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ABSTRACT

In this thesis, the research aims on the synthesis of tamarind kernel gum (TKG) and
carboxymethyl tamarind kernel gum (CMTKG) based hydrogels and utilized different
nanocomposite hydrogels for mainly drug delivery applications. Various inorganic
fillers such as silver nanoparticles, zinc nanoparticles, and zeolites has been
incorporated into hydrogels and used in different applications such as drug delivery and
dye removal applications. This thesis has been summarized in 6 chapters.

Chapter 1 outlines different aspects regarding the properties, synthesis, and applications
of hydrogels. This chapter gives insight about the hydrogels, their classification, and their
methods of synthesis. The chapter also discusses the introduction of biopolymers,
especially Tamarind Kernel Gum (TKG) and its derivative, Carboxymethyl Tamarind
Kernel Gum (CMTKG), which can be used to synthesize hydrogels for different
applications. The chapter also focuses on the applications of hydrogels, such as drug
delivery systems, tissue engineering, wound healing, dye removal, agricultural, metal ion

removal, biosensors, textile, and food industry.

In Chapter 2, a novel hydrogel network based on carboxymethyl tamarind kernel
gum/poly (sodium acrylate) was synthesized by using polyethylene glycol diacrylate
(PEGDA) as a cross-linker. Zinc Oxide nanoparticles (ZnO NPs) were prepared via
hydrothermal synthetic method and developed ZnO NPs were embedded within
CMTKG/poly(sodium acrylate (PSA) hydrogel for the controlled release studies of
ciprofloxacin drug. Various techniques such as FTIR, XRD, FESEM, and TEM were
used to characterize the synthesized ZnO NPs, pure hydrogel, and hydrogel
nanocomposites. Various parameters such as drug loading, drug entrapment, gel
content, and porosity were estimated for all the synthesized hydrogel nanocomposites.
The swelling and rheological studies revealed that ZnO NPs embedded hydrogel
composites exhibited increased swelling tendency and thermal stability.

The antibacterial action of CMTKG-based hydrogel nanocomposites was studied using
E. coli (gram-negative) bacteria with the help of the disc diffusion method. The result
showed that the incorporation of ZnO NPs enhanced the antimicrobial action of
ciprofloxacin-loaded CMTKG-based hydrogels. The kinetic modelling of drug release
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was done using Higuchi and Korsmeyer - Peppas model. The higher value of
Regression coefficient (R?) close to unity indicated that the mechanistic pathway of
drug release from the hydrogels was more fitted in the Korsmeyer-Peppas model
followed by Fickian diffusion.

Chapter 3, deals with the green synthesis of novel silver nanoparticles (Ag NPs)
embedded TKG/PSA nanocomposite hydrogel without the use of any toxic materials.
The developed hydrogels were characterized using XRD, FTIR, U V-visible, FE-SEM,
and TEM techniques. Doxycycline was chosen as a model drug for release studies using
TKG/PSA and Ag/TKG/PSA nanocomposite. The observation is that Ag/TKG/PSA
hydrogel nanocomposite showed a pH-dependent swelling which is higher at pH 7.4
than at pH 1.2. Similarly, the cumulative drug release percentage using silver
nanocomposite is higher at pH 7.4 than at pH 1.2. Also, the presence of Ag NPs
decreased the swelling ratio of TKG/PSA hydrogel, which controls the Doxycycline
drug's release rate. In addition, the Doxycycline release kinetics studies indicated that
the drug release data was fitted in the Korsmeyer-Peppas model with a higher R? value.
Thus, Ag/TKG/PSA nanocomposite showed satisfactory results for sustainable release
of Doxycycline drug.

Chapter 4, describes the synthesis of hydrogel films comprising of CMTKG, polyvinyl
alcohol (PVA), and guar gum (GG) using glutaraldehyde (GTA) as cross-linker. The
synthesized hydrogel films were evaluated in terms of equilibrium swelling ratio, moisture
content, thickness, wetting analysis, thermal analysis, and mechanical analysis. The tensile
strength of the films lie in the range of 95.80 to 149.07 MPa while elongation at break
value lies in the range of 1.51 to 5.20%. The synthesized hydrogel films were characterized
by techniques such as FTIR, FE-SEM, TGA, and DTA.

The ciprofloxacin (CFX) drug was embedded in the best-swelled hydrogel film and in-
vitro drug release behavior was studied at alkaline pH 7.4 phosphate buffer solution. It
was found that the maximum drug release was to be 73 % after 24 hours at pH 7.4.
Moreover, the release data was fitted in various kinetic models such as the First-order,
Higuchi, and Korsmeyer-Peppas models. The best-fitted Korsmeyer-Peppas model
suggested that the release of the drug follows Fickian diffusion and the value of
diffusion exponent (n) was determined to be 0.38.
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Chapter 5 deals with the synthesis of zeolite-loaded CMTKG based hydrogels as a
potential adsorbent for the removal of crystal violet dye. Initially, the crosslinked
hydrogel of CMTKG with sodium methacrylate (SMA) was prepared via a free radical
mechanism using a methylene bisacrylamide (MBA) cross-linking agent and potassium
persulfate (KPS) as initiator. In this way, various formulations of hydrogels were
prepared by varying the content of zeolite. The swelling capacity of all the synthesized
hydrogels was investigated and the composition of hydrogel which exhibited maximum
swelling wasused for the characterization and dye removal experiment. Crystal violet
(CV) was chosen as a model dye for the dye removal experiment. The structure of
zeolite and zeolite-embedded hydrogel was elucidated by XRD, FTIR, and SEM-EDX
analysis tools. The adsorption experiment was investigated by varying the CV
concentration, hydrogel amount, temperature, dye solution pH, adsorption time, and
ionic strength. The Langmuir and Freundlich isotherm models were used to fit the

adsorption data and it was noticed that the data fitted well with the Langmuir model.

The hydrogel's maximum dye adsorption efficiency was found at 123.60 mg g*. The
adsorption kinetic studies were followed by pseudo-first-order and intraparticle
diffusion kinetic models. In addition, regeneration studies were performed for the best
adsorbent hydrogel using ethanol solvent and the result concluded the desorption
efficiency of hydrogel (82%) over four desorption cycles. Overall, the synthesized
hydrogel material was used as an effective adsorbent for removing hazardous cationic
dye from polluted water.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
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1.1. Introduction

Biopolymers are polymers composed of several monomers, or units, found within an
organism. Since they are typically produced from plants and animals, they are readily
renewable for numerous applications due to their biodegradable nature [1,2].
Biopolymers play a variety of roles in the body, including the synthesis of cell- based
tissue, support for the integrity of connective tissue, including human cartilage, and the
provision of molecules for the human endocrine system to use as signals [3].
Biopolymer materials that can be used for biomedical purposes such as drug delivery
and tissue engineering can be made from polypeptides and polysaccharides.
Biopolymers are used to synthesis hydrogels due to their specific properties such as
they are cheap, biocompatible, biodegradable, hydrophilic, non-toxic, renewable, and
highly abundant (Fig.1.1). Hydrogel is a three-dimensional network of hydrophilic
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polymers that can swell and hold liquid when immersed in it. Because the polymer
chains are cross-linked chemically or physically, they can preserve their structure [4,5].
It is interesting to understand how hydrogels can take and hold a lot of water or
biological fluids inside their porous structures. They are made up of three- dimensional
cross-linked polymeric networks. These hydrophilic materials have unique properties,
including a high-water content, being soft, flexible, and biocompatible[6]. This makes
them good choices for many uses in various applications, especially in the biomedical
field [7,8]. Hydrogels can hold lot of water in it, anywhere from 10% to thousands of
times its dry weight. Because hydrogels are made up of cross- linked networks, they
can swell and hold water molecules without breaking. Their hydrophilic nature allows
the uptake of water, nutrients, and other molecules through the gel matrix [9]. In the
late 19" century, scientists explored the cross-linked polymers which could uptake and
hold water. In 1938, Wichterle and Lim made poly(2-hydroxyethyl methacrylate)
(HEMA) hydrogels for use as contact lenses[10]. This was one of the first hydrogels
ever made. This groundbreaking work paved the way for the development of modern
hydrogels. Researchers at the U.S. Department of Agriculture made the first
superabsorbent hydrogels in the 1960s. They were made from partly diluted poly
(acrylic acid) and could soak up to 1000 times their weight in water[11]. Hydrogels can
be used in many areas, such as cosmetic, food industry, metal ion and dye removal,
agricultural field, and drug delivery applications. Hydrogels were synthesized through
different ways such as radiation polymerization[12] and controlled radical
polymerization [13], as well as the addition of functional groups and flexible qualities.
In this research work, the main focuses were on the synthesis of composite hydrogels
for the drug delivery and dye removal applications. The trapping of various fillers inside
the hydrogel matrix, including clays, metallic nanoparticles, carbon-based materials,
and organic fillers, results in the composite hydrogels, which exhibit improved
mechanical, chemical, and thermal properties as well as adsorption capacity. Varied
type of composite hydrogels can be used in the biological fields such as biosensors,
tissue engineering, drug delivery systems, and wound treatments. They can release
therapeutic agents slowly and safely, behave like the extracellular matrix to help tissues
grow back [14], and keep the environment moist for wound healing [15]. This is
because they are biocompatible and have properties that can be modified. In
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pharmaceutical applications, hydrogels could be used for controlled drug delivery
systems because they have properties like better bioavailability, and fewer side
effects[16]. Hydrogels can also be used in the agricultural fields as seed coats, soil
conditioners, and controlled-release systems for pesticides and fertilizers[12]. Water
cleansing, wastewater cleaning, and cleanup of oil spills are environmental uses of
hydrogels[17]. Hydrogels can be used as adsorbents to remove pollutants and other
harmful substances from water sources because they can hold a lot of water and
selectively adsorb certain substances like heavy metal ions, and dye molecules [18,19].
Due to their sensitive and selective qualities, hydrogels have also been looked at for use
as biosensors [20], actuators [21], and separation membranes[22]. This work aims to
provide a comprehensive and qualitative overview of the area, highlighting current
advancements in hydrogel devices for different applications. Hydrogels are effective
materials for drug absorption in aqueous media through physical or chemical
interactions and the release of the drugs under physiological pH and temperature
conditions. The rate of drug release from hydrogels depends on the pH, temperature,
ionic strength, and pore size of hydrogels. There are some other factors which can
influence the rate of drug release from hydrogels such as swelling, mesh size, pore
diameter, and geometry of drug delivery devices. The drug can be released from
hydrogel through a swelling-controlled, diffusion-controlled, or chemically-controlled
mechanism. In the present research work, the aim was to synthesize hybrid hydrogels
made by polymerizing synthetic monomers with biopolymers. There have been
numerous natural biopolymer-based hydrogels used for the controlled release of drugs
into the human body, including guar gum, chitosan, tamarind gum, sodium alginate,
cellulose, Arabic gum, chitosan carboxymethyl guar gum, etc. However, the hydrogels
based on Tamarind kernel gum (TKG) and its carboxymethyl derivative carboxymethyl
tamarind kernel gum (CMTKG) are scarcely explored. TKG has been chemically
modified to make CMTKG which is a hydrophilic, non-toxic, biodegradable, and
biocompatible biopolymer. Because of this chemical alteration, the drug loading
capacity, swelling capacity, biodegradability, and shelf-life of CMTKG were found
higher than TKG [82]. The present research has mainly focused on TKG and CMTKG
biopolymer-based hydrogels and their applications in different fields, specifically, in
drug delivery and dye removal applications.
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1.2. Types of Hydrogels

Hydrogels can be classified into different groups based on cross-linking, polymeric
composition, sources, electrical charges, physical structure, and configuration.

1.2.1. Polymeric composition

Homopolymeric networks is formed from a single species of monomer which is the
fundamental structural component of any polymer network. Depending on the type of
monomer and polymerisation method, homopolymers have a cross-linked skeleton.
However, copolymeric hydrogels are made up of two or more distinct monomer species
bonded in a random, block, or alternating pattern throughout the polymer network's
chain, each containing at least one hydrophilic component [5]. Multipolymer
interpenetrating polymeric hydrogel (IPN) is composed of two cross-linked synthetic
and natural polymer that are arranged in a network shape. To synthesize the semi-IPN
hydrogels, two types of polymers in which one cross-linked and the other is non-cross-

linked are used.

1.2.2. Based on configuration and electrical charges

Hydrogels can be classified into semi-crystalline, crystalline, and amorphous based on
their configuration. However, based on electrical charges, hydrogels can be non-ionic

(neutral), ionic (cationic or anionic), amphoteric, and zwitterionic [5].

1.2.3. Based on cross-linked networks

Hydrogels can be divided into physically or chemically cross-linked networks.
Physically cross-linked hydrogels formed a polymeric network through the physical
interactions like ionic interactions, hydrogen bonding, hydrophobic associations, and
molecular entanglements, but not through covalent bonds as shown in Fig.1.2.[23].
These hydrogels are physically or chemically sensitive to specific environmental
changes such as temperature, pressure, pH, electric field, magnetic field and ionic
strength. The ionic interactions between the polymers for example, lead to the formation
of alginate-based hydrogels by interacting with calcium ions and other divalent cations

[24]. However, chitosan based physically cross-linked hydrogels were synthesized
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through polymerization with tripolyphosphate anion [25]. Additionally, hydrogen
bonding is a significant interaction that favors the formation of physically cross-linked
hydrogels, especially based on proteins and polysaccharide polymers. For example,
gelatin protein derived from collagen synthesizes thermo-reversible hydrogels by
building triple-helical structures held together through hydrogen bonds [26]. The
hydrophobic interactions between molecules are also involved in the formation of
physically cross-linked hydrogels, especially thermosensitive hydrogels. After heating,
these hydrogels change from sol to gel, and the hydrophobic parts of the polymer chains

cross-linked to form a temporary network[27] .
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Fig.1.1: Structure of physically and chemically cross-linked hydrogel

Chemically crosslinked hydrogels formed the polymeric network through the covalent
bonding as shown in Fig.1.1. Chemically cross-linked hydrogels are also called fixed
or covalent hydrogels. There are different ways to cross-link polymers, such as through
free radical polymerization, condensation reactions, grafting and enzymatic methods
[28]. Chemically cross-linked hydrogels are more stable than physically cross-linked
hydrogels. The most common way to synthesize chemically cross-linked hydrogels is
a free radical chain polymerization [29]. In this method, vinyl monomers such as acrylic
acid, acrylamide, or methacrylic acid formed free radicals using an initiator such as
potassium persulphate and cross-linked using a cross-linking agent, for example, N, N'-
methylene bisacrylamide (N,N-MBA). However, in the condensation method,

chemically cross-linked hydrogels are formed by the condensation reaction between the
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functional groups of polymer moieties through the elimination of small molecules like
water or alcohol. In the grafting method, hydrophilic polymer chains are covalently
attached to a polymeric backbone. Chemically cross-linked hydrogels can also be
synthesized through a covalent bond formation between vinyl monomers and

polysaccharide backbones through radiation-induced copolymerization [30].

1.2.4. Based on sources

Polysaccharides such as alginate, chitosan, hyaluronic acid and proteins like collagen,
gelatin, and silk fibroin are the building blocks of natural hydrogels[31]. Due to the
biocompatible, biodegradable, and non-toxic properties of these hydrogels, they can be
used in the biomedical applications especially for the tissue engineering and drug
delivery applications. Natural hydrogels synthesized from Alginate biopolymer,
obtained from brown seaweed, via formation of cross-linked through the interaction
with divalent cations, such as calcium ions [32]. Additionally, various proteins like
gelatin, collagen, and silk fibroin can also be used to synthesize natural hydrogels [33,
34]. Synthetic hydrogels can be made using synthetic polymers which have superior
water-absorbing capacity, long life-span, and gel strength. However, compared to
natural hydrogels, synthetic polymer-based hydrogels exhibit less biological and
cytocompatibility activities. The different synthetic polymers such as polyacrylic acid,
polyvinyl alcohol, polyethylene glycol, and their derivatives can be used to synthesize
the synthetic hydrogels. In a study, poly(acrylic acid)-based synthetic hydrogel was
prepared through a free radical polymerization and grafting methods [35]. Polyvinyl
alcohol (PVA) is another synthetic polymer that is widely used to synthesize hydrogels,
especially hydrogel films. In a study, PVA based hydrogels were formed by chemically
cross-linking with glutaraldehyde or boric acid [36] and physically cross-linking with
freeze-thaw cycles. Polyethylene glycol (PEG) is a example of synthetic polymer that
is often used to make synthetic hydrogels due to its high biocompatibility and swelling
capacity [37]. Moreover, both natural and synthetic polymers or monomers can be
cross-linked to form hybrid hydrogels[38]. For example, natural polysaccharides like
chitosan or alginate can be mixed with synthetic polymers like polyacrylic acid or
polyethylene glycol to make hybrid hydrogels. Hybrid hydrogels showed higher
swelling, thermal, mechanical, and rheological properties than their individual
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units[39]. For example, collagen can be polymerized with polyacrylic acid and
polyethylene glycol and the synthesized hybrid hydrogel showed better
biocompatibility, thermal, and mechanical strength [40].

1.3. Methods of Preparation of Hydrogels

Hydrogels can be prepared using various techniques such as bulk, suspension and
solution polymerization. However, different cross-linking strategy was adopted to

synthesize physically and chemically cross-linked polymeric hydrogel.

1.3.1. Cross-linking strategy to synthesize physical hydrogels
1.3.1.1. Freeze thawing method

In this method, physically cross-linked hydrogels in microcrystal form were produced
through the freeze and thaw cycle without using any cross-linking agent. Thus,
physically cross-linked chains of hydrogels are linked through non-covalent
interactions. For example, M. Gann et.al.[41], reported the synthesis of poly(vinyl
alcohol) (PVA) and poly (acrylic acid) based physically cross-linked hydrogel using
the freeze and thaw method. In another study, salecan and PVA based hybrid hydrogels

were synthesized using freeze and thaw method [42].

1.3.1.2. lonic interactions

Polyelectrolyte complex can be formed due to the significant interaction of the polymer
chains having opposite charges. This method is often used with natural polymers such
as chitin and alginate. Alginate is an anionic polysaccharide and forms physically cross-
linked hydrogels by interacting with divalent cations like calcium ions (Ca%") and
barium ions (Ba?*)[32]. In the gelation process, sodium (Na*) ions from the guluronic
acid unit of alginate are exchanged with divalent cations[24]. However, chitosan is a
cationic polysaccharide that can form polyelectrolyte complexes with polyanions such
as tripolyphosphate (TPP) or citrate [25]. In this case, positively charged amino groups
of chitosan attracted with the negatively charged ions of the polyanion, and formed a

cross-linked hydrogel network[39].
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1.3.1.3. Hydrogen bonding

A functional group with a high electron density combines with an electron-deficient
hydrogen atom to form a hydrogen bond. The aqueous solution of polymers having
carboxyl groups can be made into an H-bonded hydrogel by decreasing its pH. For
example, through hydrogen bonding, a variety of novel pH-sensitive biodegradable
hydrogels with self-healing properties were synthesized. These hydrogels are fabricated
from modified hyaluronic acid (HA) and nucleobases such as cytosine and guanosine.
A bridging unit between the nucleobase and HA is 1,6-hexamethylenediamine
(HMDA) [26]. Moreover, a hydrogen bonded based poly(N-vinylpyrrolidone) and
linear poly (acrylic acid) hydrogels were synthesized by lowering the pH of the reaction
conditions [42]. Another example of hydrogen bonded cross-linked hydrogels is an
agarose polysaccharide-based hydrogel [43].

1.3.1.4. Hydrophobic interactions

Physically cross-linked hydrogels can be formed due to the hydrophobic interactions of
polymeric chains with each other. This process is often seen in thermosensitive
hydrogels, in which the gelation occurs due to hydrophobic interactions. A
thermosensitive polymer Poly (N-isopropylacrylamide) (PNIPAM) has a lower critical
solution temperature (LCST) of about 32°C. Below the LCST, PNIPAM is hydrophilic,
and can dissolve in water. However, when the temperature exceeds the LCST, the
hydrophobic interactions between the isopropyl groups dominate [44], forming a
physically cross-linked hydrogel. In another study, pluronic which is a tri-block
copolymer, and composed with poly(ethylene oxide), and poly(propylene oxide) blocks
was used to synthesize thermoreversible hydrogels [45]. In this case, the gelation
process is caused by the hydrophobic poly(propylene oxide) blocks sticking together at

high temperatures.
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1.3.1.5. Stereo complex formation

The interactions between enantiomeric polymeric chains, or tiny molecules, with the
same chemical composition but distinct stereochemistry are referred to as stereo-
complexing. Stereo-complex grafting was used for cross-linking of natural polymers.
For example, poly (lactic acid) (PLA) shows maximum ability to form stereo complexes
[29]. However, the primary disadvantage of stereo-complexation is its limited range of
possible polymer compositions. However, a small stoichiometry variation may decrease

or eliminate the stereochemical interaction.

1.3.2. Cross-linking strategy to synthesize Chemical Hydrogels
1.3.2.1. Free radical mechanism

A common way to synthesize chemically cross-linked hydrogels is a free radical
polymerization method. In this mechanism, vinyl monomers such as acrylic acid,
acrylamide, and N,N-methacrylic acid are cross-linked with polymers using an
activator and cross-linking agent. Mostly, ammonium persulfate (APS) or potassium
persulfate (KPS) is used as an activator and methylene bisacrylamide (MBA) is used as
a cross-linking agent [29]. The three steps are involved in the free radical chain
polymerization process i.e. initiation, propagation, and termination. In the initiation
step, the activator breaks down into free radicals and combines with the vinyl monomers
to form a polymer chain. In the propagation step, these active polymer chains keep
growing by interacting with more monomers and as the polymer chains grow, the cross-
linking agent forms cross-linking network between them. In the last step of termination,
the active polymer chains mix with other radical species and cease the polymerization
process. Thus, chemically cross-linked hydrogels are synthesized by free radical chain
polymerization. For example, pectin-g-poly(acrylic acid) and poly(vinylpyrrolidone)
based hydrogel was synthesized using KPS initiator and MBA cross-linker [36].

1.3.2.2. Condensation

The process of condensation polymerization involves the loss of small molecules like
water or alcohol, during the formation of the covalent linkage. Mostly, this method is

used to synthesize hydrogels based on proteins and polysaccharides. The condensation
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of -OH groups or -NH2 with -COOH or derivatives can be used to produce polyesters

and polyamides, respectively. The cross-linking of chitosan with glutaraldehyde is an
example of condensation polymerization used to synthesize hydrogels [39]. Chitosan is
a cationic polysaccharide that has primary amine groups and combines with
glutaraldehyde's aldehyde groups to make Schiff bases and a cross-linked hydrogel
network [46]. It is also possible to cross-link gelatin with genipin, which comes
naturally from the seed of the gardenia jasminoides plant [47]. In this case, genipin
forms a linkage with gelatin's main amine groups to form a covalent cross-link.
Therefore, a chemically cross-linked hydrogel can be synthesized with significant
thermal and mechanical properties.

1.3.2.3. Grafting

The polymerization of a monomer on the backbone of a polymer is known as grafting.
In this process, either high energy radiation or chemical reagents, both activate the
polymer chains. Thus, both the branching and subsequent cross-linking are caused by
the expansion of functional monomers on activated macroradicals. The two types of
grafting either chemical grafting or ray-induced grafting used for the synthesis of
hydrogels. For example, Alginate and poly(N-isopropylacrylamide) (PNIPAAmM) were
used to synthesize semi-IPN hydrogels and comb-type grafts that are both pH- and
temperature-sensitive. These comb-type graft hydrogels are grafted with PNIPAAmM
and consist of a network of cross-linked alginate. Their free and dynamic graft chains
allowed them to respond quickly to changes in pH and temperature [30]. Ceric ion-
initiated graft copolymerization is another way to grafting[48]. In this method, ceric
ions (Ce*") are used to start the process of making free radicals on the backbone
polymer. These radicals then start the graft copolymerization of vinyl monomers onto
the backbone, and form a cross-linked hydrogel network.

1.3.2.4. Enzymatic method

Spray or injectable hydrogels was formed using enzymatic cross-linking under milder
conditions and without the use of any toxic chemical substance which ensures the
biocompatibility of hydrogels. In this method, both the enzyme and substrate get

unionized and form a covalent bond within the cross-linking network of the hydrogel.

10
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The advantages of this method are to control the cross-linking kinetics, high specificity
of chemical reaction, and higher in-situ gelation rate of hydrogel formation. For
example, Y. Lee et.al. [49], proposed that horseradish peroxide catalysed the cross-
linking of gelatin hydrogels and used as a carrier of dermal fibroblasts. The synthesis
of hyaluronic acid hydrogel catalysed by transglutaminase enzyme was reported by A.
Ranga et.al. [50]. Moreover, tyrosinase enzyme catalysed the synthesis of gelatin and
chitosan injectable hydrogel and utilized for tissue engineering applications [51]. Thus,
the enzyme catalysed the synthesis of chemically cross-linked polymeric hydrogels.

1.4. Biopolymers Based Composite Hydrogels
1.4.1. Biopolymers

Biopolymers are formed from microorganisms, animals, and plants under natural
conditions through a complex metabolic method. There are limited biopolymers that
are generated inside the cytoplasm of the cell. For instance, starch, glycon, and
poly(phosphate). However, biopolymers that are generated outside the cytoplasm of
cells are chitosan, dextran, xanthan gum, alginate, and cellulose [52]. These are made
from natural sources and useful in the synthesis of hydrogels for different applications.
Polymers like proteins and polysaccharides have advantages like being non-toxic,
biocompatible, biodegradable, and being able to be chemically modified [31]. Many
types of polysaccharides such as chitosan, alginate, cellulose, and different gums such
as guar gum, xanthan gum, acacia gum, and tamarind kernel gum are used to synthesize
hydrogels which can be physically or chemically cross-linked [53]. In the past,
researchers have also focused on the synthesis of hydrogels using proteins like collagen,
gelatin, silk fibroin, and elastin [54]. The physiochemical properties of biopolymers can
be modified by either grafting or cross-linking with other polymers and monomers.
Biopolymers are hydrophilic, biodegradable, biocompatible, non-toxic, renewable raw
materials, highly abundant, and have low processing cost. Thus, biopolymers-based
hydrogels can be used in different applications such as drug delivery, tissue
engineering, dye removal, agricultural, and metal ion removal applications [55].

11
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1.4.2. Tamarind Kernel Gum (TKG)

TKG is a naturally occurring polysaccharide isolated from Tamarindus indica L. seeds
and is found in the endosperm of tamarind seeds as a cell wall storage unit. It is made
up of B-(1—4)-D-glucopyranose units, and on its side chains, there are single a-D-
xylopyranose units connected by (1—6) links [56]. Organic solvents do not dissolve
TKG. In warm water, TKG produces a highly viscous gel with good adhesive
properties. TKG is stable at low pH, hydrophilic, and non-toxic. However, TKG suffers
from drawbacks such as its drab color, low water solubility, unpleasant odor, and fast
biodegradability due to which it is modified into its carboxyl derivative i.e.
carboxymethyl tamarind kernel gum (CMTKG) form. TKG is a biocompatible,
biodegradable, and cytocompatible biopolymer and these features are useful to
synthesize hydrogels for biomedical applications [57]. This biopolymer can also be
used to synthesize composite hydrogels which shows excellent potential for use in
various fields such as dye removal, drug delivery, metal ion sensing, tissue engineering

applications, and some other fields.

