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ABSTRACT

The thesis focuses on the synthesis of biopolymer-based hydrogel composites under
ambient conditions, with emphasis on their applications in water remediation, drug
delivery, sensing, and agricultural applications. The synthesized matrices were
characterized using various spectroscopic and analytical techniques, which include X-
Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR),
Thermogravimetric Analyser (TGA), Brunauer-Emmett-Teller (BET), and Scanning
Electron Microscopy (SEM). In recent years, sustainable biomaterials have garnered
significant attention across a wide range of applications. In this work, inorganic and
organic materials were incorporated in Carboxymethyl Tamarind Kernel Gum
(CMTKG)-Polyacrylamide (PAM) based matrix to assess their applicability in diverse
fields. The potential application of a synthesized graphene oxide/carboxymethyl tamarind
kernel gum/polyacrylamide (GO/CMTKG/PAM) hydrogel composite was investigated
for the sequestration of cationic organic dyes, namely crystal violet and methylene blue,
from aqueous medium. The synthesized hydrogel composite as an adsorbent showed
more than 95 % removal efficacy for both organic dyes, indicating its potential as an
effective adsorbent for dyes sequestration.

Additionally, the effect of polymer (sodium polyacrylate (PSA) and polyacrylamide
(PAM)), with or without GO incorporation in CMTKG-based hydrogel composites, were
studied for the ciprofloxacin delivery. The observed drug release behavior revealed that
the Korsmeyer-Peppas model was found to be the best-fitted. The CMTKG-PSA-GO and
CMTKG-PSA hydrogel composites follow the Fickian diffusion mechanism, while the
non-Fickian diffusion mechanism was followed by CMTKG-PAM-GO and CMTKG-
PAM. The incorporation of GO into hydrogel matrices enhanced properties such as the
swelling ratio, gel content, and porosity of the hydrogel and the drug release behavior.
Therefore, the synthesized hydrogel composites could serve as a promising substitute for
the oral delivery of the ciprofloxacin drug.

Furthermore, iron oxide nanoparticles (IONPs) were incorporated into CMTKG-PAM
hydrogel. The green synthesis of IONPs using citrus limetta peel and then the synthesis
of IONPs incorporated with CMTK G-PAM was performed, characterized, and employed

for the administration of the levofloxacin drug. The experimental study reveals that the



drug release mechanism was found to have good correlation with the Korsmeyer-Peppas
model, and the drug release in CMTK G-PAM-IONPs hydrogel was governed by a non-
Fickian diffusion mechanism. The drug release was found to be maximum in stimulated
pH 7.4, highlighting the potential of CMTKG-PAM-IONPs as a targeted drug delivery
system. Additionally, to deliver the azithromycin drug, a series of hydrogels was
formulated using sodium alginate, CMTKG, and PAM (SA/CMTKG/PAM) hydrogel.
The optimized hydrogel was characterized, and the observed results reveal that drug
release follows the Korsmeyer-Peppas and Higuchi models in both the pH’s solutions.
Furthermore, on incorporating m-BPDM into CMTKG/PAM hydrogel as a potent
candidate for colorimetric sensing of Zinc, cadmium, and mercury ions from aqueous
solution for real-time application. Moreover, to evaluate its agricultural application, the
CMTKG/PAA/IA hydrogel was used for a dual purpose: as a soil conditioner and as a
carrier for delivering iron as a micronutrient to the field. Overall, it can be concluded that
this thesis provides a comprehensive study on biopolymer-based hydrogels by
incorporating different inorganic and organic materials as fillers into CMTKG-based

hydrogel and their potential application in a variety of fields.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

It has been several decades since hydrogels were discovered, and they have marked
significant milestones in material science and engineering. As polymer chemistry
and biotechnology have progressed, we have seen a shift from the original discovery
of these materials to the applications of the sophisticated materials. Hydrogels were
first reported in the 1930s with polyhydroxyethyl methacrylate (PHEMA); however,
research on hydrogels was spurred in the 1950s and 1960s by the development of
cross-linked polyacrylamide. A landmark achievement was Otto Wichterle’s
invention of hydrogel-based soft contact lenses in the 1960s, which revolutionized
the field of optometry [1]. Around the same time, a novel method to control the
release of medication over a prolonged period was introduced by implementing
hydrogels into drug delivery systems. From the 1980s onward, polymer chemistry
advanced significantly, leading to the diversification of hydrogels and the
development of polymer chemistry, which enabled the synthesis of hydrogels with
a variety of properties, leading to their use in diverse applications in the agricultural
field for soil hydration and nutrient carriers: cosmetic applications as creams and

moisturizers, and in environmental engineering for water remediation.

In recent years, research has been focused on hydrogel composites by incorporating
nanoparticles, carbon-based materials, fibers, biomass-based nanoparticles, and
other reinforcements. Because hydrogels possess some constraints that limit their
use in field applications, where desired features include controlled swelling rate,
poor mechanical tensile strength, and low stability. Several methodologies have
been adopted to overcome these drawbacks, such as hydrogel composites,
functionalization, chemical treatment strategies, and polymer grafting [2]. As a
result of these efforts, researchers have created materials with enhanced mechanical
properties, electrical conductivity, and specific biological functions, which are also
being explored in advanced fields such as 3D printing, soft robotics, and

nanotechnology. Thereby, developing hydrogel composites by incorporating
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different materials as fillers (nanomaterials, carbon-based materials, metal oxides)
is a topic of great interest, as they exhibit improved properties and tailored effects,

making them suitable candidates for application across sectors [2], [3], [4], [5].

1.2 Hydrogel Composite

Hydrogel Composite represents an advanced iteration in this evolutionary timeline. They
are extended and advanced forms of hydrogels. Incorporation of fillers that can tune and
enhance the existing property or application into the hydrogel matrix refers to ‘Hydrogel
composites.” These materials may range from inorganic particles, such as metal
nanoparticles and carbon-based materials, to organic compounds, such as biomass, other
polymers, and even living cells [6]. The incorporation of these materials imparts unique
properties, such as electrical conductivity, colorimetric sensing, magnetic responsiveness,
enhanced biocompatibility, mechanical strength, responsiveness to environmental stimuli,
and functional versatility, thereby improving the utility of traditional hydrogels [7], [8], [9],
[10], [11], [12]. The reinforcement can be integrated in situ into the hydrogel network
during the hydrogel formation. The resulting hydrogel composites combine the properties
of both the hydrogel and the incorporated material, which imparts enhanced mechanical
properties, introduces electrical conductivity and sensing ability, and also provides specific
biological functionalities to the matrix [13]. For instance, Chauhan et al. used m-BPDM
incorporated guar gum-based hydrogel for sensing heavy metal ions and detection of Zn

ions in E.Coli. cells [14], [15].

Further, natural, synthetic polymers, and combinations of polymers with filler reinforcement
can be used to form hybrid hydrogels. Natural polymers have great potential and serve as
core materials for hydrogel synthesis, imparting properties such as biocompatibility,
biodegradability, binding capacity, and tunability [16], [17]. A variety of natural and modified
polysaccharides exist in the literature that are used for hydrogel development, such as guar
gum, chitosan, moringa oleifera, xanthan gum, starch, cellulose, gelatin, pectin, collagen,

tamarind gum, carboxymethyl tamarind kernel gum, and alginate [18].

Carboxymethyl Tamarind Kernel Gum (CMTKG)

It is a chemically modified derivative of tamarind kernel gum (TKG) produced through

carboxymethylation, which enhances its solubility, swelling ability, and stability at
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different pHs. It consists of a linear backbone of B (1-4) D-glucopyranose units with
branching at the C-6 position by xylose and galactose units [19]. The structure of
CMTKG is presented in Figure 1.1. The carboxymethylation process introduces
carboxymethyl groups (-CH2COOH) into polymers, improving their water dispersibility
and enabling them to be used in a wide range of applications [20]. The carboxymethylated
group imparts an anionic nature, and this anionic polysaccharide is widely used in
healthcare, food, and textile industries due to its excellent film-forming, bioadhesive, and
stabilizing properties. The biocompatibility, biodegradability, and nontoxicity of
CMTKG make it an environmentally friendly alternative to synthetic polymers. Its
versatility and commercial significance are further demonstrated by its use in biomedical
applications, such as wound healing, tissue engineering, and controlled drug release

systems [21]. Some other plant-based polysaccharides are presented in Table 1.1.
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Figure 1.1 Structure of the CMTKG.
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Table 1.1 Natural polymers used in hydrogels

S.No. Natural Botanical Composition Ref.
Polymers Name/source

1. Guar Gum Cyamopsis It is a linear chain of exo-polysaccharides composed of | [22]
tetragonoloba galactose and mannose units. It containshaving § 1,4-
(Leguminosae family) linked mannose residues to which galactose residues are

1,6-linked.

2. Tragacanth | Astragalus species | It is mainly composed of galacturonic acid, arabinose, | [23]

Gum (Astragalus gummifer) | xylose, and fructose.
3. Xanthan Xanthomonas It is a high-molecular-weight polysaccharide composed | [24]
Gum campestris of D-glucose units with trisaccharide side chains. The
side chains consist of mannose and glucuronic acid
residues.
4. Tamarind Tamarindus indica It is a polysaccharide composed of glucose, galactose, | [25]
Gum and xylose units in a molar ratio of approximately 3:1:2.

5. Starch Zea mays (corn), Oryza | Itis anatural polysaccharide bonded together by a-D-(1- | [26]
sativa (rice), Solanum | 4) and o-D-(1-6) linkages in its structure, having two
tuberosum (potato), | main polysaccharide units in the structure: amylose and
Triticum aestivum | amylopectin.

(wheat)

6. Cellulose It has major structural | It is one of the most abundant, widely available, and | [27]
component of plant cell | affordable polysaccharides obtained from plant biomass
walls and agro-waste. It is composed of glucose units linked

by B-1,4-glycosidic bonds.

7. Tara Gum Caesalpinia spinosa It is mainly composed of galactomannan, containing | [28]
mannose and galactose units in an approximate ratio of
3:1.

8. Pectin Derived from citrus | The minor constituents of pectin molecules include | [29]

peels (Citrus sinensis, | thamnose and other neutral sugars that are linked via 1-
Citrus limon), apples | 4-glycosidic bonds to the major galacturonic acid chain.
(Malus domestica)

9. Gum Ghatti | Anogeissus latifolia It has a structural unit that includes Galactose, arabinose, | [30]
mannose, xylose, and glucuronic acid

10. Gum Sterculia urens It is composed of acidic polysaccharides, including | [31]

Karaya galacturonic acid, rhamnose, and galactose along with
traces of uronic acid.
11. Locust bean | Ceratonia siliqua It is composed of galactomannans (mannose and | [32]
Gum galactose units).
12. Moringa Moringa oleifera It is rich in proteins, vitamins (A, C, E), minerals | [33]
olefera (calcium, potassium, iron), and bioactive compounds
like flavonoids and glucosinolates.

13. Neem Gum | Azadirachta indica It is a complex polysaccharide containing arabinose, | [34]
galactose, glucuronic acid, and small amounts of
rhamnose.

14. Gum Cochlospermum It is a high molecular weight and is mainly composed of | [35]

kondagogu | gossypium rhamnose, arabinose, galactose, mannose, xylose, and
uronic acids.

15 Acacia Acacia  senegal  or | It is composed of arabinogalactan proteins, with sugar | [36]

Gum Acacia seyal units like arabinose, galactose, rhamnose, and
glucuronic acid.

16 Fenugreek Trigonella foenum- | It is primarily composed of galactomannan. [37]

Gum graecum
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Similarly, the synthetic polymers that are utilized in hydrogel synthesis are acrylamide
(AM), acrylic acid (AA), methacrylic acid (MAA), and N-isopropyl acrylamide
(NIPAM) [38], [39].

Polyacrylamide

Polyacrylamide (PAM) is a water-soluble synthetic polymer synthesized from the
monomeric unit of acrylamide through free radical polymerization. This compound has
a high molecular weight, is pH-responsive, is non-toxic, and exhibits excellent
flocculating properties, which makes it useful in a wide variety of industrial, biomedical,
and environmental applications. It plays a significant role in different fields, such as a
flocculating agent, which helps aggregate suspended particles and enhance sedimentation
in wastewater remediation. It is used in the petroleum industry to improve oil
displacement efficiency by thickening the water to enhance oil recovery [40], [41].
Additionally, it stabilizes soil structure and reduces water runoff, which plays a crucial
role in soil conditioning and erosion control. It is utilized in biomedical applications such

as drug delivery, wound healing, and electrophoresis [42].

Polyacrylic Acid

In polymer chemistry, polyacrylic acid (PAA) is another high-molecular-weight,
water-soluble polymer. This material has excellent hydrophilic and superabsorbent
properties that are used in a wide range of industrial, agricultural, and biomedical
applications. The polymer imparts remarkable pH responsiveness, which enables it
to swell or shrink depending on the surrounding pH conditions for controlled drug

delivery and personal care products [43].

Some of the other synthetic polymers are presented in Table 1.2. Due to their
sustainability, biocompatibility, and mechanical strength enhancer, the monomers
exhibit different swelling natures and responses to other external stimuli such as pH,
magnetic response, temperature, and pressure. The hydrophilic monomers are
converted into polymers through graft copolymerization, free radical mechanism, or
condensation and addition polymerization via a crosslinker, which helps develop a

3-D network [44], [45].
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S. Synthetic Composition Mechanical Property Applications | Ref.
No. Polymer
1. PVA It is a hydrophilic polymer | It exhibits good film-forming | Drug delivery, | [46]
with high permeability and | ability, flexibility, tensile | wound
physical salient features such | strength, and  compressive | dressings,
as compressive and tensile. | strength  after  crosslinking. | contact lenses,
Due to this, it can effectively | Mechanical properties depend on | tissue
explore how to make a | polymer concentration, | engineering.
hydrogel. molecular weight, and
crosslinking density.
2. Polyethyle | It is a polymer utilized in the | It can form soft, flexible, and | Drug carriers, | [47]
ne glycol crosslinking of hydrogel. It | highly hydrated networks. PEG- | tissue
can easily react with | based hydrogels generally have | scaffolds,
functional groups such as | low mechanical strength unless | controlled
thiol,  carboxylic, epoxy, | reinforced or  chemically | drug release.
amine, and acrylate. crosslinked
3. Poly It is a water-soluble synthetic | It produces soft and elastic | Biomedical [48]
(acrylamid | linear polymer made of | hydrogels  with  moderate | sensors,
e) acrylamide, utilized in the | mechanical strength. Strength, | wastewater
development of hydrogel due | elasticity, and swelling behavior | treatment, and
to its mechanical properties | depend on crosslinking density | hydrogels for
and biodegradability. and concentration of polymer drug delivery.
4. Poly Lactic acid is a thermoplastic | It shows relatively high stiffness | Biodegradable | [49]
(lactic monomer  derived from | and tensile strength but low | implants,
acid) fermented plant starch such as | elongation at break, making it | sutures, and
corn, sugarcane, or sugar beet | comparatively brittle. Its | 3D printed
pulp. mechanical stability is suitable | biomedical
for  temporary  biomedical | devices.
devices
5. Poly It is also a water-soluble | It forms soft, high swelling, and | Superabsorbent | [50]
(acrylic synthetic linear polymer made | pH-responsive hydrogels. The | materials,
acid) of  acrylamide or  a | mechanical strength is generally | personal care
combination of acrylamide | low in uncrosslinked form, but | products, and
and acrylic acid. It is potently | improves after crosslinking or | biomedical
served in hydrogel synthesis | blending with other polymers | hydrogels.
due to its large water retention
capacity.
6. Poly Itaconic acid is a fatty acid | It provides pH-responsive and | Bio-based [51]
(itaconic consisting of five carbons, out | moderately elastic hydrogel | adhesives,
acid) of which two carbons are | networks. coatings,
involved in carboxyl groups, biodegradable
and the other two are double- hydrogels.
bonded together.
7. Nylon Made from diamine and | It exhibits high tensile strength, | Biomedical [52]
(Polyamid | dicarboxylic acid monomers, | toughness, flexibility,  and | sutures,
e) common types include Nylon | abrasion resistance. artificial skin,
6 and Nylon 6,6. wound
dressings.
8. Polyethyle | Formed from terephthalic acid | It shows high tensile strength, | Medical [53]
ne (CsHeOa4) and ethylene glycol | stiffness, dimensional stability, | implants,
Terephthal | (C:HeO:) monomers. and durability cardiovascular
ate (PET) devices
9. Polyethyle | Formed from polyethylene | It forms soft and flexible | Hydrogels for | [54]
ne glycol | glycol and diacrylate | hydrogels with tunable stiffness. | tissue
diacrylate | monomers. engineering,
(PEGDA) bio-inks, 3D
bioprinting.
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The demand for the development of new technology has increased day by day due to the
constant rise in the world's population and the progressive depletion of fossil fuels.
Therefore, the scientific community is becoming more interested in the creation of novel
polysaccharide-based hydrogels as an alternative advanced way to utilize them in a
variety of sectors, including the biomedical, environmental, agricultural, industrial,
sensing, actuator, sensor, and energy fields [28,29]. Polysaccharides are a highly complex
class of biopolymers and are considered vital biomolecules for all living beings. They
originate from various sources present in nature and can be classified based on plants,

microorganisms, algae, and animals, as presented in Figure 1.2.
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Figure 1.2 Source-based classification of polysaccharides

Among all classifications, plant-based polysaccharides, especially gums, have
attracted considerable interest due to the underexploited natural product resources
and their potential applications in diverse fields [55]. Therefore, it may play a
pivotal role in future innovation and research. The structure of polysaccharides is
typically linear, but it may vary in degree of branching. The standard formula can
be represented as (CsH100s5) x, where 40 < x <3000. In addition to that, modification
via derivatization of natural gums may also exhibit better properties than pristine
polysaccharides. It can be achieved by introducing moieties such as carboxymethyl,

hydroxy, carboxyl, methyl group, and hydroxy propyl, which are available in the
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literature [58],[59]. The functionalization of existing polysaccharides may also
impart unique properties and enhancement in the existing properties of
polysaccharides to make their utility with enhanced properties, such as swelling
ability [58], [59].

Therefore, the development of hydrogel composites, particularly using natural gum-
based polysaccharides and modification in them, fascinates researchers due to the
lack of exploration and their characteristic properties, such as temperature, pH, and
constant increase in swelling behavior [60]. They are frequently categorized based
on their configuration, physical characteristics, ionic charge, response, size,
structure, polymer composition, method of crosslinking, network electrical charge,
durability, and sources. The classification of hydrogels is summarized based on

composition [61], as presented in Figure 1.3.

Classification of Hydrogels Based on Composition

Natural/Biopolymer Synthetic Hybrid
(Composed of polymers (Composed of synthetic (Composed of both synthetic
derived from natural sources) polymers only) and biopolymers)
— PAM | Chitosan/PVA
Chitosan ==
= Cellulose PVA = TKG/MAA
Starch = — PMA GG/XG/PAM
== Guar Gum NIPAM — Gelatin
S — e
— Tragacanth pPVp — Alginate/PAM

Gum

Figure 1.3 Classification of hydrogels based on composition
This chapter specifically focuses on plant-derived polysaccharide-based hydrogel
composites, their salient properties, classifications, characterization, and types, with
practical importance in water remediation, drug delivery, sensors, energy storage, and
agriculture. It integrates advances across the design, fabrication, and performance of
hydrogel composites, summarizing findings most relevant to researchers. Figure 1.4
presents the various fields in which hydrogel composites can be used to impart

enhanced effects and enable tunable applications.
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Figure 1.4 Application of hydrogels and hydrogel composites in different sectors

1.2.1 Salient Features and Importance of Hydrogel Composites

Hydrogel composites have emerged as materials of significant interest in various
fields due to their unique properties, such as higher water content, biocompatibility,
and ability to mimic natural tissue. The versatility of these materials has led to their
application in a wide range of disciplines, from medicine to environmental
engineering, including Drug Delivery Systems, wound Healing, Contact Lenses,
Agriculture, Water Treatment, Sensors and actuators, 3D and 4D printing, etc [62].
Its versatility and ability to be implemented in various applications are due to its
chemical structure and composition, which should be understood before use. Their
chemical composition plays a key role in their unique properties and diverse
applications. Hydrophilic polymeric networks are capable of holding large amounts
of water or biological fluids. To understand the structure and functionality of
hydrogels, it is essential to consider how these properties are derived from the
specific chemical makeup of the polymer components and the nature of the
crosslinking within the polymer matrix [62], [63]. Figure 1.5 presents the properties
of the hydrogel system.
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Figure 1.5 Properties of hydrogel matrices

1.3 Reinforcement

It refers to a way that is used to enhance structural integrity, mechanical strength, enhance
the effect of parameters, and tunable properties in the hydrogel matrices [64]. It can be of

different types and categorized based on different classifications discussed below:

1.3.1 Classification of Reinforcement

Majorly, the reinforcement is categorized into two categories: inorganic and organic. Further,

inorganic and organic are classified into subcategories, as presented in Figure 1.6.

10
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Carbonbased CNT, MWCNT, GO,
material g-CN, etc.
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Figure 1.6 Types of reinforcement
1.4 Synthesis Methods of Hydrogel Composites

Several methodologies have been adopted to synthesize hydrogel by various techniques
[65]. It is categorized into two parts: physical crosslinking and chemical crosslinking. A
handful of methods were used to develop physically cross-linked hydrogel; some of them

are presented in Figure 1.7.
1.4.1 Physical Method

This method comprises the interaction of ions, including hydrogen bonding, electrostatic

interaction, and hydrophobic interaction [66].
Freeze-Thaw

It is a method in which hydrogel is synthesized in moderate conditions without initiator
and crosslinking agent. In this process, cooling and heating cycles of different time
intervals were varied according to different monomers [67]. Carrageenan and PVA-based
hydrogels based crystals were synthesized using this technique [68]. Zhang and their
group have synthesized hemicellulose-based hydrogel using the freeze-thaw technique,

which resulted in high strength in the matrix [69].

11
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Tonic Gelation Method

In this method, gelation is achieved by ionic interaction and agglomerations of electrolyte
solution with ions having different valency of opposite charge. Similarly, gelatin and
sodium alginate-based hydrogels were also developed via this technique [70]. Dodera
and the group have synthesized alginate-based hydrogel using ionic gelation [71].
Hydrogen Bonding

The H-bonding formation can be achieved when an electron-deficient H-atom interacted
with electronegative moiety. There are different factors that are responsible for
developing hydrogel by this methods are concentration of polymer, nature of the solvent,
structural integrity of the polymer, pH, and temperature [72]. Yacoub and the group have
explained how the hydrogen bonding in hydrogels plays a pivotal role in tissue
engineering applications [73].

1.4.2 Chemical Method

The reactions involved in developing chemical cross-linked hydrogel are free
radical polymerization, click, Schiff, imine-based reaction, addition reaction,
esterification, and coupling reactions [74]. These reactions were used to make a
polymeric network by introducing different polymeric units and fillers into the
matrices, leading to the formation of a 3-D crosslinked structure with different
active functional moieties [75]. Some of the techniques are illustrated in Figure 1.7.

Free Radical Mechanism

In general, most of the hydrogels are synthesized via the free radical mechanism.
Majorly, every monomeric unit has a double bond character. The unsaturation in
monomeric units initiates the vinylic free radical formation, which further
propagates the rate of polymeric chains with the help of active radicals. The radicals
can be generated by different processes: heating, the bombardment of electron
beams, and UV radiation [76]. In addition, polymerization can also be achieved by
different radioactive sources, for example, alpha particles, neutrons, gamma rays,
and electromagnetic radiation. The effects of radiation are quantitatively different
because the swelling ratio of hydrogels can be altered according to the dose of the
radiation utilized [77]. Zong and the group used free radical mechanisms to develop

a hydrogel to monitor human movement [78].

12
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Enzymatic Reactions

In this type of reaction, which involves enzymes to catalyze crosslinking, further
stimulates self-assembly or triggers degradation, and often offers high
biocompatibility and specificity. It is a novel method for establishing crosslinking
between polymeric chains to form the in-situ hydrogel. The enzymes are particular
for a substrate and suppress the system's side reactions. Tyrosinase and peroxidase
were used in crosslinking hydrogels, while amide conjugation and interfacial

enzyme polymerization were utilized to control the mechanical strength of these

hydrogels [79], [80].
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Figure 1.7 Methods for hydrogel synthesis

1.5 Types of Hydrogel Composites

Hydrogel composites are comprised of properties such as enhanced hydrophilicity,
non-toxic, biocompatibility, enhanced mechanical strength, multi-responsive, and
non-immunogenic behavior in improved or hydrogel composites, which enhances
the horizons of the polymeric hydrogel [81]. They are classified based on
reinforcement, and these reinforcements are incorporated into hydrogels, which led
to the formation of hydrogel composites. Some of the examples are presented in

Table 1.3.

13
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1.5.1 Inorganic Reinforcement-based Hydrogel Composites
1.5.1.1 Carbon-based Hydrogel Composite

These kinds of hydrogels are comprised of several forms of carbon, such as
graphene, graphene oxide (GO), carbon nitride, and carbon nanotubes (CNT). All
carbon-based materials have outstanding properties, such as good electrical
conductivity, better electrochemical properties, longer environmental stability,
biocompatibility, hydrophilicity, and controlled release rate [82], [83]. Liu and
groups have utilized cellulose fiber-derived carbon aerogel to develop a highly
conductive network for strain sensing performance [84]. Silva and the group have
utilized an alginate-based hydrogel reinforced with CNT for the extraction of the
metal phase [85]. Tragacanth gum-based hydrogel is reinforced with GO and
utilized for the removal of heavy metal ions [86]. Yadav and the group utilized
carboxy methyl tamarind kernel gum-based hydrogel reinforced with GO and
checked their application in the sequestration of cationic dye removal, and also

checked the effect on the release of the ciprofloxacin drug [39], [42].

1.5.1.2 Metal-based Hydrogel Composite

The most common reinforcing material utilized in the creation of hydrogel
composites is metal nanoparticles. The majority of metallic nanoparticles, including
Ag, Au, Cu, Pt, Ce, and Fe, have been employed in the development of
polysaccharide-based hydrogel composites [87].

It is also found in the literature that some work has been done on Ag NPs and ZnO
NPs, which impart antibacterial activity and help in biomedical applications [54],
[88]. In order to make the nanoparticles, citric acid, ascorbic acid, ammonia
solution, sodium borohydride, etc may serves as reducing agents [89], [90]. Natural
polysaccharides are also used as a green reducing agent due to the presence of
several functional moieties present in their structure. They help to stabilize the
nanoparticles via dipole and ionic interaction. Some plant extracts are also utilized
as reducing agents to reduce metal to make nanoparticles [91]. The incorporation of
nanoparticles can be done into hydrogel matrices via in-situ or ex-situ methods. Rani

and the group have used ex-situ ZnO NPs in CMTKG-based hydrogel and checked

14



Chapter 1

their effect on drug delivery of ciprofloxacin and enhanced antibacterial activity of
hydrogel composite. Puspamalar and the group have utilized silver and gold
nanoparticle-based biopolymer-based hydrogel composite for tissue regeneration
[87]. Due to the magnetic properties of iron oxide nanoparticles, they were widely

used in a wide range of applications [92], [93].

1.5.1.3 Silica Nanoparticles-based Hydrogel Composite

Silica is also reinforced into hydrogels to enhance and tune the properties which
results in hydrogel composites [94]. Jones and the groups used silica nanoparticles
dispersed in polymer, which helped enhance the mechanical strength of the matrix
[95]. Wang and group have worked on silica-based hydrogel composites to enhance
the mechanical properties of the hydrogel composites [96]. Manzano and the groups
used mesoporous silica nanoparticles and hydrogel composite, which aids in
enhanced regenerative medicine [97]. These hydrogel composites were utilized in

different fields of application [6], [98], [99].

1.5.1.4 Clay-based Hydrogel Composite

It also serves as an excellent candidate for making hydrogel composites.
Montmorillonite, kaolin, and magnetic clays are widely used as reinforcement in
hydrogel matrices [100], [101], [102]. Zhai and the groups have used a laponite
clay-based hydrogel nanocomposite, which showed enhanced mechanical properties
and controlled bioactive ion release for bone defect repair [103]. The clay-
reinforced hydrogel shows enhanced swelling, mechanical strength, and better
responsive behavior towards ionic and neutral species to the structural integrity of
the reinforced clay into hydrogel matrices [104]. The nanocomposite has a broad
range of applications such as drug delivery, wound dressing, water remediation, and

other biomedical sectors [124].

1.5.2 Organic Reinforcement based Hydrogel Composite
1.5.2.1 Fluorescent-based Hydrogel Composite

Hydrogels greatly impact the domains of biological research and medical diagnosis.
Their utility in bioanalytical and bio-sensing applications is growing. The

remarkable new nanomaterials known as quantum dots hydrogel composites,
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attracted a lot of attention due to their exceptional biocompatibility and acceptable
biodegradability, which creates a plethora of potential uses [108], [109]. Manuel and
the group have used a tough fluorescent nanocomposite hydrogel probe based on
graphene quantum dots to selectively detect Fe * * ions [110]. Ahmed and co-
workers have used fluorescent antimicrobial hydrogel based on fluorophore N-
doped carbon dots originating from cellulose nanocrystals [111]. Xiong and group
used a strong, flexible, anti-counterfeiting fluorescent composite hydrogel from
carboxymethyl cellulose-Eu (III) cross-linked polyvinyl alcohol [112]. Kumar and
the group has used m-BPDM based hydrogel for colorimetric sensing of zinc,

cadmium, and mercury from aqueous media [14].

1.5.2.2 Polymer-based Hydrogel Composite

Polymeric nanocomposite hydrogels are cross-linked polymeric hydrogels combined with
various type of nanomaterials to form polymeric nano-architecture with multifunctional
properties suitable for a variety of applications, particularly in tissue engineering, drug
delivery systems, biomedicals, and implantable materials due to their high water
composition and inherent high biocompatibility, which is similar to that of the human
system [113], [114]. Fenjan and the group have worked on synthesizing novel antibacterial
and biocompatible polymer nanocomposites based on polysaccharide gum hydrogels
[115]. Chen and the group have used carbon dots-based hydrogel fluorescent composites
for Fe(Il) detection and separation Carbon dots-based hydrogel fluorescent composites for

Fe(II) detection and separation[116].

1.5.2.3 Peptide and Protein based Hydrogel Composite

Recently, peptide-based materials have become a major area of study in
biomaterials, especially because of their numerous biomedical uses [117], [118].
The capacity of peptide-based hydrogels to replicate natural tissue conditions
through their three-dimensional structure and high water content has drawn a lot of
attention in tissue engineering [119]. They are now considered the best readily
available biomaterials because of their outstanding biocompatibility, tunable
mechanical qualities, and similarity to extracellular matrix proteins [120].
Abramovich and the group have used conductive peptide-based MXene hydrogel as

a piezoresistive Sensor [121].
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Table 1.3 Incorporation of inorganic and organic reinforcement into hydrogel matrices

Types of Fillers Bio- Synthetic Cross- Synthesis Feature Ref.
Reinfor- polymers Polymers linker Method
cement
ZnO CMTKG PSA PEGDA | Free Enhanced [54]
Radical
TiO2 Guar - Epichlo- | Heating Degradation | [122]
Gum/Urea rohydrin of pollutant
AgTiO2 | Arabic Acrylamid/ | MBA Free High [123]
Gum acrylonitrile Radical adsorption of
cationic dyes
Zn CMTKG/ | Acrylicacid | MBA Free Enhanced [124]
XG Radical soil quality
Metal IONPs Dextran Carbopol - Ton Effective [125]
Inorganic | & Gelation topical
metal treatment of
oxide skin cancer
NPs MIONP | Sodium Acrylic acid | IONPs Free Enhanced [126]
Alginate Radical drug release
CuNPs | Poly- AMPS MBA Free Catalytic [127]
hydroxy- Radical reduction and
ethyl adsorption of
cellulose basic blue 3
(PHE)
AgNW | Okra PVA Borax Heating Fast- [128]
response and
ultra-
sensitive
strain sensors
GO CMTKG Acryl- MBA Free High [42]
amide Radical Adsorption
Capacity
MW- Bacterial - CaCl2 Solution The electric | [129]
CNTs cellulose/ mixing stimuli
Sodium enhanced
alginate releasing
behavior and
Carbon- welzre .
based selective  to
the pH value
of the
surrounding
culture.
Graphe- | Hyaluro- Meth- Dithio- Solution Controlled [130]
ne nic acid acrylic acid | threitol mixing SenexinA
(DTT) Delivery
Tragacant | - MBA Free Adsorbed [86]
h &AMPS | Radical silver ion is
transformed
into  silver
nanoparticles
CMTKG Acrylamide | MBA Free Enhanced [39]
GO /acrylic acid Radical drug release
g-CN PC-TG Acrylamide | Glycerin | Freeze- To treat | [131]
/Fe304 drying hyperthermia
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Types of Fillers Bio- Synthetic Cross- Synthesis Feature Ref.
Reinfor- polymers Polymers linker Method
cement
Hyaluroni | PEI Glutamic | Mixing Anionic [132]
c acid acid therapeutic
delivery
Collagen - Glutarald | Centrifug- | Wound [133]
ehyde ation infection
SilicaNPs prevention
Pluronic - - Gelation High prostate | [134]
F127 antitumor
activity
Clay- Clay Cyclodext | PEG Guanadiu | Gelation Visible light | [135]
based nano- rin (CD) m" responsive
particles
Montm | Bacterial - CaClz Ion Adsorption [136]
orillo- cellulose gelation of dyes
nite
Magne- | Carboxy Acrylic acid | MBA Free Efficient [102]
ticclay | methyl radical removal  of
cellulose methylene
blue
CMTKG Acrylamide | MBA Free Calorimetric | [3]
radical sensing
m- Guar gum | Acrylamide | MBA Free Sensing  of | [14]
BPDM radical heavy metals
Fluo- in  aqueous
rescent solution
based PFO CNP AETA MBA uv Alkaline [137]
and radiation phosphatase
F8BT & Free | detection
radical
Cellu- Starch Acrylic acid | MBA Free High [138]
Organic lose Radical Adsorption
nano- Capacity for
Poly- particles removal of
mer- dyes
based Ag- Pectin Acrylic acid | PEGDA [139]
NPs lignin s
[140]
Resilin | - PEG-vinyl - Gelation Increased [141]
Peptide sulfone aortic  cell
and viability
protein- | Keratin | Glucose H:0: GOD- To treat | [142]
based catalyzed | diabetic
hydro- glucose wound
gels oxidation

1.6 Characterization

The characterization is

of the

crucial to elucidate the structure, properties, and

performance hydrogels. To characterize hydrogel composites

comprehensively, a variety of techniques were commonly used, including Fourier
Transform InfraRed (FTIR) spectroscopy for functional group analysis, X-Ray
Diffraction (XRD) for crystallinity of the composites [143], [144]; Thermal
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Gravimetric Analysis (TGA) to determine the material's thermal stability, Scanning
Electron Microscope (SEM) for surface morphology, and Brunauer-Emmett-Teller
(BET) to evaluate their active surface area, pore size, and volume of hydrogel matrix
[145], [146], [147]. Figure 1.8 illustrates the schematic representation of

characterization techniques used in hydrogel composites.

Identifies \
functional groups \ Determines

and chemical

specific surface

bonds in the

material.

Figure 1.8. Schematic representation for characterization techniques.

1.7 Applications

The structure of hydrogels entirely determines their suitability as a biological resource
and how they function in different applications. As discussed above, they exhibit unique
properties and novel applications in various areas. Table 1.4 presented some of the

biopolymer-based hydrogel composites in various applications.

1.7.1 Biomedical Applications

The hydrogels have a similar structure to soft tissue, leading to their utilization in
biomedical applications [148]. Hydrogels impart unique properties such as high stability,
non-toxicity, biocompatibility, gel-forming ability, and biodegradability, making them
suitable for biomedical applications [149], [150]. The schematic representation for

biomedical applications is presented in Figure 1.9.
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1.7.1.1 Drug Delivery Systems

Hydrogels are introduced as a new method for drug delivery that can eliminates or
reduces the usage of intravenous injections to deliver the drug [151]. Hydrogel is used as
a carrier to provide the drug due to its porous network which entraps the drug molecule
that helps to protect the drug from the surrounding environment which harms the drug
moiety. The porous network of the hydrogel can be altered by swelling and crosslinking
density in the hydrogel [152]. Hence, in delivering drugs, it stands out as an important
tool that enhances the therapeutic efficiency of the hydrogel matrix [29]. Some monomers
used to make the hydrogel limit their usage due to biodegradability and toxicity, therefore
some modifications in hydrogel to make hydrogel composites are reported in the
literature [152], [153], [154]. Huang and the group have utilized a BSA-incorporated
hydrogel composite for potential ocular application [155]. Bardajee and their co-workers
have fabricated a magnetic multi-walled carbon nanotube hydrogel composite based on
poly (acrylic acid) grafted onto Salep and checked their utility in the delivery of
tetracycline drug [156].

1.7.1.2 Tissue engineering and regenerative medicine

Similarly, biopolymer based hydrogels were utilized in Tissue engineering field that aims
to combine cells and biomaterials to generate realistic structures that can replace, repair,
or reproduce damaged biological organs or tissues [157], [158]. The current medical
situation is frequently subpar with the advancements in tissue engineering, since some of
the replacement tissues or prostheses do not work well as healthy tissue, or may cause
serious immunological conditions. Therefore, tunable mechanical and physicochemical
characteristics of hydrogels help the hydrogels to mimic extracellular matrix. Therefore,
these can be used in a variety of biomedical applications, such as fillers for scar aesthetic
correction, bladder, cartilage, orthopedic applications, skin, and bone [159], [160], [161].
Hydrogel composites based on gums regularly interact with cells through cell-binding
processes within the hydrogel matrix, hence regulating several biological processes. They
may exhibit an immunological response in the body as a result of numerous interactions
with biological substances, and are composed of polysaccharides that exhibit tissue
biocompatibility, which are appealing and more important for tissue engineering and

biomedical applications. Hydrogel composites exhibit strong and elastic properties to
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withstand buckling in gel networks that resemble solids [162]. Ferris and the group have

utilized gellan gum-based hydrogel for tissue engineering [163].

1.7.1.3 Wound dressings and contact lenses

The core objective of wound healing is to ensure rapid recovery using non-toxic,
antiseptic, and oxygen-permeable materials that establish a minimally invasive yet
effective interface in direct contact with the wound. To restore the skin's barrier
function, restore tissue adhesion, and maintain internal homeostasis, medicated
wound dressings provide a varied and appealing method of replacing damaged and
dead cellular components [164]. Normal wound healing, a natural biological
progression in the human body, is achieved through highly automated processes that
are precisely coordinated and carried out by a well-organized alliance of multiple
stages, including hemostasis, migration, inflammation, proliferation, and
remodeling [165], [166]. This process is a global medical alarm with many
challenges. Hence, covering materials are utilized in the treatment of skin injuries
to control bleeding, protect the wound from external contaminants, retain moisture,

promote faster healing, and manage excess exudate [167].

Therefore, gum-based hydrogel for wound dressings emerges as a key advantage in
their ease of application and removal, typically causing minimal disruption to the
wound bed [168], [169]. The choice of material is critical in wound management,
particularly when autologous skin grafts are not an option [170]. In such scenarios,
biopolymers serve as promising alternatives, aiding and enhancing the natural
processes of epidermal and dermal regeneration. Due to their natural abundance,
biodegradability, biocompatibility, non-immunogenic properties, and adjustable
physical and chemical characteristics, gum-based hydrogels have attracted growing
interest in the field of biomaterials [170]. These drug-loaded hydrogels enable the
controlled and continuous release of antibiotics, making them effective for targeted

drug delivery [171], [172].

Similarly, contact lenses are one of the efficient application of biomaterials in which
biopolymers play a pivotal role and were also developed using biopolymer-based

hydrogel matrices. However, there are some constraints related to traditional
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materials, such as biocompatibility, durability, and oxygen permeability. Therefore,
there is an urgent need for a system that can overcome these drawbacks. Ishihara
and coworkers presented biomimetic-engineered silicone hydrogel contact lens
material [173]. Similarly, other groups have utilized biopolymer-based hydrogel

composites for contact lenses [174].

1.7.1.4 Hygiene Products

Biopolymer-based hydrogels are utilized in different biomedical applications [60].
Hydrogel composites were used in hygiene products as an antimicrobial agent
against UTI pathogens and also used in other hygiene products [6], [175], [176].
Similarly, Bashari and the group have reported that cellulose-based hydrogel
composites are used for hygiene products [177]. In addition, Mistry and the group
have utilized a chitosan-based hydrogel matrix for sanitary and hygiene applications

[178].

1.7.1.5 Cosmetic

In cosmetics, hydrogels are used topically on the skin and hair and can even be taken
orally. The main benefit of using hydrogels in cosmetics is that they can prolong the
time spent on the application site and decrease the frequency of drug medications
[179]. For many years, several hydrogel-based cosmetic formulations have been
created, including active cosmetic ingredients. These formulations have been made
using a variety of biopolymers, including cellulose, hyaluronic acid, starch,
collagen, alginate, chitosan, pectin, xanthan gum, gelatin, and their derivatives
[179], [180]. These hydrogels based on biopolymers have been utilized to make
cosmetic masks [181]. These masks claim that they have anti-aging qualities,
improve skin hydration, and restore skin elasticity [182]. Alamo and co-workers
have checked the antibacterial effect on face masks using titanium dioxide-
incorporated hydrogel composites in cosmetics [183]. Mitura and the group have

presented bio-based hydrogel in cosmetic applications [184].

22



Chapter 1

100 ng/ml

L

Biosensors

Wound Healing

Figure 1.9 Schematic representation of biomedical application

1.7.2 Environmental Applications

Water is utilized in every industry, including agriculture, and it comes into contact with a
variety of dangerous materials, such as pesticides, hazardous metals, and dyes. In
particular, the release of harmful dyes into the environment is a serious problem because
it pollutes both surface and groundwater. These effluents cause serious threats to plants,
animal life, as well as human life, and aquatic species due to their highly stable molecular
structures [185]. Heavy metals like cadmium, arsenic, lead, nickel, copper, mercury,
chromium, and zinc are the main contaminants of fresh water because of their toxicity,
persistent nature, and lack of biodegradability. Therefore, a high demand to eliminate the
contamination from water reservoirs is a big task. There are a lot of techniques available
to treat this problem, such as membrane filtration, photocatalysis, adsorption, and
catalytic reduction [186]. This problem can be easily tackled by the adsorption
phenomenon because it is an easy, cost-effective, and efficient process [187]. Fakhri and
co-workers utilized graphene oxide incorporated hydrogel matrix to remove cationic dye
[188]. Dave and the group have utilized gum ghatti-based hydrogel composite for the
sequestration of dye [189]. Naushad and the group have used hydrogel composite for the
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removal of selective heavy metal ions to ensure environmental protection [190], [191].
In addition, Huang and coworkers have used a hydrogel matrix to remove p-nitrophenol

via adsorption [192].

1.7.3 Agriculture

Hydrogels have also been explored in the agriculture sector. Figure 1.10 presents the
absorption of water by hydrogel and the release of water. Similarly, hydrogels have been
used for controlled fertilizer release, micronutrient additions, enhancing the soil's water-
consumption capabilities, and attaining desirable agricultural product characteristics
without endangering the environment, which is only made feasible by the polymer's
biodegradability [193], [194]. In arid soil, hydrogels function as "mini liquid tanks,"
releasing water and embedded nutrients into the soil in response to the needs of plant
roots. Hydrogel amendments provide the soil with beneficial physical characteristics.
Additionally, they can be used as a medium for pesticide and fertilizer additions. Warkar
and the group have carboxymethyl tamarind kernel gum-based hydrogel to release zinc
and boron as micro-nutrients to the soil [195]. With the benefit of being composed of an
environmentally friendly polysaccharide, this hydrogel could be used for the enrichment
and hydration of depleted soil, preventing nutrient losses through leaching and
percolation. Upon addition of hydrogels, soil exhibits exceptional moisture-retaining and
release properties. Rafil and coworkers have used biopolymer-based hydrogel in
agriculture applications [196]. Rahul and the group have utilized guar gum and
carrageenan-based hydrogel for sustained release of fertilizer [197]. Starch and itaconic
acid-based hydrogels are utilized as controlled-release fertilizers [198]. Some literature
is available on hydrogel composite, which can be used to enhance the hydrophilicity in
the hydrogels and controlled release of fertilizers. Legese and the group have utilized
natural and modified zeolite-based composite to check the effect of fertilizers on slow
release and nutrient use efficiency [199]. Zakaira and the associates have presented how
the hydrogels were utilized in agricultural application in urban farming and discussed

their potential and limitation [200].
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Figure 1.10 Representation of adsorption and release of water from hydrogel

1.7.4 Industrial Applications

The usage of polymers in the food packaging industry is currently attracted to
performance because of their enhanced biocompatibility, biodegradability, swelling
characteristics, and hydrogels mechanical, thermal, and other features [201]. Films are a
kind of layers that can be prepared by casting and drying using a variety of polymers into
the proper shapes for multipurpose ranges from packaging to edible films. The primary
purpose of these hydrogels in this field is to retain a dry environment within food
packaging by regulating humidity, which can be generated by fruit and vegetable
transpiration, water loss from physiochemical changes in the food within its packaging,
or environmental changes [202]. Hadi and the group have developed sodium alginate-
aloe-vera hydrogel films enriched with organic fibers, studying the physical, mechanical,

and barrier properties for food-packaging applications [203].
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1.7.5 Sensors

Hydrogels are widely used in sensor applications due to their salient features, such
as elasticity, mechanical strength, biocompatibility, etc., and can be implemented in
different kinds of sensors. They can be used in skin motion monitoring, pollutant
detection, glucose sensing, bacterial capture growth elimination, human motion
detection, calorimetric sensing, and wearable sensors [3], [14], [204], [205], [206].
Hydrogels can be modified by varying the polymeric unit. For example,
polyacrylamide enhances mechanical strength, while polyacrylic acid enhances the
elasticity of the hydrogel matrices. Karbarz and the group have utilized
nanocomposite hydrogel for skin motion sensing. They have observed that it is well-
suited for real-time monitoring of joint movements and speech recognition, with
potential applications in electronic skin and healthcare monitoring devices [207].
Ting and the group have worked on Smart Composite Hydrogels to monitor Health

using wearable sensors [208].
1.7.6 Energy-based systems

Hydrogels have drawn more attention from both academic and industrial research
communities for their potential use in energy conversion and storage systems. Their
remarkable mechanical qualities, innate multi-functionality, and remarkable
biocompatibility are responsible for their usage in this particular field [209], [210],
[211], [212]. Kabir and the groups have presented the usage of hydrogels in different
forms of energy and how the activity can be enhanced by adding filler to enhance
ionic conductivity in the matrices [213]. Ginebra and the group have utilized
hydrogel nanocomposites with Temperature Response for Capacitive Energy
Storage [214]. Ruthes and the group have utilized hydrogel-based flexible energy
storage using electrodes based on polypyrrole and carbon threads [215]. Similarly,
hydrogel composites were utilized in flexible electrodes [216], [217]. Wang and
group have utilized a natural polysaccharide hydrogel platform for sensing and

electricity harvesting/storage [8].
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Table 1.4 Biopolymers used in different applications.

