MWCNTs. There is no drastic change in the position of 

characteristic peaks of pristine MWCNTs and MWCNT -COOH was observed, which 

suggest that MWCNTs are well retained their original structure even after 

functionalization. 45 
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Fig 5.4 XRD patterns of (a) MWCNT-pristine and (b) MWCNT-COOH. 

Fig 5.5 depicts the XRD patterns of gelatin-goP AAc copolymer hydrogel and 

gelatin-g-PAAc/MWCNT -COOH nanocomposite hydrogels respectively. The XRD 

pattern of gelatin-goP AAc doesn ' t possess any characteristics peaks, but some minor peaks 
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were observed around 21 and 22°, which could be attributed to minor crystallites of 

grafted polyacrylic acid chains. On the other hand, the XRD pattern of gelatin-g­

PAAc/MWCNT -COOH shows the characteristics peaks of MWCNT -COOH with low 

intensity which confirms the incorporation of acid functionalized multiwall carbon 

nanotubes into the Gelatin-g-P AAc hydrogels. 

2.8 (degree) 

Fig 5.5 XRD patterns of (a) gelatin-g-PAAc hydrogel and (b) gelatin-g-PAAc/MWCNT-COOH 

nanocomposite hydrogels. 

5.5.3 Morphological analysis 

The morphological images of the copolymer hydrogel and MWCNT -COOH 

incorporated hydrogels were studied by SEM and are shown in Fig 5.6. SEM micrographs 

indicate the change in the surface morphology of the prepared hydrogels after the 

incorporation of MWCNT -COOH. A rough surface morphology is observed and some 

pores can be observed in the micrograph of gelatin-g-P AAc hydrogel. But, comparatively 

a smooth surface was observed after the impregnation of MWCNT -COOH into the 

hydrogel. This observation implies that MWCNT -COOH is uniformly dispersed within the 

hydrogel. Also, scanning electron microscopy was used to investigate possible MWCNTs 

fragmentation occurred during treatment SEM images of MWCNT -COOH and pristine 
. . 
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MWCNT are also shown in Fig 5.6. From both the micrographs, a significant difference 

was observed. A sharp surface was observed for the functionalized MWCNT, which was 

apparently smooth in case of pristine MWCNT. Also, the transparency of nanotubes has 

been decreased after the functionalization as compared to the pristine MWCNTs which 

possibly related the introducing of functional groups46,47 

Fig 5.6 SEM images of (a) gelatin-g-PAAc hydrogel, (b) gelatin-Q-PAAc/MWCNT-COOH 

nanocomposite hydrogels, (c) MWCNT-pristine and (d) MWCNT-COOH. 

The stable and uniform dispersion of the MWCNT -COOH within the gelatin-g­

P AAc matrix is evident from the TEM study. The TEM image (Fig. 5.6a) shows that the 

MWCNT -COOH has an average external diameter of 20-25 nm. A representative TEM 

image (Fig. 5.6b) shows the anchoring of a gelatin-g-P AAc layer onto a MWCNT -COOH 

with a diameter of30-35 nm. This increase in the diameter in the nanocomposite hydrogel 

indicates the presence of a layer of gelatin-g-P AAc molecules on the surface of the 

MWCNT-COOH 

... _ .. S .. 1- SZ22222 .. 
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Fig 5.7 TEM images of (a) MWCNT-COOH and (b) nanocomposite hydrogel (0.3 wt% MWCNT­

COOH). 

5.5.4 Ionic Conductivity 

Impedance spectroscopy provides a relatively straightforward and rapid 

technique to assess ionic conductivity. Ionic conductivities of the prepared hydrogels were 

determined with the variation of crosslinker (MBA) and MWCNT -COOH content in 

gelatin-goP AAc/MWCNT -COOH nanocomposite hydrogel. It was observed that ionic 

conductivities decrease with an increase in crosslinker (MBA) concentration. It may be 

due to the decreased proton mobility resulting from increased methylene bis-acrylamide 

concentration. As the crosslinking density is increased, more crosslinking points will be 

developed forming a dense network, which will restrict the ionic mobilities of the ionic 

groups present in the nanocomposite hydrogel. On the other hand, the ionic conductivity 

was found to be increased with MWCNT -COOH content in the nanocomposite hydrogel. 

