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ABSTRACT

Regulating the release of drugs with safety, effectiveness, and consistency is one major
problem in healthcare systems. The use of natural gum-based hydrogels for drug delivery
and wound healing may be the best solution to this problem. These hydrogels, derived
from natural sources such as gum tragacanth, locust bean gum offer several advantages
over synthetic hydrogels, including better biocompatibility and a homogeneous polymer
network. With their biocompatible, biodegradable, and non-cytotoxic properties, natural
gum-based hydrogels are ideal candidates for drug delivery and wound healing
applications. They can efficiently encapsulate and release therapeutic agents, such as
antibiotics or growth factors, in a controlled manner, promoting wound healing and
preventing infection. Furthermore, the three-dimensional structure of hydrogels allows
for the diffusion of nutrients and oxygen to the wound site, facilitating tissue regeneration
and reducing healing time. In conclusion, natural gum-based hydrogels have shown great

potential in drug delivery and wound healing applications.

In this thesis, some novel hydrogels were synthesized as the carriers for drug delivery
and wound healing. The first approach was the fabrication of the Carboxymethylated
Gum Tragacanth (CMGT) based hydrogel and its application as a drug delivery carrier.
For the fabrication of CMGT cross-linked Sodium Acrylate Hydrogel (CMGT-co-
SAH), firstly carboxymethylation of the Gum Tragacanth (GT) was done followed by
synthesis of the CMGT-co-SAH by free radical co-polymerisation technique and
confirmed by the characterization- FTIR, XRD, TGA, SEM and C!*-NMR. Flow
properties of the hydrogel were analyzed by rheological analysis by viscosity,

amplitude and frequency sweep test. By using Flory-Rehner equation, network parameter

Xiii



of the hydrogel was analyzed that support the results of swelling index. Application of
CMGT-co-SAH as the drug delivery carrier was analyzed by using the Aceclofenac
Sodium (AFS) as a model drug. AFS loading and release profile were analyzed in pH
7.4 at 37 °C. Kinetic models were applied over the release profile of the AFS and follows
the fickian diffusion mechanism and fitted in the Korsmeyer-Peppas model. Moreover,
synthesized CMGT-co-SAH shows less than 1% hemolysis at every concentration that

confirms the cyto-compatability of the CMGT-co-SAH.

Second approach includes Synthesis and Characterization of Carboxymethylated
Locust Bean Gum (CMLB) based pH Responsive Hydrogel, (CMLB-co-poly(SA)-cl-
poly(MBA) for Controlled Drug Delivery of Metformin Hydrochloride (MFH). The
confirmation of successful carboxymethylation and hydrogel synthesis is achieved
through a comprehensive characterization process employing FTIR, XRD, TGA, SEM,
and C13-NMR techniques. Rheological analysis, including viscosity, amplitude, and
frequency sweep tests, provides insights into the flow properties of the hydrogel in three
different solutions, i.e., Distilled water, pH 7.4, and pH 2.2 buffer solutions. The Flory-
Rehner equation is employed to analyze the network parameters of the hydrogel.
Furthermore, we explore the application of the hydrogel as a drug delivery carrier which
shows a sustainable release of MFH in Distilled water, pH 7.4, and pH 2.2 buffer
solutions. The drug loaded CMLB-co-poly(SA)-cl-poly(MBA) hydrogel followed the
non-fickian diffusion mechanism. The biocompatibility of the above two synthesized

hydrogels was assessed through hemolysis studies.

Last approach includes the synthesis of a novel hydrogel film based on carboxymethylated

gum cross-linked with Citric Acid (CA) loaded with Cassia fistula essential oils (EO) that

Xiv



are Rosemary essential oil (REO) (Rosmarinus officinalis), Turmeric essential oil (TEO)
(Curcuma longa) and Thuja essential oil (THEO) (Thuja occidentalis L.) for wound healing
application as these essential oils have anti-microbial, anti-inflammatory, antioxidant, and
analgesic properties. Moreover, thermal analysis (TGA), structural characteristics (FTIR
and XRD), morphology (SEM), mechanical strength, anti-oxidant activity, bio-
degradability test, permeability test and cytotoxicity assay (in vitro and in vivo) were
analyzed for the films. From the performed tests and assay, we concluded that the film can
be an effective, biocompatible and biodegradable source of wound healing films. Overall,
the utilization of natural gum-based hydrogels for drug delivery and wound healing
represents a promising approach that has the potential to revolutionize current treatment

protocols and enhance patient care.
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CHAPTER -1
INTRODUCTION

1.1 Natural Gums

Natural gums have attracted interest recently due to their possible applications in a
variety of fields [1]. These can be derived from numerous sources such as animals,
plants, algae and micro-organisms having metabolic and structural functions [2]. They
are also known as hydrocolloids [3] and are proficient in elevating the viscosity of
liquids by a minuscule quantity [4]. Natural gums have recently been considered as
under-explored source of remarkable natural products, resulting in a diverse range of
products. These products are an important part of worldwide aliments for nourishment,

remedial [1], cosmetics, paints, textiles and pharmaceutical applications [5].

Natural gums are polysaccharides that can be classified on the basis of sources into
four categories; microbial gums, plant seeds gums, plant exudate gums and sea weed
gums [1]. These polysaccharides are made up of a lot of monosaccharide residues
linked together by O-glycosidic bonds. The standard formula for polysaccharides is
Cx(H20)y, where, x can vary from 200 to 2500. The repeating units in the polymer
backbone are usually six-carbon monosaccharides, therefore, general formula can be
written as (CeH100s)n, Where, n is the number of repeating units in the polymer

backbone range from 40-3000 [6].

1.2 Derivatized Natural Gums

Polysaccharides may be modified in a number of ways to develop unique drug

delivery materials, making them a potential alternative to synthetic polymer. The




Chapter — 1

modified natural gums are preferred over natural gums as latter one is more polar
owing to enormous -OH groups that shows H-bonding with aqueous phase thus
limiting the applications of natural gums. These -OH groups will also affect
controlled release functionality, excessive rate of hydration, stiffness, decrease in
viscosity after prolong storage, pH dependent solubility and chances of microbial
contamination. Furthermore, derivatization was necessary because -OH groups have
less interaction with counter ions. Natural polysaccharides can be modified by linking
them to a variety of functional moieties to drive them towards controlled drug release.
Derivatization can commonly be introduced by adding various type of functional
groups [7,8] all of which have been extensively investigated in previous reported
literatures. Natural gums and their possible derivatives have been shown in table 1.1

and structure of gums in table 1.2.
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Table 1.1: Natural gums with their molecular weight, CAS No., botanical source, chemical compositions and derivatives

Sr. No. Natural Gums Mol.wt and CAS Sources Chemical composition Derivatives Ref.
No. (Natural
Gums)
1. Gum Tragacanth ~ 840 kDa & Exudate from the stem of | Xylose, arabinose, galactose, | Carboxymethylated [9] [1]
(GT) CAS No. -9000- Astragalus gummifer, fucose and galacturonic acid
65-1 Leguminosae
2. Gum Ghatti(GG) | =~ 12000 kDa [10] Bark Exudate of L-arabionose, D-glucuronic | Carboxymethylated [11] [1]
& Anogeissus latifolia, acid, D-galactose, D-
CAS No. -9000- family Combretaceae mannose, and D-xylose.
28-6
3. Locust Bean ~50-350 kDa Endosperm of Ceretonia | a-d-galactopyranosyl and B- | Carboxymethylated [12], [13]
Gum(LBG) CAS No. -9000- siliqua, Leguminosae d-mannopyranosyl Sulfated,
40-2 Carboxylated and
Ammoniated
4. Guar Gum(GuG) | =~ 800-1000 kDa & Endosperm of B-D-mannopyranose, a-D- | Carboxymethylated [14], [22]
CAS No.-9000- Cyamopsis galactopyranose hydroxyethylated [15],
30-0 tetragonolobus, hydroxypropylated [16]
Leguminosae o-carboxymethyl, o-
hydroxypropylated [17]
acryloyloxyl [18],
methacryloyl [19]
methylated, sulfated [20]
and esterified [21]
5. Tara Gum (TaG) | =1,000,000 g/mol Endosperm of B-D-mannopyranose, a-D- | Carboxymethylated [23] [24]
& Caesalpinia spinosa, galactopyranose and sulfated
CAS No.-39300- Leguminosae
88-4
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Sr. No. Natural Gums Mol.wt and CAS Sources Chemical composition Derivatives Ref.
No. (Natural
Gums)
6. Tamarind Kernel ~52350 Da & Seed kernel of Galactosyl, xylosyl, Glucosyl Carboxymethylated [27]
Gum (TKG) CAS No0.-39386- Tamarindus indica, present in the ratio of 1:2:3 [25], sulfated, oxidized,
78-2 Fabaceae thiolated and
alkylaminated [26]
7. Xanthan 1000-1500 kDa & Polysaccharide by D-glucuronic acid, -D- Carboxymethylated [28] [31]
Gum(XG) CAS No. -11138- Xanthomonas glucose, a-D-mannose, , oxidized [29], aminated

66-2 campestris. B-D-mannose [30]

8. Gum Karaya(GK) | =9500 kDa [10]& Dried exudate of rhamno-pyranosyl along with | Carboxymethylated [32], [34]
CAS No. -9000- Sterculia urens, Galactopyranosyl having dodecenylsuccinic
36-6 Sterculiaceae acetyl and uronic acid anhydride derivatives
groups. [33]
9. Cassia Gum(CG) ~200-300 kDa Endosperm of Cassia Glucopyranosyl, Carboxymethylated [35] [36]
tora, Cassia obtusifolia, galactopyranosyl and
Fabaceae mannopyranosyl units
10. Terminalia - Truck exudate of mannose, D-galactose, L- Carboxymethylated [37] [38]
catappa Terminalia catappa, arabinose, uronic acids and
Gum(TCG) Combretaceae xylose.
11. Jhingan Gum(JG) Exudate of Lannea Arabino-3,6-galactan Borax-linked [39]
coromandelica, containing D-galactose,4-O-
- Anacardiaceae methyl uronic acids, L-
arabinose, L-rhamnose and
some Proteins.
12. Fenugreek ~1.4x10°kDa Endosperm of Trigonella | B-D-mannan units along with | Carboxymethylated [40] [41]
Gum(FG) foenum graecum, a-D-galactopyranosyl groups
Fabaceae
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Sr. No. Natural Gums Mol.wt and CAS Sources Chemical composition Derivatives Ref.
No. (Natural
Gums)
13. Konjac ~300 kDa & Tuber of D-glucose & D-mannose Carboxymethylated [42], [44]
Gum(KJG) CAS No.-37220- Amorphophallus konja, | linked by B-(1, 4) glycosidic oxidized [43]
17-0 Araceae linkages
14, Psyllium ~20x10° kDa [45] | Seed husks of Plantago | Arabinose, xylose, and traces | Hydroxypropylated [46], [49]
Gum(PSG) ovata, Plantaginaceae of sugars succinylated [47],
sulphated [48]
15. Gellan Gum(GeG) | =500 kDa [50] & Fermentation by Two residues of B-D-glucose, | Carboxymethylated [51] [52]
CAS No. -71010- Sphingomonas which are f-D-glucuronic
52-1 paucimobilis and o-L-rhamnose
16. Flaxseed ~1,322 kDa [53] Seed husk of Linum Glucose, xylose, galactose, | Carboxymethylated [54] [55]
Gum/Linseed usitatissimum Linaceae rhamnose
Gum(LG)
17. Cashew ~28 kDa [56] Stem exudate of Mannose, glucuronic acid, Oxidized [57], [60]
Gum(CWG) Anacardium occidentale, galactose, rhamnose, carboxymethylated [58],
Anacardiaceae arabinose, glucose sulfated and acetylated
[59]
18. Quince seed ~1.4x 10°® kDa Cydonia oblonga, Galactose, [61]
Gum(QSG) Rosaceae arabinose, xylose
19. Boswellia Injury to bark of B-sitosterin, phlobaphenes, [62]
serrata(BSG) Gum Boswellia serrata, uronic acid, Boswellic acids,
Burseraceae terpenoids and oils
20. Bael Gum(BaG) Fruit extract of Aegle B-D-galactopyranosyl Carboxymethylated[63] [64]
marmelos, Rutaceae residues
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Sr. No. Natural Gums Mol.wt and CAS Sources Chemical composition Derivatives Ref.
No. (Natural
Gums)
21. Kondagogu ~7.23-9.83x 10° Bark exudate of Fructose, arabinose, Carboxymethylated [66] [67]
Gum(KG) kDa Cochlospermum rhamnose, mannose,
[65] gossypium, Bixaceae galactose, galacturonic acid,
glucuronic acid B and a -D-
glucose and B-D-
galactopyranose
22. Sesbania ~2.3-3.4x10° [68] | Seed extract of Sesbania D-mannopyranose group Carboxymethylated [69], [72]
Gum(SG) aculanta, Fabaceae along with D-galacto hydroxypropylated [70]
pyranose units thiolated [71]
23. Delonix regia Endosperm of Delonix | (1,4,6)- B -D- mannose, o -D- [74]
gum/flamboyant regia, Fabaceae galactose and (1— 4)- B -D- | Carboxymethylated [73]
Gum(DRG) mannose.
24, Moringa ~190 kDa Stem exudate of , D- glucuronic acid, D- Carboxymethylated [75] [76]
Gum(MoG) Moringa oleifera, xylose, L-rhamnose, L-
Moringaceae arabinose, D-galactose, D-
mannose.
25. Okra Gum(0OG) Pods of Albemoschus (1—2)-rhamnose, a (1—4)- | Carboxymethylated [77] [78]
esculentu, Malvaceae galacturonic acid &
residues constitute side
chains of disaccharide
26. Neem Gum(NG) | =6.4x 10°-12.0 x Stem injury of galactose, glucuronic acid, Carboxymethylated [79] | [80, 81]
10° g/mol Aazadirachta indica, xylose, arabinose, proteins,
Meliaceae Amino Acids and some salts
of Ca, Mg, Na, and K.
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Sr. No. Natural Gums Mol.wt and CAS Sources Chemical composition Derivatives Ref.
No. (Natural
Gums)
217. Agar GUm(AG) CAS No. -9002- Species of Red algae D -galactose, L -galactose, Octenyl succinic [83]
18-0 Gelidium sp. and linked by repeated units of a anhydride-Agar
Gracilaria sp -(I—3) and B -(1—4) [82]
glycosidic bonds
28. Gum acacia(GA) ~250-600 kDa Acacia senegal, Acacia D-glucuronic acid, L- [2]
[10] mearnsii, Leguminosae arabinosefuranose, L-
CAS No.-9000- rhamnose and D-galactose
01-5
29. Copal Gum(CoG) CAS No.-9000- Sap of Bursera agathic acid, monomethyl [84]
14-0 bipinnata, ester of agathalic acid. along
Burseraceae with cis and trans -communic
acid & poly-communic acid,
sandaracopimaric acid,
acetoxy agatholic acid and
agathalic acid
30. Dammar CAS No. -9000- Tapping of Series of tetracyclic [85, 86]
Gum(DG) 16-2 Dipterocarpus kerri, dammarane skeleton, along
Dipterocarpaceae with, ursane, pentacyclic
oleanane and hopane
derivatives
31. Brea Gum(BG) 1,890 x 10%g/mol Exudate of Cercidium B-(1,4)-1- D-xylan D-xylose, [87,88]
[87] praecox, Fabaceae D-glucuronic acid and L-
arabinose.
32. Pistacia Resin from Pistacia galactose, arabinose, [89]
Gum(PAG) atlantica, Anacardiaceae rhamnose, glucose and
xylose
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Sr. No. Natural Gums Mol.wt and CAS Sources Chemical composition Derivatives Ref.
No. (Natural
Gums)
33. Welan Gum(WG) | CAS No. -96949- | Fermentation of sugar by | 1,3-D-glucopyranosyl, p-1,4- [90]
22-3 Alcaligenes sp. D-glucopyranosyl, B-1,4-D-
glucuronopyranosyl and f3-
1,4-L-rhamnopyranosyl
34. Sage seed 4 x 10%-1.5 x Seed of Salvia Mannose and galactose [91]
Gum(SSG) 10°%kDa macrosiphon, Labiatae
35. Balangu seed 3650 kDa Seed of Lallemantia Arabinose, rhamnose, [92]
Gum(BGSG) royleana, Labiatae glucose, xylose, galactose
36. Qodume Shirazi 3.66x10%kDa Seed of Alyssum Arabinose, [93]
seed Gum(QSSG) homolocarpum, galactose,rhamnose, glucose,
Brassicaceae xylose
37. Espina Corona 1.39 x10°%kDa Seed of Gleditsia Galactomannans [94]
Gum (ECG) amorphoides, Fabaceae
38. Qodume Shahri Seed of Lepidium Xylose, arabinose, galactose [95]
Gum (QoSG) perfoliatum, rhamnose glucose,
Brassicaceae
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Table 1.2: Structure of different natural gums
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1.3 Hydrogels