S.No. Hydrogels Method Filler Application Ref

1 Starch/Itaconic Thermal Fe304 General Wound healing [218]

2 CMC/Starch Centrifugation CuO NPs Antioxidant and Antimicrobial | [219]
Properties and  Accelerated
Wound Healing In Vivo

3 Hyaluronic acid | Immersion BSA/Fe Chronic  Diabetic ~ wound | [220]

nano-fibrous healing

4 Bacterial Cellulose | Stirring MXene Skin wound healing under | [221]
electrical stimulation

6 MXCS/PAA Stirring Fe304 Heavy metal adsorption [222]

7 Dextran/Gelatin Freeze Dried MgO To enhance the mechanical | [223]
strength

8 Laponite/ Phacoemulsification | MS To enhance spinal cord injury | [224]

Polyvinylacetate in rats

9 Chitosan/dopamine | Stirring g-C3N4 To enhance the healing rate of | [225]
wounds

10 Sodium alginate Sonication and | ZnO Wound healing process [226]

centrifugation

11 CMTKG/PMA Free radical ZnO Drug delivery [54]

12 TKG/PSA Free radical AgNPs Drug deluvery [227]

13 CMC-o(PDA) Stirring GO Removal of dyes [228]

14 Chitosan/AM Microwave Carbon dot | Sensing of ferrous ions [229]

1.8 Significant Findings and Research Gap

Since their early development, hydrogels have emerged as promising materials for

applications in diverse fields. However, existing hydrogel systems still have certain

limitations, as summarized in Table 1.5.

Table 1.5 Existing hydrogels vs. the importance of the presented work

Existing
hydrogel system

Common limitations
reported in existing
systems

Strategy adopted in the
present work

How the present work
addresses the limitation

Pure synthetic

Many synthetic hydrogels

Carboxymethyl tamarind

polymer-based show good swelling and kernel gum (CMTKG) was
hydrogels mechanical stability, but incorporated with synthetic
they may have limited polymers such as PAM,

biodegradability and lower
sustainability.

PSA, PAA, and IA.

The inclusion of CMTKG
introduces a renewable,
biodegradable, and
hydrophilic biopolymer
component into the hydrogel
matrix

Pure natural
polymer-based
hydrogels

Natural polymer hydrogels
are biocompatible and
biodegradable, but often
suffer from weak
mechanical strength, poor
stability, and uncontrolled
swelling.

CMTKG was combined
with synthetic polymers
through hydrogel network
formation.

The synthetic polymer
component provides
structural stability, while
CMTKG contributes
hydrophilicity,
biodegradability, and
functional groups.
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Existing Common limitations Strategy adopted in the How the present work
hydrogel system reported in existing present work addresses the limitation
systems
. Some adsorbent hydrogels GO provides ?d.d itional .
Conventional . Lo . . oxygen-containing functional
adsorbent show limited active sites, GO was incorporated into roups. higher surface area
low surface functionality, the CMTKG/PAM hydrogel £roups, g .
hydrogels for dye . . : . and possible electrostatic and
and insufficient interaction | matrix. . . .
removal . 77 interactions with
with dye molecules. .
cationic dyes.
. Some hydrogel systems CMTKG-based hydrogels The hydrogel getwork
Drug delivery show ranid initial dru were evaluated for the provides swelling-controlled
hydrogels with p & release of ciprofloxacin, and diffusion-regulated drug-

burst or poorly
controlled release

release or poor control
under gastrointestinal pH
conditions.

levofloxacin, and
azithromycin at different
pH values.

release behavior, supporting
oral drug-delivery
applications.

Nanoparticle-free

Hydrogels without
reinforcing fillers may
show limited functionality,

Iron oxide nanoparticles
(IONPs) were incorporated

IONPs improve the
functional nature of the
matrix and provide

ﬁrl(ligrodeéi:ery lower interaction sites, and into CMTKG/PAM additional interaction sites
yarog reduced control over hydrogel. for drug loading and release
release. regulation.
Hydrogels for Some soil-conditioning CMTKG/PAA/IA hydrogel | The hydrogel provides a dual

agriculture with
limited nutrient
delivery function

hydrogels improve water
retention but do not provide
additional micronutrient
delivery.

was evaluated as both a soil
conditioner and a carrier for
iron micronutrient delivery.

function by supporting water
retention and controlled
delivery

Single-
application
hydrogel systems

Many hydrogel studies
focus on only one
application, limiting their
multifunctional relevance.

CMTKG-based hydrogels
were designed for dye
sequestration, drug delivery,
sensing, and agricultural
applications.

The present work
demonstrates the
multifunctional potential of
CMTKG-based hydrogel
composites across
environmental, biomedical,
sensing, and agricultural
fields.

Therefore, keeping this in mind, hydrogel composites are considered suitable candidates for

enhancing existing applications and tailoring material properties according to specific

requirements. Based on an extensive literature review, biopolymer-based CMTKG hydrogel

composites were identified as promising materials for in-depth exploration in various

application areas. The existing research gap can be addressed by generating scientific

evidence on the synthesis, characterization, and application of CMTKG-based hydrogel

composites. On the basis of the literature review, the identified research gaps are as follows.

1. Although a variety of biopolymer-based hydrogels have been widely reported in the

literature, studies reporting the in-depth exploration of CMTKG-based hydrogel

composites remain quite limited.

28



Chapter 1

2. Studies reporting the effect of the incorporation of various inorganic and organic
materials in CMTKG-based hydrogels are quite limited.
3. Applications of CMTKG-based hydrogel composites have not been thoroughly

investigated.

The present thesis offers a novel and systematic approach for developing sustainable
CMTKG-based hydrogel composites by integrating inorganic/organic fillers to tailor the
hydrogel networks. The novelty lies not only in the synthesis of these hydrogel composites
under ambient conditions but also in the comparative evaluation of their structure—property-
application relationships. The work highlights how CMTKG contributes to hydrophilicity,
biodegradability, swelling ability, and functional binding sites. Incorporated components
such as GO, IONPs, m-BPDM, and synthetic polymers enhance adsorption, drug release,
sensing, and agricultural performance. Therefore, the thesis fills an important research gap
by establishing CMTKG-based hydrogel composites as versatile platforms for water
remediation, controlled oral drug delivery, colorimetric detection of metal ions, and

controlled fertilizer release and soil-conditioning applications.

1.9 Research Objective

Based on the research gap, four objectives were formulated, and the objectives of the

research work are as follows:

e Synthesis of a series of biopolymer-based hydrogel composites.
e Ascertain the optimal synthesis conditions for prepared hydrogel composites.

e Comprehensive characterization of the synthesized materials using various
techniques.

e Investigation of the potential applications of synthesized hydrogel composites.

The identified gap in existing studies can be addressed by formulating objectives that
underline the need for a comprehensive investigation using various characterization
techniques and experimental work. This research, therefore, seeks to fill these gaps by
generating scientific evidence on the synthesis, characterization, and applications of the
hydrogel composites. Accordingly, the subsequent chapters discussed the synthesis of a

series of hydrogel composites and their potential applications.
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1.10 Overview of the Work

The thesis has been summarized into eight chapters, which are described briefly

below:

Chapter 1 deals with the introduction and literature review on hydrogels and their
composites. It discusses a comprehensive analysis of hydrogel composites with
inorganic and organic fillers and their applications in the fields of drug delivery,
environment, sensing, and agriculture. It addresses this gap by systematically
exploring the roles of polysaccharide-based hydrogel composites and delves into the
multifaceted potential in properties, classification, characterization, and types of
hydrogel composites, and underscores the exploration in diverse fields. Among the
traditional applications, hydrogel composites exhibit advanced capabilities, such as
an emerging role in colorimetric sensing, and have great potential as electrolytes,

electrode materials, and super-capacitors in energy storage.

Chapter 2 describes the facile synthesis of graphene oxide (GO) and
GO/Carboxymethyl Tamarind Kernel Gum (CMTKG)-based hydrogel composite.
The synthesized GO/CMTKG/PAM hydrogel composite was applied as an adsorbent
for the selective sequestration of toxic crystal violet (CV) and methylene blue (MB)
from an aqueous medium. The impact of various controlling parameters, such as
contact time, pH, concentration, adsorbent dosage, and temperature, was studied. The
experimental data obtained from the isotherm and kinetics modeling showed a good
correlation with the Langmuir isotherm and pseudo-second-order kinetics model,
respectively. The synthesized adsorbent exhibits excellent recyclability for dye uptake
after six consecutive cycles. Furthermore, the simultaneous adsorption of CV and MB
from the binary system was carried out to ascertain the utility of the adsorbent in a
wide range of adsorption systems. The adsorbent was also found to act as a proficient
adsorbent in various water samples. These results demonstrated that the synthesized
hydrogel can be successfully applied as an adsorbent for the sequestration of dye

effluents in real-time applications.

Chapter 3 includes four different combinations of hydrogels that were synthesized

using carboxymethyl tamarind kernel gum (CMTKG), synthetic polymers:
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polysodiumacrylate (PSA) and polyacrylamide (PAM), and Graphene Oxide (GO) as
a filler, and Ciprofloxacin (Cip) as a model drug, and then characterized. The swelling
behavior of hydrogel reveals the order as Distilled Water (DW) (pH 7) > pH 7.4 > pH
1.2. Further, studies such as drug loading and drug release were carried out at
simulated pH 7.4 and pH 1.2, which reveal that the maximum drug release (%) was
exhibited by D3 (86), followed by D1 (82), D4 (70), and D2 (61) at pH 7.4. The
Korsmeyer-Peppa's model suggested the best fit with R? = 0.99 for all. The
cytotoxicity of hydrogels indicated that the cell survival rate was more than 68% in <
250 pg/mL concentration for all hydrogels. Hence, incorporating GO will potently

enhance the drug release ability and cell survival rate of the hydrogels.

Chapter 4 presents that the pH-sensitive polymeric hydrogels are promising
candidates for oral drug delivery due to their ability to adapt to environmental
changes. The novel hydrogels were developed using free radical polymerization,
which are composed of biogenically synthesized iron oxide nanoparticles (IONPs) as
filler, biopolymer carboxymethyl tamarind kernel gum, and poly(acrylamide)
(CMTG-PAM-IONPs), designed as carriers for levofloxacin delivery. IONPs were
successfully synthesized using Citrus Limetta peel extract and characterized. Then,
the swelling studies were conducted to assess how the IONPs content influenced
swelling behavior. Notably, the effect of swelling became evident only when the
IONPs concentration in the mixture was increased up to approximately 0.02g. Then,
the gel content and porosity of the hydrogels were assessed, and the loading of the
levofloxacin drug was computed. Moreover, in vitro release studies were carried out
at pH 7.4 and pH 1.2 at 37 °C. The drug release mechanism was determined to be
relaxation-controlled in all cases, and the diffusion coefficient was estimated using
non-Fickian diffusion and a relaxation model. In addition, the cytotoxicity of the

hydrogels revealed that they could be potentially used in biomedical applications.

Chapter S aims to develop a novel smart pH-responsive carboxymethyl tamarind kernel
gum/sodium alginate/polyacrylamide (CMTKG/SA/PAM) hydrogel, and the loading of
azithromycin drug (AZM) was done to utilize the drug-loaded hydrogels in drug delivery.
The effect of varying amounts of biopolymer (CMTKG), initiator, and crosslinker on the

swelling behavior of hydrogels was assessed. The sol-gel analysis was also performed to
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identify the crosslinked portion in the hydrogel. Further, to check the pH response of the
hydrogel, swelling and drug release studies were performed at pH 7.4 and 1.2, which
revealed the pH-dependent behavior of the synthesized hydrogel, and the results revealed
better swelling and drug release at pH 7.4 as compared to pH 1.2. The kinetic study
reveals that experimental data fit best with the Korsmeyer-Peppas and Higuchi models.
In addition, the synthesized hydrogel demonstrated antibacterial properties and revealed
good cell viability against the HCT-116 cell line. Hence, CMTKG/SA/PAM hydrogel can

serve as a promising material for the pH-dependent release of model drugs.

Chapter 6 presents a practical approach to overcoming the issue of complex-based
sensing platforms for metal ion detection. The aim is to develop a biopolymer-based
hydrogel composite for colorimetric sensing in an aqueous medium. The meta-
benziporphodimethene ~ (m-BPDM)-modified  carboxymethyl tamarind  gum
(CMTKG)/polyacrylamide (PAM) hydrogel was developed via in situ incorporation of
m-BPDM into the hydrogel matrix. Solid-state UV-visible spectroscopy, FTIR, PXRD,
and SEM characterized the m-BPDM-modified CMTKG-based hydrogel composite. The
as-synthesized m-BPDM-modified hydrogel was applied as a sensor for the colorimetric
sensing of Zn", Hg*?, and Cd" metal ions. It demonstrated a color change from pinkish
red to dark blue in the aqueous solution of metal salts. The sensor's performance was also
assessed in industrial effluents to check its applicability in real-time applications. The
quantitative determination of Zn'2, Hg™, and Cd*? from industrial effluents was
confirmed using atomic absorption spectroscopy (AAS). This suggests that synthesized
hydrogels can be utilized as sensors for the visual on-site detection of zinc, cadmium, and

mercury metal ions in an aqueous medium.

Chapter 7 In this chapter, carboxymethyl tamarind kernel gum (CMTKG),
polysodiumacrylate (PSA), and itaconic acid (IA) are used to synthesize novel
(CMTKG/PSA/IA and fertilizer-loaded CMTKG/PSA/IA hydrogel composite using a
free-radical polymerization mechanism. A library of hydrogel composites was
synthesized, and then the optimized hydrogel was utilized in agricultural applications.
Several experiments were conducted to investigate the impact of the composition used,
sol-gel content, and swelling ratio at various pH levels. The maximum water-holding

capacity of the soil was calculated and compared to the control soil (without hydrogel).
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The iron (Fe) release and kinetics study was studied with the best-fitted model.
Additionally, the biodegradability of the hydrogel composites was also assessed.
Furthermore, a pot plantation study using okra seeds was conducted to assess the potential

of the synthesized hydrogel composite in real-time applications.

Chapter 8, The conclusion, future scope, social impact, and achieved SDGs goals of the

present work are summarized.
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SYNTHESIS AND CHARACTERIZATION OF GRAPHENE OXIDE
(GO) - INCORPORATED CARBOXYMETHYL TAMARIND
KERNEL GUM (CMTKG) BASED HYDROGEL FOR
SEQUESTRATION OF ORGANIC DYES.

2.1 Introduction

Water makes up more than 71% of our planet, but less than 3% is fit for consumption. As
a result, many regions of the world face a scarcity of water resources [230]. Water is used
in all available sectors, such as agricultural and industrial, and it is exposed to several
harmful substances, including harmful dyes, toxic metals, and agricultural pesticides.
Especially, the discharge of toxic dyes into the environment is a significant issue that
leads to surface and groundwater pollution, causing serious threats to flora and fauna, as

well as human life and aquatic species, as illustrated in Figure 2.1 [185], [231].

¥ Carcinogenic effect
¥ Hazardous disease

m_. BiEffoct of dye

Mankind

¥ Soil quality decreases

¥ Disturbs the photosynthesis activity

\_/ A quatic lifele » Plant growth affected

Figure 2.1 Effect of discharge of toxic species from industries and factories.

¥ Increased threat to aquatic animals

Dyes such as Crystal Violet (CV), Methylene Blue (MB), Methylene Orange (MO), etc.,
exhibit mutagenicity, toxicity, and carcinogenicity, so their sequestration from wastewater

has become essential [232]. Monira G. et al. have demonstrated that in comparison with
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anionic dyes, cationic dyes are much more toxic and dangerous due to their interaction
with the cytoplasm and hamper the normal physiological functioning of living beings
[233]. Among cationic dyes, CV and MB, having chemical formulas C»5H30N3Cl and
C16H18N3SCl, respectively, are popularly used in a variety of fields, including printing
inks, paper, textiles, and medicines [234]. These dyes are extremely harmful on ingestion
and can result in cyanosis, irritated skin, irreversible blindness, itchy eyes, dizziness,
staining of skin, and elevated heart rate [235]. Therefore, these toxins must be eliminated

before industrial wastewater is released into water sources.

A variety of conventional water treatment methods, such as ion exchange, precipitation,
coagulation-flocculation, membrane filtration, etc., have been used for pollutant removal
[236]. But these methods possess certain constraints, such as high cost, production of
large amounts of toxic sludge that is difficult to dispose of, and lack of regenerability,
leading to the development of several new approaches, such as membrane filtration,
catalytic reduction, photocatalysis, and adsorption [237]. Among these methods,
adsorption is one of the most attractive and efficient techniques due to its low operational
cost, design simplicity, easy handling, availability of various adsorbents, and feasible
recyclability process [238]. A variety of materials, like metal and non-metal-based
nanoparticles, carbon-based materials, biomaterials, and polymeric materials, are
employed as adsorbents [239], [240], [241]. It is imperative to develop low-cost
adsorption materials with large uptake capacities. Currently, biopolymeric hydrogels,
among all adsorbents, are in high demand because they effectively eliminate the presence
of hazardous metal ions, dyes, etc., and offer numerous benefits, such as biocompatibility,
bioavailability, biodegradability, and ease of synthesis, for dye sequestration [242], [243].
In the mid-19th century, hydrogels garnered attention and were explored for the
betterment of mankind. Specialized 3-D polymeric networks, referred to as ‘Hydrogels’.
Their unique features include easy integration of various chelating groups into polymer
networks, which exhibit high adsorption ability, extensive surface area, and chemical

durability [244].

One of the most widely available but less explored bio-polymers is Carboxymethyl
Tamarind Kernel Gum (CMTKG), which holds immense potential in the
development of bio-adsorbents [245]. CMTKG is a carboxymethylated
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functionalized form of Tamarind Kernel Gum powder (TKG). TKG is a biopolymer
or gum obtained from Tamarindus indica L. However, the lower hydrophilicity of
TKG limits its practical usage. Therefore, in order to generate the negative charge
on the surface of TKG, which in turn would impart an anionic nature to the
polysaccharide, the functionalization of TKG is an effective methodology. CMTKG
is a non-toxic, bio-compatible, bioavailable, bio-degradable, and water-soluble
anionic polysaccharide. However, there are some inherent limitations to the use of
biopolymers for hydrogel fabrication, such as low tensile strength and low tendency
to form hydrogen bonds with target contaminants [246]. Hence, it is possible to
enhance the properties of hydrogels derived from biopolymers by combining them
with acrylic and acrylate species, such as acrylamide, methacrylic acid, and acrylic
acid [247], [248]. Polyacrylamide is one of the popular moieties that draws great
attention due to its non-toxicity, low cost, high tensile strength, and outstanding

efficacy in various applications [249].

In the present work, CMTKG was selected as the key functional biopolymer
component because of its hydrophilic polysaccharide structure and the presence of
hydroxyl and carboxymethyl functional groups. Although CMTKG may be
incorporated in a lower proportion than synthetic polymers such as PAM, it plays
an important functional role by improving hydrophilicity, swelling behavior, and
biodegradability, and provides active sites for hydrogen bonding and electrostatic
interactions. These interactions contribute to water uptake, dye adsorption, drug
loading, and release behavior as per the application required. Therefore, CMTKG
acts as the functional biopolymer component. In contrast, PAM mainly forms the
continuous polymeric network and provides structural stability. Thus, CMTKG and
PAM have complementary roles: CMTKG contributes functional biopolymer

characteristics, while PAM supports network formation and mechanical integrity.

To achieve further enhancement of properties, carbon and carbon-based materials
such as graphene oxide (GO) have grabbed a lot of attention in various fields,
including wastewater remediation, due to their excellent properties, such as high
surface area and exemplary mechanical strength [250]. GO is composed of a

monolayer of graphene sheets that are covalently bonded with the oxygen-
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containing functional groups (hydroxyl, carboxylic, epoxy) present on the edges of
the sheet, as well as on the basal planes [251], [252]. Although it is widely favored
for multiple applications, the use of graphene oxide in wastewater treatment is
hindered due to its stickiness in liquid and its agglomeration tendency [253]. Its
profitable usage in wastewater treatment applications can be achieved by combining
it with a polymeric matrix such as hydrogels, which helps in overcoming its
limitations. Numerous pollutants, including hazardous dyes, arsenic, and 17b-
estradiol, have been previously removed using GO-based hydrogel [254], [255].
But, to the best of our knowledge, the combination of GO with CMTKG and PAM-
based hydrogel has not been previously reported.

Therefore, this research article describes the synthesis of GO and its usage for the
synthesis of a novel hydrogel composite composed of GO, CMTKG, and PAM, and
the evaluation of its potential in the sequestration of dyes. The effect of various
parameters, including contact time, dye concentration, variation in adsorbent
dosage, and pH of solution, was studied. Isotherms, kinetics, and thermodynamics
of the adsorption process were also examined. Further, the removal of a binary
mixture of cationic dyes was also performed. The regeneration ability and the
adsorption capability of the synthesized hydrogel adsorbent in real water samples
were also evaluated.

2.2 Materials and Methods

2.2.1 Materials

Graphite Powder, acrylamide (AM), and N, N’-methylenebisacrylamide (MBA) were
obtained from Central Drug House (CDH) Chemicals, Delhi, India. Potassium
persulphate (KPS), potassium permanganate (KMnQOs), and hydrogen peroxide (H20»)
were purchased from Merck. Sulphuric acid (H2SO4), CV, and MB were obtained from
Thermo-Fischer. Carboxymethyl tamarind kernel gum powder (CMTKG) was
generously provided by Hindustan Gum and Chemicals Ltd., Haryana, and hydrochloric

acid (HCI), ethanol, and acetone were purchased from SRL Chemicals, Delhi, India.

2.2.2 Synthesis of Graphene Oxide (GO)

Graphene oxide (GO) was synthesized using a modified Hummers approach with

modification [256]. Initially, 1.5 g of graphite powder was mixed with 25 mL of
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concentrated HoSO4 at a temperature below 20 °C and agitated for 25 minutes for the
dissolution of graphite powder in HoSO4. On complete dissolution, 3.0 g KMnO4 was
slowly added to the above mixture, and a constant temperature of 45°C was maintained
for 60 mins. Then, 70 mL of distilled water was poured into the above mixture and stirred
for 20 mins, and the temperature reached 95 °C. Afterward, 180 mL of ice-cold H>,O was
added to the reaction mixture, resulting in a brown-colored solution. Finally, the reaction
was stopped by adding 5 mL H»O: to the reaction mixture, and the solution turned
brownish-yellow in color, as represented in Figure 2.2. The resultant solution was
filtered, and the obtained product was washed using 0.1 % HCI aqueous solution,
followed by ethanol washing and finally distilled water till neutral pH was achieved. The

synthesized product was then dried at 40°C and stored under dry conditions.

Graphite KMnO DIStI”ed Water H,0, —
el | —|[C —— & >
' 25 min ‘ 60 min A
| Temp.20°C Temp 45°C 20 min =

Figure 2.2 Schematic representation of the synthesis of GO.

;‘\‘\

2.2.3 Synthesis of GO/CMTKG/PAM Hydrogel Composite.

0.1 g of graphene oxide was added to 10 mL of double-distilled water (DDW) and
ultrasonicated until it dispersed completely. 0.3g CMTKG powder was allowed to be mixed
in 10 mL of double-distilled water at ambient temperature, and 1.5 g AM was mixed into
the CMTKG solution and stirred for 20 min. To the resultant solution, 0.120 g KPS and
0.030 g MBA were added. Afterward, graphene oxide suspension was added dropwise to
the above solution and stirred for 45 min to obtain an undistinguishable phase of the
mixture. Further, the homogeneous mixture was moved into test tubes and positioned in a
water bath set at a temperature of 60 °C for a duration of 1 hour. The obtained product
was cut into circular discs and immersed in DDW overnight to remove alkalinity and
excess unreacted chemicals. The hydrogel pieces were air-dried overnight, then dried in the
oven at 60 °C till a constant weight was attained. The pictorial representation is presented
in Figure 2.3. The procedure for the synthesis of CMTKG/PAM hydrogel was the same as
that of GO/CMTKG/PAM, but GO was not introduced into the CMTKG/PAM matrix.
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Figure 2.3 Schematic representation of GO loaded CMTKG/PAM matrix.

2.2.4 General Characterization Techniques.

PXRD was analyzed using an X-ray diffractometer (Bruker D8 advanced), within the
range of 20 = 5 - 70° with Cu K, radiation having A = 1.5418 A. The data were recorded
with a scanning rate and step size of 0.5 s step™'. The ATR-FTIR analysis was done using
a Fourier-transform infrared spectrometer (PerkinElmer) within a range of wavelength
between 400-4000 cm !, A thermal gravimetric analysis (TGA) curve was recorded with
TGA (PerkinElmer) under flowing nitrogen at temperatures between 10 and 850 °C at a
uniform rate of 10 °C per minute. A BET-BJH nitrogen adsorption-desorption technique,
using QuantaChrome Nova Win at 77 K to determine the specific surface area and
average pore size distribution of synthesized hydrogels. The surface morphology was
evaluated using SEM (JEOL Japan Model JSM 6610LV). The Zeta potential of the
synthesized hydrogels was measured via Dynamic Light Scattering (DLS) measurements
recorded on a Malvern Zeta-sizer Nano-ZSP in a 2mL disposable cuvette. A UV-vis
spectrophotometer (Shimadzu UV-Vis 2600) was used at room temperature to measure

absorption spectra.

2.2.4 Investigation of Swelling Studies

The gravimetric method was used to evaluate the swelling behavior of the synthesized
hydrogels. First, dried hydrogels were weighed and immersed in 100 mL of distilled
water (pH =7) at room temperature. After regular intervals of time, the swollen hydrogel

discs were isolated, and excess water was wiped off using filter paper, and then weighed
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[257]. This experiment was performed in triplicate, and the swelling percentage was
determined based on the following equation (1) [258]:

D;—-Dy
Dy

Swelling Ratio (%) = (%) x 100 (1)

Here, D1 and D; refer to the weight of the dried and swollen hydrogel, respectively.

2.2.6 Investigation of Sol-Gel Analysis

It was performed to discover an uncross-linked segment of the synthesized hydrogel
adsorbent. Since the gel constitutes the insoluble cross-linked section of a hydrogel, the
term "sol" denotes the soluble and non-cross-linked portion of the hydrogel adsorbent. In
this examination, the dehydrated hydrogel disc was weighed and subjected to the Soxhlet
extraction technique, utilizing distilled water as the solvent, operating at 100 °C for a
period of 4 hours. After a particular interval, the extracted hydrogel discs were dried to
get a sustained weight in the oven at 60 °C. To establish the sol-gel fraction, equations
(2) and (3) were used, respectively, [259].

Sol Fraction= ——Z x 100 2)
Wy

Here, W refers to the initial weight of the dried hydrogel, and W refers to the final weight
of the extracted dried hydrogel after being subjected to Soxhlet extraction [260].

Gel fraction = 100 - Sol fraction 3)

2.2.7 Adsorption Studies

To evaluate the adsorption performance of GO/CMTKG/PAM hydrogel as an adsorbent
and study the impact of controlling parameters such as contact time, dye concentration,
adsorbent dosage, solution pH, and temperature, experiments were performed. 100 mg L~
' CV and MB stock solutions were diluted for the preparation of successive CV and MB
solutions, and their concentrations were ascertained using UV-vis spectrophotometry.
Synthesized hydrogels were placed in an Erlenmeyer flask and shaken in an orbital shaker
at 130 rpm. Contact time study (10-120 min) was performed using 100 mL of dye
solution. The solutions were stirred with 0.15 g of adsorbent for 120 mins in dark

conditions in an orbital shaker. After a pre-decided time, an interval of 10 mins, 3 mL of
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the sample was withdrawn, and the concentration of CV and MB was recorded using a
Shimadzu UV-vis spectrophotometer at Amax = 592 nm and 664 nm, respectively. CV and
MB dye concentrations (10-100 mg L!) were explored to evaluate the adsorption efficacy
of the synthesized adsorbent for CV and MB dye removal using the same experimental
procedure as in contact time. pH study was carried out by varying the pH range from 3-
9 for CV, at higher pH, CV degrades itself, and for the MB solution, pH varying from pH
3-11. The pH was adjusted using 1 M HCl and 1 M NaOH solutions. Similarly,
temperature (298-328 K) and adsorbent dosage (0.5 —0.2 g L!) were carried out similarly,
and Amax = 592 nm and 664 nm for CV and MB were recorded using a UV-vis
spectrophotometer. It is noticeable that in each step, all experiments were performed in
triplicate. The percentage removal efficacy (%R), maximum equilibrium adsorption
capacity qe (mg g™!), and dye uptake capacity q: (mg g'!) were evaluated at equilibrium
time ‘t’ using the Equations (4), (5), and (6) respectively [261].

%R = =7 x 100 @)
ge = (Co—C) % (3) 5)
ge =V x (=5 (©6)

Co, Ce, and Ci(mg L) are the initial & equilibrium concentration and concentration at a
particular time ‘t’ of the adsorbate solution (mg L"), respectively. V and W denote the
volume of the dye solution (mL) and the weight of the adsorbent (g), respectively. Studies

were done without adjustment of pH and temperature unless otherwise mentioned.

Further, isotherms were plotted using the experimental study of dye concentration, and
the kinetics of adsorption were evaluated using contact time. To evaluate the impact of
temperature, experiments were conducted at three constant temperatures (298.15 K —

328.15 K) with a contact time of 120 minutes.

2.2.8 Investigation of Zero Point Charge (pHzrc)

pHzrc was evaluated to investigate the charge on the surface of GO/CMTKG/PAM.
Initially, solutions of 1.0 M NaOH and 1.0 M HCI were prepared, and the pH varied from
5 to 11 of the aqueous solution, by using NaOH and HCI solutions. After adjusting the
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pH, 0.15 g of adsorbent was added to individual pH solutions of dye in 100 mL, and the
pH was measured (pHinitia), and kept steady at ambient temperature for 24 h. After 24 h,
the pHs of the individual solutions were measured (pHfinal). To determine equilibrium, the
A pH (difference between initial pH and final pH) of the samples was plotted against the

initial pH, and the pHzpc line was indicated where the x-axis met the pH of the sample.

2.2.9 Adsorption Isotherms
Langmuir Adsorption Isotherm

The proposed model by Langmuir attempts to elucidate the saturated adsorbate uptake
by the adsorbent in a monolayer pattern with unified binding sites and is empirically

expressed as in equation (7) [262].

_ (qmaxCekr)
qe - (1+kLCe) (7)

The linear equation (8) for Langmuir model is

=~ 4 ®)

de KLdmax dmax

where qmax (mg g!) represents the maximum uptake capabilities of CV and MB, and g
(mg g!) represents the saturation adsorption capacities of both dyes. While, Ce (mg L~
') represents equilibrium concentrations of CV and MB, and K. (L mg') is the

Langmuir constant.

The factor of separation Ry is a dimensionless constant is used to determine linearity
(RrL=1), irreversibility (R.=0), favourability (0 < Rp<1) or un-favourability (RL > 1) of

adsorption and is calculated with the given formula.

1

R, = ©)

- 1+kC;

Where CV and MB solution concentration (mg L) is given by Ci.
Freundlich Adsorption Isotherm

Using this model, it was shown that the adsorbate uptake occurs when heterogeneous

binding sites are arranged in multilayers on sorbent surfaces at minimal concentrations.
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The logarithmic linear and empirical forms can be expressed as [263].

logq. = log Ky + n—lflog C, (10)

1
qe = Kr x C,” (11)

here, qe. refers to adsorption capacities (mg g!), Ce representing equilibrium
concentration of both dyes (mg L™"). While freundlich coefficients, K¢[(mg g!) (L mg~
1y 1/ng] represents uptake capacity of adsorbate and nr indicating heterogenic adsorption
intensity. The factor 1/nris a useful parameter, if the adsorption process is favourable
(0 < 1/n¢ < 1), or unfavourable (1/nr=1). if the adsorption process is irreversible then,

1/nrshould be zero.

Temkin Model

This model extends the Langmuir adsorption isotherm by accounting for the variation
of adsorption heat and surface coverage in the adsorption behavior of molecules on solid
surfaces. It is based on the assumption, solid-solute interactions reduce the amountof heat
of adsorption with surface saturation and applies to non-ideal contaminants in theliquid
phase and an energetically heterogeneous solid surface. A wide variety of concentration
can be predicted using this isotherm, and it also demonstrates that the decrease in
adsorption heat for the molecules fits a linear pattern, supporting homogeneous binding

energy [264].

ge=""nA+(S)InC, (12)
RT/b=Br, where R is the gas constant (8.314 J mol! K1), T is the absolute temperature
in Kelvin (K), and B represents the heat of adsorption (J mol™).

Dubinin-Radushkevich (D-R) isotherm model

The D-R model formulated based on Polanyi potential theory, is utilized to explain the
adsorption mechanism on the heterogeneous surfaces. A Gaussian distribution of
average free energy can reveal the adsorption process and the involved mechanistic

pathways [265].
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Inq, = Inqq —K,q(€)? (13)

here, (€) can correlate with the expression as:
1
e=RTIn|1+ C—e] (14)

Here, ‘qq represents adsorption capacity, ‘R’ is the gas constant, ‘T’ stands for
temperature, and '€’ is the Polanyi constant. It also imparts information about the
average free energy, which infers information about the type of adsorption, and it can

be calculated using equation (16).
E=12/4 (15)

When E < 8 k] mol™! or E > 8 kJ mol™!, it implies the involvement of chemisorption or

physiosorption, respectively.

2.2.10 Adsorption Kinetics
Lagergren’s model (Pseudo first order)

This model deals with physical adsorption and predicts that the difference in adsorbate
removal rate and concentration over time is directly proportional to the change in

adsorbate uptake at a particular time. The non-linear and linear expressions as [266].
qt=qel—ekt (16)
Inqge—qt=Inqe—K1t (17)

Here, qe and g; are the adsorbent uptake capacity (mg g™!) of dye at equilibrium and at

time ‘t’. K; is the rate constant (min™).
Pseudo-second order

The adsorption kinetics rate equation for pseudo-second order is expressed in non-linear

and linear forms as [267]:

_ kaqdt
qc = 1+kyqet (18)
=4 (19)

ac k202 qe
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Here, qc and q¢ (mg g!) represent the dye uptake of the adsorbent at equilibrium and at
time ‘t’. The rate constant is determined by k» (min™).
The initial adsorption rate ‘h’ (mg g' min') can be determined by the equation.

h = kaqZ (20)
Elovich-Model
Adsorption-desorption kinetics was given by non-linear and linear expressions using

the Elovich model [268].
= >In(aB) +=Int (21)
Qt - B B

qe = BIn(apt) (22)

Here, q: (mg g™!) is the uptake capacity of dye at time ‘t’, o is the initial rate of adsorption (mg
g min?), and P is the desorption constant (g mg™). If the value of o is greater than P, it
implies that the chemical sorption occurs between the adsorbate and adsorbent phase.

2.2.11 Thermodynamics

To explain thermodynamic parameters of adsorption, such as change in standard Gibbs
free energy (AG"), standard enthalpy (AH®), and standard entropy (AS?), were evaluated
by following equations [269]:

ke = (23)

AG® = —RT In K, (24)
AS®  AHO

lTL Ke = E — F (25)

Here, Ke, qe, Ce, R, and T are the equilibrium constant, adsorption capacity (mg g™),
the concentration of dye at equilibrium, gas constant (8.314 J/K mol), and temperature
in kelvin (K), respectively.

2.3 Results and Discussion
2.3.1 Mechanism of synthesized hydrogel adsorbent

GO/CMTKG/PAM and CMTKG/PAM hydrogels were synthesized via a free radical
methodology using an initiator (KPS) and crosslinker (MBA), respectively. KPS
undergoes redox decomposition and releases persulphate radicals. Then,
polyacrylamide is formed by the polymerization of the unsaturated double bond in

acrylamide. Hence, the strength of the biopolymeric network has been enhanced.
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KPS is also involved in the extraction of hydrogen from biopolymer-CMTKG via
its hydroxyl group. MBA acts as a crosslinker, used to form a hydrogel framework
followed by the addition of GO, which enhances the hydrophilicity of the
CMTKG/PAM hydrogel. GO may interact via electrostatic interactions as well as
H-bonding with the various functional groups (-COOH, -OH, -NH) present in the
hydrogel network, resulting in enhanced hydrophilicity of the hydrogel as presented
in Figure 2.4.

CH,OCH,COOH
o o o NH,
o + WWNAAs 7Y
H
,/
OH o
MBA AM
OH
- Jn
CMTKG (i) KPS
(i) GO

Electrostatic interaction

GO/CMTKG/PAM hydrogel

Figure 2.4 Mechanism of GO reinforcement in CMTKG/PAM matrix.
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2.3.2 Characterisation

FTIR spectra of CMTKG/PAM, GO/CMTKG/PAM, and GO are presented in Figure
2.5a. In the FTIR spectrum of GO, a variety of oxygen configurations in structure
includes various bands, a broad band was observed at 3329 cm™! due to the presence of
hydroxyl groups and another bands were observed at 1716 cm™ and 1620 cm™ (C=0,
C=C moiety) [270], 1398 cm™ & 1213 cm™ ( C-O-C epoxy stretching), 1037 cm™ (C-OH
from carboxylic group). Spectra obtained for CMTKG/PAM and GO/CMTKG/PAM
were almost similar. In CMTKG/PAM, band appears at 3347 cm™ & 3180 cm™!, which
may be attributed to the -OH group. However, in GO/CMTKG/PAM band appears at
3341 cm! & 3194 cm™, a slight shift in position of peak with increase in the intensity of
band were observed that may be the result of crosslinking and interaction of
homogenously distributed GO with the polymeric network. Further, the appearance of
band at 2933 cm™! can be attributed to C-H stretching, which was obtained at 2927 cm’!
in GO/CMTKG/PAM. Adsorption bands at 1649 cm™ and 1600 cm™ attributes to the
asymmetric and symmetric vibrations for C=0, C=C moiety respectively were slightly
shifted in GO incorporated matrix were at 1644 cm™ and 1593 cm™ [271] [272]. The
band at 1426 cm™! was shifted slightly at 1431 cm™ due to C-O-C epoxy stretching. The
stretching vibration at 1043 cm™ attributed to C-O moiety was further observed at 1030
cm”! in GO/CMTKG/PAM, suggesting that incorporation of GO into matrix was
successfully done. Overall, the spectrum of GO/CMTKG/PAM hydrogel suggests that
the polymer backbone remains intact on the addition of GO into the CMTKG/PAM

matrix [14].

PXRD patterns for GO, CMTKG/PAM, and GO/CMTKG/PAM hydrogel are presented
in Figure 2.5b. In the PXRD pattern of GO, an intense peak appears at 10.23°, and the d-
spacing value was found to be 1.16 nm. This peak is the characteristic peak of GO and is
consistent with the reported literature [273], thereby confirming the synthesis of pure
phase GO. The values are evaluated using the Debye- Scherrer equation [274].

091
o B(cosB)

(26)

Here, S refers to the full width at the half maxima in the form of radian, 0 is the

diffraction angle of the peak, A is the wavelength of the incident beam of X-rays.
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The mean crystallite size of GO NPs was calculated using the software Instanano,

and it was found to be 16.01 nm.

In the PXRD pattern of CMTKG/PAM, a broad peak was observed around 22°,
indicating the amorphous nature of polymeric moieties. The PXRD pattern of
GO/CMTKG/PAM hydrogel does not show any characteristic peak of GO, that may
be attributed to the uniform distribution of GO in polymeric matrix. A slight shift
and enhancement in peak intensity around 22° was observed, which may be due to

the crystalline nature of GO [275].

TGA was done to assess the thermal stability of synthesized GO/CMTKG/PAM
hydrogel and is presented in Figure 2.5¢. The thermal degradation of the hydrogel
was found to occur in three phases. The initial weight loss stage from 32 °C -274
°C corresponds to the removal of absorbed water molecules and moisture from the
hydrogel. The second stage of degradation ranges from 274 °C - 450 °C and involves
the degradation of hydroxyl and carboxyl moiety present in the hydrogel matrix. In
addition, weight loss observed from 450 °C is attributed to the breakdown of the
crosslinked polymeric network and the polymer backbone, as well as the pyrolysis
of the GO carbon skeleton. At the end of degradation, 7% char residue was left
behind [276]. Thus, the synthesized hydrogel may be considered effective and

possesses good thermal stability.
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Figure 2.5 Plots of (a) FTIR spectra, (b) PXRD pattern, and (¢) TG Profile.

SEM analysis was performed to identify the surface morphology of the CMTKG/PAM,
GO/CMTKG/PAM, and GO. The SEM micrographs revealed observable differences in
the morphology of CMTKG/PAM, GO/CMTKG/PAM, and GO. CMTKG/PAM
possesses a porous interconnected 3-D hydrogel structure with an almost uniform and
smooth surface and the presence of a few pores available (Figure 2.6a). While in the
case of GO/CMTKG/PAM hydrogel, surface roughness porous structure was observed,
which may be due to the addition of GO cross-linked polymeric network (Figure 2.6b)
[277]. In Figure 2.6¢, the SEM micrograph of GO shows the layered structure, which is
similar to the available literature [188]. The size of GO was calculated using Imagel

software, and it was found to be 0.27 micrometers.

0001 05 Apr 2023

49



Chapter 2

Figure 2.6 Plots of SEM micro-image of (a) CMTKG/PAM, (b) GO/CMTKG/PAM, and (c)
GO.

BET

To determine the active surface area, N> adsorption-desorption isotherms were plotted for
CMTKG/PAM and GO/CMTKG/PAM hydrogel sorbent in Figure 2.7. The surface area
of CMTKG/PAM was found to be 22.897 m? g'!, the pore volume is 0.101 m® g, and the
pore diameter is 14.286 nm, while the surface area for GO/CMTKG/PAM hydrogel
sorbent was determined to be 29.194 m?> g!. In addition, the total pore volume for
GO/CMTKG/PAM hydrogel composite was found to be 0.108 m* g''. The average pore
diameters of the hydrogel adsorbent were determined to be 14.558 nm. It implies that the
presence of GO in the structure increased the surface area, which may contribute to the
enhancement of adsorption efficiency. This result is also supported by the experimental
adsorption data. Therefore, according to the IUPAC classification, the average pore
diameter falls into the category of mesopore for CMTKG/PAM hydrogel and
GO/CMTKG/PAM [278]. Hence, it can be expected that the GO/CMTKG/PAM hydrogel

sorbent will show higher adsorption capacity due to GO incorporation.

Since the pore sizes of CMTKG/PAM and GO/CMTKG/PAM hydrogels are
approximately 14.2 and 14.5 nm, respectively, and are larger than the molecular
dimensions of crystal violet and methylene blue, pore-filling or size-exclusion has not
been considered the dominant adsorption mechanism. The revised discussion now
explains that the mesoporous structure mainly facilitates dye diffusion and accessibility

to internal adsorption sites, while electrostatic interaction plays the primary role. The role
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of zeta potential has also been discussed, particularly the more negative surface charge
of GO-incorporated hydrogel, which enhances interaction with cationic dyes. Hydrogen
bonding and possible m—r interactions have also been included to provide a more

complete adsorption mechanism.
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Figure 2.7 Plots of (a) Adsorption-desorption isotherm and pore size distribution of
CMTKG/PAM hydrogel, (b) Adsorption-desorption isotherm and pore size distribution of
GO/CMTKG/PAM hydrogel.

The zeta potential measures the surface charge of materials, providing information about
their stability. The zeta potential plots are shown in Figure 2.8. It can be seen that the
surface charge on GO was found to be -117 mV, suggesting it has an anionic surface. The
charge on CMTKG/PAM hydrogel was found to be -21.7 mV, while the surface charge
of GO-incorporated hydrogel sorbent was found to be -36.6 mV, indicating that the

adsorbent surface can adsorb cationic dyes.
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(C) Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -21.7 Peak 1: 0.00 0.0 0.00
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Figure 2.8 Zeta Potential of synthesized (a) GO, (b) GO/CMTKG/PAM, and (c) CMTKG/PAM.

2.3.3 Swelling studies
Swelling studies of synthesized CMTKG/PAM hydrogel and GO/CMTKG/PAM

hydrogel adsorbent were evaluated. The three major factors that are usually responsible
for the swelling of hydrogels are (i) the creation of intermolecular voids inside the three-
dimensional (3-D) network structure, (ii) the porosity of the hydrogel surface, and (iii)
the presence of a hydrophilic moiety in the hydrogel matrix. The swelling capacity of
CMTKG/PAM hydrogel was found to be 17.96 g, and with the addition of GO, it
increased to 27.18 g. This enhancement in swelling capacity can be attributed to the
incorporation of GO, which possesses several hydrophilic groups in its structure [279].
Thus, the increased interaction of the GO/CMTKG/PAM hydrogel adsorbent with water

molecules results in enhanced swelling capacity, as shown in Figure 2.9(a).

2.3.4 Sol-Gel Analysis

Sol-gel content was determined by the cross-linking density and the interaction between
various components present in the hydrogel matrix. The gel content was calculated using
equation (3) represented in Figure 2.9(b). The sol and gel fractions of CMTKG/PAM
were calculated to be 10.82% and 89.18% respectively, while for GO/CMTKG/PAM,
they were found to be 4.05% and 95.95%, respectively. Enhancement in the gel content
was observed with the incorporation of GO, which may be a result of the interaction of
functional groups of GO NP with the 3-D polymeric network present in the hydrogel.
Previously, Han. Q. et al. also reported similar observations when they incorporated GO

into the Chitosan/Glycerophosphate hydrogel matrix [280].
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Figure 2.9 (a) Swelling capacity, and (b) Sol-Gel content of CMTKG/PAM and GO/CMTKG/PAM.

2.3.5 Adsorption Experiments
2.3.5.1 Impact of Contact Time

Contact time is a crucial factor because it delivers evidence about the progress of
adsorption. Therefore, the observation of contact time on the dye uptake behavior of
CV and MB using GO/CMTKG/PAM and CMTKG/PAM as an adsorbent was evaluated.
The kinetics of adsorption and maximum removal efficacy were estimated. It is distinct that
the removal efficacy for CV and MB increased with the contact time; at 30 minutes,
removal was found to be 85 % and 77 %, and further at 120 minutes, adsorption was
found to be 94.47 % and 96.58 % for CV and MB respectively. After 120 min, no
significant increase was observed, which means that the equilibrium was reached. This
trend may be a result of rapid adsorption in the initial stages since a significant amount
of dye can interact with a large number of voids present in the adsorption sites of
molecules. However, as the contact time increases, the number of vacant adsorption sites
reduces, leading to a decrease in dye removal capacity until it finally plateaus to equilibrium.
A similar experiment was also performed for CMTKG/PAM, and the dye uptake capacity
was observed at 47% and 52 % for CV and MB, respectively, as depicted in Figure
2.10. So, the rest of the parameters were studied for the GO/CMTKG/PAM hydrogel

adsorbent.
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Figure 2.10. (a) and (b) UV-visible adsorption spectra (c) Plot of percentage (%) removal of dyes
in GO/CMTKG/PAM, (d) Comparison of % removal of dyes in CMTKG/PAM hydrogel and
GO/CMTKG/PAM hydrogel composite.