1.4.3. Carboxymethyl Tamarind Kernel Gum (CMTKG)

CMTKG is a carboxymethyl derivative of TKG and made by carboxymethylation of
TKG (Fig.1.2)[60]. This chemical modification of TKG into CMTKG provides an
anionic nature to CMTKG. This biopolymer has higher hydrophilicity, higher swelling
ability, and larger self-life than TKG. However, the biodegradability of CMTKG is
lower than TKG. Additionally, CMTKG contains higher in-situ gelation, broad pH
tolerance, higher drug loading capacity, higher mucoadhesivity, higher stability and
release kinetics compared to TKG [64,65]. To synthesize CMTKG, TKG is usually
mixed with monochloroacetic acid in the presence of an alkaline catalyst like sodium
hydroxide. However, the amount of carboxymethyl substitution can be varied by
changing the reaction variables, like the temperature, reaction time and composition of
reacting chemicals. Although, CMTKG showed lower biodegradability but thermal,
mechanical, and antimicrobial properties of CMTKG was increased by loading of the
metallic nanoparticles, inorganic clay particles, and zeolite particles. Fourier-transform

infrared spectroscopy (FTIR), and Nuclear magnetic resonance (NMR) spectroscopy

12
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are used to measure the degree of substitution (DS). The results of these studies showed
the effect of molecular changes and the amount of carboxymethylation on the

physicochemical properties of CMTKG [82].
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Fig.1.2: Structure of CMTKG

1.5. Various Applications of Composite Hydrogel

Hydrogels have enormous applications owing to unique properties like

biocompatibility, biodegradability, hydrophilicity, swelling capacity, and porosity.

1.5.1. Drug delivery applications

Hydrogels have significant amount of porosity, which makes them efficient materials
to absorb drugs in the aqueous mediums via physical or chemical interactions and
subsequent release of the drug under physiological conditions. Several stimuli like pH,
temperature, and ionic strength affect the drug release rate through the hydrogel. A high
local concentration of the active pharmaceutical drugs can be maintained for an
extended period through an appropriate release mechanism regulated by diffusion,
swelling, and chemical reactions. Hydrogel therefore can be used for different
biomedical applications. Various drug administration routes are oral, nasal, ocular,

topical, parenteral, transdermal, and ocular drug delivery.

13
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1.5.1.1. Oral drug delivery

A drug is mixed into hydrogels and administered locally to the oral cavity to treat
conditions like stomatitis, fungal infections, periodontal disease, viral infections, and
malignancies of the oral cavity. Hydrogels act as a carrier for drug delivery systems that
are taken by mouth, such as gastro-retentive drug delivery systems and colon-targeted
drug delivery systems [13]. Because hydrogels can grow and stick to the mucosa, they
remain in the digestive system for longer, which enables the drugs to be absorbed and
used more effectively. For example, a pH-sensitive hydrogel was synthesized based on
poly(acrylic acid) and hydroxypropyl methylcellulose for the slow release of
metronidazole drug in the stomach [83]. In another study, alginate-based hydrogels
were synthesized for the colon targeted delivery of Diclofenac sodium drug [57]. The
synthesis of guar gum-based hydrogel is also reported for the controlled delivery of
intestine specific dexamethasone drug [58]. In a study, Moxifloxacin hydrochloride
drug loaded TKG based hydrogel was synthesized through a physical gelation method
and utilized for the antimicrobial oral delivery applications [59]. Additionally,
biopolymers-based nanocomposite hydrogels have also been empolyed for the oral drug
delivery. In a study, ZnO nanoparticles loaded carboxymethyl chitosan and sodium
alginate nanocomposite hydrogel was used as a carrier for the oral delivery of
Diclofenac sodium drug [60]. Another study reported the synthesis of Ag nanoparticles
loaded dextran and polyacrylamide hydrogel for the controlled release of ornidazole
drug[61]. The literature survey reveals that TKG and CMTKG based nanocomposite
hydrogels have not yet been explored for the oral delivery of drugs to the best of my

knowledge.
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Fig. 1.3: Schematic representation of various drug delivery systems using hydrogels

1.5.1.2. Transdermal drug delivery

Hydrogels have unique properties like high water content, porosity, non-allergenicity,

and elasticity which makes them useful for the transdermal drug delivery applications

[103]. They are biocompatible and biodegradable, which enables them to be used for

transdermal drug delivery applications. In a study, carboxymethyl guar gum and silica-

based nanocomposite hydrogel loaded with diclofenac sodium was utilized for the

controlled transdermal delivery [104]. In another study, gellan gum and ethylene glycol

based hydrogel was synthesized and used for the transdermal delivery of Nebivolol

drug and assessed through in-vivo studies[105].

Citric acid cross-linked CMTKG

based hydrogel film was also used for transdermal drug delivery applications [72].

Table 1.1: Various biopolymers-based hydrogels used for drug delivery applications

hydrochloride drug.

Biopolymer Co-polymer Uses References
Ghatti gum Poly(acrylic acid- For the delivery of amoxicillin trihydrate [84]
aniline) as colon specific drug.

Sterculia gum Alginate and PVP Delivery of Citicoline drug as brain [85]
specific drug carrier agent.

Tragacanth gum Sodium alginate Prepared via ionotropic gelation method [86]

Chitosan and used for Insulin delivery.

Almond gum Poly(acrylamide) For controlled delivery of antimicrobial [87]
drugs

Acacia gum Carbopol For the release study of Lidocaine and [88]

Poly(vinyl imidazole) | gentamicin drugs for wound dressing

applications.

Dammar gum Acrylamide Used as sustained release carrier of [89]
Atenolol drug.

Guar gum oleate | Poly(methacrylic acid) | Colon targeted delivery of Ibuprofen [90]
drug.

Karaya gum Starch Delivery of Paracetamol and Aspirin as [91]
oral delivery carrier.

Moringa gum Sterculia gum and Release of Levofloxacin drug for wound [92]

acrylamide dressing application.
Guar gum Chitosan Sustained release of Paracetamol drug. [93]
Tragacanth gum | Poly(vinyl alcohol) and | Used as wound dressing material via [94]
polyvinyl pyrrolidone | release of Lidocaine drug.

Xanthan gum Chitosan Used as carrier for release of Acyclovir [95]
antiviral drug.

Guar gum Chitosan and PVP Release  study of  Ciprofloxacin [96]

15




Chapter 1

Biopolymer Co-polymer Uses References

Xanthan gum Starch Release of Paracetamol and Aspirin as an [97]
oral delivery carrier.

Guar gum Acrylamide and Delivery of 5-Fluorouracil as anticancer [98]

acrylamidoglycolic acid | drug.

Acacia gum N-Vinylpyrrolidone Used for Moxifloxacin drug release [99]
study.

Sesbania gum Acrylamide Sustained release study of 5-Flurouracil [100]
drug.

Carboxymethyl Poly Having potential to release Bovine serum [101]

cellulose (dimethylaminoethyl albumin protein.

methacrylate)
Carboxymethyl Gelatin Used for Ciprofloxacin release study. [102]
guar gum

1.5.1.3. Ocular drug delivery

Hydrogels have less explored in ocular drug delivery applications. However, they are
useful for the prolonged drug release and longer retention times of drug administration.
Thus, they are used for delivering drugs to the eyes, mainly in contact lenses or ophthalmic
inserts. Because they are clear, biocompatible, and can maintain the sustainable release of
drugs, they are used for treating eyes conditions like glaucoma, dry eye syndrome, and eye
diseases. Hydrogels may be administered more easily due to their stimuli-response ability
[106] and combines with the ointments using eye drops to administer topical drugs
effectively without the need for regular dosage schedules (as with eye drops). In a study,
PVA- based hydrogel was synthesized and used for delivery of Timolol maleate, a drug
used to treat glaucoma. This hydrogel showed a longer drug release and better absorption
in the eye than regular eye drops [107]. In another study, gaur gum(GG) and xanthan gum
(XG) biopolymers were mixed in a poloxamer 407 to develop in-situ gel formation for the

delivery of Atropine sulfate drug [108].

1.5.1.4. Drug release through injection

Injectable hydrogels are widely used for biomedical applications because they can be
used for minimally invasive drug delivery[16]. These hydrogels can be introduced as a
liquid and then hardened, creating a depot for long-term drug release at the desired site.
In addition to their distinct hydrophilicity and biocompatibility, hydrogels can also

undergo phase transitions from sol (liquid) to gel (solid), forming solid like gel states
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that can be used to administer and help encapsulate and release drugs, genes, DNA,
proteins, and cells in a sustained and regulated manner. For example, a poly (lactide-
co-glycoside) nanoparticles (NPs) loaded gellan gum-based nanocomposite hydrogel
was synthesized for the release of Vancomycin drug for the treatment of osteomyelitis
[63]. In another study, an injectable hydrogel device based on hydroxyapatite and
gelatin was synthesized for delivery of the anti-cancer drug Paclitaxel over a long
period [109]. Additionally, a mixture of guar adamantane and poly-S-cyclodextrin was
lyophilized to make injectable hydrogel and deliver the bovine serum albumin drug for
bone cell growth[110].

1.5.2 Tissue engineering

Hydrogels can act like extracellular matrix (ECM) and help for the growth and
multiplication of cells. Therefore, they have become attractive templates for tissue
engineering and regenerative medicine[111]. The biocompatibility, swelling ability,
and porosity of hydrogels make them a good material for cells to stick together, grow,
and change into different types of cells. Due to these properties, they are used for
regenerating various tissues like skin, cartilage, and bone. They can provide the
essential structural support for the tissue development. In one of the research, PVA-
based hydrogels were fabricated for cell growth of bone cells[112]. In another study,
chitosan, tamarind gum and nano-hydroxyapatite based hanocomposite hydrogel were
fabricated for the bone tissue engineering field[113]. In another study, TKG, gelatin
and CMTKG- based hydrogel films were synthesized using poly(ethylene glycol) as a
plasticizer[114]. The hydrogel film showed good cell proliferation for human

keratinocytes skin cells.
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Table 1.2: TKG and CMTKG-based hydrogels used for biomedical applications

Doxycycline drug

Biopolymers | Monomers/ copolymers Drug released References
CMTKG Poly(vmylpyr-rolldone)/ qu the sustalna_\ble release of [66]
poly(acrylamide) Diclofenac sodium drug
For Ciprofloxacin release studies
CMTKG Poly(vinyl alcohol) and skin tissue engineering [67]
application
Poly(methacrylate
TKG ¥( acry ) For the controlled release of [68]
cyclodextrin Acyclovir drug
TKG Chitosan/hydroxy apatite For bone tissue engineering [69]
L For faster release of Paracetamol
TKG Poly(methacrylic acid) in an alkaline medium [70]
CMTKG/TKG | Gelatin For s_km. tissue engineering [71]
applications
L For controlled release of
CMTKG Citric acid Moxifloxacin hydrochloride [2]
Xanthan gum i
CMTKG 9 For burst re:Iease of Metformin [73]
Poly (sodium acrylate) hydrochloride
Poly(acrylamide
CMTKG y(acry ) For the c_ontrolled release of [74]
Polyethylene glycol Etophylline drug
CMTKG Poly (N-isopropyl acrylamide) Used for lung cancer therapy [75]
Poly(sodium acrylate) Used for release of antibiotic
CMTKG /poly(ethylene glycol) diacrylate | Ciprofloxacin drug [76]
CMTKG/TKG | Gelatin U_sed for sus:tamable release of [77]
Ciprofloxacin drug
CMTKG Chitosan For delivery of Aceclofenac drug [78]
CMTKG Alginate For delivery of Acyclovir drug [79]
TKG Poly(sodium acrylate) Used for release study of [80]

1.5.3. Wound healing applications

Any damage or disturbance to live tissue, including skin, mucous membranes, or

organs, is referred to as a wound. A wound may develop gradually over time because

of underlying medical conditions such diabetes mellitus, venous/arterial insufficiency,

or immunologic illness, or it may be the abrupt consequence of acute trauma

(mechanical, thermal, or chemical). Among numerous factors, location of wound,
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damage process, depth of injury, timing of onset (acute vs. chronic), and wound sterility
can all significantly affect appearance of a wound. Hydrogels can keep an area wet,
soak up fluids, and help tissue grow back for wound dressing and wound repair. They
are biocompatible, flexible, and soak a lot of water, they are used to cover and protect
wounds. Hydrogels are known for their high surface area-to-volume ratio, which
enables maximum interaction and quick response with the surrounding tissue. They can
also be mixed with different therapeutic agents to speed up the healing process. In a
study, citric acid cross-linked CMTKG based hydrogel films were synthesized which
was used for the wound healing applications[72]. However, nanocomposite hydrogels
can also use for the treatment of chronic wounds. In a study, cerium oxide nanoparticles
loaded PVA/Chitosan hydrogels were used as a wound dressing agent[115]. In another
study, ZnO nanoparticles loaded gum acacia and sodium alginate nanocomposite
hydrogels were used as a wound dressing for the fibroblast cells [116]. Thus, different

biopolymers-based hydrogels were used for the wound healing applications.

1.5.4. Biosensors

Hydrogels have the ability to stick with proteins like enzymes, antibodies, or nucleic
acids. Therefore, they are used to make biosensors and diagnostic tools [81].
Structurally stable hydrogels can offer enough permeability for the target analysis and
a biocompatible microenvironment for enzymes to improve the sensitivity and stability
of the sensors [129]. In a study, PVA and B-cyclodextrin polymers were used to make
a skin patch sensor composed of electrospun hydrogel nanofibers [130]. The outcomes
showed that the hydrogel patch sensor has enormous potential for use in clinical
application and can assess the concentration of glucose in human serum. In another
study, Gum tragacanth (GT) nanoparticles, acrylic acid, and fluorescein O, O'-
diacrylate (FIA-DA) as cross- linker were used to make a superabsorbent biosensor
hydrogel of extremely sensitive blood glucose. Moreover, the cross-linked network of
hydrogels was used to immobilise CdTe quantum dots (QDs) and the glucose oxidise
enzyme bioreceptor. Because of the synergistic interaction between QDs and FIA-DA,
the produced hydrogel as a biosensor exhibited strong fluorescence. This biosensor
successfully produced H,O2, a product that quenched the fluorescence light, by
oxidising glucose under the guidance of an enzyme [131]. This showed that hydrogels
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could be used to make diagnostic tools.

1.5.5. Agricultural

Hydrogels can be used to improve the soil quality, and to control the release of
herbicides, micronutrients, and fertilizers for the crop production. Due to high water
uptake capacity of hydrogels, they act as carrier for release of micronutrients into the
soil [132]. Thus, various biopolymers-based hydrogel formulations were synthesized
and utilized in the agricultural applications. Due to their high biocompatibility and
biodegradability, they can be employed for growth of different plants through the
release of micronutrient. In a study, sodium carboxymethyl cellulose and carrageenan-
based hydrogel was developed for release of zinc micronutrient for the growth of
wheatgrass plant [133]. In another study, water holding capacity (WHC) of soil was
enhanced up to 66 % due to presence of pectin/guar gum/ polyacrylamide/ ZnO
composite hydrogels that were cross-linked via gamma radiation[134]. Various
inorganic fillers such as clay, nanoparticles, metals and zeolites can be embedded into
hydrogels to improve their physiochemical properties. In a study, carboxymethyl
cellulose- g- polyacrylamide/ zeolite-based hydrogel was synthesized for sustainable
and slow release of zinc micronutrient[135]. In this hydrogel composite, zeolites act as
inorganic fillers which would increase the surface area, porosity, and swelling capacity
of hydrogels. Other than micronutrient, some metals such as Cu and Mn can also be
released into soil using k-carrageenan based hydrogels and it was also found that these

micronutrients were released slower in soil than in water[136].

1.5.6. Dye removal applications

Hydrogels can be used as an adsorbent for the removal of toxic dyes from textile and
wastewater [137]. The porous sites and different functional groups present on hydrogels
enable them to bind and remove the dye molecules effectively [138]. In a study,
chitosan-based hydrogels have demonstrated excellent adsorption capacities for various
anionic dyes owing to the protonated amino groups that can electrostatically attract the

negatively charged dye molecules [139]. Chemical modifications such as cross-linking,
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grafting, and composite formation with other polymers or nanomaterials have been
employed to enhance the stability, reusability, and adsorption performance of chitosan
hydrogels[140]. Alginate-based hydrogels have also been explored for dye removal,
leveraging the carboxylate groups that can bind cationic dyes through ion exchange
mechanisms[141]. Various derivatives of cellulose such as carboxymethyl cellulose,
hydroxypropyl cellulose, and cellulose nanocrystals have been used to prepare hydrogel
adsorbents with high surface area, porosity, and functionality [142]. Chemical
modifications, such as grafting with acrylic monomers or incorporating metal oxides,
have been employed to enhance the adsorption capacity and selectivity of cellulose
hydrogels [143,150]. In a study, silver nanoparticles loaded pectin-based
nanocomposite hydrogel were effectively used as adsorbent for removal of cationic
crystal violet (CV) dye [154]. Moreover, in order to develop an effective adsorbent for
the removal of Remazol Brilliant Blue R (RBBR) dye, zinc oxide nanoparticles were
incorporated into the structure of a chitosan based composite hydrogel [155]. In a study,
a composite hydrogel based on k-carrageenan, acrylamide, and methacrylic acid was
synthesized for the removal of methylene blue dye and found that with the addition of
8 % of zeolite, a maximum swelling capacity of 3.481 % was achieved and a total of
99.9% dye removal was observed with 0.4 g L™ hydrogel adsorbent[156]. However,
zeolite loaded TKG and CMTKG hydrogel composite have not been explored for dye

removal applications.

Table 1.3: Various application of TKG and CMTKG-based composite hydrogels

Polymer Co-polymer Applications Reference
CMTKG Poly(acrylamide)/silica removal of methylene blue dye [117]
CMTKG Poly( acrylonitrile) can be used as a diaper [118]
CMTKG Poly(methacrylate) used in agricultural applications [119]
TKG Poly(methyl methacrylate) removal of methylene blue and [120]
Congo red dyes

CMTKG Zeolite/poly(methacrylate) removal of cationic crystal violet [121]
dye

CMTKG Poly(sodium acrylate) used in zinc micronutrient release [122]
studies into soil

CMTKG Carboxymethyl starch used for printing of georgette fabric [123]

CMTKG Xanthan gum /methacrylate | used for release of zinc [124]

micronutrient for sesame plant
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growth
TKG used to take Cu?* from water bodies [125]
CMTKG Sodium Alginate used as a thickener in cosmetics [126]
CMTKG Poly(acrylamide) used as a flocculant [127]
TKG Poly(ethylene oxide-co- used as thickener in cosmetics [128]
propylene oxide)

1.5.7. Heavy metal ion removal

In addition to organic pollutants, hydrogels are used for the removal of toxic heavy metal
ions from aqueous solutions. The chelating ability of functional groups like amines,
carboxylic acids, and alcohols present in polymetric networks of hydrogels allows them
to bind metal ions strongly [129]. Various biopolymers such as alginate, chitosan, and
cellulose are modified to prepare metal-adsorbing hydrogels for industrial wastewater
treatment. In a research work, zeolite loaded sodium alginate and PVA - based composite
hydrogel was synthesized and utilized as adsorbent for the removal of heavy metal
ions[145]. Moreover, alginate-based hydrogels were also used for the removal of heavy
metal ions, such as Cu(ll), Pb(ll), Cd(Il), and Hg(I1)[146]. In this study, the adsorption
efficiency of hydrogels was increased by incorporating functional nanomaterials like
graphene oxide, carbon nanotubes, and metal oxide nanoparticles into the alginate
matrix[147]. In another study, chitosan-based hydrogels have also demonstrated excellent
metal adsorption efficiency, attributed to the amino and hydroxyl groups that can form
stable complexes with metal ions[148]. Additionally, chemical modifications such as
cross-linking, grafting, and impregnation with metal oxides have been employed to
improve the stability, selectivity, and reusability of these hydrogels for metal
removal[149]. Also, cellulose-based hydrogels, particularly those derived from
carboxymethyl cellulose and cellulose nanocrystals, have been explored for heavy metal
adsorption. The abundant hydroxyl and carboxylate groups in these hydrogels can
effectively bind metal ions through ion exchange and complexation mechanisms[150].
The use of composite hydrogels for heavy metal removal offers several advantages over
conventional adsorbents like activated carbon, such as high adsorption capacity,
selectivity, renewability, and the potential for stimuli-responsive behavior[151]. However,
there are some challenges associated with use of hydrogels such as improved mechanical

stability, regeneration efficiency, and cost-effectiveness for large-scale industrial
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applications.

1.5.8. Food industry

Hydrogels were used for several applications in the food industry such as thickeners,
stabilizers, and encapsulating agents[19]. Different biopolymers such as starch, pectin,
carrageenan, and gelatin are commonly used as food additives to modify texture,
consistency, and stability[130]. In a study, starch-based hydrogels were prepared
through gelatinization and retrogradation processes and used as thickeners, stabilizers,
and gelling agents in various food products, such as sauces, puddings, and baked
goods[152]. Additionally, pectin can also form hydrogels in the presence of divalent
cations like Ca?* and is commonly used as agelling agent, stabilizer, and texture
modifier in jams, jellies, and fruit-based desserts[153]. Hydrogels have the efficiency
to encapsulate bioactive compounds such as vitamins, antioxidants, and probiotics,
protecting them during food processing and enabling their controlled release [157, 158].
In addition to their use as food additives and encapsulating agents, hydrogels have also
found applications in edible coatings and active packaging materials. Hydrogels can
also be incorporated into packaging materials to provide active functions such as
oxygen scavenging, antimicrobial activity, and indicators for food quality and
safety[159]. They provide several benefits, such as improving food texture, stability,
and nutritional value. However, challenges such as ensuring food safety, regulatory
compliance, and consumer acceptance must be addressed during the synthesis of

hydrogels.

Table 1.4: Various applications of biopolymers-based composite hydrogel

Biopolymer Other components Application References
Tragacanth gum | CdTe quantum dots Analysis of blood sugar [160]
Glucose oxidase concentration
Karaya gum SiC nanoparticles and Used for removal of [161]
poly(acrylic acid) rhodamine B and malachite
green dye
Tragacanth gum | Chitosan Used for buccal application [162]
Acacia gum Polyaniline Used for removal of [163]
methylene blue dye
Dialdehyde guar | Chitosan Used as antibacterial pad for [164]
gum food packing applications
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Biopolymer Other components Application References

Xanthan gum Cellulose fiber Used as soil conditioner in [165]
forestry applications

Gum Ghatti Acrylamide and methacrylic | For removal of crystal violet [166]

acid and methylene blue dyes
Katira gum Poly (acrylamide-co-N- For the removal of textile dyes [167]
methyl acrylamide)

Gum arabic Poly(vinyl alcohol) For removal of heavy metal ion [168]
for wastewater treatment

Carboxymethyl Metabenziporphodimethene For metal ion sensing [169]

guar gum and polyacrylamide applications

Gellan gum Guar gum Used for monitoring human [170]
motion and act as intelligent
wearable device

Guar gum Metaborate Used for oily wastewater [171]
treatment

Arabic gum Agar and acrylic acid Used as soil conditioner in [172]
farming applications

Guar gum Chitosan Used for energy storage [173]
applications

Xanthan gum Carboxymethyl cellulose Used for agricultural [174]
applications

Guar gum Acrylamide and borax Used for removal of [175]
RB-19 dye

Acacia gum Hydroxyapatite Used for tissue engineering [176]
applications

1.6. Conclusions and future prospective

From the literature survey, it was concluded that there is a need to explore the
development of novel hydrogels based on TKG and CMTKG biopolymers used for
different applications. There is very limited composite hydrogels based on TKG and
CMTKG biopolymers that were used for various applications, mainly for drug delivery
and dye removal applications. Thus, TKG and CMTKG biopolymers have been used
to synthesize nanocomposite hydrogels due to their specific properties such as high
hydrophilicity, gel content, biocompatibility, biodegradability, high drug loading
capacity, larger self-life, broad pH tolerance and high mucoadhesivity for the drug
delivery applications. Due to these properties, TKG and CMTKG biopolymers-based
hydrogels have the potential for several drug delivery methods, including oral,

transdermal, ocular, subcutaneous and injectable routes. Moreover, TKG and CMTG
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based hydrogel films need to be developed for wound dressing applications. It was also

found that zeolite loaded TKG and CMTKG based composite hydrogel have not been

reported. Zeolite has ion-exchange properties, therefore, zeolite loaded hydrogel can be

used for dye removal and metal ion removal applications. Additionally, there is a need

to explore the zeolites loaded hydrogels for different applications such as drug delivery,

tissue engineering, agricultural field, dye removal, metal ion removal, textile, and food

industry.

1.7.

1.8.

Research Gap

Very scarce literature is available on chemical cross linking of synthetic acrylic
and methacrylic acid monomers with TKG and CMTKG based hydrogels for drug

delivery applications.

TKG and CMTKG based nanocomposite hydrogels are very less explored for the

drug delivery applications.

Zeolites have attracted significant research attention for controlled and targeted
drug delivery purposes. However, zeolites have not been used with CMTKG
based hydrogels till the date.

There is a need to explore the role of zeolites in TKG and CMTKG based
hydrogels for the different applications.

Research Objectives

To synthesize various TKG and CMTKG based composite hydrogels for the
various applications.

To characterized the composite hydrogels using various techniques such as XRD,
FTIR, SEM and TEM.

To perform the swelling studies of various synthesized hydrogels in the

physiological pH solutions.
To perform the drug loading and release experiments at physiological pH.

To study the drug release kinetic modelling using various mathematical models.
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VI. To synthesize the zeolite embedded hydrogels and explored for the dye removal

applications.
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1.9. Overview of thesis

Chapter 1: The first chapter of the thesis provides information about the

classifications, synthesis methods, and various applications of composite hydrogels.
The primary focus of the literature survey is related to the various applications of TKG

and CMTKG biopolymer-based hydrogels.
Chapter 2: focuses on the synthesis and characterization of ZnO NPs embedded
CMTKG-based nanocomposite hydrogels for oral delivery of ciprofloxacin drug.

Chapter 3: The synthesis and characterization of Ag NPs embedded TKG-based

hydrogels for sustainable doxycycline drug release studies has been discussed.

Chapter 4: This chapter deals with the synthesis and various parameters of
CMTKG/PVA/GG hydrogel film for wound healing applications.

Chapter 5 discusses the synthesis of zeolite-embedded CMTKG-based hydrogels for

crystal violet dye removal applications.