Hydrogels are polymeric matrices of three-dimensional hydrophilic structures that absorb
significant amounts of water or body fluids [1]. Natural gum based-hydrogels shows
tunable swelling properties, due to which they become super-absorbent [116]. Hydrogels
are useful material for biomedical applications, agriculture [117], separation technologies
[118], biosensor [58] and tissue engineering [119]. . The limited use of these hydrogels is
a result of their weak mechanical characteristics. The hydrogels' poor mechanical
qualities result from the high water content in their network structure, which makes them
brittle and uses energy inefficiently. Therefore, the problem has to be solved to provide
hydrogels better mechanical characteristics [120]. Mechanical and thermal properties of
hydrogels can be enhanced by grafting of natural polysaccharides with synthetic
monomers, derivatization [121] or by adding nanoparticles [122]. Bonifacio et al. had
synthesized the gellan gum based hydrogel with better mechanical property by adding
manuka honey [123]. Chitin nano-crystals were used by Jung HS et al. to synthesized
robust hydrogel. A wide range of hydrogels with high mechanical strength and plasticity
have been developed for a variety of applications [117,118], especially in bio-medical
field, for examples, commercially used wound dressings, hygiene products and contact
lenses. A hydrogel's pre-gel fluidity enables it to fill irregular voids and curves without
the requirement for pre-shape formation. Hydrogels are appropriate for use as scaffolds in
tissue engineering because of their water-retention capacities and network structure,
which are comparable to those of the extracellular matrix. Since gel solutions may be
loaded with drugs and antibiotics, hydrogels are being studied for their application as
drug carriers. As carrier, hydrogels protects the loaded drugs from degradation and also

controlled their release [126].
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Electrospun fibres of natural polymers also have enormous application. The three
methods that can presently be used to create nanofibers are phase separation, self-
assembly, and electrospinning. The approach that has received the greatest research
attention and appears to have the most potential for use in tissue engineering is
electrospinning which turns polymeric biomaterials into nanofibers and also controls
the thickness and composition of synthesized nanofibers [127]. Nanofibrous
biopolymers have mainly been used in the pharmaceutical and medical industries to
create wound dressings and scaffolds for tissue engineering. Furthermore, wastewater
treatment, environmental, biotechnology, food and energy sectors have risen
significantly [128]. Azarniya et al., by combining electrospraying and electrospinning,
synthesized the new composite scaffolds made of thermosensitive GT-based hydrogel
particles for wound healing [129]. The electrospinning method was used to effectively
create the poly lactic acid and guar gum hybrid nanofibers that were loaded with
thyme essential oil for food packaging [130]. Padil T V et al. developed the
membrane electrospun with GK and poly (vinyl alcohol) for the separation of

nanoparticles of metal and metal oxides from agqueous phase [131]

The hydrophilic functional groups on the polymer chain, such as -NH2, -COOH, and -
OH groups, enable hydrogel sponge-based superabsorbent to effectively absorb water
[132]. According to previous literature, biopolymer-made sponges might be used as
wound dressings for managing highly exuding wounds. Ngece et al.
synthesized alginate and gum acacia sponges cross-linked by using CaCl., loaded
with ampicillin and norfloxacin. The sponges showed strong water absorption and
good porosity. They may be used for high-exuding wounds because they absorb water

quickly [133]. Maciel S et al. using a freeze-drying technique synthesized oxidised
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cashew gum and gelatin based hydrogel sponges. These mechanically durable and
permeable materials can promote cell adhesion and growth, resulting in the possibility

of employing them to regenerate soft tissues [57].

1.3.1 Classification and Properties Of hydrogels

Hydrogels can be classified into different categories as shown in figure 1.1 on the
basis of source, cross-linking, composition, structure, physical properties, ionic

charges, response and degradability.

Classification of Hydrogels
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Figure 1.1: Classification of hydrogels based on various parameters

1.3.1.1 Classification on the Basis of Source

Based on its source, hydrogels are classified into three important categories, i.e.,
natural, synthetic and hybrid. Polysaccharides and polypeptides are two subcategories
of natural hydrogels. Synthetic hydrogels, on the other hand, is generally made from

polyethylene glycol and polyamides. Natural polymers have gradually been replaced
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with completely synthetic or hybridized polymers during the last two decades to give
improved product life, high viscosity, and moisture content [134]. In hybrid systems,
a minimum of two elements, a synthetic macromolecule and a polysaccharidic

domain; are combined [135].

1.3.1.2 Classification on the Basis of Linking

1.3.1.2.1 Chemical Cross-Linking

Chemical cross linking includes multiple type of cross- linking that are explained

below:

1.3.1.2.1.1 Chemical Reaction

Many composed-methodologies have been endorsed to synthesize hydrogel by
chemical techniques [136]. Schiff-base reaction, click reaction, epoxide coupling,
addition reaction, free radical co-polymerization, genipin coupling, poly carboxylic
acid-based esterification are examples of chemical cross-linking. The technique
primarily involves the production of cross-linked webs by introducing new molecules
between the polymeric chains [137], thus leading to the formation of a complex
structure with numerous cavities. Methodology of chemical cross-linking is shown in

Figure 1.2.
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Figure 1.2: Techniques for synthesizing chemically cross-linked hydrogels

1.3.1.2.1.2 Grafting and Irradiation

Grafting is generally carried out by using chemicals or radiations, which are

referred to

as chemical and radiation grafting, respectively [138]. Broadly, hydrogels are made by

grafting synthetic monomers onto natural polymeric chains. The main roots for the

production of maximal hybrid polymer are multifunctional free-radical vinyl

monomers. Every monomer has a double-bonded carbon that propagates the growth of

a polymeric chain via an active radical centre. The possibility of radical formation is

dependent on the type of reaction state, solvents and particular monomers that can be
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initiated by photons, heat, enzymes or electron beams [139]. To initiate the
polymerization process radioactive sources are also utilised which produces particle
accelerators that include electrons, alpha particles, and neutrons, whereas
electromagnetic radiations include X-rays and y-rays. The chemical effects of different
types of radiations are qualitatively similar, but differ quantitatively. Radiation dose can
also controlled the swelling of the hydrogels. Singh B et al. reported Gum Tragacanth
(GT) based hydrogel cross-linked by radiations and loaded with antibacterial and
analgesic drugs [140]. Other hydrogels based on Sterculia gum polysaccharide with
graphene oxide and carbopol have been prepared using radiation induced graft
copolymerization. Swain S. et al. has developed a Guar gum & Carrageenan based
micro-porous interpenetrating polymer network treated with microwave irradiation
[141]. Said et al. (2004) synthesised Carboxy Methyl Cellulose based hydrogel using

electron beam irradiation grafted with acrylic acid [142].

1.3.1.2.1.3 Enzymatic Reaction

The use of an enzyme-catalyzed cross-linking process between polymer chains to
generate an in-situ hydrogel is a novel method. Peroxidases [143], tyrosinase [144] ,
transglutaminase [145], were also investigated as linking agents for hydrogel
synthesis. Enzymes are highly specific towards a substrate. It suppresses the side
reactions. Interfacial enzyme polymerization and amide bioconjugation can be utilised
to control the mechanical strength of hydrogels, in general. Pan et al. demonstrated
that xanthan gum and glucose oxidase enzyme with glucose or N-Hydroxy
succinamide produces nitrogen radicals swiftly and efficiently to induce

polymerization in absence of oxygen [146].
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1.3.1.2.2 Physical Cross-Linking

Physical cross-linking comprises interaction of ions which includes polyelectrolyte
complexation, hydrogen bonding & hydrophobic association [147]. The various

techniques used to synthesize physically cross-linked hydrogels are shown in figure 1.3.

1.3.1.2.2.1 Heating/Cooling

Change in the temperature of a polymer solution causes the emergence of gel because of
the linking of helices, helix-genesis & forming linking sectors. Cooling hot solution of
carrageenan or gelatin will fabricate a gel due to the formation of the helix [148]. Jeong et
al. synthesized a tri-block copolymer composed of polyethylene glycol, poly lactic acid
and glycolic acid arranged as (PEG-PLGA-PEG) that included in aqueous solution which

behave as a sol at ambient temperature and transforms into a gel at 37°C [149].
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Figure 1.3: Techniques for synthesizing physically cross-linked hydrogels
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1.3.1.2.2.2 Complex Coacervation

Complex coacervation demands soluble and insoluble complexes formed by the
interactions of polymers with opposite charges which in addition depends on the pH
and concentration of solutions [150]. Chitosan-xanthan mixture’s membranes shows

coacervation of polyanionic xanthan with polycationic chitosan [151].

1.3.1.2.2.3 lonic Interaction

The fundamental principle of gelling in ionic interaction is agglomerations of
polyelectrolyte solution with multivalent ions bearing opposing charges [136]. Maiti
et al. fabricated a B-glycerophosphate and sodium bicarbonate crosslinked chitosan-

gelatin-oxidized guar gum hydrogels [152].

1.3.1.2.2.4 Hydrogen Bonding

The H-bond is formed when an electron-deficient H-atom joins forces with
electronegative functional moiety. The factors which play role in hydrogels synthesis
are polymer’s molar ratio, solvent type, temperature of solution and polymer’s
structure [153]. Tkigami et al. produced a pH-sensitive as well as H-bonded
hydrogels, where casting solution was dispersed in 0.1 M HCI to produce a hydrogen-

bonded carboxymethyl cellulose network [154].

1.3.1.2.2.5 Freeze Thawing

The freeze thawing process is used to synthesis gels in moderate conditions in the
absence of initiators and toxic crosslinking agents [155]. This process includes freeze-

thaw cycles of 18 and 6 hours respectively (time can be varied according to the type
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of monomer). Microcrystals are formed in the structure as a result of this process. The

process was used for the synthesis of gum cassia gum-based hydrogels [156].

1.3.1.2.2.6 Heat-Induced Aggregation

Acacia senegal was matured to enhance the agglomeration of acacia gum constituents
that are linked with modest quantities of protein, resulting in the formation of more
arabinogalactan protein [157] . Shengjie Lv et al. developed a hydrogel based on
cross-linked polyacrylamide grafted with poly (N-isopropylacrylamide). These
hydrophilic hairy thermo-responsive hydrogel particles might be used as transporters

to key target areas [158].

1.3.1.3 Classification on the Basis of Compositions

Hydrogels are classified as homopolymers, copolymers, semi-interpenetrating
networks(SIPN) and interpenetrating networks(IPN) based on their compositions
[139]. Homo-polymerisation is done by single monomer species and act as a basic
structural unit of polymeric web [159]. It includes crosslinked- structure which
depends upon the type of the monomer and technique adopted for polymerisation.
Chemically crosslinked PEG hydrogels are suitable biomaterials for the controlled
and structured release of medicines, proteins, macromolecules, and growth factors.
Co-polymerisation involves two different monomers, between two, one should be of a
hydrophilic nature [160]. A co-polymerized hydrogel was developed by Hemant et al.
in which hydrolysis was done on base-catalyzed and water-condensation process.
These process were responsible for the dispersion of gum karaya and polyacrylic acid
and help in crosslinking with acrylamide co-polymer [161]. SIPN made up of a

crosslinked polymer network and a linear polymer network that are physically
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entangled and interpenetrated. When compared to hydroxypropyl methyl cellulose
(HPMC) alone, the SIPN of gellan gum and HPMC exhibited more tunable and
improved rheological behaviours and textural qualities [162]. Ying zhao et al.
developed a SIPN network hydrogel made of poly (acrylic acid) and poly (aspartic
acid) that responds differently in diverse environments [163]. IPN are typically
classified as the inter-connection of two polymers, and one of two gets crosslinked in
the instantaneous occurrence of other [164]. IPN of chitosan and poly(acrylic acid)

based hydrogels was synthesized by UV irradiation [165].