2.3.5.2 Adsorption Kinetics

Kinetic modeling of experimental data involves determining the rate of adsorption in a
system. To elucidate the mechanism of adsorption, experimental data are correlated with the
three kinetic models - pseudo-first order, pseudo-second order, and the Elovich model. The
plots presented in Figure 2.11 show the linear regression of experimental data with the kinetic
models, and the calculated parameters are presented in Table 2.1. The good correlation of
experimental data with the pseudo-second-order model (R? = 0.99) for both dyes suggests
that chemical adsorption is the rate-determining step in dye uptake by the synthesized
hydrogel sorbent. The value of h was calculated to be 5.35 mg g ! min' and 1.73 mg g ' min~
Hfor CV and MB, respectively.
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Table 2.1 Kinetics model and calculated adsorption parameter for different kinetic models.

Kinetics Models Plot Parameters Values of
Parameters
Cv MB
(Lagregren’s) pseudo first order Ln (qe-qt) vs. t R? 0915 0.928
In(qe — q¢) = Inq, —Kit K (min ') 0.034 0.048
K is rate constant qe (mg g™) 9 7761
Pseudo second order t/qe vs. t R? 0.990 0.999
t_1 .t K> (gmg! min) | 0.008 0.009
qc  k2q%  qe ge (mg g) 25.873 13.865
ka2 is the rate constant h(mg g ' min') 535 1.73
h = kpq?
h is initial adsorption rate
Elovich model qvsint R? 0.948 0.908
q¢ = B In(apt) o (mg g min™") 141.030 | 3.490
B is the desorption constant, if a > B, B (gmg") 21367 1.989
implies chemical sorption
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Figure 2.11 Adsorption kinetics curves for CV and MB (a) Pseudo first order, (b) Pseudo second

order, and (c) Elovich model.

Thus, it was concluded that the adsorption of dye by the synthesized hydrogel may

consist of three steps: (i) Initially, rapid physical adsorption on the surface of the

synthesized adsorbent takes place, followed by (ii) chemical adsorption on the
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adsorbent surface, and finally (iii) saturation of the adsorbent surface at the
equilibrium stage.

2.3.5.3 Impact of Dye Concentration

The concentration has a strong impact on the adsorption behavior of adsorbents. The
observed trends shown in Figure 2.12a depict that CV and MB adsorption capacity
at equilibrium (qe) of the fabricated sorbent increased with an increase in dye
concentration from 10 to 100 mg L™!. In the case of CV, it was observed that as the
dye concentration increased from 10-100 mg L', the adsorption capacity at
equilibrium (qe) was augmented from 6.16 to 58.78 mg g™!. However, in the case of
MB, as the concentration of dye increased from 10-100 mg L', the adsorption
capacity at equilibrium (qe) increased from 6.42 to 30.1 mg L™!. It may be caused by
a greater number of molecular collisions in the solution phase due to elevated dye
concentration [281]. The increment in concentration serves to overcome the barrier
to the mass transfer of CV and MB molecules between the supernatant and the
adsorbent, enhancing the dye uptake of the synthesized adsorbent for adsorption
[282].

2.3.5.4 Impact of Adsorbent Dosage

The effect of the adsorbent amount on the removal of CV and MB from aqueous
solution was evaluated in a broad range (0.05 - 2 g L!). The obtained findings are
represented in Figure 2.12 (b&c). On increasing the amount of adsorbent, the
adsorption efficacy increased from 83% to 97.24% for CV, from 72% to 98.52% for
MB dye. The reason behind this trend can be justified as the mass of adsorbent
increases, the number of molecules increases, and therefore, active sites and surface
area are also increased. Hence, dye uptake for adsorbing the CV and MB molecules

was increased.
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Figure 2.12. Plot for (a) effect of CV and MB concentration on adsorption capacity (qe); effect
of adsorbent dosage on the removal of (b) CV and (c) MB.

2.3.5.5 Effect of pH

pH is a remarkable parameter that governs the interaction of the adsorbate with the
adsorbent surface. The effect of the pH was studied in a range of solution pH 3-9 for CV
and pH 3-11 for MB dye uptake, using a synthesized adsorbent with a reaction time of
120 min, to evaluate dye removal efficiency, as shown in Figure 2.13 (a&b). The pHzpc
of the adsorbent was determined to be 6.92, as shown in Figure 2.13c. However,
considering A pH at pH 7 is 0.08, it may be assumed that the surface charge at pH 7 may
fluctuate between positively charged and neutral. This fluctuation in the surface charge
of adsorbent with the pH of the solution is linked to their surface functional groups [283].
The value of pHzpc indicates that pH< pHzpc represents the positive charge on the
adsorbent surface, and pH > pHzpc indicates the adsorbent surface is negatively charged.

This may be attributed to the fact that at lower pH (pH < pHzpc), an excess of H" ions
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present in solution leads to protonation of the sorbent surface. At higher pH (pH > pHzpc),
the presence of a high number of OH™ ions in solution makes the adsorbent surface
negative [188]. The data obtained from the pH study shows that on increasing pH from
3 to 7, CV dye removal was increased from 79% to 94.47%, and an increase in pH from
7 to 9 leads to a decrease in adsorption from 94.47% to 83.16%. This can be explained
by the fact that at lower pH, electrostatic repulsion occurs between the positively charged
sorbent surface and the cationic dye molecules, leading to less removal efficiency. On
increasing the pH of the solution, the number of H' ions decreases, leading to a decrease
in electrostatic repulsion, and an increase in dye removal was observed. At pH 7, the
number of H" ions becomes negligible, and the majority of adsorption sites become
available for the adsorption of dye molecules, resulting in maximum dye removal. Further
increase in solution pH beyond pH 7 results in a slight decrease in adsorption efficacy
because at higher pH, an increased number of Na ions in solution compete with the
cationic dye molecule for adsorption on the negatively charged adsorbent surface, leading
to a decrease in adsorption efficiency [284]. Similar experiments were performed for MB,
and it was observed that on increasing pH from 3 to 7, % dye removal was elevated from
77% to 96.58%. Further increase in pH results in a decrease in dye removal from 96.58%
to 85%. Hence, it was concluded that dye removal efficacy of the synthesized hydrogel
adsorbent was highest at a solution pH of 7 for both dyes.
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Initial pH

Figure 2.13 Effect of pH on dye removal capacity (a) CV and (b) MB by GO/CMTKG/PAM
hydrogel composite, and (c) Pzpc of GO/CMTKG/PAM hydrogel composite.

2.3.5.6 Mechanism of Dye Adsorption

The mechanistic aspects of dye uptake on the synthesized hydrogel adsorbent can
be illustrated by a probable mechanism, as shown in Figure 2.14. This may be
accounted for in the GO/CMTKG/PAM matrix backbone, where there are amine and
carboxylate groups that exhibit electrostatic interactions and hydrogen bonding with
dye molecules. A polar electrostatic attraction is responsible for the removal of CV
dye from the m-m stacking of the adsorbent because the positively charged =N
moiety within the dye structure attracts the deprotonated carboxylic group, i.e., (-
COO") at pH 7. Moreover, hydrogen bond interaction is observed between the
hydroxyl (-OH) and imide (-NH") groups present on the hydrogel's surface and the

nitrogen atom of CV.

The probable mechanism was similar for CV and MB due to their cationic nature. It
is believed that GO/CMTKG/PAM also removes MB through electrostatic
interactions between the positive charges (=N"-) of dye molecules and carboxylate
groups present in the adsorbent. In addition, our synthesized adsorbent has hydrogen
bonds between the electronegative N residue of the dye molecules and the n-n
stacking and -NH groups of the crosslinking chains [285]. Thus, we can conclude
that the synthesized adsorbent’s selectivity is towards cationic dyes, such as (CV
and MB) uptake. MB shows a higher percentage removal because it is smaller and

diffuses more easily into the hydrogel network, while CV shows higher adsorption
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capacity because it has a higher molecular weight and stronger
aromatic/electrostatic interactions with the adsorbent, so its uptake in mg/g becomes
higher than that of MB. The higher rate constant of CV indicates stronger or faster
binding to available active sites, but its bulky structure can still limit the complete

removal percentage.

It can be explained based on pHzpc = 6.92; pH > pHzpc suggests that the adsorbent surface
is negative. It can also be supported by zeta potential because the surface charge of
GO/CMTKG/PAM hydrogel composite was observed at -36.6 mV; due to the negative
potential, we can assume that the surface of the synthesized hydrogel adsorbent is
negative and will effectively remove the cationic dyes. While the charge at the control

hydrogel (-17 mV) is less than GO loaded hydrogel composite.

OH,* COOH* OH- coor

Figure 2.14 Mechanism of dye adsorption on the synthesized adsorbent for CV.
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2.3.5.7 Adsorption Isotherms

An equilibrium study suggests that isotherms result as an effective parameter because
it develops a relationship between the interaction of the adsorbent and the solvent
contaminant in the liquid phase. Therefore, to ascertain the nature of adsorption, data
obtained from the concentration study were linearly regressed with 4 isotherm models:
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich models, as described
above.

Figure 2.15 shows isotherm plots for the uptake of CV and MB on GO/CMTKG/PAM
hydrogel adsorbent, and computed values are presented in Table 2.2. Experimental data
for the uptake of CV and MB using GO/CMTKG/PAM hydrogel adsorbent were found
to be most agreeable with the Langmuir model, with R?>= 0.94 (CV) and 0.976 (MB),
respectively, implying homogeneous monolayer adsorption of dyes on the adsorbent
surface. The Ry was calculated to be 0.2 and 0.043. while qmax represents the maximum
amount of dye adsorbed per unit weight of adsorbent to form a complete monolayer on
the surface (mg g'), and dye sorption capacities (qmax) Were calculated based on the
Langmuir isotherm model. Hence, the maximum adsorption capacity (qmax) of the
adsorbent was calculated using the Langmuir isotherm, and it was found to be 111 mg ™!
and 25 mg g’ for CV (40 mg L") and MB (20 mg L), respectively. Further, the obtained
values of E = 3.904 kJ mol™ and 2.198 kJ mol™! were calculated for CV and MB using
the D-R model, suggesting that physical adsorption may be the primary process that
governs the uptake of CV and MB by the GO/CMTKG/PAM hydrogel sorbent.

Table 2.2 Various models and calculated adsorption isotherm parameters

Models with equation Slope and Intercept Parameters Parameter values
Cv MB Cv MB
Langmuir model Slope = | Slope = | R? 0.94 0.976
Ce 1 Ce -1
T - L e
K is thelLangmuir constant. 0.0948]3 _ 0.03g Rt (Lmg") 0:2 0:043
R, = 1+k.C; Re=1, linearity
R is the factor of separation R1=0, irreversibility
constant. 0 <Rw<l, favourability or
unfavourability (RL > 1)
Freundlich model | Slope=0.7 | Slope = | R? 0.916 0.863
Intercept = | 0.289 Kr (mg g (L mg)'¢ 185.35 208.929
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logq, = log Ky + ni]og C, 2.268 Intercept | 1/nf 0.7 0.289
f =232
Kris freundlich constant
nr represents heterogeneous
adsorption intensity
0 < 1/nr<1 is favourable
1/n¢=1 is unfavourable
1/ns = 0 is irreversible
Temkin model Slope = | Slope = | R? 0.881 0.933
_ El At (E)l c 12.798 4.156 B (J mol) 12.798 4.156
de = b n b nCe Intercept = | Intercept | At (Lg") 2.40 14.87
RT/b = Br B represents the heat | 11.22 =11.23
of adsorption (J mol™!)
Dubinin-Radushkevich model | Slope = - | Slope=- | R? 0.848 0.930
Ing, = Ingg —Kuq(€)? 0.028 0.0095 qd (mg g 33.44 19.94
qais the adsorption capacity Intercept = | Intercept
_ 1 3.51 =2993 | B (mol?kJ?) 0.425 0.803
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Figure 2.15 Adsorption isotherm curves for CV using GO/CMTKG/PAM hydrogel
composite correlated with linear (a) Langmuir, (b) Freundlich, (c) Temkin, and (d)
Dubinin-Radushkevich model.
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2.3.6 Thermodynamics

Temperature is a crucial factor that influences the adsorption capacity of adsorbents in the
adsorption process. The thermodynamic parameters for the adsorption process are
calculated by using the equation mentioned in Table 3. The values of calculated parameters

are presented in Table 2.3.

Table 2.3 Temperature-dependent parameters for CV and MB uptake.

Equation used Temperature | A H (KJ mol?!) A S° (J mol'K) A G° (KJ mol!)
(K) AH° is  the | AS® is the standard | AG® is the Gibbs
standard enthalpy | entropy free energy
Cv MB CvV MB Cv MB
k, = Z_e 298.15 -6.96 -10.003
4G° = —RT InK, 308.15 -6.485 | -9.018
450 a0 31815 2832 | -3934 | -70.89 | -98395 [ 5777 | 8.049
InKe=—pm =2 [ 32815 25.068 | -7.05
Ke= equilibrium constant

It was concluded from the result that, on increasing temperature, the decrease in sorption
efficiency of CV and MB dye may be attributed to the weakening of absorptive forces
between adsorbate and adsorbent, indicating that adsorbed ions are released from the
adsorbent and leach out into the liquid, resulting in a shrinkage in active sites at higher
temperatures[286]. It also demonstrated that the equilibrium shifted in the opposite direction
with an increase in temperature, as shown in Figure 2.16. It was also observed that the change
in enthalpy was negative, which suggests the exothermic nature of the sorption. The entropy
change was also negative, resulting in a decrease in the degree of randomness. In addition,

negative AG® confirms the feasibility and spontaneous nature of adsorption[188], [287].
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Figure 2.16 (2) Van 't Hoff plot for In K versus 1/T for CV and MB, (b) effect of temperature on
adsorption capacity for CV and MB.
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2.3.7 Recyclability and Reusability of GO/CMTKG/PAM

It is important to check the regeneration capability of the synthesized material to ensure
the reproducibility of the synthesized hydrogel composite for practical purposes. The
study was conducted using the batch experiment method. For regeneration, the adsorbent
was collected and washed with 0.1 M HCI and 0.1 M NaOH solutions in consecutive
cycles to desorb the adsorbed CV and MB that had individually adsorbed on the sorbent
to regenerate the available binding sites. Afterward, the adsorbent was washed with
distilled water to remove excess HCl and NaOH. The washed hydrogels were dried at
ambient temperature and weighed before use in the next cycle. The same procedure was
followed up to six times. It was observed that the percentage removal of dyes was found
to be 94.47% (CV) and 96.58% (MB) in the first cycle, and it decreased to 86% and 88%
in CV and MB, respectively, as shown in Figure 2.17. It suggests that this adsorbent can

potentially be reused multiple times and utilized in wastewater treatment.
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Figure 2.17 Plot of (a) the reusability of the adsorbent on CV and MB dye up to 6 cycles.

Further, to determine any deformation in textural changes on the adsorbent surface, the
PXRD pattern of the synthesized hydrogel adsorbent was also recorded after the
regeneration of the adsorbent. It was found that no significant difference in the PXRD
pattern was observed, indicating that no changes occurred in the synthesized hydrogel

after regeneration. The PXRD pattern is presented in Figure 2.18.
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Figure 2.18 Plot of (a) PXRD pattern of adsorbent after regeneration.

2.3.8 Effect on the Removal Efficiency of GO/CMTKG/PAM from a Binary
Mixture of Dye

To check the potential of the synthesized adsorbent in the dye removal efficacy of more
complex systems, CV and MB dyes were added into the aqueous solution by maintaining
the 1:1 ratio with a concentration of 20 mg L' of both dyes, and 0.15 g of adsorbent was
added into it and subjected to shaking in an orbital shaker for 120 min at 130 rpm at
ambient temperature. For the binary system, absorption maxima of CV and MB were
recorded at 592 nm and 664 nm. It was observed that GO/CMTKG/PAM has good

removal efficiency towards CV (92 %) and MB (94 %) in binary systems represented in
Figure 2.19.
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Figure 2.19 Plot of dye uptake in a binary mixture.
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2.3.9 Adsorption in Different Water Samples

The pH of real effluents is in the range of 6.5 - 8 [288]. Therefore, the synthesized adsorbent
can be utilized to assess its practical importance. The adsorption behavior of the synthesized
hydrogel was observed for CV and MB dye sequestration using groundwater, tap water, and
real industrial water samples. The groundwater was collected from the well, tap water was
collected from the supply water available in the laboratory, and real wastewater effluent was
collected from the Industrial Area, Bawana, New Delhi. The concentration of dyes was
spiked into the collected sample, which contains a mixture of dyes and other effluents.
Thereby, to observe the effect of CV and MB, a known concentration of dyes was added to
the sample. Then, the adsorption of both dyes was performed in different water samples. The
obtained results were compared with those of distilled water, shown in Figure 2.20. Further,
the percentage removal efficacy of dyes was found to follow the trend for sequestration of
dyes (CV and MB) in order of Distilled Water > Tap Water > Ground Water > Real Water

Sample. Thus, the synthesized material can be utilized in environmental remediation.
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Figure 2.20 Plot of (a) removal efficiency of CV and MB dye in different water samples and (b)
pictograph of water samples.

2.3.10 Comparison with Existing Commercial Adsorbents

Table 2.4 presents the comparison with the existing work and adsorbents.

S. No. Adsorbent Adsorption Capacity(mg/g) Ref.
1. Activated Kalenchoe pinnata leaves-based 33.33 [289]
adsorbent

2. XG//PAM/Alginic acid 114.9/84 [290]

3. GG/Ulva lactuca L./XG 62.83/92 [291]

4. GG/polyacrylic acid-aniline 80 [292]

6 CMTKG/PAM/GO 111 (CV), 33.33 (MB) Present
work
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2.4 Conclusion

The present work describes the synthesis and characterization of GO and
GO/CMTKG/PAM hydrogel composite. The synthesized GO/CMTKG/PAM hydrogel
composite was utilized as an adsorbent for the removal of organic azo dyes. The
synthesized adsorbent exhibited removal efficiency of CV (94.47%) and MB (96.58%),
respectively. The experimental data for equilibrium studies best correlated with the
Langmuir model, signifying homogenous monolayer adsorption, and the maximum
adsorption capacity (qmax) Was calculated to be 111.0 mg g™ for CV and 25.0 mg g™! for
MB. Then, the adsorption showed a good correlation with the pseudo-second-order
kinetics model (R?= 0.99), suggesting that chemical adsorption is the rate-determining
step. Meanwhile, thermodynamic studies revealed the exothermic nature, spontaneity,
and feasibility of the adsorption process. The adsorbent showed excellent regeneration
capability, and removal efficiency was found to be > 86% (CV) and 88% (MB) even after
six cycles. Further, the synthesized adsorbent shows dye removal efficiency above > 90%
in binary mixture. Additionally, synthesized adsorbent exhibited more than 80% removal
efficacy in real waste effluents as well. Thus, the above findings indicate that the
synthesized GO/CMTKG/PAM hydrogel sorbent can be effectively applied as an

adsorbent for cationic dyes in field-scale applications.
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SYNTHESIS AND CHARACTERIZATION OF GO-
INCORPORATED CMTKG-BASED HYDROGELS FOR THE
DELIVERY OF CIPROFLOXACIN DRUG

3.1 Introduction

Over the past few years, there has been a paradigm shift in drug delivery
approaches, focusing on moving toward methods that can precisely regulate the
release of medicinal substances to attain the best possible therapeutic outcomes
[293]. Numerous traditional drug delivery methods (DDMs) exist, which include
nanomaterials, nanocomposites, carbon-based materials, metal oxides, etc [294].
These traditional DDMs often lead to suboptimal treatment efficacy and unusual
side effects due to factors such as rapid degradation of the drug, limited biological
absorption, and ineffective distribution of the drug [295]. To overcome these
constraints, hydrogel-based DDMs have gained considerable attention as a
versatile platform for drug delivery, owing to their unique properties such as ease
of tuning during synthesis, ease of modification, solubility, efficiency, selectivity,

etc. [148].

An interconnected network of three-dimensional hydrophilic polymers that can
retain large amounts of water or biological fluid is called ‘Hydrogels.” [296]. Since
hydrogels possess similar properties to natural tissues, such as biodegradability,
biocompatibility, hydrophilicity, tunable characteristics, etc., which have garnered
increasing attention to make hydrogels attractive for a wide range of applications
as discussed in Chapter 1. Another salient feature of hydrogel is it's smart-sensitive
or selectivity. The smart hydrogels respond to external physical and chemical
stimuli, such as temperature, pH, ionic strength, light, and magnetic field [297].
Among all, pH-responsive hydrogels are best suited for targeted drug delivery in
drug delivery systems. They can be synthesized using synthetic and natural

polymers [298].

Synthetic polymers play a pivotal role in enhancing mechanical strength and

exhibit variation in pH by the hydrophilic groups present in their structure [299].
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Several synthetic monomers are available in the literature, including acrylic
moieties like acrylic acid and acrylamide, which have been widely used to form
hydrogel matrices. Acrylic acid consists of unsaturated carboxylic acid structures
that provide reactivity and functionality, while acrylamide has an amide group (-
CONH») in its structure, which can help to make pH-responsive hydrogels. Both
monomers have great potential and can be utilized in hydrogel fabrication due to
their ease of polymerization, thereby being utilized in various applications,
including delivery of drugs, water remediation, agriculture, etc. [300], [301].
Azeem Bibi and the group have utilized alginate-chitosan/MWCNTs
nanocomposite to deliver ibuprofen [302]. Polyacrylic acid (PAA) and
polyacrylamide (PAM) are synthetic, non-toxic polymers known for their
excellent mechanical strength and pH-responsive properties. They possess the
ability to combine with natural polymers such as cellulose, gelatin, CMTKG,
carboxymethyl cellulose (CMC), pectin, etc., to develop co-polymerized
hydrogels (Sahraei et al., 2017; Sultan et al., 2021, 2022; Sultan & Taha, 2024;
Taha et al., 2021). Basta and the group have also synthesized nanocellulose-based

nanoparticles for the sustained release of bioactive compounds [306].

Among various existing polymers, CMTKG is one of the least explored,
biocompatible, and non-toxic bio-polymers obtained by the functionalization of
tamarind kernel gum (TKG) - a polysaccharide extracted from the endosperm of

tamarind seeds, procured from the Tamarindus indica L tree [307].

Inspite of biopolymers and synthetic polymers, reinforcement of organic/inorganic
nanomaterials such as nanoparticles, nanosheets, nanorods, nanotubes, etc., in hydrogel has
significantly gained attention in drug delivery systems (DDS). Rahul Patwa et al. studied
the effect of FeO NPs impregnated bacterial cellulose on alginate-casein for wound healing
[308]. Similarly, GO also plays a pivotal role in the biomedical field and is widely used to
tune and enhance the effectiveness and selectivity of the drug in DDS [309]. Weiwei Wu et
al. synthesized a GO-embedded hyaluronic acid-based hydrogel for controlled delivery of
senexon [130]. It was analyzed that due to hydrophilicity, these hydrogels are extensively
used to deliver hydrophilic drugs such as amoxicillin, penicillin, acyclovir, and

ciprofloxacin [310].
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Ciprofloxacin (Cip) is a synthetic broad-spectrum antibiotic belonging to a class
of fluoroquinolones with the chemical formula Ci3HisFN3Os3. It is a
chemotherapeutic agent to treat infections caused by gram-positive and gram-
negative bacteria. The advantage of using Cip over other drugs is its superiority to
other antibiotic drugs. Due to the short plasma Half-life (ti2) of Cip (4 h), it gets
removed from the body. Hence, numerous doses need to be administered for
balanced pharmacological effects, which leads to unfavorable side effects like
nose bleeding, fatigue, etc. Therefore, a new drug delivery method for Cip delivery

is required to minimize the complications and other side effects of the drug [54].

In this article, we have fabricated the hydrogels with a combination of synthetic
polymers to improve further hydrogel properties, such as enhanced swelling index,
improved drug release, and increased tensile and mechanical strength. We have
used polyacrylamide and polysodiumacrylate to synthesize hydrogel, which are
pH-responsive stimuli that can help prolong drug release. In addition to that, GO
as a filler has been utilized to improve the drug-release behavior of hydrogels.
According to the available literature, fillers can enhance the drug release of
hydrogels and their mechanical properties. Some groups have also utilized
synthetic polymers with biopolymers for prolonged drug release [311][312].
Therefore, our primary approach in this study was to check the effect of filler and

the impact of the synthetic polymer.

To the best of our knowledge, the effect of GO and synthetic polymer (PSA and
PAM) with the combination of CMTKG has not been known for the delivery of
Ciprofloxacin drug, and the comparative analysis of the effect of polymers and
filler (GO) has not been studied on the delivery of ciprofloxacin till yet. Therefore,
our main aim was to fabricate a drug carrier and then utilize it to check the
ciprofloxacin drug release behavior by varying synthetic polymers with or without

GO incorporation.

In order to achieve our aim, we have synthesized four different hydrogels labeled
as CMTKG-PSA-GO, CMTKG-PSA, CMTKG-PAM-GO, and CMTKG-PAM

using KPS, MBA, and Cip as an initiator, crosslinker, and model drug,
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respectively. In these synthesized sets of hydrogels, we have attempted
comparative analysis by utilizing two synthetic polymers, such as PSA and PAM,
with or without the incorporation of GO, and then observed the effect of GO and
synthetic polymers on drug loading and drug entrapment efficiency of hydrogel
matrices. UV-vis spectroscopy, ATR-FTIR, PXRD, SEM, and TGA
characterization techniques were used to characterize the synthesized hydrogel
composites. The rheology and mechanical properties of the hydrogels were studied
to determine their elastic and viscous nature, and tensile and compressive strength.
Our main aim is to check the delivery of Cip drug at an intestinal pH solution of
7.4. Hence, the impact of synthetic polymers and GO loading was carried out by
utilizing several parameters, such as swelling capacity, sol-gel analysis,
sustainable drug release rate, and the mechanism of drug release from the
synthesized hydrogels. Kinetic modeling was also performed by using various

methods.

3.2 Experimental Section
3.2.1 Materials

CMTKG, having a molecular weight (MW) (MW = 9.14 x 10° g mol’') was
generously provided by Hindustan gum (Bhiwani, India) with substitution of
0.20° Acrylic Acid (AA), Acrylamide (AM), potassium permanganate (KMnQOy),
potassium persulphate (KPS), and N, N’-methylenebisacrylamide (MBA) were
obtained from Merck, Germany. Hydrogen peroxide (H202) and graphite powder
were ordered from Qualigens (India). M/s Unicure, India, generously provided
ciprofloxacin (Cip). HCl and NaOH were purchased from Thermo-Fischer, India.
Phosphate Buffer solutions of pH 7.4, 5.5, and 1.2 were made in the laboratory.
The solvents and reagents were used as obtained, and all the experiments and

solutions were made in distilled water (DW) having a pH 7.

3.2.2 Synthesis of Graphene Oxide (GO)

The synthesis of GO was performed in Chapter 2, using slight modifications of

Hummer’s method.
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3.2.3 Synthesis of drug-loaded CMTKG-PSA-GO, CMTKG-PSA, CMTKG-
PAM-GO, and CMTKG-PAM

0.25 g of carboxymethyl functionalized TKG was dispersed in 10 mL of double-
distilled water and stirred until a homogeneous solution was observed. Then, 4 mL
of acrylic acid was added, followed by 10 mL of 2 M NaOH solution. Later, 0.08
g KPS and 0.035 g MBA were added as an initiator and crosslinker, respectively,
and stirred for 30 minutes. Further, 0.02 g of GO was added to the above matrix
and stirred until completely dispersed. At the end, a 50 mg model drug was added
to the above solution and stirred for 30 minutes. Then, the obtained solution was
poured into a test tube and kept in a water bath at 50 °C. After one hour, the
obtained product was cut into pieces and dried at ambient temperature, followed
by oven drying. Meanwhile, CMTKG-PSA synthesis was done without adding
GO.

Similarly, the synthesis of CMTKG-PAM-GO and the synthesis of CMTKG-PAM
were done by following the same procedure, varying monomeric units, and the
used compositions are represented in

Table 3.

The difference in CMTKG: monomer ratio among the formulations was due to the
different hydrogel-forming behavior of acrylic acid and acrylamide systems.
Acrylic acid-based hydrogels require a higher monomer proportion to provide
sufficient ionizable carboxyl groups, swelling capacity, and network formation. In
contrast, acrylamide forms a stable PAM network through amide groups, hydrogen
bonding, and chain entanglement at a relatively lower monomer proportion.
Therefore, D1/D2 and D3/D4 were designed as two different polymeric systems

rather than directly identical formulations.

Table 3.1 Synthesis of hydrogels.
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Sample Hydrogel matrix constituents CMTKG (g) Acrylic Acryl GO | Cip(g)
Label code Acid (mL) Amide (g) ((4)
D1 CMTKG-PSA-GO 0.25 4 - 0.02 | 0.05
D2 CMTKG-PSA 0.25 4 - - 0.05
D3 CMTKG-PAM-GO 0.25 - 1.5 0.02 | 0.05
D4 CMTKG-PAM 0.25 - 1.5 - 0.05

3.2.4 Characterization

GO, CMTKG-PSA-GO, CMTKG-PSA, CMTKG-PAM-GO, and CMTKG-PAM
hydrogel composites were characterized by PXRD, ATR-FTIR, SEM, and UV-
Visible spectroscopy. The rheological measurements were carried out using an
Anton Paar Modular Compact Rheometer 302 (MCR). The mechanical properties
of hydrogels were measured using a universal testing machine (UTM), LLOYD LR
5K, at a temperature of 25 °C.

3.2.5 Swelling Studies

The swelling study was carried out using the gravimetric method for the synthesized
hydrogels, as explained in Chapter 2. Initially, synthesized hydrogels were weighed and
submerged individually in a simulated buffer solution pH 7.4, 1.2, and DW at room
temperature. The experiments were performed in triplicate, and the percentage swelling

ratio was determined using the formula [313].
Swelling Ratio (%) = (222} « 100 1)
1

Here, W refers to the weight of the swollen hydrogel at time t, whereas W refers

to the initial weight of the dried hydrogel.

3.2.6 Sol-Gel Content and Porosity Analysis

The synthesized hydrogels were also investigated to discover the uncrosslinked
portion in the hydrogels. Gel implies the insoluble crosslinked portion of hydrogels,
and sol refers to the soluble un-crosslinked portion. The Soxhlet extraction method
was used to evaluate the sol-gel content in the hydrogel. For this assessment, dried

hydrogel discs were individually weighed and immersed in double-distilled water at
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100 °C for four hours. Then, the extracted hydrogel discs were dried in an oven at
50 °C to attain a constant weight. Sol-gel fractions were calculated using equations
2 and 3 [314].

Sol Fraction= "2+ 100 2)

1

Here, W1 implies the initial weight of the dried hydrogel, and W> implies the final
weight of the extracted oven-dried hydrogel after being subjected to the Soxhlet

extraction.
Gel fraction = 100 — Sol fraction 3)

To elucidate the hydrogel’s porosity, the liquid displacement technique was
employed by submerging a fixed amount of hydrogel (W) in ethanol for 24 h; after
24 h, the samples were taken out and weighed (W) after removing the surface liquid

using tissue paper. Hydrogels' porosity was estimated using equation (4) [315].
Porosity (%) = (w) * 100 4)
pV

Where the density of ethanol was denoted by ‘p’, and ‘7’ was used for volume (V=
nr’h of hydrogel disc; here, ‘7’ is the radius of the disc, and ‘A’ is the height of the

disc. Measurements were done by using a vernier caliper)

3.2.7 Percentage (%) of Drug Loading (DL) and Drug Entrapment Efficacy (DEE)

The maximum loading of a drug into the hydrogels was investigated by submerging
the pre-weighed drug-entrapped hydrogels, which were weighed and submersed in
a 100 mL solution of pH 7.4. After three days, the 3 mL solution was taken out, and
absorbance was recorded at Amax 278 nm with a UV-vis spectrophotometer. Then,
the hydrogels were taken out, air-dried, and finally dried in an oven at 60 °C. The
percentage of drug loading and entrapment efficiency was calculated using

equations 5 and 6 [316].

Amount of Drug in Hydrogel .

%) =
DL (%) Weight of hydrogel disc

100 (5)
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Amount of Drug in Hydrogel circular Piece
DEE (%) =

1
Theoretical Amount of Drug in hydrogel Piece *100 (6)

3.2.8 In Vitro Release of Cip Drug

The studies were conducted to observe the drug-release behavior of Cip at a physiological
pH of 7.4 at 37 °C. The analyses were performed in an orbital incubator shaker by
submerging 0.07 g of the drug-incorporated hydrogel discs into 70 mL phosphate bufter
solution (PBS) of pH 7.4. After a regular interval of 1 hr, 3 mL PBS solution was collected
for analysis. The constant volume was maintained by adding the same amount of fresh buffer
after each interval [316]. The concentration of the ciprofloxacin drug was observed using a
UV-vis spectrophotometer at Amax = 278 nm and evaluated in triplicate using a calibration

curve for drug release [317].

3.2.9 Kinetic Studies of Cip

Various models were used to elucidate the release mechanism of the model drug,
such as Zero-Order, First-Order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell,

which are shown in

Table 3.2. The data of drug release analysis were fitted to all the models as
mentioned above, and then the regression coefficient (R?) values and other
parameters were compared across all models. The model with a good regression

coefficient approaching unity ascertained the best-fit model.

Table 3.2 Kinetics model with their mechanism.

Kinetic Models with Equation | Mechanism Ref.
Zero Order The amount of drug released is a function of time, and the process | [318]
My = My, + kot is independent of the rate of release of the drug. The amount of drug

M, is the cumulative amount of | released does not depend on the concentration of the drug remaining
drug released at time ‘t’. in the dosage form.
M, is the total amount of drug

present in system.

First Order The rate of drug release is linearly dependent on the quantity of the | [319]
kt drug.
log M, = log M, + 5303

k = rate constant
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Higuchi It describes the drug release from a solid or semi-solid matrix as a | [320]
Fe & _ kHt% diffusion process based on Fick's law. It states that the cumulative
Mo, amount of drug released is directly proportional to the square root of
ky = kinetic constant time.
Korsemeyer Peppas It depends on the diffusion exponent value and states three | [321]
Fe M — ktn conditions in the mechanism.
Mo, 1) if (n = 0.5), Fickian Diffusion
k=kinetic constant, n =diffusion | 5y i¢ 9 89 > n > 0.5), Non-Fickian Diffusion
exponent 3) if (n > 0.89), Case Il transport
Hixon-Crowell It describes that the drug release is governed by dissolution and | [322]
( Mt)% —( Moo)% = Kyet erosion, where the surface area and diameter of the drug particles
Kinc decrease over time. It assumes the particle retains its geometric
— Hixson Crowell constant shape (usually spherical) as it dissolves.

3.2.10 Antibacterial Activity
We explored the antibacterial properties of D1-D4 hydrogel composites against E.

coli bacteria. Their antibacterial activity was assessed using the disc diffusion test.
To perform this, 50 mg of each sample was added individually in the centre of the plate,
which had nutrient agar with the bacterial strain. After that, the samples were

incubated at 37 °C for 24 hours to observe the inhibition zone.

3.2.11 Cytotoxicity Analysis

The MTT assay was performed to analyze the cytotoxicity of the synthesized hydrogel on the
HCT-116 cell line procured from NCCS Pune, India. The cells (10000 cells/well) were cultured
in 96-well plates for 24 hours in DMEM medium (Dulbecco's Modified Eagle Medium-
AT149-1L) with 10% FBS (Fetal Bovine Serum - HIMEDIA-RM 10432) and 1% antibiotic
solution at 37°C with 5% CO,. Further, the cells were treated with different concentrations
varying from 1 to 250 pg/ml of synthesized hydrogels. Then, after incubation of 24 hours, MTT
solution of different concentrations was added to the cell culture and then incubated again for
2 hours. Finally, the culture supernatant was decanted, and the cell layer matrix was dissolved
in 100 pl Dimethyl Sulfoxide (DMSO SRL-Cat no.-67685) and read in an ELISA plate reader
(iMark, Biorad, USA) at 540 nm and 660 nm.

3.2.12 Statistical Analysis

All biological experiments were carried out in triplicate, and the data are presented as
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mean + standard deviation (SD). Statistical analysis was performed to evaluate the
significance of differences among the experimental groups, and values of p < 0.05 were

considered statistically significant

3.3 Results and Discussion
3.3.1 Mechanism of Synthesis
CMTKG-based hydrogel composites labeled D1, D2, D3, and D4 were synthesized

using a free radical polymerization mechanism. The redox initiator, KPS, undergoes
decomposition at 60 °C, and sulfate anion radicals are generated. This resulted in the
chain initiation by abstracting hydrogen atoms from the hydroxyl group (-OH) present
on the CMTKG backbone and abstraction of hydrogel from sodium acrylic acid to form
sodium acrylate (SA). Further, SA leads to chain propagation, and the formation of
polysodiumacrylate (PSA) takes place. Then, generated anionic radicals also attacked
the C=C bond of MBA, leading to crosslinking with vinyl groups of poly-sodium
acrylate chain to give a highly cross-linked polymeric network. Further, the
incorporation of GO into the matrix resulted in hydrogel composites labeled as D1. The
dispersed GO is held by H-bonding/electrostatic interaction with hydroxyl and
carboxylic groups in a crosslinked polymeric hydrogel matrix network.

Similarly, the exact mechanism was expected when PAM was used to synthesize a
hydrogel [323]. The loaded ciprofloxacin drug is held within the hydrogel matrix
through H-bonding, as depicted in Figure 3.1. The structures of D1, D2, and D4

hydrogels are presented in Figure 3.2.
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3.3.2 Characterization
ATR-FTIR

The ATR-FTIR spectra of Cip, GO, D1, D2, D3, and D4 hydrogels are represented in
Figure 3.3. In Cip, the band observed at 1700 cm™! corresponded to the C=0 moiety of
the carbonyl group, and a sharp band appeared at 3529 cm™ due to OH vibration.
Moreover, the bands at 1438 cm™ and 1265 cm™ correspond to the vibration of the C-N
stretch and the bending -OH vibration of the carboxylic group in Cip [324], [325]. In the
case of GO, a band appearing at 1714 cm™! refers to the C=0O moiety of the carbonyl
group, and a broad band was observed at 3349 cm™! due to the asymmetric stretching of
abundant hydroxyl groups (-OH). Other absorption bands were also observed at 1605,
1218, and 1038 cm’!, referring to aromatic C=C, -OH bending vibration of carboxylic,
and asymmetric/symmetric C—O stretching in the C—O—C group [326].

80



Chapter 3

In Figure 3.3b, D1 and D3 hydrogels exhibit broad absorption bands at 3344 cm™ and
3428 cm™ due to excess -OH groups from GO moiety [327]. The band appears at 2929
and 2925 cm™! due to -CH of the methylene group present in acrylic acid and -NH stretch
in acrylamide, respectively [328]. Moreover, other bands appear in the D1 hydrogel at
1561, 1397, and 1038 cm-1, and in the D3 hydrogel at 1650, 1419, and 1087 cm-1,
associated with C=C, C-0O, and C-O-C stretching. While the absorption bands appeared
in D2 hydrogel at 3330, 2920, 1557, 1400, and 1034 cm™', and in D4 hydrogel, at 2919,
1439, and 1110 cm™!, corresponding to OH vibration, -CH of methylene group, -NH, and
C=C, C-0, and C-O-C moieties, respectively.

It was observed that all the peaks were shifted after incorporating GO into the D1
and D3 hydrogel composite. The -OH peak is shifted at 3344 cm™ (D1 hydrogel)
from 3330 cm™! (D2 hydrogel), and 3303 cm™ (D3 hydrogel) from 3428 cm™ (D4
hydrogel), suggesting some interaction of GO with the hydrogel matrices. Similarly,
other peaks were also shifted in GO-loaded hydrogel composites, as presented in

Figure 3.3b.
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Figure 3.3 FTIR of (a) Cip and GO; (b) D1, D2, D3, and D4 hydrogels.

XRD

The PXRD of GO, Cip, D1, D2, D3, and D4 hydrogels were analyzed at room
temperature and are shown in Figure 4. The PXRD pattern of GO (Figure 3.4a) revealed
crystallinity in nature, and an intense, sharp peak was observed at 10.4°, and the average

size of GO was calculated by utilizing the Debye-Scherrer equation [329].
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0.891
- LCos6 (7)

Here, D represents particle size in nm of crystals, A = 0.15418 nm is the wavelength of
X-Ray, B (radians) is the full width at half maximum (FWHM), and 0 is the diffraction
angle. Meanwhile, the d-spacing was calculated using X’pert High Score software. The
diffraction band for GO had a 20 value of 10.34°, assigned to (002) [330]. The d-spacing
was 1.2 nm, FWHM was found to be 0.521, and the size calculated using InstaNano

software was found to be 16 nm.

PXRD of Cip (Figure 3.4a) revealed a more prominent and sharper peak at 19.41° and
26.44 °. The other reflection of diffraction bands in CIP is similar to the previously
reported literature [324].

Meanwhile, a broad pattern was observed in the PXRD patterns of D1, D2, D3, and D4
hydrogels, which indicates the amorphous nature of the polymer matrix. An almost
identical pattern was observed in D1 and D2 hydrogels, suggesting that GO was
uniformly dispersed in the D1 hydrogel shown in Figure 3.4b. A difference in intensity
and slight crystallinity in the D1 peak was observed, which may be attributed to the
crystalline nature of the incorporated GO in the hydrogel matrix. The PXRD of D1
hydrogel composites showed two broad diffraction peaks at 22.7° and 32°, suggesting the

amorphous nature of the hydrogel matrix.

Similarly, the PXRD of D2 hydrogel showed two slightly less intense and broad
diffraction peaks at 22.9° and 31.75°, indicating the amorphous nature of the hydrogel.

In Figure 3.4¢, the PXRD pattern of D3 and D4 hydrogel shows a similar trend with a
slight shift in the reflection pattern [54]. However, no significant change was seen in
patterns attributed to the homogeneity of GO in D3 hydrogel. In the D3 and D4
hydrogels, a broad-spectrum pattern was observed at 21.49° and 23°, respectively.
Moreover, the characteristic peak of GO was almost diminished on the incorporation
of GO into the polymer matrix, indicating that GO's crystallinity diminished in the
hydrogel matrix, resulting in an amorphous nature of the hydrogel [331]. The GO has
not changed or affected the structure of the hydrogel matrix. Hence, it can be concluded

that GO has not affected the structural property of the hydrogel matrix.
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Figure 3.4 XRD plot of (a) Cip & GO; (b) D1 & D2; (c) D3 & D4 hydrogels.
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SEM

The micro images of D1, D2, D3, and D4 hydrogels are presented in Figure 3.5. The
micrographs of D1 and D3 GO- loaded hydrogels show rougher surfaces than D2 and D4
GO- unloaded hydrogels. While the visibility of porous surface is higher in D1 and D3
hydrogels, which may be due to the incorporation of GO, the surface texture was
relatively smoother in D3 hydrogel with the presence of a denser surface of

polyacrylamide granular particles [332].
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Figure 3.5 The micrographs of (a) D1, D2, D3, and D4 hydrogels.

TGA

The thermal degradation profile of D1, D2, D3, and D4 hydrogels exhibited four stages
of decomposition as shown in Figure 3.6. The initial stage occurs from 30 to 181 °C with
a weight loss of 7. 21%, 9.42%, 7.21%, and 10.45% in D1, D2, D3, and D4 hydrogels
respectively, thereby indicating the vaporization of water as well as initial decomposition
of polymeric chains. The second stage from 181 to 432 °C suggests the loss of functional
groups (carboxymethyl and hydroxyl groups) present in the polymeric backbone with
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weight loss of 20.87% 23.19%, 22.08%, and 25.77% in D1, D2, D3, and D4 hydrogels
respectively. In the third step, weight loss of 45.26%, 48.39%, 47%, and 50% from 432
to 564 °C was observed due to the breakdown of cross-linking present in D1, D2, D3,
and D4 hydrogels respectively. In the final stage of degradation from 564 to 800 °C,
complete degradation of D1, D2, D3, and D4 hydrogels resulted in weight loss of 55%,
58%, 56.61%, and 62% respectively. The thermal stability of GO-loaded hydrogel was
slightly higher than the unloaded hydrogel.
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Figure 3.6 The TGA plot of (a) D1, D2, D3, and D4 hydrogels.

Rheological Analysis

The rheological study assessed the elastic and viscous behavior of the D1, D2, D3, and
D4 hydrogel composite on the basis of changes in storage modulus (G’) and loss modulus
(G"). The storage modulus corresponds to the elastic component, while the loss modulus
corresponds to the viscous component. The storage modulus (G') of GO-loaded
hydrogels (D1 and D3) and non-GO loaded hydrogels (D2 and D4) are illustrated in
Figure 3.7a. It is found that the storage modulus (G") of D1 and D3 hydrogel composite
is higher than D2 and D4 hydrogels. Therefore, it was observed that on the incorporation
of GO, the cross-linking strength of hydrogel increased due to the physical interactions
of GO with the hydrogel polymeric network, resulting in enhanced elasticity [333], [334].
Similarly, the same pattern as of the storage modulus has been observed for the loss
modulus (G") such as increases with an increase in the angular frequency from 1 Hz to

100 Hz, as shown in Figure 3.7b. It may be concluded that storage modulus (G') is higher
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than loss modulus (G"”), implying that the elastic component of the hydrogel is more
dominating than the viscous behavior of hydrogels. Furthermore, GO provided stability
to the hydrogel matrix due to which hydrogel exhibited pseudo-elastic behavior. As a
result, GO-loaded hydrogel composites exhibited better drug delivery behaviour than
non-GO loaded hydrogels.
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Figure 3.7 (a) Storage Modulus and (b) Loss Modulus of D1, D2, D3, and D4 hydrogels.

Mechanical Properties

Compressive Test
The compressive test was performed to analyze the mechanical property of hydrogels.

Amazingly, it was observed that the GO loaded hydrogel shows an astonishing
compressive stress (KPa) up to 620 (D3) and 540 (D1) at 99 % strain as presented in
Figure 3.8. While, D2 and D4 hydrogels exhibits 310 and 390 KPa at 99% strain

respectively [335]. These results demonstrated that the inclusion of GO enhances the
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mechanical integrity of the hydrogels which allows to maintain structural ability under

significant deformation [336], [337], [338].
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Figure 3.8 Compressive Stress vs strain of D1, D2, D3, and D4 hydrogels.

Tensile Test

The tensile test of the sample was performed to elucidate the properties of synthesized

hydrogels D1-D4. The results obtained are presented in Table 3.3. It was observed that
GO loaded hydrogel showed high tensile strength of 37.4 + 0.10 KPa and 33.56 + 0.15

KPa for D1 and D3 hydrogels, respectively suggesting that these hydrogels have more

ability to withstand tension and resist breaking under force. Additionally, the elongation

percentage at break was also higher in case of GO-loaded hydrogels, which showed their

higher ability to tolerate stretching and deformation before breaking [339]. It can be

concluded that GO-loaded hydrogels are more suitable for biomedical application such

as drug delivery.