Chapter 6: This chapter deals with a discussion about the conclusion, social impact,
and future prospects of the research that has been done.
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CHAPTER 2

NANO ZNO EMBEDDED POLY (ETHYLENE GLYCOL)
DIACRYLATE CROSS-LINKED CARBOXYMETHYL
TAMARIND KERNEL GUM AND POLY (SODIUM ACRYLATE)
NANOCOMPOSITE HYDROGELS FOR ORAL DELIVERY OF
CIPROFLOXACIN DRUG AND THEIR ANTIBACTERIAL
PROPERTIES

2.1. Introduction

Hydrogels are cross-linked polymeric systems made up of synthetic monomers and
natural polymers such as polysaccharides, proteins and biopolymers. Hydrogels have a
significant amount of porosity, making them efficient materials to absorb drugs in the
aqueous mediums via physical or chemical interactions and subsequent release of the
drug under physiological conditions[1]. Several stimuli like pH, temperature, and ionic
strength affect the drug release rate through the hydrogel. The amount of drug release
depends on the water uptake capacity of the hydrogels and the mechanism of diffusion
of fluid into the matrix of hydrogel [2]. Other than the drug delivery applications,
hydrogels can be used in other fields such as agriculture, metal ion sensing, heavy metal
ion removal, toxic dyes removal, textile, and food industry [3]. Till now, a large number
of natural biopolymer-based hydrogels such as carboxymethyl guar gum[4],
chitosan[5], sodium alginate [6], carboxymethyl cellulose[7] were used for the
controlled release of the drug into the human body. However, a biopolymer
carboxymethyl tamarind kernel gum (CMTKG) based hydrogels have not been much
explored for the drug delivery applications. CMTKG is a natural, non-toxic,
biodegradable, and biocompatible biopolymer which is a chemically modified form of
tamarind gum. It contains the polysaccharide units of
D-Xylose, D-Glucose, and D-Galactose[8]. This chemical modification resulted in an
enhanced life shell, swelling capacity, drug loading, and drug release capacity[9]. There
are only a few numbers of CMTKG-based hydrogel reported for biomedical
applications. For instance, K. Mali et.al., group have reported the formation of
CMTKG-based hydrogel film cross-linked through citric acid [10]. In another research,
alginate and CMTKG based hydrogels were synthesized for the delivery of acyclovir
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drug[11]. Additionally, CMTKG-based nanoparticles were also synthesized for the
ocular delivery of tropicamide [12]. Over the past few years, the incorporation of
inorganic materials such as nanoparticles into the hydrogel matrix have gained a
significant research attention. Nanocomposite hydrogels showed higher swelling,
thermal and mechanical properties. Moreover, bio-composites can be formed by the
combination of natural polymers with inorganic materials such as ZnO[13], Fe2Os[14],
CuQ[15], and Ag nanoparticles[16]. Among numerous nanoparticles, zinc oxide
nanoparticles are non-toxic, antibacterial, and eco-friendly [17]. A study reported the
synthesis of Poly acrylic acid/Polyethylene glycol/ZnO mucoadhesive nanocomposite
hydrogels for the delivery of propranolol HCI[18]. The green synthesis of
carboxymethyl cellulose/ZnO nanocomposite hydrogel was also reported [19]. In this

study, the ciprofloxacin drug was used as a model drug for drug delivery application.

Ciprofloxacin is an antibiotic, broad-spectrum, synthetic, and chemotherapeutic agent
belonging to fluoroguinolones[20]. Mainly, this drug was chosen because it is a
superior antibiotic drug to others. However, the half-life of ciprofloxacin drug is 4
hours. It is a broad-spectrum antibiotic and used to treat the infections caused by gram-
negative and gram-positive bacteria[21]. Mahdavinia reported the synthesis of chitosan
and hydroxyapatite nanocomposite hydrogel cross-linked with k-carrageenan for the
sustained release of ciprofloxacin drug [22]. It was found from literature that Poly
(ethylene glycol diacrylate) (PEGDA) based hydrogels can be easily synthesized and
have great biocompatibility. PEGDA can be used as a cross-linking agent in free radical
polymerization methods using potassium persulfate as an initiator[23]. Only a few

numbers of PEGDA cross-linked hydrogels have been reported till the date.

In the present study, hybrid hydrogels are fabricated from cross-linking of synthetic
organic monomers (Acrylic acid) with biopolymers. Acrylic acid is a synthetic and
anionic monomer soluble in water, containing a shorter lifetime, and ionizable acidic-
COOH group sensitive to various stimuli such as temperature and pH[3]. In this study,
CMTKG was cross-linked with poly (sodium acrylate) (PSA) using PEGDA cross-linker,
resulting in CMTKG/PSA hydrogel formation. Zinc oxide nanoparticles (ZnO NPs) were
synthesized through a hydrothermal synthetic method and loaded into CMTKG/PSA

hydrogel to enhance the properties such as drug loading, drug entrapment,
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biocompatibility, and controlled drug release. The synthesized ZnO NPs and CMTKG-
based nanocomposite hydrogel were characterized using FTIR, XRD, FE-SEM, TEM,
and UV-Visible techniques. Additionally, the impact of the presence of ZnO NPs on the
parameters such as swelling capacity, porosity, gel content, rate of drug release, and
mechanism of drug release were evaluated. The drug release kinetic modelling was done
for the CMTKG/PSA hydrogel and ZnO NPs loaded CMTKG/ PSA nanocomposite
hydrogel using the Higuchi model and Korsmeyer- Peppas model. Furthermore,
antibacterial studies of CMTKG/PSA hydrogel, ZnO NPs and drug loaded CMTKG/PSA

hydrogels were performed against the E. coli bacteria.

2.2. Experimental Sections
2.2.1. Materials

Carboxymethyl tamarind gum (CMTKG) having 0.20° substitution (courtesy Hindustan
Gum Limited, Rewari), Acrylic acid (AA, CDH), Poly (ethylene glycol diacrylate)
(PEGDA, Mn = 2000, Sigma Aldrich), Sodium hydroxide, Potassium persulfate (KPS,
Fischer), Zinc acetate (Sigma Aldrich), were used as received. Ciprofloxacin drug was
gifted by M/S Unicure India limited. Buffer solutions of pH 7.4 and pH 1.2 were
prepared in the laboratory. Double distilled water was used to perform all the

experiments.

2.2.2. Synthesis of CMTKG /Poly (sodium acrylate) hydrogel

A free radical polymerization method was employed to synthesize CMTKG- poly
(sodium acrylate) hydrogel. Initially, 0.15 g of CMTKG was allowed to disperse in 10
mL of distilled water for one hour while stirring at 500 rpm. Potassium persulfate was
added as a free radical initiator after complete dispersion of CMTKG and stirred for 10
minutes. After that 5 mL of acrylic acid with 5 mL (2N), sodium hydroxide was added,
and stirring was continued for 20 minutes. Subsequently, PEGDA was added to the
reaction mixture as a cross-linker and stirred for 30 minutes. Then, the reaction mixture
was poured into test tubes and maintained at 60°C for 2 hours in a water bath. The
resulting product was then put on petri plates and dried in an oven at 50 ‘C temperature.
Thus, the achieved hydrogel is termed as CMTKG/PSA hydrogel.
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2.2.3. Synthesis of ZnO nanoparticles

The hydrothermal synthetic method was used to prepare the ZnO NPs[24]. Initially, a
solution of 0.05 M zinc acetate dihydrate (Zn. (CH3C0OOQ),.2H20) and 0.1 M NaOH
were prepared separately in the distilled water. To synthesize, ZnO NPs, the prepared
zinc acetate solution was slowly added with a continuous stirring to NaOH solution
which was placed in an oven at 100°C for 2 hours. This solution reacted to give a white-
colored zinc oxide precipitate which upon centrifugation at 2000 rpm for 20 minutes
gave ZnO NPs. The particles were dried in the oven at 60 °C for further use.

2.2.4. Preparation of ZnO NPs loaded CMTKG/Poly (sodium acrylate)

nanocomposite

A series of CMTKG/PSA nanocomposite hydrogel was prepared by varying the weight
of ZnO NPs. A fixed amount of ZnO NPs such as 0.03g, 0.05g, and 0.1 g was mixed
into the CMTKG and sodium acrylate reaction mixture before the addition of PEGDA
as a cross-linker. The rest of the procedure is same as explained in section 2.2.2 to
obtain nanocomposite hydrogel. The composition of a series of CMTKG/PSA/ZnO
nanocomposite hydrogel is mentioned in the Table 2.1.

Table 2.1: Composition of series of CMTKG/ PSA nanocomposite hydrogel with varying
amounts of ZnO

Sample Code CMTKG (@) AA(mL) PEGDA (mL) KPS (g) ZnO NPs (g)

El 0.15 5 2 0.025 0

E2 0.15 5 2 0.025 0.03
E3 0.15 5 2 0.025 0.05
E4 0.15 5 2 0.025 0.1

2.2.5. Swelling Studies

To determine the water absorption capacity of CMTKG/PSA hydrogels and ZnO NPs
loaded hydrogels, the swelling studies were done gravimetrically in which a
predetermined amount of xerogels were transferred into 100 mL of distilled water, pH
7.4 and pH 1.2 buffer solution. At different time intervals, the weight of the swollen
hydrogel was recorded. The value of the swelling ratio (SR) was calculated using the
given expression in Equation 2.1 [25].
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s—Wp

SR (9/0) = 2.1)

where W5 represents the mass of hydrogel taken after t time and Wo is the mass of the
dry hydrogel sample. To estimate the equilibrium swelling ratio (ESR), Ws was

substituted by We, i.e. weight of the maximum swelled hydrogel taken after 48 hours.
2.2.6. Modelling of swelling data

There are many mathematical models which were used to quantitatively study the
dynamic swelling behavior of hydrogels. Here, the Power function model as a time-
dependent model was used to study the fractional water uptake using the Equation
2.2[26].

F=t =g (2.2)

Where M; denotes the amount of water absorbed or swelling content of hydrogels at
time t and M., denotes the maximum water uptake or swelling content at equilibrium.
The parameters such as n and k correspond to the water uptake index and the gel
characteristic constant respectively. To further investigate the swelling behavior of
hydrogels, the Schott model (second-order) was used. In this model, the water uptake

rate constant (k2) was evaluated using Equation 2.3[27].

t 1 t
M oMie T Ma (2.3)

Where M denotes the swelling (g/g) of the hydrogel at t time and M.. denotes the value
of maximum swelling (g/g) of the hydrogel at equilibrium. Moreover, Kz is the kinetic
rate constant of water. However, the applicability of the given models can be known

based on the higher value of the regression coefficient (R?) close to unity.

2.2.7. Porosity and Gel content

The liquid displacement technique was used to determine the porosity of produced
hydrogels [18]. A predetermined amount of hydrogel (Wg4) was submerged in ethanol
till saturation. The initial weight of hydrogel in ethanol was noted as (Wi). The hydrogel
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sample was taken out after 24 hours from ethanol and weighed (W) after removing the
surface liquid with the help of tissue paper. The porosity of the hydrogel was estimated
by using Equation 2.4[28].

Porosity (%) = % x 100 (2.4)
w— VW]

To calculate the gel content of the hydrogel, the freshly prepared xerogels with initial
weight (Wo) were swollen in distilled water for 48 hours. They were dried at room
temperature after being taken out from distilled water to reach the stage of complete
deswelling. Then, the hydrogels were weighed (We) after drying in an oven at 40 °C to
remove moisture completely. The gel content (%) was calculated using the given
Equation (2.5)[29].

Gel content (%) = ‘\//vv_; x 100 (2.5)

2.2.8. Drug loading and entrapment efficiency

The drug loading efficiency of hydrogels is the ratio of the weight of the loaded drug
to the weight of hydrogels while the drug entrapment efficiency is the ratio of the weight
of the loaded drug to the weight of the unloaded drug. To evaluate the maximum loading
of a drug into the hydrogel, a predetermined amount of xerogel (Wi) was added to 100
mL solution of pH 7.4 containing a specific amount (Wo) of ciprofloxacin drug. After
48 hours, the drug-loaded hydrogel was taken out from the buffer solution and dried at
room temperature. Further, it was dried in an oven for 48 hours at 60 °C and weighed
(Wg). Thus, the drug loading (DL%) and drug entrapment (DE%) efficiency of the
hydrogels were calculated using Equation 2.6 and 2.7 respectively [30].

DL =Ya=Wiy 100 (2.6)
W;j

DE =24 Wiy 100 (2.7)
Wo
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2.2.9. Invitro drug release study

The drug release studies of ciprofloxacin drug were carried out in physiological pH 7.4
at 37°C. The specific weight of drug-loaded hydrogels was placed in 50 mL, pH 7.4
phosphate buffer solution in an orbital shaker incubator with constant shaking at 50
rom. The absorbance of the drug released was measured using a UV-visible
spectrophotometer at a wavelength of 278 nm after removing 2 ml of the supernatant
liquid at regular intervals. The total volume of buffer solution was kept constant by
adding 2 ml of fresh phosphate buffer solution every time. This absorbance
corresponded to the concentration of the released drug as followed by the Beer-Lambert
law. The amount of drug released was calculated using a standard calibration curve for
the ciprofloxacin drug. Thus, drug release (%) was calculated using the given Equation
2.8[21].

Drug Release (%) = :—; x 100 (2.8)

where At represents the amount of drug released at t time and Ao represents the amount

of drug loaded in the hydrogel.

2.2.10. Antibacterial Activity

The antibacterial effects of CMTKG/PSA, ZnO NPs loaded CMTKG/PSA, and CFX
loaded ZnO/CMTKG/PSA nanocomposite hydrogel were investigated against E. coli
NCIMB-1. The disc diffusion test (AATCC-30) was used in this study to determine
their antibacterial activity [23]. Hydrogel samples (100 mg) were placed separately in
the middle of the agar plates for the bacterial strain cultures under consideration. The
samples were then incubated for 24 hours at 37 °C to evaluate the area of inhibition. In

this study, CFX drug as a broad-spectrum antibiotic was utilized as a positive control.

2.2.11. Characterizations

ZnO nanoparticles, CMTKG/PSA hydrogel, and ZnO nanoparticles loaded
CMTKG/PSA nanocomposite were characterized by FTIR, UV-visible, XRD, FE-
SEM, and TEM techniques. The Fourier transform infrared resonance (FTIR) spectra
were recorded using the Perkin Elmer Spectrum Model across the frequency range 400-
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4000 cm™*. Moreover, FE-SEM imaging of ZnO NPs and ZnO NPs loaded hydrogel
was carried out using the ZEISS EVO model along with EDX analysis. Additionally,
TEM imaging of ZnO NPs was carried out using TECNAI G 20 (200 KV). Zeta
potential measurement of ZnO NPs colloidal solution in ethanol was done using a
Zetasizer (Model ZSP, Malvern instrument, UK). The surface plasmon resonance
(SPR) was recorded by dispersing ZnO NPs loaded hydrogel in ethanol and scanning
under a UV-visible spectrophotometer. XRD spectra of ZnO NPs and
CMTKG/PSA/ZnO hydrogel were recorded using powder X-ray diffraction with a
high-resolution Bruker spectrophotometer over a range of angle 26 = 0 to 80° with a
scan rate of 1sec/step. Rheological measurements were performed using stress-
controlled AR- 500 rheometers (TA Instrument, U.K) using a cone plate geometry (2,
25 mm). The frequency sweep range from 0.1 to 100 rad/s was used to measure the
mechanical spectra in terms of the storage modulus((G’) and loss modulus (G”’).

2.2.12 Statistical analysis

In this study, the numerical data was expressed as the mean + SD. The data was
statistically analyzed by using one-way ANOVA followed by Tukey’s test with the
level of significance set at p < 0.05.

2.3. Results and discussion
2.3.1. Mechanistic pathway of the reaction

CMTKG/PSA hydrogel was formed through a free radical chain polymerization
mechanism. Here, potassium persulfate (free radical initiator) was decomposed and
produced sulfate radicals at 60°C [8]. These radicals formed a chain by the removal of
the hydrogen atom of the -OH group present on the backbone of CMTKG. These
reactive radicals reacted with the C=C double bond present at the terminal position of
the PEGDA cross-linker and new radicals formed will react with the C=C bond of
sodium acrylate to give a highly crosslinked network as shown in Figure 2.1.
Nanocomposite hydrogels were formed by the incorporation of ZnO NPs. These
particles showed electrostatic interactions with an oxygen atom and carboxyl groups
present on the backbone of hydrogel. Additionally, there may be hydrogen bonding
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interactions of ZnO nanoparticles with -OH group present on the surface of the
CMTKG biopolymer.

KPS

CH,OCH,COO" Na*

Figure 2.1: Proposed mechanism for CMTKG/PSA hydrogel

2.3.2. Swelling studies

Swelling studies of all the synthesized hydrogels were performed in double distilled
water, pH 7.4 and pH 1.2 buffer solutions respectively. The maximum swelling capacity
was noted for hydrogel containing 0.03 g ZnO NPs. The most probable cause of
maximum swelling for 0.03 g ZnO NPs loaded hydrogel may be due to the maximum
interaction of the oxygen atom of ZnO with the hydrogen atom of the water molecule.
Also, ZnO is a polar amphoteric tetrahedrally coordinated structure of Zn*? and O
ions[26]. It was also found that increasing the amount of ZnO up to 0.05 g and 0.1 g
decreased the swelling capacity of the hydrogel. The increased concentration of ZnO
NPs may lead to additional H-bonding interaction of negatively charged polar atom of
oxygen with the hydroxyl group of CMTKG resulting in the decrease of swelling as
shown in Figure 2.2a. [26].
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Figure 2.2: (a) SR (g/g) (b) ESR (g/g) (c) Porosity (%) (d) Gel Content (%) for E1 to E4
hydrogel

It was observed that nanocomposite hydrogel showed the highest ESR(g/g) value in
distilled water. It may be due to the absence of interfering ions that can interact with
the opposite charges present in the hydrogel matrix. At pH 7.4, nanocomposite hydrogel
showed higher swelling than at pH 1.2 as shown in Figure 2.2(b). In the basic medium,
there were many negatively charged carboxylate ions due to proper ionization of the -
COOH group, the electrostatic repulsion between these groups allowed hydrogel to
expand. In an acidic medium, the hydrogel showed the least swelling. It may be due to
improper ionization and protonation of the -COOH group. Also, hydrogen bonding
takes place that would decrease the electrostatic repulsions between negatively charged
groups present in hydrogel[3]. Additionally, the dynamic water absorption data of
hydrogel in distilled water was fitted in the power function model and Schott model as

shown in Figure 2.3. In the case of the power function model, a linear plot of In F vs
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In t was plotted (Figure 2.3a). The different parameters such as n, k, and R? were
estimated and tabulated in Table 2.2. The value of n corresponded to the diffusion
exponent, n=0.45 indicated a Fickian diffusion, the value of n between 0.45 and 0.89
for non-Fickian or anomalous diffusion, and n = 0.89 for case Il diffusion mechanism.
The calculated value of n for all nanocomposite hydrogels (E1 to E4) indicated a non-
Fickian swelling behavior of hydrogel. In the case of the Schott model, a linear plot of
t/M: vs t was plotted as shown in Figure 2.3b. All parameters related to this model are
givenin Table 2.2. It was found that M., (exp) values were nearly the same as M.(theor)
values. Based on values of R?, it was concluded that the dynamic swelling data was

better fitted in the Schott model.

Table 2.2: Models used to evaluate the dynamic water absorption for various CMTKG/PSA
hydrogels

fPovzfer Schott kinetic 4
Sample unction K ) model Moo(exp) K2 x10 )
Code model R (9/9) (9/g min'l) R
n Moao(Theo) (g/g)
El 0.5197 0.0415  0.9981 8.35 8.50 17 0.9932
E2 0.5492 0.035 0.9875 10.78 8.89 7 0.9940
E3 0.5045 0.046 0.9749 8.26 6.54 10 0.9890
E4 0.4620 0.048 0.9430 7.83 5.40 4 0.9931

2.3.3. Porosity and Gel content

The gel fraction of a hydrogel is related to the cross-linking density which depends on
the interaction between various components present in the hydrogel. The gel content of
all the synthesized nanocomposite hydrogel (E1 to E4) was calculated by using
Equation. (2.5) as shown in Figure 2.2d. It was noticed that with the addition of 0.03
g of ZnO NPs into the hydrogel, gel content was decreased. However, with the further
addition of ZnO NPs, gel content was increased. It may be due to the significant
interaction of a functional group of nanoparticles with a three-dimensional network of
polymeric matrix[32]. In a study, Kalantari et.al., have reported that with an increase in
the amount of CeO2-NPs, gel content was decreased[28]. Hydrogels have porous
structures which provide the space for the encapsulation of various drugs. It was

observed that the porosity of the synthesized hydrogel was increased with an increasing
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amount of ZnO NPs [29]. The observed range of porosity lied in range from 68 to 84%
as shown in Figure 2.2c. The porosity of a hydrogel is responsible for its efficacy in
absorbing a significant amount of exudate from a wound surface and allowing cells to
proliferate. Thus, the synthesized nanocomposite hydrogel can also be employed for

wound healing [19].
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Figure 2.3: (a) Power function (b) Schott function model for the dynamic swelling data
of all synthesized hydrogel (E1 to E4)

2.3.4. Drug loading and drug entrapment efficiency

The estimated value of DL (%) and DE (%) for all the nanocomposite hydrogel was
shown in Table 2.3. The drug loading efficiency was calculated with respect to the
mass of hydrogel while drug entrapment efficiency was calculated with respect to the
mass of the drug in the hydrogel matrix. It was observed that the efficiency of loading
and entrapment of the drug was enhanced with an increasing amount of zinc oxide
nanoparticles. It may be due to their knotting behavior in which they can form the

chelate ring with some -OH and -COO groups present in the polymeric matrix[13].

Secondly, the relative biocompatibility and the role of ZnO NPs as a nano-reservoir
were responsible for the higher loading and entrapment efficiency of nanocomposite

hydrogel.
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Table 2.3: Drug loading (%DL) and drug entrapment (%DE) values for all the synthesized
nanocomposite hydrogel (E1 to E4)

Amount of
Sample Code 710 NPs DL (%) DE (%)
El 0.00 10+ 0.04 58.67+0.89
E2 0.03 21+0.57 65+0.81
E3 0.05 24+0.40 67.50+£0.40
E4 1.00 28+0.12 70.65+0.23

2.3.5. Characterizations
2.3.5.1.XRD

At room temperature, XRD of ZnO NPs, CMTKG/PSA, and ZnO/CMTKG/PSA
nanocomposite hydrogels were carried out, as shown in Figure 2.4. It was found that
the XRD pattern of ZnO NPs revealed crystalline in nature. To estimate the average
crystallite size of ZnO NPs, Debye-Scherrer Equation (2.9) was used [32].

__0.89A
- 3 cos6

(2.9)

Where A represents the wavelength of X-ray (0.15418 nm), B is FWHM (Full Width at
Half Maximum) in radian, 8 indicates diffraction angle and D indicates crystal particle
size (nm). X Pert High Score Plus software was used to estimate d-spacing values. All
the calculated parameters were tabulated in Table 2.4. Additionally, XRD plot of ZnO
NPs was shown in Figure 2.4a indicated various diffraction bands at 20 values of
31.92°, 34.52°, 36.36°, 47.68°, 56.76°, 62.96°, 68.08°, and 69.20° which assigned to
(100), (002), (101), (102), (110), (103), (112), and (201) diffractions of zinc oxide
nanoparticles[33]. Moreover, the XRD of CMTKG, CMTKG/PSA, and
CMTKG/PSA/ZnO nanocomposite hydrogel is shown in Figure 2.4b. XRD pattern of
CMTKG showed diffraction bands at 19.24°, 31.95°, 34.18°, and 45.16° which may be
due to the semi-crystalline nature of CMTKG biopolymer. However, XRD of acrylic
acid monomer showed a broad diffraction peak at 21.20° which was assigned to the
amorphous nature of acrylic acid. In the case of XRD of CMTKG/PSA hydrogels, two
broad diffraction peaks at 16.25° and 31.80° indicate the amorphous nature of hydrogel.
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However, the intensity of peaks of CMTKG decreased after cross- linking with
amorphous sodium acrylate monomer. Moreover, XRD pattern of CMTKG/PSA/ZnO
nanocomposite hydrogel showed some sharp diffraction peaks at 25.72° and 38.10°.
Moreover, the significant reduction in the diffraction pattern of ZnO NPs after loading
into the CMTKG/PSA hydrogel suggested that the crystalline nature of ZnO NPs was

converted in amorphous form.

Table 2.4: Detailed analysis of XRD and estimation of various parameters for ZnO NPs

Sample d-spacing FWHM Crystallite size(nm)
ZnO NPs 2.4657 0.43 20

(b)
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Figure 2.4: XRD plot of (@) ZnO NPs (b) CMTKG, acrylic acid, CMTKG/PSA and
CMTKG/PSA/ZnO nanocomposite hydrogel

2.3.5.2. Surface plasmon resonance (SPR)

Surface plasmon resonance is a characteristic optical property of metal oxide
nanoparticles. The optical properties of metallic nanoparticles are dependent on SPR.
The plasmon term in SPR signifies the collective oscillation of free electrons within the
inorganic nanoparticles and the width of the plasmon peak depends on the type,
geometry, and size of the metal nanoparticles [34]. UV-visible absorbance spectra of
the zinc oxide nanoparticles incorporated in hydrogel have been illustrated in Figure

2.5. which showed that these particles exhibited a strong, and sharp characteristic peak
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at 364 nm. This has confirmed the successful synthesis of zinc oxide nanoparticles.

2.0

1.5 4

364

1.0 4

Absorbance

0.5 4

0.0 T T T
300 400 500 600

Wavelength (nm)

Figure 2.5: Surface plasma resonance (SPR) of ZnO NPs

2.3.5.3. FTIR Analysis

FTIR spectrum of CMTKG biopolymer as shown in Figure 2.6a indicated a broad peak
at 3340 cm'* for vibration of -OH group while the peaks at 1415 cm™ and 1593 cm*
were related to symmetric and asymmetric vibration of -COO" groups respectively. The
peaks observed in the acrylic acid at 1633 cm™ and 1718 cm™ were related to C=C and
C-O vibration respectively. The FTIR spectrum of PEGDA showed a band at 2676 cm’
! due to vibration of -CH2 group, whereas the peaks at 1255 cm™ and 864 cm™ were
attributed to the C-O stretching and C=C bending. In the FTIR spectrum of
CMTKG/PSA hydrogels, there was an -OH stretching band at 3400 cm™, -COO-

symmetric vibration band at 1415 cm™, and O-H bending vibration at 1400 cm™.