This may be due to the improved ionic transport in presence of MWCNT -COOH in the 

hydrogel. 48 Ionic conductivities values with the variation of crosslinker and MWCNT­

COOH content are given in the Table 5.1-5.2. 
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5.5.5 Swelling study 

5.5.5.1 Effects of pH 

The hydrogels have shown tremendous promIse m different biomaterial 

applications because of their unique water holding capacity. Hence, swell ing behavior of a 

particular hydrogel material should be investigated in order to confirm its utility in 

different biomedical areas. Fig 5.8 represents the swelling behavior of the prepared 

nanocomposite hydrogels with different crosslinker amount in acidic (pH=4) and basic 

(pH=7.4). The swelling behavior was found to be increased with an increase in pH from 4 

to 7.4. The gelatin structure is ionizable because the basic dissociation constant (pKb) of 

the NH3+ is about 65 and the acid dissociation constant (pKa) of the COOH is about 4. 7 in 
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Fig 5.8 Influence of pH of the medium on the swell ing behaviours of the nanocomposite 

hydrogels: (a) pH = 4 and (b) pH = 7.4. 

So, this improved swelling behavior is due to the presence of the hydrophil ic 

functional groups (mainly - COO·) in the gelatin structure. Moreover, at higher pH, 

ionization of the carboxylic acid groups occurs, resulting in electrostatic repulsion between 

the carboxylate (- COO·) groups as well as expansion of the space network thereby 

increasing the swell ing percentageSO 
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5.5.5.2 Effect of MWCNT-COOH content 

Fig 5.9a depicts the effect of MWCNT -COOH content on the swelling behavior of 

gelatin-g-P AAc hydrogels. It was observed that the extent of swelling was decreased with 

an increase in the concentration of MWCNT -COOH. It may be mainly due to the 

hydrophobic nature of MWCNT -COOH. The result is consistent with other reports in the 

literature51 Moreover, functionalized MWCNT in gelatin-g-PAAc may acts as like some 

crosslinking sites which make the diffusion of water into the hydrogel more difficult. So, 

interaction between MWCNT -COOH and hydrogels contributed to lower the swelling 

percentage of the nanocomposite hydrogels than for the native gel. 

5.5.5.3 Effect of applied electric field 

The response of an electro-responsive hydrogel in presence of an external electric 

field depends on the shape and position of the gel between the electrodes. 52 When the gel 

is placed at a fixed position away from the electrodes, as in our experiment, the swelling 

behaviour is observed. So, the swelling behavior of the nanocomposite hydrogels with 

various MWCNT -COOH content were measured as a function of time in distilled water 

under the applied electric potential of 10 V. The swelling percentage of gelatin-g­

PAAc/MWCNT -COOH gradually increased with increasing MWCNT -COOH content 

(Fig 5.9b). MWCNT-COOH provides the efficient pathway of electric field . Therefore, 

MWCNTs could contribute to the increase in swelling percentage of the nanocomposites 

by increasing the extent of ionization of the functional groups in the nanocomposite 

hydrogel under electric voltage applied. This behavior is completely opposite to the 

swelling character under normal condition where swelling percentage decreases with 

increase in MWCNT -COOH content. 
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Fig 5.9 Effect of MWCNT-COOH content on the swelling behavior of gelatin-g-PAAc hydrogels: 

(a) at 0 V and (b) at 10 V. 

5.5.6 Gel fraction 

A typical dependency of gel fraction to the quantity of crosslinker incorporated 

into hydrogels is given in the Table 5.1. As seen, the gel fraction of samples is increased 

by increasing the amounts of crosslinker from 0.05% up to 0.25% by weight. The gel 

fraction data reveal that the increase in crosslinker amount within the three dimensional 

network of hydrogel causes an increase in crosslinking density, thus creates more 

entangled structure. 

5.5. 7 Blood compatibility studies 

Numerous efforts have been given to design novel biomaterials with superior blood 

compatibi lity by various research groups. Hemocompatibility is a prime requirement for 

biomedical applications such as drug delivery, tissue engineering etc. intended for direct or 

indirect blood exposure. Fig 5.10 represents the data obtained from hemolysis test as 

described in Section 5.4. 7. The hemolysis test was performed for the nanocomposite 

hydrogels with 0.1 and 0.6 wt% of MWCNT-COOH content with different concentrations. 