Table 3.3 Mechanical Properties

Sample Code Maximum Force (N) Tensile Strength (KPa) Elongation at break (%)
D1 57.4+0.14 37.4+0.10 82+0.24
D2 40.7+0.21 29.7+0.12 6.9+0.34
D3 52.2+0.32 33.56£0.15 7.7+0.53
D4 37.5+044 26.81+0.17 5.87+0.51
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3.3.3 Swelling Studies of Synthesized Materials

The swelling studies of D1, D2, D3, and D4 hydrogel composites were performed by
immersing pre-weighed hydrogels in a fixed volume of distilled water and simulated
buffer solutions of pH 7.4 and 1.2, respectively. The results of the swelling study
indicated that the highest swelling ratio was exhibited in the case of distilled water,

followed by buffer solution having a pH of 7.4 and a minimum of pH 1.2.

The observed trend for the swelling capacity of hydrogels in distilled water followed the order
D1 > D2 > D3 > D4, as presented in Figure 3.9a. It is worth noting that the hydrogels
containing polysodiumacrylate (D1, D2) were found to have a higher swelling ratio than
polyacrylamide-containing hydrogels (D3, D4). This may be attributed to the higher
hydrophilicity of polysodiumacrylate over polyacrylamide. Further, D1 hydrogel composite
possessing the highest swelling ratio may be attributed to the hydrophilic functional groups
(-COOH, -OH, etc.) present in the structure of GO within the hydrogel matrix.

A similar trend (as distilled water) with a slight decrease in swelling value was observed
in the case of a buffer solution of pH 7.4, as presented in Figure 3.9b. The probable cause
of the slight decrease in the swelling ratio may be due to the screening effect of excess

Na'" ions, which leads to the shielding of COO" ions [340].

Conversely, in the case of pH 1.2, the order of swelling ratio was found to be D3 > D4 >
D2 > D1, which may be due to the protonation of the carboxylic group at pH 1.2 which
results in the formation of H-bonding in an acidic medium that leads to a decrement in
swelling value. The trend was found to follow the order D1 < D2, and this may be the
result of a higher amount of protonated carboxylic ions present from polysodiumacrylate
and GO moiety in D1 hydrogel composite, leading to a lesser swelling value.

In particular, the decrease in swelling ratio for D1 and D2 at pH 1.2 over time is not
explained. This behaviour is likely associated with protonation of carboxylate groups (—
COO™ ——COOH) under acidic conditions, which reduces electrostatic repulsion and
suppresses network expansion. However, in D3 and D4 hydrogels, maximum swelling
was observed in D3 over D4. The slight increase in swelling of D3 may be due to the
synergistic effect of the amide group (-CONH,") of acrylamide with the functional groups
(-COOH, -OH) present in GO.
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Hence, overall, the swelling ratio in different media was found to follow the order as: DW
(pH 7) > pH 7.4 > pH 1.2. It can be concluded that distilled water has no interfering ions that
may interact with opposite charges present in the synthesized hydrogel matrix, and exhibits
maximum swelling in distilled water over pH 7.4. Furthermore, the possible reason for the
observed trend (pH 7.4 > pH 1.2) may be attributed to the complete ionization and
deprotonation of the COO™ and OH™ groups in a basic medium, which occur due to the
electrostatic repulsions between the functional groups (-COOH, -OH) of the hydrogel matrix,
leading to higher swelling in the case of pH 7.4 than pH 1.2 [341], [342]. The results of the
swelling study suggest that the synthesized hydrogels can be used in drug delivery.
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Figure 3.9 Swelling study of synthesized hydrogels in (a) DW, (b) pH 7.4, and (¢) pH 1.2.

3.3.4 Sol-Gel Content and Porosity Analysis

The Sol-gel fraction of the hydrogels was calculated and represented in Figure 3.10a. It was
observed that the gelation increased on the incorporation of graphene oxide into hydrogel

matrices due to the increased lateral dimensions of GO sheets, leading to a higher swelling
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ratio, which results in an increment in crosslinking, and the trend for gel content was observed
in the order of D1 > D3 > D4 > D2 [343]. The trend may also be attributed to significant
effective interactions such as hydrogen bonding, electrostatic interaction, and 7t-r interaction
of the -COOH and -OH functional group of GO to all the constituents of a 3-D polymeric
network of hydrogel matrix [65]. It was also observed that GO incorporation in the PAM-
based matrix, i.e., (D3), shows higher gel content than the polysodiumacrylate-based matrix
(D1). It can be concluded that the balanced protonation between PAM and the graphene oxide
moiety in the hydrogel matrix, compared to the PSA-based matrix [54]. In comparison, the
non-GO-loaded hydrogels showed lower gel content, with D4 exceeding D2 due to stronger
intermolecular hydrogen bonding among acrylamide chains. The lowest gel content of D2
may be associated with the absence of GO reinforcement and the presence of a greater soluble
polymer fraction, because sodium acrylate is highly hydrophilic because of its ionic
carboxylate groups. This can increase water uptake, but it may also increase the extraction of

uncrosslinked or loosely crosslinked polymer chains during gel-content measurement.

Acrylamide is hydrophilic too, but its amide groups form stronger chain-chain interactions.
Therefore, relatively, the acrylamide-containing hydrogel network may resist dissolution

better than the sodium acrylate network.

The Porosity content was also evaluated, and the porosity is found to be in D1 (82 %),
D2 (70 %), D3 (78 %), and D4 (75 %), as shown in Figure 3.10b. It was observed that
the incorporation of GO increased the porosity of the synthesized hydrogels. Hence, the
trend is D1 > D3 > D4 > D2. It may be attributed to the fact that the incorporation of GO
nanosheets into hydrogel matrices increases the surface area and results in more sites for

interaction, leading to higher porosity.
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Figure 3.10 (a) Plots for (%) gel content, (b) Porosity analysis of synthesized hydrogels.
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3.3.5 Drug Loading and DEE

The drug loading and drug entrapment efficiency of D1, D2, D3, and D4 hydrogels are
computed and presented in Table 3.4. It was found that the trend for DL (%) was in the
order of D3 > D4 > D1 > D2. It may be due to the knotting behavior of the drug moiety
with the functional groups (-OH, -COOH) present in the backbone of the hydrogel matrix,
leading to higher loading of the drug [344]. It was also observed that the PAM-based
hydrogel matrix has a higher loading capacity than the PSA-based hydrogel matrix.
However, in DEE (%), a similar trend was found, i.e., D3 > D4 > D1 > D2. It may also
be attributed to electrostatic interaction, which involves hydrogen bonding interaction
with the drug molecules and the backbone of the hydrogel matrices. Overall, it is
suggested that incorporating GO into hydrogel matrices enhances drug loading and

entrapment efficiency.

On comparing D1 and D3 hydrogel, D3 has higher DL (%) and DEE (%), which might
be attributed to the much more effective interaction between the amide group of PAM

and the hydroxyl and carboxylic group present in GO.

Table 3.4 Calculated drug loading in percentage.

Sample Code D1 D2 D3 D4
% Drug Loading (DL) 14.84 12.80 29.87 25.02
% Drug Entrapment efficacy (DEE) 73.78 57.26 78.04 64.3

3.3.6 In Vitro Release of Cip Drug
The in-vitro release of Cip-model drug from D1, D2, D3, and D4 hydrogels in pH 7.4 and

pH 1.2 buffer solution was performed. The order of drug release in different media was
followed by pH 7.4 > pH 1.2. This trend might be the consequence of the carboxylate ions
present in the matrix. At pH 7.4, deprotonated carboxylate ions repel each other, leading to
expansion of the polymeric chain, and subsequently higher swelling that results in a higher
percentage of drug release. Further, in the case of pH 1.2, carboxylate ions get protonated,
which leads to electrostatic interaction between the components of hydrogels, leading to
hydrogen bonding and electrostatic interactions, thereby leading to shrinking in the polymeric
network of hydrogels, which lowers the swelling index as well as the drug release of the
hydrogels at pH 1.2 [317].
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3.3.6.1 Effect of GO on in vitro release of Cip drug

The order of in-vitro release of Cip-model drug from D1, D2, D3, and D4 hydrogels
for drug release in different media was followed by pH 7.4 > pH 1.2. It was observed
that the percentage of drug release of the drug generally relies on the swelling of the
hydrogel [345]. Thereby, it was perceived that GO-loaded hydrogels would have
high drug release initially as compared to without GO-loading hydrogels. The drug
release profile was found to have order D1 > D2 and D3 > D4 in pH 7.4, as shown
in Figure 3.11 (a&b). It was observed that the rate of drug release decreased with
time, and a plateau region of the drug release was observed after 24 hr. Further, to
ensure the complete drug release, a study was conducted for up to 3 days, and it was
observed that no significant difference in drug release was found, suggesting that

the maximum drug was released in the initial 24 hours.

While in the case of 1.2, the trend was found to follow the order D3 > D4 and D2 >
DI1. It can be correlated with the swelling nature of the hydrogel; at pH 1.2,
protonation of the carboxylic groups will occur, which results in the formation of
H-bonding in an acidic medium. Hence, a decrease in swelling value was observed.
The trend was found to follow the order D1 < D2, and this may be the result of a
higher amount of protonated carboxylic ions present from polysodiumacrylate and
GO moiety in D1 hydrogel composite, leading to a lesser swelling value as presented

in Figure 3.12.

This may be attributed to the release of surface-adhering drug fractions. It may be due to
the hydrophilicity of the matrix, which increased the swelling index and made drug
molecules easily released from the matrices. Thereby, the experimental results confirmed

that the incorporation of GO into the matrix enhanced the drug release rate.

3.3.6.2 Effect of Synthetic Polymer on In-Vitro Release of Cip

The effect of synthetic polymers on drug-release behavior using synthesized hydrogel
systems was also assessed, and the observed trend shows that D1 > D3 has higher
drug release in case of pH 7.4. This may be attributed to the presence of an abundance
of hydrophilic groups in the polysodiumacrylate moiety and GO. While lesser
hydrophilic groups are present in the PAM-based hydrogel matrix, this results in

lesser drug release than the D1 hydrogel composite.
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While in the case of pH 1.2, the order was found to be D3 > D1. This might be due to

the synergistic effect of polyacrylamide over polysodiumacrylate.

Hence, overall, it has been observed that the GO incorporated D1 and D3 hydrogel
composite showed higher release compared to D2 and D4 hydrogels, respectively,
and D1 hydrogel composite had high drug release compared to D3 hydrogel
composite presented in Figure 3.12. Hence, the overall order of % drug release is D1

> D3> D4 > D2.
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Figure 3.11 Plots of (a) D1 & D2; (b) D3 & D4 of (%) cumulative release of model drug
(Cip) at pH 7.4.
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Figure 3.12 Plots of (a) D1 & D2; (b) D3 & D4 of (%) cumulative release of model drug
(Cip) at pH 1.2.
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3.3.7 Mechanism of Cip-Model Drug Release

The drug release study was ascertained using zero-order, first-order, Higuchi,
Korsmeyer-Peppas, and Hixson-Crowell models. As per the best fit, the Korsmeyer
Peppas model is selected to explain the drug release mechanism at pH 7.4 and pH 1.2,
shown in Figures 3.13 and 3.14. The regression coefficient observed in this model is
higher among all models, and ‘n’ suggests the value of the diffusion mechanism. In pH
7.4, R? values for D1, D2, D3, and D4 hydrogels were found to be 0.996, 0.991, 0.99,
and 0.993, respectively, and ‘n’ values are 0.167, 0.131, 0.75, and 0.8, respectively. It
shows that D1 and D2 obey Fickian diffusion, suggesting the mechanism that implies
that only diffusion exists, and it also means that polymer chain relaxation is less than
solvent diffusion according to Korsmeyer diffusion. However, D3 and D4 obey the non-
Fickian diffusion, suggesting the occurrence of diffusion and polymer chain relaxation

[54], and the computed parameter for 1.2 is presented in Table 5.

Table 3.5 Calculated kinetic model parameters for synthesized hydrogels at pH 7.4.

Korsmeyer- D1 D2 D3 D4
Peppas
Models K R? n K R? n K R? n K R? n
pH 7.4 257 | 0996 | 0.17 | 23.2 | 099 | 0.131 562 | 0985 | 0.75 | 6.34 | 098 | 0.8
pH 1.2 646 | 098 | 025 | 3.76 | 098 | 0.32 1.1 096 | 0.74 | 1.13 | 095 | 0.72
2.0 2.0
(a) pH7.4 (b) pH 7.4
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Figure 3.13 Korsmeyer-Peppas model for (a) D1 and D2 hydrogels, (b) D3 and D4
hydrogels at pH 7.4.
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Figure 3.14 Korsmeyer-Peppas model for (a) D1 and D2 hydrogels, (b) D3 and D4

hydrogels at pH 1.2.

3.3.8 Different Existing Materials as Drug Carriers
The swelling ratio of a hydrogel is a crucial factor in drug delivery. Therefore, in this

article, a comparison of existing material with the present study was also done, as shown

in Table 3.6.

Table 3.6. Comparison of the swelling ratio of various biopolymer-based hydrogels.

Materials Swelling Ratio (%) Ref.
pH74 pH 1.2

XG/PAM/PVP 1100 997 [38]
CS/MO 850 1050 [346]
Carboxymethyl sago pulp/chitosan 650 580 [347]
CMC/PAM/PVP 33 10 [348]
CMTKG/MA 240 - [349]
CMC/Ca?/Alg 40 5 [350]
DEA-co-MAA 1500 800 [351]
CS/B-CDcPAa 78 12 [260]
CMTKG/PAM/PEG 864 849 [323]
CMTKG-PSA-GO 2500 850 Present
CMTKG-PSA 2100 650 Work
CMTKG-PAM-GO 900 780

CMTKG-PAM 850 760
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3.3.9 Antibacterial Analysis
The antibacterial activity of hydrogels labeled D1, D2, D3, D4, and CMTKG has

been examined using the disc diffusion method against Gram-negative E. coli
bacteria. Furthermore, the =zone of inhibition (mm) for all the
hydrogels was determined and shown in Figure a. It was found that GO-
incorporated hydrogels showed enhanced antibacterial activity due to the loading of
GO and ciprofloxacin, suggesting that the incorporation of GO enhances the
antibacterial activity in the hydrogel matrix. Since ciprofloxacin is an antibiotic, it
increased the hydrogel's bactericidal properties via its interactions with the bacterial

surface, and with GO, also demonstrated antibacterial capabilities [352].

3.3.10 Cytotoxicity Analysis

The biocompatibility of hydrogels is crucial to assess their potential for drug
delivery. Therefore, the synthesized D1, D2, D3, and D4 hydrogels were tested for
cytotoxicity using HCT-116 cells. It was found that the synthesized hydrogel has
more than 67% cell survival rate when treated with concentrations of 1 to 250 pg/ml
in the MTT test, as presented in Figure 3.15b. It was observed that cell viability
decreased with increasing concentration up to 250 pg/ml. There may be a modest
reduction in cell viability due to unreacted carbonyl groups in the polymer matrix.
Drug molecules (Cip) may interact with host cell proteins, reducing cellular viability
at higher concentrations. Moreover, it was also observed that the morphology of the
hydrogels did not change upon incorporation of GO into the matrices. The inverted
phase microscopic pictographs of the synthesized hydrogels are presented in Figure
3.16. The results show that the synthesized hydrogel exhibited good interaction with
the HCT-116 cell lines, and no toxicity was observed against the HCT-116 in the

cytotoxicity assessment.
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Figure 3.16 The inverted phase microscopic pictographs of the synthesized hydrogel D1, D2,
D3, and D4 hydrogels.

3.3.11 Future Perspective

Long-term stability studies were not performed in the present work. Future investigations
should evaluate the storage stability of the optimized hydrogel formulations under
different conditions, such as room temperature and refrigerated conditions. Parameters
such as physical appearance, swelling behavior, drug content, drug release profile, pH,
mechanical integrity, and structural characteristics should be monitored over time to

confirm the long-term applicability of the developed hydrogel systems.

3.4 Conclusion

In this study, our primary approach was to analyze the effect of GO and synthetic
polymers on CMTKG-based hydrogel matrices for the delivery of ciprofloxacin (Cip)
drug at simulated intestinal pH 7.4 and pH 1.2. Therefore, four sets of hydrogels were
successfully synthesized via free radical polymerization mechanism using MBA as a
crosslinker, and labeled as CMTKG-PSA-GO (D1), CMTKG-PSA (D2), CMTKG-
PAM-GO (D3), and CMTKG-PAM (D4) hydrogels. The structural details of D1-D4
hydrogels were characterized by ATR-FTIR, PXRD, SEM, TGA, Rheometer, UTM,
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and UV-vis spectrophotometer. The rheology study reveals that the elastic nature of
hydrogels was dominating over the viscous nature of the hydrogels. The swelling
assessment of hydrogels suggests that maximum swelling was observed in the case of
distilled water, followed by buffer solution pH 7.4 and pH 1.2. The results indicated
that the swelling index was significantly higher in the case of D1 and D2 than in D3
and D4 hydrogel due to the more hydrophilic nature of PSA. The effect of GO was also
observed, and it was found that on the incorporation of GO, the swelling index was
improved. Further, the synthesized hydrogels were investigated in-vitro release studies
of the Cip drug, and it was found that GO-incorporated hydrogels show a higher
percentage of cumulative drug release rate at pH 7.4, followed by pH 1.2. The drug
release profile concluded that the Korsmeyer-Peppas model was followed by the
synthesized systems. The D1 and D2 hydrogels followed Fickian diffusion, and D3 and
D4 followed non-Fickian diffusion in all media. The pH-sensitive property of
synthesized hydrogels makes them a better choice for targeted drug delivery, and the
maximum drug loading was obtained in D1 (73.78 %) and D3 (78.04 %), while in D2
(57.26 %) and D4 (64.3 %). While studying the effect of synthetic polymers, the GO-
incorporated PAM-based hydrogel showed better results due to a good correlation
between the synergistic electrostatic interaction of -CONH>" of acryl amide and
graphene oxide. In addition, antibacterial activity and cytotoxicity studies concluded
that GO-incorporated hydrogel shows better bactericidal properties, and no toxicity was
observed against the HCT-116 cell line for the synthesized hydrogels. Hence, graphene
oxide-loaded hydrogels show more promising results and can be utilized as a suitable

carrier for oral drug delivery.
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SYNTHESIS AND CHARACTERIZATION OF IRON OXIDE
NANOPARTICLES (IONPS)- INCORPORATED CMTKG-BASED
HYDROGELS FOR THE DELIVERY OF LEVOFLOXACIN DRUG

4.1 Introduction

In recent decades, natural gum-based hydrogels have garnered considerable
attention due to their biocompatible, non-toxic, and cost-effective nature [353]. Due
to its salient features, hydrogel may serve as the best-suited candidate for the
administration of several drugs over other drug carrier systems. Therefore, the
development of pH-responsive hydrogels is a topic of great interest for the

administration of oral delivery of drugs [354].

Hydrogels can be classified as smart or stimuli-responsive, depending on their
response to various physical and chemical stimuli, such as solvent composition,
electric fields, ions, temperature, pH, and light. pH-responsive hydrogel can respond
to biological fluids by varying pH via adjusting its shape or volume when external

stimuli are modified, which makes it useful for biomedical applications [355].

Carboxymethyl tamarind kernel gum (CMTKG) is a derivatized form of naturally
occurring Tamarind gum (TKG) obtained from the seed of the Tamarindus indica L.
tree. The biopolymer has been widely combined with natural and synthetic polymers
such as carboxymethyl cellulose, polyethylene glycol, polyacrylamide, and
polyacrylic acid to produce pH-responsive hydrogels that offer excellent properties.
Another polymer, polyacrylamide (PAM), is also utilized in drug delivery due to its
pH-responsive, non-toxic nature. It contains an amide group in its structure, which
promotes the pH-responsive nature of the hydrogel. PAM-based hydrogel exhibits

the desired shape and enhanced mechanical strength [356].

Furthermore, drug carriers containing nanoparticles are also being explored. Iron oxide
nanoparticles (IONPs) have become increasingly popular in several biomedical
disciplines, including medication delivery and biosensors, adsorption, photocatalysis, and

energy storage [357], [358], [359], [360]. The incorporation of nanoparticles in natural
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gum-based hydrogel composite can elevate the hydrogel's response to new stimuli and
pave the way for its extensive usage in the biomedical field due to non-toxicity and
biodegradability [361]. Therefore, precise regulation of the medication's distribution and
release profile in specific regions of the body offers several benefits over traditional drug
release, including increased bioavailability, controlled swelling rate, and reduced adverse
effects in individuals. Thus, adjustable dosages can be supplied on demand by reactive
drug release systems, improving patient quality of life and enabling more precise control

over the medications provided.

Levofloxacin belongs to a class of fluoroquinolone antibiotics, which is utilized to
treat infections caused by susceptible bacteria of the upper respiratory tract, skin and
skin structures, urinary tract, and prostate, as well as for post-exposure treatment of

inhaled anthrax and the plague [362], [363].

However, a unique formulation method is needed to prevent the consequences, given

the discomfort that the patient experiences from the unpleasant injection delivery [148].

To the best of our knowledge, synthesis of IONPs using Biomass Citrus Limetta and
then incorporation of IONPs to form a novel hydrogel composite using CMTKG for
the first time, to elucidate the potential of the synthesized hydrogel composites for

delivering a levofloxacin-model drug.

In this work, we have synthesized iron oxide nanoparticles (IONPS) by a green
method using peels of Citrus Limetta, and then an IONP-loaded hydrogel composite
using grafting of polyacrylamide onto carboxymethyl tamarind gum was developed
via a free radical mechanism. The properties of the hydrogel, such as swelling
properties in different media, sol-gel analysis, and porosity, were studied, and the
chemical structure, size, morphology, thermal stability, and magnetic behavior of
the synthesized hydrogel (CMTKG-PAM-IONPs) were studied using FTIR, MXRD,
SEM-EDAX, TGA, and, respectively. Further, the loading and release of
levofloxacin drug were studied at pH 1.2 and & 7.4, and kinetics were studied using
various models, including the Korsmeyer model and other models such as zero
order, Hixon Crowell, Higuchi, and first order. In addition, the antibacterial activity

and cytotoxicity of the hydrogel were also assessed.
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4.2 Experimental Section
4.2.1 Materials Required

Levofloxacin (LFX), anhydrous iron (III) chloride (FeCls), sodium hydroxide
(NaOH), Acrylamide, N, N'-methylene bis (acrylamide) (MBA), and iron (II) sulfate
(FeSO4) were purchased from Merck, Germany. Potassium persulfate (KPS) was
purchased from Fischer Scientific, Mumbai. Carboxymethyl Tamarind gum was
generously gifted by Hindustan Gum Pvt Ltd., Bhiwani, India. Citrus Limetta peels
were collected locally from Rewari, Haryana, India. All the studies were performed

in double-distilled water.

4.2.2 Preparation of extract using Citrus Limetta

Citrus Limetta peel extract was used as a green-reducing agent to synthesize Iron
oxide nanoparticles (IONPs). Initially, peels were washed with distilled water to
remove the dirt and dust particles and then dried in the sunlight. Further, the peels
were converted into powder using a mixer grinder and then sieved. To prepare the
extract, 1 g of powdered peel was taken in a conical flask with 50 mL of Mili Q
water. Then, the solution was heated at 70 °C and stirred for 2 hours. The solution
was kept for cooling at room temperature, and then the extract was filtered out and

utilized as a reducing agent in the synthesis of iron oxide nanoparticles.

4.2.3 Synthesis of Iron Oxide Nanoparticles (IONPs) using the Extract of Citrus
Limetta Peels

A green facile synthesis method was employed to synthesize iron oxide
nanoparticles using an extract of citrus limetta peel. The precursor iron (III) chloride
(FeCls. 4H20) and iron (II) sulfate (FeSO4. 2H20) were mixed in a ratio of 2:1 in
100 mL of distilled water until a homogeneous solution was observed. Then, NaOH
was added dropwise to the mixture, and the pH was maintained at pH = 8§, leading
to ensuring sufficient precipitation of metal ions in the basic solution, and the color
of the solution was changed to light brown. Then, 20 mL of extract was added as a
reducing and capping agent. The instant color was changed to blackish brown, as
depicted in Figure 4.1. Further, the solution was heated on a heating plate till the
solution evaporated. The reddish-brown powder was scratched out and washed with

ethanol, and then oven-dried for further use.
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Figure 4.1. Schematic representation of the synthesis of IONPs using CL extract

4.2.4 Synthesis of Iron Oxide Nanoparticles (IONPs) Loaded CMTKG-PAM
Hydrogel Composite

Initially, 0.3 g of CMTKG in 10 mL of distilled water was mixed until a
homogeneous solution was observed. Then, 0.6 g of acrylamide was added to it
and stirred for 40 minutes. Then, the initiator, 0.01 g KPS, was added, followed
by the addition of 0.01 g of MBA as a cross-linker into it, and it was agitated
continuously. Thereafter, different amount of IONPs was loaded into the hydrogel
matrix to make the different formulations as presented in Table 4.1. The solution
was stirred for 45 minutes and then transferred to test tubes. The test tubes were
kept in the water bath at 50 °C for 1 hour. After 1 hour, the test tubes were broken
down, and the obtained product was cut into pieces and immersed in water to
remove the impurities or unreacted entities. Then dried in the oven at 50 °C. The

schematic representation of synthesis is depicted in Figure 4.2.

Table 4.1 Constituents of hydrogel matrices.

Sample | CMTKG | AM | KPS | MBA | IONPs Swelling ratio (%)
S.No.
Code ® (4] 2 2 ®
DW pH74 | pH12
1. 0-IH 0.3 06 | 001 | 001 0 610593 | 5899.87 | 563231
2. 5-IH 0.3 06 | 001 | 001 5 6878.6 6679.7 | 64329
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3. 10-IH 0.3 0.6 0.01 0.01 10 9842.69 9722.09 9306.28
4. 15-IH 0.3 0.6 0.01 0.01 15 10802.25 10788.23 10367.8
5. 20-IH 0.3 0.6 0.01 0.01 20 12633.05 12589.26 12216.5
6. 25-IH 0.3 0.6 0.01 0.01 25 7915.15 7804.2 7207.35
7. 30-IH 0.3 0.6 0.01 0.01 30 7479.39 7366.42 6906.53

| ® ® o MBA

i ST — g = - = .‘
IQ (;}%) KPS, IONPs & | a‘ ° '
: - — |:> S |:> :>\. % |

Figure 4.2 Schematic representation of the synthesis of CMTKG-PAM-IONPs hydrogel
nanocomposite.

4.2.5 Characterization

The synthesized material was characterized using PXRD, ATR-FTIR, SEM, and UV-
Visible spectroscopy.

4.2.6 Swelling Behavior

To check the water absorbency behavior of the synthesized hydrogel, the gravimetric
method was used as discussed in above chapters. The swelling behavior of samples was

calculated using equation (1).
Swelling (%) = 2222 « 100 1)
0

Here, w; represents the weight of the hydrogel at time ‘t’ and w, stands for the dried
weight of the hydrogel.

4.2.7 Sol-Gel Content and Porosity

To measure the gel content of the hydrogels, 0.5 g of CMTKG-PAM-IONPs composite
hydrogels were placed into distilled water at 37 °C for 24 hours. To extract soluble

components from the hydrogel, the distilled water of the sample container was changed
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every 8 hours. Then, the swollen hydrogels were removed, oven-dried at 50 °C till
constant weight was achieved, and weighed. Further, the gel content of the hydrogels was

determined using equations (2 and 3).

We—Wo

Sol Fraction= * 100 2)

0

Gel fraction = 100 — Sol fraction 3)

Here, Wy refers to the weight of the dried sample, and W; stands for the swollen samples

at time ‘t’, respectively.

The solvent displacement approach was utilized to ascertain the porosity of the CMTKG-
PAM-IONPs hydrogels. To perform this, a fixed weight of hydrogels (Wa.) was immersed
in absolute ethanol for 24 hours. Subsequently, the samples were taken out and weighed
(Wp) after wiping off the excess ethanol with filter paper. Then, the porosity of the
hydrogels was calculated using equation (4) [364].

Porosity (%) = (%) %100 @)

Here, ‘p’ denotes the density of absolute ethanol, and J” stands for volume (V= nr’h of
hydrogel disc; here, ‘r’ is the radius of the disc, and ‘A’ is the height of the disc).

Measurements were done using a Vernier caliper.

4.2.8 Network Parameters

4.2.8.1 Grafting Percentage (% G), Grafting Efficiency (% GE), Homopolymer
Content (% HC)

Grafting parameters, such as percentage of grafting (% G), grafting efficiency (% GE), and
homopolymer content (% HC), were calculated by using equations (5, 6, and 7) [365].

Weight of grafted Polymer
0 G = Leghtof grajted Poly 100 (5)
Initial weight of backbone
Weight of grafted Polymer
% GE = ——Welght of grajted Poly x 100 (6)
Initial weight of backbone+Weight of copolymer
% HC = 100 — % GE (7)
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4.2.8.2 Volume Fraction (¢)

It represents the proportion of the total volume of a hydrogel that is occupied by a polymer

component. It was calculated using the given equation (8) [366].

VH

T (8)

VHS

¢ =
Where Vy, and Vy_ represent the volume of dried and swollen hydrogels, respectively,
determined using the given equation (9).

V =nr’h )

Here, r is the radius, and h is the height of the cylindrical hydrogel discs, measured by a
Vernier caliper [367].

4.2.8.3 Polymer-Solvent Interaction Parameter ()

To assess polymer compatibility with the surrounding fluid, polymer-solvent interaction

parameters were computed by using equation (10) [366].

+

N |-
w |

xX= (10)

4.2.8.4 Average Molecular Weight Between Crosslinks (Mc)

It represents the average molecular weight of the polymeric chains between two points

that are crosslinked within a polymer network by using equations (11 and 12) [368].

14
stVw<¢3—5¢>

Mc=- In(1-¢)+¢+2¢? an
_ Wiy
Ay, = - (12)

N

Where V), represents the volume of the solvent (water). The dy_ represents the density
of swollen hydrogel, calculated using equation (12). Wy denotes the weight of the

swollen hydrogel.
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4.2.8.5 Crosslinking Density (p)

The polymer chain's crosslinking density computes how effectively a three-dimensional

network of polymeric chains is packed using the equation (13) [367], [369].

d
P= e (13)

4.2.9 Drug Loading and Drug Release Study

The antibiotic levofloxacin was loaded into the CMTKG-PAM/IONPs nanocomposite
hydrogel. To perform this, 0.05 g of hydrogel was weighed (IW;) and immersed in 100
mL of an aqueous solution containing 50 mg of levofloxacin. Subsequently, hydrogels
were washed after being continuously stirred at 37 °C for 24 hours in a temperature-
controlled incubator shaker and kept for drying to get a constant weight (W ). Further,
the absorbance of levofloxacin was measured at 208 nm using UV—vis spectroscopy, and
the loading capacity of the drug was ascertained using Equation (14) [54].

Wf—Wi
wi

Drug Loading Efficacy (%) = x 100 (14)

The hydrogel's drug release properties were examined in the buffer solution of pH 7.4
and 1.2 over a period of 24 hours at 37 °C. To perform the experiment, 0.1 g of hydrogel
containing levofloxacin was submerged in 100 ml of the chosen release media (pH 7.4
and 1.2), and the mixture was continuously stirred at 70 rpm. Subsequently, 5 mL of the
release medium was taken after predefined intervals, and a fresh buffer solution of the
respective pH was added to the solution. The UV-visible spectrophotometer was used to
confirm the drug's absorbance at 208 nm in order to calculate the amount of release. The
amount of medication released from the CMTK G-PAM-IONPs nanocomposite hydrogel
beads was quantified using UV-vis spectroscopy, and the amount of levofloxacin was

measured using equation (15).
Drug Release (%) = % x 100 (15)

Where C; presents the drug released amount at time ‘t’ and C, is the amount of drug

loaded in the hydrogel.
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4.2.10 Kinetics of Model Drug Release

In order to determine the drug release mechanisms of levofloxacin from the synthesized
hydrogel, several models were used to analyze, which include zero-order, first-order,

Korsmeyer-Peppas, and Higuchi equations, as represented in Table 4.2.

Table 4.2 Kinetic models for drug release.

Kinetic Zero Order First Order Higuchi Korsemeyer Peppas
Models
Equation Cr = Co, + kot log Ctkt Fe Ce _ kHt% Fo G — en
=logCop + === Coo Coo
2.303 ky = kinetic constant | k = kinetic constant,
k = rate constant n= diffusion exponent

Mechanism | The amount of | The release rate is | It follows the Fickian | It depends on the
drug released is | linearly dependent on | diffusion method and can | diffusion  exponent
independent of the | the amount of the drug | explain the hydrophilic | value and states three

concentration and hydrophobic release | conditions in  the
of drugs mechanism
1) if (n = 0.5), Fickian
Diftfusion

2) if (0.89 > n > 0.5),
Non-Fickian
Diffusion

3)if (n>0.89), Case 11
transport

4.2.11 Antibacterial Activity and Cytotoxicity

The Well diffusion (AATCC-30) method assessed the antibacterial efficacy of CMTKG-
PAM and CMTKG-PAM-IONPs hydrogels against E. coli bacteria. To perform this, 30 mg
of the samples were introduced individually into the center of the petri dish, which had
nutrient agar, and then cultured. These culture plates were then incubated for 24 hours at

37 °C. Then, the bacterial inhibition zone width was measured.

The MTT test assessed the cytotoxicity of CMTKG-PAM-IONPs and CMTKG-
PAM-IONPs drug-loaded nanocomposite hydrogel against the HCT-116 cancer cell
line procured from NCCS Pune, India as described in Chapter 3 section 3.2.11.

4.2.12 Statistical Analysis

Statistical analysis of the obtained results was carried out using Origin Pro 2018
software version 64-bit. Data were shown as mean + standard deviation (SD) at a

significance level of p < 0.05.
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4.3 Result and Discussion

4.3.1 Mechanism

The constituted proportion of synthesized hydrogel composites and the ratio are
given in Table 4.1. The schematic representation for the fabrication of CMTKG-

PAM-IONPs hydrogel composites for their potential application for drug delivery

is illustrated in Figure 4.3.

W
(i) KPS

CHOCH,COOH

Biopolymer-CMTKG 0 o

u
/\( MBA

Figure 4.3 Schematic proposed mechanism of synthesized CMTK G-PAM-IONPs, hydrogel

3-D hydrogel Matrix

composite.

Initially, the initiator, KPS, generates SO4 radicals, which then interact with
biopolymer-CMTKG to generate alkoxy radicals on the substrate unit [3].
Similarly, the cleavage of acrylamide's vinylic bond occurs in the presence of
sulfate radicals, resulting in acrylamide radicals, which further form
polyacrylamide (PAM). These radicals generated on polymer substrates create
active centers that are capable of initiating free radical reactions with a crosslinker,
MBA, which further crosslinks with the -OH groups of CMTKG and PAM units,
leading to the formation of a crosslinked hydrogel network [349]. In addition, the
IONPS shows hydrogen bonding and electrostatic interaction with the hydrogel
network. However, chain termination reactions may also occur through
interactions through the reaction of OH with propagating chains of polymers

[370].
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4.3.2 Characterization

FTIR

The FTIR spectra of MBA, IONPs, Levofloxacin, CMTKG/PAM, and drug-loaded
CMTKG-PAM-IONPs hydrogel composites are shown in Figure 4.4. The peak in
FTIR of MBA at 1300 cm™! associated with C-N stretching was shifted in CMTKG-
PAM and drug-loaded CMTKG-PAM-IONPs hydrogels to 1418 cm™ and 1396 cm”
! respectively, suggesting lesser conjugation due to crosslinking in matrix
polymerization [42]. Further, the peak at 1656 cm™' corresponds to the C=C stretch
and was found to be shifted at 1652 cm™! in CMTKG-PAM and at 1563 cm™ in
CMTKG-PAM-IONPs hydrogel, respectively, confirming there is an electrostatic
interaction or hydrogen bonding between the hydrogel matrices [39]. While in
drug-loaded CMTKG-PAM-IONPs hydrogel, a new peak of IONPs is observed at
508 cm!, which was at 540 cm™ in the IONPs spectrum, suggesting successful

incorporation of IONPs into the hydrogel matrix [371]. The other peaks are
presented in Table 4.3.

Table 4.3 The wave numbers of peaks are present in the structures.

Functionality MBA IONPs CMTKG-PAM Drug-loaded CMTKG- Ref.
Hydrogel PAM-IONPs Hydrogel
Composites
Wavenumber (cm™)
C=C 1540 1578 1593 1563 [39]
OH 3302 3384 3270 3297 [42]
C-H 2981 2923 2941 [39]
C-0-C 1096 1055 1038 [372][373]
C=0 1656 1652 1709 [54]
FeO 540 - 508 [371]
CN 1300 1418 1396 [372][374]
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Figure 4.4 ATR-FTIR spectra of (a) MBA, IONPs, Levofloxacin, (b) CMTKG-PAM hydrogel,
and CMTKG-PAM-IONPs hydrogel nanocomposite.

PXRD

In order to check the nature of the material, the PXRD analysis was carried out, and the
PXRD pattern is presented in Figure 4.5. The PXRD pattern of Levofloxacin presents
sharp peaks at 26 values of 6.3°,9.5°, 12.9°, 15.44°, 19.28°, 26.43°, and 45.01° revealing
its high crystallinity similar to available literature as presented in Figure 4.5a [375]. The
reflection peaks are in good agreement with the PXRD patterns (JCPDS card) of the y
(gamma) phase of IONPs [376], [377]. The peaks are indexed as corresponding to the
planes (220), (311), (400), (422), (511), (440), and (533), presented in Figure 4.5b. The

d values are evaluated using the Debye-Scherrer equation [274].
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0.91
- B(cosB) (1 6)

Here, S refers to the full width at the half maxima in the form of radian, 0 is the diffraction
angle of the peak, and A is the wavelength of the incident X-ray beam. The mean

crystallite size of IONPs was equated using the software Instanano, which was found to
be 21.01 nm.

In the case of hydrogel and hydrogel nanocomposites, broad peaks were observed,
suggesting their amorphous nature, as presented in the Figure 4.5¢. It was also concluded
that a slight change in intensity was observed in the spectrum of CMTKG-PAM-IONPs,
attributed to the homogeneous dispersion of IONPs in the hydrogel matrix. Warkar and
the group have reported a similar article in which the synthesis of GO-incorporated

CMTKG-based hydrogel matrix did not exhibit a distinct peak of incorporated GO [39].
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Figure 4.5 PXRD pattern of (a) Levofloxacin, (b) IONPs, (c) CMTKG-PAM hydrogel, and
CMTKG-PAM-IONPs hydrogel composite.

113



Chapter 4

SEM

Figure 4.6 displays SEM micro images of IONPs, CMTKG-PAM hydrogel, and
CMTKG-PAM-IONPs hydrogel composite, respectively. The morphology of IONPs
includes rod-like and spherical shapes. The SEM micrograph of CMTKG-PAM hydrogel,
shown in Figure 4.6b, displays an irregular and porous surface, while the SEM
micrograph of CMTKG-PAM-IONPs hydrogel presented in Figure 4.6¢ has irregular
surfaces and less visible pores, indicating that IONPs covered the pores [378]. However,
IONPs may interact with the polymeric matrix to alter the hydrogel matrix crosslinking
density or to make the matrix more hydrophilic. The addition of IONPs to hydrogel may
increase free volume or help to loosen the polymeric network, which allows the water
molecules to penetrate and remain in the vicinity of the hydrogel network [379]. Further,
to confirm the presence of IONPs in the CMTKG-PAM-IONPs hydrogel composite, an
EDAX analysis was performed, and it was observed that IONPs were successfully
incorporated into the hydrogel matrix. Figure 4.6d depicts an EDAX plot of the
optimized CMTKG-PAM-IONPs hydrogel.

DLS

The DLS analysis revealed a Z-average hydrodynamic diameter of 214.7 d.nm with a
PDI 0f 0.351, indicating a moderately distributed particle size as presented in Figure 4.6e

Py

EHT=15.00 kV Signal A= InLens
WD =10.2 mm Mag = 200.00 K X
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Figure 4.6 The SEM Micro-image of (a) IONPs, (b) CMTKG-PAM hydrogel, (¢) CMTKG-
PAM-IONPs hydrogel composite, (d) EDAX mapping of CMTKG-PAM-IONPs hydrogel

composite, and () size distribution of IONPs by DLS analysis.
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4.3.3 Swelling Behavior

The swelling behavior is mechanistically dependent on the diffusion of water molecules
into the gel matrix and the relaxation of the polymeric chains that determine the swelling
kinetics of polymeric hydrogels. Therefore, it is important to study the swelling behavior
of hydrogel samples. To check the time-dependent swelling behavior of the hydrogel
samples, every sample was allowed to swell individually in distilled water at 37 °C for
24 hours. The corresponding swelling ratios were determined using Eq. (1) and are
presented in Figure 4.7a. It was observed that the swelling ratio increased with an
increase in time, and no significant increase in swelling was observed after 24 hours,
confirming interstitial sites of hydrogel were occupied and saturated [42]. Further, it was
also concluded that the swelling ratio increases as the concentration of IONPs increases
up to 20 mg, and above this, a decrease in the swelling ratio was observed. The swelling
ratio was found to be maximum in the case of 20-IH, indicating the strongest potential
synergistic interactions between the polymeric hydrogel matrices and IONPs [54]. Also,
it can be concluded that the loading of filler up to 20 mg does not affect the integrity of
the hydrogel matrix. This outcome can be explained by the presence of hydroxyl groups
in the hydrogel structure, which attracted water molecules from the surroundings and

made it easier for water molecules to enter the gel matrix.

Further, the swelling ratio of the 25-IH and 30-IH hydrogels was found to have a decrease
in the swelling behavior of the hydrogel lattice. Moreover, the stiffness of the hydrogels
increased with the higher amount of [ONPs, resulting in reduced swelling of the hydrogel
[54]. Thereby, it can be concluded that 20-IH hydrogels demonstrated the largest
percentage of surface area (%SR) and were used in subsequent investigations. It can be

inferred that the optimal amount of filler IONPs to add in the matrix is 0.020 g.

Similarly, the same trend was followed in the case of pH 7.4 and 1.2. A significant change
in the equilibrium swelling ratio was observed, as presented in Figure 4.7b. It can be
attributed that at pH 7.4, deprotonation of the COOH (pKa ~ 6.4) functional group present
in CMTKG occurs, leading to the electrostatic repulsion between the deprotonated
moiety and resulting in network expansion [39]. While at pH 1.2, deprotonation of the
functional group COOH has not happened. Therefore, network expansion was not

observed, leading to a lower swelling ratio [42]. Sapna and the group synthesized starch
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and xanthan gum-based hydrogel for aspirin and paracetamol delivery, which showed a

higher swelling ratio at pH 7.4 [380].
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Figure 4.7 Plot for assessment of swelling behavior of hydrogels with time in DW, (b) Plot for
equilibrium swelling ratio of hydrogels in pH 7.4 and pH 1.2.

4.3.4 Networks Parameter

The grafting percentage (%G), grafting efficiency (%GE), and homopolymer content
(%HP) were calculated using equations 1, 2, and 3. It was found that the calculated %

G, % GE, and % HP were 200%, 66.66%, and 33.33 %, respectively.

The impact of the amount of IONPs on hydrogels (0-IH to 30-IH) is presented in Table
4.4. 1t was observed that the amount of IONPs increases in hydrogels, leading to a
decrease in Mc. An increase was observed in ¢, %, and p values with increasing amount
of IONPs in the hydrogel. It is observed that the amount of IONPs increases, resulting in
greater crosslinking and an increased crosslinking density (p) in the hydrogel, which
hinders the mobility of the polymeric chain and leads to the shortening of the chain. This
causes a decrease in the molecular weight. Moreover, an inverse relationship exists
between crosslinking density (p) and average molecular weight between crosslinks (Mc)
[381]. Additionally, it was also observed that as the amount of filler-IONPs loading
increases after 20-IH, then a decrease in swelling was observed, thereby increasing the
polymer volume fraction in the swollen state (¢). It may be attributed to the fact that, as
the amount of filler increases to a certain level, it disturbs the integrity of the hydrogel. It
may lead to agglomeration and increased rigidity in the hydrogel, which may inhibit the

expansion behavior of the polymeric network [382]. Furthermore, the higher y values
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represent the weak interaction between the polymer and solvent. Thus, as the amount of
IONPs increased, the crosslinker boosted crosslinking, strengthening the interaction
between the polymer-polymer and weakening the polymer-solvent interaction ().
Moreover, x values at pH 7.4 are lower than in the pH 1.2 buffer, suggesting a stronger

polymer-solvent interaction at pH 7.4, associated with greater swelling capability [381].

Table 4.4 Calculated network parameters for the synthesized hydrogel matrices.

Sample x ) Mc x 10 (g/mol) p x 1075 (mol/ml)
S.No.
Code

pH74 | pH12 | pH74 | pH1.2 pH 7.4 pH1.2 pH 7.4 pH 1.2
1. 0-IH 0.5023 0.5289 | 0.0192 | 0.0423 2.658 1.898 0.809 1.352
2. 5-IH 0.504 0.5298 | 0.0165 0.0366 1.701 1.65 0.89 1.769
3. 10-IH 0.5045 0.5334 | 0.0135 0.0301 1.44 1.08 1.80125 2.463
4. 15-IH 0.505 0.5368 | 0.0129 | 0.0185 1.1 1.017 2.239 3.091
5. 20-IH 0.506 0.5394 | 0.0071 0.051 0.95 0.8790 2.851 3.637
6. 25-IH 0.49 0.5321 0.0256 | 0.0563 1.56 1.474 1.89 2.828
7. 30-IH 0.45 0.5267 | 0.0203 0.0526 1.2094 1.0987 1.655 2.441

4.3.5 Sol-Gel Content and Porosity

The gel content presents the crosslinked network of polymeric chains in the
hydrogel structure. It was found that the gel content varied, ranging from 86% to
95%, as seen in Table 4.5. When the amount of IONPs in hydrogel structures
increases up to 0.020 g, the gel content increases as well. Further, an increase in the
amount of IONPs leads to a decrease in gel content due to an increase in the
interaction of IONPs and the functional group of the biopolymeric chain, which

leads to a highly crosslinked network, leading to a decrease in gel content [383].

Additionally, the porosity content was also assessed and presented in Table 4.5. It
was found that the porosity of hydrogels was increased with the addition of IONPs
up to a certain level, and then started to decrease due to the aggregation of IONPs
and the creation of stiffness in the hydrogel matrices. Zhai and groups reported that

up to a certain limit of filler, porosity increased in the hydrogel matrices, after which
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it started to decrease [384]. The order was 0-IH > 5-IH > 10-IH > 15-IH > 20-IH <
25-1H < 30-1H.

Table 4.5 Calculated values for Gel, Sol content and porosity analysis.

Sample Code 0-IH 5-IH 10-IH 15-IH 20-IH 25-IH 30-IH
Gel Content (%) 87 90 92 94 95 91 86
Sol Content (%) 13 10 8 6 5 9 14
Porosity (%) 74 79 84 88 89 87 85

4.3.6 Drug Loading and Release Mechanism

The drug loading (%DL) was computed for the hydrogel using Equation 14, and the
value of % DL was found to be 28.96% and 15.17% in pH 7.4 and pH 1.2,
respectively. This may be due to the electrostatic interactions and hydrogen bonding

with the functional group present in the hydrogel matrix and the levofloxacin drug.