1.3.1.4 Classification on the Bases of Structure, Physical Properties, lonic

Charge, Response and Degradability

Based on the structure, hydrogels can be described as amorphous, crystalline and
semi-crystalline [166]. Smart and conventional are the two categories of hydrogel on
the basis of physical properties. Stimuli-responsive hydrogels are composed of
favourable smart materials, respond according to the fluctuation in surrounding
environment like ionic strength, pH, temperature, light and magnetic field [167]. A
conventional hydrogel will not be influenced by the environmental changes [168].
When it comes to ionic charge, hydrogels can be classified as cationic, anionic,
neutral, zwitter-ionic and amphoteric [169]. When exposed to varied pH buffers,
hydrogels tend to alter form, making them chemically sensitive. A pH-responsive
hydrogel has been synthesized by Reis et al. using arabic gum, modified chemically
by using glycidyl methacrylate [170] which is DNA, Glucose and oxidation
responsive as well. Tan et al. fabricated chitosan-hyaluronic acid-based glucose

responsive injectable biodegradable hydrogels [171]. Hydrogels are also
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biochemically responsive to antigens, enzymes and ligands. The antigenicity of
hydrogels is studied by Souza et al. by developing nanostructured antigen-responsive

hydrogels [172].
1.3.2 Applications of Natural Gums-Based Hydrogels in Multiple Fields

Hydrogels have vast applications in extensive fields given in figure 1.4. A numerous
applications of hydrogels are explained in this review to reveal the imminent
significance of the natural gums and their derivatives and the examples are enlisted in

table 1.2 and 1.3 respectively.

Bio-medical Technology
¢ Target Drug delivery |+ Metal lons Cosmetics Agriculture Food Indust
- Wound dressings (Transition & + Hair and Skin . Water « Packaging

Radioactive) Nourishment Retention Films

* Tissue engineering o e (o e e

+ Regenerated Syt * Oral Treatment - Soil + Anti-microbial
e anionic) . ti
medicines o « Mucous Nourishment action
. + Drug Remediation
* Hygiene Products . Water Purification membrane
+ Contactlens Treatment

« Qil/Water Separation

+ lons(nitrogenous

Figure 1.4: Applications of hydrogels in different fields
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Table 1.3: Applications of natural gums in different fields

Sr.no. Natural Gums Bio-medical Applications Agricultural Applications Separation techniques Cosmetics Food Industry

1. TG Thermal Cross-linking of Lipase enzyme catalyzed TG-  Microwave assistedTiO2 lonic cross-linked

PEGDA, PVA & TG for wound poly(AAm-MAA) IPN loaded HEMA- TG Gelatin-ZnO-NPs-TG
dressing [173] hydrogel hydrogel nanocomposite based anti-microbial film
for release of urea and for malachite green dye used for packaging [122]

calcium nitrate in soils [174] separation [175]

2. GG Ceric ammonium nitrate-based Graft co-polymerisation of lonic cross-linked GG-

graft polymerisation of methyl poly(MAA) onto GG for sorbitol/glycerol/erythritol
methacrylate onto GG for enhancing soil water retention based film for food
metformin hydrochloride drug property [177] packaging[178]
delivery [176]

3. GuG Sodium alginate, PVA and GuG  Benzoyl chloride cross-linked Chemically cross-linked GuG-Histoacryl-  GuG-PVA-chitosan based
was blended by solution casting ethylene-glycol-di- TiO2 mediated GuG PVA-PVP based biopolymeric film for
method for release of verapamil methacrylate grafted onto based hydrogel for cosmetic- adhesive packaging [183]

hydrochloride [179] GuG with boron for methylene blue absorption [182]
agricultural applications [180] [181]

4, TaG TaG-co-XG hydrogel loaded Gamma radiation mediated TaG and TaG-co-oleic acid based
with Brazilian cherry juice TaG-co-AAc-based Polyquaternium-7 edible film [187]
microparticles by freezing superabsorbent hydrogel [185] grafted onto
method [184] poly(AAc) for

synthesizing

antibacterial
superabsorbent
hydrogel [186]

5. TKG chemically cross-linked PVA- Free radical TKG-co-CNC-co-
co-TKG-co-bentonite based copolymerization of TKG polyacrylamide
ciprofloxacin hydrochloride and polymethyl based graft
loaded composite film [188] methacrylate for removal hydrogel for

of toxic dyes [189] artificial skin
[190]
6. XG XG-g-CH-g-AMPS based HEMA-g-AAc g-XG based Physically cross-linked Curcumin loaded XG, carrageenan and

hydrogel for delivery of
acyclovir [191]

chemically cross-linked
hydrogel [192]

PVA and XG for
methylene blue absorption
[193]

XG and LB gum-
based hydrogel
[194]

gellan gum-based citric
acid mediated hydrogel
for packaging application
[195]
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Bio-medical Applications

Agricultural Applications

Separation techniques

Cosmetics

Food Industry

Sr.no. Natural Gums

7. GK
8 CG
9 JG

10. FG

11. KJG

12. BG

13. GeG

Quercetin loaded GK-g-
poly(AAc) based free radical
polymerization of hydrogel
[196]

1-allyl-3-methylimidazolium
chloride mediated FG and
cellulose based hydrogel loaded
with methylene blue for wound
healing [200]

lonic cross-linked SA-g-Ha-g-
KJG hydrogel loaded with |-
Ascorbic Acid [205]

HCI mediated BG and pectin-

based hydrogel for drug delivery

[88]

Hydrogel synthesized by using
6-(6-aminohexyl) amino-6-
deoxy-GeG-B-cyclodextrin

complex loaded with
dexamethasone used for
cartilage regeneration [211]

Borax cross-linked FG based
hydrogel synthesized by
freeze-thaw method for

agricultural application [201]

KJG-XG based gel loaded
with urea for agricultural
applications [206]

Chemically cross-linked GeG
and PEG hydrogel used for
agricultural purpose [212]

GK-g-poly(AAc)-SiC
based graft co-
polymerization of
malachite green and
rhodamine B loaded
hydrogel [197]

Remazol brilliant blue R

elimination using a borax

cross-linked JG based

hydrogel [39]

Microwave and thermally
synthesized hydrogel by
co-polymerization of FG
with AAm and CAN for

water treatment [202]

Calcium oxide based KJG
and GO hydrogel used for
water purification [207]

microwave assisted GeG-
g-poly(AA-g-MAA)
based hydrogel used for
removal of methylene
blue & malachite green
dyes [213]

TEMPO-mediated
aerogel
synthesized by FG
and other
galactomannans
with laccase
oxidation for
cosmetics [203]
KJG, XG, pullulan

and carrageenan
and optically
sclerotium gum-
based hydrogel for
cosmetics[208]

CaCl2 mediated
Levan and GeG
hydrogel used
pharmaceutical
and cosmetics
[214]

Cinnamaldehyde grafted
GK-g-cloisite sodium-
based film for packaging
[198]

CG-based packaging film
with glycerol and sorbitol
as plasticizers [199]

Micro-fibrillated fiber
mediated Pectin and FG
based film for packaging

[204]

Glycerol based agar,
carrageenan & KJG film
for packaging [209]

Using dispersion method,

BG and Montmorillonite

based film for packaging
[210]

EDTA mediated
carrageenan-XG-GeG-
citric acid-based film for
packaging [195]
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Sr.no.

Natural Gums

Bio-medical Applications

Agricultural Applications

Separation techniques

Cosmetics

Food Industry

14.

15.

16.

17.

18.

19.

20.

21.

LG

BSG

QSG

DRG

PAG

WG

CoG

PSG

PVP-g-Linseed based hydrogel
loaded with diclofenac sodium
for drug release study [215]

Gamma radiation mediated
BSG-g-AAm-g-AAc silver
nanocomposite-based hydrogel
for antibacterial property [218]

Chitosan-QSG based hydrogel
encapsulated with curcumin
loaded HNT applicable in
Tissue engineering [219]

CAN mediated N-
isopropylacrylamide and DRG
based copolymerization for the
delivery of Amphotericin [222]

Glutaraldehyde and NN-MBA
cross-linked PSG-g-AAc-g-AN
based polymer loaded with 2-
Chloro-3-(4-
hydroxyphenylamino)
naphthalene-1,4-dione for
anticancer property [225]

Epichlorohydrin cross-linked
linseed and cellulose based
urea loaded hydrogel for
water retention property [216]

PAG-AAc-AAmM-AN based
super adsorbent hydrogel [89]

KCI mediated
Montmorillonite-carragennan
-PSG based hydrogels for
agricultural applications [226]

QS mucilage, FeCls,
FeCl2 and NH4OH based
nanocomposites used for

the absorption of dye

[220]

WG-GO based hydrogel
for multiple water-
soluble dye removal from
waste water [90]

Collagen-CoG-poly(AAc-
AAmM) based hydrogel for
dye removal [224]

XG-PSG-g-poly(AAc-g-
itaconic acid) based
hydrogel removal of
auramine-o and EBT

[227]

Glutaraldehyde cross-
linked flaxseed gum and
glycerol film used for
multiple purpose [217]

QS mucilage and nano
clay-based packaging film
[221]

Different M wt. DRG
with k-carrageenan based
edible films [223]

PSG-modified starch
based film for food
packaging [228]
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Food Industry

Sr.no.

Natural Gums

Bio-medical Applications Agricultural Applications

Separation techniques

GG-g-BaG-g-PVA-g-
gelatin based film for

22.

23.

24.

25.

26.

27.

28.

29.

BaG

KG

SG

DG

MoG

oG

NG

CWG

Microwave assisted
Poly(AAm)-g-BaG based
hydrogel loaded with diclofenac
sodium [229]
Metronidazole loaded, UV
radiation assisted PVP-KG
based hydrogel [231]
Microwave assisted SG-g-
Poly(AAm) based hydrogel
loaded with 5-FU [234]

Atenolol loaded Zirconium
oxychloride mediated DG-g-
poly(AAm) based hydrogel [86]

Borax cross-linked PVA-g-
MoG based super absorbent
hydrogel applicable in
agriculture [76]

Levofloxacin loaded MoG-g-
sterculia gum-g-poly(AAm)
based hydrogel film for wound
dressing [100]

0G-g-Gelatin-MAA based graft
polymerization for cancerous
drug- cytarabine delivery
[238]
Methotrexate loaded NG-AAc
based free radical
polymerization for the drug
delivery [240]
Sodium metaperiodate mediated
CWG-PVA-trypsin based
wound healing films [241]

AAmM based hydrogel for

CWG-glycidyl methacrylate-

agricultural application [60]

SA and KG based sponge
for absorption of organic
solvent [232]
Microwave assisted
diallyldimethylammonium
chloride-g-AAmM-SG
based copolymerization
can be used for water
treatment [235]
DG-poly(AAm) based
hydrogel incorporated
with zirconium-iodo
oxalate synthesized by
free radical
polymerization used for
lead removal [85]
MoG-Acryloyl chloride-
based adsorbent for Hg?*
removal [237]

food packaging [230]

Glycerol based SA-g-KG
packaging film for food
stuff [233]
SG-deacetylated chitosan
based anti-bacterial film
for food packaging [236]

Ammonium acetate
mediated OG-CH based
films for food stuffs [239]

Sodium metaperiodate
mediated CWG-PVA
films produce by casting
method for food
packaging [242]

28



Chapter — 1

Sr.no. Natural Gums Bio-medical Applications

Agricultural Applications

Separation techniques

Cosmetics

Food Industry

30. GA Moxifloxacin loaded N-
vinylpyrrolidone-GA-carbopol
based free radical
polymerization for wound
healing [243]
3L LBG LBG-SA based IPN
microspheres loaded with
Ibuprofen [247]

32. SSG Laponite-SSG hased physically
cross linked hydrogels as bio
medical carrier [250]

GA-AAmM-KA based free
radical polymerization for
release of drugs and
agrochemicals [244]

GA-poly(acrylamide)-
based free radical
polymerization [245]

LBG-g-poly(DMAAm)
based free radical
polymerization for

adsorption of brilliant
green dye [248]

XG-LBG based
film for curcumin
delivery [194]

Fish gelatin-oxidised
tannic acid-GA based gel
prepared by coacervation

[246]

k-carraeenan-LBG-
giycerol based edible film
for food stuffs [249]

SSG-glycerol-PEG based
films for packaging [251]
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1.3.2.1 Bio-Medical Applications

Due to the similarity between the structure of hydrogels and biological soft tissues,
they are frequently utilised in the field of medicines [120]. Properties of hydrogels
like gel-forming capacity, bio-safety, high absorption capacity, biodegradability, non-
toxicity, high stability and biocompatibility also make them more suitable for bio-
medical applications [252]. Because of their high biocompatibility with live tissues,
hydrogels are in high demand in tissue engineering [253]. Tissue engineering
promotes tissue regeneration and repair by using thermo-responsive polymers that are
also reliant on monomer qualities like degradability and biocompatibility. 3D bio-
printing has become a promising technique to design and create structures that will
replace damaged tissues and malfunctioning organs by using patients' own cells [254].
Natural polysaccharides and its hydrogels have drawn more attention among the
various biomaterials because of their capacity to mimic the extracellular matrix and
provide an environment suitable for cell viability and proliferation [166,167].
Hydrogel applications, such as new-born diapers, are gaining popularity as a result of
their super absorbent properties [257]. Quantum dots (QDs) embedded in a hydrogel
web have been employed as biosensors in the recent past. A glucose biosensor with
extreme sensitivity has been successfully synthesized by using GT nanoparticles

[258]. Figure 1.5, depict a variety of biomedical applications.
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Figure 1.5: Bio-medical applications of hydrogels

When it comes to removing necrotic and injured cell structures by healing the skin
epidermis and helping in tissue regeneration, hydrogels maintain their diversity and
attractiveness [259]. The site of healing is prone to microbial contaminations, and is a
major cause of delayed tissue repairment [260]. The ideal wound healing phenomenon
must cause the reduction of tissue necrosis, enough perfusion of tissues with a moist
patch for the refurbishment of the tissue anatomy and proper functioning of the
damaged area [261]. Singh et al. in (2017) reported the development of a wound
dressing by using natural gums [243]. The use of a renewable natural polymer
mediated by a green synthetic polymerization process, which comprises drug-loaded
guar gum and dimer acid films, has been described as a better wound dressing
polymer due to improved wound healing properties and aesthetic features [262].

Injectable hydrogels have proven their biomedical applications by satisfying a few
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conditions, like the fluidity of injectable solutions at suitable pressure, maintaining
required integrity and strength, and laying quickly at the target site. The hydrogel's
constituents should also be biocompatible and produce the least amount of
cytotoxicity. Natural biopolymer-based hydrogels met these criteria because of their
excellent biocompatibility, minimal immunogenicity, and susceptibility to

hydrolysis/human enzyme degradation [263].

1.3.2.2 Agricultural Applications

Hydrogels have been employed in agricultural sector as well. Hydrogels have been
utilised for micronutrient additions, controlled fertilisers release, improving the water
consumption property of the soil (Figure 1.6) and achieving desired features of
agricultural product without harming the environment [264], that can be only possible
by the biodegradability of the polymer. The word "biodegradable™ is frequently used
to describe a variety of polymers and polymer composites that can disintegrate into
their component parts under physiological or physiologically sound environments.
These polymers have chemical linkages at the molecular level that can be broken
down under favourable ecological factors. Both in vivo and environmental

deterioration are examples of ecologically suitable conditions [265].