For all samples, in contact with blood showed a mean hemolysis value less than 0.5 %.The 

test showed very low hemolysis activity and the data obtained are at the permissible limit 

2L .!22 _. 
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as shown in the Fig 5.10a. Photographs showing precipitated RBCs at the end of the 

hemolysis experiment are also given (Fig 5.10b). 

I 00 'Yo 
(a) (Control] (b) 

5 (-)\'(. (+}n' GA-6 GA-l 

4 

Fig 5.10 Hemolysis results: (a) Hemolysis percentage of the nanocomposite hydrogels with 0.6 

wt% (GA-6) and 0.1 wt% (GA-6) MWCNT-COOH content, (b) Photographs of RBCs treated with 

different samples (GA-6 and GA-1). 

5.5.8 Electro-responsive release behavior of vitamin Bl2 from Gelatin-g­

P AAcIMWCNT-COOH nanocomposite hydrogels 

5.5.8.1 Effect of applied voltage 

The effect of applied electric potential on release behavior of vitamin B1 2 from 

gelatin-g-PAAcIMWCNT-COOH nanocomposite hydrogel is shown in Fig 5.11. It can 

be observed that the drug release rate was much higher under the influence of an 

electrical stimulus than without electric stimulus. A systematic increase in the drug 

release rate was observed when the applied voltage was increased from 5 V to 10 V. 

L LL 
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7 

According to Sawahata et al. drug transport occurs only if the applied electrical current is 

sufficiently high to induce dimensional changes in the hydrogel. Under higher applied 

voltage, the ionizable groups are more ionized which results in improved swelling 

behavior of the nanocomposite hydrogel. The improved swell ing will enhance the release 

of drug from the nanocomposite hydrogel through diffusion. 53 
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Fig 5.11 Drug re lease behavior of gelatin-g-PAAc/MWCNT-COOH nanocomposite hydrogels: (a) 

At different electric voltage applied: 0 V, 5 V and 10 V, (b) Drug release behavior as a function of 

applied voltage of 0 V and 5 V, wh ich was altered at 30 min time intervals. 

Moreover, the rapid release behaviors of vitamin B12 were observed when an 

electric stimulus was at 'ON' state, whereas they showed a relatively slow release rate 

during the 'OFF ' state while applied electric potential was maintained at 0 and 5V 

alternately. The plausible reason for this switching pattern of the release of drug 

molecules is due to the electrically induced changes in osmotic pressure within the gel 

and local pH gradient attri buted to water electrolysis. This could also affect the swelling 

behaviour of the nanocomposite hydrogel under electric fie ld as well as release of drug 

from the gelatin-g-PAAcIMWCNT-COOH nanocomposite hydrogel. In 'OFF' stage 

(when no electric field) , normal diffusion controlled release of drug is taking place which 

is quite slow. 
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5.5.8.2 Effect of ionic strength of the release medium 

The ionic strength of the release medium exerts an influence on the release rates 

of drugs. In our study, the release of vitamin BJ2 was studied in media containing two 

different ionic strengths, 0.1 M and 0.2 M NaCI solutions. Fig 5.12 exhibits the release 

behavior of the drug as a function of ionic strength and at a fixed electric potential of 10 

V. It was observed that at higher ionic strengths, the drug release rate was slower with 

time than in the lower ionic strength media. 
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Fig 5.12 Drug release behaviour of gelatin-g-PAAclMWCNT-COOH nanocomposite hydrogels 

depending on the ionic strength of the release medium (0 .1 M and 0.2 M NaCI solution). 

It may be attributed to the charge screening effect of the additional anions causing 

a non perfect electrostatic repulsion, which leads to a decreased osmotic pressure 

difference between the hydrogel network and the external solution. Thereby the shrinkage 

of the gel was observed instead of swelling. Moreover, the drug solubility may also 

decrease with increasing ionic strength of the medium, which may also affect in lowering 

of the drug release rate. Similar behavior was observed by Agnihotri et al. while 

investigated the electrically modulated release behavior of drug from sodium alginate and 

carbo pol hydrogels. They found that the drug transport followed the switch-on and 
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switch-off pattern in a pulsatile manner and release rate was significantly decreased with 

increase in ionic strength of the release mediums" 