In order to check the in-vitro drug release from levofloxacin-loaded CMTKG-PAM-
IONPs hydrogel, a UV-visible spectrophotometer was used, and the schematic
presentation of the release is shown in Figure 4.8. The drug release experiments
were carried out at 37 °C in a phosphate buffer solution of pH 7.4, similar to the
intestinal environment, and pH 1.2 is similar to the gastric environment, respectively
shown in Figure 4.9a. It was observed that 62% of the drug was released in the case
of pH 7.4 and 56% in the case of pH 1.2 after 7 hours. After that, the release rate of
the drug in both media became slow, and the drug release percentages of the drug in
24 hours were found to be 70.21% and 60.09% in buffer solution pH 7.4 and pH 1.2,
respectively. The result indicates that the maximum drug released at pH 7.4 in the
solution is due to the presence of hydrophilic functional groups in CMTKG and
PAM, which deprotonate in the solution medium, causing anionic repulsion between
the COO- anion and resulting in the expansion of polymeric networks [259]. On the
other hand, hydrogel bonding between CMTKG and PAM was produced by
protonation of the -COOH group at pH 1.2, which led to a slight reduction in
swelling [39]. Thus, it can be seen that, at both pH 7.4 and pH 1.2, the CMTKG-
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PAM-IONPs hydrogel showed good potential for sustained release.

Furthermore, the pH of the human body changes as the drug passes through various
sections of the gastrointestinal tract. We have conducted pH shock tests to mimic
the quick changes that an oral drug delivery system may encounter. Specifically, it
moves from the stomach's acidic environment to the intestine's almost neutral
environment. The drug release percentage at pH 1.2 was found to be 18.02%,
whereas the highest drug release was found to be 68.15% at alkaline pH 7.4, which

may be attributed to the drug's increased diffusion at pH 7.4, as shown in Figure

4.9b.
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Figure 4.8. Schematic ideology for drug release mechanism.
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Figure 4.9. Plot for (a) % drug release vs time and (b) pH shock experiment from pH < 1.2 to pH 7.4.

4.3.7 Kinetics

Various models were fitted to analyze the kinetics study of the levofloxacin-loaded
CMTKG-PAM-IONPs, and the R? for all models is presented in Table 4.6, and

Figure 4.10 represents the Korsmeyer-Peppas model and Higuchi’s model kinetics.

Higuchi's model predicts how drugs will be released from solid matrix systems
based on Fick's law of diffusion. It works well when the drug release mode is
diffusion-controlled. When a concentration gradient occurs in the hydrogel, drug
molecules move through it according to the Fickian diffusion model. Drug
molecules move from high concentrations present inside the hydrogel to low
concentrations in the buffer solution [385]. After fitting the data in models, it was
found that the Korsmeyer-Peppas model fits best with the R? value. It was observed
that it shows non-Fickian diffusion, suggesting that the drug is released through

diffusion as well as polymer chain relaxation from the hydrogel matrix.

Similarly, Pragnesh and the group developed a hydrogel using Gum ghatti and
NIPAM-based hydrogel and showed drug release data following Fickian diffusion
[386].
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Figure 4.10. Plot for (a) drug release at pH 7.4, (b) 1.2 in the Korysmeyer Peppa model; (c) drug
release at pH 7.4, and (d) 1.2 in the Higuchi model.

Table 4.6. Calculated Parameters for drug-loaded hydrogel.

Sample Code Models with parameters related to the release of Levofloxacin drug
20-IH Zero order First order Korysmeyer peppas Higuchi
pH R? R? K n R? Kn R?
7.4 0.978 0.845 14.17 0.75 0.995 28.87 0.988
1.2 0.876 0.780 17.37 0.64 0.975 21.175 0.962

4.3.8 Antibacterial Activity

To assess the bactericidal properties of hydrogels, the disc diffusion method was
employed. To perform the test, CMTKG-PAM, CMTKG-PAM-IONPs, and drug-loaded
CMTKG-PAM-IONPs hydrogels were subjected to gram-negative E. coli bacterial cells.

The antibiotic levofloxacin contributes to enhancing the bacterial activity of the

122



Chapter 4

hydrogels. It was observed that the inhibition zone of CMTKG-PAM, CMTK G-PAM-
IONPs, and levofloxacin-loaded CMTKG-PAM-IONPs hydrogels was found to be 10
mm, 16 mm, and 20 mm, respectively, in hydrogels. Hence, it can be concluded that
the incorporation of IONPs enhances the antibacterial properties of the synthesized

hydrogel.

4.3.9 Cytotoxicity

The cytotoxicity evaluation is extremely important for biomedical applications to ensure
the biocompatibility of the synthesized hydrogel. The various concentrations (1-500
png/mL) of levofloxacin-loaded CMTKG-PAM hydrogel (20-IH) were analyzed against
the human colon cell line HCT-116 presented in Figure 4.11a. The result revealed that
the cell viability of the levofloxacin-loaded CMTKG-PAM is 70% at the maximum
concentration (250 pg/mL), suggesting the non-toxic nature of the formulated matrix is
demonstrated [39]. The cell viability decreases as the concentration of hydrogel increases,
which may be attributed to the unreacted groups present in the polymer matrix. Moreover,
HCT-116 cells examined under a microscope showed polygonal-shaped cells with
comparable densities in control and hydrogel-treated cell lines, indicating no change in
cell shape and minimal effect on the cell survival brought on by the synthesized hydrogel

presented in Figure 4.11(b-h).

(@ | CMTKG-PAM-IONPs| (b) i “Qeg (C) | ‘ 1 1 (d)

®
-3

Coll Viability (%)
3

Pe) F.'if; o :i'j (f)v 4 : : : \ﬂ (8 ! (h)

|2 » |

Figure 4.11 (a) Cell viability of D1, D2, D3, and D4 hydrogels and (b-h) The inverted phase
microscopic pictographs of the synthesized hydrogel D1, D2, D3, and D4 hydrogels.
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4.4 Conclusion

In the above study, we have successfully fabricated the CMTKG-PAM hydrogel and
CMTKG-PAM-IONPs hydrogel nanocomposite with the loading of levofloxacin to
check its controlled release. The properties of optimized hydrogel (20-IH), such as
swelling ratio in different media 12633% (DW), 12589% (pH 7.4), 12216% (pH 1.2),
Gel content (95%), and porosity (89%), were assessed. Moreover, percentage grafting
(200%), grafting efficiency (66.66%), and homopolymer content (33.33%) were
calculated, and the network parameter analysis revealed that rigidity increased after 20
mg of IONPs were introduced into the matrix. In addition to that, CMTKG-PAM-IONPs
hydrogel nanocomposite hydrogel exhibits higher release at pH 7.4 (70.21%) as
compared to pH 1.2. (60.09%). Consequently, the hydrogel does not exhibit cytotoxicity
against the HCT-116 cell line. Hence, the synthesized hydrogel may serve as a good

carrier for the delivery of levofloxacin.
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SYNTHESIS AND CHARACTERIZATION OF SODIUM
ALGINATE AND CMTKG-BASED HYDROGEL FOR DELIVERY
OF AZITHROMYCIN DRUG

5.1 Introduction

The growing demand for novel drug delivery carriers has spurred the medicinal field to
gain immense popularity, which aims to minimize any unwanted side effects associated

with drug delivery systems (DDSs) [387].

Hydrogels, the most widely used DDSs, offer promising potential due to their three-
dimensional polymeric network capable of absorbing and retaining large amounts of
water or biological fluid in their structure, biocompatibility, high water content, as well
as their ability to be tunable in terms of controlled drug release [388]. Thereby, it has
emerged as a promising candidate for controlled DDSs, which permit the loading of drugs

into the gel matrix, enabling it to be used widely in the field of drug delivery [389].

Among all the responses, pH-responsive hydrogels play a crucial role in the biomedical
field and are utilized as drug carriers. Polyacrylamide (PAM) is a non-toxic, pH-
responsive polymer that also shows biocompatibility in nature, which is why it can be

employed in drug delivery applications [390].

CMTKG is the carboxymethylation of Tamarind Kernel Gum (TKG), which is extracted
from the seeds of Tamarindus Indica L. The Chemical modification of TKG results in
various exceptional properties such as cost-effectiveness, non-toxicity, bioavailability,
large shelf life, high drug-holding capacity, and high swelling ability, which make it
suitable for biomedical applications. It also has high cold water solubility, making it easy
to integrate into the hydrogel matrix [391]. The tunable mechanical properties of
CMTKG-based hydrogels allow them to be functionalized to meet specific drug delivery

requirements [20].

Another polysaccharide, sodium alginate (SA), has also been identified as a potential
hydrogel candidate for further enhancing the hydrophilic nature in the matrix [24]. Itis a

natural polymer extracted from brown seaweed. It has good hydrophilic properties,
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biodegradability, biocompatibility, and a satisfactory gelation rate under mild and non-
toxic conditions, which makes it a good candidate for introducing hydrophilicity in the
drug delivery system [392]. Binaeian and the group have worked on the green synthesis
and applications of biological metal-organic frameworks for targeted drug delivery and

tumor treatments [393].

To create a drug delivery system, CMTKG, SA, and PAM were carefully chosen as the
hydrogel's constituents based on their complementary capabilities. We have chosen this
combination due to the unique properties of selected materials; CMTKG, a renewable,
naturally derived biopolymer, imparts biocompatibility and is pH-responsive in nature. It
is also known for its hydrophilicity, which helps to improve water retention capacity and
a strong ability to store and preserve medical products [349]. It has potential advantages
over others due to its ease of derivatization, indigeneity, and economic viability over other
biopolymers such as hydroxypropyl methyl cellulose [39]. SA is also a biocompatible
polymer and widely used in hydrogels for controlled drug release. It improves the
hydrogel's capacity to absorb water and communicate with biological fluids because of
its functional groups and flexible backbone [394]. The synthetic, non-toxic polymer
polyacrylamide (PAM) gives the hydrogel matrix mechanical strength and pH sensitivity
[395]. All of these components work together to form a synergistic matrix that can
improve biocompatibility, reduce toxicity, improve structural integrity, and distribute

drugs in a controlled manner.

A variety of drugs have been loaded into hydrogels to deliver the drug in physiological
buffer solutions. Azithromycin (AZM) is an antibiotic used to treat bacterial
infections, including chest infections, pneumonia, sinus infections, dental abscesses,
etc. However, it is necessary to develop a new formulation strategy that avoids
unpleasant injection delivery, considering the discomfort experienced by patients
during injections [396]. Therefore, developing a novel drug delivery carrier is

required to deliver the model drug.

Azithromycin is a broad-spectrum antibiotic that is frequently used to treat skin disorders,
tooth infections, and respiratory tract infections. However, because of its quick

metabolism and gastrointestinal breakdown, traditional oral formulations sometimes
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have less than ideal bioavailability [397]. Hence, hydrogel matrices preserve
azithromycin in the acidic gastric environment and facilitate prolonged release in the
intestinal system, where absorption is maximum. The pH-responsive, controlled
release of the medication not only improves bioavailability but also maintains more
stable therapeutic levels, reducing systemic adverse effects and dose variability, and
may also slow the emergence of antibiotic resistance. The oral-friendly, injectable-
free hydrogel system offers a more patient-oriented approach to drug delivery by
addressing the discomfort and noncompliance issues related to conventional
administration routes [398]. Therefore, the proposed CMTKG/SA/PAM hydrogel
composite is also of clinical importance since it can improve therapeutic outcomes,
decrease the frequency of doses, and mitigate the risk of antibiotic resistance, thus

increasing patient compliance while treating bacterial infections.

To the best of our knowledge, the utilized hydrogel composite has not been previously
explored for AZM release. Therefore, the purpose of the present study is to develop,
characterize, and evaluate a pH-responsive hydrogel composite based on CMTKG,
SA, and PAM that exhibits enhanced structural integrity, optimized pH responsive
release at different simulated pH levels, improved cytotoxicity, biocompatibility, and

also evaluate the antibacterial activity for oral delivery of AZM.

This research article synthesized and characterized CMTKG, SA, and PAM-based
hydrogel composite via Fourier Transform Infrared (FTIR), Powder X-ray Diffraction
(PXRD), Thermal Gravimetric Analysis (TGA), rheology, mechanical testing, and
Scanning Electron Microscopy (SEM) to utilize it in the release of azithromycin. In
addition, the effect of biopolymer, initiator, and crosslinker on the swelling nature of
hydrogel and sol-gel content was studied. The drug release activity and kinetics were
also examined using Higuchi, zero-order, first-order, and Korsmeyer-Peppas models.
The antibacterial property of the synthesized hydrogel was also assessed for
biocompatibility. The antibacterial property of the synthesized hydrogel was assessed,
and further to assess its biocompatibility, MTT test and degradation analysis were also
performed. The study aims to establish this composite as a promising platform for

controlled, biocompatible, and patient-friendly azithromycin delivery.
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5.2 Experimental Section

5.2.1 Materials

Sodium Alginate (SA) was purchased from SD Fine Chemical Limited, India.
Acrylamide (AM) and potassium persulfate (KPS) were purchased from Fischer
Scientific, India. and N, N'-methylene-bis-acrylamide (MBA) was ordered from Merck,
Germany, and used as provided. Carboxymethylated TKG (CMTKG) is generously
provided by Hindustan Gum and Chemicals Ltd., India, which has degree of substitution
of 0.2. Azithromycin (AZM) was kindly provided by M/s Unicure India Pvt Ltd, India.

All the studies were performed in double-distilled water.

5.2.2 Development of Carboxymethyl Tamarind Kernel Gum/Sodium
Alginate/Polyacrylamide (CMTKG/SA/PAM) Hydrogel

The CMTKG/SA/PAM hydrogel composite was synthesized via a free
radical polymerization mechanism. Initially, 0.4 g of CMTKG powder was dispersed
in 10 mL of distilled water and stirred at 400 rpm for 30 minutes at ambient temperature
till a homogenous solution was obtained. In another beaker, 0.1 g of SA was
dissolved in distilled water and stirred at 400 rpm for 30 minutes to get
a homogeneous mixture. Then, the above two solutions were mixed, and
1.6 g AM was added to the above mixture. Then, the solution was
agitated for 10 minutes at 400 rpm. Further, initiator-KPS (0.035g) and
crosslinker-MBA (0.025g) were added to the above homogeneous
mixture of polymers and stirred for 1 hour. Thereafter, the solution was
transferred into test tubes and kept in the water bath at 60 °C. After 1 hour, the
obtained product was taken out by breaking the glass tubes and cut into circular
shapes. Then, the obtained product was kept in distilled water to remove unreacted
chemicals. Finally, the obtained product was dried in an oven at 50 °C to obtain a
persistent weight of hydrogels, as presented in Figure S.1. Similarly, the same
methodology was adopted for the other formulation by varying the amount of

components used, and the amount used is presented in Table 5.1.
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Figure 5.1 Synthesis of CMTKG/SA/PAM hydrogel using free radical mechanism.

Table 5.1 Composition of constituents used to formulate hydrogels and their swelling ratio in
different media.

Sample CMTKG | SA | AM KPS | MBA Swelling Ratio (%) Sol-Gel Content
Code (® ® | (2 (® DW pH | pH % Gel | (%) Sol
7.4 1.2 Fraction | Fraction
B-1 0.05 0.1 1.6 0.045 | 0.025 | 1239 1192 | 1103 81 19
B-2 0.1 0.1 1.6 0.045 | 0.025 | 1277 1211 | 1116 82 18
B-3 0.2 0.1 1.6 0.045 | 0.025 | 1347 1270 | 1144 84 16
B-4 0.25 0.1 1.6 0.045 | 0.025 | 1373 1305 | 1170 86 14
B-5 0.3 0.1 1.6 0.045 | 0.025 | 1404 | 1335 | 1195 87 13
B-6 0.4 0.1 1.6 0.045 | 0.025 | 1414 1366 | 1215 90 10
B-7 0.4 0.1 1.6 0.035 | 0.025 | 1444 | 1375 | 1225 91 8
B-8 0.4 0.1 1.6 0.040 | 0.025 | 1384 1276 | 1175 91 9
B-9 0.4 0.1 1.6 0.030 | 0.025 | 1395 1290 | 1166 89 11
B10 0.4 0.1 1.6 0.055 | 0.025 | 1298 1234 | 1145 88 12
B-11 0.4 0.1 1.6 0.035 | 0.030 | 1386 | 1305 | 1166 87 13
B-12 0.4 0.1 1.6 0.035 | 0.035 | 1325 1245 | 1125 84 16
B-13 0.4 0.1 1.6 0.035 | 0.040 | 1260 1201 | 1067 82 18
B-14 0.4 0.1 1.6 0.035 | 0.045 | 1200 1140 | 1033 79 21

5.2.3 Instruments

The synthesized material was characterized and assessed by PXRD, FTIR, TGA, SEM,
rheology, and mechanical properties. The UV-visible Spectrophotometer was used to

record the absorbance at Amax = 208nm.
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5.2.4 Swelling Study

The gravimetric measurements were conducted for all synthesized hydrogels over 24
hours to determine the swelling index as discussed in earlier chapters. To perform this,
0.15 g hydrogel discs were immersed in 100 mL of distilled water, a simulated buffer
solution of pH 7.4, and pH 1.2, respectively, and the swelling ratio (% SR) of all

synthesized hydrogels was evaluated using the given equation.
Swelling ratio (%) = %2+ 100 (1)
d

Here, ws refers to swollen hydrogel, and wq refers to dried hydrogel.

5.2.5 Sol-Gel Content

To determine the cross-linked fraction of the hydrogel, we used the sol-gel method, which
allows us to quantify both the soluble (un-crosslinked) and insoluble (crosslinked)
portions of the hydrogel. In this method, the sol refers to the soluble, un-crosslinked
portion, and the gel implies the insoluble, crosslinked portion of the hydrogel. The sol-
gel fraction in the hydrogel was calculated using the extraction method. The hydrogel
discs were dried to a constant weight (W1) and then immersed in double-distilled water
for this analysis. The immersion was conducted at a temperature of 100 °C for four hours
to ensure effective extraction of the un-crosslinked portion. Then, the extracted hydrogels
were oven-dried at 50 °C to obtain a fixed weight (W2). The equations (2) and (3) were

used to calculate the sol-gel fractions [260].

Sol Fraction = 2222 x 100 )
Wi
Gel fraction = 100 — Sol fraction 3)

Additionally, similar to the swelling study, the experiments were conducted in triplicate
to ensure reproducibility. The coefficient of variation (CV%) was also calculated to

assess measurement consistency [399].

5.2.6 Network Parameters

The crosslink degree, mesh size, and number of average molecular mass between crosslinks
were used to calculate the network parameters of the synthesized hydrogel composite. The

parameters were calculated using the Flory-Rehner equation, as presented in Chapter 4.
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Volume fraction (¢b)

Vu
¢ =11 )

VHg

Where Vy, and Vy_ represent the volume of dried and swollen hydrogels, respectively,

determined using the given equation (5).
V =nr’h (5)

Here, r is the radius, and h is the height of the cylindrical hydrogel discs, measured by a

Vernier caliper.

Polymer-Solvent Interaction parameter ()

1.9
x=5+3 (6)
Average molecular weight between crosslinks (Mc)
L
dHSVw<¢3_E¢>
T T n(—¢)tprzep? )
Wy,
dy, == (®)

Where, V;, represents the volume of the solvent (water). The dy_ shows the density of
swollen hydrogel, calculated using equation (8). Wy _denotes the weight of the swollen
hydrogel.

Crosslinking Degree (p)

e ©)

5.2.7 The drug loading (DL) efficiency and in vitro release of azithromycin

A similar methodology was adopted for the drug loading and release study, as presented
in Chapter 4. To do so, drug loading was calculated using the synthesized hydrogel
labeled B-7, which was chosen due to its maximum swelling and sol-gel
content in both buffer solutions. The given equations are used to

determine the loading of the azithromycin (AZM) drug.
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Drug Loading Efficacy (%) = % x 100 (10)

Further, to examine the drug release characteristics of hydrogel labeled as B-7, as they
exhibit the greatest swelling from all formulations, we used simulated physiological
buffer solutions (PBS) of pH 7.4 and pH 1.2. The release pattern of azithromycin was
measured using 0.1 g of drug-incorporated hydrogels, which were individually
submerged in 100 mL buffer solution of pH 7.4 and 1.2, respectively, and the
temperature was maintained at 37 °C and placed in an incubator shaker at 100 rpm.
Then, 3 ml of aliquots were collected after a certain interval of time from
the solution, and to maintain constant volume, a fresh buffer solution
was added in an equivalent amount. The same procedure is followed up
to 24 hours to ensure the drug release and it was found that no release

was observed after 24 hours.

Further, the drug release was examined at Amax = 208 nm using Beer-Lambert's law,
which corresponds to the release concentration of the drug. In order to identify the
amount of the drug released from the drug-loaded hydrogel, a standard calibration curve
was used using UV-visible spectrophotometry. The given expression is used to calculate

the Cumulative Drug Release (% CDR).

Cummulative Drug Release (%) = 2* x 100 (11)
0

Where A shows the drug released amount at time ‘t’ and Ao presents the amount of
drug loaded in the hydrogel.
5.2.8 Kinetics of Model Drug Release

In order to determine the drug release kinetics of the synthesized hydrogels, the
experimental release data were fitted to several models to analyze, which include
zero-order, first-order, Korsmeyer-Peppas, and Higuchi equations, as represented in

Table 5.2.
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Table 5.2 Kinetic models for drug release.

Kinetic Models Equation Mechanism
Zero Order M, = My, + kot The amount of drug released is independent of the rate
First Order log M, The release rate is linearly dependent on the amount of the
log M. + kt drug
= [0 0 —_—
g 2.303
k = rate constant
Higuchi Fe & -k t% It follows the Fickian diffusion method and can explain the
M, H hydrophilic and hydrophobic release of drugs
ky
= kinetic constant
Korsemeyer Fe M, Kt It depends on the diffusion exponent value and stated three
Peppas T M, conditions in the mechanism

k = kinetic constant, 1) if (n = 0.5), Fickian Diffusion
n= diffusion exponent | 2)if (0.89 >n > 0.5), Non -Fickian Diffusion
3) if (n > 0.89), Case II transport

5.2.9 Antibacterial Activity Assay

The Antibacterial activity of CMTKG/SA/PAM and drug-loaded CMTKG/SA/PAM
hydrogel was inspected against E. coli NCIMB-1, and S. aureus was checked by
following the Zone Inhibition Method (Kirby-Bauer method). The MHA plates were
inoculated by spreading with 10 ul of Bacterial culture, E. coli NCIMB-1, and S. aureus,
followed by placing the samples individually into the centre of the petri dish containing
nutrient agar, and then incubating for microbial cultures. Further, the samples were

incubated for 24 hours at 37 °C to get the zone of inhibition.

5.2.10 MTT Analysis

The MTT Assay was performed to assess the effects of the synthesized hydrogel
composite CMTKG/SA/PAM on the HCT 116 human colon cell line, which was
collected from NCCS Pune. The detailed methodology is given in Chapter 3.

5.2.11 Degradation and Shelf Life (Stability) Study

The experiments were conducted at pH 7.4 buffer solution in a thermostatic incubator
at 37 °C. The hydrogel discs were submerged in a buffer solution till they swelled, and
then they were weighed (Wi). Further, the hydrogels were taken out, wiped, and
weighed (Wy) after every fixed interval of time [400], [401]. The (%) degradation was

calculated using the given equation 11:
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(%) Degradation = w * 100 (12)

The purpose of assessing the qualities of the synthesized hydrogel composite was to

also check its shelf-life stability. The tests were conducted for 120 days at room

temperature [402].

5.3 Results and Discussion
5.3.1 Proposed Probable Mechanism of Hydrogel Synthesis
As represented in Table 5.1, different amounts of CMTKG, KPS, MBA, SA, and AM

were used to prepare a series of formulations. Then, initiator KPS produces sulfate
radicals at 60 °C [42]. The cleavage of acrylamide's vinylic bond occurred in the
presence of sulfate radicals, resulting in acrylamide radicals. The attack of generated
acrylamide free radicals on the other molecule of acrylamide initiates the propagation
process. Further, the polymer chain terminates, resulting in polyacrylamide. Afterward,
the MBA radical crosslinks with the -OH groups of CMTKG and SA units [403]. The
hydrogen bonds form between azithromycin and the hydrogel matrix, leading to the

formation of drug-loaded CMTKG/SA/PAM hydrogel, as shown in Figure 5.2.

CCCCCCCCCCCC

MBA

Azithromycin
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Figure 5.2. Mechanism of CMTKG/SA/PAM hydrogel composite.

5.3.2 Characterization
Structural Property

To assess the structural changes, spectra of the TKG, CMTKG, MBA, synthesized
CMTKG/SA/PAM hydrogel, and drug-loaded CMTKG/SA/PAM hydrogel
composite are presented in Figure 5.3. In spectra of TKG and CMTKG, a broad
band was observed in TKG and CMTKG at 3283 cm™! and 3267 cm’!, respectively,
corresponding to OH stretching vibrations. It may be attributed to the fact that there
is a slight shift and reduction in intensity of the peak, suggesting a modification in
hydroxyl groups. Then, a shift from 1690 to 1597 cm™ in C=0O stretching was
observed due to esterification or incorporation of the carboxyl group in CMTKG,
while other peaks of TKG and CMTKG associated with C-C, C-H, and C-O-C
stretching are mentioned in Table 5.3. Further, in CMTKG/SA/PAM and drug-
loaded CMTKG/SA/PAM hydrogel composite, the 3363 cm™' and 3180 cm™ bands
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correspond to -OH stretching vibrations. Upon drug loading, similar bands were
observed at 3329 cm™! and 3176 cm!, attributed to -NH groups stretching. The peaks
observed at 2938 cm™ and 2927 cm™! were associated with C-H symmetric stretching

of CMTKG/SA/PAM hydrogel and drug-loaded CMTKG/SA/PAM hydrogel,

respectively.

Notably, the symmetric COO" stretching vibrations appear at 1433 cm™' and 1427
cm’!, while the asymmetric stretch at 1628 cm™ and 1621 cm™ in CMTKG/SA/PAM
hydrogel and drug-loaded CMTKG/SA/PAM hydrogel, respectively. The slight shift
after the incorporation of the drug suggested an electrostatic interaction of the drug
with the hydrogel matrix. Further, the peak associated with the C—O—C group was
observed at 1051 cm™ and 1073 cm™ in CMTKG/SA/PAM, and drug-loaded
CMTKG/SA/PAM hydrogel composite, respectively [277]. Further, MBA spectrum
imparts a peak at 1226 cm™! associated with C-N stretching, which shifted to 1317
cm? and 1321 cm?! in the CMTKG/SA/PAM hydrogel, drug-loaded
CMTKG/SA/PAM hydrogel, respectively [323]. This change or shift in peak
position represents some interaction that occurs, resulting in the development of
cross-linked hydrogels. In addition, drug-loaded CMTKG/SA/PAM hydrogel has no
additional peak as compared to without drug-loaded hydrogel, implying that the
interaction between the drug and the hydrogel matrix is likely due to weak, non-
covalent forces, primarily hydrogen bonding and electrostatic interactions, rather

than covalent bonding [404].
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Figure 5.3 FTIR of CMTKG, CMTKG/SA/PAM hydrogel, and drug-loaded CMTKG/SA/PAM
hydrogel composite.

Table 5.3 FTIR data of CMTKG, CMTKG/SA/PAM, drug-loaded CMTKG/SA/PAM
hydrogel composite.

Functionality | CMTKG CMTKG/SA/PAM hydrogel Drug-loaded CMTKG/SA/PAM hydrogel
composite Composite
Wavenumber (cm™)
Cc=C 1555 1433 1427
OH/NH 3267 3363 3329 31803176
C-H 2915 2938 2927
C-0-C 1005 1051 1073
CcC=0 1597 1628 1621
1367 1399 1317 1321
PXRD

The analysis of the PXRD pattern is carried out on azithromycin, CMTKG/SA/PAM
hydrogel, and drug-loaded CMTKG/SA/PAM hydrogel, as shown in Figure 5.4. Figure

5.4a presented the PXRD pattern of the drug azithromycin exhibited prominent peaks at
20 values of 7.1°, 8.22°, 10°, 13.26°, 16.86°, 19.9°, 26.46°, 32.38° indicating the presence

of crystallinity in the drug are similar to the available literature[405]. while the

amorphous nature of fabricated hydrogels was demonstrated by the observed broadband
in the range of 20 =20°-24° in the CMTKG/SA/PAM hydrogel and drug-loaded
CMTKG/SA/PAM hydrogel. it was also observed that no drug peak was found in the

drug-loaded hydrogel, indicating that the incorporated amount of drug has not affected

the structural matrix and also the drug is evenly distributed throughout the cross-linked

polymeric network as presented in Figure 5.4b [406].
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Figure 5.4 The plot of PXRD of CMTKG/SA/PAM and drug-loaded CMTKG/SA/PAM hydrogel.

SEM

The SEM images of CMTKG/SA/PAM and drug-loaded CMTKG/SA/PAM hydrogel
composites are shown in Figure 5.5. The SEM image of CMTKG/SA/PAM hydrogel in
Figure 5.5a exhibits rough and uneven morphology, which suggests that the hydrogel matrix
is highly porous, allowing for effective drug incorporation into the polymeric matrix. This
porous structure can facilitate the diffusion of the drug from the hydrogel. In contrast, the
drug-loaded CMTKG/SA/PAM hydrogel composite presented in Figure 5.5b shows a
comparatively smooth surface and less porous morphology, suggesting that the drug may
have filled or partially covered the pores, resulting in uniform surface texture with a lesser
number of pores visible in the hydrogel matrix [310], [407]. This change in morphology
could influence the diffusion rate of the drug during release. It may restrict the rate at which
the drug diffuses out of the hydrogel, potentially resulting in a more controlled or slower
release profile. However, in some cases, roughness increases with the incorporation of the
drug. Some papers are also available in which roughness decreases with the incorporation of
the drug into the matrix [408]. Warkar and the group utilized a biopolymer-based hydrogel
matrix, and they presented that after drug loading to the hydrogel matrix, the roughness of
the structure was observed. It may be due to the drug-polymer interactions that altered the
structure of the hydrogel matrix [38]. Hence, it can be concluded that the morphology of the
hydrogel observed through SEM, showed relatively uniform surface with reduced pores after
drug loading, which may influence the diffusion path of the drug. This change is further
consistent with the observed Fickian diffusion mechanism, where drug release is primarily

governed by diffusion through hydrogel matrix.
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Figure 5.5 The plot of SEM of (a) CMTKG/SA/PAM and (b) drug-loaded CMTKG/SA/PAM
hydrogel composite

TGA

TGA analysis was performed to study the stability pattern of CMTKG/SA/PAM, and
the drug-loaded CMTKG/SA/PAM hydrogel composite is presented in Figure 5.6.
As shown in thermograms, four steps of decomposition were observed. Initially,
14% and 8.8% weight loss from 40-199°C was associated with the loss of water
molecules in CMTKG/SA/PAM and drug-loaded CMTKG/SA/PAM hydrogel
composite, respectively [409]. Then, in the second stage, weight loss of 34% and
31.7% from 199-406 °C, attributed to the loss of functional groups associated with
the polymer matrix of CMTKG/SA/PAM and drug-loaded CMTKG/SA/PAM
hydrogel composite. In the third stage of thermal degradation, weight loss of 57.3%
and 54.9% from 406-508 °C, indicating that the breakdown of crosslinking occurs
between the polymer matrix of CMTKG/SA/PAM and drug-loaded
CMTKG/SA/PAM hydrogel composite, respectively. In the last stage, weight loss
of 76% and 64.7% from 508-800 °C corresponds to overall degradation of
CMTKG/SA/PAM and drug-loaded CMTKG/SA/PAM hydrogel composite,
respectively. It was concluded that the thermal stability of drug-loaded
CMTKG/SA/PAM  hydrogel composite has a little difference from
CMTKG/SA/PAM hydrogel composite, which signifies that the drug has almost no
effect on the thermal stability of the hydrogels, attributing that there may be weak
drug polymer interaction such as hydrogen bonding within the hydrogel matrix

[277]. This trend may be observed due to the low loading of the drug into the
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polymer content of the matrix. Similarly, Singh and the group utilized a CMTKG-
based hydrogel matrix for diclofenac delivery, and they presented that there is not

much difference in the TGA pattern of blank and loaded hydrogels [410].
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Figure 5.6 The TGA Plot of CMTKG/SA/PAM and drug-loaded CMTKG/SA/PAM hydrogel.

Rheology Analysis

The elastic and viscous nature of the drug-loaded CMTKG/SA/PAM hydrogel
composite was assessed based on the change in the storage modulus (G ') and the
loss modulus (G ""). The storage modulus corresponds to the elastic component of
a force, whereas the loss modulus corresponds to the viscous component of the
force. The G’ and G” were increased with an increase in angular frequency, ranging
from 1 to 100 Hz, as presented in Figure 5.7a. It was observed that G’ is greater
than G’', suggesting that the hydrogel composite has a dominating elastic nature
and strong mechanical strength, which suggests it is suitable for drug delivery
applications. Meena and the group have reported that CMTKG/PAM has lower G’
and G”. In our hydrogel composite, Sodium alginate enhances the elastic nature of

the hydrogel composite [411].
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Mechanical Properties
Compressive Test

The test was performed to assess the mechanical properties of CMTKG/SA/PAM
hydrogel composite. The obtained result shows that the hydrogel composite shows an
astonishing compressive stress (KPa) up to 480 at 99 % strain as presented in Figure
7b. Shang and the group have used Sodium alginate/chitosan composite scaffold
reinforced with biodegradable polyesters/gelatin nanofibers for cartilage tissue
engineering, showing a compressive stress of 342 KPa [412]. This demonstrated that
this hydrogel composite has better mechanical integrity, which allows it to maintain
structural ability under significant deformation, demonstrating the robustness of the

synthesized hydrogel composites [336].
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Figure 5.7 Plot for (a) G’ and G” (b) compressive stress vs strain for drug-loaded
CMTKG/SA/PAM hydrogel composite.

Tensile Test

A tensile test was performed to evaluate the synthesized hydrogel composite's tensile
strength. The results showed that 30.1 + 0.1 KPa was the tensile strength at maximum
force (N) 39.5 + 0.30, suggesting that the hydrogel composite can withstand tension and
resist breaking when kept under force. Additionally, the elongation percentage at break
was also evaluated. It was found to be 6.9 + 0.43, which indicated that the hydrogel
composites have a good enough ability to tolerate stretching and deformation before
breaking [339], [413]. Similarly, Zhang and the group have used polyacrylamide and
sodium alginate-based hydrogel for wearable strain sensors [338]. Hence, it implies it is

suitable for biomedical applications such as drug delivery.
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5.3.3 Impact of Experimental Variables

The experimental variables of the formulated series of hydrogels strongly influenced the
physical and functional properties of the synthesized hydrogels. Hence, the swelling
study of the hydrogels was performed in distilled water (pH 6.97), buffer solutions of pH
7.4 and pH 1.2, which are represented in Table 5.1. The impact of the amount of
biopolymer, initiator, and cross-linker on the swelling nature of the hydrogel is also

analyzed and shown in Figure 5.8.

5.3.3.1 Impact of Biopolymer-CMTKG

Increased CMTKG content enhanced the swelling capacity due to its high water
affinity and hydrophilic nature, but excessive CMTKG also led to weaker structural
integrity. Figure 5.8a shows the effect of swelling in DW, pH 7.4, and 1.2; it is
illustrated that the amount of CMTKG affects the swelling ratio in all media. It was
observed that as the amount of CMTKG rises from 0.1 to 0.4 g, the trend of %
swelling ratio increased in all media. The swelling ratio was found to be maximum
at DW, followed by the buffer solution of pH 7.4 and pH 1.2. It may be attributed to
the fact that at higher pH, deprotonated COO" ions occur across the polymeric
network. The like-charged COO™ groups in the network repel each other, promoting
chain relaxation and free space enhancement in the polymeric network, thereby
increasing swelling properties. However, at pH 1.2, electrostatic attraction comes
into play, leading to the shrinking of hydrogels. Thereby, lower swelling was
observed at lower pH. While a hydrogel with even higher concentrations of
biopolymers was also attempted, the mixture got much thicker and became

challenging to agitate.

As shown in Figure 5.8b. Formulation B-7 has the highest swelling compared to
other synthesized hydrogel samples. The B-7 formulation exhibited a higher degree
of swelling in a buffer solution of pH 7.4. This was ascribed to the deprotonation of
carboxylic acid, which resulted in the emergence of COO". These molecules repel
one another, causing the polymer network to relax and swelling to rise. In the case
of a buffer solution of pH 1.2, hydrogen bonds between PAM, CMTKG, and SA
exist, which causes the polymer network to contract and lessen its capacity to swell

[38].
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5.3.3.2 Impact of Initiator- KPS

An optimal amount of initiator is required to make the hydrogel gelation efficient
and reproducible. Because too little or too much initiator may lead to incomplete
polymerization or chain termination, respectively. As shown in Figure 5.8c,
swelling results are analyzed, the initiator (KPS) content is varied, and the
crosslinker and CMTKG concentrations are maintained at 0.4 g and 0.025 g,
respectively. Initially, when the initiator amount is increased, the swelling ratio rises
and then abruptly falls. The maximum swelling was observed at 35 mg of the
initiator, but a decrease in swelling was observed below 35 mg. It shows that when
the concentration is lower than 35 mg, a loose polymer network forms, resulting in
a reduction in swelling. In addition, if the initiator content is greater than 35 mg,
swelling decreases because collision will occur between monomer free radicals,
producing oligomers. This leads to oligomeric component solubility and reduced

swelling of the polymeric network [410].

5.3.3.3 Impact of Crosslinker- MBA

The amount of crosslinker also affects the structure of the hydrogel composite.
Therefore, optimization is necessary for the hydrogel because too little amount of
hydrogel will not allow the formation of hydrogel, and a higher amount will lead to
a denser structure, which affects the rigidity and porosity of the hydrogels. Figure
5.8d illustrates that the swelling ratio decreases as MBA content increases. when
MBA concentrations rise above 25 mg, the hydrogel's cross-linking density also
rises. As a result, the hydrogel's mesh size decreases, and the swelling ratio
decreases. A jelly formation was observed due to low crosslinking density when the

MBA content was less than 20 mg [323].

On the basis of the swelling study, it was concluded that formulation B-7 has the highest
swelling ratio among all the synthesized hydrogels. However, it was observed that the
highest swelling was exhibited at pH 7.4 rather than at pH 1.2. The probable cause of this
is deprotonation of -COO™ of CMTKG, resulting in anionic repulsion between the COO™
ion, which further tends to relaxation of the polymeric chain. Hence, it led to more sites
for fluid absorption, which was not observed in the case of pH 1.2, leading to a decrease

in the swelling ratio [317], [347].
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5.3.3.4 Swelling Behavior and pH Dependency

Figure 2d demonstrates the complete trend of swelling nature of the hydrogel
composite in distilled water (pH 6.97), pH 7.4, and pH 1.2, respectively. The
swelling ratio was DW (pH 6.97) > pH 7.4 > pH 1.2.

The study concluded that distilled water had no interfering ions that could interact
with the opposite charges in the synthesized hydrogel matrix, and it showed
maximum swelling at DW (pH 6.97), as shown in Figure 5.8d. The buffer solution
of pH 7.4 exhibited a similar trend (as distilled water) with a slight decrease in
swelling value. The slight decrease in swelling ratio may be caused by the shielding
effect of excess Na' ions, which results in the shielding of COO™ ions [340]. In
contrast, the swelling ratio was lower at pH 1.2, which may reflect the protonation
of the carboxylic group, which results in H-bonding in an acidic medium and causes

swelling to decrease.

It has also been suggested that the observed trend (pH 7.4 > pH 1.2) may be
explained by the electrostatic repulsion between the functional groups (-COOH, -
OH) of the hydrogel matrix, which results in complete ionization and deprotonation
of the COO™ and OH" groups in a basic medium leads to greater swelling in pH 7.4
than pH 1.2 [341], [342].

Further, to validate the reproducibility of the results, the study was conducted in triplicate,
and the coefficient of variance (CV%) was also calculated. It was found to be 0.267, 0.25,

and .258 for DW (pH 6.97), pH 7.4, and pH 1.2, respectively.
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Figure 5.8 Plots for the impact of (a) biopolymer-CMTKG, (b) initiator, (c) crosslinker, and (d)
Swelling study of B-7 hydrogel composite.

5.3.4 Sol-Gel Analysis

The sol-gel content of the developed hydrogels is computed and presented in Figure 5.9.
It was found that the gel content increases as the amount of CMTKG increases in
formulations B-1, B-2, B-3, B-4, B-5, and B-6, while gel content is further decreased
after B-7. Initially, the probable cause of this trend may be due to the higher number of
free radical generation, which leads to more crosslinking sites. Therefore, the gel fraction
increases with an increase in MBA concentration since the crosslinking density within
the polymeric network increases with MBA concentration [259], [333]. However, when
the amount of KPS is increased beyond 35 mg in the formulation, an oligomeric soluble
chain forms, indicating a decrease in gel content. Hence, it can be concluded that the B-
7 hydrogel composite has higher gel content, resulting in relatively lesser oligomer

formation compared to other formulations.

In addition to validating the experimental data, the coefficient of variance (CV%) was
also calculated, and it was found to be 4.64 and 2.18 for gel and sol content, respectively,

indicating good reproducibility.
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Figure 5.9 Sol-gel analysis of Formulated Hydrogel composites.

5.3.5 Physical Properties

The synthesized hydrogel composite was pale yellow in color. The crosslinking degree
(p) of the synthesized hydrogel was found to be 2.701 * 10~ mol cm’. It suggests good

cross-linking degree due to higher gel content (92%). The other calculated values are

presented in Table 5.4.
Table 5.4 Calculated value of Network Parameter.
Parameters 1 ) Mc x 10° (g/mol) p x 1075 (mol/ml)
Values 0.5038 0.0081 0.897 2.701

5.3.6 Efficacy of Drug Loading

The calculated value of % DL for the hydrogel labeled as B-7 is 18.94%. This can result
from the electrostatic and hydrogen bonding interactions between the functional groups
present in the hydrogel matrix and the drug, azithromycin. It can be concluded that the
obtained loading capacity is moderate and sufficient for the oral drug delivery, while it
can be enhanced by adjusting the crosslinking density and by increasing the dosage of
drug loaded into the hydrogel matrix.

5.3.7 In-Vitro Release of Model Drug

Our aim was to assess the performance of designed hydrogels for drug release in both

acidic (pH 1.2, mimicking the stomach) and pH 7.4 to mimic physiological conditions
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relevant to the small intestine and systemic circulation, which reflects the path of oral

drug delivery.

The in vitro drug release mode of drug-loaded CMTKG/SA/PAM hydrogel was
performed in buffer solution pH 7.4 and HCI-KCI pH 1.2, respectively, at 37 °C using a
UV-visible spectrophotometer, as presented in Figure 5.10a. The drug release was
studied for up to 24 hours, and it was observed that the drug release percentages
individually in HCI-KCI pH 1.2 and PBS pH 7.4 were 51.22 % and 75.23%, respectively.
The different swelling behaviors of the hydrogel can be attributed to the ionization state

of its functional groups' availability at pH 1.2 and 7.4.

In addition, we have performed pH shock experiments to simulate the rapid
transitions that an oral drug delivery system may experience because the pH of the
human body varies as the drug moves through different parts of the gastrointestinal
tract. In particular, it travels from the acidic environment of the stomach to almost
neutral surroundings in the intestine. It was observed that the drug release % in pH
1.2 is 18.94 %, while the maximum drug release was in alkaline pH 7.4, and it was
found to be 73.09 % which may be attributed to the greater diffusion of the drug at
pH 7.4, as presented in Figure 5.10b.

5.3.8 pH-Responsive Mechanism

According to the results, the maximum drug release occurs at solution pH 7.4 due to
the deprotonation of the carboxylic group in CMTKG, SA, which results in anionic
repulsion between COO" anion, leading to the expansion of polymeric networks [323].
In contrast, at pH 1.2, an acidic environment suppresses the repulsion of electrostatic
interactions, thereby leading to the compact structure and protonation of the -COOH
group. At this point, the polymer matrix can interact through hydrogen bonding between
CMTKG, SA, and PAM, which results in slightly less swelling [54]. Hence, the pH-
responsive behavior of the hydrogel demonstrates that its network is sensitive to
environmental pH, exhibiting hydrophobic behavior in acidic media (low swelling) and
hydrophilic behavior in neutral-basic media (high swelling). It is beneficial for
protecting the drug in the stomach while letting it be released in the intestinal

environment by such behavior. It was noticed that CMTKG/SA/PAM hydrogel
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exhibited good potential for sustained release at pH 7.4 and pH 1.2. Hence, it can be

concluded that the synthesized hydrogel can be successfully implemented in oral drug

delivery.
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Figure 5.10 The plot of (a) % Drug release vs time of pH 7.4 and pH 1.2, and the plot of (b) pH
shock experiment from pH < 1.2 to pH 7.4.

5.3.9 Drug Release Kinetics
The drug release kinetics of AZM from drug-loaded CMTKG/SA/PAM hydrogel
composite were analyzed using various kinetic models. It was observed that among all

the models used, the Korysmeyer-Peppas exhibited the highest R? values as given in

Table 5.5 and presented in Figure 5.11. Notably, the Korysmeyer-Peppas models
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provides superior fit confirms, its applicability in describing the mechanism of drug
release from the hydrogel composite under both physiological and gastric conditions.
This model allows for a comprehensive understanding of the release profile and the
release exponent (n) was also calculated to be n = 0.135 and n = 0.208 at pH 7.4 and
1.2, respectively. These values of n suggested that Fickian diffusion is the predominant
release mechanism. Specifically, Fickian diffusion indicates that the primarily the drug
release occured by simple diffusion from the hydrogel without significant influence of
erosion and swelling by matrix. This behavior is consistent with the observed drug
release profiles and kinetic parameters. In contrast, the non-Fickian diffusion suggests

that the polymeric chains were also relaxed during drug release along with diffusion

[310].

Therefore, it can be concluded that Fickian diffusion is the predominant mechanism
controlling AZM release from the CMTKG/SA/PAM hydrogel, as also supported by

the model fitting parameters and kinetic profiles.

Table 5.5 Calculated parameters for drug release profiles.

Formulated Code Various models with parameters related to the release of azithromycin drug
B-7 Zero order First order Korsmeyer peppas Higuchi
pH R? R? K n R? Kn R?
7.4 0.924 0.895 45.786 0.135 0.996 | 18.95 0.99
1.2 0.923 0.877 33.65 0.208 0.990 7.13 0.972
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Figure 5.11. The profile of Kinetic modeling for Korsmeyer-Peppas model of drug-loaded
CMTKG/SA/PAM hydrogel (a) pH 7.4 and (b) 1.2; Higuchi model (c) pH 7.4 and (d) 1.2.
5.3.10 Comparison with Previous Studies in Drug Delivery

The present study also compared with some of the newly reported hydrogel-based drug
delivery systems presented in Table 5.6. The results showed the hydrogel composite used

in the present study was more effective than previously reported data.