However, one common peak at 1415 cm™ related to the vibration of -COO" groups was
noticed in CMTKG, AA, PEGDA and CMTKG/PSA hydrogel. The FTIR spectrum
(Figure 2.6b) for ZnO NPs showed a band at 644 cm™ assigned to the stretching
vibration of the Zn-O bond. However, due to the hygroscopic nature of ZnO NPs, a
broad peak at 3302 cm™ was observed which was assigned to the stretching of the
hydroxy! group. The bands observed at 1514 and 1411 cm™ in zinc oxide nanoparticles
corresponded to the stretching vibration and asymmetric vibration of the -C=0 group
respectively [35]. FTIR spectra of ciprofloxacin drug as shown in Figure 2b showed
the characteristic band at 1707 cm™ corresponded to the C=0 group, 3527 cm™ due to

vibration of O-H bond, 1448 cm™ corresponded to C- N stretching vibration. However,
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the presence of carboxylic acid was confirmed by the presence of the peak at 1271 cm’
! due to the bending vibration of the O-H group [36]. FTIR spectra of ZnO-loaded
hydrogels showed a broad peak at 3400 cm™ due to vibration of the -OH group. Other
bands at 1392 cm™ and 1566 cm™ were assigned to the stretching of C-O and C=0
stretching vibration of carboxylic acid. A peak at 644 cm™ related to the vibration of
ZnO bond was noticed in CMTKG/PSA/ZnO hydrogel indicating the loading of
nanoparticles in the hydrogel matrix. Moreover, both peaks at 644 cm™ and 1448 cm™
related to characteristics of ZnO NPs and ciprofloxacin drug respectively were also
present in CFX loaded CMTKG/PSA/ZnO nanocomposite hydrogel. However, some
common peaks were noticed in the FTIR spectrum of ZnO, CFX drug, and drug-loaded
CMTKG/PSA/ZnO nanocomposite. All the related peaks of ZnO nanoparticles were
present in the ZnO-loaded hydrogels which confirmed the formation of nanocomposite
hydrogel. In FTIR spectra of without drug and drug-loaded nanocomposite hydrogel, it
was seen that all the related peaks of the drug were present in a drug-loaded hydrogel
which signified the successful loading of the ciprofloxacin drug into the hydrogel

matrix.
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Figure 2.6: FTIR plots of (a) CMTKG, AA, PEGDA, and CMTKG/PSA hydrogel (b) CFX
drug, ZnO NPs, CMTKG/PSA/ZnO, and CMTKG/PSA/ZnO/CFX hydrogel

2.3.5.4. FE-SEM analysis

The surface morphology of ZnO NPs, CMTKG/PSA, and CMTKG/PSA/ZnO
nanocomposite hydrogels was studied by the FE-SEM analysis[38]. The surface
morphology of ZnO NPs is shown in Figure 2.7a indicating that they have a flower-

shaped morphology. However, the surface morphology of CMTKG/PSA hydrogel
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showed a lot of interspatial voids and spongy surfaces as shown in Figure 2.7b.
However, the surface morphology of CMTKG/PSA/ZnO nanocomposite showed that
flower-shaped ZnO NPs were embedded in the polymeric hydrogel matrix. Moreover,
the average size of ZnO nanoparticles was estimated using ImageJ software which was
found as 118 nm. Moreover, EDX analysis was used to analyze the composition of
various elements present in the synthesized hydrogel. It revealed the presence of Zn,

Na, C, and O elements in the nanocomposite hydrogel as shown in Figure 2.8.

Figure 2.7: FE-SEM images of (a) ZnO NPs at 200 nm scale (b) CMTKG/PSA at 10um scale
(c) CMTKG/PSA/ZnO at 2 um scale (d) CMTKG/PSA/ZnO at 200 nm scale
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Figure 2.8: EDX analysis of (a) ZnO NPs (b) CMTKG/PSA hydrogel (¢) CMTKG/PSA/ZnO
nanocomposite hydrogel

2.3.5.5. TEM analysis

The TEM image of synthesized ZnO nanoparticles in Figure 2.9a showed that particles
have aggregated spherical shapes. The average particle size of ZnO nanoparticles was
estimated using ImageJ software to be 37 nm. However, the estimated particle size
determined by XRD was equal to 20 nm which is in good agreement with the size
determined by TEM analysis[39]. In the SAED pattern (Figure 2.9b), specific bright
spots were observed which corresponded to the hexagonal wurtzite polycrystalline
structure of ZnO NPs. The SAED pattern showed the diffraction peaks at (002), (310),
(330), and (321) corresponded to ZnO nanoparticles. The interplanar spacing d (A°)
was calculated for different regions of the SAED pattern using ImageJ software. The
estimated value of d spacing (angstrom unit) is 3 A, 2.38 A, 1.95 A and 1.46 A for
(310), (330), (321), and (002) planes respectively. However, a strong diffraction peak
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at (002) plane in the XRD of ZnO NPs was consistent with their SAED pattern. Thus,

both the characterizations confirmed the Wurtzite structure and synthesis of ZnO

nanoparticles.

Figure 2.9: TEM micrograph of ZnO NPs at (a) 200 nm (b) 100 nm (c) 50 nm scales (d) SAED
pattern

2.3.5.6. Zeta Potential measurement

The zeta potential was used to investigate the surface charges and stability of metallic
nanoparticles. The zeta potential of produced zinc oxide nanoparticles was measured
using ethanol as a dispersant as shown in Figure 2.10. In the present study, it was
measured as 21.7mV which indicated the strong anionic behavior as well as the stability
of the colloidal suspension of ZnO nanoparticles.
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Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -21.7 Peak 1: -21.7 100.0 10.3
Zeta Deviation (mV): 10.3 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.0440 Peak 3: 0.00 0.0 0.00
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Figure 2.10: Zeta potential of synthesized ZnO nanoparticles

2.3.6. Rheological analysis

The rheological behavior of CMTKG/PSA hydrogel and CMTKG/PSA/ZnO
nanocomposite hydrogel was studied based on change of storage modulus (G’), loss
modulus (G’’), and complex viscosity as a function of angular frequency. The storage
modulus corresponded to the elastic component while the loss modulus corresponded
to the viscous component. The storage modulus (G’) of pure hydrogel and
nanocomposite hydrogel is illustrated in Figure 2.11(a). It is observed that G’ of
nanocomposite hydrogel was higher than pure hydrogel. It indicated that the loading of
ZnO NPs increased the cross-linking strength of hydrogel due to the physical
interactions of these particles with the hydrogel polymeric network [40]. It was also
observed that along with the storage modulus (G’), the loss modulus(G’”) increased
with an increase in the angular frequency from 1 Hz to 100 Hz as shown in Figure
2.11(b). At the lower frequency region, the value of loss modulus for pure hydrogel
was higher than ZnO loaded hydrogels. The reason may be that there may be a
possibility of the formation of a physical cross-links network in absence of zinc oxide
nanoparticles at a lower frequency region[41]. However, the presence of zinc oxide
nanoparticles provided more stability, rigidity, and thickness to the hydrogel matrix. It

showed the pseudo-elastic behavior of nanocomposite hydrogel[42].
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Figure 2.11: (a) Storage modulus (G') (b) Loss modulus (G’”) of pure hydrogels and ZnO NPs
embedded hydrogel nanocomposite
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Figure 2.12: A plot of complex viscosity vs angular frequency

The decrease in value of complex viscosity with an increase in the angular frequency

changes from 0.1 to 100 rad/s as shown in Figure 2.12 indicated that hydrogels are

pseudoplastic fluid and showed thixotropic behavior [43]. It was also found that the

complex viscosity of ZnO NPs embedded hydrogel is higher than unloaded hydrogel

because of the higher value of storage modulus (G’) for nanocomposite hydrogel.

Hence, ZnO loaded hydrogel act as better drug delivery carriers than pure hydrogel
which was also confirmed by the values of DL (%) and DE (%) efficiency given in

Table 2.2.
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2.3.7. Antibacterial studies

Antibacterial performance of CMTKG/PSA, CMTKG/PSA-CFX, and CMTKG/ PSA/ ZnO-
CFX were studied via a disc diffusion method against gram-negative E. coli (NCIMB-1)
bacteria as shown in Figure 2.13. The zone of inhibition (mm) for hydrogel, drug-loaded
hydrogel, and drug-loaded nanocomposite hydrogel was measured as shown in Figure 2.14.
Ciprofloxacin was an antibiotic drug which would increase the bacteriostatic behavior of
hydrogels. ZnO nanoparticles themselves exhibited antibacterial properties by interacting
with the bacterial surface[44]. The loading of antibacterial ZnO NPs and ciprofloxacin drug

increased the antibacterial action of hydrogels.
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Figure 2.13: Size of the zone of inhibition (mm) exhibited by CMTKG/PSA hydrogel (HO),
CMTKG/PSA-CFX (HD), and CMTKG/PSA/ZnO-CFX (HDZ) nanocomposite

Figure 2.14: Antibacterial actions (a) blank sample (b) CMTKG/PSA (c) CMTKG/PSA- CFX
(d) CMTKG/PSA/ZnO-CFX against E. coli bacteria.
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2.3.8. Drug Release Studies

The release mode of ciprofloxacin drug from CMTKG/PSA hydrogels and ZnO-loaded
nanocomposite hydrogel was illustrated in Figure 2.15. The drug release behavior of
hydrogels was studied in physiological buffer solution of pH 7.4 at 37 °C using a UV-
Visible spectrophotometer. The drug release was performed for up to 9 hours and it was
seen that after 6 hours, a plateau region of the drug release curve was observed. The
release of ciprofloxacin drug was thus relying on the swelling of hydrogel[45]. The
result concluded that ZnO loaded nanocomposite hydrogel showed more controlled
release than pure hydrogel. This may be due to the knot-tying function of ZnO
nanoparticles[31]. Thus, a chelated ring was formed via the interaction of zinc oxide
nanoparticles with hydroxyl and carboxyl groups of CMTKG biopolymer[46]. As a
result, it was difficult for the ciprofloxacin drug to release from such tightened network
of nanocomposite hydrogel. Thus, ZnO loaded hydrogel showed a slow and controlled

release of ciprofloxacin drug.
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Figure 2.15: Drug release (%) with time of CMTKG/PSA and CMTKG/PSA/ZnO hydrogel
nanocomposite

2.3.9. Drug Release Mechanism

The release of drug from the hydrogel matrix was studied with the help of Higuchi and
Korsmeyer-Peppas models as shown in Figure 2.16. The Higuchi model is dependent
on the Fickian diffusion process. It is useful to explain the release of hydrophilic and

hydrophobic drugs from the polymeric system. The drug release mechanism in the case
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of Korsmeyer- Peppas model is dependent on the diffusion exponent value [47].

The various parameters such as K, Ky, n, and R? were calculated using these models as
shown in Table 2.5. Several physical and chemical phenomena affect the drug release
kinetics such as swelling of hydrogel, mesh size, porosity, and chemical interaction of
drug with polymers. The Higuchi model and Korsmeyer -Peppas models is expressed

in given Equation (2.10) and Equation (2.11) respectively[48].

M¢ _ 0.5

M. = Kj.t (2.10)
M

M—t = K},. t" (2.11)

[oe]

Where M represents the amount of drug released at t time and M.. represents the amount
of drug released at equilibrium. K and Ky are rate constants for drug release
corresponding to the Korsemeyer-Pepass and Higuchi models. The value of diffusion
exponent n decided the mechanism of drug release. In this case, the value of n less or
equal to 0.5 indicated Fickian, 1> n > 0.5 non-Fickian, and n =1 case Il anomalous
diffusion[18]. Since the calculated value of n for CMTKG/PSA hydrogel (E1) and ZnO-
loaded hydrogel (E2) is less than 0.5, therefore drug release followed a Fickian law of
diffusion. It clearly showed that drug release from hydrogel depends on purely
diffusivity phenomena and for both samples, the solvent diffusion was higher than
polymeric chain relaxation[49]. The value of R? was compared for CMTKG/PSA
hydrogel and ZnO-loaded hydrogel. It was found that the drug release data was more
fitted in the Korsmeyer-Peppas model.

Table 2.5: Model followed for drug release studies using ciprofloxacin loaded CMTKG/ PSA
hydrogel (E1) and CMTKG/PSA/ZnO (E2) nanocomposite hydrogel

Different parameters associated with models for the drug release

Sample ) )
Korsmeyer -Peppas Model Higuchi Model
K n R2 Kh R2
CMTKG/PSA 0.069 0.25 0.9951 0.060 0.9885
CMTKG/PSA/ZnO  0.042 0.32 0.9932 0.069 0.9921
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Figure 2.16: (a) Korsmeyer-Peppas model (b) Higuchi model for CMTKG/PSA and
CMTKG/PSA/ZnO nanocomposite hydrogel

2.4. Conclusion

In this research work, ZnO NPs loaded CMTKG/PSA nanocomposite hydrogels were
synthesized using a PEGDA cross-linker. ZnO NPs were formed via a hydrothermal
method while the synthesis of CMTKG/PSA hydrogels was done through a free radical
mechanism. The synthesized ZnO NPs and nanocomposite hydrogel were characterized
using FTIR, XRD, FE-SEM, and TEM techniques. The swelling studies of hydrogels were
performed at different pH solutions. The dynamic swelling data were fitted in the Power
function model and Schott model. The result concluded that swelling data fitted more in
the Schott model with R? value close to unity. The synthesized CMTKG/PSA hydrogel and
ZnO-loaded nanocomposite hydrogel were used for in-vitro release studies of the
ciprofloxacin drug. The various parameters such as porosity, drug loading, and entrapment
efficiency of CMTKG/PSA hydrogel increased in the presence of ZnO NPs due to the knot
typing function of ZnO NPs. Rheological studies for CMTKG/PSA hydrogel and ZnO-
loaded hydrogels were performed. The results showed that the elasticity of CMTKG/PSA
hydrogel was increased in the presence of ZnO NPs. The antibacterial studies against E.
coli bacteria indicated that due to incorporation of antibacterial ZnO NPs, the antibacterial
action of drug-loaded CMTKG/PSA hydrogels was increased. Additionally, the drug
release results indicated that CMTKG/PSA/ZnO nanocomposite hydrogel showed a
controlled and slow drug release than CMTKG/PSA hydrogel. The drug release kinetics
concluded that the release of the drug from both CMTKG/PSA hydrogel and
nanocomposite hydrogel was followed by Korsmeyer-Peppas model. In brief, the
synthesized nanocomposite hydrogel could be a better candidate for the oral delivery of
ciprofloxacin drug.
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CHAPTER 3

A SILVER NANOPARTICLE EMBEDDED TAMARIND KERNEL
GUM AND POLY(SODIUM ACRYLATE) NANOCOMPOSITE
HYDROGELS FOR CONTROLLED RELEASE
OF DOXYCYCLINE DRUG

3.1. Introduction

Hydrogels can uptake large quantities of water due to the presence of various
hydrophilic functional groups. The composite hydrogel can be synthesized by loading
various inorganic materials such as zeolite [1], silica[2], metal nanoparticles[3], etc.
Nanocomposite hydrogels can be used for different applications in the drug delivery
fields. It was found that various noble metals such as silver [4], gold [5], and
platinum[6]-based nanoparticles can be used in the biomedical field. However, the
researchers have focused on the synthesis of biocompatible nanoparticles. Out of many
nanoparticles, silver nanoparticles (Ag NPs) based nanocomposite hydrogels have
gained significant research attention from the last few decades [7]. Because of their
cytotoxic effects on living systems, silver nanoparticles cannot be employed directly
for biomedical applications. Consequently, to prevent NPs from penetrating into living
systems, they should be integrated into a polymer matrix prior to use in any biomedical
application. Therefore, Ag NPs were incorporated into the hydrogel to increase
properties such as electrical conductivity, optical properties, mechanical toughness,
high deformability, and transparency [8]. However, the uniform dispersion of Ag NPs
without any formation of aggregation can be achieved by embedding Ag* ions into a
hydrogel matrix and reduction using reducing agent like sodium borohydride. These
reagents are highly toxic and they can reduce the efficiency of Ag-loaded hydrogels.
Therefore, the green synthesis is more preferred to synthesize Ag NPs using
biocompatible biopolymers[9]. There are many reported methods to synthesize Ag NPs.
However, for the in-situ synthesis of Ag NPs, hydrogels can be used as porous templates
with controlled size and appropriate stability[10]. Biopolymers based hydrogel acts as
a reducing and stabilizing agent for the silver ions. Therefore, biopolymer-based
nanocomposites hydrogel is widely used in the biomedical applications due to their

biocompatible and biodegradable properties. Various biopolymer such as sodium
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alginate, pectin, chitosan, and guar gum [11] have been used for the development of
nanocomposite hydrogels. Till the date, tamarind kernel gum (TKG) has not been
explored for the wvarious applications. In a study, tamarind gum-co-
poly(acrylamidoglycolic acid) and their silver nanocomposite hydrogel were used for
release study of doxorubicin drug[11]. In another research, the co-precipitation method
was used to fabricate the nano-hydroxyapatite/chitosan-tamarind seed nanocomposite

for bone tissue engineering[12].

In the present study, TKG and poly (sodium acrylate) (PSA) hydrogel was synthesized
through a free radical chain polymerization mechanism. Additionally, Ag NP-loaded
TKG/PSA nanocomposite hydrogel was used in biomedical applications. TKG is a hon-
toxic, biodegradable, and biocompatible polymer used in medical applications due to
its viscosity-modulating properties[13]. TKG contains 5-(1,4)-D-glucan with chains of
a- (1,4)-D-xylopyranose and glucose residue linked with g-D-glucopyranosyl-(1,2)-a-
D-xylopyranose[14]. TKG can increase the mucoadhesive properties of hydrogels.
Recently, researches have been devoted to synthesize the metal nano-particle
containing nanocomposite hydrogel. In a study, M. Sabzi et.al., have synthesized
PVA/Citric acid/ Ag nanocomposite hydrogel for the release study of ciprofloxacin
drug[15]. The Ag-based nanocomposite hydrogels have been used for increasing the
antimicrobial properties of hydrogels due to their large surface area, non-toxic behavior,
and high fraction of surface atoms [16]. The Ag-based nanocomposite hydrogel
exhibited excellent antibiotic properties[17]. In the present study, the doxycycline drug
was used as a model drug. Doxycycline as a member of the semi- synthetic tetracycline
group is a broad-spectrum drug (Figure 3.1). Doxycycline is a water soluble, non-toxic,
and inexpensive drug. It has a half-life of 18 to 22 hours. It is administered to treat acute
A. phagocytophilum, malaria prophylaxis, and falciparum malaria[18]. It can rapidly
diffuse into many body parts but its high concentration can be excreted in unchanged
medicine form from the urine. It is used to treat many bacterial infections by affecting
gram-positive bacteria, gram-negative bacteria, and other parasites[19]. Doxycycline
can be embedded into nanocomposite hydrogels which increases the antibacterial
capacity of nanocomposite hydrogels. Due to this property, these nanocomposite

hydrogels have a potential application in wound dressing applications[20]. In this
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research work, Ag NPs loaded TKG/PSA nanocomposite hydrogel was synthesized
through a free-radical mechanism. The synthesized nanocomposite hydrogel was
characterized using UV-visible, XRD, FTIR, FE-SEM, and TEM techniques. The
dynamic swelling data of TKG/PSA hydrogel and Ag/TKG/PSA nanocomposite
hydrogel was fitted in the Power function model and Schott model. The effect of silver

nanoparticles on the gel fraction of TKG/PSA was also evaluated.

Doxycycline drug was used as a model drug for release using Ag/TKG/PSA
nanocomposite hydrogel at physiological pH 7.4 and pH 1.2 buffer solution. The drug
release kinetics were performed using the Korsmeyer-Peppas and Higuchi model.
Moreover, the cytotoxicity analysis of Ag/TKG/PSA hydrogel was carried out using an
MTT assay against CCD 841 CoN cell lines.

3.2. Experimental
3.2.1. Materials

Silver nitrate (AgNOs3) was used as a precursor for the synthesis of Ag NPs. Tamarind
Kernel gum (TKG, Courtesy Hindustan Gum Limited, Rewari), Acrylic acid (AA,
CDH), Sodium hydroxide (NaOH Fischer Scientific, Mumbai), Potassium persulfate
(KPS, Fischer scientific), N, N- Methylenebisacrylamide (MBA, Merck Germany),
Doxycycline (Merck India) were used. Double Distilled water was used to perform the

experiments.

OH 0 OH 0 0
OH
“‘ NH,
OH
H H
CH N
PN

Figure 3.1: Structure of Doxycycline drug
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3.2.2. Synthesis of Ag/ITKG/PSA nanocomposite hydrogel

TKG/PSA hydrogel was synthesized through a free radical chain polymerization
mechanism. Initially, 0.25 g of tamarind kernel gum (TKG) was added to 15 mL of
double distilled water in a beaker and continuously stirred for 20 minutes. After the
complete uniform dispersion of TKG, 5 mL of acrylic acid along with sodium
hydroxide (2.5 g) solution was added to the reaction mixture and stirred for 25 minutes.
Then, 0.15 g of KPS initiator, and 0.25 g of N, N- MBA were added to the above
solution with a constant stirring for 20 minutes till a viscous and homogenous fluid
system was achieved. After that, the content of the beaker was poured into test tubes
and placed in a water bath at 60 °C for 3 hours. A similar procedure was adopted to
synthesize the Ag/TKG/PSA nanocomposite hydrogel. In this case, after complete
dispersion of TKG and acrylic acid, 25 mM AgNOgz solution was added into the
continuously stirred beaker and stirred until a yellowish-brown color was obtained.
Thus, the Ag NPs embedded hydrogel was obtained by breaking the test tubes and
named Ag/TKG/PSA nanocomposite hydrogel as shown in Figure 3.2.

W ‘1

28

test tubes ' '
Put in oven
at 60°C

L

TKG
Acrylic acid
NaOH

Formation of

hydrogel and
cut into pellets

Figure 3.2: Layout of synthesis of Ag/TKG/PSA nanocomposite hydrogel

3.2.3. Swelling Analysis

To determine the water uptake capacity of TKG/PSA hydrogel and Ag/TKG/PSA
nanocomposite hydrogel, swelling studies were performed gravimetrically. Initially, a
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fixed amount of hydrogel was transferred in 50 mL buffer solutions of pH 7.4 and pH
1.2. The weight of the swollen hydrogel was measured at different time intervals until
the constant weight of the hydrogel was achieved. Thus, the swelling ratio (g/g) was
determined using the given Equation (3.1)[7].

(3.1)

Where W5 indicates the mass of hydrogel taken after t time and Wy indicates the mass
of the dried hydrogel. Moreover, various models such as the Power function model
(first-order) and the Schott model (second-order)[21] were used to study the kinetics of
dynamic swelling of TKG/PSA hydrogel and Ag/TKG/PSA nanocomposite hydrogel
using the given Equation (3.2) and (3.3) respectively. In the power function model,
M. is the highest swelling ratio and Mt is the swelling ratio with respect to time t. The
value of k signifies the gel characteristics of the hydrogel matrix. However, in the Schott
model, M, indicates the theoretical value of the highest swelling ratio.

M¢

= k.t" (3.2)

— = + — (3.3)

3.2.4. Gel content

The gel content of TKG/PSA hydrogel and Ag/TKG/PSA nanocomposite hydrogel was
determined to evaluate the cross-linked content present in the polymeric network. To
determine the gel content, a dried hydrogel sample (W) was allowed to swell in
distilled water up to the equilibrium swelling at room temperature. Afterward, the
swollen sample was withdrawn from distilled water, dried in the oven and reweighed
(W>) till constant weight. The gel content (%) was computed using the given Equation
(3.4)[22].

Gel Content (%) = % x 100 (3.4)
1

3.2.5. Doxycycline loading and entrapment efficiency
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To determine the maximum loading of doxycycline drug into the nanocomposite
hydrogel, a fixed amount of Ag/TKG/PSA nanocomposite hydrogel (Wi) was placed
in a 100 mL phosphate buffer saline solution (pH 7.4 ) containing a specific amount
(Wo) of doxycycline drug. After 48 hours, nanocomposite hydrogel was taken out from
the buffer solution, initially dried at room temperature, and then dried in an oven for
48 hours at 60 °C and weighed (W4) till constant weight. Thus, percent drug loading
(DL%) and percent drug entrapment efficiency (DE%) were determined using Equation
(3.5) and (3.6) respectively[23].

Wqa—W;j

% DL (mg/g) = W x 100 (3.5)
% DE (mg/g) = W‘;‘N;W x 100 (3.6)
0

3.2.6. Characterizations

X-ray diffraction (XRD) analysis of TKG/PSA and Ag/TKG/PSA nanocomposite was
carried over a range of angles from 0-80° with a scan rate of 1 sec/step using a Bruker
instrument. The Zeta potential of TKG/PSA hydrogel and Ag/TKG/PSA
nanocomposite hydrogel was studied using a Zetasizer (Model ZSP, Malvern
instrument, UK). Surface plasma resonance (SPR) of Ag NPs was studied using a UV-
visible spectrophotometer. Fourier Transform infrared resonance (FTIR) spectra were
recorded for TKG/PSA and Ag/TKG/PSA nanocomposite hydrogel over a frequency
range from 400 cm™ to 4000 cm™* using a Perkin-Elmer spectrum model. Moreover, the
field emission scanning electron microscope (FE-SEM) along with EDX were studied
to compare the surface morphology of TKG/PSA and Ag/TKG/PSA nanocomposite
using the ZEISS EVO model. Also, TEM imaging of silver nanocomposite hydrogel
was captured with a TECNAI G 20 (200 kv) instrument to determine the shape and the

average particle size of silver nanoparticles.
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3.2.7. Invitro drug Release

The drug release study of the doxycycline drug was executed in buffer solutions of pH
7.4 and pH 1.2 at 37 °C in the incubator. For this purpose, a fixed amount of drug-
loaded Ag/TKG/PSA nanocomposite hydrogel in powdered form was placed in 50 mL
of phosphate buffer solution (PBS) of pH 7.4 and subjected to constant shaking at 100
rpm. Then, the absorbance of the drug-released supernatant solution (2 mL) was
measured using a UV-visible spectrophotometer at a maximum wavelength of 274 nm
after a regular interval of time. Thus, the amount of drug release was determined using
the given Equation (3.7)[15].

Doxycycline release (%) = % x 100 (3.7)
0

Where Atis the amount of drug released at any time and Ao is the amount of drug loaded

in the nanocomposite hydrogel.

3.2.8. Release kinetic analysis

Various models such as the Korsmeyer-Peppas model, First-order, and Higuchi model [16]
have been reported for the determination ‘of the release kinetic studies of drugs from
nanocomposite hydrogel as a function of time. The doxycycline release data at both pH 7.4 and
pH 1.2 were fitted in these models to understand the release mechanism. The best-fit model
was selected based on the highest value of the coefficient of determination (R?). The first-order

model represented by Equation (3.8) depends only on the amount of drug as a reactant. Here,

% signifies the fraction of drug released with respect to time. However, K; indicates the First-

order rate constant. In case of Higuchi model expressed in Eq.(3.9) signifies the diffusion of
the drug from the insoluble polymeric matrix. In this model, Ky indicates the Higuchi release
rate constant. However, in Korsmeyer-Peppas model given by Eq.(3.10), the value of diffusion
exponent (n) signifies the type of drug release mechanism. In the case when n < 0.45, indicate
Fickian diffusion, if 0.45< n < 0.89, indicate non-Fickian diffusion, and if n > 0.89, indicate

super case 11[24].

M t
M
Mio = KH.tO'S (39)

87



Chapter 3

My
L= Kt (3.10)

[Se]

3.2.9. MTT assay

The cytotoxicity analysis of Ag/ITKG/PSA nanocomposite hydrogel against CCD 841
CoN cell lines (procured from the National Centre for Cell Science, Pune) was
determined by MTT assay [43]. The cells (10000 cells/well) were cultured in 96 well
plates for 24 h in DMEM medium (Dulbecco's Modified Eagle Medium-AT149-1L)
supplemented with 10% FBS (Fetal Bovine Serum - HIMEDIA-RM 10432) and 1%
antibiotic solution at 37°C with 5% CO2. The next day, cells were treated with different
concentrations (0, 1, 10, 50, 100, 250, 500, 1000 pg/ml). Cells without treatment were
considered as Control and cells without MTT were considered as Blank. After
incubation for 24 hours, MTT solution was added to cell culture and further incubated
for 2 h. At the end of the experiment, the culture supernatant was removed, and the cell
layer matrix was dissolved in 100 ul Dimethyl Sulfoxide and read in an Elisa plate
reader (iMark, Biorad, USA) at 540 nm and 660 nm wavelength.