5.5.8.3 Effect of MWCNT-COOH content 

The release of vitamin 8 12 was found to be profoundly dependent on the 

MWCNT -COOH content of the nanocomposite hydrogels. It can be seen from Fig 

5.13a, that the drug release rate was decreased as the content of MWCNT -COOH 

increased when no electric field was appl ied . On the other hand, a reverse release 

behavior was observed when an electric potential of 10 V was applied to the 

nanocomposite hydrogels. The release of vitamin BI2 was found to be increased with 

increase in MWCNT -COOH content, as predicted from the swelling behavior of 

nanocomposites in presence of an electric field displayed in Fig 5.13b. 
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Fig 5.13 Drug release behavior of gelatin-g-PAAc/MWCNT-COOH nanocomposite hydrogels with 

various MWCNT-COOH content and at different electric voltage applied: (a) 0 V and (b) 10 V 

5.5.9 Response Surface Analysis 

~ 
~ 
~ 

g 
~ z. 
u 
~ .-. 

The cumulative release % of vitamin 8 12 with respect to two sets of factors was 

regressed using the Design Expert Software. The multiple regression equation for 

cumulative drug release % (Y 1) with respect to time (hr) and MWCNT -COOH content: 

llL 
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= 
Final Equation in Terms of Coded Factors 

Cumulative drug release % (y,) = 52. 25+29. 20*X, +.f. 58 *Xr22. 13*X/-J.38* xl + 

(Eqn.5.7) 

Final Equation in Terms ~f Actual Factors 

Cumulative drug release % (y,) = -6.92011 + 13.32241 *XJ+33.-Il236*Xr O.8852.f*X/ -

3.f.52586*X/ + 3.42500*X, *X2 (Eqn.5.8) 

The multiple regression equation for cumulative drug release % (Y2) with respect 

to time (hr) and applied voltage 

Final Equation in Terms ~f Coded Factors 

Cumulative drug release % (Y2) = 49.32 +8.35*X/ + 20.5.f *Xr 7.48*X/ -1 .f. 13*xl 

(Eqn. 5.9) 

Final Equation in Terms of Actual Factors 

Cumulative drug release % (Y2) = -5.34788+3.35723*Xr+8.45369*Xr O.29915*X/ -

0.5651 5 *X/ +O.26100*X, *X2 (Eqn.5.10) 

The results are plotted in Fig 5.14. These results show that the electro-responsive 

release behaviour of the nanocomposite hydroge\s was more significantly influenced by 

the release time and applied voltage than MWCNT -COOH content in the prepared 

hydrogel. It can be observed from Table 5.5 that R2 is high for all responses, which 

indicates a high degree of correlation between the experimental and predicted responses. 

In addition, the predicted R2 value is in good agreement with the adjusted R2 value, 

resulting in reliable models. 
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(3) (b) 

Fig 5.14 3D response surface plot of drug release behaviour of gelatin-g-PAAc/MWCNT-COOH 

nanocomposite hydrogel : (a) showing the effect of amount of MWCNT-COOH (wt%) and time 

(hr) on release behaviour of vitamin B 12 and (b) showing the effect of applied voltage (V) and 

time (hr) on release behaviour of vitamin B12. 

Table 5.5 Regression statistics table: 

Regression Statistics 

Predicted-R 

R -square 

Adjusted-R 

Standard deviation 

Observations 

0.9742 

0.9973 

0.9954 

1.64 

13 

0.6721 

0.9538 

0.9209 

6.29 

13 
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5.6 Conclusion 

~ Nanocomposite hydrogels based on gelatin, partially neutralized acrylic acid and acid 

functionalized multi wall carbon nanotubes (MWCNT -COOH) have been developed. 

~ The shifting of characteristic peak position in the XRD pattern of MWCNT -COOH 

shows the perfect modification of pristine MWCNTs. Also, the characteristics peaks 

ofMWCNT-COOH in the XRD pattern ofgelatin-g-PAAc/MWCNT-COOH confirm 

the incorporation of acid functionalized multi wall carbon nanotubes into the Gelatin­

goP AAc hydrogels. 

~ SEM studies demonstrated the difference in surface morphology of pristine 

MWCNTs and after the acid functionalization of MWCNTs along with the smooth 

surface of the nanocomposite hydrogel, which implies the uniform dispersion of 

MWCNT -COOH within the nanocomposite hydrogel. 

~ Swelling percentage was found to be decreased with an increase in MWCNT -COOH 

content, when no electric field was applied; but reversed swelling behavior was 

observed when an external electric field (10 V) was applied. 