Table 5.6 Comparison with other hydrogel matrices.

Hydrogel Matrix Swelling Ratio (%) % Gel | DL (%) | Best Fit | (R?) Ref.
Content Model

CMC/MO 430 (pH 7.4), pH 5.5 | 60 - Korysmeyer 0.99 [401]
(830)

PVP/TG/AM 350 (DW), 750 (pH 7.4), | 78 - Korysmeyer 0.998 [414]
and 220 (pH 2.2)

Ch/GG/PVP 750 (DW) - - - - [415]

CMTKG/PVP/PAM | 1128 (pH 7.4), 967 (pH | 80 17.25 Korysmeyer 0.993 [410]
1.2)

CMTKG/PSA/XG 1033 (pH 7.4), 838 (pH | - 16.23 Korysmeyer 0.996 [408]
1.2)

CA-O- ~36 g/g (PBS), ~35 g/g | 85 221.1 Korysmeyer 0.979 [416]

CMCh/PAAm (SWF), ~10 g/g (pH 2.2) mg/g

CMTKG/SA/PAM 1444 (DW), 1375 (pH | 91 19.14 Korysmeyer 0.99 Present
7.4), 1225 (pH 1.2) study

5.3.11 Antibacterial analysis

To perform the antibacterial activity of CMTKG/SA/PAM and drug-loaded
CMTKG/SA/PAM hydrogels, a disc diffusion method was used against gram-negative

E. coli and gram-positive S.Aureus. The minimum inhibitory concentration (MIC) of
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hydrogel composites was found to be 10 pg/L. It was found that the inhibition zone (mm)
for CMTKG/SA/PAM and drug-loaded CMTKG/SA/PAM hydrogels was found to be 11
and 17, respectively, in the case of E. coli, while 10 and 19 in the case of S. Aureus, as
presented in Figure 5.12a. It may be concluded that the drug-loaded hydrogel composite
has a higher zone of inhibition in Gram-negative E. Coli. Bacteria and Gram-positive S.

Aureus bacteria.

The zone of inhibition is higher in drug-loaded CMTKG/SA/PAM hydrogel composite
against S. Aureus bacteria, which may be attributed to the fact that this bacterium is more
susceptible to azithromycin due to its lack of an outer membrane, which allows the
antibiotic to penetrate easily. Meanwhile, E. coli has an outer membrane that acts as a
barrier to drug penetration, leading to less antibacterial activity. However,
CMTKG/SA/PAM shows greater enzymatic activity towards sodium alginate due to its
ability to produce alginate lyases, resulting in comparatively higher antibacterial activity
than S. Aureus [417]. It can be concluded that the hydrogel composite has good

antibacterial activity towards both types of bacteria.

5.3.12 MTT Analysis

To ensure the safety and efficacy of the synthesized hydrogel composite for drug
delivery applications, cytotoxicity needs to be evaluated. To assess the
cytocompatibility of the fabricated hydrogel composite at different concentrations
(0 to 50 pg/mL) with or without drug loading, we studied it against the HCT-116
cell line in the MTT test, as presented in Figure 5. 12b. It shows that the drug-
loaded hydrogel composite exhibits more than 70 % cell viability, suggesting the
biocompatibility of the biopolymers and the non-toxic nature of the hydrogel
composite [323]. It was observed that the cell viability is slightly decreased in drug-
loaded CMTKG/SA/PAM hydrogel composite, which may be due to the unreacted
carbonyl group present in the matrix or the drug moiety reducing cell viability due
to the interaction of host cell protein. The inverted phase images of the synthesized
hydrogels are presented in Figure 5.13. The results show a good interaction of HCT-
116 cell lines with the synthesized hydrogels, and no toxicity was observed against

the HCT-116 in the cytotoxicity analysis of the hydrogel composite.
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Figure 5.12. Plot for (a) antibacterial activity of hydrogels, and (b) Cytotoxicity analysis of
hydrogel composites at different concentrations.

CMTKG/SA/PAM hydrogel composite
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Drug-loaded CMTKG/SA/PAM hydrogel composite

Figure 5.13 Inverted phase microscopic images of hydrogel composite and drug-loaded
hydrogel composite at different concentrations (a) control, (b) 1 pg/mL, (c) 10 pg/mL, and (d)
50 pg/mL.

5.3.12 Biodegradation and Shelf-Life Study

A biodegradation study was performed for the Control and drug-loaded hydrogel
composite. It was observed that the degradation rate of the control hydrogel
composite was comparatively lower than that of the drug-loaded hydrogel.
Therefore, a further degradation study was presented of the drug-loaded hydrogel
composite for 120 days to ensure the hydrogel composite's environmental impact.
In the study, it was observed that 42 % degradation was observed in 120 days, which

is considered a regular decrease in the degradation of the hydrogel composite
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presented in Figure 14 (a&b). It may be attributed to the renewable, biocompatible,
and biodegradable biopolymer (CMTKG) used in the hydrogel composite instead of
the usage of synthetic polymer in hydrogel formation. Purwar and the group utilized
carboxymethyl chitosan/moringa oleifera-based hydrogel to deliver ciprofloxacin,
which revealed nearly 18 % of degradation in buffer solution of pH 7.4 [400], [401].
Therefore, the synthesized hydrogel exhibits remarkable degradability, highlighting
the potential for safe and impactful delivery of the hydrogel composite. It can be
concluded that the degradation study reveals the gradual weight loss and structural
breakdown over time, indicating that the hydrogel matrix maintained structural
integrity during release and underwent slow, controlled degradation, which may be

due to stable crosslinking and mild drug polymer interaction.

The stability test of the synthesized hydrogel composite was performed at room
temperature. The obtained results revealed that the hydrogel composite exhibited no
significant change in 120 days. There was no change observed in the appearance of
colour and coarseness. The study also depicted that the gel content result was
similar, and was found to be (~91%). The obtained result was in accordance with

the normal official limits [418].
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Figure 5.14 (a) Biodegradation study of control (CMTKG/SA/PAM hydrogel composite) and (b)
Biodegradation study of drug-loaded CMTKG/SA/PAM hydrogel composite.
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5.4 Conclusion

In this study, a series of hydrogels were synthesized via a free radical polymerization
mechanism.  Then, the optimized hydrogel was employed to develop a novel
CMTKG/SA/PAM hydrogel, which was further utilized to deliver azithromycin. The
synthesized hydrogel was characterized via FTIR, XRD, TGA, and SEM.

Further, swelling studies in different media: It was assessed and found to be in order,

distilled water (DW) (1444%) > pH 7.4 (1375%) > pH 1.2 (1225%).

Sol-gel content: It was calculated, and gel content was found to be higher, i.e., 91 % in
optimized hydrogel (B-7). The synthesized hydrogel was utilized in in vitro release
studies of the azithromycin drug.

pH Release Mechanism: It was observed that the drug release in hydrogel was 71% at

pH 7.4 and 65% at pH 1.2, respectively.

Antibacterial Activity: The effect of antibacterial activity against E. coli bacteria shows
better anti-bactericidal activity in drug-loaded CMTKG/SA/PAM hydrogel than in
CMTKG/SA/PAM hydrogel.

Kinetics: The kinetics of the hydrogel revealed that Korsmeyer-Peppas and Higuchi’s
models fitted best, Korsmeyer-Peppas has R? =0.996 in pH 7.4 and R?> = 0.990 in pH 1.2,
and Higuchi's has R?=0.99 in pH 7.4 and R>=0.972 in pH 1.2.

Hence, it can be concluded that CMTKG/SA/PAM hydrogel can emerge as a potent

carrier for azithromycin delivery.
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SYNTHESIS AND CHARACTERIZATION OF M-BPDM
INCORPORATED CMTKG-BASED HYDROGEL FOR
PROMISING SENSING OF ZINC, CADMIUM, AND MERCURY IN
AQUEOUS MEDIUM

6.1 Introduction

In recent decades, the rapid diversification of industrialization and urbanization has
accelerated economic growth but has also contributed to an exponential increase in
population, thereby leading to several environmental issues, such as pollution of the water,
soil, and air. Discharging untreated waste from agricultural activities and industries such as
mining, metal rinse processes, tanning, textile, etc., is a major factor behind the increasing
water pollution levels [186]. Specifically, the textile industry is a major polluter; the dyeing
and finishing processes often lead to the indiscriminate release of various dyes, pigments,
heavy metals, etc., into the water bodies. Therefore, it is imperative to manage and
remediate wastewater to safeguard life within the ecosystem in the contemporary era.
Among the numerous pollutants found in the ecological cycle, ‘Heavy metal ions stand out
as a particular and grave concern due to their persistence of high toxicity, excessive
permeability, non-degradability, and potential for long-term environmental and public
health, which causes physiological and development disorders [419], [420]. Heavy metal
ions include, but are not limited to, copper (Cu), magnesium (Mg), manganese (Mn), lead
(Pb), nickel (Ni), zinc (Zn), iron (Fe), mercury (Hg), plutonium (Pu), chromium (Cr),
arsenic (As), cobalt (Co), cadmium (Cd), etc.[421]. Heavy metals are non-biodegradable
and can contaminate drinking water supplies when not effectively detected. Although living
beings require trace amounts of heavy metals such as Cu, Co, Zn, Fe, Mg, Mn, etc. since
they are considered to be essential for human metabolism regulation even the presence of
essential heavy metal ions in inappropriate amounts could result in critical health issues for

living beings [419], [422], [423].

Among all metals, Zn, Cd, and Hg are more harmful since they are spectroscopically
silent in nature [424]. Due to this, detecting these metal ions cannot be achieved through

techniques such as electron paramagnetic resonance (EPR) or nuclear magnetic
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resonance spectroscopy (NMR). Therefore, visual detection techniques are becoming
more attractive in various fields because they enable qualitative and semi-quantitative
analysis without complex instrumentation. Visual detection can prove to be a rapid
diagnostic method as this is most useful in disaster situations due to its low cost, speed,
and simplicity [424]. Therefore, researchers are highly interested in calorimetric

sensing of these metals in aqueous media.

The deterioration of the environment has also increased because of the industrial
revolution and human activity. The coastal areas are extremely exposed due to
significant pollutant flows into the ocean and other water bodies. Heavy metals are
highly affecting the environment because of their chronic toxicity, non-
biodegradability, and environmental bioaccumulation. In addition, the health of humans
is at risk by heavy metals, which can enter food chains and be biomagnified [425].
According to the World Health Organization (WHO), the maximum permitted amounts
of heavy metal ions in drinking water should not exceed 3 ppm for Zn*?, 0.003 ppm for
Cd*?, and 0.001 ppm for Hg"? and the toxicity of heavy metals may have several health
risks [426]. Especially in humans, heavy metals have adverse effects since they can
accumulate in human organs via inhaling air and drinking water, which leads to
illnesses like cancer, hypertension, and kidney failure, which also could be
carcinogenic. Zn'? levels serve a predominant role in living cells and tissues of living
beings, which require regular monitoring for signal transmitters in gene expression, cell
division & growth, apoptosis, and a neural signal transmitter [427]. Some heavy metals
such as Cd, Hg, Pb, and Pu are not biologically active and can cause serious major
threats to the bodies of living beings due to their tendency for bioaccumulation. These
toxic heavy metal ions accumulate in living bodies via the food chain, resulting in
ecologically induced irreversible pollution and negative impacts on the organs.
Specifically, Cd and Hg metals are considered to be toxic even at very minute
concentrations and pose several adverse effects, including chronic physiological
effects, kidney inflammation, brain disorders, and renal dysfunction. These metal ions
are also utilized in refining, phosphate fertilizers, and the combustion of fossil fuels.
Therefore, there is an immediate need for regularity in detecting heavy metal ions for

the well-being of living beings and for environmental protection [428], [429], [430].
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Ultimately, it is beneficial for human health and the environment to eliminate heavy
metal ions effectively. Although various sophisticated techniques, such as atomic
absorption spectroscopy, EDX, ICPMS, etc, are available for heavy metal detection,
they require expensive equipment. They are time-intensive and complicated processes

requiring high operating skills [431].

Hence, there is a high demand for a cost-effective method that is easy to operate.
Sensing is one of the popular and widespread techniques due to their ease of use, low
cost, sensitivity, and selectivity toward different types of analytes. Sensors that change
color in response to external stimuli are called Colorimetric sensors [432]. Due to their
easy fabrication, quick detection, high sensitivity and selectivity, and easy naked-eye
detection, colorimetric sensors, and biosensors offer promising potential for detecting
metallic cations, anions, organic dyes, drugs, and pesticides. In the available literature,
various fluorescent probes were used to detect heavy metal ions [172], [433], [434].
Zareh M. et al. utilized naphthol and thiazole-based sensors to visualize Hg"* with a
quick color change from colorless to yellow [435]. Most of the available literature is
based on fluorescent and chromophores-based sensors, which possess some constraints,
such as poor water solubility, reactivity towards other co-existing ions, delay in
response time, and high backstage emission. Our previous report used meta-
Benziporphodimethene (m-BPDM) to sense metal ions in an organic medium [436]. m-
BPDM is hydrophobic and consists of pyrrole moiety and carbocyclic units [437]. It is
a great challenge for researchers to make it feasible to detect Zn*?, Hg*?, and Cd* ions
in an aqueous medium. Since to utilize m-BPDM as a sensor in aqueous media is not
possible. Therefore, to overcome this constraint, m-BPDM has been incorporated into
the hydrogel matrix to sense Zn*?, Hg*2, and Cd*? [14]. Usually, Hydrogels are made
up of a polymer matrix and have a three-dimensional (3-D) porous structure that holds
significant water and fluids in their 3-D network structure [438]. Wang J. et al. have
reported the colorimetric detection of copper ions using chitosan/glutamic
acid/agarose/Ag nanocomposite-based hydrogel [439]. Kumar A. et al. have
synthesized guar gum-based hydrogel for sensing heavy metal ions in aqueous media
[14]. Some advantages of the hydrogel-based matrix over other existing materials are

comprised in Table 6.6.1. To the best of our knowledge, there is a very scarce report
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available on the hydrogel-based matrix for sensing heavy metals (Zn*?, Hg*?, and Cd*?)
in aqueous media. Therefore, this work aims to design a simple, cost-effective, easy

method for detecting toxic heavy metal ions on-site in real-time.

In this work, we have synthesized a novel meta-Benziporphodimethene-modified
Carboxymethyl tamarind kernel gum/Polyacrylamide (m-BPDM/CMTKG/PAM)
biopolymeric hydrogel, which was then employed as a colorimetric biosensor. The
synthesized probe was utilized in the selective detection of Zn?, Hg™?, and Cd*?ions in
water and further for detecting Zn'? in bacteria ‘E. Coli.’ and other parameters,
including time, pH, and concentration, were examined using m-BPDM modified
CMTKG/PAM hydrogel. In addition, it was discussed in industrial waste to check its
utility in real-time application. It was concluded that the synthesized material could be
used as an effective and rapid biosensor for detecting Zn"?, Hg"?, and Cd*? ions in

aqueous systems.

Table 6.1 Comprises some advantages of the hydrogel-based matrix over other existing materials.

Advantages of synthesized hydrogel composites over existing sensing material Ref.
Biocompatibility Synthesized hydrogel composite is biocompatible in nature [440]
Ease of Synthesis The synthesis method is quite easy than existing sensing material [14]
Solubility Synthesized hydrogel composite can sense in aqueous media, while most of | [441]

the existing sensing material required organic solvent to respond

Response Time Most of the fluorescent sensors have low response time and back stage | [442]
emission

Durability They are more robust and stand in a wide range of environmental conditions, | [443]
but some of the existing sensing materials, such as silicon-based sensors and
metal-based sensors, degrade in harsh conditions

Cost-effective They are more cost-effective since they are composed of biopolymers and | [444]
polymers. Hence can be utilized for large-scale applications

Limitation of synthesized hydrogel composites over existing sensing material

Response Time Synthesized hydrogel composites may have a slower response time than | [445]
electronic sensors

6.2 Experiments and Methods
6.2.1 Materials

Pyrrole and potassium persulfate (KPS) were purchased from CDH (India).
Functionalized aldehydes, a, o di-hydroxy-1, 3-di-isopropylbenzene, 2,3-dichloro-5,6-

di-cyano-p-benzoquinone (DDQ), and Silica gel were purchased from Thermo-Fischer,
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India. Carboxymethyl formulation of Tamarind Kernel Gum (CMTKG) was obtained
from Hindustan Gum and Chemicals Ltd., Haryana (India). Sodium Dodecyl Sulphate
(SDS), N, N’-methylenebisacrylamide (MBA), and Acrylamide (aam) Merck were
obtained from Merck, Germany. Luria broth was obtained from Genex, India.
Escherichia coli (E. Coli.), Luria broth medium (2 %), phosphate buffer solution, and
saline solution (0.9 %) were used as obtained. Dichloromethane (DCM), Pyrrole, and
functionalized aldehydes in liquid form were distilled before use, and other reagents
such as Acetone and Hexane were utilized as purchased. All the solutions used were
made in distilled water. The experiments were performed in triplicates to ensure the
reproducibility of the synthesized sensor. The statistical analysis was done, and the error
bar was inserted in the data points. Statistical differences were also analyzed for
industrial effluent and sensing of Zn*? in E. Coli. cells (mean + SD) using a one-way

analysis of variance (ANOVA) (p < 0.05) was determined to be statistically significant.

6.2.2 Synthesis of CMTKG/ PAM Hydrogel

Synthesis of CMTKG/ PAM ipolymeric hydrogel was performed. In a 50 mL beaker,
0.4 g CMTKG was dissolved in 15 mL distilled water, 2.0 g acrylamide (AM) was
added, and stirring was maintained for 25 minutes. Then, adding 0.06 g KPS, initiator,
and 0.030 g MBA, the crosslinker was done and stirred vigorously for 30 minutes. After
that, the mixture was poured into test tubes and kept in a water bath at 55 °C for 30
minutes. Then, the product was collected and cut into circular slices, further submerged
in distilled water to remove alkalinity and unreacted chemicals [446]. The obtained
product was kept at room temperature overnight and placed in an oven at 40 °C. It was

pale yellow in color.

6.2.3 Synthesis of m-BPDM- Incorporated CMTKG/ PAM Hydrogel Composite

m-BPDM was synthesized, as reported earlier [436]. 0.4 g CMTKG was dissolved in
12 mL distilled water and stirred until a homogeneous solution was formed. Then 2.0 g
acrylamide (AM) was added and agitated for 25 minutes, followed by 0.08 g KPS, an
initiator. In addition, 5 mg m-BPDM was added in acetone: water (1:1) ratio. In the
final synthesis step, 0.035 g MBA crosslinker was added and agitated for 30 minutes at
room temperature. Then, the reaction mixture was poured into the test tube and placed

in the water bath at 55 °C for 30 minutes. Then, the obtained product was removed by
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breaking test tubes, cutting them into pieces, and immersing them in double distilled
water to eliminate unreacted precursors. The product was dried in the oven at 40 °C to
get the persistent weight of the hydrogel pieces. The obtained product was pinkish-red

in color, and the Figure 6 (1&2) are presented as:

HO OH 1. BF; OEt,/DCM
2.DD
CHO Q >
HCI cl Cl cl
w2 D W,
N
N H H
H

CMTKG pm——
' AM MBA 55°C
KPS m-BPDM 30 min

Placed in water bath

Oven-dried

Figure 6.2 Synthesis of CMTKG/PAM/m-BPDM hydrogel composite.

6.2.4 Characterization

The UV-visible spectra were observed using a Shimadzu UV 1800 Spectrophotometer,
and solid-state UV-visible absorption spectra were obtained using PerkinElmer

Lambda 750 Spectrometer for solid samples The FTIR spectra were obtained using an
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FTIR spectrophotometer Model: Nicolet iS50 FTIR, and the spectra were recorded
within a range of 4000-400 cm™. PXRD patterns of synthesized material were analyzed
using a high-resolution MXRD Rigaku Ultima IV employed with Cu Ko radiation
having k= 1.54 A. The PXRD patterns were recorded with a step size of 0.02° having a
scan rate of 1.0 s per step. The analysis was conducted at 298 K in the range of 20 = 5-
70°. The SEM morphology was analyzed using an SEM Model-JEOL.

6.2.5 Sensing Studies

To perform the sensing study, synthesized m-BPDM incorporated hydrogel was utilized
to recognize Zn"?, Cd*?, and Hg". The m-BPDM incorporated modified hydrogel
shows abilities in sensing and scanning solutions of alkali metal salts, alkaline earth
metal salts, ZnCl,, HgCl,, and CdCl; of different concentrations. This study involves
various parameters, including time, temperature, and concentration-dependent
sensitivity of synthesized hydrogel. A study was conducted to check the effect of pH
and concentration of used metal ions on synthesized sensors. The sensor was used to
detect the presence of Zn*? in E. Coli. by lysing the cell in SDS detergent and was also
employed to sense metal ions in industrial wastewater. All experiments involved in

supporting this study were performed in triplicate.

6.3 Results and Discussion
6.3.1 Synthesis

m-BPDM was synthesized using the reported method mentioned in our previous reports
[436]. m-BPDM is an inorganic moiety that is not soluble in water due to its
hydrophobic nature. Therefore, a fixed ratio of 1:1 of water and acetone was the most
effective composition for dissolving m-BPDM into a hydrogel matrix to overcome this
constraint. Then, m-BPDM was incorporated into the biopolymer-based hydrogel
matrix. The observed color of synthesized hydrogel is pinkish-red, suggesting that the
m-BPDM is successfully incorporated in the CMTKG/PAM hydrogel represented in
Figure 6.3. Further, confirmation of m-BPDM incorporation into hydrogel was done
by using UV-visible spectroscopy. Hence, m-BPDM modified CMTKG/PAM

bipolymeric hydrogel was successfully synthesized.
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Figure 6.3 Synthesis of m-BPDM incorporated CMTKG/PAM biopolymeric hydrogel

6.3.2 Characterization
UV-vis Spectroscopy

The UV-visible spectra of m-BPDM, m-BPDM/CMTKG/PAM hydrogel, M (Zn'?,
Zn*?/Cd*"*/Hg*?), m-BPDM/CMTKG/PAM hydrogels are represented in Figure 6.4.Error! R
eference source not found. The obtained spectra are similar to the available literature [436)].
The recorded UV-vis spectrum of free base m-BPDM and solid-state UV- vis spectrum of

the synthesized hydrogel is recorded at ambient temperature to ensure the incorporation of
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m-BPDM into the hydrogel matrix shown in Figure 6.4(a&b), respectively. The UV-vis
spectrum of m-BPDM incorporated hydrogel shows a broad pattern due to discrete
conjugation in the system having a soret band with high energy at 355 nm, and bands with
lower energy are observed at 501 nm and 612 nm. It was observed that upon metalation, the
visible color changed from pinkish red to dark blue. In The UV-vis spectrum, a shift in the
lower energy band from 612 to 629 nm was observed, corresponding to the redshift upon
metal insertion into m-BPDM-modified- hydrogel. Similar spectra were observed for all
metalated hydrogels Figure 6.4 (c&d), and the band values are identical to the available
literature [436], [447]. Further, the UV-vis absorption spectrum of water was also recorded
to check out the leaching nature of hydrogel, and it was observed that no peak for m-BPDM
was present in the aqueous medium after the sensing experiment. Hence, it may be concluded

that m-BPDM interacts physically with the hydrogel matrix.
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Figure 6.4 Plots for (a) UV-vis spectrum of m-BPDM, (b) Solid state UV-vis spectrum of m-
BPDM incorporated CMTKG/PAM hydrogel, (¢) Zn** -m-BPDM/ CMTKG/PAM hydrogel,
and (d) Zn**/Cd*'/Hg*" -m-BPDM/CMTKG/PAM hydrogel.
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FTIR

The Fourier-transform infrared spectroscopy (FTIR) spectra of CMTKG/PAM hydrogel, m-
BPDM/ CMTKG/PAM hydrogel, Zn*-m-BPDM/ CMTKG/PAM hydrogel, and
Zn*"/Cd*/Hg**-m-BPDM/CMTKG/PAM hydrogel are represented in Figure 6.5.
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Figure 6.5 FTIR plots of CMTKG/PAM hydrogel, m-BPDM incorporated CMTKG/PAM
hydrogel, Zn** -m-BPDM/ CMTKG/PAM hydrogel, and Zn?"Cd*”Hg** -m-
BPDM/CMTKG/PAM hydrogel

The broad bands were observed at 3287 and 3440 cm™ attributed to the hydroxy (-OH)
stretching; the bands at 2791 and 2925 cm™' are associated with the saturated
asymmetric C-H stretching, and the peaks at 1616 and 1624 cm™! are due to C=O
stretching in CMTKG/PAM hydrogel and m-BPDM/CMTKG/PAM hydrogel
respectively[448]. The other bands at 1388, 1239, 964 in CMTKG/PAM hydrogel and
at 1449, 1308, and 1061 in m-BPDM/CMTKG/PAM hydrogel are attributed to C-H
bending, C-N bending, and C-O-C glycosidic linkage respectively[323]. The bands in
spectra of CMTKG/PAM hydrogel and m-BPDM/CMTKG/PAM hydrogel were almost
similar. They showed a slight shift in the band, suggesting some interaction in the

matrix, but m-BPDM is not chemically involved with the hydrogel matrix[410].

While in case of Zn*-m-BPDM/CMTKG/PAM hydrogel, and Zn*'/Cd*/Hg**-m-
BPDM/CMTKG/PAM hydrogel the peaks were obtained at 3283, 2936, 1604, 1413, 1326,
1071, and 3321, 2941, 1646, 1427, 1322, and 1172 corresponds to -OH stretching, C-H
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stretching, -C=0 stretching, C-H bending, C-N bending, and C-O-C glycosidic linkage
respectively. The change observed in the intensity of the absorption band only may be

attributed to the metalation of modified polymeric hydrogel matrices[15].

PXRD

The PXRD patterns of synthesized hydrogels are shown in Figure 6.6. The broad
spectra were observed in the range of 21-24°, suggesting the amorphous nature of

hydrogel matrices [408].

CMTKG/PAM Hydrogel

—— m-BPDM incorporated Hydrogel
o o
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Intensity (a.u.)

e Z1n2*/Cd2*Hg2*m-BPDM
incorporated Hydrogel

L] | T L) 1 v-:

30 40 50 60
20 (Degrees)

Figure 6.6 PXRD Plots for CMTKG/PAM hydrogel, m-BPDM incorporated CMTKG/PAM
hydrogel, Zn”-m-BPDM/ CMTKG/PAM hydrogel, and Zn"*/Cd?/Hg"”? -m-
BPDM/CMTKG/PAM hydrogel.

Almost similar spectra were observed in all hydrogels; a broad peak with low intensity was
observed at 23.10° in CMTKG/PAM hydrogel. A peak at 22.29° was observed in the m-
BPDM-modified incorporated CMTKG/PAM hydrogel, suggesting some interaction occurs
upon incorporating the m-BPDM into the hydrogel matrix. In the case of Zn*'-m-
BPDM/CMTKG/PAM hydrogel, a slight enhancement in peak intensity was observed,
which signifies an increase in the hydrogel's crystallinity after incorporating zinc ions into the
hydrogel matrix. Further, a similar trend was observed upon sensing another metal ion, such
as Cd*?, Hg"?, and Zn**/Cd**/Hg"? in m-BPDM/CMTKG/PAM hydrogel [14]. The probable
cause of this trend may be the complex formation of metal ions with incorporated m-BPDM

into the hydrogel matrix. Hence, it may be concluded that the change in intensity was the
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only difference interpreted by the PXRD patterns, suggesting the m-BPDM, and metalation
does not affect the hydrogel matrix.

SEM

The SEM micrographs of the synthesized hydrogels are shown in Figure 6.7 The
CMTKG/PAM hydrogel shows layered morphology (Figure 6.7a). While in the case
of m-BPDM/CMTKG/PAM hydrogel and metalated (Zn*?, Zn™ Cd**/Hg") -m-
BPDM/CMTKG/PAM hydrogel, a layered structure having uneven roughness in
morphology was observed. The probable cause of this is the metal insertion into
hydrogel matrices, which helps it to form a complex with embedded m-BPDM into the
hydrogel matrix. The sensed metal binds itself with the m-BPDM moiety, which is
physically engulfed into a hydrogel matrix [15]. Hence, no significant change in
morphology was observed, suggesting that m-BPDM physically interacts with the
hydrogel matrix.
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Figure 6.7 SEM micrographs of (a) CMTKG/PAM hydrogel (Blank hydrogel), (b) m-
BPDM/CMTKG/PAM hydrogel, (¢) Zn** -m-BPDM/CMTKG/PAM hydrogel, and (d) Zn*%/
Cd"**/Hg" -m-BPDM/CMTKG/PAM hydrogel.
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6.3.3 Sensing Studies

Our main goal is to design a biosensor that can sense Zn, Cd, and Hg metal ions in
aqueous media. It is challenging to detect all three metal ions simultaneously because
they are all spectroscopically silent. We have developed a facile pathway between the
inorganic moiety m-BPDM and the hydrogel matrix to overcome the hydrophobicity of
m-BPDM. The synthesized hydrogel was pinkish-red in color. Then, the synthesized
m-BPDM modified CMTKG/PAM hydrogel was utilized to check the sensing ability
in water media. To perform this, the synthesized probe was kept in the predetermined
concentration of metal salt and incubated at 100 rpm. Then, the color of the modified

hydrogel was changed upon metalation, as shown in Figure 6.8a.

However, other alkali, alkaline metal salts, and metal ions commonly co-exist with
heavy metals in water systems. Therefore, the detection of toxic heavy
spectroscopically silent metals has become necessary and challenging[449]. The effect
of co-existing ion experiments was performed and it was observed that the synthesized
hydrogel probe does not show any significant color change due to interfering ions, as
presented in Figure 6.8b. Although the polymer-based hydrogel matrix consists of a
polar group, synthesized hydrogel can be responsible for capturing metal ions in the
hydrogel matrix. But it cannot be inspected by the naked eye on-site detection. Hence,
this study attributed that the synthesized probe’s color changed after binding with zinc,
cadmium, and mercury ions individually and in mixtures of these three metal ions,
which allows the sensor to be used for on-site inspections. m-BPDM is bound explicitly
to these metal ions when surrounded by other metal ions, causing the color change may
attributed that the m-BPDM/CMTKG/PAM with Zn"2, Cd** and Hg"? has a relatively
higher binding constant to the different metal ions as our previous report[437]. Hence,
the synthesized hydrogel can be used as a ‘sensor’ to estimate the Zn*?, Cd*?, and Hg"

ions even in the presence of other metal ions.

Similarly, sensing experiments were performed for CMTKG/PAM hydrogel
(control). In order to check the sensing of Zn™?, Cd™> and Hg"? in aqueous media
via CMTKG/PAM hydrogel, the experiment was conducted with similar condition
and it was observed that no color change was inspected by naked eyes as presented

in Figure 6.8c.
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Figure 6.8 Sensing studies of (a) Color change in the presence of Zn™?, Cd*?, and Hg™. (b)
Effect of other ions, and (c) control experiment.

6.3.4 Impact of Sensing Time

We have evaluated the sensor's selectivity based on the color change with time. In acidic
or basic conditions, the sensor has no significant effect and cannot be reversed once
metalated. We submerged a piece of hydrogel in a test tube filled with a solution having

various concentrations of metal ions. It was observed that modified hydrogel
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submerged with Hg"? ion (0.5 mg L!) showed changes in 1 h at 33 °C and in 20 min at
60 °C. The time for sensing in Zn*? and Cd™? was higher at 33 °C and 60 °C, as shown
in Figure 6.9 and Table 6.2, respectively.
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Figure 6.9 Sensing studies of the minimum concentration of metal ion detected by hydrogel at 60 °C.

Table 6.2 Impact of sensing time at different temperatures

Test Performed Solvent Amount of Speed Time(h) of the Time(h/min) of the
(mL) synthesized (RPM) color change of color change of
Probe (mg) hydrogel at 33°C | hydrogel at 60 °C
H0 50 30 100 No change No change
ZnClx(1 mg L) 50 30 100 3h lh
HgCl (0.5 mg L) 50 30 100 lh 20 min
CdCl: 2 mg L") 50 30 100 45h 2.5h
ZnCh(l mg L) +
HgCl: (0.5 mg L) + 50 30 100 lh 20 min
CdCl: 2 mg L")

6.3.5 Temperature and Concentration-Dependent Study

To elucidate the effect of temperature on a fixed concentration of metal ions, we
performed a study to observe the color change of the synthesized sensor, as shown in
Figure 6.10a. It has been observed that at a constant temperature (30 °C) and fixed
concentration (0.05 M) of individual metal ions, the color change was obtained in 40
min for Zn*2, 100 min for Cd™?, and 18 min for Hg™2. While, at 60 °C, the colorimetric
sensing was observed in 4 min for Hg*?, 6 min for Zn™, and 55 min for Cd*%. The
possible reason for the sensing time may be attributed to binding or stability constants
of particular metal ions with m-BPDM ligands [437]. The Hg"? ions have different
properties among other metal ions, while Zn*? and Cd*? have similar properties. It is

concluded that according to the Hard—Soft-Acid-Base (HSAB) theory, a discrete
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conjugation pathway observed in the m-BPDM contains sp? and sp> at meso carbons,
along with three pyrrolic -NH components in conjugation inside the m-BPDM binding
sites. Therefore, m-BPDM has electronic conjugation with diffused electrons, so it
should be treated as a soft ligand. Hence, Hg™? binds comparatively better than Zn™>

and Cd*?, considering Hg"? is a soft acid, and the m-BPDM is a moderate or soft ligand.

Further, studies were conducted to observe the sensing time by the varying temperature
at various concentrations of Zn2, Cd*?, and Hg"? respectively, as represented in Figure
6.10 (b&d). It was concluded that as the temperature of solution increases, sensing time
decreases, and the hydrogel requires a longer time to sense metal ions in low
concentrations, while less time is needed for high metal ion concentrations. Hence, the
detection time decreases as the temperature and metal ion concentration increase in

aqueous solutions.
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Figure 6.10 (a) Temperature-dependent sensing at concentration 0.05 M (mol L), (b), (c), and
(d) concentration-dependent sensing study of Metal ion (M*?) respectively.
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6.3.6 Selectivity and Co-existing Ions Interference Studies

To elucidate interference exhibited by alkaline, alkali, and other metal ions, a
predetermined amount of metal salt solution (50 mg L!) was used to observe a color
change in the hydrogel. Therefore, several heavy metal ions were used in the aqueous
solution to analyze the synthesized hydrogel, including Pb*2, Ni*?, Co*2, Cr™3, Cd*,
Hg*?, and Zn*2. The prefixed amount of modified hydrogel was dipped in salt solution
individually and stirred at 100 rpm at room temperature. The observed color change is
shown in Figure 6.11. Among all metal ions, Zn*?, Cd"?, and Hg" show the

colorimetric response by changing the color from pinkish red to dark purple.

|
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Cr3 Pb*? Co*? Ni*2 Fe*? Hg? ca” Zn®

Figure 6.11 The pictograph for the effect of co-existing ions on sensing.

6.3.7 Impact of pH and Concentration of Metal Ion

A study was carried out to check the effect of pH on the probe. To perform this study,
different solutions of pH were made in the range of 2-10, and then synthesized hydrogel
as a probe was used to check the colorimetric response of hydrogel in metal salts
solution of zinc, cadmium, and mercury ions at different pH 2-10 solutions. A
significant color change was observed in all pH solutions, but the results were slightly
better near pH 6-7. This may be attributed to the fact that metal ions do not form
hydroxides, and the protonation of acidic groups in the hydrogel matrix does not occur

in this pH range, as depicted in Figure 6.12a.

A study was also carried out to check the impact of metal salt concentration on
synthesized sensor. To conduct this study, different concentrations (50 ppm to 500
ppm) of metal salts were prepared in an aqueous solution. As the concentration of
metal ions increases from 50 ppm to 500 ppm, the time required for sensing
decreases, suggesting that metal ion concentration is inversely proportional to the
sensing time, as represented in Figure 6.12b. Hence, it is concluded that the sensing

time is in the order of Hg™ > Zn"? > Cd*.
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Figure 6.12 (a) Plot of variation in pH of metal ions (1ppm) v/s time, and (b) metal ion
concentration vs time.

6.3.8 Proposed Mechanism of Sensing

In this research article, we aim to sense Zn*?, Cd*?, and Hg"? in aqueous media using
m-BPDM based hydrogel matrix. m-BPDM is an inorganic moiety that is insoluble
in water and responsible for sensing of Zn*?, Cd*?, and Hg">. To overcome the
insolubility constraint, a CMTKG/PAM-based hydrogel matrix was used. The
Biopolymer CMTKG provides a hydrogel matrix that is cost-effective and
biocompatible. While m-BPDM is an inorganic moiety that is used as a filler in the
hydrogel matrix. m-BPDM is responsible for sensing of Zn*?, Cd*?, and Hg*2. When
m-BPDM embedded CMTKG/PAM was submerged in salt solution then, the N
group present in the ring of m-BPDM binds with the metal present in solution (M*2
= 7Zn*2, Cd™, and Hg"?) and imparts color changes from pinkish red to blue as

presented in Figure 6.13.
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Figure 6.13 Mechanism of sensing.
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6.3.9 Different Sensing materials for Sensing of Zn*?, Cd*2, and Hg*?

The study also compared the detection limit and response time of some of the newly
reported sensor probes of similar material for the sensing of Zn*?, Cd™, and Hg"™
presented in Table 6.3. The results showed that the sensor probe used in the present
study was highly effective for sensing of Zn*?, Cd*™, and Hg"? in the short time frame

compared with other sensors.

Table 6.3 Different sensor probes for sensing Zn*2, Cd*?, and Hg">.

Materials Metals Detection Limit | Response Time Ref.
TiOz/poly(acrylamide-co Hg"? 10 ppm 15 min [450]
methylenbisacrylamide) nanocomposite
PVA based hydrogel Co ions 0.001 ppm 3h [451]
AgNPs/PVA nanocomposite hydrogels Hg*? 25nM. 1h [452]
CMG/PaaM based composite Zn*?, 0.5 ppm lh [15]

Cd?, 1 ppm 2h

Hg*? 2 ppm 3h
Enzyme based hydrogel Hg'? 50 uM 2h [453]
poly(NVP-co-AMPSA)-based hydrogels Hg"? 0.55ppm - [454]
Present work Zn*? 0.5 ppm 1h

Cd*? 1 ppm 2.5h

Hg" 2 ppm 18 min

6.3.10 Impact on Industrial Wastewater

To check the utility of synthesized sensors in actual field applications. Usually, the real
effluent has a pH ranging from 6 to 9 [455]. To perform this study, wastewater was collected
from the water treatment plant of Delhi Technological University (DTU), India, and
industrial effluent from Dharuhera, Rewari, India. The effluent samples were utilized as
received without any prior treatment. A test was performed to assess the synthesized
hydrogel's ability in which the sensor was added directly to the effluent sample. No color
change was observed in a sample collected from DTU. It may be attributed to the fact that
no metal ions were present in a sample collected from DTU. Hence, synthesized hydrogel

can be utilized to check the presence or absence of metal ions in water bodies.
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To study the potential of synthesized hydrogel in industrial effluent, the pH of the
sample was checked, and it was found to be 6.5. Further, a hydrogel disc was dipped
into collected industrial effluent, and the solution was kept in an incubator at 100 rpm
for 1 hour at ambient temperature. It shows that the color changes from pinkish red to
dark blue. This is attributed to the presence of Zn*2, Cd*™?, and Hg*? ions in the collected
sample of wastewater represented in Figure 6.14. Further, the presence of Zn™ Cd*™?,
and Hg'? ions in the pollutant was quantitatively determined by atomic absorption
spectroscopy (AAS). The results revealed the concentration (ppm) of Zn*2 (8), Cd*™?
(0.035), and Hg"? (1.4), respectively. Hence, the concentration of Zn?" and Hg?" is
higher than the sensor’s detection limit, attributed to the fact that both are responsible

for color change.

CH,OCH,COOH CH,OCH,COOH

— - e O
k it OH o
m-BPDM/PAM/CMTKG Hydrogel L i o
- %
R
= M HN HN

CONH, HN 20 CONH, HN 20
H,C -H,C — CH— CHy — CH—— CH, - CHw

1.5 h, Room
meta-BPDM Embedded CMTKG/PAM Hydrogel
Temperature
CH,0CH,COOH CH,0CH,COOH
o w0
. o

s o

OH

Industrial Waste Water

HN 0 CONH, Hl‘\l(/o
e HC ~H,C ~HyC ~ CH — CHy — CH—— CHy - CH v

. . . 2
Calorimetric sensing for Zn*, 02104 meta-BPDM Complex Embedded CMTKG/PAM Hydrogel
Cd+2 Hg+2

9’

Figure 6.14 Colorimetric response in Industrial wastewater; all the data are presented by the
mean + standard deviation, (P < 0.05).

6.3.11 Colorimetric Response of Zn*? in E. Coli. Bacterial Cells

Cell lysis is a method that is used to break down cell membranes so that they can release
protein, DNA, etc., from a cell, resulting in the formation of voids in the cell, which shows
complete cell lysis. Surfactants are commonly used in cell lysis processes and may be ionic,
non-ionic, or zwitterionic. Cell lysis can be attained by denaturing cell proteins with potent
ionic detergents such as sodium dodecyl sulfate (SDS) in a few seconds [456]. The choice

of surfactant must be appropriate because it affects the speed of cell lysis. In this study, we
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have observed the colorimetric response of m-BPDM-modified CMTKG/PAm hydrogel
as a sensor for the presence of Zn'? ions in E. coli cells. Escherichia coli NCIMP-1 (E. coli)
was used to perform this study. At first, the cells were nurtured in a medium containing 2
% Luria broth at 37 °C and grow for 24 hours. Further, the cells were removed from the
media in a culture tube and washed with Phosphate buffer solution (PBS) (3x1 mL). Then,
to examine the effects of Zn?, the cells were incubated for 15 hours in PBS solution (1 %,
1 mL) with Zn"? aqueous solution (ZnCl, 1 ppm, 5 mL). Then, the cells were incubated
and washed with PBS (3x 1 mL), and the leftover Zn"? solution was removed from the
cells. The synthesized probe (2 mg of dried broken hydrogel) was added and incubated
with the pretreated cells with zinc ions (1 ppm) in saline solution (1 mL) in two different
culture tubes. Then, 1 mL of surfactant (1 % SDS) was added in one of the culture tubes,
while no surfactant was added in the second test tube. The m-BPDM-modified hydrogel
matrix absorbs Zn?* from E. Coli cells and exhibits a colorimetric response from pinkish
red to dark blue within three hours. This suggested that Zn*? was present in the aqueous
media, indicating that cell lysis may have triggered the release of Zn*? from the cell shown
in Figure 6.15. The hydrogel's color did not change without the surfactant’s solution.
Hence, it was confirmed that no cell lysis was obtained in the controlled test [444]. The
colorimetric response is unique to Zn*? ions with a wide range of physiologically significant
mono and divalent metal ions, including Na*, K*, Ca™2, Mg, etc. In spite of additional
metal ions being present, m-BPDM specifically binds to Zn*?, causing the sensor to change

color. Therefore, Zn* in plant and animal cells can be sensed this way.
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Figure 6.25 Colorimetric response for Zn ions absorbed by E. Coli cells; all the data are
presented by the mean + standard deviation, (P < 0.05).
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6.4 Conclusion

In the present study, a novel m-BPDM-modified CMTKG/PAM hydrogel-based sensor
was successfully developed by in situ insertion of m-BPDM. Since m-BPDM is a
hydrophobic bioinorganic moiety, it hinders its utility in aqueous media. To overcome
its hydrophobicity, it was dispersed in a hydrogel matrix using a 1:1 ratio of acetone
and water, and further colorimetric response was observed for Zn, Cd, and Hg metal
ions in water. It was observed that the synthesized modified hydrogel could be applied
as a sensor probe for successful sensing of Zn, Cd, and Hg metal ions in water and
shows a colorimetric response from pinkish red to dark blue. The sensor recognized
that the detection limit for Hg ions is up to 0.5 mg L', comparable to the above
permissible limit, and the detection limit for Zn and Cd was 1 mg L' and 2 mg L™,
respectively. Moreover, it has been concluded that as the temperature increases, sensing
time decreases, and the concentration of metal ions is inversely proportional to the
sensing time. In addition, it was implemented to sense the Zn*%, Cd*?, and Hg"? from
industrial effluent and shows color change upon the presence of Zn, Cd, and Hg ions.
It was further confirmed by quantitatively using AAS. Further, the probe was also used
to sense Zn*? ion in E. Coli bacterial cells with high selectivity and showed color change
upon metalation. Hence, it can be concluded that the probe is a cost-effective and eco-
friendly biopolymer-based matrix that senses the spectroscopically silent (Zn and Cd,

and Hg metal ions) from an aqueous medium.
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SYNTHESIS AND CHARACTERIZATION OF CMTKG-BASED
HYDROGEL AS A SUBSTRATE FOR WATER RETENTION IN
SOIL AND SLOW-RELEASE OF IRON MICRONUTRIENT

7.1 Introduction

The rapid growth of the population has led to an accelerated process of urbanization
and industrialization, which is responsible for the increasing destruction of
environmental and agricultural land [457]. In particular, the agricultural sector
accounts for nearly 80% of the world's available water resources [458]. India ranks
second in global fertilizer consumption, and approximately 91% of its water
resources are utilized for agricultural purposes [459]. Furthermore, to maximize
agricultural productivity, a sufficient amount of water and nutrients (both micro-
and macro-nutrients) must be supplied to the farmland to achieve its maximum
potential production. As a plant's development is influenced by nutrients, their
impact on quality and yield is also a significant factor. It is therefore necessary to
provide plants with specific nutrients in a controlled manner to reach their maximum
growth potential [460],[461]. While the problems associated with fertilization and
other nutrient applications are that only a small percentage of the applied nutrients
are immediately assimilated by plants after application, and the rest are leached out.
Due to this, farmers must apply excessive amounts of fertilizer and synthetic
macronutrients, such as urea, phosphates, and nitrogen-based ones, resulting in
significant environmental damage [462]. Therefore, it is imperative to develop
mechanisms to reduce consumption, particularly in areas prone to frequent climate
change and resource scarcity. Thus, the search for new technologies in agriculture
is growing to maximize production and reduce costs. Thereby, it is essential to
conduct research in this area and address this issue; therefore, researchers are

focusing on superabsorbent hydrogels (SAHs).

SAHs are a special type of hydrogel (water-retaining polymers based on 3-D

polymeric networks) that can retain almost 100 times as much water as its weight
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without dissolving in aqueous medium [463]. As a result of this hydrogel's capacity
to hold water, it can act as a nutrient carrier and water reservoir for plants, thereby
reducing their likelihood of suffering from water stress and micronutrient deficiency
[194]. SAHs mainly comprise acrylic or methacrylic monomers, which are soluble
in water. For example, PSMA and PSA were obtained from the reaction of
methacrylic acid (MAA) and acrylic acid (AA) with NaOH. The PSMA and PSA
have a carboxylate ion, which enables them to absorb large amounts of water and
respond more quickly to pH changes. They are used to deliver nutrients (micro and
macro), fertilizers like NPK and urea. Khushbu and the groups used a CMTKG-

based hydrogel matrix to control the release of micronutrient boron [277].