3.3. Results and discussion

3.3.1. Mechanism of TKG/PSA hydrogel synthesis

TKG/PSA hydrogels were formed by a free radical chain polymerization
mechanism[25]. Here, potassium persulfate (free radical initiator) was decomposed and
produced sulfate radicals at 60 °C. These radicals initiated the polymerization of sodium
acrylate by breaking the vinyl bond of sodium acrylate and produces the radicals of
sodium acrylate and the chain propagation step continued which led the formation of
poly (sodium acrylate). These radicals of sodium acrylate abstracted hydrogen atoms
of the -OH group present on the backbone of TKG and linked with the vinyl bond
present at the terminal position of the N, N - MBA cross-linker. The other end of N, N -
MBA has cross-linked with the PSA as shown in Figure 3.3.
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Figure 3.3: Mechanism of synthesis of TKG/PSA hydrogel

3.3.2. XRD analysis

This technique was used to evaluate the structural properties of synthesized TKG/PSA
hydrogel and Ag/TKG/PSA nanocomposite hydrogel (Figure 3.4.). XRD of TKG/PSA
hydrogel showed a broad peak at 26 value of 22.84° due to the amorphous nature of
hydrogel[26]. However, XRD of Ag/TKG/PSA nanocomposite hydrogel showed peaks
at 32.2°,38.12°, and 46.20° related to (110), (200), and (220) crystalline planes of silver
nanoparticles [27].

( ) —— TKG/PSA (b) —— AgITKG/PSA

Intensity (a.u)
Intensity (a.u)

0 20 40 60 80 0 20 40 60 80
2 theta 2 theta

Figure 3.4: XRD of (a) TKG/PSA hydrogel (b) Ag/TKG/PSA nanocomposite hydrogel
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3.3.3. Effect of Ag NPs on swelling capacity and gel content

The swelling studies of TKG/PSA hydrogel and Ag/TKG/PSA nanocomposite hydrogel
were studied at physiological pH 7.4 and pH 1.2 as shown in Figure 3.5. It was observed
that the presence of Ag NPs decreased the swelling capacity of Ag/TKG/PSA
nanocomposite hydrogel. It may be due to the knot typing function of Ag NPs which was
an important factor to understand the lesser swelling of silver nanocomposite
hydrogels[28]. Ag NPs would restrict the expansion of the polymeric chain due to the
chelation of some hydroxyl groups present on the surface of hydrogels. Additionally, the
presence of Ag NPs would reduce the vacant space. As a result, silver nanocomposite's
water uptake capacity was lower than TKG/PSA hydrogel. Also, it was detected that the
swelling capacity of hydrogels at pH 7.4 was higher than at pH 1.2. When pH was higher
than the pKa of hydrogel, there were many negatively charged CH2O™ and O ions that
repelled each other. As a result, the creation of rapid relaxation in the polymeric chain led
to higher swelling of the hydrogel at pH 7.4.

However, in an acidic medium, where pH was less than pKa of hydrogels, -OH
functional groups present in hydrogel remained in non-ionized states and thus less
electrostatic repulsion occurred, responsible for less swelling of the hydrogel at pH
1.2.[29]. Moreover, gel content (%) was calculated for TKG/PSA hydrogel and
Ag/TKG/PSA nanocomposite hydrogel as presented in Table 3.1. It was observed that
the presence of Ag NPs increased the gel content of the TKG/PSA hydrogel which may
be due to the coordinated interactions of Ag NPs with the functional groups such as
OH and -COO" present in the hydrogel.

18 { - TKGIPSA(7.4)
—@— AgITKG/PSA(7.4)
—d— TKG/PSA(1.2)
15 “¥—AgrTKGIPSA(1.2)

0 100 200 300 400 500
time (min)
Figure 3.5: Swelling ratio (SR) of TKG/PSA hydrogel and Ag/TKG/PSA nanocomposite
hydrogel at pH 7.4 and 1.2.
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Table 3.1: Estimation of gel content (%), DL (%) and DE (%) for TKG/PSA hydrogel and
Ag/TKG/PSA nanocomposite hydrogel

Hydrogel Gel Content (%0) DL (%) DE (%)
TKG/PSA 68.32 11+ 0.42 58.32+0.81
AgQ/ITKG/PSA 72.34 23+0.53 67.53+0.40

3.3.4. Modelling of dynamic swelling data

The dynamic swelling data was fitted in mathematical models such as the Power
function model (first-order) and Schott model(second-order) as shown in Figure 3.6.
All the related parameters were tabulated in Table 3.2. However, the highest value of
the coefficient of determination (R?) close to unity showed that the Power function
model is the better-fitted model over the Schott model. In the case of the Power function
model, for TKG/PSA hydrogel, the diffusion constant value (n) was 0.338 which
indicated a Fickian diffusion while for Ag/TKG/PSA nanocomposite, the value of n
was 0.580 which indicated a non-Fickian diffusion [30].

Table 3.2: Modelling of dynamic swelling data using Power function and Schott Kinetic
models

Power function model Schott kinetic model
Hydrogel . ‘ m2 M.(Theo) — Mew(exp) KeXi04
(9/9) @9 (g/g min'Y)
TKG/PSA 0.338 0.1178 0.9924 21.50 21 98 0.9901
AQ/TKG/PSA 0.580 0.02548  0.9938 21.03 18 38 0.9921
0.0 40

1 ® a Tkepsa

® AgITKG/PSA

m TKGIPSA
® Ag/TKGIPSA

304

In Mt/Mo

10

40 45 50 55 60 65 o 100 200 300 400 500

i Time (min)

Figure 3.6: (a) Power function n model (b) Schott model for TKG/PSA hydrogel and
Ag/TKG/PSA nanocomposite hydrogel
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3.3.5. UV-Visible Spectra

The synthesis of Ag NPs was confirmed by UV-Visible spectra. A broad band at 420
nm as shown in Figure 3.7 indicated the characteristic surface plasmon resonance
(SPR) peak of AG NPs[31]. SPR gives characteristic optical spectra of the metal oxide
nanoparticles and the width of the plasmon peak depends on various factors such as
oxidation state, geometry, and size of the metal [32]. However, no peaks other than 420
nm is present which confirmed the non-aggregation of Ag NPs.
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Figure 3.7: UV-visible spectra of TKG/PSA and Ag/TKG/PSA hydrogel

3.3.6. Zeta potential

Zeta potential of TKG/PSA hydrogel (Figure 3.8) was observed at -12.6mV which may be
due to presence of -COO" functional group present in the hydrogel. Moreover, the zeta
potential of Ag/TKG/PSA nanocomposite hydrogel was observed at -16.3 mV (Figure
3.9). Although, there was not any significant difference between the two zeta potentials but
higher negative value signified higher colloidal stability and anionic nature[33].

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -12.6 Peak 1: -12.6 100.0 1.6
Zeta Deviation (mV): 11.6 Peak 2: 0.00 0.0 0.00
Conductivity (mS/em): 0.0572 Peak 3: 0.00 0.0 0.00

Result quality

Zeta Potential Distribution

00000~ =+ = ===
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2000001+ -+

Total Counts

1000001+ -+ -n oo e
J
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Apparent Zeta Potential (mV)
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\
Figure 3.8: Zeta potential of TKG/PSA hydrogel
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Zota Potentlal (mV): -16.3 Peak 1: -16.3
Zota Deviation (mV): 14.2 Peak 2: 0.00
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Result quality

Area (%)
100.0
0.0
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Figure 3.9: Zeta potential of Ag/TKG/PSA nanocomposite hydrogel

3.3.7. Fourier Transform Infrared Spectra
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FTIR spectra of TKG/PSA hydrogel and Ag/TKG/PSA nanocomposite was shown in
Figure 3.10. FTIR spectra of TKG/PSA hydrogel showed a broad peak at 3406 cm™
indicating the presence of an aliphatic -O-H group, while a band appearing at 2975 cm-

1 was due to -C-H group. The two bands appearing at 1407 cm™ and 1563 cm™ indicated

the presence of -COO" symmetric and asymmetric vibration while peaks at 866 cm™

and 1261cm™ indicated the presence of O=C-N and C-N groups of cross- linker

MBAJ[29]. All these peaks are present in the FTIR of silver nanocomposite hydrogel

but shifted to lower wavenumber due to coordinated interactions of Ag NPs with

functional groups of hydrogels [34]. The functional groups such as -OH and -COO"

present in hydrogels can form coordination bonds with Ag NPs as reported in the

literature[17].

-~ Ag/TKG/PSA

T (%)

——TKG/PSA
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Wavelength(cm™)

Figure 3.10: FTIR of TKG/PSA and Ag/TKG/PSA nanocomposite
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3.3.8. FE-SEM Analysis

The surface morphology of TKG/PSA and Ag/TKG/PSA nanocomposite hydrogel was
provided by the FE-SEM micrographs. It has been observed that TKG/PSA hydrogel
showed a distinct, rough, and spongy surface having the presence of interstitial voids
as shown in Figure 3.11a. However, the surface morphology of Ag NPs embedded
hydrogel showed that Ag NPs are spherical [35]. This was also confirmed that Ag NPs
were successfully embedded in the hydrogel matrix without any aggregation as shown
in Figure 3.11 (b, c). The chemical composition of Ag NPs embedded hydrogel was

also confirmed by EDX analysis as shown in Figure 3.11d.

3.3.9. Transmission Electron Microscope [TEM]

The transmission electron microscope (TEM) image of the TKG/PSA hydrogel (Figure
3.12a) containing Ag NPs revealed that the nanoparticles were spherical and distributed
within the hydrogel matrix. [36]. The average particle size of the Ag NPS falls within
the range of 10 to 25 nm. [37]. The SAED pattern (Figure 3.12b) of Ag NPs indicated
a polycrystalline and FCC-type structure of synthesized Ag NPs[38].

o
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Figure 3.11: Surface morphology of (a) TKG/PSA at 2 um scale (b, ¢) Ag/TKG/PSA at 20 pm
and 300 nm scale (d) EDX spectra of Ag/TKG/PSA nanocomposite
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Figure 3.12: (a) TEM image of Ag NPs (b) SAED pattern of Ag NPs

3.3.10.  In-vitro release of doxycycline drug

The drug release analysis from silver nanocomposite hydrogel was performed in a
simulated intestinal fluid solution of pH 7.4 and simulated stomach gastric fluid of pH
1.2 solutions at 37°C placed in an incubator using a UV-visible spectrophotometer.

The Ag/TKG/PSA hydrogel nanocomposite was selected for the drug release study
because the drug's ability to spread through the hydrogel was influenced by how much
the hydrogel swelled. [39]. This study was performed for 8 hours as shown in Figure
3.13. It was observed that the doxycycline release (%) was much higher at pH 7.4 than
at pH 1.2. Again, it may be due to the diffusion of drug from a more swelled polymeric

matrix[40]. Thus, silver nanocomposite shows a controlled and slow release of
doxycycline drug.
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Figure3.13: Doxycycline release (%) from Ag/TKG/PSA nanocomposite hydrogel at pH 1.2
andpH 7.4
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3.3.11. Kinetic modelling of released doxycycline

The doxycycline release data at both pH 7.4 and pH 1.2 were fitted in the various
mathematical kinetic models such as First-order, Higuchi, and Korsmeyer-Peppas
models[41] to understand the drug release mechanism. All the estimated parameters along
with the coefficient of determination (R?) were tabulated in Table 3.3. It was observed that
the drug release data was best fitted in the Korsmeyer-Peppas model as the value of R? was
close to unity. Thus, the drug release from silver nanocomposite hydrogel followed the
Korsmeyer-Peppas model. In this model, a plot was made between log (Mi/Moy) vs log t as
shown in Figure 3.14. The diffusion exponent value (n) for drug release at pH 7.4 and pH
1.2 buffer solutions have values of 0.82 and 0.46 respectively, which strongly suggested a
non-Fickian diffusion. A non-Fickian diffusion signified a significant interaction between
the hydrogel and drug, due to which both erosion and diffusion factors were responsible
for the drug release behavior[42].

Table 3.3: Kinetic modelling of doxycycline release using Ag/TKG/PSA nanocomposite
hydrogel

Y Higuchi Kopr:megser- First-
P model PP Order
model
KH R2 K n R2 K1 R2
7.4 0.058 0.9731 0.007 0.819 0.9801 0.0084 0.9732
1.2 0.036 0.9693 0.060 0.461 0.9923 0.0039 0.9694
0.0 1 0.0 (b) ® pH12
-0.1
-0.24
-0.2
S04 °
g § -03 @
2-0.6 04
05
-08
-0.6
-1.0 4 -0.7

14 16

20 22

logt
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14
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log t

Figure 3.14: Korsmeyer-Peppas model for Ag/TKG/PSA in (a) pH 7.4 (b) pH 1.2 buffer

solutions
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3.3.12. MTT assay

MTT assay was carried out for the different concentrations (0, 1, 10, 100, 250, 500,
1000 pg/ml) of synthesized nanocomposite hydrogel against CCD 841 CoN cell lines
as shown in Figure 3.15. It was observed that Ag/TKG/PSA nanocomposite hydrogel
shows 44.77 % cell viability at a maximum concentration of 1000 pg/ml. However,
87.97 % of cell viability was observed at 1 pg/ml concentration. This indicated the
cytocompatibility of the synthesized nanocomposite hydrogel. This behavior is
expected due to the presence of biologically active sites in TKG biopolymer which

contribute to the cytocompatibility of the hydrogel.
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Figure 3.15: MTT assay of TKG/PSA with different concentrations against CCD 841
CoN cell lines

3.4. Conclusion

These results demonstrated the in-situ generation of Ag NPs in hydrogel termed as
Ag/TKG/PSA nanocomposite hydrogel. The interesting aspect of this study was to
control the swelling and drug release behavior of TKG/PSA hydrogel in the presence
of Ag NPs. The dynamic swelling data of TKG/PSA and Ag/TKG/PSA in pH 1.2 and
pH 7.4 was fitted in the Power function model and Schott model and the results showed
the swelling data was more fitted in the Power function model in which the diffusion
coefficient value for TKG/PSA and Ag/TKG/PSA was determined to be 0.338 and
0.580 indicating Fickian and non-Fickian diffusion respectively. The structural
properties of Ag/TKG/PSA nanocomposite hydrogel were evaluated using XRD, FTIR,
UV-visible, FE-SEM, and TEM techniques. Moreover, the average particle size of Ag
NPs was estimated using the TEM technique in the range of 10 to 25 nm. Also, the UV-
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visible SPR peak at 420 nm indicated the successful synthesis of Ag NPs in TKG/PSA
hydrogel. The doxycycline release study using Ag/TKG/PSA nanocomposite hydrogel
was performed at pH 1.2 and pH 7.4 at a physiological temperature of 37 °C. However,
drug release (%) was higher at pH 7.4 than at pH 1.2 due to higher swelling of
nanocomposite at pH 7.4. It was also found that doxycycline release data at both pH
followed the Korsmeyer-Peppas model and showed non-Fickian diffusion. The MTT
analysis of Ag/TKG/PSA nanocomposite hydrogel against CCD 841 CoN cell lines
showed the cytocompatibility of the nanocomposite hydrogel. Thus, the developed
Ag/TKG/PSA nanocomposite hydrogels act as a good carrier for the sustainable and
controlled release of doxycycline drug.
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CHAPTER 4

SYNTHESIS AND CHARACTERIZATION OF
CARBOXYMETHYL TAMARIND KERNEL GUM POLY(VINYL
ALCOHOL) AND GUAR GUM BASED HYDROGEL FILM
FOR CIPROFLOXACIN RELEASE STUDIES

4.1. Introduction

Skin plays a crucial role in protecting the human body against various types of bacterial
and viral infections. Skin helps to control fluid maintenance, temperature regulation,
and sensing mechanisms of the body[1]. In the medical field, skin injuries are the most
common problem and to resolve this, there is a high demand for the development of
wound dressing materials in the medical field[2]. One of the most promising dressing
materials is the hydrogel. Hydrogels are pH-sensitive, hydrophilic, and physically or
chemically cross-linked networks. The hydrophilic functional groups present in the
hydrogels are responsible for the interaction of hydrogel with various biological tissues.
The external environmental conditions such as pH, temperature, and ionic strength can
break the physically cross-linked networks of hydrogels. Therefore, chemically cross-
linked hydrogels are required to be developed using the cross-linker agents. These are
attractive materials in wound healing applications due to their specific properties such
as high swelling capacity, moisture uptake, and bioactivity[3] which makes them
efficient dressing materials [4]. They can absorb the wound exudates, have good
flexibility, prevent bacterial growth, keep the moist restorative surroundings, and
inhibit anaerobic bacteria proliferation [5]. The flexibility of the 3-D network of
hydrogel allows the entrapment and transportation of antibacterial drugs [6]. The
diffusion of drugs from hydrogel depends on various factors such as pH, temperature,
pressure, and swelling solvent [7]. The antibacterial properties of hydrogel can be
enhanced by incorporating antibiotic drugs in the hydrogel matrix [8]. In this study, the
ciprofloxacin (CFX) drug was selected as a model drug. CFX is a synthetic, broad-
spectrum, and chemotherapeutic agent belonging to the fluoroquinolone family. It is
one of the most important biocompatible and antimicrobial drugs used for wound
healing applications [9]. The half-life of the CFX drug is 4 hours and it can inhibit DNA
replication by preventing the production of folate [10]. Moreover, CFX can enhance
the effectiveness of hydrogel film in wound healing. Biopolymer-based hydrogels have
garnered considerable attention in recent years owing to their adaptable characteristics,
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rendering them suitable for pharmaceutical applications. [11]. These materials exhibit
exceptional water absorption capacity, viscosity enhancement properties, and possess
unique biological attributes such as antifungal, antibacterial, and wound-healing
capabilities. [12].

Among the variety of available biopolymers, carboxymethyl tamarind kernel gum
(CMTKG) is not much explored for wound healing applications. In the present study,
the CMTKG was chosen as a biopolymer due to its higher resistance to microbial
degradation and its ability to promote cell proliferation [13]. CMTKG can decrease the
extracellular matrix and is suitable for skin tissue applications [14]. A study developed
CMTKG / Gelatin—Tamarind kernel gum films for wound healing applications [15].
Additionally, nanofibers made of CMTKG and graphene oxide were synthesized for
neuronal cell proliferation [16]. Besides CMTKG, Guar gum (GG) is another natural
polymer was used that consists of a linear cross-linked form of D-mannose and D-
galactose[17]. It has high solubility in water and can be cross-linked with synthetic
monomers using cross-linking agents such as glutaraldehyde, citric acid, sodium borate,
N,N'-Methylenebisacrylamide. Thus, the thermal and mechanical properties of the GG
biopolymer were enhanced, making it more suitable for biomedical applications. [18].
Additionally, poly (vinyl alcohol) (PVA) was chosen as a water-soluble and synthetic
polymer that is widely used to synthesize hydrogel films for wound dressing
applications due to its excellent thermal, and mechanical properties[19]. However, the
physiochemical properties of PVA-based hydrogel films can further be increased by
cross-linking of PVA with biopolymers. The hydrogel films of PVA with biopolymers
such as chitosan[20], gum acacia[21], cellulose[22], alginate[23], and dextran[24] are
reported in the literature. It is pertinent to mention that very scarce literature is available
on the formulation of CMTKG-based hydrogel film.

In this study, we have synthesized several compositions of CMTKG/PVA/GG hydrogel
film (S1 to S9) by changing the quantity of GG, PVA, and CMTKG biopolymers.
Hydrogel films were characterized using FE-SEM, FTIR, Thermal, and Mechanical
analysis. The various parameters such as thickness, moisture content, equilibrium
swelling ratio (ESR), and wetting analysis were evaluated for all the compositions of
hydrogel films. An antibiotic drug, CFX was loaded into the best-swelled hydrogel film
(S2). The in-vitro release studies of the CFX drug were performed in a phosphate saline
solution (pH 7.4) and release data was fitted in various mathematical models such as
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the First-order, Higuchi, and Korsmeyer-Peppas models to determine the mechanism
of drug release. In this study, the prepared hydrogel film is found superior to the
reported earlier CMTKG/PVA film [25]. The hydrogel films demonstrated improved
properties, such as swelling capacity, drug loading efficiency, and mechanical stability,
compared to PVA-based hydrogel films. The presence of hydrophilic biopolymers,
such as GG and CMTKG, enhanced the hydrophilicity, gel fraction, and cross-linking
density of PVA-based hydrogel films. Moreover, the cytocompatibility of PVA-based
hydrogel films can also be increased in the presence of CMTKG and GG biopolymers
due to their biocompatibility and biodegradability. The antibacterial activity of film
showed higher antibacterial activity against S. aureus than E.coli. Additionally, the
MTT assay indicated the cytocompatibility of film against HaCaT human keratinocyte
cell lines. The prepared hydrogel film also showed good cytocompatibility and
antibacterial properties.

4.2. Experimental
4.2.1. Materials

Carboxymethyl tamarind kernel gum (CMTKG) (0.2" substitution, Mol. wt.= 9.14x10°
g/mol, Hindustan Gum Ltd., Rewari), Poly (vinyl alcohol) (PVA, Mol. wt.= 1,25,000
g/mol, Moly Chem Pvt. Ltd., India), Glutaraldehyde (GTA, Mol. Wt.=100 g/mol,
Thomas Baker, India), and Guar gum (GG, Dabur Ltd., India) was used as received.
Ciprofloxacin (CFX) drug was provided by M/S Unicure Pvt. Ltd., India. Distilled
water was used to perform all the experimental sections.

4.2.2. Synthesis of CMTKG/PVA/GG hydrogel film

The solvent casting method was used to synthesize hydrogel film. In brief, 0.15 g
(0.75% wi/v) of CMTKG was dissolved in 20 mL of distilled water using a magnetic
stirrer (700 rpm) at room temperature. After the complete homogenization, 0.05 g (0.5
% w/v) of GG solution was added to the CMTKG solution. Further, 20 % w/v of PVA
solution was prepared and added to continuous stirring CMTKG-GG suspension and
homogenized for 15 minutes. To this mixture, 2 mL of glutaraldehyde (composition:
10 ml GTA + 0.1 ml HCI + 10 ml ethanol) cross-linking agent was added and again
homogenized for 15 min. After that, 15 mL of the suspended reaction mixture was
poured onto Petri dishes and kept in a hot air oven for pre-drying at 60 °C for 24 h.
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Further, hydrogel film was cured at 120 “C for 15 min to enhance the crosslinking
between polymeric chains. The schematic representation for the synthesis of
CMTKG/PVA/GG hydrogel film is shown in Figure 4.1. The various formulations of
hydrogel films were also prepared by varying the amount of CMTKG, PVA, GG, and
glutaraldehyde as shown in Table 4.1.

gl\l’[g(;r%i PVA 'l’“rgf Glutaralde@
uar Gum k“ . M A \ﬁ
| | \ 3 —Stirring % \ 1 Stirring

20 min 15 min

Poured into
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-
¢ 4

4 e
\&_4 ,‘ "
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Figure 4.1: Layout of synthesis of CMTKG/PVA/GG hydrogel film

Table 4.1: Composition of various reactants involved in CMTKG/GG/PVA film synthesis

Sample CMTKG GG PVA GTA
Code (9); Y6(w/v) (9); Yo(W/v) (9); Y6(w/v) (mL)
S1 0.15; 0.75 0.05; 0.5 2.24; 20 2
S2 0.10; 0.50 0.05; 0.5 2.24; 20 2
S3 0.05; 0.25 0.05; 0.5 2.24; 20 2
S4 0.15; 0.75 0.03; 0.3 2.24; 20 2
S5 0.15;0.75 0.07; 0.7 2.24; 20 2
S6 0.15; 0.75 0.05; 0.5 2.24; 20 4
S7 0.15;0.75 0.05;0.5 2.24; 20 6
S8 0.15; 0.75 0.05; 0.5 1.24; 11 2
S9 0.15;0.75 0.05; 0.5 3.20; 29 2

4.2.3. Swelling study

To investigate the swelling capacity of the hydrogel films, a phosphate buffer solution

with a pH of 7.4 was employed. The pre-weighed (0.15 g) rectangular-shaped hydrogel
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films were immersed in 20 mL of the buffer solution at 37°C for 24 hours. After this
period, the swollen films were carefully removed and blotted with tissue paper to
remove excess buffer solution before being weighed again. This weight change was
then used to calculate the equilibrium swelling ratio (ESR) using Equation (4.1) [26].

Esk (%/g) = =

(4.1)

Where Wr is the weight of swollen hydrogel film and W, is the dry weight of hydrogel film.
Thus, ESR (g/g) was calculated for each synthesized hydrogel film.

4.2.4. Synthesis of CFX-loaded CMTKG/PVA/GG hydrogel film

After the evaluation of the swelling ratio of synthesized hydrogel films, the best-swelled
hydrogel film (S2) was chosen for the loading of the CFX drug. Then, 0.1 g of CFX
drug was dissolved in 5 mL of ethanol, added to the beaker containing the
CMTKG/PVAI/GG reaction mixture and continuously stirred for 20 min. Afterward, a
glutaraldehyde cross-linker was added to the beaker, and the same procedure was
followed as given in section 4.2.2. In this way, CFX-loaded hydrogel film was

synthesized.

4.2.5. Drug loading efficiency (%0)

Drug loading and encapsulation efficiency for CFX-loaded hydrogel film was evaluated
by placing 0.2 g of CFX-loaded hydrogel film in 50 mL of phosphate saline buffer (pH
7.4) for 48 h. After that, 2 mL buffer solution was withdrawn, and absorbance was
measured using a UV-visible spectrophotometer at 276 nm wavelength. Thus, the CFX
loading and encapsulation efficiency was calculated using the given Equation (4.2)
and (4.3), respectively [27,30].

amount of CFX in hydrogel film

CFXloading (%) = x 100 4.2)

amount of hydrogel film

amount of CFX in hydrogel film

CFX encapsulation (%) = x 100 (4.3)

theotical amount of CFX in hydrogel fim
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4.2.6. Thickness and moisture content (%o)

Thickness of hydrogel films were measured using a Vernier caliper instrument.
Moreover, to evaluate the moisture content (%), a pre-weighed hydrogel film (W;) was
put in a desiccator containing silica gel. After 48 hours, the weight of the film was
recorded and repeated the steps until constant weight (Wg4) was achieved. Thus,

Moisture content (%) was calculated using the given Equation (4.4) [28]:

Moisture content (%) = “L—"4 x 100 (4.4)
d

4.2.7. Invitro drug release study

The drug release study of the CFX drug was performed in phosphate buffer (pH 7.4) at
37 °C in the incubator. Initially, 0.1 g of CFX-loaded hydrogel film was placed in a
beaker containing 100 mL of phosphate buffer solution. After a regular interval of

time, 2 mL of the sample was withdrawn and its absorbance was measured using a UV-
visible spectrophotometer at 276 nm[29]. At the same time, 2 mL of phosphate buffer
solution was added to the beaker to keep the total volume constant. Thus, the drug

release behaviors of optimized hydrogel film were performed in triplicate.

4.2.8. Kinetics of Drug Release Study

To understand the kinetics and mechanism of CFX drug release behavior in phosphate
buffer solution pH 7.4, various mathematical models were used. The drug release study
of CFX drug was studied with time using the First-order, Higuchi model, and
Korsmeyer-Peppas model [30] as expressed in Equations (4.5), (4.6), and (4.7)

respectively.

M
lOg(l - ﬁ) = Klﬁ (45)
My _ 0.5
o = Kt (4.6)
M _ n
o= Kt (4.7)
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It was observed that the First-order model depends only on the concentration of the
drug as a reactant. Here,j'\g[‘;indicates the fraction of drug released in t time and K1 is the
First-order rate constant. Moreover, the Higuchi model signifies diffusion of the drug
from an insoluble polymeric matrix and K indicates the Higuchi release rate constant.
However, the value of diffusion exponent (n) signifies the type of drug release
mechanism in the Korsmeyer-Peppas model. In the case when n < 0.45, indicates
Fickian diffusion, if 0.45< n < 0.89 indicate non-Fickian diffusion, and if

n > 0.89, indicates super case Il as reported in literature[36].