A super-absorbent hydrogel based on guar gum and loaded with Boron was developed
for improved soil fertility [180]. Water retention capacity and fertilizer availability in
the soil can improve agricultural production. A cashew gum based superabsorbent-
hydrogels loaded with potassium hydrogen phosphate as a fertilizer was reported by

Rodrigues et al. to show the improvement in soil property [266].
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Figure 1.6: Hydrogel applications in Agriculture

1.3.2.3 Applications of Hydrogels in Separation Technology

The major pollutants of fresh water are heavy metals like cadmium, arsenic, lead,
nickel, copper, mercury, chromium and zinc due to their non-biodegradability,
toxicity and continual property [267]. Therefore, it is necessary to eliminate or reduce
the level of these pollutants in water sources. Among the different strategies for
removing pollutants, absorption is the most easy, cheap, and incredibly efficient
method [268]. Ranjbar-Mohammadi et al. [269] developed a methylene blue
adsorbent polymer based on GT. Another green-polymer-based adsorbent i.e., GT and
carboxyl-functionalized carbon nanotube hydrogel, was developed to remove

methylene blue from water [270].

1.3.2.4 Applications of Hydrogels in Cosmetics

When used in cosmetics, hydrogels are applied topically to hair, skin, and can be

orally consumed. The key advantage of hydrogels in cosmetics is that they can reduce
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drug medication frequency while also extending the time spent on the application site.
Various hydrogel-based cosmetic formulations including active cosmetic components
have been synthesized for many years. Various biopolymers, such as gelatin,
collagen, alginate, chitosan, pectin, xanthan gum, cellulose, hyaluronic acid, starch,
and their derivatives, have been used to create these formulations. These biopolymer-
based hydrogels have been used to create face masks. These masks claim to restore
skin elasticity, enhance skin hydration and have anti-aging properties [271].
Hydrogels synthesized with incorporation of silver nanoparticles were used in
cosmetics as anti-bacterial agents [272]. Fan Z et al. synthesized the gellan gum based
hydrogel that is having the potential benefits in cosmetics and bio-medical fields
[273]. Mensah A et al. successfully synthesized Icariin- B-cyclodextrin inclusion
complex and it is equally competent for possible use as biomedical materials for

target drug carriers, scaffolds and facemasks were accomplished [274].

1.3.2.5 Applications of Hydrogels in Food Industries

Today, polymers' food packaging performance attracts industry due to improved
biodegradability, swelling characteristics, thermal and mechanical properties of
hydrogels. The coatings and films are examples of biodegradable packaging materials.
Films are the layers that have been prepared by casting and drying of different type of
polymer into the appropriate forms and coatings are of edible polymers [275].
Hydrogels in a polymeric web can absorb water and other hydrophilic solvents to a
maximum percent of their dry weight [276]. The important function of these
hydrogels is to maintain a dry atmosphere inside the food packaging by controlling

humidity which may be produced by the transpiration of vegetables and fruits, or
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through loss of water caused by physiochemical changes in food inside packing, or by
change in the environment [277]. Another application of hydrogels in food industries
is 3D food printing technology, food inks that are shear-thinned hydrogels work well
as printing inks. Hydrogels can improve natural food gels' flow behaviour since they
are visco-plastic and their printing functions of complicated geometric patterns [278].
Guar gum, xanthan gum, k-carrageenan, and gum arabic were reported by Azam et al.
to have substantial influence on the rheological characteristics, microstructure, and 3D
printing behaviour of the mixture of orange juice concentrate and wheat starch [279].
Today more than ever, the packaging material's biodegradability is crucial as the
breakdown by-products are harmful. Polysaccharides are widely known for being non-
toxic and having a high level of biocompatibility [280]. In order to
synthesize biodegradable edible packaging coatings, lipids, proteins, and
polysaccharides have been employed as the main source. They can be biodegraded by
bacteria and the enzymes found in the human colon [275]. By estimating the
biological oxygen demand (BOD) in accordance with ISO 14851: 1999, the
biodegradability of the improved films was examined [281]. Table 1.2, offers a list of

applications for natural gums-based hydrogels in different fields.

35



Chapter — 1

1.4  Derivatized Natural Gum-Based Hydrogels

In the form of food additives or medicine carriers, the majority of natural gums are
suitable for oral ingestion as they are broken down into their component sugars by the
intestinal microbiota. Non-reducing galactose residues at the end of polymer chains,
may be hydrolysed by a-galactosidase to provide free a-d-galactose. But, natural
gums, on the other hand, has certain drawbacks, like pH-dependent solubility,
thickening, overwhelming rates of hydration, microbiological contamination and
viscosity reduction during storage. These drawbacks can be overcome by derivatizing
the natural gums by different functional group moieties which may be used in
specialized drug applications. Water soluble properties and gelling behaviour have
been improved via carboxymethylation and also improves bio-adhesive characteristics
of natural polymers [51]. Williamson’ synthesis was used to synthesize
carboxymethylated gums, in which the -CH2COOH group replaced the primary and
secondary -OH of polysaccharides and boost the bio-adhesion capability [282]
Another chemical modification, i.e., hydroxypropylation, which is also known as
etherification, is often used for the synthesis of hydroxypropylated derivatives [70].
Oxidised gum arabic was utilised to make biocompatible IPN hydrogels with better
mechanical qualities, as well as adhesive and self-healing capabilities [283]. There are
still many natural macromolecules that have not been investigated, and research on
these sources could be very useful. In fact, natural gums and their derivatizations will
continue to be of interest in the development of improved materials for drug delivery
applications for years ahead [284]. Few examples of derivatized natural gum-based

hydrogels are given in table 1.3.
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Table 1.4: Applications of derivatized natural gums based hydrogels

Sr. Derivatives of Key features Applications  References
no. natural gums
1. CMGT AICI; cross-linked CMGT based  Drug delivery [9]
beads for diclofenac sodium
drug delivery
2. CMGT Free radical graft polymerisation ~ Agricultural [116]
of CMTG-AAc use
for superabsorbent hydrogel
synthesis
3. CMGG AICI; cross-linked CMGG based  Sustained oral [11]
microsphere  of  ropinirole delivery
hydrochloride
4. CMGuUG Curcumin  loaded CMGu-g- Antimicrobial [14]
gelatin film activity
5. CMGuG Epichlorohydrin mediated Dye separation [285]
chemically cross-linked two
oppositely charged GuG-based
hydrogel
6. CMGuUG CMGu-co-CMTKG grafted with  Food [286]
PEPO based polymer packaging
7. HPGUG N,N-Dimethyl AAm-co-HP Biomedical [16]
GuG based graft polymerization devices
for excellent healing of hydrogel
8. HPGUG Borax-mediated HPGuG and For the [287]
glycerol-based gel removal of
black patina
from stucco
ornamentation
9. Aminated GuG Aminated  GuG-co-FesOs-co- Drug delivery [288]
ZnS NP based injectable
hydrogel loaded with
doxorubicin hydrochloride
10.  Acryloyl(A) GuG  AGuUG-g-poly(MAA) and Drug delivery [289]
AGuUG-g-poly(AAc)  hydrogel
for release of two drugs; L-Dopa
and L-Tyrosine
11. CMTaG Vitamin Ds; microencapsulated Drug delivery [290]
into gelatin and CMTaG
microcapsule by  complex
coacervation
12. CMTKG Moxifloxacin hydrochloride Drug delivery [291]
loaded, citric acid cross-linked
CMTKG based hydrogel film
13. CMTKG CMTKG-co-sodium  acrylate-  Agricultural [292]
based Zn loaded hydrogel use
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Sr.
no.

Derivatives of
natural gums

Key features

Applications

References

14.

15.

16.

17.

18.

19.

20.

21.

22.

N

23.

24,

25.

26.

27.

28.

[ee]

CMTKG

CMTKG

CMXG

CMFG

CMKJIG

CMKJG

CMGeG

CMGeG

Oxidized(O)DRG

CMKG
CMSG
CMMoG

CMOG

CMLBG

Sulfated(S)LBG

CMTKG-co-
silica/polyacrylamide-based
graft polymerisation of hydrogel
CM guar-co-CMTKG grafted
with PEPO based polymer
Ciprofloxacin loaded CMXG-g-
trimethyl chitosan-based
hydrogel

CMFG-g-poly(N-
isopropylacrylamide-g-bentonite
based  nanocomposites  for
delivery of erlotinib

Complex  coacervation  of
CMKJG and CH to form
microsphere

AICl; based CMKJG and GeG
microsphere cross-linked with
glutaraldehyde

CaCl, cross-linked metformin
loaded CMGeG beads for faster
drug release

Glycerol mediated CMGeG and
pullulan based edible films

ODRG-g-Isopropylacrylamide
using Schiff-base, 2-
aminoethanethiol hydrochloride
CaCl, mediated CMKG beads
loaded with metformin

Metformin hydrochloride loaded
CMSG and CaCl; beads

CMMoG-CH based nanocarrier
loaded with ofloxacin

CAN cross-linked CMOG-g-
polymethacrylamide
polymerization by microwave
irradiation  for delivery of
diclofenac

AICI; cross-linked CMLBG-SA
hydrogel for the delivery of
glipizide

AICI; cross-linked SLBG based
hydrogel beads loaded with
tramadol HCI

Methylene blue
dye absorption

Food

packaging
Drug delivery

Drug delivery

Drug delivery

Uranium
adsorption

drug delivery

Food
packaging
Drug delivery
Drug delivery
Drug delivery

Drug delivery

Drug delivery

Drug delivery

Drug delivery

[293]

[286]

[294]

[204]

[42]

[295]

[51]

[296]

[297]

[282]
[69]
[75]

[77]

[298]

[299]
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15 Research Gap

The literature survey encompasses various types of natural gums and their derivatives,
thoroughly exploring advancements in hydrogels and their applications. Nonetheless,
there's a notable gap in research regarding the potential applications of Gum
Tragacanth, Locust bean gum, and Cassia fistula gums, particularly in fields like
biomedical and agriculture. This research aims to address this gap by focusing on
these three gums and exploring their potential biomedical applications, specifically as

carriers for drug delivery and wound healing.

1.6 Aimand Objectives

The aim of this thesis research work is to synthesize a wide range of hydrogels with
high mechanical strength and plasticity along with applications, especially in the bio-
medical field and explore their utility in pharmaceutical industries as commercial used
carriers for wound dressings and drug delivery. To achieve this aim the given below

research objectives were optimized.

1.7 Research Objectives

. Synthesis and characterization of carboxymethylated natural gums and

their hydrogels.

. Characterization through various techniques like XRD, SEM, TGA, FTIR,
CB-NMR.

. Swelling studies of synthesized hydrogels in different pH medium.

. Rheological analysis of synthesized hydrogels.

. Application of synthesized hydrogels.
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CHAPTER -2

Carboxymethylated Gum Tragacanth Crosslinked POLY
(Sodium Acrylate) Hydrogel: Fabrication,
Characterization, Rheology and Drug-Delivery Application

2.1 Introduction

An excellent way to increase the drug’s effectiveness is to deliver it using any reliable
carrier in medical science. In this modern period, natural gum polysaccharides are
explored as the main component in pharmaceutical formulations [1,3]. Recently, the
potential of Gum Tragacanth has been explored in cosmetics, pharmaceuticals, bio and
food industries [4,5]. The GT obtained from Astragalus gummifer is considered GRAS
(Generally Recognized As Safe)[6]. GT is a heterogeneous, anionic and naturally
available polysaccharide. The presence of arabinogalactan in GT was confirmed by acid
hydrolysis [7]. In traditional local medications, GT act as a demulcent for gastrointestinal
problems and sore throats. It may additionally have analgesic properties [8]. The property
of the GT can be enhanced through chemical modifications. The reported modification
methods of GT are graft-copolymerization [9] and carboxymethylation [10]. However,
carboxymethylation is most widely favoured as it is cheap, quickly processed and
produces versatile products with better water retention properties and strength [11]
compared to natural ones [12]. In the current study, GT was carboxymethylated to
synthesize CMGT and the potential of CMGT in drug delivery was further investigated

by synthesizing CMGT based hydrogel.

The three-dimensional network structure of a hydrogel has been created by the

chemical cross-linking of polysaccharides with suitable monomer by using a suitable
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initiator and multifunctional cross-linker. In the past few years, the hydrogel has
increasingly been utilized as a carrier in drug delivery application to produce
sustained and controlled drug release because of its 3D web structure and excellent

swelling property [13,14].

The swellability of the hydrogel can be enhanced by using sodium acrylate (SA)
content in the graft polymerization [15]. Ganguly et al. also observed the same
swellability of the hydrogel based on Psyllium gum copolymerized with acrylic acid
and sodium acrylate [16]. The application of CMGT in the preparation of
superabsorbent hydrogel has been reported by Mohammad B et al. [17]. Previous
literature reveals that CMGT based hydrogel and their application in drug delivery is
still to be explored. In this study, we have synthesized and characterized the novel
Aceclofenac Sodium (AFS) loaded hydrogel based on graft co-polymerization of SA
onto the CMGT backbone. AFS is a drug categorised in category- Non steroidal Anti-

inflammatory drugs.

Aceclofenac Sodium

The various formulations of CMGT-co-SAH were synthesized by varying the amount
of KPS as initiator and MBA as cross-linker, and their Swelling Index (SI) was
assessed. Also, by changing the temperature, i.e., 27°, 37°C and 47°C, Sl and network

parameters of the hydrogel were determined. Modification of the GT to CMGT and
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their graft copolymerization with SA was confirmed by XRD, FTIR, TGA, SEM and
C-NMR. Rheological analysis of the SAH, which is considered as control hydrogel
and CMGT-co-SAH were done to determine the gel characteristics. Further, the drug
release behaviour of the CMGT-co-SAH was evaluated by using a model drug, AFS
by applying different kinetic models such as Hixon-Crowell, Higuchi, Korsmeyer-

Peppas, Zero-order and First-order kinetic model to analyse the drug release profile.
2.2  Experimental
2.2.1 Materials

GT (purchased from local market, New Delhi), Sodium monochloroacetate (SMCA,
CDH, New Delhi), N,N’-methylenebis-acrylamide (MBA, CDH, New Delhi), Sodium
hydroxide (NaOH, Fischer Scientific, Mumbai), Acrylic acid (AA, CDH, New Delhi),
Potassium per sulphate (KPS, Fischer Scientific, Mumbai), Iso propyl alcohol
(Fischer Scientific, Mumbai), methanol (Fischer Scientific, Mumbai), Aceclofenac
Sodium (AFS) was gifted from Unicure India Pvt. Ltd. and all the solutions were

prepared in milli-Q grade distilled water.
2.2.2 Synthesis of Carboxymethylated Gum Tragacanth (CMGT)

The CMGT was synthesized using a previously described method [12] with slight
modifications in the procedure. Derivatization of the polysaccharides chain follows
Williamson’s synthesis reaction shown in scheme 2.1. For 0.2 degrees of substitution
(0.2 DOS chosen for good swelling properties), the 1 g of GT was weighed and mixed
continuously for 15 minutes in distilled water. Then (0.00775 moles) of NaOH was

added to the homogeneous solution of GT. After 30 minutes of stirring, SMCA
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(0.00123 moles) was gradually added. The solution was stirred at magnetic stirrer for
3 hours at 70°C to make it homogeneous. Once the CMGT solution was cooled, the
precipitates of CMGT was filtered, washed at least three times with isopropyl alcohol

(80%), and oven dried at 45 °C.