Despite conventional materials, hydrogels are emerging as a better alternative for
retaining and releasing water and nutrients in agricultural production. Commercial
hydrogels are composed of 100% synthetic polymer, which imparts toxicity and
limits their application in various sectors [151]. Therefore, polysaccharide-based
hybrid hydrogels are emerging as an innovative choice to improve these constraints.
A hybrid hydrogel is formed by copolymerizing both natural and synthetic moieties.
Due to the salient properties and characteristics of the polysaccharides, they exhibit

improved hydrophilicity and biocompatibility in the hydrogel matrices [464].

Nowadays, natural resources are widely utilized, which promotes ecological and
economic viability as they are abundant in the environment, such as cellulose, guar
gum, xanthan gum, tamarind gum, carboxymethyl guar gum, and CMTKG [465].
They can be applied as stabilizers, additives, gelling agents, and reducing agents in
various sectors, including food, pharmaceuticals, environmental remediation,
agriculture, and biomedical fields. Among them, CMTKG emerges as a good
candidate due to its hydrophilicity, viscosity, biodegradability, pH responsiveness,

non-toxicity, readily availability, and economic viability.

However, one constraint in utilizing natural polysaccharide-derived gums is their
low elasticity, rigidity, and poor mechanical strength. It can be overcome by

synthetic polymers such as acrylic acid, acrylamide, itaconic acid, and PVA which
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are utilized to enhance their compatibility, durability, and mechanical strength [46],
[466], [467]. Therefore, hybrid hydrogels or hydrogel composites need to be
developed so that the properties and features of the hydrogel can be tuned and

modified.

CMTKG is a hydrophilic biopolymer obtained from the derivatization of tamarind
kernel gum (TKG), which was used in this research article due to its exceptional
properties, such as pH responsiveness, viscosity, swelling capacity, and
hydrophilicity over TKG [42]. Itaconic acid (IA) is another bio-based monomer
widely used in hydrogel development for its beneficial biological properties. Even
small amounts of TA incorporated into polymer chains enhance complexation and
pH-sensitive swelling. This effect intensifies its usage in superabsorbent hydrogel
[89]. Polyacrylic acid is a synthetic polymer with applications in the agricultural
field due to its excellent water-holding capacity, pH responsiveness, and ability to

provide strength to the biopolymer in hydrogel fabrication [468].

In accordance with the research gap and to the best of our knowledge, it was found
that, primarily, CMTKG-based hydrogel matrices are used in drug delivery
applications; however, there is very limited literature available on the application of

CMTKG-based hydrogels in the field of agriculture.

Therefore, to assess its efficacy in agricultural applications, CMTKG has been
employed for the first time with itaconic acid and polyacrylic acid to create a
superabsorbent hydrogel for water retention and the release of macronutrients. Fe
was selected to load into hydrogel as it is an essential micronutrient for plants,
playing a pivotal role in plant growth, especially in tomato plants and okra seeds,

reducing yellowing in young leaves.

Thus, this work aims to develop and characterize a novel superabsorbent hydrogel
via a free radical mechanism using a biopolymer CMTKG, polyacrylic acid, and
itaconic acid hydrogel composite for water retention and the controlled release of
water, as well as the slow release of micronutrient Fe. The application of these

hydrogels was examined for the cultivation of Okra seeds. Furthermore, as a proof-
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of-concept measurement, Fe release analysis was conducted in distilled water and
soil. The biodegradability of the synthesized hydrogel composite was determined to
determine the % degradation of the synthesized hydrogel. The kinetic analysis of Fe
released data is studied using various kinetic models, including the Korsmeyer-

Peppas, Higuchi, Zero-Order, and First-Order.

7.2 Experimental Protocols
7.2.1 Materials and Methods

Carboxymethyl tamarind kernel gum (CMTKG) {(0.2) degree of substitution, Mol. Wt.
8.5x107 g/mol}, generously provided by Hindustan Gum and Chemicals Ltd., Bhiwani,
Haryana, India). Itaconic acid, acrylic acid, N, N’-methylene-bis(acrylamide), and
Potassium persulfate were purchased from Thermo Fisher Scientific, Mumbai, India.
Sodium hydroxide (98%), ethanol (99.9%), and hydrochloric acid (36%) were obtained
from CDH (Delhi, India). All solutions were prepared using distilled water (DW). A
magnetic stirrer and temperature-controlled hot plate (Remi Elektrotechnik Limited,
New Delhi, India) were utilized in synthesis. The synthesized hydrogels were dried in
a hot-air oven (PSO-451, Presto Stantest Private Limited, Haryana, India). pH Solution
was maintained using Eutech Scientific Thermo Fischer. All the experiments were
conducted three times to check the reproducibility of the synthesized hydrogels.

7.2.2 Synthesis of CMTKG/PSA/IA Hydrogel Composite

The synthesis of the hydrogel composite was achieved via a free radical mechanism by
varying the composition of acrylic acid, itaconic acid, KPS (initiator), and MBA (cross-
linker), as presented in Table 7.1. Initially, 0.3 g CMTKG was dispersed in 10 mL of
distilled water. Then, in another beaker, a fixed amount of acrylic acid was added, and
then NaOH was added until the pH reached neutral, leading to the formation of Sodium
acrylate (SA). Then, itaconic acid was added to the above SA and CMTKG solution,
and the mixture was stirred until a homogeneous solution was obtained. Further, a fixed
amount of KPS and MBA was added to the mixture and stirred for 1 hour. Further, the
solution mixture was transferred into a test tube and placed in a water bath at 60 °C for
1 hour. The test tubes were removed, and the hydrogel was extracted by breaking the
test tubes. The hydrogel was cut into pieces and dried in an oven until it reached a

constant weight. The schematic representation of the synthesis is shown in Figure 7.1.
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Table 7.1. Hydrogel formulations with different ratios of constituents and their equilibrium
swelling ratio (%ESR) and % gel content (%GC).

Sets | CMTKG (g) Ac"{ﬁi;‘cm NaOH Ki‘fg‘(‘; KPS (g) “%:)A %ESR | % GC
1 0.3 7 1.6 0.5 0.035 0.1 | 4854.94 64
2 0.3 5 12 1 0.0675 | 0.0675 | 6381 72
3 0.3 5 0.9 0.5 0.1 0.035 | 13521 82
4 0.3 3 0.9 1.5 0.1 0.1 3678 61
5 0.3 5 12 1 0.0675 | 0.0675 | 6454 73
6 0.3 5 12 0.5 0.0675 | 0.0675 | 5794.73 68
7 0.3 5 12 1 0.0675 | 0.1325 | 5762 67
8 0.3 7 1.6 0.5 0.1 0.035 | 1135132 | 80
9 0.3 5 12 1 0.0675 | 0.0675 | 7611.71 75
10 0.3 5 12 1 0.0025 | 0.0675 | 6285.59 70
11 0.3 7 1.6 0.5 0.1 0.1 | 332487 60
12 0.3 3 0.9 0.5 0.1 0.1 | 617585 69
13 0.3 7 1.6 0 0.035 0.1 | 3936.90 62
14 0.3 5 12 0.5 0.1 0.05 | 8907.66 77
15 0.3 3 0.9 1.5 0.035 0.1 | 325862 58

S S
@ - & - &y -

Cured at 60 °C
in water bath

Oven-dried Hydrogel

Figure 7.1 The schematic representation for the synthesis of CMTKG/PSA/IA hydrogel composite.
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7.2.3 Synthesis of Fe-loaded CMTKG/PSA/IA Hydrogel Composite

The Fe-loaded hydrogel was synthesized using optimized hydrogel (set 3). To develop,
0.3 g CMTKG was added to a solution of PSA and itaconic acid, as listed in Table 7.1,
and stirred until a homogeneous solution was obtained. Then, KPS was added, followed
by the dropwise addition of a 0.1 M FeSO4 solution, and subsequently, MBA was
added. The resultant solution was agitated until a homogeneous mixture was obtained,
and then it was placed in a water bath at 60 °C for 1 hour. The obtained product was
labelled as Fe-loaded CMTKG/PSA/IA hydrogel composites. The schematic

representation of the synthesis is shown in Figure 7.2.
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* KPS MBA
* 0.1 FeSO,
Cured at 60 °C
ﬁ in water bath
= = \/
! ﬂ
-&"3

@
[
oo oo

Oven-dried Hydrogel

-

Figure 7.2 The schematic representation of the synthesis of Fe-loaded CMTKG/PSA/IA
hydrogel composite
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7.2.4 Characterization

To characterize the synthesized hydrogels, various techniques were performed. To
identify the structural properties, FTIR spectra of the synthesized hydrogels were
obtained using an FTIR spectrophotometer (Nicolet iS50). The scans ranged from
4000 to 400 cm-1 with a step size of 0.5 cm™'. The SEM (JEOL JSM-6610LV) was
used to investigate the surface morphologies. The PXRD patterns were recorded
using a PXRD diffractometer (model Rigaku SmartLab). The thermal analysis was
done in N2 environment at 10 °C/min using (TGA 5500). Fe content was determined
by measuring the absorbance at Amax 509 nm using a UV—Vis spectrophotometer

(UV-9000i).

7.2.5 Physiological Properties of the Soil

The soil sample was collected from Rewari District (28.210700° N, 76.616721° E)
in Haryana, India, and characterized at Chaudhary Charan Singh Haryana
Agricultural University (CCS HAU), Hisar. Haryana, India. The pH of the soil was
found to be 8.2, which shows an alkaline nature of the soil. The calculated bulk and
particle densities of the soil were found to be 1.42 g/cm?® and 2.68 g/cm?,
respectively. The composition of the soil was sandy, loam, and calcareous in nature.
The water-holding capacity of the soil is low and deficient in micronutrients, such
as iron. Therefore, we aim to utilize hydrogel as a soil conditioner and incorporate

iron as a fertilizer in the soil to enhance crop productivity.

7.2.6 The % Equilibrium Swelling Ratio (ESR) and % Gel Content (GC)

Based on the gravimetric study, dried hydrogel composites were weighed (Ha)
individually and submerged in distilled water for 72 hours. The hydrogel was
removed from the solution, and the excess surface water was wiped off with filter
paper. The swollen hydrogel composites were then weighed (Hs). The weighing
process was repeated until a constant weight was observed. Furthermore, the effect
of different media, including distilled water, 0.9% NaCl, and solutions with pH
levels of 4, 9, and 12, on the synthesized CMTKG/PSA/IA hydrogel composite was
also evaluated. The % ESR was calculated for all the fabricated hydrogel composites

using the given equation (1) [42] .
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(%) ESR = H;—d’*d x 100 (1)

To evaluate the gel content, the dried hydrogel (Hd) was weighed and then placed in
distilled water for 72 hours. As a final step, the hydrogel was removed from the water
and dried in the oven to achieve a constant weight (Hr). The given equation (2) is used

to compute the gel content in the hydrogel composites [469]:

%GC=:—; X 100 )

7.2.7 Maximum Water Holding Capacity (MWHC)

To determine the MWHC of soil, the soil was first fully dried and then sieved.
Subsequently, 0.1 g, 0.2 g, 0.3 g, 0.4 g, and 0.5 g of CMTKG/PSA/IA hydrogel
composites were mixed with 150 g of soil, while the untreated soil pot served as a
control. The soil was weighed after being transferred into a pot with small pores, and
filter paper was placed at the bottom of the pot. To allow for water absorption, the pots
were submerged in the water bath for four hours. After removing the pot, any remaining
water was poured off and weighed. The MWHC of the soil was calculated using
equation (3) [470].

MWHC = Wet soil — [Wet filter paper + Dry soil] 3)

7.2.8 Water Retention in Air and Soil

To carry out this study, a disc of hydrogel (0.1 g) was submerged in water for 72 h to attain
equilibrium swelling (Hgs). The wet hydrogel was then removed from the solution, and the
surface water was wiped off. It was then left to dry naturally at room temperature. The
water retention (%) was evaluated using the following equation (4) [471].

WR (%) = 2~ x 100 4)

Hgs

where Hr is the weight of the hydrogel at time (7).

For the soil, 150 g of Oven-dried soil was mixed with 0.3 g of dried CMTKG/PSA/IA
hydrogel and placed in a pot. Similarly, a control soil sample (without hydrogel) was
also prepared. Then, 50 mL of water was added to the pots, and each experimental

setup was maintained under the same environmental conditions, with a temperature
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of ~38 °C and a relative humidity of ~76%. The weights of the pots were measured
daily until no significant change in weight was observed. The water retention in soil
for the CMTKG/PSA/IA hydrogel mixture and control soil was calculated using
Equation (5) [471].

WR (%) = == x 100 (5)
0

where, Hr is the weight of water present in the soil at a time, t, and Hy is the initial

weight of water in the soil.
7.2.9 The Loading Efficacy of Fe

The maximum loading efficacy (LEmax) of Fe in the hydrogel was computed by
equation (6) [472].

_ Hpe—Hg

% LEmax (%) = =5 X 100 (6)

Here, Hp, represents the weight of Fe-loaded hydrogel; H; is the weight of blank
hydrogel.

7.2.10 Release Study of Fe in Soil and Water

In order to optimize nutrient supply, a study of nutrient release is necessary to
understand the plant's nutrient uptake. It was therefore necessary to conduct two
individual experiments to assess Fe release in water and soil. In the case of water, 0.3 g
of dried Fe-loaded CMTKG/PSA/IA hydrogel composite was submerged in 100 mL of
distilled water, and 5 mL of Fe-containing water was collected after a fixed time interval
[195]. Additionally, to maintain a constant volume throughout the study, an equal
amount of water was added to the conical flask. To the extracted volume (5 mL), acetate
buffer solution (0.2 mL), and 0.2 mL 1,10-phenanthroline solution were added
uniformly [473], [474]. Then the solution was placed for 15-20 min. Furthermore, the
solution was analyzed using a UV-vis spectrophotometer to determine the amount of

Fe in the withdrawn solution at Amax = 509 nm.

To investigate the release in soil, 0.3 g of dried Fe-loaded CMTKG/PSA/IA hydrogel

composites were placed in a tea bag and buried 3 cm deep in a leaching pot with 150 g
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of dried soil. Furthermore, to maintain the moisture, 50 ml of distilled water was added
to the pot to keep the soil in a consistent environment. Thereafter, the 3g soil sample
was collected from the pots at regular intervals [403]. The amount of Fe released into
the soil was then computed using a UV-vis spectrophotometer. Further, to calculate the
cumulative release, the Fe content was determined periodically. The cumulative release

percentage, (%)CR of Fe, was calculated using equation (7) [475].

(%)CR = -~ X 100 (7)
where M, is the amount of Fe released at a time (t), and M, is the amount of Fe released

at equilibrium.

7.2.11 Kinetic Study on Fe Release

The kinetic study to elucidate the mechanism of Fe release was conducted using various
models, including Zero, First, Higuchi, and Korysmeyer-Peppas models. The equations

used for these individual models are presented below.

1. The Zero-order kinetics model:

@ == Kot (8)
2. The First order kinetics:

M, _

i =1— et )

Where, in equations 8 and 9, K,, and K; are the release constants of zero and first-order

models, respectively.
3. The Higuchi model:

— = Ktz (10)
Ky 1s the Higuchi dissolution constant.

4. The Korsmeyer-Peppas model:
~— = Kgpt" (11)

When n < 0.45, the process follows the Fickian diffusion. For values within the range
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0.45 < n < 0.89, the diffusion process is non-Fickian. If n > 0.89, the process is
dominated by a simple dissolution mechanism. where Kgp and n are the release

constant and diffusion exponent, respectively.

2.12 Pot plantation Study on the Growth of the Okra (4belmoschus esculentus) Plant
The performance of Fe-loaded CMTKG/PSA/IA hydrogel was investigated by

observing its impact on the growth of Okra in a pot experiment. In this experiment,
the effect of Fe-loaded CMTKG/PSA/IA hydrogel composite on the growth of Okra
plants was investigated over a 55-day period. The plantation studies were conducted
using two pots: one with control soil (without hydrogel) and the other with 0.3 g Fe-
loaded CMTKG/PSA/IA hydrogel composite. 150 g of soil was placed in individual
pots, and one Okra seed was planted in each pot at a depth of 3 cm under the same
environmental conditions. Then, to maintain moisture in both pots, 50 mL of water

was added [21].

7.2.13 Biodegradation Study

Biodegradable hydrogels are increasingly important in agriculture and for
environmental applications. The eco-friendly, biodegradable hydrogels can boost
soil moisture and fertility, enhance seed germination, and improve crop production,
while also aiding in the controlled, slow release of micronutrients or fertilizers, and
supporting sustainable agricultural farming practices. Therefore, the soil burial
degradability of the synthesized CMTKG/PSA/IA hydrogel was assessed over 55
days. The pre-weighed (Wo) amount of CMTKG/PSA/IA hydrogel composite was
buried 3 cm deep in soil. Then the hydrogel composite was removed after a regular
period of time, weighed (W), and then buried again in the soil. Equation (11) is used
to compute the % degradation of the hydrogel composite in soil [470].

(%)Degradation = w %X 100 (11)

0

7.2.14 Statistical Analysis

To verify the reproducibility of the synthesized hydrogel composite, all experiments
were conducted in triplicate (n = 3). The data are presented as the mean + standard

deviation, and statistical analysis was performed using the ANOVA test with a
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significance level of P < 0.05. The statistical analysis of one-way ANOVA shows that

all the experiments performed have no significant difference

7.3 Results and Discussion
7.3.1 Probable Mechanism for the Synthesis of CMTKG/PSA/IA Hydrogel

The potential mechanism of the CMTKG/PSA/IA hydrogel network is depicted in

Figure 7.3.
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Figure 7.3 Probable mechanism for the synthesis of CMTKG/PSA/IA hydrogel composite.
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A free radical mechanism was employed to synthesize CMTKG/PSA/IA hydrogel
composites with varying compositions of PSA, IA, MBA, and KPS. Initially, the
KPS redox initiator decomposes into persulfate radicals at 60 °C. In the process
of chain initiation, monomer molecules that come into direct contact with the
active sites accept itaconic acid radicals, which then donate free radicals to the
surrounding molecules (acrylic acid) [39], [476]. In addition to that, a sulfate
radical is also responsible for abstracting a proton from the -OH groups available
in CMTKG. As the chain propagates, the vinyl units in crosslinking agents may
react with the polymer network [476]. Additionally, MBA acts as a bi-functional
crosslinking agent, joining all the radicals to form a cross-linked network of

CMTKG/PSA/IA hydrogel Composite [3].

7.3.2 Characterization
FTIR

The FTIR spectra of CMTKG/PSA/IA and Fe-loaded hydrogel composites are
presented in Figure 7.4. The broad peak between 3400-3200 cm! is attributed to
O-H stretching vibrations in both the hydrogel composites [477]. The peaks at
2979 cm™' and 2945 cm’! are attributed to the C-H stretching vibration of
CMTKG/PSA/TA and Fe-loaded CMTKG/PSA/TA hydrogel composite,
respectively. The asymmetric COO" stretching vibrations appear at 1648 cm™ and
1707 cm’!, while the symmetric stretch at 1602 c¢cm™ and 1552 cm in
CMTKG/PSA/TA and Fe-loaded CMTKG/PSA/TA hydrogel composite,
respectively. The bands at 1430 cm™ and 1406 cm™ are due to C-O-C epoxy
stretching [478]. Furthermore, the peaks observed at 1093 and 1038 cm™ are
attributed to the C-O-C stretching vibration. Moreover, a peak at 512 cm™! in Fe-
loaded CMTKG/PSA/IA hydrogel composite may be attributed to the SO472 groups
present in the fertilizer [474]. Hence, it can be concluded that after incorporation
of fertilizer, a shift in peak position was observed, which may suggest that

incorporation of fertilizer was successful in the synthesized hydrogel composite.
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Figure 7.4 The FTIR spectra of (a) CMTKG/PSA/IA hydrogel composite, (b) Fe-loaded
CMTKG/PSA/IA hydrogel composite

TGA

The three stages of decomposition were observed in the thermal degradation
profile of the CMTKG/PSA/IA and Fe-loaded CMTKG/PSA/IA hydrogel
composites, illustrated in Figure 7.5. During the initial weight loss stage, it ranges
from 30-247 °C in the CMTKG/PSA/IA, while in Fe-loaded CMTKG/PSA/TIA
hydrogel composites, it ranges from 30-269 °C, suggesting that the decomposition
of moisture or water vaporization from polymeric chains. The second stage ranges
from 247-395°C in CMTKG/PSA/IA hydrogel composite, and 269-438 °C in the
case of Fe-loaded CMTKG/PSA/IA hydrogel composites, attributed to the fact that
the functional groups (carboxymethyl groups and hydroxyl groups) associated
with the polymeric backbone were degraded [479]. During the third stage, weight
loss was observed in the range of 395-524°C and 438-645°C in CMTKG/PSA/TA
and Fe-loaded CMTKG/PSA/IA hydrogel composites, respectively. It may be due
to the breakdown of cross-linking present and the degradation of the polymeric
backbone of the hydrogel composites [480]. Hence, it may suggest that Fe-loaded
hydrogel has comparatively higher stability than CMTKG/PSA/IA hydrogel

composites.
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Figure 7.5 The TGA plot of CMTKG/PSA/IA hydrogel composite and Fe-loaded
CMTKG/PSA/IA hydrogel composite.

SEM

The morphology of CMTKG/PSA/IA and Fe-loaded CMTKG/PSA/IA hydrogel
composites is presented in Figure 7.6. The obtained micro-images revealed that the
CMTKG/PSA/IA hydrogel composite has a more porous morphology, suggesting a
smooth loading of Fe within the hydrogel. However, the Fe-loaded CMTKG/PSA/TA
hydrogel composites exhibit a less porous nature and smooth surface, which may be
attributed to the fact that Fe is intercalated into CMTKG/PSA/IA hydrogel
composites [477].
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Figure 7.6 The plot of micrographs of (a) CMTKG/PSA/IA hydrogel composite, (b) Fe-loaded
CMTKG/PSA/IA hydrogel composite

191



Chapter 7

7.3.3 Impact of Variable Parameters on Swelling Behavior

The Swelling experiments were performed in distilled water for all synthesized
CMTKG/PSA/TA hydrogel composites, as presented in Figure 7.7a. Further, to
investigate the effect of different media such as distilled water, 0.9 % NaCl, pH 4, 9,
and 11 solutions on the synthesized CMTKG/PSA/IA hydrogel composite, presented in
Figure 7.7b.

7.3.3.1 Effect of Initiator-KPS

The hydrogel's swelling behavior is significantly influenced by the amount of
initiator utilized. The highest equilibrium swelling ratio (ESR%) of 13521 was
observed in formulation (set 3) at 0.1g of initiator. A significant increase in the
equilibrium swelling ratio was observed with an increase in the KPS amount,
ranging from 0.035 to 0.1 g. As the amount increases, the number of free radicals
also increases, leading to enhanced polymerization and a higher equilibrium
swelling ratio. In contrast, beyond 0.1 g of KPS, the equilibrium swelling ratio
decreased, which may be attributed to the rapid generation of free radicals, resulting
in an increase in the formation of short chains, i.e., oligomers, that can dissolve in

water, leading to decreased equilibrium swelling ratio [481].

7.3.3.2 Effect of Cross-linker (MBA)

To investigate the effect of the cross-linker on the equilibrium swelling ratio of
CMTKG/PSA/IA hydrogel composites. It was observed that at a concentration of 0.035
g of cross-linker, a maximum swelling ratio of 13,521% was achieved. According to
the swelling analysis, as the MBA amount is increased from 0.035 to 0.1, the
equilibrium swelling ratio decreases. The decrease in water absorption capacity is
attributed to the increase in crosslinking density of the polymeric network, which
reduces the free space within the polymeric matrix and increases the matrix's rigidity,

thereby reducing its swelling ability.

7.3.3.3 Effect of PSA and 1A

The amount of PSA was varied from 3-7 mL. It was observed that as the amount of
acrylic acid increases from 3 to 5 mL, the swelling ratio also increases, which may

be attributed to an increase in the hydroxy group, resulting in a higher swelling ratio
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[482]. Beyond 5 mL, a decrease in swelling ratio was observed, which may suggest
a denser network of the matrix, making it harder for water molecules to penetrate

[483].

Similarly, in IA, as the amount of IA increases from 0.5-1.5 g. The maximum
swelling ratio was exhibited at 0.5 g of IA. Upon further enhancement of the amount,

it leads to a decrease in the swelling ratio [484].

7.3.4 Effect of Swelling Behavior in Different Media

The swelling experiments were performed in distilled water (DW) (pH 6.9) and in
4,9, 11, and 0.9% NaCl saline solutions for synthesized CMTKG/PSA/IA hydrogel
composites, as illustrated in Figure 8b. It was observed that among all the solvents
utilized in the study, the swelling ratio was the highest in DW. It may be attributed

to the lack of interfering ions at neutral pH [485].

In addition, the swelling capacity of the hydrogel increased as the pH of the solution
rose from 4 to 11. At a lower pH of 4, the protonation of the COO- anion results in
electrostatic attraction, and the polymeric network does not ionize, leading to a
lower swelling ratio. While water holding capacity increases as it moves towards an
alkaline medium because carboxylate ions (COO-) are formed, which results in the
deprotonation of the carboxylic acid (—COOH) group present on the polymeric
chain. Furthermore, since these COO- ions repel each other electrostatically, it leads
to more free spaces for water absorption, resulting in an enhancement in the swelling
capacity of the CMTKG/PSA/IA hydrogel [42]. Upon further increasing the pH to
9 and beyond, the swelling ratio decreases slightly, which may be attributed to ionic

screening [486].

However, the hydrogel exhibited the lowest swelling in 0.9% NaCl solution, which
may be attributed to the high level of ionic concentration (Na"), creating disparities
in the surroundings and creating a hindrance for the water molecules, which
prevents free water molecules from entering the three-dimensional network of the

hydrogel [277].
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Figure 7.7. Plot for (a) ESR % of CMTKG/PSA/IA hydrogel in Distilled water, (b) ESR % of
CMTKG/PSA/IA hydrogel in different media.

7.3.5 Impact of Gel Content

The gel content of the synthesized hydrogel was calculated, and it was observed that
the gel content trend is similar to that observed in the swelling study. The maximum gel
content was found to be 84 % in Set 3. It suggests that the synthesized composition is
ideal to keep the polymer chain insoluble and flexible enough to allow solvent uptake.
The calculated values of gel content were tabulated in Table 7.1 for all the synthesized

hydrogel composites.

7.3.6 Water Retention

The ability to retain water is crucial for plants in arid environments, as it enables
them to survive in the harsh and dry conditions where water is scarce. The moisture
retention in the soil and tissues allows plants to continue performing essential
functions, such as photosynthesis. As shown in Figure 7.8a, the drying process took
19 days to complete in an open environment at a temperature of ~ 38 °C. Although
some weight loss may occur due to the hydrogel's dissolution [487]. In the case of
soil, water retention in controlled soil and soil with hydrogel has a remarkable effect
on retention capacity. The control soil dries in approximately 14 days, while the soil
with hydrogel takes more than 44 days to dry. It can be concluded that the hydrogel
retains water approximately twenty times more effectively than the control soil.
Therefore, hydrogel can be effectively implemented in the agricultural sector for

irrigation in arid and partially arid regions.
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7.3.7 Maximum Water Holding Capacity (MWHC) in Soil

In Figure 7.8b, the MWHC of control and soil containing different amounts of
synthesized hydrogel is compared. It was observed that for the control soil, the MWHC
was found to be 41 %, suggesting that 41 g of water was held per 100 g of soil.
Furthermore, soil containing 0.1 g, 0.2 g, 0.3 g, 0.4 g, and 0.5 g CMTKG/PSA/IA
hydrogel held 48 g, 54 g, 60 g, 65 g, and 69 g of water per 100 g, respectively, indicating
a linear increase in MWHC in comparison with the control soil. It is therefore concluded
that MWHC 1in soil directly depends on the amount of hydrogel applied to the field. A
hydrogel with a high water-holding capacity helps the soil retain water, reducing water
wastage. Furthermore, this ability to conserve water prevents dehydration, reduces salt
accumulation, and enables plants to survive in arid environments with limited water
availability. According to the results, the control sample held 41 g of water per 100 g of
soil. Hence, the incorporation of hydrogel enhanced the water retention capacity of the

soil by absorbing moisture using a hydrogel composite.
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Figure 7.8. Plot for (a) Water retention of CMTKG/PSA/IA hydrogel in Distilled water and
soil, (b) MWHC of CMTKG/PSA/IA hydrogel in soil.

7.3.8 Fe Loading and Release Study

Iron is one of the micronutrients that plays a crucial role in energy transfer, respiration, and
photosynthesis, as well as in the activities of enzymes such as catalase, cytochrome oxidase,
and peroxidase. Thus, we have added Fe as a micronutrient to the hydrogels to investigate
their ability as a soil conditioner and in crop production, with slow and controlled release of

micronutrients. The loading of Fe in hydrogel composites was found to be 50.90 %.
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The cumulative release (%) of Fe in water was studied over 48 hours, and it was observed
that the fertilizer released 11% after 1 hour, which increased to 67% after 48 hours. In the
case of the soil, a release study was conducted over 55 days, during which the release was
found to be 37.19% on the 7th day, further increasing to 57.68% on the 35th day and then to
72.43% on the 55th day, as shown in Figure 7.9a. Hence, it can be seen that in the case of
soil, the rate of fertilizer release was significantly slower and higher compared to water. The
slow release of Fe in the soil can be divided into three phases, as shown in Figure 7.9b. In
the initial stages, the Fe release was caused by the wetting time of the hydrogel upon contact
with water, as water diffuses into the hydrogel matrix, initiating the hydration of the polymer
chain and leading to swelling of the matrix. Hence, the swelling of the matrix alters the
structural network of the hydrogel, initiating the release of Fe from the hydrogel composite.
Furthermore, a high rate of release was observed up to 35 days due to the diffusion of Fe from
the outer layer of the hydrogel matrix, which was facilitated by the fully swollen state of the
hydrogel's outer region, resulting in the rapid release of loosely bound Fe ions. While later
on, Fe slow release was observed from 35 to 55 days from the inner layer of the hydrogel
matrix, maintaining equilibrium with the outer layer of the hydrogel matrix. Hence, it can be
concluded that synthesized hydrogel composites exhibit controlled release of the
micronutrient Fe in soil. Warkar and the group reported the release of Zn, accompanied by
the same phenomenon, from their Xanthan gum-based hydrogel composite [124]. Similarly,
Meena and their co-authors reported the three-stage release mechanism of the Cu ions from

the pectin-based hydrogel [470].
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Figure 7.9 The plot of Fe release from Fe-loaded CMTKG/PSA/IA hydrogel composite in (a)
Water, (b) Soil.
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7.3.9 Kinetics

Different mathematical kinetic models were used to compute the kinetic parameters and
predict the mechanism of Fe release from the hydrogel matrix. Figure 7.10 presents the
plot of the best-fit kinetic models, and the calculated parameters are presented in Table
7.2. The correlation coefficients (R?) were found to be in good correlation, with
maximum values in the case of the Korsmeyer-Peppas model in the release study of
both water (R? = 0.994) and soil (R>=0.991). The n values are found to be 0.457 and
0.413 for water and soil, respectively, suggesting that the Fickian diffusion mechanism
is followed in the release of Fe molecules, which governs diffusion primarily from a

higher concentration of Fe to a lower concentration [488].
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Table 7.2 Calculated parameters of the kinetics models

Formulated Code Various models with different parameters
Fe-loaded CMTI?G/PAA/IA Zero order | First order Korsmeyer Peppas Higuchi
hydrogel composite
System R? R? K n R? Kn R?
Water 0.96 0.84 10.93 0.457 | 0.994 | 0.10664 | 0.993
Soil 0.97 0.905 12.705 | 0.413 0.991 7.40 0.982

7.3.10 Pot Plantation Growth of the Okra Plant

To examine the effect of the synthesized hydrogel composite on the growth of Okra
plants. We have chosen Okra seeds over other seeds because okra seeds contain higher
oil, protein, and mucilage, therefore to enhance their crop productivity will help the
farmer in increasing yield. It was observed that the seed germinated within 36 hr in the
hydrogel-treated plant, while it took 3 days in the case of the control soil (without
hydrogel). The height of the plant is 4 cm and 7 cm, respectively, in hydrogel-treated
soil and control soil, within 5 days, as presented in Figure 11a. Furthermore, the height
of the plants was observed after 3 weeks, and the height of the plants treated with
hydrogel was found to be 18 cm, whereas the control soil had a growth of 12 c¢m, as

shown in Figure 11b.

Figure 7.11 Pictograph of (a) Okra Plant growth in 5 days, (b) average height of the plant
treated with hydrogel and control soil. The pot plantation study was performed in triplicates,
n=3, +£0.06, at a significance value P <0.05.

Moreover, the leaves of the hydrogel-treated plant are more abundant than those of the

control soil. This study demonstrates that plants treated with hydrogel have a faster
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germination rate and grow faster compared to the control (Soil only). Hence, it can be
concluded that the presence of Fe-loaded hydrogel composite in soil enhances plant
development and has a positive effect on eliminating Fe deficiency as a micronutrient
in plants. A group from Pusa, Delhi, has used a hydrogel and reported that their
synthesized hydrogel increases the height and leaves of the chilli plant [489].

7.3.11 Biodegradation Study

The biodegradation of Fe-loaded CMTKG/PSA/IA hydrogel composite was investigated
over 60 days using a soil burial method. The biodegradation profile of the synthesized
hydrogel composite is presented in Figure 7.12. It was observed that the 67% degradation
of the hydrogel composite in the initial period (0-40 days), which is relatively fast, may be
due to the presence of the organic moiety in CMTKG and the high initial oxygen level. As
the time increases from 40 days onwards, the degradation rate becomes relatively slow due
to anaerobic conditions, and further, the degradation becomes even slower, which was
found to be 77 % in 60 days. It can be attributed that an anaerobic condition lowers
microbial activity because there is less oxygen. Similarly, Warkar and the group reported
that the CMTKG-based hydrogel exhibited a higher rate of degradation in the initial 20
days, followed by slow degradation from 20 to 38 days [277]. The same type of results has
also been reported by Meena and their group, in which they have reported 54 % degradation

in the initial days, and the degradation was slower [470].
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Figure 7.12 Plot of the biodegradation study of Fe-loaded hydrogel with respect to days.
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7.3.12 Field Scale Feasibility and Economic Analysis
For field-scale application, the required amount of CMTKG/PSA/IA/IONPs hydrogel

may be estimated from commonly reported agricultural hydrogel doses of
approximately 3kg/hectare(ha), corresponding to about 1.2 kg/acre. A preliminary dose
range of 1-2 kg/acre may therefore be considered for field evaluation [490]. However,
the final application rate should be optimized based on soil texture, crop type, irrigation
frequency, swelling capacity, iron-loading content, and release behavior of the
hydrogel. For sandy or drought-prone soils, a relatively higher dose may be required,
whereas lower doses may be sufficient for clayey soils with better inherent water
retention. The cost estimation for one ha is found to be 2600 rs, i.e relatively similar to

cost estimation by PUSA, Delhi [491].

7.4 Conclusion

In this article, bio-friendly, safe, effective, novel CMTKG/PSA/IA and Fe-loaded
CMTKG/PSA/IA hydrogel composites were successfully fabricated using a free radical
mechanism. The synthesized hydrogel composite was utilized for the release of
micronutrient Fe into soil, as soil deficiency in Fe may pose significant challenges and
hinder plant growth and productivity. The synthesized hydrogel composite exhibits a
superior water absorption capacity and a gel content of 84%. The effect on swelling
nature was studied using different media, and the order was found to be as pH 7 > pH
9>pH 11 >pH 4> 0.9 % NaCl. Furthermore, the effect of different parameters on the
swelling ratio was also investigated, revealing that the swelling ratio increased with
increasing KPS and decreased with increasing MBA. The retention rate of hydrogel in
water was found to be 19 days in an open environment, while in soil, it was found to be
44 days. In controlled soil, the water retention rate is 14 days at ~ 38 °C. The MWHC
of soil with hydrogel was increased by about 28 g compared to the control soil.
Moreover, the maximum release of Fe was found to be 72% in soil and 67% in water,
suggesting that the release rate is slower in the case of soil. Then, the experimental data
were fitted to the kinetics model, and it was observed that the Korysmeyer model (R* =
0.994) fitted best, followed by the Higuchi model (R* = 0.982). Thus, it can be
concluded that the synthesized hydrogel composite exhibits a high swelling ratio,

effective release of Fe in both soil and water, good water-holding capacity, and
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biodegradability. Additionally, the pot plantation study demonstrated the effectiveness
of the synthesized hydrogel composite in soil compared to control soil (without the
hydrogel). Hence, it can be concluded that the synthesized hydrogel can be

implemented as a soil conditioner and for the release of Fe as a micronutrient.
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CHAPTER 8

CONCLUSION, FUTURE PROSPECTS, SOCIAL IMPACT AND

8.1 Conclusion

SDGS

In the quest of converting resources into applications, biopolymer- CMTKG have

emerged as the cost-effective, facile, biocompatible, and easy-to-use material for the

synthesis of hydrogel and its composites. Incorporation of fillers into CMTKG-based

hydrogels enhances the existing applications and tunes the application as per the filler

added into the hydrogels. The fabrication of CMTKG-based hydrogel composite has

fulfilled the critical research gap, improved and tuned properties of hydrogels in the

field of water remediation, oral drug delivery, colorimetric sensing, and in the

agricultural field. Table 8.1 summarizes the work done presented in the thesis to

achieve the objectives.

Table 8.1 Work Done to achieve the objective of the thesis.

Objectives Synthesis of a Ascertain the Comprehensive Investigation of
series of optimal synthesis characterization the potential
biopolymer-based conditions for of the synthesized applications of
, hydrogel prepared hydrogel materials using synthesized
Work Done composites composites various techniques hydrogel
composites
GO-based v
CMTKG/PAM v v v o
hydrogel composite Water Remediation
& Drug Delivery
SA-based v
CMTKG/PAM v v v .
hydrogel composite Delivery of
yeros P Azithromycin
IONPs based ,
v v v
CMTKG/PAM )
h Delivery of
ydrogel !
i Levofloxacin
composites
m-BPDM based v v v v
CMTKG/PAM '
hydrogel composite Sensing
[A-based v v v v
CMTKG/PAA 4
hydrogel composite Agriculture
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Therefore, this thesis deals with the synthesis of a series of CMTKG-based hydrogels and
their composites, along with the evaluation of their potential applications in diverse fields.
The work presents a facile route for the synthesis and eliminates the harsh reaction conditions
for the synthesized CMTKG-based hydrogel matrix. The synthesized hydrogel matrices
demonstrate strong potential as an ideal candidate for the development of multipurpose

applications across various sectors.

8.2 Future Perspectives

According to the very favorable findings of this thesis, the hydrogels created using
CMTKG-based matrices have been explored in a wide range of applications. The
majority of work on hydrogels and their composites has been based on a framework
of synthesis and laboratory-based applications, followed by comparisons with
previous literature studies. However, the development of hydrogels and composites
may serve as a major advancement in materials science with profound implications
for the development of next-generation technologies. Further, continuing innovation
and strategic investment will help hydrogel composites move from lab materials to
mainstream solutions for everyday challenges, bridging the gap between soft matter
science and practical applications. Based on the findings from this thesis work, some
future pathways that can be explored for the advancement in the field of CMTKG
based hydrogels includes:

Conducting Fillers: The hydrogel composites can be developed by integrating
conductive materials, such as reduced graphene oxide (rGO) and carbon nanotubes

(CNTs), to enhance their electrical, energy storage, and mechanical properties.

Multi-Functional Integration: Hydrogel composites with integrated mechanical,
electrical, optical, and biological functions can open up new possibilities for
wearable electronics, biosensors, responsive materials, and check their advanced

application in photocatalysis and in catalytic reduction.

Development and implementation: It will be imperative to closely examine
regulatory standards, scalability, and user safety when bridging lab-scale innovation

to clinical trials or industrial implementation.
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8.3 Social Impacts

This research contributes to society by offering renewable, affordable, and
biodegradable alternatives to fossil fuel-based polymers. Hydrogels developed using

CMTKG shows promising enhanced and tuned application in variety of sectors.
Key social impacts:

a. Health Protection: Exhibit biocompatibility and functional properties that make
them suitable for drug delivery systems which contributes to improved healthcare

outcomes and patient safety.

b. Economy: Cost-effective and potentially bio-derived materials can reduce
production costs, promote indigenous material innovation, and support economic

growth through scalability in wide range of applications.

c. Water and Environment: Due to their high swelling capacity and adsorption
efficiency, aiding in wastewater purification and reduction of environmental

pollution.

d. Agriculture and Food security: Their application in agriculture, such as
controlled release of fertilizers or soil moisture retention systems, can
enhance crop productivity, optimize resource utilization, and contribute to

improved food security.

e. Sustainability: The development of functional hydrogel composites based on
CMTKG supports sustainable material science by encouraging the use of eco-
friendly components, reducing reliance on synthetic polymers, and enabling

multifunctional applications with minimal environmental impact.
8.4 Sustainable Development Goals (SDGs)

The adoption of biopolymer-based hydrogels and composites matrices aligns with
the goals of sustainable development and circular economy. By contributing to
health, cleaner technologies, waste management, and agronomical strategies, this
research supports policy frameworks targeting zero hunger, environmental
protection and public health. The outcomes of this thesis not only advance scientific
knowledge but also aims to translate into real-world technologies with positive

societal and environmental impacts. Ultimately, the outcomes are aligned with the
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United Nations Sustainable Development Goals (especially SDGs 2, 3, 4, 6, and 12),

promoting environmental health and social well-being. Figure 8.1 presents the SDG
goals achieved by the work as:

| SDG

Responsible
Good Health & Quality CleanWater&  Consumption &
Well being

Education Sanitation Production
(Goal 2 I Goal 3 I Goal 4 |Goal 6 Jl Goal 12|

Zero Hunger

End hunger, achieve
food security and
improved nutritions

Ensure inclusive and
equitable quality
education and

Ensure healthy

Ensure availability
lives and

. Ensure sustainable
and sustainable

romote well-
and promote -

consumption and
X management of .
X promote lifelong production
: being for all at . water and
sustainable learning ey patterns
: all ages e sanitation for all.
agriculture opportunities for all
Their water-retention The developed The hydrogel The use of biopolymers
capability supports hydrogel enables demonstrated high and water-based
sustainable agriculture controlled drug adsorption synthesis promotes
under water-scarce release and efficiencyfortoxic  responsible material
conditions. biocompatible. pollutantsand production, green
reusability. synthesis, and non toxic
solvent

Figure 8.1 SDG goals fulfill by the work.
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Development of graphene oxide-incorporated
biopolymer-carboxymethyl tamarind kernel gum-based
hydrogel as an effective adsorbent for the
sequestration of dye pollutants

Privanka Yadav | Sudhir G. Warkar | Anil Kumar

Diepartment of Applisd Chemistry, Delhi

Technological Univeesity, Delhi, India Abstract

The present study describes the facile synthesis of graphene oxide (GO) and
m’ﬁfﬁnﬁmmm I GO/carboxymethyl tamarind kernel gum (CMTEG Fhased hydrogel compos-
Chenmistry, Delli Technological ite. The synthesized GO/CMTEG/PAM hydrogel compogite was applied as
Usdversity, Dedhi 110042, India. an adsorbent for the selective sequestration of toxic crystal violer (CV) and
Fmatl: anil_foumargidee ac.in methylene blue {ME) from an aquesus medium, The impact of various con-
trolling parameters such as contact time, pH, concentration, adsorbent dos-
age, and temperature was studied. The experimental data obtained from the
isotherm and kinetics modeling showed a good correlation with the Lang-
muir isotherm and psendo-second-crder Kinetics model, respectively. The
optimized concentration of dye was 40 mg L~ " for CV and 20 mg L for MB,
and the adsorption capacity (Qm..) was calculated to be 111 mgg ! for OV
dye and 25 mg g for ME dye. The synthesized adsorbent exhibits excellent
recyclability for dye uptake after six consecutive cycles. Furthermore, the
simultaneous adsorption of CV and MB from the binary system was carried
out to ascertain the ufility of the adsorbent in a wide range of adsorption sys=
tems. The adsorbent was also found to act as a proficient adsorbent in various
water samples. These results demonstrated that synthesized hydrogel can be
successfully applied as an adsorbent for the sequestration of dye effluents in
real-time applications,

Highlights

« Hydrogel composite was successfully synthesized wvia a free radical
mechanism.

« It is an efficient adsorbent for removing cationic dyes from agueous solutions.

« It shows selectivity towards cationic dyes and works in a binary mixture of
cationic dyes.

« It shows good removal efficacy in different water samples, including real

waslewaler samples.
« It also shows proficient removal efficacy after six consecutive regeneration
cycles.
Polym Emp 8ol 20241-13. wileyanline|torary. com,joarnal ‘pen 1@ 2024 Society af Plastos Engineers. 1
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A comparative analysis of carboxymethyl tamarind kernel gum-based 4
hydrogels for ciprofloxacin delivery
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ABSTRACT

Feywords:
Biopalymes
Do dlelivery
Hydrogels
Dirgg release

Im the current study, four differsn; combinations of hydrogels were synthestzed using carbaxymethy] tamarined
kernel gum (CMTEG), synthetic polymers: polysodivmacrylate (PSA) and polyacrylamide (PAM]) and Graphene
O (G0 85 8 Aller, and Clprefloxsein (Clp) as & mode] drug and then characterteed, The swelling behavion of
hydrogel reveals the arder as Distilled Water (DW) (pH 7) = pH 7.4 = pH 1.L The gel content (%) of the
hydrogsls was 79 (D1), 68.7 (2], 83 (D3], and 76 (D4). Further, studies such 2% drig loading and drug release
were cartied pat atsimilared pH 7.4, pH 5.5, and pH 1.2, which reveals that the maximum drug release () was
exhibited by 03 (86, followed by D1 (82), D4 (700, and D@ (61} at pH 7.4. The Korsmeyer-Peppa’s model
suggmsted the best fit with K¥ = 099 for all, Additionally, the antibactesial activity reveals the inhibiton zone
{mm} for 24 (D13, 16 (D2], 30 (D3], 2nd 19 (D4 hydrogels. The cytotoxicity of hydrogels indicated that the el
survival rabe was =68 % (0 <250 pg/ml concentrathon for all bydrogels, Hence, incorperating GO can potentially

enhance the drug release ability, bactericidal property, and cell sarvival e of the bydrogeks.