4.2.9. Characterization
4291FTIR

The FTIR spectra of the CFX drug, CMTKG/PVA/GG film, and CFX-embedded
CMTKG/PVA/GG film were analyzed to identify the functional groups present in each
sample. The KBr pellet method was used to prepare the samples for FTIR analysis, and

the spectra were recorded in the wavelength range of 4000 cm™ to 400 cm™.

4.2.9.2. FE-SEM

The FE-SEM imaging of synthesized CMTKG/PVA/GG film was carried out using the
ZEISS EVO model. The EDX analysis was also done at a voltage of 20 kV to

investigate the composition of various elements present in the hydrogel film.

4.2.9.3. TGA-DTA

TGA-DTA analysis of CFX drug, CMTKG/PVA/GG film, and CFX embedded
CMTKG/PVAI/GG film was performed from 30 to 800 °C with 10 °C/min heating rate

under an N2 atmosphere using Perkin EImer TGA 4000 instruments.
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4.2.9.4. Wetting analysis

The water contact angle instrument was utilized to determine the hydrophobicity and
hydrophilicity ratio of hydrogel film[30]. The static contact angles of the prepared
hydrogel film were investigated using a contact angle analyzer (Phoenix 300).

4.2.9.5. Mechanical analysis

The mechanical properties such as tensile strength (MPa) and elongation at break (%)
of hydrogel films of size 1 cm? were analyzed by static UTM (Zwick Roell, Germany
static UTM Z010) instrument.

4.2.9.6. Antibacterial assay

The Antibacterial activity was evaluated using the zone inhibition method (Kirby-Bauer
method) [45]. The MHA plates were inoculated with 100 microliters of bacterial
cultures, Staphylococcus aureus and Escherichia coli. The inoculum was prepared by
adjusting the cell density to 0.5 McFarland units (approximately 1.5 x 108 CFU/mL) in
Mueller-Hinton broth. The discs containing 10 microliters of various concentrations
were then placed onto the inoculated plates. One disc in each plate was loaded with the
solvent alone, which served as a control for the vehicle, and a ciprofloxacin disc (10
Kg) was used as a positive control. The plates containing Staphylococcus aureus and
Escherichia coli were incubated at 37 °C for 24 hours (Basil Scientific Corp., India).

The clear zones surrounding each disc were measured and recorded.

4.2.9.7. MTT assay

The cytotoxicity of the synthesized hydrogel film to HaCaT cells, a human keratinocyte
cell line (RRID:CVCL_0038, obtained from NCCS Pune), was evaluated using the MTT
assay [46]. The cells (10000 cells/well) were cultured in 96 well plate for 24 h in DMEM
medium (Dulbecco's Modified Eagle Medium-AT149-1L) supplemented with 10% FBS
(Fetal Bovine Serum - HIMEDIA-RM 10432) and 1% antibiotic solution at 37°C with 5%
CO:o>. The following day, cells were treated with different concentrations of the hydrogel
film, ranging from 0 to 2.0 ug/ml (i.e 0, 0.5, 1.0, 1.5, 2.0). The Cells that were not treated

were considered as the control group, and cells without MTT were considered as the blank.
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After incubating the cells for 24 hours, MTT solution was added to the cell culture and
incubated for an additional 2 hours. At the end of the experiment, the culture supernant
was removed, and the cell layer matrix was dissolved in 100 pL of dimethyl sulfoxide.
The solution was then analyzed using an ELISA plate reader (iMark, Bio-Rad, USA) at
wavelengths of 540 nm and 660 nm. The optical microscopic images were captured under
an inverted microscope (Olympus ek2) using a Camera (Am Scope digital camera 10 MP
Aptima CMOS).

4.2.9.8. Statistical analysis

In this study, the results of the experiments which were studied in triplicates have been
expressed as mean =SD. The results were analyzed using Microsoft Excel software (t-

test) with the level of significance at p < 0.05.

4.3. Results and discussion
4.3.1. Swelling analysis

The effect of the amount of CMTKG, GG, PVA, and GTA cross-linker on the swelling
capacity of hydrogel film was studied as shown in Figure 4.2. The equilibrium swelling
ratio (ESR (g/g)) was calculated by swelling studies in physiological pH 7.4 buffer
solution. It was noticed that with an increase in the amount of CMTKG biopolymer, the
swelling capacity of hydrogel film was increased as shown in Figure 4.2(a). This could
be due to the increased number of COO- groups, which might lead to greater
electrostatic repulsion. Furthermore, increasing the concentration of counter ions,
especially sodium ions, might improve osmotic swelling pressure and chain relaxation
within the hydrogel gel network [32,33]. The effect of varying amounts of guar gum
(GG) on the ESR of the hydrogel film was also studied as shown in Figure 4.2(b). It
was observed that with an increased content of GG biopolymer from 0.03 to 0.05 g, the
ESR of hydrogel film was increased while a further increase in its amount up to 0.07 g
led to a decrease in the ESR of hydrogel film. The initial increase in ESR was attributed
to the expansion of the hydrophilic 3-D network of the hydrogel matrix while, a
decrease in ESR may be due to the higher viscosity of hydrogel film which does not
allow the expansion of the gel phase in water[34]. As depicted in Figure 4.2(c), the
influence of PVA was also examined. It was observed that increasing the PVA content
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from 1.24 to 2.24 grams resulted in a higher ESR due to the presence of more
hydrophilic groups in PVA, a hydrophilic polymer [35]. However, with further increase
in amount of PVA up to 3.20 g, the ESR of the film was reduced. During the synthesis
of the S9 sample, which contained 3.20 grams of PVA, the reaction mixture became
viscous. This viscosity might have contributed to the lower swelling of the S9 sample.
The influence of the cross-linker (GTA) was also studied, as depicted in Figure 4.2(d).
The results indicated that increasing the volume of the GTA cross-linker led to a
decrease in the swelling capacity of the hydrogel film. This could be attributed to the
decreased pore spaces between the polymeric chains caused by the increased cross-
linking density of the polymeric network. As a result, the reduced accessible volume
for water absorption led to a lower ESR value for the hydrogel films.
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Figure 4.2: Effect of amount of (a) CMTKG (b) GG (c) PVA (d) GTA on ESR of hydrogel
film at pH 7.4 buffer solution

4.3.2. FE-SEM

FE-SEM micrograph of CMTKG/PVA/GG hydrogel film at 2 um and 3 um scales at
different magnifications are shown in Figure 4.3(a-c). The surface morphology of the
film manifests an irregular arrangement of compact and globular structures. Also, the
rough surface of the hydrogel film showed the presence of both micro and macro pores
in the hydrogel matrix [35]. Additionally, EDX analysis of the hydrogel film, as shown
in Figure 4.3d, revealed the presence of oxygen and sodium elements within the film.
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The weight percentage of oxygen was determined to be 73.79%, while that of sodium
was found to be 26.21%.
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Figure 4.3: FE-SEM micrograph of CMTKG/PVA/GG film at (a) 10 um 3 pum (¢) 2 um scales
(d) EDX analysis

4.3.3. FTIR analysis

FTIR spectra of hydrogel film, CFX drug, and CFX-loaded hydrogel film are shown in
Figure 4.4. In the case of FTIR spectra of CMTKG/PVA/GG hydrogel film, a
characteristic peak at 3327 cm™ was observed due to intermolecular H-bonding
between various components of films. The other observable peaks at 2933 cm™ were
correlated to the -CH: group, 1732 cm™ correlated to -C=0 vibration, 1015 cm™
correlated with -C-O stretching, and 823 cm™ correlated to the C-C vibration of the
alkane group[24]. In the case of FTIR of the CFX drug, peaks at 3528 cm™ (O-H
vibration), 1446 cm™ (C-N stretching vibration), and 1706 cm™(C=0 vibration) were
observed. A peak at 1272 cm™ corresponded to the bending stretching of the O-H
functional group present in carboxylic acid[36]. In the case of CFX-loaded hydrogel
film, few common peaks of CFX drug were observed which indicated successful
loading of CFX into hydrogel film. This is also evidence that there is only physical
interaction of the drug with a polymeric matrix of hydrogel film as there is no

observable shifting of FTIR peaks of hydrogel film after loading the drug.

115



Chapter 4

4000 3500 3000 2500 2000 1500 1000 500
Wavelength(cm™)

Figure 4.4: FTIR spectra of (a) CMTKG/PVA/GG hydrogel film (b) CFX CFX- loaded
CMTKG/PVA/GG hydrogel film

4.3.4. TGA analysis

The thermal behavior of the CFX drug, CMTKG/PVA/GG hydrogel film, and CFX-
loaded hydrogel film was analyzed using TGA and DTA curves (Figure 4.5).
According to the TGA analysis in Figure 4.5a, the CFX drug experienced an initial
mass loss of 9.35% between 30 and 220 °C. This loss is attributed to the removal of the

acetylene (C2H2) group.

The second and third stages of weight loss occur between 220 and 417 °C and 417- 500
°C, respectively, with mass losses of 46.54% and 66.03%. These losses may be
attributed to the elimination of hydrogen, hydrogen fluoride, nitrogen oxide (NO), and
ethylene [37]. In contrast, the first stage of weight loss for the CMTKG/PVA/GG film
begins between 30 and 248 °C, with a loss of 26.87%, as illustrated in Figure 4.5b. [37].
In contrast, the next weight loss stage for the CMTKG/PVA/GG film occurred between
248 and 382 °C, with a loss of 57.53%. The final weight loss stage occurred between
382 and 486 °C, with a loss of 66.58%. However, in the case of the CFX-loaded
hydrogel film, as shown in Figure 4.5c, the initial weight loss started at 30 °C and
ended at 284 °C, with a weight loss of only 12.94%. This indicates that the thermal
stability of the hydrogel film was improved after incorporating the CFX drug. The
residual weight after decomposition at 506 °C was 33.21% for the drug-loaded film and
23.47% for the film without the drug.
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Figure 4.5: TGA-DTA analysis of (a) CFX drug (b) CMTKG/PVA/GG hydrogel film (c) CFX
loaded hydrogel film

4.3.5. Mechanical Properties

The two parameters, tensile strength (MPa) and elongation at break (%) were chosen for
the measurement of the tensile behavior of developed hydrogel films (S1 to S9) as shown
in Table 4.2. It was observed from Figure 4.6a that the tensile strength value lies in the
range of 95.80 to 149.07 MPa while elongation at break value lies in the range of 1.51 to
5.20 % as presented in Figure 4.6b. The good mechanical properties of films were
observed because of strong cross-linked network due to physical interactions between
PVA, CMTKG, and guar gum[14]. Therefore, hydrogel films with desirable mechanical
properties can be applied in end-use applications. Literature reports reveal that tamarind
gum and PVA-based composite films exhibit superior mechanical properties, making
them ideal for controlled ciprofloxacin release [25, 38].
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Figure 4.6: (a) Tensile strength (MPa) (b) Elongation at break (%)for S1 to S9 samples
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Table 4.2: Results of physiochemical evaluation of hydrogel film

Sample | Thickness Contact angle Moisture Tensile strength | Elongation at
Code (mm) (degree) content (%0) (MPa) break (%)
S1 0.06 39.58 451 95.8 151
S2 0.05 35.25 3.90 104.26 4.15
S3 0.09 69.85 3.29 68.18 3.75
S4 0.03 53.29 5.80 65.23 3.47
S5 0.05 43.58 6.65 149.07 2.81
S6 0.04 40.45 3.70 130.98 2.62
S7 0.03 64.28 4.69 89.53 4.07
S8 0.07 59.87 3.53 103.05 3.21
S9 0.08 75.70 3.12 105.43 5.20

4.3.6. Wetting analysis

The wetting analysis for all the synthesized hydrogel films (S1 to S9) was performed
and estimated the water contact angle as given in Table 4.2. This analysis helps to
determine the hydrophobicity and hydrophilicity of hydrogel films[39]. It was observed
when the amount of CMTKG increased from 0.05 g to 0.1 g , contact angle was
decreased for S2 film but with further increase in amount (0.15 g) of CMTKG, contact
angle was increased for S1 film. Thus, the hydrophilicity nature of S2 film is higher
than S1 and S3 films. However, with increasing the amount of guar gum biopolymer
from 0.03 g to 0.05 g (from S4 to S1), contact angle was lowered for S1 film than S4
film. It may be due to higher cross-linking density of polymeric film which may cause
unavailability of functional group for hydrogen bonding and led to higher
hydrophobicity for S4 film[40]. However, further increase in amount up to 0.07 g of
guar gum led to decrease in the contact angle for the S5 film. When the volume of GTA
cross-linker was increased (from S1 to S7), the contact angle increased. This increase
in contact angle is likely due to the denser cross-linking network of the hydrogel film,
which made it more hydrophobic with a higher amount of cross-linker. Additionally,
the contact angle increased when the amount of PVA was increased. This could be due
to the higher of the reaction mixture, which might have interfered with the gel formation
of the hydrogel film. Therefore, it can be concluded that the S2 film exhibited the
highest hydrophilic nature.
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4.3.7. CFX release study

The best-swelled hydrogel film (S2) was further used for drug-loading purpose. As
mentioned earlier, the drug loading and encapsulation efficiency were evaluated using
Equations (4.2) and Eq.(4.3). The CFX loading and encapsulation efficiency was
found to be 21.35 % and 70.63 %, respectively. Thus, S2 hydrogel film was used for
the in-vitro drug release studies in PBS buffer solution (pH 7.4) because it exhibited the
highest swelling in alkaline pH 7.4 solution[42]. The in-vitro CFX release studies from
the CMTKG/PVA/GG hydrogel film were performed in PBS buffer solution at 37 °C
in an incubator at 120 rpm as shown in Figure 4.7. The experiment was conducted over
a period of 24 hours. The results showed that 48.34% of the drug was released in the
initial hour. After eight hours, 69% of the drug release was observed, possibly due to
the dynamic swelling of the hydrogel film. However, the highest drug release after 24
h was found to be 73 %.
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Figure 4.7: In-vitro release of CFX drug from S2 hydrogel film

Table 4.3: CFX releases data fitted in various mathematical models

Samole Higuchi Korsmeyer- First
P model Peppas model order
KH R2 K n R2 K1 R2
S2 0.042 0.8207 0.1136 0.38 0.9826 0.0135 0.9718
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4.3.8. Release Kinetic Study of CFX drug

The in-vitro CFX drug release data from S2 hydrogel film was fitted to different models
such as the First-order, Higuchi, and Korsmeyer-Peppas models[43]. All the parameters
related to these models are shown in Table 4.3. The regression coefficient (R?) value,
approaching unity, strongly suggested that the Korsmeyer-Peppas model was the best fit
for the CFX release data. The calculated value of R? from this model was 0.9826. The
calculated value of diffusion exponent (n) from the Korsmeyer-Peppas model was 0.388
which showed that drug release from the hydrogel film followed a Fickian diffusion
mechanism[44]. Figure 4.8 illustrates the release kinetics of the CFX drug from the
hydrogel film, as modeled by the first-order, Higuchi, and Korsmeyer-Peppas models in a

phosphate saline buffer solution with a pH of 7.4.
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Figure 4.8: Release kinetics of CFX drug by (a) First-order model (b) Higuchi model (c)
Korsmeyer-Peppas model
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4.3.9. Antibacterial assay

Antibacterial properties of hydrogel film were evaluated against S. aureus and E.coli
bacteria as shown in Figure 4.9(a,b). The Antibacterial activity was performed by using

the zone inhibition method (Kirby-Bauer method). The zone of inhibition for hydrogel
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film was measured as 15.66+1.15 mm and 17.66x£0.57 mm for E.coli and S. aureus,
respectively (Figure 4.9(c)). It was found that the hydrogel film showed stronger
antibacterial properties against S. aureus than E.coli. Thus, the developed hydrogel film
showed good antibacterial properties, which can be used in different biomedical

applications.
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Figure 4.9: Antibacterial activity of hydrogel film against (a) E.coli (b) S. aureus (c) inhibition
zone (mm) of hydrogel film against E. coli and S. aureus

4.3.10. Cytocompatibility analysis

The MTT assay was performed on HaCaT human keratinocyte cell lines using various
concentrations (0, 0.5, 1.0, 1.5, and 2.0 ng/mL) of the synthesized hydrogel film for the
S2 sample, as illustrated in Figure 4.10. The S2 film demonstrated 64% cell viability
at the highest concentration of 2 ug/mL. However, at a concentration of 0.5 pg/mL, cell
viability was observed to be 82%. This behavior is likely attributed to the presence of

biologically active sites within the CMTKG and GG biopolymers.

The CMTKG and GG are biocompatible polymers that contribute to the
cytocompatibility of hydrogel film. The inherent biocompatibility of PVA, a synthetic
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polymer, contributes to the increased cytocompatibility of the hydrogel film[25]. [J
Furthermore, microscopic examination of HaCaT cells revealed that both the hydrogel
film-treated and control cell lines maintained a polygonal shape and similar cell density.
This indicates that the hydrogel film had no significant effect on the morphology or

viability of the cells.
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Figure 4.10: (a) MTT assay of hydrogel film with different concentrations on HaCaT cell lines,

optical microscopic pictures of HaCaT cells treated with (b) control (c) 0.5 pg/ml (d) 1.0 pg/mi
(e) 1.5 pg/ml (f) 2.0 pg/ml concentration of hydrogel film

4.4. Conclusion

The present study describes the synthesis of a novel CMTKG/PVA/GG hydrogel film
cross-linked with glutaraldehyde. The impact of altering the quantities of different
components, such as CMTKG, PVA, GG biopolymers, and GTA cross-linker, on the
equilibrium swelling ratio of the hydrogel film was evaluated. The study evaluated

various parameters of the hydrogel film, including thickness, moisture content, and
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contact angle. The tensile strength of hydrogel films (S1 to S9) lies in the range of 95.80
to 149.07 MPa, and elongation at break (%) lies in the range of 1.51 to 5.20 %.
Moreover, the wetting analysis indicated that the S2 hydrogel film showed maximum
hydrophilicity while the S9 hydrogel film showed minimum hydrophilicity. Thus, the
S2 hydrogel film was chosen for the loading of the CFX drug due to its highest
hydrophilicity and swelling capacity. Moreover, the successful loading of the CFX drug
was confirmed by FTIR spectroscopy. The surface morphology of hydrogel film
showed the presence of rough surface and globular structures. The thermal analysis
showed that the loading of the CFX drug increased the thermal stability of the hydrogel
film. Moreover, the CFX release studies from S2 hydrogel film in PBS solution (pH
7.4) showed that 48.34 % of the drug was released in the initial first hour. After 24
hours, the highest drug release was found to be 73%. This release data was fitted in the
First-order, Higuchi and Korsmeyer-Peppas models to understand its release
mechanism. The best-fitted model was selected based on the highest value of regression
coefficient (R?) close to unity. Therefore, the observation was that the Korsmeyer-
Peppas model was the best-fitted model, and the estimated value of diffusion exponent
(n) was found to be 0.38. This value shows that drug release from the hydrogel film
followed Fickian diffusion. The hydrogel film was analyzed for its antibacterial activity
against E. coli and S. aureus bacteria. The results demonstrated that the CFX-loaded
film exhibited antimicrobial properties, with a significant zone of inhibition. The
cytocompatibility analysis with MTT assay indicated that the synthesized film showed
good cell viability and biocompatibility against HaCaT cell lines. Thus, the overall
results suggested that CMTKG/PVA/GG hydrogel film has significant potential for the
delivery of ciprofloxacin drug in biomedical applications.
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CHAPTER 5

REMOVAL OF CATIONIC CRYSTAL VIOLET DYE USING
ZEOLITE EMBEDDED CARBOXYMETHYL TAMARIND
KERNEL GUM AND POLY(SODIUM METHACRYLATE)

BASED HYDROGEL ADSORBENTS

5.1. Introduction

Polluted water due to synthetic toxic dyes has become a serious challenge to
environmental scientists. In a few years, drinking water quality will greatly be
diminished by the direct and indirect discharge of industrial toxic effluents[1]. Even a
small trace of toxic dye can harm the aquatic life of flora and fauna by disturbing the
photosynthesis process[2]. Therefore, these toxic dyes must be removed from aqueous
solutions. Various technologies were used for this purpose including biological
degradation, chemical oxidation, photocatalytic degradation, and adsorption [3].
However, the removal of dyes using hydrogel as adsorbent is one of the most effective
approaches owing to its low operating cost [4]. In this study, Crystal violet (CV) was
chosen for the dye removal experiment. CV, also known as methyl violet 10B, is a toxic
dye with mutagenic and carcinogenic properties.[4]. It is used in the textile, wood, and
paper industry [5]. Therefore, it is crucial to develop efficient methods for removing
CV dye from wastewater. In the past few years, hydrogels based on natural biopolymers
have been used as an adsorbent in the dye removal applications [6].

Hydrogels are three-dimensional hydrophilic networks synthesized from synthetic and
natural biopolymers. They have high water absorption efficiency due to the presence of
hydrophilic groups like hydroxy(-OH) and carboxylate(-COO") [7]. Furthermore,
hydrogels synthesized from biopolymers are known for their non-toxicity,
biocompatibility, and biodegradability. Additionally, the limited use of polysaccharide-
based hydrogels as adsorbents can be attributed to their poor surface area, limited ability
to form hydrogen bonds, and low hydrodynamic volume. [8]. However, the surface
properties of hydrogels can be modified by incorporating inorganic substances like
zeolites, clays, and nanoparticles [9]. Zeolites are crystalline materials with a

tetrahedral structure, composed of aluminosilicates. The large surface area and porosity
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of zeolite are responsible for their water purification property. Few zeolite-based
composite hydrogels have been documented for removing toxic dyes and heavy metal
ions. [10]. Due to their negatively charged lattice and ion-exchange capacity, zeolite-
loaded hydrogels have been employed as adsorbents in various studies. [11]. Composite
hydrogel based on gum karaya with acrylic acid and N- isopropyl acrylamide loaded
with zeolite — Y particles and used for the dye adsorption of brilliant green dye (BG)
[12]. Another study synthesized a composite hydrogel based on poly(methacrylic acid)
and zeolite for the adsorption of basic yellow 28 dye from an aqueous solution. [13].
ZSM-5 was loaded into PVA/CMC/SA membrane and utilized for the dye adsorption
of malachite green dye [14].

The biopolymers such as guar gum, carboxymethyl guar gum, alginate, chitosan, chitin,
xanthan gum, carboxymethyl cellulose, chitin, gelatin-based hydrogels were used as
adsorbents for the adsorption of toxic dye from the polluted water [15]. Carboxymethyl
tamarind gum (CMTKG)-based hydrogels have been less explored as adsorbents for
dye removal compared to other materials. A study synthesized a hydrogel by grafting
tamarind gum with poly(methyl methacrylate) using CuBr as a catalyst. This hydrogel
was then used for the removal of toxic dyes [16]. Moreover, nanocomposite hydrogel
based on CMTKG-g-PAM/SiO, was synthesized for the dye adsorption of methylene
blue[17]. Furthermore, CMTKG-based hydrogels have potential applications in
agriculture [18], biomedical fields [19], cosmetics [20], and tissue engineering. [21,22].
In this work, zeolite-loaded CMTKG-based hydrogels were synthesized, and utilized
as an adsorbent for the CV dye adsorption. The CMTKG-based hydrogel was fabricated
using sodium methacrylate (SMA) monomer, and N,N methylene bisacrylamide
(MBA) as a cross-linker through a free radical polymerization method. Moreover, the
various combinations of composite hydrogels were synthesized with varying amounts
of zeolite. Among the different hydrogel combinations, the best adsorbent was chosen
based on its water absorption capacity. The effect of zeolite on the dye removal
efficiency of hydrogel was analyzed. Zeolite and zeolite-loaded hydrogel were
characterized using XRD, SEM, and FTIR techniques. The adsorption isotherm was
studied using Langmuir and Freundlich isotherm models. The adsorption kinetics was
also evaluated using various models such as Pseudo first-order, First-order, Pseudo

second-order, and intraparticle diffusion models.
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5.2. Experimental
5.2.1. Materials

Carboxymethyl tamarind kernel gum (CMTKG) having 0.20° of substitution, Methacrylic
acid (MA, CDH), N, N-Methylene bisacrylamide (MBA, Merck, Germany), Potassium
persulfate (KPS, Fischer scientific), Crystal violet (CV, CDH), and Sodium hydroxide
(Fischer scientific, Mumbai), were used as received. Zeolite was obtained in powder form
with an average particle size (2-4 um) from Sigma Aldrich.

5.2.2. Preparation of CMTKG/Poly(sodium methacrylate) (PSMA) hydrogels

To synthesize CMTKG/PSMA hydrogel, a fixed amount of CMTKG was dissolved in
10 mL distilled water and stirred continuously at 600 rpm until complete solubilization.
Then, a fixed volume of methacrylic acid was added to 5mL of sodium hydroxide, and
the resulting solution was mixed with the reaction mixture containing CMTKG. Then,
initiator KPS and cross-linker MBA were added to the reaction mixture and stirred well.
The resulting hydrogel was named CMTKG/PSMA hydrogel. A similar procedure was
followed to synthesize zeolite-loaded hydrogel. For this, zeolite solution was prepared
separately in distilled water and added to the reaction mixture before the addition of
KPS initiator and MBA cross-linker. Thus, zeolite-loaded CMTKG/PSMA hydrogel
was obtained as shown in Figure 5.1. In this way, various combinations of zeolite-
loaded hydrogels were synthesized by varying the amount of zeolite as summarized in
Table 5.1.

CMTKG, M4,
NaOH

Zeolite, KPS 2 9
MEA :.‘! v
)
Stirred ®
—

Gk

—a

Figure 5.1: Synthesis of CMTKG/PSMA hydrogel
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Table 5.1: Synthesis of CMTKG/PSMA hydrogels with varying amounts of zeolite with their
equilibrium swelling ratio (ESR) in distilled water

ESR
. CMTKG MA Zeolite KPS MBA
Formulation
@ (mL) () (9) (9)

(9/9)
ZH-1 0.1/20 5 0 0.045 0.065 47.00
ZH-2 0.1/20 5 0.02 0.045 0.065 45.27
ZH-3 0.1/20 5 0.05 0.045 0.065 44.83
ZH-4 0.1/20 5 0.08 0.045 0.065 54.25
ZH-5 0.1/20 5 1.0 0.045 0.065 51.05

5.2.3. Swelling Studies

Hydrogels have efficiency to absorb water. To evaluate the swelling capacity of
hydrogels, a fixed weight of hydrogel (Wo) was added to the distilled water. After 24
hours, the swollen hydrogel was taken from the water and weighed by removing surface
water by tissue paper. The equilibrium swelling ratio (ESR) was calculated according
to the Equation (5.1)[22].

ESR(g/g) =~y (5.1)
where Ws and W represented the weights of the swollen hydrogel at equilibrium and
dry hydrogel sample respectively. Among the synthesized hydrogel composites,
zeolite-loaded CMTKG/PSMA hydrogel (ZH-4) was selected for the characterization
and dye adsorption studies that showed the highest swelling capacity.