NS
°
o
OH [0}

NaOH o

o © cl 0

o + 0 Na* 0
HO
HO oH OH
n
n
Carboxymethylated
Gum SMCA gum

Scheme 2.1: Carboxymethylation

2.2.3 Estimation of Degree of Substitution (DOS) on GT

DOS of CMGT was determined by back titration [18]. CMGT (1 g) was dispersed in
the required volume of HCI and Isopropy! alcohol was added as a solvent. The stirring
of the solution with a glass rod was carried out for 15 minutes to avoid the formation
of lumps. The solution was left undisturbed for 20 minutes. Afterwards, distilled
water was added and subjected to magnetic stirring for a few minutes. Post
sedimentation, water was decanted. The sediment was filtered. Multiple washing was
done with distilled water to free it from excess acid. A silver nitrate test was
performed to check the presence of acid in the filtrate. Finally, the residue was
divided into two accurately weighed parts. One part of the residue was dispersed in 50
ml of 0.1 N NaOH and subjected to magnetic stirring for 30 minutes before back
titrating with 0.1 N HCI. The dried content was calculated after drying the other part

of the residue.
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Equations (1 & 2) were used to calculate DOS [19].

0.162A
1-0.058A

DOS =

(1)

(mlof NaOH X N1)—(mlof HCl X N2) (2)
gmof the dried sample

Where A =

N1 and N2 represent the normalities of NaOH and HCI, and A represents

(milliequivalents of NaOH /gm of sample).
2.2.4 Synthesis of CMGT-co-SAH

CMGT-co-SAH was synthesized by taking 1 g of CMGT with DOS (0.2) (0.33%
w/v) in distilled water. 7.2 ml of acrylic acid (AA) was neutralized using 13 ml of
8.07 mol/L NaOH solution and added to CMGT solution. At room temperature, KPS
(0.0061 mol/L) and MBA (0.017 mol/L) were added to the aqueous mixture with
continuous stirring for two hours on a magnetic stirrer. The polymerization procedure
was carried out in a water bath at 60°C for two hours. The synthesized hydrogel was
washed with an organic/aqueous solvent to remove the soluble components. It was
then dried in the hot air oven at 45 °C, till constant weight. Reaction contents were
optimized by varying the amount of reactants; KPS 0.0061 mol/L to 0.01223 mol/L
and MBA 0.010 mol/L to 0.021 mol/L (Table 2.1). SAH (control hydrogel) was
synthesized by opting similar method without adding CMGT. Optimal formulation of
hydrogel (i.e., CMGT-co-SAH-4) was selected for further characterization based on

the highest Swelling Index among various compositions (CMGT-co-SAH-1 to 11).
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NaOH
Formulation Polymer Initiator Cross-linker SwellingIndex

Monomer (mol/l)

(CMGT)(9) (AAQ)(Q) (KPS) (MBA) (g/g of gel)
c
J (mol/L) (mol/L) (After 24 hours)
CMGT-co-SAH-1 0.1 7.2 8.07 0.0061 0.01 22.28+0.27
CMGT-co-SAH-2 0.1 7.2 8.07 0.0061 0.012 23.29+0.17
CMGT-co-SAH-3 0.1 7.2 8.07 0.0061 0.015 28.95+0.02
CMGT-co-SAH-4 0.1 7.2 8.07 0.0061 0.017 33.13+0.04
CMGT-co-SAH-5 0.1 7.2 8.07 0.0061 0.019 27.13+0.08
CMGT-co-SAH-6 0.1 7.2 8.07 0.0061 0.021 25.74+0.25
CMGT-co-SAH-7 0.1 7.2 8.07 0.0074 0.01 26.92+0.56
CMGT-co-SAH-8 0.1 7.2 8.07 0.0074 0.012 30.45+0.04
CMGT-co-SAH-9 0.1 7.2 8.07 0.0086 0.01 30.25+0.19
CMGT-co-SAH-10 0.1 7.2 8.07 0.0086 0.015 27.67+0.02
CMGT-co-SAH-11 0.1 7.2 8.07 0.0098 0.01

26.26+0.50
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2.3 Characterization and Analysis
2.3.1 Swelling Studies

Effect of cross-linker, initiator and the temperature on hydrogel's network was
analyzed by the swelling equilibrium method in buffer solution of pH 7.4. The oven
dried and weighed discs of hydrogel were dipped in the solvent. After a fixed interval,
the hydrogel discs were removed from the swelling medium, extra fluid was tapped
with tissue paper, and weighed again until the constant weight was obtained. These
studies were done in triplicate. Equation 3 was used to calculate the Swelling Index

(S1) [20].

Ws—-Wi
SI% = ——— X 100 ?3)

Wi represents the dried hydrogel disc’s weight, whereas WS represents the swollen

hydrogel disc’s weight at a certain period.
2.3.2 Rheological Analysis
2.3.2.1 Steady Rheological Behaviour

The rheological characteristics of CMGT-co-SAH and SAH were assessed in the
swollen state in PBS buffer of pH 7.4 at room temperature using an Anton Paar
Modular Compact Rheometer 302 (MCR). The shear rate ranged from 0.001 to 1 s *
with a PP-25 i.e., parallel plate having a diameter of 25 mm and along with 2.5 mm of
the inter-platen gap. The results from the plot, shear vs. shear rate, were fitted to

Power Law (PL) model to acquire the required parameters.

PL model: T=Ky" 4)
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The shear stress (1) in (Pa), consistency coefficient (K) in (Pa.s), shear rate (y ) in (s~

1), and fluidity index (n) are all represented in the equation (4) [21].
2.3.2.2 Amplitude Sweep

The test for amplitude sweep was done on SAH and CMGT-co-SAH in an oscillatory
condition at a frequency of 10 rad s' to optimize suitable parameters for further
dynamic testing. The amplitude sweep test is conducted in a fixed strain % of 0.001 %
to 10 %. The test may reveal the linear viscoelastic region (LVR), which may be used

to examine sample characteristics.
2.3.2.3 Frequency Sweep

Low and high frequencies (1-100 rad s™!) and (100-1000 rad s™') respectively, were
used in the frequency sweep test. For CMGT-co-SAH and SAH, the loss (G") and

storage (G") moduli are plotted against (o) angular frequency at room temperature.
233 SEM

Morphology of four samples (GT, CMGT, SAH and CMGT-co-SAH) was compared
by using JEOL JSM-6610LV Scanning Electron Microscope and all samples were
coated with gold for analysis. SEM was operated at 20 kV accelerating voltage and

1,000x magnifications [22].
234 FTIR

FTIR of CMGT-co-SAH were compared with GT, CMGT and SAH. The FTIR
analysis of samples was done between range 4000 to 650 cm™ on Perkin-Elmer model

2000 FT-IR spectrometer [23].
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235 BC-NMR

Solid state 3C-NMR was done for four samples, i.e., GT, CMGT, SAH and CMGT-
co-SAH with 200 mg of samples at 9T of magnetic field on a Bruker Avance 500 WB

solid state NMR spectrometer using 4mm of the probe [24].
2.3.6 XRD

The samples (GT, CMGT, SAH and CMGT-co-SAH) X-Ray Diffractogram were
recorded by diffracting angle from 10° to 80° at 2°/min with 40 KV generator voltage

using Expert Pro MRD, Panalytical, X-Ray diffractometer [25].
2.3.7 TGA

The samples (GT, CMGT, SAH and CMGT-co-SAH) were thermally tested with a
consistent heating rate of 10°C/min from 25 to 800°C in N2 atmosphere, using a

PerkinElmer TGA, 4000 [26].
2.3.8 Analysis of network parameters of CMGT-co-SAH

The AFS amount released from the hydrogel matrix is determined by the hydrogel's
swelling, which is directly related to the network parameters like Molecular weight of
the segments between two neighbouring crosslinks of the network hydrogel (Mc), the
volume fraction of the swollen hydrogel (¢), mesh size (&), Flory Huggins interaction
parameter (y) and crosslink density (p). These parameters were calculated by Flory-

Rehner equation given in equation 5[27].

M = —Dy +Vm + & [In(1 = ) + b + xd?] 1 ©)
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Here, , ¢ represents the swollen hydrogel’s volume fraction, Vm represents the molar
volume of the swelling agent, which determine the amount of solvent absorbed by the

hydrogel and the Flory Huggins interaction parameter is represented by .

¢, for swollen hydrogel, was calculated using equation (6).

o =[G+ ©)

Here, Ds and Dw are the densities of the solvent (g/cm®) and hydrogel,

respectively; Wi and Ws are the weight of initial and swollen state of the hydrogel.

The Flory Huggins interaction parameter () was determined by using the equation (7)

x= (& (Y1 _ ) +2In(1 - $) +28) [2¢ - $?Z - $*T71(dgp/an) ™" (1)

2 L -1
where Z=[<?—§) (qﬁ —?)I and d¢/dT is the slope calculated by plotting a
graph between temperature in °C and volume fraction (). 24 h swelling of hydrogel
was determined at 27°, 37° and 47°C in buffer of pH 7.4. Mesh size and Crosslink

density were determined by using the given equation (8,9) [28,29].

p=2s (®)
e= () @) (o2 )

2.3.9 Drug Loading and Release Profile of Aceclofenac Sodium (AFS)

The AFS loading and release profile of CMGT-co-SAH was determined in pH 7.4

buffer solution at 37°C. The swelling equilibrium approach was used to load the drug
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into the hydrogel [30]. For 24 hours, the hydrogel was immersed in a drug solution
with a fixed concentration (1.25 mg/ml). The drug-loaded hydrogel was immersed in
100 ml buffer solution of pH 7.4 and placed in a water bath shaker, set at 80 rpm and
37°C, to analyze the release profile of hydrogel. At every hour, 1ml of the drug
containing solution was taken out and replaced by a fresh buffer solution. The process
was continued for 24 hours. The withdrawn samples were analyzed by a UV -visible
spectrometer at 274 nm. The amount of AFS was measured by comparing the
absorbance value from the calibration curve. The Experiment was conducted in
triplicates and drug release kinetics was analyzed by applying various drug release

models. The Encapsulation Efficiency (EE) was calculated by using equation 10 [31].

Actual loading

% of EE= ( ) * 100 (10)

Theoretical loading

Actual loading is determined by using UV-Visible Spectrophotometer. Where, loading
of the drug into the hydrogel determine by using the initial concentration of the drug in
the solution and the drug present in the supernatant after absorption [32]. Theoretical

loading is the weight of the dried hydrogel disc after swelling in drug solution.

2.3.10 Kinetic Models for Drug Release Profile

To determine the drug release profile of AFS loaded CMGT-co-SAH, Higuchi,
Hixon-Crowell, Korsmeyer-Peppas, First-order and Zero-order kinetic models were

employed [20,33]. Mathematical equations of the models have been given in table 2.2.
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Table 2.2: Mathematical expression of Kinetic models

Models Mathematical Equation Parameter

Zero Order F, = K,t F,=Amount of drug release in time
t

K,= Zero-order constant

First Order (1-F,) =Kt K, = First order constant

Higuchi F, = Kyt'/? Ky = Higuchi constant

Hixon-Crowell WBw, 13 = Kyt W, =Initial amount of drug present
in hydrogel
W.=Amount of drug release at
time t

Ky = Hixon-crowell constant

Korsmeyer- %:K n Mt —Fraction of drug release in
Peppas M kpt Mo
© time t. M= Amount of drug release
at time t and M= initial amount
of drug.

Ky p=Rate constant
n= Release exponent

2.3.11 Hemo-Compatibility Studies

The hemolytic potential of hydrogel was determined by an in vitro hemolysis in %.
The blood sample (1 ml) was collected from healthy human in EDTA treated tubes
and centrifuged for 5 minutes, at 3000 rpm. Supernatant of blood plasma was
discarded, and separated RBCs were, washed in 1x PBS (pH 7.4), further re-
suspended in 1 ml of 1x PBS. For use in experiments this stock solution was diluted
to 4% v/v in 1x PBS. The sample was added to 96 well plates in increasing amount
from 0.125 mg/ml to 2.5 mg/ml. The 100 ul of RBC solution was added to each well.
Final volume was made up to 200 ul in each well with 1x PBS (pH 7.4). Triton X-100
was used as the positive control (0.1%w/v) and 1x PBS (pH 7.4) act as negative

control. The 96 well plate was incubated at 37 C for 1 h with shaking in an incubator
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shaker. After incubation the plate was centrifuged at 3000 rpm for 5 min. The 100 ul
of the supernatant was collected in another 96 well plate and measured the absorbance

(A) at 540 nm on Elisa plate reader [34].