1. Introduction

Over the past few years, there has been 2 paradigm shift In drug
delivery approaches, focusing on moving toward methods that can
precigely regulite the release of medicinal sulstaness w attain the bes
possible therapeutic outeomes [1]. Numerous traditional drug delivery
mathods (DDMs) exist, which include nanomaterials, nanocomposites,
cirbormbased materials, metal oxides, ele, [2,7]. These raditional DOMs
often lead 1o suboptimal reatment efficacy and unwsual side effects due
to factors such as rapid degradation of the drug, limited biological ab=
sarplion, and ineffective distribution of the drag [4]. Toovercome these
constrains, hydrogelbased DDMs ave galned consldesable anentlon as
awversatile platform for drog delivery, owing to their unique properties
such as ease of tuning during synthesis, sase of modification, salubility,
efficiency, salectivity, ete. [5).

an interconnected nemwork of three-dimensional hydrophilic paly-
mers that can retain large amounts of water or hiclagical fluid is called
‘Hydrogels,” A distinetive Teature of hydrogels i a erosselinked network
of natural polymers, synthetic polymers, or 8 combination of both, fola
lowed by physical or covalent cross=linking [6]. Since hydrogels possess
simnilar properties (o natural disoes, such as biodegradability, bocoms
paubllicy, hydrophillelty, tunable characterisues, ete., which have

* Carrespanding mwhors.

gamered increasing attention to make hydrogels attractive for a wide
range of applications such as in wiater remediation, agriculiene, wexiles,
biomedical, pharmaceutical sectors, and sensing [4,7=10]. Another
salient feature of hydrogel isit's smart=sensitive or selectivity, The smart
hydrogels respond 1o external physical and chemical stimuli, such as
temperature, pH, lonie strength, light, and magnetic fleld [11]. Amang
all, pH=responsive hydrmogels are best suited for targeted drug delivery in
drug delivery systems. They can be synthesized using synthetic and
naugal polymers [12].

Synthetic palymers play a pivotal role in enhaneing mechanical
strenyth and exhibit variation in pH by the hydrophilic groups present in
thelr structure [13). Several synthetle monomess are avallable in the
literature, including acrylic modeties like acrylic acid and acrylamide,
which have been widely used to form hydroge] matrices, Acrylic acid
conaies of unsaturated carboxylic scid structures that provide reactivity
and functionality, while acrylamide has an amide group (<CONHy) in its
structure, which can help to make pH-responsive hydrogels, Both
monomers have great potential and can be uilized in hydsogel b
cation due o their ease of palymerization, thereby being wtilized in
varions applications, including delivery of drugs, water remediation,
agricullure, ee. [14,15]. Azeem Bibi and the group have atilized
alginate=chitosanMWCNTS nanocomposite o dellver [buprofen [16].
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Fabrication of carboxymethyl tamarind kernel gum-based pH-responsive
hydrogel composite for oral delivery of azithromycin drug
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ABSTRACT

Feywords:

Hydrogel composine
CHTEG

Dirag delivery
Azilkromycin

‘This research aims 1o develep a novel smart pH=responsive carboaxymethyl tamarmd kermel gumSsoadivm algi=
nate/polyacrylamide [CMTEG/SA/PAM) hydrogel, and the loading of azithromycin dreg (AZM) was done to
utilize the disgeloaded hydrogels in drog dellvery, The effect of varying amounts of blopolymer (CMTHIE),
indtlator, and crosskinker on the swelling behavior of hydrogels was assessed. ‘The fabricated hycrogel was
characterized using FITH, FXRD, TGA, and SEM. The sokgel analyss was also pesformed to identify the cross
linked portion in the hydrogel, Further, to check the pH respensiveness of e hydrogel, swelling and drug release
stadies were perfarmed ar pH 7.4 and 1.2, which revealed the pH=dependent behavior of the sypnthesined
hydrogel, and the resulis revealed better swelling and drug release 2t pH 7.4 as compared o pH 1.2, The kinetic
sludy reveals that experimental duia fued best with the KorsmeyeraPeppas and Higuchl models. I addition, the
synthesized hydrogel demonstated antihacterial properties. Henee, CMTEG/SAPAM hydrogel can serve 85 2

promising material for the pHe=iep=nd=n: release of model drugs.

1. Introduction

The growing demand for novel drug delivery carrlers has spurred the
medizinal field to gain immense popularity, which aims to minimize any
urwanled side effecls asmociated with drug delivasy systems (DS [ 1].

It 15 essential to have effective DDSs in modern medicine to lmprove
therapeutic outcomes, patient compliance, reduce side effects, enhance
drug efficacy, improve bigavailability, and improve largeled drug des
livery [2]. Even though varous DDEs exist, some deugs, such a8 ele
thromyein = a widely used macrolide antibiotic, are sometimes faced
with cha"mgrs due o isues sech as poor solubility, poor bicavails
ability, gastrodntesting] discombon, and low patent compliance assocl
ated with administration in injectable forms or conventicnal oral tablets,
To overceme these limitations, alternative delivery strategies that poo-
vide sustained, pH-responsive, and site-specific asithromycin release are
needed. Therefore, Hydrogels, the most widely used D185, offer prom-
ising potential due o their threedimensional polymeric netwark
capable of absorbing and retalning large amouns of water or biological
fuid in their structure, biocompatibilicy, high water contens, as well as
their akility to be tunable in terms of controlled drug release [5], 0t s
compased of kydrophilic polymers responsible for water retention and
absorpion capacity, and crosslinked polymerie networks help them not

* Correspanding authors,

to dissolve in water media [4], Thereby, it has emerged as a promising
candidate for controlled DDSs, which permit the loading of drugs into
the gel macrdx, enabling It to be used widely in the feld of drog delivery
[s1.

The hydrogels can be composed of natural polymess and synihsic
palymers, They can be categorized based on their responses w physlcal
and chemical stimuli, including pH, temperature, etc., and are referred
ta as “emart hydrogels” [6]. Among all the responses, pElerespongive
hydrogels play @ eruclal role in the blomedieal feld end are willzed as
drag carriers, Polyacrylamide (PAM) is a non=toxic, pH=responsive
pelymer that also shows Biocompatihility in nature, which is why it can
be employed In drug delivesy applications. PAM has an amide group (o
its structure, which is responsible for its pH-dependent swelling and
drug release, It is ulilized with natural and synthetic polymerabased
hydrogel to provide or eahance the mechaniea] strength of the hydro-
gel [7]. Musa, ¥, and co-workers heve made & polyacrylamide-based
matrix for the ol delivery of promethazine delivery [8). Addition-
ally, in the litesanure, ivwis found that varous natural polymers, such as
carboxymethyl cellolose, gelatin, sodium alginate, and carboxymethyl
tamarind kernel gum (CMTEG), can be used to synthesize hydrogels [2].
Warkar and the group have utilized CMTEG=based hydmgal [or cijpro=
Noxacin delivery [20], Dendz and cosworkers syntheslzed gelatinmbased
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Abstract

The detection of speciroscopically silent metal jons is challenging due to their elecironic configuration (d'"). A practical
approach to overcome this issue is the use of complex=based sensing platforms for metal jon detection. However, sens-
ing using these ligand=hased complexes ocours only in organic media, hindering their large=scale applications. Therefore,
the current study aims to develop a biopolvmer=based hydrogel composite for colorimetric sensing in aguecus medium
The metabenziporphodimethene (m=RPRMj=modified carboxymethyl tamarind gum (CMTGYpolyacrylamide (PAM)
hydrogel was developed via in situ incorporation of m=-BFDM into hydrogel matrix, Solidestate UVevisible spectroscopy,
FTIR, MXRD, and SEM characterized the m=-BPDM-modified CMTG=based hydrogel composite. The as-synthesized
m-BPDM-modified hydrogel was applied as a sensor for the colorimetric sensing of Znt?, Hgt?, and Cd** metal ions. It
demonstrated 2 color change from pinkish red to dark blue in the agueous solution of metal salts. The change in color of
hydrogel upon contact with the metal solution was also validated by Sohd UvV=visible spectroscopy. Further, the impact
of temperature, the concentration of heavy metal 1ons, solution pH on sensing time, and sensing of zinc jons in E. coli
cells were mnvestigated. The sensor’s performance was also assessed in industrial efMluents to check iis applicability in
real-time applications. The quantitative determination of Zn*2, Hg*2, and Cd*? from indusirial effluents was confirmed
using alomic absorplion spectroscopy (AAS). This suggests thal synihesized hydrogel can be utilized as a sensor for the
visual on=site detection of zing, cedmivm, and mercury metal jons in an agueous medium.

Keywords Bicsensor - Biopolymers - Hydrogel - m=BPIDM

1 Introduction ks a major factor behind the increasing water pollution levels

[2]. Specifically, the textile industry is & major polluter; the

In recent decades, the rapid diversification of industrializa-
tion and urbanization has accelerated coconomic growth but
has alse contributed to an exponential increase in popula-
tion, therehy leading to several environmental issues, such
a5 pollution of the water, soil, and air [1]. Discharzmg
unireated waste from agnenltural activiies and industres
such as mining, metal rinse processes, tanning, textile, etc.,

) Susdhir G Warkar
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' Department of Applicd Clemisiry, Delbi Techrological
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dyeing and finishing processes often lead to the indiscrimi-
nate release of various dves, pigments, heavy metals, ctc.,
info the water bodies [3, 4). Therefore, it is imperative to
manage and remediate wastewster to zafegnard life withim
the ecosystem in the contemporary era [3, 6]. Among the
numerous pollutants found in the ecolosical cvele, “Heavy
mietal 1ons stand out 2= a particular and grave concern dus
to their persistence of high toxicity, excessive permeabil-
ity, non=degradability, and potential for long=term environ-
mental and public health, which causes physiological and
development disorders [7, B]. Heavy melal ions include,
but are nod limiled lo, copper (Cu}, magnesium (Mg), man-
ganese (Mn), lead (Pb), nickel (M), zine (Zn), won (Fe),
mercury (Hg), plutonium (Pu), chromium (Cr), arsenic
{Az), cobalt (Co), cadmivm (Cd), ete. [9]. Heavy metals are
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FeO NPs-Loaded Guar Gum/Xanthan Gum-Based Hydrogel: A
Sustainable Approach for Cationic Dye Removal

Priyanka Yadav,®! Kanishka Kashyap, 2! Sudhir G. Warkar,”*! and Anil Kumar*(!

In this research artide, facile synthesis of iron oxide nanoparti-
clas (Fel NPs) was done, and novel Fe0 MPs loaded guar gum
(GG]): xanthan gum (¥G)-based hydrogel has been fabricated to
treat wastewater via the adsorption process. The structural and
morphological properties of the optimized sample were char-
acterized and analyzed by FTIR, PXRD, TGA, DLS, HRTEM, and
SEM-EDAX. The swelling ratic was found to be maximurm (6201%)
in the case of Fe3:GG:XG hydrogel nanocompaosite. The gel con-
tent (%) of the hydrogel nanocomposite was found to be 86. The

1. Introduction

Water is crucial to our day-to-day existence on Earth, and a con-
stant need to preserve and improve its quality is necessary for
mankind and other living beings. According to a survey, it was
found that in the forthcoming decades, the only alternatives
for procuring fresh water will be water treatment and recycling
techniques."! Various hazardous materials are discharged into
water bodies, induding textiles, industrial waste, and so on. Stll,
synthetic dyes, specifically cationic dyes, affect water quality the
mast, leading to a growing and significant global hazard to the
ecosystem. Synthetic organic dyes hawe harmful consequences
for all life in the ecosystemn due to nonbiodegradability, towic-
ity, allergic problems, skin irmtations, and carcinogenic effects.
Basides these significant concerns, dyes are utilized worldwide
in many sectors, including plastics, textiles, leather, paper, print-
ing, and pharmaceuticals, and are substantially sequestrated into
water badies as waste products 331

To overcome the concem of water guality, dye treatment
technigues that are simpler, more predse, and cost-effective
nead to be developed. Several methods are available for dye
sequestration, such as coagulation, flocculation, membrane fil-
tration, photocatalysis, and adsorption."! Adsorption is one of
the best technigues as it is facile, easy to use, and cost-
effective ¥l

Nowadays, “Hydrogels™ are an emerging class of materi-
als that can be used as efficent adsorbents. It is defined as
a dass of polymeric materizls consisting of biopolymer as
well as a synthetic polymer that can hold plenty of water in

la] R Yooy, K Kashyap, 5. G. Warkar, A Kwmar
Department of Applied Chemistry, Doty Techanological Liniversity (DTL,
Dol TI004Z, kncfia
E-mait ond_kamangdoracin
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maximum adsonption capacity (gr.) was calculated using the
Langmuir isotherm and found to be 130 mg/g. In addition, the
result revealed that the iron-loaded hydrogel has better adsorp-
tion capacity, such as ~97% removal of dye with 035 g in 90 min
of contact time. Moreover, the isotherms and kinetics were fitted,
and it was found that the synthesized hydrogel is best fitted in
the Langmuir isctherm with pseudo-second-order kinetics, with
the regression coefficients 0.988 and 0.008, respectively.

their three-dimensional networks due to the availability of
hydrophilic moiety in its structure such as carboxylic, amide,
amino groups, sulfonic acd, and hydroxyl!®! Bio-polymeric-
based super-adsorbent hydrogels are also utilized explicitly in
wastewater remediation through adsorption mechanisms such
as ion ewchange, physisorption, chemisorption, and interac-
tions of targeted diye molecules and adsorbents due to their
high =adsorption capabilities, low toxicity, and regeneration
capadities”! Mumerous studies have been going on hydrogel-
based adsorbents to remove pollutants from wastewater!®]
Huang and coworkers developed a dye adsorbent made of
graphene oxide (G0 modified zeolite to sequestrate methylena
blue from wastewater!”! Gau and group fabricated a hydrogel
and wtilized it in the removal of dyes V!

Biopolymer-Xanthan gum (¥G]-based hydrogels have sharply
risen in various fields due to their immense applications in var-
ious fields™ XG is an exopolbysaccharide that was identified
in the 1950s. It is pnmarily derived from strain X of the fam-
ily ¥amthomonas, a plant-pathogenic microorganism. ™ Kumar
and the group have utilized Xanthan gum-based hydrogel in the
sequestration of dye /B!

To lower the production expenses and enhancement proper-
ties like bioavailability and water retention capacity, Guar gum
GG) and Locust bean (LB) gum are often combined with XG M
Guar gum (3G], also known as cymopsis tetragonolobus, is a sig-
nificant agrochemical active produced from the guar plant's seed
endosperm. It is a novel thickener and stabilizer becawsa of its
strong propensity to create hydrogen bonds in water B Fur-
ther, synthetic monomers such as acrylic moieties can be used
to improve the properties of existing moietias due to hydrophilic
groups to enhance the strength of biopolymers ¥ Table 1 rep-
resents some reportad literature based on guar gum (5G] and
xanthan gum (XG}-based hydrogel. However, no reports are
available on the exact combination that is utilized in this article.

In order to further enhance the properties of the hydro-
gel, the focus has been shifted toward the reinforcement
of mamoparticles into the hydrogel to fabricate the hydrogel

© 2035 Wikey-VTH GmbH
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Harnessing alkali assisted Calotropis gigantea leaf as phytosorbent for removal
of crystal violet from water

Privanka Yadav, Rachana, Vivekanand Jha, Divyanshu, Sudhir G. Warkar, and Anil Kumar
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ABSTRACT KEYWORDS

This study investigates using activated Calotropis gigantea (ACG) leaves as a natural, cost-effective  Adsorption; blosorbent;
phytosorbent for the sequestration of crystal violet (CV). The various techniques, including — Colotrops giganten; aystal violet
fourier transform infrared (FTIR), Powder X-ray diffraction (PXRD), field emission scanning

electron microscopy (FESEM), dynamic light scattering (DLS), Brunauer-Emmet-Teller, and V-

Vis spectrophotometer, were used to illustrate the efficiency of the phytosorbent. The adsorption

behavior of the biosorbent was examined by varying several parameters, such as pH, dye

concentration, adsorbent amount, thermodynamics, and equilibrium time. Adsorpticn isotherms

and kinetic models were also fitted. The maximum adsorption capacity of CV on ACG was

found to be 111.11mglg achieved at 35°C or 30B.15K. The calculated thermodynamic

parameters, such as AH and AS for CV uptake on the adsorbent surface, come out to be

22397 klfmol and -100.25 ¥mol/K, respectively. The positive enthalpy change, confirms the

endothermic nature of the adsorption process. The negative wvalues of AG confirmed the

spontaneous nature of the adsorption process. The recyclability of the adsorbent is also good

after four cycles of regeneration, and the adsorbent has ~B0% removal with the real waste

water sample. Overall, phytosorbents based on dried Calotropis gigantea leaves demonstrate

strong potential as an effective biosorbent for the adsorption of CV wia contaminated water.

GRAPHICAL ABSTRACT

Calateapis gigamics
Flanl Leives

i rimdad Lowvan

B
adacrplian wlrerpinm

MNOVELTY STATEMENT

In this study, waste leaves of Calotropis gigantea (CG), commonly known as Akh, an abundantly
available but underutilized indigenous plant, were chemically modified using sodium hydroxide
{MaOH) and utilized for the removal of crystal violet (CV) dye from agqueous sclutions via the
batch adsorption method. To the best of our knowledge, there are no prior reports available
on the application of modified CG specifically for the sequestration of OV The modified CG
demonstrated an impressive adsorption capacity of 111.11mg/g, which exceeds previously
reported values available in the literature. The alkali activation process effectively removed
lingo-cellulosic barriers, enhancing porosity, surface area, and water stability, thereby making
the material not only more efficient but also mechanically and chemically more stable than
untreated biomass. This approach introduces a novel, eco-friendly, and scalable alternative to
conventional and more expensive adsorbents, highlighting its potential for real-world wastewater
treatment applications.

CONTACT Anil kumar ) anl_lumargdeeacin ) Department of Applied Chemistry, Delhl Technological University, New Delhl 110042, Indla.
@ I35 Taylor & Framcls Group, LLC
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Porphyrin and Corrole-Based Frameworks for Sustainable

Energy Storage

Privanka Yadav [ Sweta Mehra, 12l Sudhir G Warkar,[2] and Anil Kumar*

Thie comibustion of petroleumn and diese] releases harmful gases,
Increasing global warming. Thersforz, Ithium-lon batteries (LIBs)
are a sustainzble altemative to non-renewable resources for elec-
tric vehicles that reduce gresnhouse gas emissians The LIBs
can emerge 25 a green fuel source, bt nowadays, they face
a big challenge regarding Imited storage capacity. In the pur-
sult af an aco-friendly and sustainable future, organic electrodes
offer 3 pathway to establish a closed-loop swstem with the emi-
ranment. The demand for high-performance, sustainable enengy
storage solutlons has spurred cngoing innovation In the feld of
battery chemistry. while traditional matenals have made signif-
bcant stides, new players are continually sought after to meset

1. Introduction

Crear recent years, the global energy landscape has significanthy
transformed, pheoting towards renewable sowurces ke wind,
solar, ydropower, and advanced energy storage systems. Sev-
eral inked factors drive the escalating need for enargy storage,
emphasizing the urgency to discover dependable and effective
storage solutions"" Developing cleaner enargy storage systems,
Including rechargeable lithium-lion batteries (LIEs) and fusl calls,
15 assential to fulfill cur dally energy demands whille minimiz-
Ing ensironmentzl impact, a5 petral and diesed lead to global
warming. Harnessing renewable enengy sounces and develop-
Ing eficlent, rellable energy storage technologles 15 essential
to fulfill electrical nesds. Thereforz, a high need to develop
eco-friendly and sustainable snergy storage devicas ™ Mowa-
days, researchers are foousing on moving towards a greaner
future, and LIEs are anticipated to emerge as a clean and
efficlent technological approach. These battaries have vanous
applications In varous sectors, from electronics to electric veht-
cles. A& battery 15 a device that stores charge and comverts
chemical energy Into electrical energy through electrochemical
reactions. It comprises two conducting electrodes, the anode
and cathode, and an electrolyie that enables lon movement. Ta
ovencome this, researchers continuously strive for iImproved bat-
tery performance regarding energy density, cycle Ife, safety, and
emvironmental impact.’* ™!

[a] R vodav, 5 Mefirg, D 5. G Waorkay Dr & Kamar
Dapartmant of Appived Chemistry, Dolh! Tachmological Uinfvarsty, Dol
TMG42, india
E-mailanil_kevmaradozacin

CremickySoiect AIIS, 70, 00582 (1 of 11
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the growing energy demands of modern sockety. Ponphyrins
and corroles are relatheely lesser-known maorocyclic compounds
that have galned recognition for thelr Intiguing properties that
enhance the performance of batteries, show higher energy stor-
age capacity, batter conductivity, and improved stabality. which
eventually leads to longer battery IWfe faster charging times,
and overall better efficlency In energy storage systems. Here,
we delve Into the waorld of porphyrin- and comole-based battar-
less, shedding light on their distinctive features and the Impact
they could have on the battery tachnology landscape to create
a lithlum-crganic battery as a source of fuel

Thersfore, the researchers hawe sxplored a lot of Inor-
ganic electrode materals that were tradtionally wsed, which
require numerous resources, leading o substantial waste gen-
eration. Further, organic electrodes are becoming Increasinghy
prominent In pursuing sustainzbiity and emvronmental har-
many. The organic electrode matenzls (DEMsVorganic battery
glactrode materials (OBEMs) show better specific cpactty, elec-
tric potential, change or discharge rate, and enhanced battery
lifi2. %% They offer a sustalnable cycle with nature due to thelr
plentiful avallabiity, controllable synthests, exceptional elec-
trochemical characteristics, and low environmental footprint.
These gualities postion organic electrode materials as lead-
Ing contenders for the future generation of Ithium-arganic
battenes™" Furthermiore, the modification in organic molecule
structures having attachment of either electronewithdrawing
groups (EWG) or electron-donating groups (EDWG), or substitu-
tion of nitrogen-containing rngs and crbonyl groups can be
used to enhance the redox potential as well as the electr-
chemical properties of electrochemical energy storage systems
(EESSL¥1 In addition, the metallocene also shows excaptional
properties In batterles when used as electrodes. The Mousav
and co-workers synthesized a Co—Fe-metallocene battery, whera
poly-cobaltocene with graphene omide [PCognG0) as anode
and poly-fermocene with graphene oxide (PRe@nc0) as cathode,
prowide easy and smooth movement of L lons and prowide flex-
Iblity for chargerdischange cyding In LIEs™ Among the myrad
organic materials explored for enhancing battery performance,
porphyrins and corroles have emerged as bright and promising
materials fior LIBs.

Porphyring and cormodes are both highly conjugated macono-
cyclic compounds that are well known due to thelr unigue
chemical structure and roles In biclogy as essential components
of hemoglobin (Hb), chlorophyll, and ctalysis. while they share

o HES 'Wilkay-VCH GmibH
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CHAPTER9

Application of Nanomaterials in Water Purification

Privanka Yadav', Sudhir G. Warkar"" and Anil Kumar'
! Department af Applied Chemisiry Delhi Technological University, Delhi-110042

Abstract: The issue of water contammation has emerged as one of the prmary
problems of the cwrent cemtury. The discharge of hazardouns contzmamants, rapd
industmalization, and unrestricted population nse lead to the degradaton of water
punty. Thiz chapter explores the nanomatenals in water purification and aims to
address the cntical need for efficient and sustainable water treatment solutions. With
the mncreasing global demand for clean water, radifional treatment methods are often
limited 1o thewr ability to remove emerging contapunants and often do not meet
stingent gquality standards. Manomaterialz have emerged as potential candidates for
Improving water treziment procedures becanse of their special features, meluding high
efficacy, better selechrvity, pood stability, ugh swface area, eco-fiiendhness, and high
populanon growth. Adsorption, photocatalysis, membrane filiration processes, and
other techmigues enable the effective removal of harmful contamunants from industrnal
waste, groundwater, and surface water by npanomatenals. The chapter’s aim 15 to gamm
comprebension of the application of nanomatenals that contain metals and metal
oxides-based nanoparheles, carbon-based, composites, and dendrmers-based
nanoparticles. Thewr use as adsorbents, photocatalysts, and membrane filters for
effective and targeted removal of toxic waste has recerved a lot of forus at the same
time. Adsorption, photocataly=is, and membrane filiraton methods are discussed 1n
detail for their usage in water punfication. To illustrate the potential nsks mvoelved
with mnanomatenals, practical applications such a5 waste managemeni and
environmental effects are also taken info account. Additenally, it entically evaluates
the difficulties and opportumites associated with uwsing nanomatenals 1o industial
wastewater punfication.

Kevwords: Adsorption, Carbon-based Material, Dendrimers, Environmental
Suvstainability, Hazardouvs Contaminants, Membrane filtration, Metal oxides,
Nanomatertals, Nanopariicles, Nanotechnology, Phetocatalysis, Pollutants,
Selectivity, Water Purification.
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ABSTRACT

Nowadays, biosorbents derived from various plant parts have been explored for their ability to adsorb harmful dyes, such as Crystal
Violet (CV). The aim of this work is to examine effect of activated Kalanchoe pinnata (KP) Leaf powder as biosorbents for the
first time to eliminate CV dye from aqueous media. Initially, the alkali assisted Leaf powder of KP was subjected for various
analysis such as Fourier transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), Brauner Emitt Teller (BET), and Scanning
electron microscopy (SEM). The scope of work reveals a strong affinity towards cationic CV using biomass waste based alkali
assisted biosorbent. The physicochemical properties, including equilibrium time, dye concentration, pH, and biosorbent dosage,
have been investigated to determine the removal of CV from synthetic wastewater. The activated KF has been found very efficient at
0.1 g/100 mL at alkaline pH. The adsorptive removal of CV was found to be ~96% using activated KP. An isotherm study suggested
that the process follows the Langmuir model having regression coefficient ~1, indicating that initially monolayer biosorption is
occurring. The 4 cycles of regeneration reveal good reusability of the developed activated KF, and the results from real wastewater
samples revealed that it can be a good candidate for implementation in real-time applications.

1 | Introduction

In recent decades, industrialization, urbanization, and agricul-
tural practices have increased the introduction of pollutants
into aquatic ecosystems, including heavy metals, synthetic dyes,
pharmaceutical residues, pesticides, and organic compounds
[1]. Therefore, in this century, one of the most pressing envi-
ronmental issues is water pollution [2]. As a result, aquatic
life, ecosystem stability, and human health have been adversely
affected by persistent and toxic pollutants. Among existing
effluents, cationic dyes such as crystal violet are among the
most hazardous to aguatic life and other living beings in nature
due to their widespread use across industries, including ink
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skin, and elevated heart rate [4]. Therefore, to protect life, it
must be eliminated before industrial wastewater is released into
water sources [5]. Traditionally, technologies such as chemical
precipitation, filtration, chemical coagulation, activated carbon,
and ion exchange methodology have been adopted to address
this issue [6-8]. However, these approaches are expensive and
less effective, with limitations such as being unsustainable,
toxic, non-reproducible, difficult to operate, and requiring toxic
precursors [9]. Hence, the use of biomass-derived materials as
adsorbents for removing pollutants from aqueous environments
has become increasingly popular among researchers due to their
eco-friendly, cost-effective, ease of synthesis, and sustainable
characteristics [10-16]. This growing emphasis on preserving



List of Conferences

@\ L3[E35 AcSYR-CSIO s

\%,5/ Student Branch “

CSIRCSIO

Cortification of Pocter Precentation

This is to certify that Dr./Mr./Ms. ®riyankg from OTU presented a poster titled “Carbon Conducting
Material Based Hydrogel Composites Developed For Energy Application: A Review” in the “International
Conference On Emerging Materials For Sustainable Development (EMSD-2022)” Jointly
organized by CSIR-CSIO, Chandigarh and IEEE AcSIR-CSIO Student Chapter during October 9" -
11",2022 held at CSIR-CSIO, Chandigarh.

B
e oty . 4@‘”"’% W
Dr. Vinod Karar Dr. Pooja Devi Ms. Aditi Chopra
Chief Scientist, CSIR-CSIO , Prlnclpa} Scientist, CSIR-CSIO , Chair
Branch Counsellor, Faculty Advisor, IEEE NTC, AcSIR-CSIO IEEE ACSIR-CSIO SB, Chandigarh
IEEE AcSIR-CSIO SB, Chandigarh Convenor; EMSD-2022 Student Convenor, EMSD-2022

TR ARy

i 83 1cnoc2022
oy &

[nternational Conference

on
Nanotechnology: Opportunities & Challenges

CERTIFICATE OF PARTICIPATION

This is to certify that

Priyanka
participated and presented a paper titled
Carbonaceous Material<Based Composite Hydrogels And Their Application In Energy Storage:
A Review
in the International Conference on Nanotechnology: Opportunities & Challenges (ICNOC-2022) in online mode, organized by

Department of Applied Sciences & Humanities, Faculty of Engineering & Technology, Jamia Millia Islamia, New Delhi, India on
November 28-30, 2022.

Prof. legan Husain Khan Prof, Nafis Ahmad Dr. Mukesh Prartap Singh
) _(_ Organizing Chair Organizing Secretary Organizing Secretary
DL
:’ = o J‘; ,5_‘5 g

262



List of Conferences

This is to certify that Priyanka

.................. B R e s osumiasans, Bemsegpniicippied

in International Conference on “Chemical & Allied Science and their
Applications”, organized by Department of Applied Chemistry, Delhi
Technological University on Friday, 20" January, 2023.

Convener Co-Convener Prof. Anil Kumar
Prof. Ram Singh Dr. Richa Srivastava Head of Department

NITD/AS/RTCSSE/2023/69

stieng,
[ 0@ G2&
. o e
Azadik, [ NAZ
Amrit Mahotsav B W 2053 s

5
 ggants®

1% International Conference on
“Recent Trends in Chemical Sciences & Sustainable Energy”
(RTCSSE-2023)

CERTIFICATE OF PARTICIPATION

This is to certify that Prof./Dr./Mr./Ms._Kanishka Kash Privanka Yadav, Dr. Anil Kumar of Delhi Technological
University, Delhi. India presented a oral/poster paper titled Removal of Cationic Organic Dye from their Aqueous
Solutions _Efficiently and Selectively by Magnetic _Nanoparticles Fabricated Hydrogel the 1% International
Conference on “Recent Trends in Chemical Sciences & Sustainable Energy” RTCSSE- 2023 held at National Institute
of Technology Delhi during 24 - 25% March, 2023.

Organized by

2N
Department of Applied Sciences I | Department of Chemistry
National Institute of Technology Delhi l\ Swami Shraddhanand College, University of Delhi
%"’f ,%M o
Dr.-Pratibha

Dr. Andit'Pratap Singh

Secretary, RTCSSE-2023 Convener, RTCSSE- 2023

263



List of Conferences

(o) ¢ Y 4 ma AP
3N O QLS & s
W& INTERNATIONAL CONFEREN( °))
. on »
1 Smart Materials- Perspectives and Prospectives |
(SMPP-2023)
Jointly organized by Department of Chemistry, University of Delhi
and Indian Science Congress Association (ISCA), Delhi Chapter
This is fo cerﬁ@ that Pn;gam from  Dettd Tecvsotogtal Vufyediiy
U /4
v
has /Jre.renfe/ Oral/Poster  titled c.Yf/;mM&( of Novel 470 copupatfble Fron oxlots - -
4 7
— aoU,c frrn wadle woder in the International Conference on “Smarf

Materials- Perspectives and Prospectives (SMPP-2023)" held on March 28, 2025 af Department of
L Cﬁemi:fr:y, University of Delhi, Delhi-7, India.

O
ma M
(1)) L )
( // @w’“"‘ Shanvwoeae ”\\1"
% B Prof. S. K. Awasthi Prof. Rakesh Kumar Sharma %

NS e c Y\

57 (Chairman) (Convener) = 4

IPS ACADEMY !

\;ﬁj Institute of Engineering & Science, Indore
B 7/

( A UGC Autonomous Institute Affiliated to RGPV Bhopal )

CERTIFICATE OF PARTICIP

This certificate is award to

rFA‘zl vaNKAa &

Who has successfully delivered an oral presentation for the paper entitled

Synthesss  Of Jron Owicde  Ineorporated Bio compatible
Mydroge. Monvcmposite & uli apptication in Wasle hater Treatment

at the International Conference on Emerging Techno-Economic
Development for Sustainable Environment during January, 12-13, 2024
L 2

Organized by IPS Academy, Institute of Engineering & Science, Indore
Department of Chemical Engineering

M/\.o M/ CHE

RS g
Principal Convenor Co-Convenor
TR AT TR A S e TR A OA T

264



List of Conferences

@%’qo

2 g
INSTITUTION'S )

INNOVATION L

COUNCIL V)

CERTIFICATE

OF PARTICIPTION

This certificate is proudly presented to

for attending the Expert Lecture in Online Mode on
‘INNOVATION AND ENTREPRENEURSHIP ON MILLETS' organized by the

Department of Applied Chemistry, Delhi Technological University
in collaboration with the Institution’s Innovation Council (ICC) - DTV
on August 30, 2025.

(2 Pl P

Dr. Richa Srivastava Dr. Raminder Kaur Dr. Deenan Santhiya N

Coordinator Co-Coordinator Co-Coordinator \"'

r )<

S.No. AC69 Pl .g\)
— Ol

S.No CSED/ALMARP/2025/5166

CERTIFICATE OF PARTICIPATION

This is to certify that Priyanka of Delhi Technological University has successfully completed
the One-Week Workshop on "Advanced LaTeX Methods for Academic and Research
Publications", organized by the Department of Computer Science and Engineering, M.M.M.
University of Technology, Gorakhpur (U.P.), India, from December 8-12, 2025-

5~

-
(Dr. Shailendra Pratap Singh) (Prof. Rakesh Kumar)
Coordinator Head, CSED

265



PLAGIARISM REPORT

DELHI TECHNOLOGICAL UNIVERSITY
(Formerly Delhi College of Engineering)
Shahbad Daulatpur, Main Bawana Road,
Delhi-42

*(DecTEcH )*

r

&
» ¢

,
oL oGICH

PLAGIARISM VERIFICATION

Title of the Thesis “Biopolymer-Based Hydrogels: Synthesis
and Applications”

Total Pages 314, Name of the Scholar Priyanka

Supervisor (s)
(1) Prof. Sudhir G. Warkar (2) Prof. Anil Kumar
Department Applied Chemistry Department Applied Chemistry

This is to report that the above thesis was scanned for similarity detection.

Process and outcome are given below:

Software used: Turnitin, Similarity Index: 7%, Total Word Count:
77,821

Date: 29-04-2026

266



Plagiarism Report

Priyanka Final Thesiss 06-02-2026 1
E anj2

Document Details

Submission ID

trn:oid:::27535:134706919 314 Pages

Submission Date 77,821 Words

Apr 9, 2026, 8:43 PM GMT+5:30
424,551 Characters

Download Date

Apr 9, 2026, 9:14 PM GMT+5:30

File Name

Priyanka Final Thesiss 06-02-2026 1.pdf

File size

12.7 MB

Z'TJ turnitin Page 2 of 327 - Integrity Overview Submission ID  trn:oid:::27535:134706919

7% Overall Similarity

The combined total of all matches, including overlapping sources, for each database.

Filtered from the Report
+ Bibliography

» Quoted Text

+ Cited Text

» Small Matches (less than 10 words)

Exclusions
+ 61 Excluded Sources

» 39 Excluded Matches

Match Groups Top Sources

. 357 Not Cited or Quoted 7% 2% @ Internet sources

Matches with neither in-text citation nor quotation marks 5% K2 Publications

%%) 0 Missing Quotations 0%

3% 2 submitted works (Student Papers)
Matches that are still very similar to source material

0 Missing Citation 0%
Matches that have quotation marks, but no in-text citation

€ 0 Cited and Quoted 0%
Matches with in-text citation present, but no quotation marks

267



Resume

Dr. Priyanka

Delhi, India * +91-8506074677

spriyapriya24839@gmail.com
https://scholar.google.com/citations?user=YqQNnIDQAAAAJ&hl=en

OBJECTIVE

Dedicated and results-driven chemist seeking to submit Ph.D. thesis in Chemistry, eager to
start a rewarding career in the field of Research and Development within the chemical
domain. Passionate about applying academic insights to real-world challenges, I am
committed to contributing innovative solutions that drive scientific advancements and

business growth.

Current Position

Ph.D. Scholar

Delhi Technological University, New Delhi, India

Funded by Central and State government of Delhi.

Topic- Biopolymer Based Hydrogels: Synthesis and Applications

EDUCATION

Ph.D. Chemistry 2026

Delhi Technological University, New Delhi, India

Funded by Central and State government of Delhi.

Topic- Biopolymer Based Hydrogels: Synthesis and Application
Supervisor-Prof. Sudhir G. Warkar & Prof. Anil Kumar

M.Sc. Chemistry 2021

National Institute of Technology, Sikkim, India

7.24 CGPA - First Division with Distinction

Thesis (Major): Synthesis and photophysical properties of Dye Loaded- Organic
Nanoparticles.

(Minor): Application of quantum dot in the energy field.

B.Sc. Chemistry in (Physical Sciences) 2018
University of Delhi, India, 2016
7.45 CGPA- First Division with Distinction

268



Resume

RESEARCH EXPERIENCE

Doctoral Fellow (Submitted)

Delhi Technological University, New Delhi, India

Thesis Title:- Biopolymer Based Hydrogels: Synthesis and Application
Supervisor-Prof. Sudhir G. Warkar & Prof. Anil Kumar

» Internship at INST Mohali, India under supervision of Scientist ‘F’ Prakash P.
Neelakandan

* Mentored and trained master students

 Statistical analysis using Origin, Design Expert, Instanano, Minitab, X Pert High
Score, Excel, ChemDraw, UV-Vis, FTIR, DLS

« Presented research work at international scientific conferences

PERSONAL QUALITIES

« Strong understanding of chemical principles and processes

* Detail-oriented with a keen focus on accuracy and quality

« Excellent team-working, interpersonal, and communication skills

« Highly motivated and dependable, with a commitment to maintaining high-quality
standards

+ Ability to inspire and motivate both self and others

Skills and Instrumentation

*  Chemical Safety Protocols

+ Strong Organizational and Computer Skills

« Data Analysis using Origin, X’Pert HighScore, InstaNano, and Excel Software

« Proficient in operating XRD, FE-SEM, DLS, TEM, UV-DRS, FTIR, and BET
techniques.

« Python, Latex, ChemDraw, DesignXpert, MiniTab

269



Resume

PUBLICATIONS

L.

Priyanka Yadav, Sudhir G. Warkar & Anil Kumar (2024), Development of graphene
oxide-incorporated biopolymer-carboxymethyl tamarind kernel gum-based hydrogel as

an effective adsorbent for the sequestration of dye pollutants, Polymer Engineering and

Science, 64(10), 1-18. https://doi.org/10.1002/pen.26883. (L.F. = 3.2)

Priyanka Yadav, Sudhir G. Warkar & Anil Kumar (2024), A comparative
analysis of carboxymethyl tamarind kernel gum-based hydrogels for

ciprofloxacin delivery, International Journal of Biological Macromolecules,

282(P1), 136569. https://doi.org/10.1016/j.ijbiomac.2024.136569. (I.F. = 8.5)

Priyanka Yadav, Sudhir G. Warkar & Anil Kumar (2024), Biopolymer-CMTG
and m-BPDM Based Hydrogel Composite for Promising Sensing of Zinc,
Cadmium, and Mercury in Aqueous Medium, Journal of Inorganic and
Organometallic Polymers and Materials, 35, 846—-862.
https://doi.org/10.1007/s10904-024-03224-y. (I.F. = 4.9)

Priyanka Yadav, Sudhir G. Warkar & Anil Kumar (2024), Fabrication of
carboxymethyl tamarind kernel gum-based pH-responsive hydrogel composite
for oral delivery of azithromycin drug, International Journal of Biological
Macromolecules, 322, 146662. https://doi.org/10.1016/j.ijbiomac.2025.146662.
(LLF. =8.5)

Priyanka Yadav, Sudhir G. Warkar & Anil Kumar, Fabrication of
Superabsorbent Biopolymer-CMTKG-based Hydrogel for water enrichment in
arid conditions, carrier for micronutrient-iron release, and as a supplement for
Enhancing Vegetable Growth, Colloids and Polymer Science. (Under Review).
(LLF.=1.9)

Priyanka Yadav, Sudhir G. Warkar & Anil Kum, Stimuli-Responsive
Biopolymer Carboxymethyl Tamarind-based Hydrogel Composite Impregnated
with IONPs for Sustained Administration of Levofloxacin, Chemistry an Asian
Journal. (Revision Submitted). (I.F. = 3.3)

Priyanka Yadav, Sudhir G. Warkar & Anil Kumar, Exploring the Potential

Applications of Polysaccharides-Based Hydrogel Composites: A Review.
SusChemSus. (Under Review). (I.F. = 6.6)

270


https://doi.org/10.1002/pen.26883
https://doi.org/10.1007/s10904-024-03224-y
https://doi.org/10.1016/j.ijbiomac.2025.146662

Resume

10.

11.

12.

13.

14.

15.

16.

Priyanka Yadav, Kanishka Kashyap, Sudhir G. Warkar, and Anil Kumar, “FeO NPs-
Loaded Guar Gum / Xanthan Gum-Based Hydroge: A Sustainable Approach for
Cationic Dye Removal,” ChemistrySelect, 10(19), 1-16 doi: 10.1002/slct.202500293.
(LE.=2)

Priyanka Yadav, Rachana, Vivekanand. Jha, Divyanshu, Sudhir G. Warkar, and
Anil Kumar, “Harnessing alkali assisted Calotropis gigantea leaf as phytosorbent

for removal of crystal violet from water,” [International Journal of

Phytoremediation, 1-15, 2025, doi: 10.1080/15226514.2025.2533522. (I.F. =3.1)

Priyanka Yadav, Sweta Mehra, Sudhir G. Warkar, and Anil. Kumar, Porphyrin and
Corrole-Based Frameworks for Sustainable Energy Storage, ChemistrySelect,

10(34), 2025, doi: 10.1002/s1ct.202502588. (I.F. = 2)
Priyanka Yadav, Divyanshu, Vivekanand Jha, Rachana, Sudhir G. Warkar, Anil

Kumar, Alkali Assisted Cucurbita Pepo (Indian summer squash) Stalks as a novel
Phytosorbent for the removal of cationic dye from an aqueous medium,

Environmental Science and Pollution Research. (Under Review). (LLF. = 5.4)

Priyanka Yadav, Uma Papola, Sudhir G. Warkar, Anil Kumar, Alkali-assisted
Kalanchoe pinnata leaves as a novel Phytosorbent for the removal of a cationic dye

from an aqueous medium, ChemistrySelect, 11(15), 2025.
Doi:10.1002/s1ct.202507526. (I.F. = 2)

Priyanka Yadav, Uma Papola, Sudhir G. Warkar, Anil Kumar, Plant-Extract
Mediated Green Synthesis of NiO Nanoparticles for Efficient Congo Red Dye
Removal, Isotherms, and Kinetics, ChemSusChem (Under Review). (IF=2.8)
Priyanka Yadav, Jyoti Tomar, Harshita Thapa, Sudhir G. Warkar, Anil Kumar.
Biogenic Synthesis of NiO Nanoparticles using Ficus Religosa and their application
to Sequestrate Congo Red Dye, International Journal of Phytoremediation
(Revision Submitted). (I.F. = 3.1)

Priyanka Yadav, Sudhir G. Warkar, Anil Kumar. Biogenic Synthesis of NiO Nps
as a photocatalyst for the removal of Congo Red dye from an aqueous medium,
ChemistrySelect. (Under Review). (I.F. = 2)

Priyanka Yadav, Sudhir G. Warkar, Anil Kumar. Biopolymer-Carboxymethyl

Tamarind Kernel Gum-based Hydrogel Impregnated with Zeolite for Sustainable

271


https://doi.org/10.1002/slct.202507526?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle

Resume

Soil Water Retention and Controlled Macronutrient Release, Polymer Engineering

and Science. (Revision Submitted). (I.F. = 3.3)
17. Neha Sharma, Priyanka Yadav, Shivam Yadav, Sudhir G. Warkar, Anil Kumar.

Hydrogen from Biomass: Pathways, Performance, and Prospects,” Next Materials.

(Under Review).

18. Priyanka Yadav, Jaishani, Agrim Anil Kumar, Sudhir G. Warkar, Biopolymer
CMTKG, TG-based hydrogel for delivery of ampicillin. Journal of Applied

Polymer Science (Under Review).

19. Priyanka Yadav, Khushi, Anil Kumar, Sudhir G. Warkar Biopolymer, CMTKG,
TG-based hydrogel for delivery of ampicillin. (Under Preparation).

BOOK CHAPTER

1. Priyanka Yadav, S. G. Warkar, and Anil Kumar, “Application of nanomaterials in
water purification,” in Nanotechnology: A Quick Guide to Materials and

Technologies, 2024, pp. 254-295. doi: 10.2174/9789815256772124010011.

CONFERENCES & WORKSHOP

1. Priyanka Yadav, S.G. Warkar, Anil Kumar, poster presentation on the title “Carbon

Conducting Material-Based Hydrogel Composites Developed for Energy
Application: A Review”, Ist International Conference on Emerging Materials for
Sustainable Development (EMSD-2022) Conference, organized by CSIR-CSIO,
Chandigarh, India, October 9th -11th.

2. Priyanka Yadav, S.G. Warkar, Anil Kumar, poster presentation on title
“Carbonaceous Material-Based Composite Hydrogels and their Application in
Energy Storage: A Review”, International Conference on Nanotechnology:
Opportunities & Challenges, organized by the Department of Applied Sciences &
Humanities, Faculty of Engineering & Technology, Jamia Millia Islamia, New
Delhi, India, on November 28th -30th.

3. Priyanka Yadav, S.G. Warkar, Anil Kumar, has participated in International
Conference on “Chemical & Allied Science and their Applications, organized by
Department of Applied Chemistry, Delhi Technological University on Friday, 20"
January, 2023.

272



Resume

. Kanishka Kashyap, Priyanka Yadav, Anil Kumar, poster presentation on title

“Removal of Cationic Organic Dye from their Aqueous Solutions Efficiently and
Selectively by Magnetic Nanoparticles Fabricated Hydrogel”, in Ist International
Conference on “Recent Trends in Chemical Sciences & Sustainable Energy”
RTCSSE-2023 organised by National Institute of Technology Delhi from 24% -25%
March, 2023.

. Priyanka Yadav, S.G. Warkar, Anil Kumar, poster presentation on title “Synthesis
of Biocompatible Iron Oxide Incorporated Hydrogel Nanocomposite and its
Application in Sequestration of Cationic Dye from Wastewater”, International
Conference on Smart Materials- Perspectives and Prospective (SMPP-2023),
organized by Department of Chemistry in Association with the Indian Science
Congress Association (ISCA), Delhi Chapter on March 28, 2023.

. Priyanka Yadav, S.G. Warkar, Anil Kumar, oral presentation on the title “Synthesis
of Iron Oxide incorporated Biocompatible Hydrogel Nanocomposite and its
Application in Wastewater Treatment”, International Conference on Emerging
Techno-Economic Development for Sustainable Environment, organized by IPS
Academy, Institute of Engineering & Science, Indore, Department of Chemical

Engineering, from January 12th -13', 2024,

. Priyanka Yadav, S.G. Warkar, and Anil Kumar attended an Expert Lecture in

Online Mode on “Innovation and Entrepreneurship on Millets”, organized by the
Department of Applied Chemistry, Delhi Technological University, in collaboration
with the Institution’s Innovation Council (ICC)-DTU on August 30, 2025.

. Priyanka Yadav, attended the One Week Workshop on “Advanced Latex Methods

for Academic and Research Publications” organized by the Department of
Computer Science and Engineering, M.M.M. University of Technology, Gorakhpur
(U.P.), India, from December 8-12, 2025.

273