5.2.4. Point Zero Charge analysis (PZC)

To study the surface charges, present on hydrogel, PZC analysis was performed using
a pH meter. Initially, different pH solutions between 3 to 12 were prepared by adding
hydrochloric acid and sodium hydroxide. Then, 0.1 g of hydrogel was immersed in
different pH solutions. After 24 hours, the pH of the supernatant liquid was noted using
a pH meter and a graph was plotted between the difference in the initial and final pH

(A pH) vs initial pH [24]. When A pH = 0, it indicates that there has been no change in
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the pH of the solution, suggesting that the surface charge of the material has reached a

neutral state, which is the PZC.

5.2.5. Porosity Measurement

The liquid displacement method [25] was used to determine the porosity of various
composite hydrogels. Briefly, a pre-determined amount of hydrogel sample (Wa) was
placed in a beaker containing ethanol for 24 hours till saturation. The weight of
hydrogel in ethanol was recorded as W\. The hydrogel was taken out from the ethanol
after 24 hours and weighed (Ww) by removing the liquid present on the surface of the

hydrogel. The porosity of the hydrogel was calculated by using Equation (5.2). [26].

w—Wqg

Porosity (%) = W——wl x 100 (5.2)

Wy

5.2.6. Characterization
5.2.6.1. Rheological analysis

Stress-controlled AR- 500 rheometers (TA Instrument, U.K.) with a cone plate shape
of 25 mm diameter were used for the rheological studies of CMTKG/PSMA hydrogel
and Zeolite loaded hydrogel. Rheological properties were measured in terms of the
storage modulus (G') and loss modulus (G™) between 0.1 to 100 rad/s.

5.2.6.2. FTIR analysis

The FTIR spectra of zeolite and zeolite-loaded CMTKG/PSMA hydrogel were
analyzed to identify the functional groups present in each sample. The KBr pellet
method was used to prepare the samples for FTIR analysis, and the spectra were
recorded in the wavelength range of 600-4000 cm™. (Model: Perkin Elmer spectrum
version 10.5.3).

5.2.6.3. FE-SEM

The FE-SEM imaging of zeolite and zeolite-loaded hydrogel was carried out using the
ZEISS EVO model. EDX analysis was also done at a voltage of 20 kV to investigate the
presence of various elements present in the zeolite-loaded CMTKG/PSMA hydrogel.
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5.2.6.4. X-ray diffraction (XRD)

XRD spectra of zeolite and zeolite-loaded hydrogel were carried out using powder X-
ray diffraction with a high-resolution Bruker diffractometer equipped with a point
detector (scintillation counter), over a range of angle 26 from 0-80° with a scan rate of

1sec/step.

5.2.6.5. Brunauer- Emmett-Teller (BET)

BET was recorded to determine the surface area of the zeolite-loaded hydrogel at 77 K

using a Quanta chrome Nova-1000 instrument by Nz adsorption-desorption isotherm.

5.2.7. Dye adsorption Study

The removal of CV dye using ZH-4 hydrogel composite from an aqueous solution was
studied at 35°C for 5 hours. The effects of contact time, initial CV dye concentration,
adsorbent dosage, pH, temperature, ionic strength, and nature of dye (cationic or anionic)
on the dye adsorption efficiency were investigated. Different stock solutions of CV dye
were prepared in the range of 20 mgL™ to 100 mgL™ concentration. To study the effect of
pH on dye removal efficiency, different pH solutions from 3 to 12 were used. All studies
were done by immersing hydrogel powder in 20 mL of CV dye solution for 5 hours. Then,
the absorbance of the dye supernatant liquid was monitored at 578 nm using a UV-visible
spectrophotometer. Thus, the adsorption efficiency (%) and equilibrium adsorption (Q.) for
the ZH-4 hydrogel were calculated according to the given Equation (5.3) and (5.4)
respectively [13].

Co—Ce)XV
Qe:(O e)

m

(5.3)

% Removal of CV dye = (C(’C;Ce) x 100 (5.4)

0
where C, is the initial concentration and Ce is the equilibrium dye concentration (mgL"
1). However, Qe is equilibrium dye adsorption (mg g), V is the volume of the dye
solution (L), and m is the adsorbent weight (g). The adsorption capacity (Qt, mg/g) of
ZH-4 hydrogel at a specific time t was studied using Equation (5.5).

Ce—Co)XV
Qtz(t )

m

(5.5)
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where Cqrepresents the concentration of left CV dye in the solution at time t.

5.2.8. Regeneration studies

To perform the adsorption-desorption experiment, ethanol was selected as a desorption
medium based on its polarity and functionalities. An amount of saturated dye adsorbed
xerogels powder was added into 50 mL ethanol solution and agitated for 1 hour. After
that, the hydrogel particles were filtered, rinsed with distilled water, dried, and reused
for the next adsorption-desorption cycle. The desorption efficiency (%) was calculated

according to Equation (5.6)[27].

) __ Amount of CV dye desorbed

Desorption efficiency (% X 100 (5.6)

Amount of CV dye adsorbed

5.3. Results and discussion
5.3.1. Mechanism of formation of hydrogel adsorbent

CMTKG/PSMA composite hydrogel was synthesized through a free radical chain
mechanism using potassium persulfate as an initiator [23]. Initially, the initiator
decomposed to generate sulfate radicals at 60 °C. These radicals subsequently formed
a chain by abstracting hydrogen atoms from the hydroxyl groups present on the
backbone of CMTKG. The reactive radicals reacted with the C=C double bond of SMA,
creating covalent bonds and initiating polymer growth of SMA. The newly formed
radicals from the growing PSMA chain then reacted with the functional groups of the
MBA cross-linker, forming a cross-linked network with CMTKG (Figure 5.2). The
synthesized hydrogels were used as an adsorbent for the cationic crystal violet dye that
was adsorbed on the surface of the hydrogel via diffusion mechanism. The interactions
involved in the adsorption process may be dipole-dipole interaction, hydrogen bonding,
and electrostatic interactions [27]. In the case where the pH is greater than the point of
zero charge (PZC), the negatively charged carboxylate groups on the surface of the
hydrogels attracted the positively charged CV dye particles through electrostatic
attraction. However, when the pH is less than the PZC, the -COO- group of CMTKG
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interacted with the nitrogen (N) atom of the dye through hydrogen bonding, as
illustrated in Figure 5.3. Additionally, the -OH group present on the surface of the
hydrogel could form hydrogen bonds with the -N atom of the dye, while the carboxylate
ion could interact with the =N+ group of the dye through electrostatic attraction [12].

CH,OCH,COOH
CHs
ONa
O
SMA
KPS
CH,OCH,COOH
H o
OH H
(o]
H
n
5 H H CH; O
\/\“/ ~ ONa
O (0] O
,Jr”wo O”\qﬂ%
i o

Figure 5.2: Mechanism of formation of CMTKG/PSMA hydrogel
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Figure 5.3: Possible mechanism of interaction of the dye with hydrogel network
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5.3.2. Swelling studies

The swelling behavior for all the synthesized composite hydrogels was studied in  the
distilled water. The equilibrium swelling ratio (ESR(g/g)) was calculated and is
presented in Figure 5.4. It was observed that as the amount of zeolite was increased
from ZH-1 to ZH-3 hydrogel, the equilibrium swelling ratio decreased. However,
further adding zeolite (0.08 g) to the ZH-4 hydrogel resulted in an increase in the ESR
value. Conversely, when 0.1 g of zeolite was loaded in the ZH-5 hydrogels, the ESR
value decreased again. The initial decrease in swelling for ZH-1 to ZH-3 hydrogels was
observed due to the presence of a higher number of zeolite particles which significantly
reduced the synergetic interactions between the zeolite and polymers present in the
hydrogel matrix [30]. Moreover, the rigidity of hydrogels was also increased with an
increase in the number of zeolite particles. However, ZH-4 hydrogel exhibited the
highest swelling owing to the maximum synergetic interactions between zeolite and
polymers present in the hydrogel matrix [12]. Overall, it was concluded that ZH-4
hydrogel exhibited the highest swelling in the distilled water. Therefore, ZH-4 hydrogel

was used for all the characterization and dye removal experiments.
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Figure 5.4: ESR (g/g) values for the synthesized hydrogels (ZH- 1 to ZH-5)

ESR (g/g)

5.3.3. Porosity Measurement

The porosity of synthesized composite hydrogels was estimated by the liquid
displacement method (Figure 5.5). It was observed that the porosity of hydrogels was
increased by the loading of zeolite. The presence of zeolite also increased the

hydrophilicity of hydrogels. The porosity of the hydrogels was observed to increase
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from 63% to 80% as the zeolite content was raised. This enhancement is likely due to

the larger surface area and negatively charged lattice sites of the zeolite. [31].
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Figure 5.5: Porosity (%) measurement of zeolite-loaded hydrogels
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5.3.4. Impact of the weight of adsorbent

The dye removal efficiency of ZH-4 hydrogel was calculated by varying the mass of
the hydrogel adsorbent as shown in Figure 5.6. The dye removal efficacy was
calculated with 5, 10, 20, and 40 mg hydrogel powder. The results showed that the dye
removal efficiency of the hydrogels improved as the amount of hydrogel was increased
from 5 to 20 mg. However, at a dosage of 40 mg, the dye removal efficiency decreased.
This could be attributed to the increased active sites and surface area of the hydrogels
at higher dosages, which may enhance the interaction between the dyes and hydrogel
molecules. The maximum CV dye removal was achieved at an adsorbent quantity of 20
mg, reaching 93%. Beyond this point, agglomeration of adsorption sites occurred,
leading to an increased diffusion path length. [12]. As a result, the dye removal
efficiency of hydrogels above 20 mg amount was decreased. Similar results were
reported for the removal of crystal violet dye using carboxymethylcellulose microbeads

functionalized with p-benzoquinone and activated with iminodiacetic acid.[31].
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Figure 5.6: Effect of adsorbent amount on adsorption efficiency (%) of ZH-4 hydrogel

5.3.5. Impact of concentration of dye

The concentration of CV dye solution varied from 20 to 100 mgL ™ and their effect on
the % adsorption of dye using ZH-4 hydrogel adsorbent was studied as shown in Figure
5.7. The observation revealed that the efficiency of hydrogels to adsorb the dye was
decreased from 91 to 42 % by increasing the concentration of CV dye. At a lower
concentration, a significant number of CV dye particles may adsorb on the surface of
hydrogel, but at higher concentrations, active sites would become saturated.
Consequently, the adsorption efficiency of hydrogels reduced as CV dye concentration
increased. This observation is similar to the adsorption of CV dye using Arabic gum -
cl- poly(acrylamide) nano hydrogel [32].
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Figure 5.7: Effect of concentration of CV dye on adsorption efficiency (%) of ZH-4 hydrogel
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5.3.6. Impact of temperature

The adsorption efficiency of the hydrogels can be altered by changing the temperature
of the system. The temperature of the adsorption process varied from 7 to 45°C. The
influence of temperature on ZH-4 hydrogel's adsorption efficiency was studied as
shown in Figure 5.8. It was seen that as the temperature was increased from 7 to 35 °
C the adsorption efficiency of the hydrogel was also increased from 57.50 to 94 %. This
incline may be associated with increasing diffusion and dispersion of dye as well as an
increasing attractive forces between CV dye and hydrogel molecules, owing to
enhancing the CV molecule's adsorption on ZH-4 hydrogel. However, at a higher
temperature than 35°C, a decline in adsorption of CV was observed due to an enhanced
thermal effect which weakens the electrostatic attractive forces between the active sites
on hydrogel and the CV molecules. Thus, ZH-4 hydrogel showed the highest adsorption
efficiency at 35 °C.
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Figure 5.8: Effect of temperature on the adsorption efficiency of hydrogel

5.3.7. Impact of pH

To study the effect of pH, different CV dye solutions were prepared having pH 3 to 12.
It was observed that increasing pH of the dye solution, the adsorption efficiency of ZH-
4 hydrogel was increased (Figure 5.9b). In the hydrogel matrix, CMTKG and PSMA
are anionic polymers that contain carboxylate anionic active sites for the adsorption of
cationic CV dye. However, there was a large number of competing H* ions present in
an acidic medium which would bind with the anionic groups present in the ZH-4
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hydrogel leading to less dye removal efficiency of the hydrogel at a lower pH.
Moreover, H+ ions, being smaller than CV, can more easily attach to the anionic
carboxylate active sites. [33]. Also, with the increasing pH of the CV dye solution, a
higher number of negatively charged OH™ ions and -COO" groups act as binding sites
for the cationic CV dye present in the hydrogel which led to enhanced dye adsorption
[17]. Hence, the maximum adsorption efficiency (%) of ZH-4 hydrogel was observed
at pH 12. These results were correlated with PZC analysis of ZH-4 hydrogel as shown
in Figure 5.9a. It was seen that at pH < PZC, lower adsorption of cationic CV dye took
place due to the availability of protonated groups inside the hydrogel, while at pH >
PZC, higher adsorption of CV dye was observed due to the availability of negatively
charged binding sites present in the hydrogel [34].
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Figure 5.9: (a) PZC analysis (b) adsorption efficiency (%) variation with pH

5.3.8. Impact of lonic strength

The impact of ionic strength on the dye removal efficiency of ZH-4 hydrogel was
studied by using 0.1 N salt solution of NaCl, CaClz, and AlCls as shown in Figure 5.10.
For maximal dye adsorption, the optimum conditions were chosen, such as 20 mg of
adsorbent in 20 mL of dye solution (100 mgL™), pH 12, 35°C, and 4 hours of
equilibrium adsorption time. The results showed that by increasing the ionic strength
of the dye solution, the hydrogel's adsorption efficacy was decreased. It was due to the
competitive effect between the cationic CV dye particles and a cationic group of salt
solutions which would bind with the anionic active sites on ZH-4 hydrogel.
Furthermore, the result of ionic strength confirmed that there are electrostatic attractive
forces that were responsible for the adsorption of CV dye onto anionic ZH-4 polymeric
hydrogel [33]. These results are similar to the removal of crystal violet with Xanthan
gum /Poly(vinyl alcohol) hydrogel [27].
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Figure 5.10: Effect of ionic strength on dye removal efficiency of ZH-4 hydrogel
5.3.9. Impact of contact time

A comparative dye removal study was performed for CMTKG/PSMA (ZH-1) and
zeolite-loaded CMTKG/PSMA hydrogel (ZH-4) to evaluate the effect of zeolite
particles on the dye adsorption efficiency of the hydrogel (Figure 5.11). The adsorption
time was varied from 1 to 5 hours by keeping the other parameters fixed such as the
mass of adsorbent used (20 mg), the concentration of dye solution (20 mgL™), pH (12),
and 35° temperature. It was found that ZH-1 showed the maximum dye adsorption of
up to 81 % while ZH-4 showed the maximum dye adsorption of up to 93 % in 4 hours
and the removal of CV dye remains constant after 4 hours due to the saturation of the
adsorption active sites present in the hydrogel [35]. Thus, the addition of zeolite
particles increased the dye adsorption efficiency of hydrogel due to an increase in the
swelling and porosity of hydrogel. The surface area of ZH-4 hydrogel was also
increased in the presence of zeolite particles which would increase the number of
adsorption sites for the dye removal [12]. As a result, higher adsorption efficiency of
ZH-4 hydrogel was achieved in the presence of zeolite particles.
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Figure 5.11: Influence of contact time on dye removal efficiency of hydrogel (ZH-1) and
zeolite loaded hydrogel (ZH-4)

5.3.10. Comparison between various dyes

The hydrogel's efficiency in removing CV dye is significantly influenced by the charges
present on the surface of CV dye. ZH-4 hydrogel was used as an adsorbent for the
removal of cationic dyes such as methylene blue (MB), and crystal violet (CV), as well
as for anionic dyes such as Congo red (CR) and methyl orange (MO) as shown in
Figure 5.12. It was observed that ZH-4 hydrogel showed excellent adsorption
efficiency for cationic dyes like MB, and CV while for anionic dyes like MO and CR,
the adsorption efficiency of ZH-4 was comparatively very low. The difference in the
adsorption efficiency was due to the electrostatic attractive forces and hydrogen
bonding which would support the linkage of cationic dyes with the negatively charged

linkage sites present on the surface of ZH-4 hydrogel.
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Figure 5.12: Comparison of various dyes for adsorption efficiency (%) of ZH-4 hydrogels
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5.3.11. Rheological analysis

The rheological behavior of CMTKG/PSMA hydrogels (ZH-1) and zeolite-loaded hydrogels
(ZH-4) was investigated by the variation of storage modulus (G’) and loss modulus (G’”)
as a function of angular frequency as shown in Figure 5.13. The viscoelastic behavior
of both the hydrogels was explained in terms of storage modulus (elastic nature) and
loss modulus (viscous nature). It was observed that the value of storage modulus (G’)
increased with an increase in the angular frequency from 0.1 to 100 rad/s which
indicated the increased elasticity of hydrogel. The addition of zeolite increased the
degree and perfection of a cross-linking network of ZH-4 hydrogel [36]. As a result,
the value of storage modulus (G”) for zeolite-loaded hydrogel (ZH-4) was higher than
for zeolite-unloaded hydrogel (ZH-1). The observation showed that the addition of
zeolite to the hydrogel increased the elastic behavior and mechanical strength of the
hydrogel [37]. The value of G’ was higher than the G’ for both the ZH- 1 and ZH-4
hydrogels which indicated the dominant elastic behavior than the viscous behavior of
hydrogels [38].

4000

3000 - W

el G'(ZH4)
e G"'(ZH4)
e G'(ZH1)
et G (ZH1 )

2000 +

Moduli(Pa)

1000

0.1 10 100

1
Angular Frequency (rad/s)

Figure 5.13: Storage (G’) and loss modulus (G’') variation with angular frequency

5.4. Characterizations
5.4.1. XRD

XRD spectra of zeolite and zeolite-loaded ZH-4 hydrogel were recorded as shown in
Figure 5.14. In the XRD of ZH-4 hydrogel (Figure 5.14b), a broad diffraction peak at
20° at 26 scale was observed which indicated the amorphous nature of ZH-4 hydrogel.
In the XRD pattern of zeolite shown in Figure 5.14a, major peaks were observed at 8°,
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23", 257, 29°and 33° at the26 scale which indicated the crystalline nature of zeolite
particles. However, these peaks were also found in the XRD of ZH-4 hydrogel and the
intensity of these peaks was decreased in ZH-4 hydrogel due to loading zeolite particles
into the polymeric matrix [12].
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Figure 5.14: XRD plots of (a) Zeolite (b) ZH-4 hydrogel sample

54.2. FTIR

FTIR of zeolite as shown in Figure 5.15a. showed the characteristic adsorption peaks
at 947 cm?, 671 cm™?, and 459 cm™ related to the symmetric vibration of Si-O-Si and
Al- O-Si groups. A peak at 547 cm™ corresponded to the vibration of tetrahedral units
of Si or Al while another peak at 1654 cm™ and 3375 cm™ indicated the adsorbed water
molecule by the zeolite material[39]. FTIR of the zeolite-loaded hydrogel as shown in
Figure 5.15b indicated the stretching vibration of the -OH group of CMTKG at 3394
cm L. The stretching vibration of the -COO - groups present in the hydrogel was
observed at 1720 cm™. However, the - O=C-N group present in MBA exhibited a
vibrational frequency at 773 cm™, while the stretching vibration of the -CN group
present in MBA was seen at a frequency of 1404 cm™[18]. It was observed that the
characteristic band of zeolite at 550 cm™ was also found in the FTIR spectra of ZH-4
hydrogel (Figure 5.15b) which indicated the successful trapping of zeolite particles
into the ZH-4 hydrogel.
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Figure 5.15: FTIR spectrum of (a) Zeolite (b) ZH-4 hydrogel

5.4.3. FE-SEM

The surface morphology of zeolite and zeolite-loaded ZH-4 hydrogel were analyzed using
FE-SEM techniques. The micrograph in Figure 5.16(a,b) revealed the cubic morphology
of zeolite particles. The average particle size of zeolite particles was estimated using ImageJ
software to be 4.35 um. Also, the surface morphology of ZH-4 hydrogel indicated the
homogenous and uniform dispersion of zeolite particles into ZH-4 hydrogel matrix. It was
observed that the shape of zeolite particles in the ZH-4 hydrogel remains the same as shown
in Figure 5.16(c,d). In addition, the presence of various elements O, Na, Al, and Si in both
zeolite and ZH-4 hydrogel was confirmed by EDX analysis as shown in Figure 5.17 (a,b).
The elemental mapping as shown in Figure 5.17(c,d) demonstrated the dispersion of O,
Na, Al, and Si in the polymeric matrix.
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Figure 5.16: FE-SEM images of (a,b) zeolite particles and (c,d) Zeolite - loaded hydrogel
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Figure 5.17: EDX spectrum of (a) zeolite (b) zeolite loaded hydrogel (c) elemental overlay and
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5.4.4. BET analysis

This analysis was carried out to determine the porosity and surface area of ZH-4
hydrogel. The Nz adsorption/desorption isotherm was studied at 77 K as shown in
Figure 5.18a, which showed the mesoporous nature of hydrogel particles used as an
adsorbent. The specific surface area was estimated as 20.176 m? g*. Moreover, the pore
size distribution plot shown in Figure 5.18b indicated that the estimated pore diameter
and pore volume was to be 23.907 nm and 0.138 cm® g%, respectively.
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Figure 5.18: (a) adsorption-desorption isotherm (b) pore size distribution

148



Chapter 5

5.4.5. Adsorption isotherm

The adsorption isotherm of CV dye on the surface of ZH-4 hydrogels was studied using
Langmuir and Freundlich model. However, the Langmuir model expressed monolayer
adsorption onto the homogeneous surface while the Freundlich model expressed
multilayer adsorption with a condensation process onto the heterogeneous surface. The
optimum conditions, such as 20 mg of hydrogel adsorbent in 20 mL of CV dye solution
(20 ppm) at pH 12 and 35 "C were used to study the adsorption isotherm on the hydrogel
surface. A linear form as given in Equation (5.7) and (5.8) were used to analyze the

adsorption data using the Langmuir and Freundlich isotherm models, respectively [32].

1 1 1
- = + 5.7
Qe Qmax bce Qmax ( )

InQe = InKp + ~InC, (5.8)

where Qe is the maximum amount of adsorbed CV dye on ZH-4 hydrogel (Mg g™). Qmax
represents the hydrogel's greatest adsorption ability in terms of monolayer coverage
(mg g™1). Ceis the equilibrium concentration of CV dye (mg L™) and b is the Langmuir
constant (L mg™) which can be affected by the affinity of the active sites and the
adsorption's free energy. Also, the parameter Kr (Lg™) indicated the adsorption capacity
while the parameter n indicated the adsorption intensity. Thus, adsorption isotherm was
fitted in the Langmuir and Freundlich model as illustrated in Figure 5.19. All the related
parameters of these models were tabulated in Table 5.2. The calculated maximum
adsorption capacity (Qmax) from the Langmuir model was equal to 123.6 mg g which
led to a monolayer formation during the adsorption process of CV dye. Also, the value
of the 1/n parameter related to the Freundlich model was found as 0.82, supporting
favorable adsorption [37]. It was also observed that the Langmuir isotherm model
having a higher R? value had been better correlated than the Freundlich model.
Moreover, the separation factor (R.) was used to calculate the affinity of CV dye onto
ZH- 4 hydrogel using Equation (5.9) [40].
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1
T 1+bC,

R, (5.9)

where b is known as the Langmuir constant and Co is the initial concentration of CV
dye (mgL™). The adsorption process is linear if R_equals 1, irreversible if R_equals 0,
and favorable if 0 < R_1. Since the calculated value of Ry is less than 1, it can be
concluded that using ZH-4 hydrogel as an adsorbent to remove CV dye is an effective

approach.
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Figure 5.19: Graphs correspond to (a) Langmuir model and (b) Freundlich model for
adsorption of CV dye on ZH-4 hydrogels
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Table 5.2: Langmuir and Freundlich isotherm plot for removal of CV dye using hydrogel

Langmuir isotherm Freundlich Isotherm model

model
Qmax (mg g?) B (Lmg?) R2 KF (LgY) 1/n R2
123.60 0.0136 0.9942 2.3450 0.82 0.9743

5.4.6. Adsorption Kinetic

The multi-step process of the dye adsorption involves the migration of CV dye on the
boundary layer along with the diffusion of dye onto the hydrogel's surface. The
adsorption processes of CV dye on ZH-4 hydrogel were examined in the pseudo-first-
order, second-order, and pseudo-second-order as given by following Equation (5.10),
(5.11), and (5.12) respectively.
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In(Qe — Q) = InQ, — Kjt (5.10)

1 1
Yo, + K,t (5.11)

t 1 t
Q  K3Q2, + Qe (6.12)

where Qe and Q:indicated the adsorption capacity of ZH-4 hydrogel to adsorb CV dye
at equilibrium and time t, respectively. K refers to the pseudo-first-order kinetic rate
constant (mint), K, for the second order, and K3 for the pseudo-second-order adsorption
rate constant (g mg™ min™). The plots of In (Qe-Qx), 1/ (Qe-Qv), /Qtvs t, and Q;vs t0°
were shown in Figure 5.20(a-c). The results indicated that the experimental data was
more correlated with the pseudo-first-order model (R? = 0.9843) while the pseudo-
second-order and second-order models did not fit well in the experimental data. Pseudo-
first-order parameters Ky and Qe were examined to be 0.0049 min and 29.37 mg g%,
respectively. However, for the second-order kinetics, the estimated values of Kzand Qe
was to be 4.07x10* g mg?* and 215.88 mg g2, respectively. To evaluate the diffusion
of CV dye molecules onto the hydrogel's surface, the intraparticle diffusion kinetic
model was studied. The linear equation for the model is represented by the following
Equation (5.13)[12].

Qt=KatS+C (5.13)

where K is the intraparticle diffusion rate constant and C is the boundary layer
thickness (mg g*min®%). The boundary layer's thickness is determined by the non-zero
intercept value. Figure 5.20d showed two linear sections in which the first section
represented the quick adsorption of CV dye on the surface of ZH-4 hydrogel through
the electrostatic attractive forces while the second one represented the diffusion of dye
within the porous site of ZH-4 hydrogel through intraparticle diffusion. Thus, this was
also confirmed that this intraparticle diffusion model participated along with the

pseudo-first-order model in the CV dye adsorption mechanism.
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Figure 5.20: Kinetic Studies of dye adsorption on ZH-4 hydrogels using (a) Pseudo- first order
(b)second order (c) pseudo-second-order (d) intraparticle diffusion model

5.4.7. Dye desorption studies

The best adsorbent material must have the maximum adsorption and desorption capacity.