The hemolysis in % was calculated by using equation 11.:

Hemolysis in % = (ACMGT‘”‘SAH_A“PBS) X100 (11)

triton X—100—A1xPBS

Hemolysis in % was evaluated on average of two replicates[35].
24  Results and Discussions

Synthesis of the CMGT-co-SAH was based on the free radical polymerization
technique. Where, formation of the free radicals and crossing between the generated
free radicals is the key point for the formation of a cross-linked hydrogel. Here the free
radicals were generated by using the initiator KPS and the NN-MBA acting as cross-
linker which enhances the cross- linking and strengthen the hydrogel. The given below

scheme 2.2 shows the free radical formation and crosslinking within the presursors.
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Scheme 2.2: Synthesis of CMGT-co-SAH

2.4.1 Swelling Studies

CMGT-co-SAH formulations 1-11 were synthesized by varying concentrations of

KPS and MBA where monomer and polysaccharides concentrations were not
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changed. Their Swelling Index was determined. The formulation which is having
maximum S| has been used to determine the effect of change in temperature on

swelling of the hydrogel.
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Figure 2.1: (a) Effect of cross-linker on hydrogel’s swelling, (b) Effect of initiator on
hydrogel’s swelling and (c¢) Effect of temperature on hydrogel’s swelling

2.4.1.1 Effect of Cross-Linker on Hydrogel’s Swelling

The effect of cross-linker's concentration was observed in samples (CMGT-co-SAH-1
to 6 listed in table 2.1, shown in figure 2.1(a). Swelling Index increases when the
cross-linker concentration increases from 0.01mol/L to 0.017 mol/L due to a rise in
cross-linked density beyond which the Swelling Index decreases. This may be due to
the occurrence of rigid structure, beyond cross-linker concentration of 0.017 ml/L

which causes a reduction in polymer stretching.
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2.4.1.2 Effect of Initiator on Hydrogel’s Swelling

According to figure 2.1 (b), as the initiator concentration increases, the anionic radical
increases. Anionic radical will increase macro-radicals in the parent chain, which
raises the Swelling Index to 30.25+0.19 g/g (CMGT-co-SAH-1, 7, 9 and 11) listed in
table 2.1 (where cross-linker concentration is constant). Further, with increase in the
concentration of initiator beyond 0.0086 mol/L, Swelling Index decreases due to

termination of the chain through the biomolecular collision.

2.4.1.3 Effect of Temperature on Hydrogel’s Swelling

The SI (g/g of gel) at 27°, 37° and 47° was found to be 32.30+0.12, 39.63+0.30,
46.47+0.54 respectively. It was observed from results that as the temperature increases,
hydrogel’s swelling increases (figure 2.1(c)) due to increase in movement of the
segments of the polymerized chains. This confirms that the rate of absorption/diffusion

of solvent molecules by CMGT-co-SAH is temperature dependent.
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2.4.2 Rheological Analysis
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Figure 2.2: (a) Shear rate vs Shear stress graph for CMGT-co-SAH and SAH, (b)
Viscosity profile of CMGT-co-SAH and SAH with varying shear rate, (c)
Amplitude sweep with LVE and (d) frequency sweep graphs

The gel strength and rigidity of the swollen hydrogel were determined by using
rheological analysis. From figure 2.2(a), in which the graph was plotted against shear
stress and shear rate, for both hydrogels (CMGT-co-SAH and SAH), it was observed
that the shear stress is directly proportional to shear rate. For data (shear rate vs. shear
stress graph), the PL model was fitted to calculate the consistency coefficient (K) and
fluidity index (N). The value of R? obtained from the PL model indicates that both the
hydrogels have high consistency and correlated with reported results in the previous

literature [36]. The value of ‘n’ shows flow characteristics, when obtained results of
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shear rate vs. shear stress was fitted to the PL model. The value of ‘n’ in table 2.3 is
more for CMGT-co-SAH than SAH, representing the intermolecular interaction of the
monomer and the CMGT. The value of n for both hydrogel is less than one, which
means pseudo-plastic behaviour of the hydrogel. This behaviour was also determined
by the shear viscosity test, figure 2.2(b). The hydrogel showed a steady decrease in
shear-dependent viscosity with an increase in shear rate, which might indicate the
time-dependent rupturing of the hydrogel matrix’s intrinsic bonding, thus representing

the shear thinning behaviour of hydrogel.

Table 2.3: Parameters according to Power law Model in steady rheological behaviour
(shear stress vs. shear rate)

Power law Model

Hydrogel K N R?
SAH 11.70 0.23 0.9907
CMGT-co-SAH 11.35 0.33 0.9946

2.4.2.1 Amplitude Sweep

The whole strain was divided into two regions. One is the Linear Viscoelastic Region
(LVR), a shear region, which is not affected by applied stress. The other area is non-
linear and it was observed from figure 2.2(c) that the G' and G" values change when
the strain exceeds 0.01%. Above this LVR, the storage and the loss modulus dropped
due to rupturing of the hydrogel matrix. By increasing the stress %, intermolecular
interaction deformed, reducing the moduli values. Samples act as viscoelastic solid
when G>G". Below 0.01% strain, the shape of CMGT-co-SAH & SAH was retained.
Above 0.01% strain, intermolecular chains start to disentangle. The yield strain of

CMGT-co-SAH is more than SAH due to the addition of CMGT, which shows
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intermolecular interaction of CMGT and SA. Similar properties were observed by
Ganguly et al. in psyllium grafted with poly acrylic acid and sodium acrylate hydrogel

[16]. The viscoelastic sweep should be analyzed within the LVE range [36].
2.4.2.2 Frequency Sweep

For this analysis, the frequency ranged from 1 to 1000 rad s. Storage and loss moduli
were plotted against (o) i.e., angular frequency figure 2.2(d). The graph shows
viscoelastic solid behaviour, where the loss modulus is dominant at high frequencies and
the storage modulus is prominent at low frequencies. Therefore the structure of the
hydrogel is stable at low frequency and deformed at high frequency. CMGT-co-SAH has
a greater storage modulus than SAH because there may be crosslinking between SA and

CMGT. It shifts the cross-over point toward a higher frequency[16,37].

2.4.3 Scanning Electron Micrograph (SEM)
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Figure 2.3: SEM at (1000x) for (a) GT, (b) CMGT, (c) SAH and (d) CMGT-co-SAH
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The surface morphology of GT, CMGT, SAH and CMGT-co-SAH has been analyzed
by SEMs, which are represented in figure 2.3. It has been observed from the SEMs
that GT and SAH have a smooth and homogeneous morphology, whereas CMGT and
CMGT-co-SAH have structural heterogeneity and porous morphology. The change in
surface morphology of the CMGT and its hydrogel is due to the cross-linked networks

confirmed by SEMs taken at 1000x magnification[6,38].
2.4.4 FTIR Analysis

Absorption bands observed in FTIR spectra were compared with previously published
literature as given in figure 2.4 (a). A broad absorption band at 3311 cm™* was observed
in GT, representing an overlapped peak indicating H-bond due to -OH groups of
polysaccharides. Absorption bands at 1720 cm™ in GT represent a stretch of acidic and
ester carbonyl groups and at 1602 cm™ represent C-O and COO" groups of D-
Glacturonic acid. The peak at 1247 cm™! represents the esteric skeleton group. Stretch at

1029 cm corresponds to C-O and C-C group present in GT’s pyranose rings [12].

The broad absorption band at 3329 cm™ in CMGT and GT, but band intensity is lower in
GT than CMGT, suggests that carboxymethylation may reduce the number of —OH
groups. A band at 1600 cm™! represents the extension vibration of the COO" groups,
which confirms the carboxymethylation process. Other absorption bands at 1244 cm™!

and 1029 cm ™! are corresponding to the similar vibrations of GT as explained above [39].

SAH’s FTIR spectrum represents absorption bands at 1556 cm™and 1400 cmdue to

the bending vibrations of the CHz group of sodium acrylate parts [40].
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In the CMGT-co-SAH’s spectrum, the absorption band at 3329 cm™' corresponds to the

acidic -OH group overlapped with the amide -NH group. Absorption bands at 1722 cm*

represent the stretch of acidic and ester carbonyl groups and at 1606 cm™ are due to the

amide carbonyl group. Absorptions at 1244 cm™and 1028 cm™ are assigned as of CMGT.

A little shift in absorptions confirms the crosslinking of CMGT with sodium acrylate [38].
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Figure 2.4: (a) FTIR, (b) 13C-NMR, (c) XRD and (d) TGA spectra of GT, CMGT, SAH
and CMGT-co-SAH

245 1C-NMR Studies

The result of solid-state *3C-NMR spectra of GT, CMGT, SAH and CMGT-co-SAH
are shown in figure 2.4 (b). At 174.24 ppm, characteristic peaks have been identified
in GT due to the -COOH group of galacturonic acid in the GT[33]. At 100.59 ppm

(represents anomeric carbon of polysaccharides), at 72.56 ppm (due to C attached to-
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OH group of polymeric chain), 17-22 ppm (assigned to -CH2 group of
polysaccharides). NMR spectrum of CMGT represents characteristic peaks at 174.26
ppm (carbonyl carbon of CMGT), at 101.04 ppm (anomeric carbon of
polysaccharides). This peak shifted to a higher ppm value than GT may be due to
carboxymethylation. Peak at 72.71 ppm due to —C-OH group, peak intensity lower
down as compared to GT, confirms carboxymethylation. In SAH, characteristic peaks
from 40-47 ppm and 185.51 ppm assigned to -CH and -COOH group, respectively. In
CMGT-co-SAH, characteristics peaks from 40-47 ppm assigned to -CH of sodium
acrylate and little shift in frequency confirmed crosslinking of CMGT with SA. At
106.05 ppm small intensity peak was identified, representing anomeric carbon of
polysaccharides. At 185.38 ppm (-COOH of SA and CMGT, a shift in frequency due

to crosslinking of CMGT with SA) [6, 33].

2.4.6 XRD Studies

Figure 2.4(c) represents the crystallinity/amorphous characteristics of the samples,
analyzed by XRD. The GT showed a broad diffraction peak at =20°, indicating that it
is an amorphous polysaccharide, and there is little shift in the 20 value due to
carboxymethylation. The diffraction pattern of SAH and CMGT-co-SAH show the
amorphous nature. The shift in the diffraction peak of CMGT-co-SAH was observed,

may be due to cross-linking of CMGT and SA[41, 42].

247 TGA

Figure 2.4(d) represents the thermal degradation of GT, CMGT, SAH and CMGT-co-
SAH. GT demonstrates two-step weight loss, with an initial loss of around 18%

between 39 - 234°C due to the loss of moisture from the gum. The decomposition of
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GT’s highly branched heterogeneous structure results in a 72 % weight loss from

temperature 234°C to 800°C, with a residual weight of about 10%.

CMGT decomposes in three stages, 35-240°C, the range shows 16% loss due to
humidity. The second stage ranges from 240-620°C due to decomposition of
polysaccharide rings, breaking of C-O-C bond in CMGT chain and elimination of
CO2, which is around 74%. 620-800°C range shows weight losses due to breakdown

of CMGT backbone and 10% were residual weight.

Thermal decomposition of SAH occurs in four stages, 30-299°C, 299-427°C, 427-
548°C, 672-800°C and were about 23%, 11%, 25% and 5% respectively. The first
stage weight loss was result of loss of moisture. The second stage of weight loss was
due to carboxyl group decomposition of the SAH and the last two stages show the

breakage of cross-linking in SAH network. 36% is the residual weight at 800°C.

CMGT-co-SAH decomposed in four stages 44-322°C, 322-411°C, 411-521°C, and
521-629°C. The first stage shows 21% loss due to moisture content. The second stage
of 6% loss represents the decomposition of polysaccharide rings along with the
elimination of CO. The latter two stages represent breakage of the CMGT backbone
and SA chain with 23% and 9% weight loss respectively. The residual weight at
800°C was 41%. From the decomposition of all samples, it was concluded that

modified gum and its hydrogel were more thermally stable than GT and SAH [17,43].

2.4.8 Network Parameters of Hydrogel

The network parameters like (Molecular weight of the segments between two

neighbouring crosslinks (Mc), the volume fraction of the hydrogel in the swollen state

111



Chapter — 2

(¢), mesh size (&), Flory Huggins interaction parameter (y), and crosslink density (p))
of CMGT-co-SAH were determined as a function of temperature and given in table
2.4. When a hydrogel is immersed in a liquid for swelling, it expands until the
osmotic forces that aid in the polymer's dissolution is counterbalanced by the elastic
forces caused by stretched polymer chains. High Mc value shows that the network is
highly elastic and expands quickly when exposed to a liquid solvent [27]. As the
temperature increases, Mc and & of the hydrogel network increases along with that p

and y decreases [44].

Table 2.4: Network parameters of CMGT-co-SAH as a function of temperature

M.

Temperature ()] X (@/mol) p (mol/cm?) € (nm)
27°C 0.042079 0.217329772 8458 8.3578 18.773
37°C 0.034604 0.239979899 12807 5.5194 24.657
47°C 0.028767 0.261771407 19100 3.7010 32.024

2.4.9 AFS Loading, Release and Kinetics

The encapsulation efficiency of the loaded hydrogel found out to be 63.8% and the
release studies of AFS from AFS-loaded-CMGT-co-SAH were determined in a buffer
solution of pH 7.4, AFS is soluble in buffer of pH 7.4 therefore 7.4 pH buffer was
selected for release study. Also, the swelling of the hydrogel is maximum in pH 7.4
buffer. Here, the two factors, the solubility of the drug and swelling of the hydrogel are
responsible for the diffusion of the drug. Generally, the release/swelling of drug/hydrogel
is co-related with the cross-linked matrix of monomer and polysaccharides, nature of the
solvent, density and composition of the hydrogel [28]. The rate was reasonably rapid

during the early phases of drug release from the hydrogel, as shown in figure 2.5(a). After
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that, it demonstrated controlled and sustained release. The rate of drug release decreases
with an instant of time. It was observed from the release data that 52.2% of the loaded
drug was released from the matrix in early time interval. It might be because the drug on
the surface of the polymer matrix releases faster than the drug integrated into the
polymeric matrix, allowing for controlled drug delivery from the hydrogel. The results
reveals that the release of the drug from the hydrogel is related to the swelling of the
hydrogel and follows the fickian mechanism [45]. The kinetics were further investigated
by fitting the obtained drug release data to several mathematical models. Figure 2.5(b)
and table 2.5, shows that the highest correlation coefficient (R?) value was found in the
Korsmeyer-Peppas model, representing drug release from a polymeric system. The
measured Release Exponent i.e., ‘n’ is 0.4176 given in table 2.5, less than 0.5 and
corresponds to the fickian mechanism of drug release [46], in which the driving force is a
chemical gradient and the release mechanism is diffusion-controlled [31]. The Higuchi

model also supports the fickian diffusion of the drug from the hydrogel polymeric matrix.