);;> In vitro experiments of percentage hemolysis reveal that the prepared nanocomposite 

hydrogels possess proficient blood compatibility suitable for biomedical applications. 

~ The electro-responsive release behavior of vitamin B \2 exhibited a considerable 

dependence on ionic strength of the medium, applied voltage and MWCNT -COOH 

content of the nanocomposite hydrogels. 

~ Drug release behavior was further investigated by response surface methodology and 

by applying a central composite design. 

~ So, the results obtained in this work lead us to the conclusion that gelatin-g­

P AAc/MWCNT -COOH nanocomposite hydrogels can be a promising platform for 

the development of electro-responsive drug delivery systems. 
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Chapter 6: Conclusion and future scope 

6.1 Conclusion 

Over the past few decades, advances in hydrogel technologies have spurred 

development in many biomedical applications including controlled drug delivery, 

actuator, sensors etc. In the recent time, the field of hydrogels has moved forward at a 

dramatic pace. The development of suitable synthetic methods encompassing traditional 

chemistry to molecular biology has been used in the design of hydrogels mimicking basic 

processes of living systems. Stimuli-responsive hydrogels have the ability to respond 

towards external stimuli such as pH, temperature, ionic strength, electric field, magnetic 

field etc. The change in the degree of swelling may occur discontinuously at a specific 

value of stimulus or gradually over a (mostly small) range of stimulus values. Recently, 

many hydrogel based networks have been designed and tailored to meet the needs for 

different applications. Also, various composite and nanocomposite hydrogels have been 

developed to fulfill the specific requirements for specific applications. 

The goal of this thesis is to develop stimuli-responsive composite and 

nanocomposite hydrogels for controlled drug delivery and actuator application. The 

influence of various parameters on swelling and bending behaviour has been determined. 

The mechanical properties and in vitro biocompatibility of the prepared hydrogels are also 

investigated. 

The important findings of the thesis are summarized chapter wise below: 

I. Synthesis of composite hydrogels based on poly{acrylamide-co-acrylic 

acid}/polyaniline and poly(acrylamide-co-acrylic acid}/graphite and study of 

their pH, electro-responsive behaviour and biocompatibility. 

~ Two sets of composite hydrogeJs with poly(AAm-co-AAc)/PANI and poly(AAm-co­

AAc )/graphite were prepared by solution polymerization process in presence of redox 

initiator potassium persulfate (KPS)/TEMED and cross linker (EGDMA). 
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)l> The swelling behaviour of both the composite hydrogels were found to be pH­

responsive upon study across varying pH media. Also, the swelling is found to be 

highest in basic medium (PH 7.4). 

)l> The mechanical properties of the composite hydrogels were improved with an increase 

in crosslinker (EGDMA) content due to the formation of a compact network structure. 

)l> The prepared conducting composite hydro gels were found to possess gratifying 

conductivity which was significantly dependent on crosslinker (EGDMA) content, 

temperature and amount of the conducting filler. 

)l> The hemolytic potentiality test reveals that, all the composite hydrogels are 

biocompatible in nature. 

)l> Both the composite hydrogels show significant bending behaviour when exposed to an 

external electric field. 

)l> The properties of composite hydro gels confirmed in this chapter indicate that the 

hydrogels can find possible application in artificial organ components, especially as 

actuator. 

II. Synthesis of electric field responsive poly (vinyl alcohol)-g-poly(acrylic 

acid)/OMMT nanocomposite hydrogels and their swelling kinetics. 

)l> Nanocomposite hydrogels based on PV A, partially neutralized acrylic acid and 

layered organically modified OMMT clay were prepared by free radical graft 

polymerization reaction and the grafting reaction of acrylic acid on PV A .was 

confirmed by FTIR analysis. 

)l> X-ray diffraction analysis showed that the nanocomposite forms a partially exfoliated 

or intercalated structure. Also, SEM studies demonstrated a finer dispersion of the 

clay particles in nanocomposite as compared to the composite. 

)l> From thermogravimetric analysis, it was observed that introduction of OMMT to the 

polymer network results in an increase in thermal stability. 
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» Since, crosslinking density of composite increased with the increase of OMMT 

content, so there was decrease in water absorbency with an increase in OMMT 

content. 