A hydrogel with the maximum desorption capacity can be reused leading to an

economically viable process [17]. The dye adsorbed ZH-4 hydrogel powder was used for

the regeneration experiment in the ethanol and four desorption cycles were performed to

determine the reusability as shown in Figure 5.21. It was noticed that the maximum

desorption efficiency of ZH-4 hydrogel was 82% and there was a small difference over the

four cycles. Thus, zeolite-loaded hydrogel exhibited an excellent recycling performance.
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Figure 5.21: Dyes desorption cycles using ZH-4 hydrogels
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5.5. Conclusion

The present work focused on the development of CMTKG/PSMA hydrogel and zeolite-
loaded CMTKG/PSMA hydrogel for the potential application of cationic CV dye
removal. The influence of zeolite on various factors such as maximum swelling
capacity, porosity, morphology, and viscoelastic properties of CMTKG/PSMA
hydrogel were investigated. The successful loading of zeolite particles into hydrogel
matrix was confirmed by XRD, FTIR and FE-SEM characterization. Moreover, the
BET analysis measured the estimated specific surface area of ZH-4 hydrogel as 20.176
m2g while the estimated pore diameter and pore volume were 23.907nm and 0.138
cm?® g~ 1, respectively. It was also found that CMTKG/PSMA hydrogel showed 81 %
maximum CV dye removal while the presence of zeolite in ZH-4 hydrogel increased
this value up to 93 %. The maximum adsorptioncapacity (Q max) of ZH-4 hydrogel was
found as 123.60 mg g*. The adsorption data was fitted more in the Langmuir model
with R? = 0.9942. In addition, both pseudo-first-order and intraparticle diffusion kinetic
models were used to follow the kinetic rate of the CV adsorption. Furthermore, the
regeneration studies of CV dye were performed for ZH-4 hydrogels which showed 82%
dye desorption efficiency. Thus, the prepared CMTKG/PSMA hydrogels can be used

as a promising adsorbent for the removal of cationic dyes.
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CHAPTER 6
CONCLUSION, FUTURE PROSPECTS AND SOCIAL IMPACT

6.1. Conclusion

The main focus of the research work was on the synthesis of biopolymers-based hydrogels
to be utilized for different applications, especially drug delivery and dye removal
applications. Among various biopolymers, tamarind kernel gum (TKG) and its derivative,
carboxymethyl tamarind kernel gum (CMTKG), have been relatively underutilized in the
development of composite hydrogels, particularly for drug delivery and water enrichment
applications. A review of the literature suggests that zeolite and nanoparticle-loaded TKG
and CMTKG-based hydrogels have limited exploration in various applications. Therefore,
novel composite hydrogel systems incorporating TKG and CMTKG biopolymers need to
be developed. In this study, a series of CMTKG-based hydrogels were synthesized and
explored their applications as drug delivery vehicles and as an adsorbent for the removal
of toxic dyes. To begin with, CMTKG/PSMA hydrogel and ZnO NPs-loaded
CMTKG/PSA nanocomposite hydrogel were synthesized using PEGDA as a cross-linker.
ZnO NPs were prepared using a hydrothermal method, while CMTKG/PSA hydrogels
were synthesized through a free radical mechanism. The synthesis of CMTKG/PSMA and
Zn NPs-loaded CMTKG/PSMA hydrogel composites was confirmed through various
characterization techniques such as FTIR, XRD, FE-SEM, and TEM. The dynamic
swelling data were fitted in the Korsmeyer-Peppas model and Schott model. The results
indicated that the Schott model provided the best fit for the data, with a higher R? value
closer to unity. The synthesized hydrogel and ZnO-loaded hydrogel nanocomposites were
used in in-vitro release studies of the ciprofloxacin drug. The investigation of various
parameters concluded that the porosity, drug loading, and drug entrapment efficiency of
hydrogel were increased in the presence of ZnO NPs. The rheological studies of hydrogels
and ZnO-loaded hydrogels were performed which inferred that the elasticity of hydrogels
was increased in the presence of ZnO NPs. The antibacterial activity analysis showed that
the presence of antibacterial ZnO NPs and Ciprofloxacin drug increased the zone of
inhibition (mm) of ZnO NPs loaded CMTKG/PSA hydrogel. The in-vitro drug release
results revealed that CMTKG/PSA/ZnO nanocomposite hydrogel showed a controlled
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and slow drug release. The drug release kinetics analysis indicated that the release of the
drug from both CMTKG/PSA hydrogel and ZnO-loaded hydrogel followed the
Korsmeyer-Peppas model. Thus, CMTKG/PSA/ZnO nanocomposite hydrogel could be a
promising candidate for the controlled oral delivery of ciprofloxacin. In brief,
CMTKG/PSA/ZnO nanocomposite hydrogel could be a better candidate for the controlled

oral delivery of ciprofloxacin drug.

Next, the synthesis of TKG/PSA hydrogel and Ag/TKG/PSA nanocomposite hydrogel
was attempted. The interesting aspect of this study is to control the swelling and drug
release behavior of TKG/PSA hydrogel in the presence of Ag NPs. The dynamic
swelling data of TKG/PSA and Ag/TKG/PSA hydrogels in pH 1.2 and pH 7.4 buffer
solutions were analyzed using the Power function model and the Schott model. The
results indicated that the swelling data was best fitted in the Power function model. The
diffusion coefficients for TKG/PSA and Ag/TKG/PSA were calculated to be 0.338 and
0.580, respectively, suggesting Fickian diffusion for TKG/PSA and non-Fickian
diffusion for Ag/TKG/PSA.

The structural properties of Ag/TKG/PSA nanocomposite hydrogel were evaluated
using XRD, FTIR, UV-visible, FE-SEM, and TEM techniques. Moreover, the average
particle size of Ag NPs was in the range of 10 to 25 nm. The estimated zeta potential
of Ag/TKG/PSA was determined as -16.3 mV which indicated the stability of Ag NPs.
The successful synthesis of the Ag/TKG/PSA nanocomposite hydrogel was confirmed
by a UV-visible peak at 420 nm, which is characteristic of surface plasmon resonance
of Ag NPs. Since the nanocomposite hydrogel showed less swelling than hydrogel and
the diffusion of the drug depends on the swelling of hydrogel. Therefore, Ag/TKG/PSA
nanocomposite hydrogel was used for the controlled release of doxycycline drug at
physiological pH 1.2 and pH 7.4 buffer solution at 37 °C. Moreover, the drug release
(%) was higher at pH 7.4 than at pH 1.2. It was also observed that doxycycline release
data at both pH followed the Korsmeyer-Peppas model and showed a non-Fickian
diffusion. Thus, the developed Ag/TKG/PSA acts as a good carrier for the controlled

release of doxycycline drug in the biomedical field.

Further, CMTKG/PVA/GG hydrogel film cross-linked with glutaraldehyde was
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synthesized using the solvent casting method. The various parameters of hydrogel film
such as thickness, moisture content, swelling capacity, tensile strength, elongation at
break, thermal and wetting analysis were evaluated. The tensile strength for hydrogel
films (S1 to S9) lies in the range of 95.80 to 149.07 MPa and elongation at break (%)
lies in the range of 1.51 to 5.20 %. Moreover, the wetting analysis indicated that the S2
hydrogel film showed maximum hydrophilicity while the S9 hydrogel film showed
minimum hydrophilicity. Thus, the S2 hydrogel film was chosen for the loading of the
ciprofloxacin drug on basis of highest swelling capacity. Moreover, the successful
loading of the drug was confirmed by FTIR spectroscopy. The surface morphology of
hydrogel film showed the presence of rough surface and globular structures. The
thermal analysis showed that the presence of the drug increased the thermal stability of
the hydrogel film. The in vitro ciprofloxacin drug release studies showed that the
hydrogel films effectively released the drug in a controlled manner when immersed in
a phosphate buffer solution with a pH of 7.4. The drug release data was fitted in the
First-order, Higuchi and Korsmeyer-Peppas models to study the kinetic modeling of
drug released. The results showed that the Korsmeyer-Peppas model was the best-fitted
model and the estimated value of diffusion exponent (n) was found to be 0.38. This
value shows that drug release from the hydrogel film followed a Fickian diffusion. The
antibacterial assay indicated good antibacterial action against E.coli and S. aureus
bacteria and MTT assay indicated the cytocompatibility of film against HaCaT Cell
lines. Thus, the overall results suggested that CMTKG/PVA/GG hydrogel film has

significant potential for the delivery of ciprofloxacin drug in biomedical applications.

In the next study, zeolite-embedded CMTKG/PSMA composite hydrogel was
synthesized for the removal of cationic crystal violet dye. The influence of zeolite on
various factors such as maximum swelling index, porosity, morphology, and
viscoelastic properties of CMTKG/PSMA hydrogel were investigated. The loading of
zeolite particles into the hydrogel matrix was confirmed by XRD, FTIR and FE- SEM
characterization. Moreover, BET analysis concluded that the estimated specific surface
area was 20.176 m2g? while the estimated pore diameter and pore volume were
23.907nm and 0.138 cm® g%, respectively. The CMTKG/PSMA hydrogel showed 81

% maximum CV dye removal while the presence of zeolite increased this value up to

161



Chapter 6

93 %. The maximum adsorption capacity (Qmax) Of zeolite-embedded hydrogel was
obtained as 123.60 mg g*. The adsorption data was fitted in the Langmuir model with
R? = 0.9942. In addition, both pseudo-first-order and intraparticle diffusion kinetic
models were used to follow the kinetic rate of the CV adsorption. Furthermore, the
regeneration studies of dye were performed for hydrogel which showed 82% dye
desorption efficiency. Thus, zeolite-loaded CMTKG/PSMA hydrogels can be used as

a promising adsorbent for the removal of cationic dyes.

6.2. Future Prospects

As natural and nontoxic polysaccharides, TKG and CMTKG-based composite
hydrogels have a lot of potential to deliver drugs. Their special qualities, like being able
to bind a lot of water, sticking to mucous membranes, and being able to be chemically
changed, make them good material for several drug delivery methods. Future research
should focus on cross-linking TKG or CMTKG with other polymers or bioactive
chemicals to develop multifunctional hydrogels capable of precise and safe drug
delivery. Hydrogels based on TKG or CMTKG that are responsive to external factors
like pH, temperature, or ionic strength could enable the targeted release of drugs,
improving therapeutic efficacy and reducing side effects. Also, TKG and CMTKG-
based composite hydrogels need further investigation for their possible uses in tissue
engineering and regenerative medicine. Owing to their biocompatibility and
resemblance to the extracellular matrix, these hydrogels can be utilized to fabricate
scaffolds that promote cell growth, division, and differentiation. The effect of zeolites
in TKG or CMTKG-based hydrogels can be further investigated for different
applications such as agronomical, drug delivery, scaffold & tissue engineering, and
wastewater treatment. To fully leverage the potential of TKG and CMTKG-based
composite hydrogels, collaboration among researchers, business partners, and

regulatory agencies is essential.

6.3. Social Impact

My research on novel composite hydrogels based on TKG and CMTKG biopolymers
has the potential to make a significant societal impact in several areas. These polymeric

materials have the potential to be used in various fields such as biomedical, tissue
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engineering, agricultural, heavy metal, and dye removal applications. In this research
work, TKG and CMTKG-based nanocomposite hydrogels were synthesized. These
materials show the ability for targeted release of antibiotic drugs. The synthesized
nanocomposite hydrogels can also be used for tissue engineering applications. To
address wastewater treatment challenges, a zeolite-loaded CMTKG-based hydrogel
was synthesized. This hydrogel demonstrated promising potential for removing cationic
dyes. Although, these zeolite-loaded hydrogels can be used in toxic metal removal,
agricultural, biomedical, tissue engineering, and textile industry. They can be used as
micronutrients and fertilizer carriers due to their excellent swelling capacity. Thus, the
developed composite hydrogel shows excellent potential as a drug delivery carrier and

adsorbent for dye removal applications.
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ARTICLEINFO ABSTRACT

Keywords: In this research work, a novel hydrogel network based on carboxymethyl tamarind kernel gum/poly (sodium
CMTKG acrylate) was synthesized by using poly (ethylene glycol) diacrylate (PEGDA) as a cross-linker. Zinc Oxide
ZnO NPs 1 I

nanoparticles (ZnO NPs) were prepared via the ‘mal hetic method and developed ZnO NPs
embedded within CMTKG/Poly (sodium acrylate) hydrogel for the controlled release studies of ciprofloxacin
drug. Various techniques such as FTIR, XRD, FESEM, and TEM were used to characterize the synthesized ZnO
NPs, pure hydrogel, and hydrogel nanoc Various such as drug loading (DL %), drug
entrapment (DE %), gel content, and porosity were d for all the synthesized hydrogel posil
The results of swelling and rheological studies of hydrogel nanocomposites concluded that the embedded ZnO
NPs increased hydrogel's swelling and thermal stability. The water absorption data were analyzed using the
Power and Schott model. The result concluded that the Schott function model fitted the dynamic swelling data.
The antibacterial action of CMTKG-based hydrogel nanocomposites was studied using E. coli (gram-negative)
bacteria with the help of the disc diffusion method. The result showed that the incorporation of ZnO NPs
enhanced the antimicrobial action of ciprofloxacin-loaded CMTKG-based hydrogels. The kinetic modelling of
drug release was done using Higuchi and Korsmeyer - Peppas model. The higher value of regression coefficient
(R%) close to unity indicated that the mechanistic pathway of drug release from the hydrogels was more fitted in
the Korsmeyer-Peppas model followed by Fickian diffusion.

Zn0 loaded hydrogels
Ciprofloxacin
Drug delivery
Antimicrobials studies

1. Introduction biopolymer-based hydrogels such as carboxymethyl guar gum [4], chi-

tosan [5], tamarind gum [6], carboxymethyl cellulose [7] were used for

Hydrogels are cross-linked polymeric systems made up of synthetic
monomers and natural polymers such as polysaccharides [1]. Hydrogels
have asignificant amount of porosity, making them efficient materials to
absorb drugs in the aqueous mediums via physical or chemical in-
teractions and subsequent release of the drug under physiological con-
ditions [1]. Several stimuli like pH, temperature, and ionic strength
affect drug release rate from the hydrogel. The drug released depends on
the water uptake capacity of the hydrogels and the hanism of
diffusion of fluid into the matrix of hydrogel [2]. Other than the drug
delivery applications, hydrogels can be used in other fields such as
agriculture, metal ion sensing, heavy metal ion removal, removal of
toxic dyes, and the food industry [3]. Till now, a large number of natural

* Corresponding authors.

the controlled release of the drug to the human body but carboxymethyl
tamarind kernel gum (CMTKG) based hydrogels have not been much
explored. CMTKG is a natural, non-toxic, biodegradable, and biocom-
patible biopolymer that is a chemically modified form of tamarind gum.
It contains the polysaccharide units of D-Xylose, D-Glucose, and
D-Galactose [8]. This chemical modification resulted in an enhanced life
shell, swelling capacity, and high drug loading capacity [9]. There are
only a few numbers of CMTKG-based hydrogel reported for biomedical
applications for example Mali et.l., group reported the formation of
CMTKG-based hydrogel film cross-linked via citric acid [10]. Alginate
and CMTKG hydrogels were synthesized for the delivery of acyclovir as
reported earlier [11]. CMTKG-based nanoparticles were synthesized for
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Sustaina

The current work describes an eco-friendly novel synthesis of
silver (Ag) nanoparticles (NPs)/Tamarind kernel gum (TKG)/Poly
(sodium acrylate) (PSA) nanocomposite without the use of any
toxic materials. It is a one-step route synthesis of silver
nanocomposite hydrogel in which TKG and PSA are cross-linked
using methylene bisacrylamide (MBA) cross-linker. The devel-
oped hydrogels were characterized using XRD, FTIR, UV-visible,
FE-SEM, and TEM techniques. Doxycycline (dox) was chosen as
a model drug for release studies using TKG/PSA and Ag/TKG/
PSA nanocomposite. The observation is that Ag NP/TKG/PSA
nanocomposite showed a pH-dependent swelling which is

Introduction

Hydrogels are three-dimensional cross-linked networks that
have the potential to absorb water due to the presence of
various hydrophilic functional groups. The trapped material can
be released quickly or slowly depending on various external
factors such as light, temperature, pressure, etc. Various
inorganic materials can be embedded in hydrogels such as
zeolite,” silica,” metal nanoparticles” etc. Nanocomposite
hydrogels are attractive materials in drug delivery fields. Various
noble metals such as silver,* gold,” and platinum'® based
nanoparticles have been used in the biomedical field. However,
the researchers are more interested in the synthesis of
biocompatible nanoparticles. The silver nanocomposite is used
most widely in the biomedical field.” The main role of Ag NPs
in the hydrogel is to increase the electrical conductivity, optical
properties, mechanical toughness, high deformability, and
transparency properties.® However, the uniform dispersion of
Ag NPs without any formation of aggregation can be achieved
by embedding Ag® ions into a hydrogel matrix which is
followed by a reducing agent like sodium borohydride. These
reagents are highly toxic and they can reduce the efficiency of
Ag-loaded hydrogels. Therefore, green synthesis is preferred to
synthesize Ag NPs by using biocompatible biopolymers.” There
are many reported methods to synthesize Ag NPs but in-situ
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higher at pH 7.4 than at pH 1.2. Similarly, the cumulative drug
release percentage (CDR %) using silver nanocomposite is
higher at pH 7.4 than at pH 1.2. Also, the presence of Ag NPs
decreased the swelling ratio (SR) of TKG/PSA hydrogel, which
controls the rate of release of the dox drug. In addition, the dox
release kinetics were studied using the Korsmeyer-Peppas and
Higuchi model. It has been found that drug release data was
fitted in the Korsmeyer-Peppas model with a higher value of
regression coefficient (R?). Thus, Ag/TKG/PSA nanocomposite
showed satisfactory results for sustainable release of doxycy-
cline drug.

synthesis of Ag NPs, hydrogels are used as porous templates
with controlled size and appropriate stability."” Biopolymer-
based nanocomposites are useful in pharmaceutical applica-
tions due to their biocompatible and biodegradable behavior.
Many natural polymers such as sodium alginate, pectin,
chitosan, guar gum, and carboxymethyl tamarind kernel gum
(CMTKG) have been used for the development of nanocompo-
site hydrogels still tamarind kernel gum was not explored well.
There is a reported synthesis of hydrogels of tamarind gum-co-
poly(acrylamidoglycolic acid) and their silver nanocomposite for
release study of doxorubicin drug."” In another research, the
co-precipitation method was used to fabricate the nano-
hydroxyapatite/chitosan-tamarind seed nanocomposite for
bone tissue engineering."? In this present study, we have
explored the development of TKG and poly (sodium acrylate)
hydrogel and their Ag NP-embedded hydrogel in biomedical
applications for the first time as per our knowledge. Tamarind
kernel gum (TKG) is a non-toxic, biodegradable, and biocompat-
ible polymer used in medical applications due to its viscosity-
modulating properties." The surface of TKG contains /3-(1,4)-D-
glucan with chains of «- (1,4)-D-xylopyranose and glucose
residue linked with f-D-galactopyranosyl-(1,2)-a-D-
xylopyranose."* TKG can increase the mucoadhesive properties
of hydrogels. Recently, research has been devoted to synthesiz-
ing the metal nano-particle containing hydrogel. A group of
researchers M. Sabzi et.al group have synthesized the PVA/Citric
acid/Ag nanocomposite hydrogel for the release study of
ciprofloxacin drug."® Thus, Ag-based nanocomposite hydrogels
have gained much attention in improving the antimicrobial
properties of hydrogels due to their large surface area, non-
toxic behavior, and high fraction of surface atoms."® The Ag-
based nanocomposite  exhibited excellent  antibiotic
properties."” Doxycycline as a member of the semi-synthetic

© 2024 Wiley-VCH GmbH

167



List of Publications from Thesis

M) Check for updates

Chemistry
Research Article Europe
ChemistrySelect doi.org/10.1002/slct.202301434 et S

www.chemistryselect.org

Removal of Cationic Crystal Violet dye using Zeolite-
Embedded Carboxymethyl Tamarind Kernel Gum (CMTKG)

based Hydrogel Adsorbents

Indu Rani,”” Sudhir G. Warkar,*® and Anil Kumar**'

In this research paper, various formulations of zeolite-loaded
carboxymethyl tamarind kernel gum (CMTKG) based hydrogels
were synthesized and utilized as a potential adsorbent for the
removal of crystal violet (CV) dye. The swelling capacity of all
the synthesized hydrogels was i d and the ¢

tion of hydrogel which exhibited maximum swelling was used
for the characterization and dye removal experiment. The CV
dye was chosen as a model dye for the dye removal experi-
ment. The structure of zeolite and zeolite embedded hydrogel
was elucidated by XRD, FTIR, FE-SEM, EDX and elemental
papping techniques. The adsorption experiment was investi-
gated by varying the CV concentration, amount of hydrogel

Introduction

Nowadays, polluted water due to synthetic toxic dyes has
become a serious challenge to environmental scientists. The
drinking water quality is diminished a lot since few years by
direct and indirect discharge of industrial toxic effluents.” Even
a small trace of dye can harm the aquatic life of flora and fauna
by disturbing the photosynthesis process.” Therefore, these
toxic dyes must be removed from the environment. Various
technologies were used for this purpose including biological
degradation, chemical oxidation, photocatalytic degradation,
and adsorption.” The removal of dyes using hydrogel as
adsorbents is one of the most effective approaches owing to its
low operating cost.” Crystal violet (CV) is a toxic dye known as
methyl violet 10B and exhibited mutagenic and carcinogenic
nature. It is used in the textile, wood, and paper industry.”
Hence, the removal of CV dyes from waste water using efficient
organic and inorganic adsorbents is very necessary. In the past
few years, hydrogels based on natural biopolymers were used
as an adsorbent in dye removal applications.” Hydrogels are
three-dimensional hydrophilic networks synthesized from syn-
thetic and natural biopolymers. Hydrogels have high water
absorption efficiency due to the presence of hydrophilic groups
like hydroxy(—OH) and carboxylate(~COO).” However, hydro-
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adsorbent, temperature, pH of the dye solution, adsorption
time, and ionic strength. The Langmuir and Freundlich isotherm
models were used to fit the adsorption data and it was
observed that the data fitted well with the Langmuir model.
Moreover, hydrogel’s maximum dye adsorption efficiency was
found at 123.60 mgg '. The adsorption kinetic studies were
followed by pseudo- first-order and intraparticle diffusion
kinetic models. In addition, regeneration studies were per-
formed for the best adsorbent hydrogel using ethanol solvent
and the result concluded the desorption efficiency of hydrogel
(82%) over four desorption cycles.

gels based on natural biopolymers showed non-toxicity,
biocompatibility, and biodegradability. Also, there are a limited
number of polysaccharides-based hydrogels used as adsorbents
owing to the poor surface area, less capacity to form H-
bonding, and low hydrodynamic volume of hydrogels.® More-
over, the surface properties of hydrogels can be modified by
loading inorganic substances such as zeolites, clay, and
nanoparticles” Zeolites are tetrahedral crystalline materials
occurring in form of aluminosilicate. The large surface area and
porosity of zeolite are responsible for their water purification
property. Only a few zeolite-based polymer composites have
been reported in the removal of toxic dyes and heavy metal
ions."” Previously, some zeolite-loaded hydrogels were used as
an adsorbent due to the presence of negatively charged lattice
as well as ion-exchange capacity."’ The hydrogel composite
composed of gum karaya with acrylic acid and N-isopropyl
acrylamide incorporated zeolite-Y were synthesized for dye
adsorption of brilliant green dye (BG)."” In another study, a
hydrogel composite composed of poly (methacrylic acid)
/zeolite was synthesized for basic yellow 28 dye adsorption
from an aqueous solution.™ In research, ZSM-5 incorporated
PVA/CMC/SA membrane was utilized for the dye adsorption of
malachite green dye."® Various natural biopolymers such as
guar gum, carboxymethyl guar gum, alginate, chitosan, chitin,
xanthan gum, carboxymethyl cellulose, chitin, gelatin-based
hydrogels were used as adsorbents for the adsorption of toxic
dye from the polluted water."® There is limited research in
which Carboxymethyl tamarind gums (CMTKG) based hydrogels
were exploited as an adsorbent in dye removal applications. A
hydrogel was made by grafting tamarind gum with Poly (methyl
methacrylate) in the presence of CuBr catalyst and used for the
removal of toxic dyes! Another hydrogel nanocomposite
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Synthesis and characterization of novel carboxymethyl tamarind kernel
gum - Poly (vinyl alcohol)/guar gum-based hydrogel film loaded with
ciprofloxacin for biomedical applications

Indu Rani, Sudhir G. Warkar , Anil Kumar
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ARTICLE INFO ABSTRACT

Keywonds:

The current study deli the hesis of hydrogel films 1 of carboxymethy rind kernel gum
Antibacterial (CMTKG), poly (vinyl alcohol) (PVA), and guar gum (GG) using glutaraldehyde (GTA) as cross-linker. The
CHMTKG/EVARG hydrogel films were evaluated in terms of equilibrium swelling ratio (ESR), moisture content, thickness, wetting
:‘*:::l‘:’;“;l':n analysis, thermal, and mechanical analysis. The tensile strength value lies in the range of 95.80 to 149.07 MPa
MYI'T nssny while elongation at break value lies in the range of 1.51 to 5.20 %. The FTIR spectroscopy confirmed the
Drug delivery presence of hydrogen bonding between CMTKG, PVA, and GG components of hydrogel film. FE-SEM micrographs

indicated the rough surfaces of hydrogel film. TGA-DTA analysis confirmed that the thermal stability of hydrogel
film was found to be increased by incorporating the ciprofloxacin (CFX) drug into the hydrogel matrix. CFX was

bedded in the best- lled hydrogel film and in-vitro drug release behavior was studied at alkaline pH 7.4
phosphate buffer solution. It was found that the maximum drug release was to be 73 % after 24 h at pH 7.4.
Moreover, the release data was fitted in various kinetic models such as the First-order, Higuchi, and Korsmeyer-
Peppas models. The best-fitted yer-Peppas model | that the release of the drug follows Fickian
diffusion and the value of di: (n) was 1 to be 0.38. The cytocompatibility of the
hydrogel film was analyzed by MTT assay while the antibacterial behavior of the hydrogel film against E. coli and
S. aureus showed clear zone of inhibition area. Thus, the overall results indicated that CMTKG/PVA/GG hydrogel
film have potential to be used in the biomedical applications.

Kinetic modelling

1. Introduction

skin plays a crucial role in protecting the human body against
various types of bacterial and viral infections. Skin helps to control fluid
maintenance, temperature regulation, and sensing mechanisms of the
body [1]. In the medical field, skin injuries are the most common
problem and to resolve this, there is a high demand for the development
of new wound dressing materials in the medical field [2]. One of the
most promising dressing materials is the hydrogel. Hydrogels are pH-
sensitive, hydrophilic, and physically or chemically cross-linked net-
works. The hydrophilic functional groups present in the hydrogel are
responsible for the interaction of hydrogel with various biological tis-
sues. The external environmental conditions such as pH, temperature,
and ionic strength can break the physically cross-linked networks of
hydrogels. Therefore, chemically cross-linked hydrogels are required to
be developed using the cross-linker agents. These are attractive

* Corresponding authors.

materials in wound healing applications due to their specific properties
such as high swelling capacity, moisture uptake, and bioactivity [3]
which makes them efficient dressing materials [4]. They can absorb the
wound exudates, have good flexibility, prevent bacterial growth, keep
the moist restorative surroundings, and inhibit anaerobic bacteria pro-
liferation [5]. The flexibility of the 3-D network of hydrogel allows the
entrapment and transportation of antibacterial drugs [6]. The diffusion
of drugs from hydrogel depends on various factors such as pH, tem-
perature, pressure, and swelling solvent [7]. The antibacterial properties
of hydrogel can be enhanced by incorporating antibiotic drugs in the
hydrogel matrix [8]. The ciprofloxacin (CFX) is a synthetic, broad-
spectrum, and chemotherap agent belonging to the fluo-
roquinolone family. CFX is one of the most important biocompatible and
antimicrobial drugs used for wound healing applications [9]. The half-
life of the CFX drug is 4 h. CFX can inhibit DNA replication by pre-
venting the production of folate [10]. CFX can enhance the effectiveness
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