Table 2.5: Different models to study drug release kinetics of AFS from CMGT-co-SAH

Models R? K n
Zero-order 0.9344 Ko (min™) 0.03251+0.0024
First-order 0.9292 Ki (min™) 0.11515+0.0040
Hixon-Crowell 0.9344 Khc (min'Y2) 0.002+1.5500
Higuchi 0.9919 Ku(min?) 1.48271+0.038
Korsmeyer-Peppas 0.9933 Kkp(min™) 0.029348+0.005 0.4176
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Figure 2.5: (a) Release profile of AFS from CMGT-co-SAH (b) Graph between In
Mi/M., & In t for determination of the rate constant and rate exponent and
(c) Hemo-compatability studies

2.4.10 Hemo-Compatibility studies

Hemolytic potential of CMGT-co-SAH was evaluated (Table 2.6) and results was
plotted shown in figure 2.5(c). The evaluated results show that % hemolysis is less
than 1 at every concentration. In general, the sample shows % hemolysis less 5 is

highly hemo-compatible and may be good for pharmaceutical application[47].
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Table 2.6: Hemocompatibility studies result

CMGT-co-SAH Haemolysis in % Remarks
Concentration(mg/ml)

0.125 0.1965+0.12 Highly hemocompatible
0.250 0.2223+0.08 Highly hemocompatible
0.375 0.1965+0.12 Highly hemocompatible
0.500 0.3381+0.006 Highly hemocompatible
0.750 0.3895+0.006 Highly hemocompatible
1.250 0.4539+0.09 Highly hemocompatible
2.500 0.9164+0.26 Highly hemocompatible

The results obtained from Hemolysis test show that CMGT-co-SAH is highly
hemocompatible shown in figure 2.5(c) and table 2.6 and all the reactants used to
synthesize CMGT-co-SAH previously been reported as safe and non-toxic to the
environment. Recently, cytocompatibilities of GT and Acrylic acid based hydrogel by
MTT assay was confirmed by Sayadnia et al.[42]. Khan and Anwar have proven that
carboxymethylation does not have any cytotoxic effects [48]. N,N'-
methylenebis(acrylamide) used in the synthesis of CMGT-co-SAH is also safe for

drug delivery [49].

25 Conclusion

The current investigation focused on the structural modification of natural gum into
its carboxymethylated derivative and the subsequent fabrication of CMGT-co-SA
Hydrogel by graft copolymerization technique. The synthesized CMGT-co-SAH
shows more stability than SAH, revealed by characterization performed by using an

optimum formulation (CMGT-co-SAH-4). The investigation reveals that cross-linker
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and initiator concentration affect the swelling of the hydrogel. Molecular weight and
mesh size between two neighbouring crosslinks increase with the increase in
temperature. The elasticity of SAH was less than CMGT-co-SAH as (G'/G") was
raised with the addition of CMGT to the hydrogel. The Hemolysis test result confirms
the hemocompatible nature of the hydrogel. The drug release from the hydrogel
loaded with the non-steroidal anti-inflammatory drug- Aceclofenac sodium follows
the fickian diffusion mechanism. It is best fitted in Korsmeyer-Peppas and Higuchi
models. Thus it can be concluded that synthesized hydrogel is suitable for the

controlled release of drug molecules.
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CHAPTER -3

Synthesis and Characterization of Carboxymethylated
Locust Bean Gum-co-poly(SA)-cl-poly(MBA) pH
Responsive Hydrogel for Controlled Drug Delivery of
Metformin Hydrochloride

3.1 Introduction

Locus bean gum (LB) is obtained from the endosperm of the seeds of Ceratonia
siliqgua Linn. It is also known as galactomannan because it contains galactose and
mannose in a 1:4 ratio [11],[15],[16] and has a high M Wt (960,000-1,100,000
g/mol). LB gum also has excellent potential as an emulsifier, gelling, thickening,
stabilising agent and as an additive (E410) [4]. The US Food and Drug Administration
(FDA) has given this gum approval for use in food [5]. Metformin hydrochloride

(MFH) is an anti-hyperglycemic agent used to treat type Il diabetes mellitus [6].

H-Cl

Structure of Metformin Hydrochloride

It is low in bioavailability (50-60%) and requires a high dose frequently through
immediate release tablets due to its short half-life (0.9-2.6 hours) [7]. A good
compliance of the extended release system is useful to reduce the side effects of

conventional immediate release systems. The oral absorption of MFH is reported to be
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mainly restricted to the small intestine. Therefore, it is necessary to create an
appropriate drug delivery system that initiates the partial release of the drug into the
stomach and completes it in jejunum, so that at this particular transit time all the drugs
must be released through the system. pH-dependent polymers have been used in this

site-specific drug delivery system to improve the therapeutic effectiveness of MFH [8].

The sustained release of MFH from a new drug delivery system is discussed in this
chapter. For this, firstly, natural locust bean gum has been derivatized to
carboxymethylated locust bean gum (CMLB). Afterward, the novel hydrogel was
synthesized by using CMLB co- polymerized with poly Sodium Acrylate which were
cross-linked with N,N'-methylenebis(acrylamide) (MBA). For the first time, CMLB-co-
poly(SA)-cl-poly(MBA) Hydrogel’s swelling behaviour and network parameters were
analysed, and characterized by XRD, SEM, *C-NMR, TGA and FT-IR. Hemolysis test
was done to analyse the bio-compatible nature of the hydrogel. The drug release
behaviour of the hydrogel was analysed in buffer pH 2.2, 7.4 and distilled water (DW) by
using model drug, MFH. In order to determine drug encapsulation and controlled drug
release behaviour, various Kinetic models were applied to drug release data to consider

synthesized hydrogel as an effective drug delivery carrier.
3.2  Experimental
3.2.1 Materials

Sodium monochloroacetate (SMCA, CDH, New Delhi), Locust bean gum (LB)
(purchased from local market, Acrylic acid (AA, CDH, New Delhi), N,N'-
methylenebis(acrylamide) (MBA, CDH, New Delhi, Iso propyl alcohol (Fischer

Scientific, Mumbai),  Sodium hydroxide (NaOH, Fischer Scientific, Mumbai),
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Potassium per sulphate (KPS, Fischer Scientific, Mumbai) and milli-Q grade Distilled

water for preparation of solution.

3.2.2 Synthesis of Carboxymethyl Locust Bean Gum (CMLB)

The CMLB was synthesized using the previously described procedure in chapter-2
[9]. The mechanism adopted for the polysaccharide chain derivatization was
Williamson’s synthesis of ether. To achieve the necessary substitution level, weighed
10 g of LB was dispersed in 35 ml of DW and stirred continuously on magnetic
stirrer. After 30 minutes of stirring, added 0.00775M NaOH to the solution, and
slowly added SMCA (0.00123M). The final reaction mixture was stirred at 70°C to
obtain a homogenous solution. After cooling, the precipitate was filtered and washed

with isopropyl alcohol (80%) at least three times and dried in a hot oven at 45° C.

3.2.3 Estimation of Degree of Substitution (DOS) on LB

Back titration method was used to determine the DOS on LB [9]. CMLB (19) is
distributed into 3-5 ml 0.1 N HCI and stirred for 15 minutes to avoid lump formation and
1 ml of isopropyl alcohol was used as solvent. Then added 25 ml of DW and stirred for a
few minutes. After sedimentation, supernatant was discarded and sediments were filtered
through a muslin cloth, and the residue was washed with DW multiple times till the
filtrate gives negative silver nitrate test. Finally, the dried residue was dispersed in 50 ml

of NaOH solution of 0.1 N and back titrated with 0.1 N HCI.

Equations (1 and 2) were used to calculate DOS [10].

DOS = 0.162A/1 — 0.058A (1)
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(mlof NaOH X N1)—(mlof HCLX N2)
gramof the dried sample

Where, A =

(2)

A is the milliequivalents of NaOH needed per gram of sample, while N1 and N2 stand

for the normalities of NaOH and HCI respectively.

3.2.4 Synthesis of CMLB-co-poly(SA)-cl-poly(MBA) Hydrogels

CMLB-co-poly(SA)-cl-poly(MBA) Hydrogel (1-5) was synthesized by taking CMLB
in DW with DOS (0.2) (0.33% wi/v). 7.2 g of AA was neutralized using 13 ml 8.07
mol/L of NaOH. KPS (0.0098 mol/L). MBA (0.012 mol/L, 0.015 mol/L, 0.017
mol/L, 0.019 mol/L and 0.021 mo/L) was added to the aqueous reaction in a conical
flask and stirred for 2 hours at room temperature and then at 60 °C for 2 hours in the
water bath. To eliminate the soluble chemical compounds, the hydrogel was washed
using aqueous and organic solvents and cut in thin discs before being dried in an oven
at 45 °C for constant weight. The sample for characterization was selected on the

basis of highest Swelling Index given in table 3.1.

Table 3.1: Swelling Index of the CMLB-co-poly(SA)-cl-poly(MBA) hydrogels after 24
hours at different concentration of cross-linker

Formulation on the Swelling Index of Hydrogel(g/g) after 24 hours
basis of
Sr. No. .
Conce_ntratlon of pH 2.2 pH 7.4 DW
Cross-linker(MBA)
1 0.012 mol/L 19.06+0.27 25.59+0.29 33.91+0.43
2 0.015 mol/L 19.99+0.20 26.76+0.29 34.94+0.08
3 0.017 mol/L 19.97+0.23 25.32+0.64 34.12+0.40
4 0.019 mol/L 19.8740.21 25.24+0.27 33.53+0.38
5 0.021 mol/L 19.38+0.38 24.64+0.30 33.22+0.37
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3.3 Characterizations of LB, CMLB and CMLB-co-poly(SA)-cl-poly(MBA) Hydrogel

3.3.1 Swelling Studies

The swelling studies were carried out by varying (i) concentration of cross-linker
MBA (0.012 mol/L, 0.015 mol/L, 0.017 mol/L, 0.019 mol/L and 0.021 mo/L) at
temperature 37 °C and in DW and pH 7.4 and 2.2 buffer solution, (ii) temperature
(27°, 37° and 47°) in pH 7.4 buffer solution with MBA 0.015 mol/L. Swelling index
of the hydrogels was analysed by swelling equilibrium method. Calculation for the

swelling index(SI) was given in Equation 3[11].

Ws—-wd

0fs —
SI% = v

X 100 3)

At a certain period of time interval, Wq represents the weight of dried hydrogel,

whereas Ws for swollen hydrogel.
3.3.2 Network Parameters

Using the Flory-Rehner equation, hydrogel network characteristics were assessed
using data on hydrogel swelling at 27 °C, 37 °C and 47 °C. In our previous studies
[9], we provided a brief procedure for assessing the hydrogels' mesh size () and
Flory-Huggins interaction parameter (y), the volume fraction of the swollen hydrogel
(¢), Molecular weight of the segments between two neighbouring crosslinks of the
network hydrogel (Mc), and crosslink density (p). Also, the impact of different

parameters on the network characteristics was studied.[12,13]
3.33 SEM

Scanning electron microscopic (SEM) studies of LB, CMLB and CMLB-co-

poly(SA)-cl-poly(MBA) Hydrogel were conducted using (Model: JEOL JSM-
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6610LV). Gold coated samples were analysed at SEM, at accelerating voltage 20 kV

and at 1,000 X magnifications.
3.34 FTIR

The IR spectra of powdered samples of LB, CMLB and CMLB-co-poly(SA)-cl-

poly(MBA) Hydrogel were analyzed on Perkin-Elmer model 2000 FT-IR spectrometer.
3.35 BBC-NMR

1BC-NMR of samples LB, CMLB and CMLB-co-poly(SA)-cl-poly(MBA) Hydrogel

were done on Bruker Avance 500 WB solid state NMR spectrometer.
3.36 TGA

The thermo-gravimetric analysis (TGA) was recorded using a PerkinElmer thermo-
gravimetric analyzer, TGA 4000, in N2 atmosphere with 10 °C/min of uniform

heating rate from 25° to 800°C.
3.3.7 XRD

X-ray diffraction patterns were analyzed using Expert Pro MRD,Panalytical, X-Ray
diffractometer by analyzing the diffraction by analyzing the diffraction angle from

10° to 80° at 40 keV.
3.3.8 Rheology

Rheological analysis was performed on swollen disc of hydrogel in three different

solvent using an Anton Paar Modular Compact Rheometer 302 (MCR).
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3.3.9 Drug loading and Release profile of Metformin Hydrochloride (MFH)

The anti-diabetic drug MFH was loaded onto the hydrogel. The loading of the drug
was done by the swelling equilibrium method. The hydrogel disc (0.1 g) was emerged
in a fixed proportion of the drug and buffer solution (2mg/ml) for 24 hours at 37°C.
The loading and release profile of the drug were evaluated by using a calibration
curve of MFH in different buffer solution at 232 nm [14]. MFH loaded samples were
dried and weighed for drug release study. In 50 ml solution of (2.2, 7.4 and DW),
drug loaded samples were placed at 37 °C and samples were collected at interval of
30 minutes up to 4 hours and after that different time interval up to 24 hours. The data
obtained from the drug release profile was applied in different kinetic models [15].

Encapsulation Efficiency% (% of EE) was calculated using equation 4.

Actual loading

% of EE= ( ) 100 (4)

Theoretical loading

Actual loading is determined by using UV-Visible Spectrophotometer. Where, loading
of the drug into the hydrogel determine by using the initial concentration of the drug in
the solution and the drug present in the supernatant after absorption [16]. Theoretical

loading is the weight of the dried hydrogel disc after swelling in drug solution.
3.3.10 Hemo-Compatibility Test

The hemolytic potential of CMLB-co-poly(SA)-cl-poly(MBA) hydrogel was
determined by an in vitro hemolysis in %. The blood sample (1 ml) was collected
from healthy human in EDTA treated tubes and centrifuged for 5 minutes, at 3000
rpm. Supernatant of blood plasma was discarded, and separated RBCs were, washed

in 1x PBS (pH 7.4), further re-suspended in 1 ml of 1x PBS. For use in experiments
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this stock solution was diluted to 4% v/v in 1x PBS. The sample was added to 96 well
plates in increasing amount from 0.125 mg/ml to 2.5 mg/ml. The 100 ul of RBC
solution was added to each well. Final volume was made up to 200 ul in each well
with 1x PBS (pH 7.4). Triton X-100 was used as the positive control (0.1%w/v) and
1x PBS (pH 7.4) act as negative control. The 96 well plate was incubated at 37 C for 1
h with shaking in an incubator shaker. After incubation the plate was centrifuged at
3000 rpm for 5 min. The 100 ul of the supernatant was collected in another 96 well
plate and measured the absorbance (A) at 540 nm on Elisa plate reader. The

hemolysis in % was evaluated by using given equation 5:

Hemolysis in % = (ACMLB'Cl'p"lySA_A“PBS) X100 (5)

triton X—100—A1xPBS
Hemolysis in % was evaluated on average of two replicates [17].
34  Results and Discussions

The CMLB-co-poly(SA)-cl-poly(MBA) hydrogel was fabricated by using the free
radical polymerization method in the presence of CMLB, polySA, KPS and MBA.
This reaction was carried out by following our previously published article [9]. The
chemistry behind the synthesis of CMLB-co-poly(SA)-cl-poly(MBA) hydrogel has
been shown in Scheme 3.1. The synthesized hydrogel was further used to form MFH-
loaded CMLB-co-poly(SA)-cl-poly(MBA) hydrogel using the swelling equilibrium
method as used in our previous study. CMLB-co-poly(SA)-cl-poly(MBA) Hydrogel
with cross-linker 0.015 mol/L exhibited maximum swelling index (shown in figure

3.1a) thus selected for further studies.
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3.4.1 Swelling Studies

3.4.1.1 Effect of Change in Amount of Cross-Linker on the Swelling of CMLB-

co-poly(SA)-cl-poly(MBA) Hydrogel

The swelling of the hydrogel's shown in figure 3.1a, was carried out to determine the
effect of the cross-linker on the cross linking density during the co-polymerization
reaction. The swelling index of the hydrogel initially increases with the concentration
of the cross-linker, but further increase in its concentration results in a decrease in the
swelling index. Increased concentrations of cross-links promote network cross-links,
but decrease laterally due to delay in the relaxation of polymer chains on the polymer

network [9, 18].