» Swelling kinetics of the prepared hydrogels shows that transport mode of water in the 

nanocomposite hydrogels exhibited Fickian diffusion which gradually changes to 

non-Fickian diffusion with increase in crosslinker amount. 

» The nanocomposite hydrogeJs showed significant and quick bending towards the 

cathode under an applied electric field. 

» The observed behaviour suggest the possible applications of PVA-g-PAAc/OMMT 

nanocomposite hydrogels as artificial muscle, sensors, switches and electric current 

modulated drug delivery systems etc. 

III. Biocompatible carboxymethylcellulose-g-poly(acrylic acid)/OMMT 

nanocomposite hydrogel for in vitro release of vitamin B12 

» Nanocomposite hydrogels based on CMC, partially neutralized acrylic acid and 

layered organically modified OMMT clay were prepared by free radical graft 

polymerization reaction. 

» X-ray diffraction analysis showed that the nanocomposite forms a partially 

exfoliated or intercalated structure. Also, SEM studies demonstrated an 

improvement of surface properties of the nanocomposite as compared to the 

composite. . » The dynamic mechanical analysis of the nanocomposite hydro gels showed an 

increase in the storage modulus within increasing frequency and OMMT nanoclay 

content, clearly demonstrating a good mechanical behavior. 

» The swelling properties of the nanocomposite hydrogels were found to be 

dependent on initiator (KPS), crosslinker (MBA) and nanoclay (OMMT) content. 

» Blood compatibility of the prepared hydrogels was improved after the incorporation 

ofnanoclay as confirmed by in vitro experiments of percentage hemolysis. 
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~ The vitamin B\2 release behavior was found to be greater in basic medium (PH 7.4) 

than in the acidic medium (PH 1.2). 

~ Kinetic study of release behavior showed increase in 'n' value from 0.63 to 0.87 

exhibiting a non-Fickian transport mechanism with increase in crosslinker content. 

~ The results obtained in this work lead us to the conclusion that CMC-g­

PAAc/OMMT nanocomposite hydrogels can be a promising platform for the 

development of pH-responsive drug delivery systems. 

IV. Electric field assisted drug release from gelatin-g-poly(acrylic acid)/MWCNT­

COOH nanocomposite bydrogels. 

~ Nanocomposite hydrogels based on gelatin, partially neutralized acrylic acid and acid 

functionalized multiwall carbon nanotubes (MWCNT-COOH) have been·developed. 

~ The shifting of characteristic peak position in the XRD pattern of MWCNT-COOH 

shows the perfect modification of pristine MWCNTs. Also, the characteristics peaks 

ofMWCNT-COOH in the XRD pattern of Gelatin-g-PAAc/MWCNT-COOH confirm 

the incorporation of acid functionalized multiwall carbon nanotubes into the Gelatin­

g-P AAc hydrogels. 

~ From the swelling behaviour, it was observed that the swelling percentage was more in 

basic medium (PH 7.4) than in acidic medium (PH 4) due to the more ionization of the 

carboxylic acid groups. Also, swelling percentage was found to be decreased with an 

increase in MWCNT -COOH content, when no electric field was applied; but reversed 

swelling behavior was observed when an external electric field (10V) was applied. 

~ In vitro experiments of percentage hemolysis reveal that the prepared nanocomposite 

hydrogels possess proficient blood compatibility suitable for biomedical applications. 

~ The electro-responsive release behavior of vitamin B12 exhibited a considerable 

dependence on ionic strength of the medium, applied voltage and MWCNT-COOH 

content of the nanocomposite hydrogels. 
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~ Drug release behavior was further investigated by response surface methodology and 

by applying a central composite design. 

~ So, the results obtained in this work lead us to the conclusion that Gelatin-g­

PAAc/MWCNT -COOH nanocomposite hydrogels can be a promising platform for the 

development of electro-responsive drug delivery systems. 

6.2 Future prospects of the present investigation 

~ Development of hydrogels with higher mechanical, swelling and deswelling properties. 

This could be used in biomedical and drug delivery applications. 

~ To develop biomimetic hybrid hydrogels by the modification of natural polymers for 

higher biocompatibility. 

~ Development of mUlti-responsive hydro gels which could be used for multipurpose 

activity. 

~ Development of self-healing hydrogels. 

~ The use of microdevices to engineer hydrogels will continue to provide new methods 

for fabricating improved hydrogel based systems. 
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