3.4.1.2 Effect of Change in pH and Temperature on the Swelling of CMLB-co-

poly(SA)-cl-poly(MBA) Hydrogel

It has been observed from figure 3.1b and 3.1c, that the pH and temperature of the
swelling medium affect the hydrogels' potential to swell. The constituted ions (COQO")
formed at higher pH in the matrix material during partial hydrolysis may be the cause
of this ionic repulsion and thus cause the opening of the pores in the polymeric web
[24,25]. Swelling of the hydrogel correlated with the release of the drug. The swelling
is highest in DW among three solvent, which cause abrupt release of the drug while
swelling is very low in pH 2.2 buffer solution that will not release drug appropriately
at the site of release. As the swelling is appropriate in pH 7.4 buffer solution cause the
sustained release of the drug from the hydrogel because drug will release through
swelling equilibrium method. The extent of network dissociation is depends upon the

difference between pKa and pH values; therefore, a large disparity cause higher
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degree of network dissociation. In an acidic medium with a pH of 2.2, protonated —
COOH groups form extended hydrogen bonding thus reducing the electrostatic
repulsion which cause low rate of swelling of hydrogels in pH 2.2. Suhail et al. also

observed the similar results of swelling in pH 1.2 and pH 7.4 buffer solutions [21].

Swelling Index (g/g) at three different temperatures 27°, 37° and 47° were found out
to be 26.26+0.13, 28.61+0.51 and 36.36+0.32 respectively. The impact of the
temperature on the swelling degree can be attributed to the dynamic interplay of the
hydrogen bonding between the functional groups of CMLB and poly(SA) within the
hydrogel, having association and dissociation processes. Furthermore, as the
temperature rises, the enhanced swelling of the polymer molecules promotes the
diffusion of the water molecules within the polymer network. Notably, the flory-
Huggins interaction parameter is temperature- dependent, exerting a significant

influence on the hydrogel’s swelling extent [22].
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Figure 3.1: (@) Effect of cross-linker on swelling of the hydrogel, (b) effect of pH of the
solvent on the swelling of the hydrogel and (c) effect of temperature of the
solvent on the swelling of the hydrogel
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3.4.2 Network Parameter

Table 3.2: The network parameters of CMLB-co-poly(SA)-cl-poly(MBA) hydrogel as a function of different parameters

Sr.No. Parameters Polymer volume Flory Huggins interaction Molecular weight in (g/mol) of the crosslink mesh size
fraction ¢ parameter y segments between two neighbouring density (p) & (nm)
crosslinksMc x10
(mol/cm3)
Effect of solvent
1. 2.2 0.023 0.284 28941 0.24 41.97
2. 7.4 0.019 0.305 45972 0.16 56.31
DW 0.0104 0.372 195093 0.03 143.39
Effect of temperature
27°C 0.019 0.306 43946 0.15 55.17
37°C 0.019 0.305 45972 0.16 56.31
47 °C 0.011 0.373 202576 0.03 146.85
Effect of cross-linker concentration (mol/L)
10. 0.012 0.053 0.191 5173 1.35 13.58
11. 0.015 0.049 0.198 5901 1.19 14.80
12. 0.017 0.052 0.193 5362 1.30 13.92
13. 0.019 0.053 0.192 5208 1.34 13.65
14. 0.021 0.055 0.186 4593 1.48 12.60

138



Chapter — 3

According to the results shown in table 3.2, when MBA was raised during
polymerization, the effect on network characteristics demonstrated that mesh size (&)
initially grew from 13.58 to 14.80 nm and then decreased (14.80 to 12.60 nm). Increase in
the temperature and pH of the swelling medium raise the swelling. The findings showed
that temperature and swelling media had an impact on the hydrogel matrix's mesh size. At
higher pH buffers and higher temperatures, Mc and & values were found to be greater;
however, p values showed the opposite patterns. The partial hydrolysis that led to the
production of ions and their repulsion caused the crosslinked hydrogel's swelling to rise in
the pH 7.4 buffer solution. Similar findings were reported by Singh et al. on Azadirachta

indica gum based hydrogel used for drug delivery [23].

343 SEM

The surface morphology of LB gum, CMLB gum and CMLB-co-poly(SA)-cl-
poly(MBA) hydrogel has been analyzed by SEMs at 1000X, shown in figure 3.2. The
SEM images shown that LB gum have homogeneous, compact, and smooth
morphology [15,29], whereas CMLB gum and CMLB-co-poly(SA)-cl-poly(MBA)
hydrogel have coarse and porous morphology and also structural heterogeneity.
Changes in surface morphology of the CMLB and its hydrogels are more favourable

for drug diffusion [25].
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Figure 3.2: Scanning electron micrographs of (a) LB, (b) CMLB and (c) CMLB-co-
poly(SA)-cl-poly(MBA)

344 FTIR

The peak observed from the FTIR spectrum is compared to previous publications, as
shown in figure 3.3. In LB a broad absorption band at 3304 cm™ was observed,
indicating an overlapped peak of H-bond due to the -OH present in polysaccharides.
The peak at 1375 cm™! confirms the CH2 bend. Stretch at 1020 cm™ was due to C-O

and C-C group present in LB gum pyranose rings [1].

The FTIR absorption peak at 3275 cm™ was observed in CMLB and at 3304 cm™ in
LB, but peak intensity is higher in LB than CMLB, may confirms that reduction in the
number of —OH groups due to carboxymethylation of LB gum. A peak at 1593 cm™'
represents the presence of COO", which may confirms the carboxymethylation of LB

gum and form CMLB. Other absorption peak at 1406 cm™' and 1014 cm™ are
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corresponding to the similar vibrations of LB but a little shift in peaks due to

carboxymethylation [26].

In the CMLB-co-poly(SA)-cl-poly(MBA) hydrogel spectrum, the stretching
frequency at 3305 cm™! represents the -OH group (acidic) which may overlapped
with the -NH present in the crosslinked structure. Absorptions at 1581 cm™, 1398 cm
Land 1026 cm™ are similar to CMLB but a little shift in peak absorption frequency

confirms the synthesis of the hydrogel by crosslinking of CMLB with poly(SA).
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Figure 3.3: FTIR of LB, CMLB and CMLB-co-poly(SA)-cl-poly(MBA)
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345 BC-NMR

The solid-state *C-NMR spectra of LB, CMLB and CMLB-co-poly(SA)-cl-
poly(MBA) hydrogel are shown in figure 3.4. In 3.4 (a) At 101.62 ppm (represents
anomeric carbon of polysaccharides), at 95.27 (C-4), 79.90, 75.61, 71.45, 62.51 (C-5,
C-3, C-2, C-6) (due to -C- attached to -OH present in polymeric Chain). Peak at 178.95
ppm was due to carbonyl carbon of CMLB. In 3.4 (b) a merged Peak at 72.33 for (C2,
C3, C5) ppm due to —C-OH group, confirms carboxymethylation. A peak at 101.35
ppm was due to anomeric carbon of polysaccharides chain. There is shift in the peak in

CMLB is due to carboxymethylation. A peak at 62.45 ppm corresponds to C-6.

In fig 3.4 (c), CMLB-co-poly(SA)-cl-poly(MBA) hydrogel, peaks at 40.69 ppm and
46.99 ppm assigned to -CH of sodium acrylate, a new peak at 60.78 ppm was
observed close to the peak of C-6 as in CMLB show that -OH of C-6 participates in
graft polymerization. A merged peak at 72.60 ppm corresponds to Carbon 2, 3 and 5
as in CMLB, a little shift in frequency confirmed crosslinking of CMLB with polySA.
At 101.97 ppm a low intensity peak was observed, confirmed the presence of
anomeric carbon of polysaccharides. It also confirmed the cross-linking of CMLB and
polySA. At 185.74 ppm (-COO™ of SA and CMLB), a shift in frequency due to

crosslinking of CMLB with SA [27]-[29].
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Figure 3.4: ¥C-NMR spectra of (a) LB, (b) CMLB and (c) CMLB-co-polySA-cl-
poly(MBA)

346 TGA

Figure 3.5, represents the thermal degradation of LB, CMLB and CMLB-co-
poly(SA)-cl-poly(MBA) hydrogel. LB demonstrates 3-step weight loss process, with
an initial loss of 11% between 25 - 192°C due to the moisture loss. The 79.9 % weight
loss was due to decomposition of highly branched heterogeneous structure of LB gum
from temperature 192°C to 800°C. Maximum weight loss occurs between 300 °C to

550 °C i.e. 80%. The residual weight of LB gum was about 9.1% [25].

CMLB shown three stages of decomposition, 25-159°C, the first range shows 8.7%
moisture loss. The second stage i.e., from 159 to 342 °C which is around 46.5%. It was

due to decomposition of polysaccharide chain, elimination of CO2 and breaking of C-O-C
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bond in CMLB chain. 342-800°C range demonstrates weight losses of 32.2% caused by

degradation-related random chain scission and 12.6% were residual weight [30].

CMLB-co-poly(SA)-cl-poly(MBA) hydrogel decomposed in four stages 25-151 °C,
151-300 °C, 300-550 °C, and 550-800 °C. The first decomposition stage has shown
5.3% loss due to moisture content. 11.5% loss represent second stage of the
decomposition due to polysaccharide rings along with chain scission with elimination
of CO2. The last two stages represent CMLB backbone and SA chain breakdown with
27.7% and 11.5% weight loss respectively. The residual weight at 800°C was 44%
[31]. From the decomposition stages of LB, CMLB and CMLB-co-poly(SA)-cl-
poly(MBA) hydrogel, it was concluded that CMLB gum based hydrogels were more

thermally stable than LB gum and CMLB gum.

100
—=—LB
—e— CMLB
—a— CMLB-co-poly(SA)-cl-poly(MBA)
80 |-
X 60
2
=
Sl
=
240 |
z
20 |-
T |
0 ] ] ] ] ] ] ]

100 200 300 400 500 600 700 800

Temperature °C

Figure 3.5: TGA of LB, CMLB, CMLB-co-polySA-cl-poly(MBA)
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3.4.7 XRD

Native locust bean gum exhibited a broad peak shown in figure 3.6 at around 26=
19.3° but CMLB had a weakened diffraction peak at 19.9°, which was attributed to
the carboxymethylation that distorted the structure of LB [28]. While for the cross-
linked hydrogel, CMLB-co-poly(SA)-cl-poly(MBA) a new broad peak was observed
which shows that original structure of CMLB was destroyed due to cross-linking

between CMLB and SA and thus new structure was generated [32,33].
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Figure 3.6: XRD of LB, CMLB, CMLB-co-polySA-cl-poly(MBA)

145



Chapter — 3

3.4.8 Rheological Analysis

The rheological analysis of all samples was done by oscillatory sweep test at 25°C, of the
loss modulus (G") and storage modulus (G’) as a function of amplitude and frequency in
the linear domain and the determination of flow behaviour by viscosity (1) vs. shear rate
plot. Measurements were performed on swollen hydrogel samples at different pH

solutions to analyse the effect of pH on the hydrogel strength and flow behaviour.

3.4.8.1 Viscosity

The speed at which intermediate layers moves relative to one another measured by
viscosity. During the flow, the material is sheared. This shearing is caused by shear
stress, which is the force per unit area required for a material to start flowing. The
substance under study is Newtonian if viscosity doesn't vary when the shear rate
increases. The material exhibits non-Newtonian behaviour if it changes with the
applied shear rate. A typical shear thinning behaviour of hydrogels swollen in three
different pH solvent displayed by viscosity as a function of shear rate shown in figure
3.7(a). The initial increase in viscosities with shear rate is due to the hydrogels' ability
to resist the flow as a result of their high inter-particle interactions. With an increase
in shear rate, the hydrogel showed a steady decrease in shear-dependent viscosity due

to a decrease in intermolecular attraction by the microstructural distortion.

3.4.8.2 Amplitude Sweep

Prior to a frequency sweep test, the amplitude sweep test has traditionally been
employed just to identify the linear region. The two divided regions of strain were

Linear Viscoelastic Region (LVR), a shear region, which was unaffected by applying
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stress. The other one is non-linear region. It was observed from figure 3.7(b) that the
G' (storage modulus) and G" (lose modulus) values change when the strain exceeds
0.005%, up to which LVR exists. Up to a certain strain, where G" rises, the complex
structure resists deformation. The complex structure is completely destroyed by
substantial deformation exceeding the critical strain, which is followed by the

alignment of the polymer chains with the fluid flow and a reduction in G" [34].
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Figure 3.7: (@) Viscosity profile with varying shear rate, (b) Amplitude sweep with LVE
and (c) frequency sweep graphs of CMLB-co-poly(SA)-cl-poly(MBA)
hydrogel in buffer solution of pH 2.2, pH 7.4 and DW

3.4.8.3 Frequency Sweep

By increasing the stress percentage, intermolecular interaction is deformed and

moduli values are reduced. When G' > G" the sample acts as a viscoelastic solid.
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Below 0.005% strain, the structure and shape of swollen hydrogels in pH 2.2 and pH
7.4 buffer solutions were retained, but above 0.005% strain, disentanglement of
intermolecular chains. This pattern was not followed by hydrogels swollen in DW.
They were continuously deformed from 0.001% strain. The weak intermolecular

interaction occurs due to excess of swelling [35].

For this analysis, the frequency ranged from 0.1 to 10 rad s™. G' and G" were plotted
against angular frequency (o) in figure 3.7(c). The frequency sweep was performed
on hydrogel samples swollen in different pH solvents therefore initially at low
frequency the swollen hydrogel behave as a solution. Further increase in frequency
shows the viscoelastic behaviour of the samples, loss moduli decrease and storage
moduli increases at cross-over point. Hydrogel swell more in distilled water and less
in pH 2.2 buffer than pH 7.4 buffer thus cause weak networking in DW and strong
network in pH 2.2 and crossover point shifts towards at higher frequency in DW and

at low frequency in 2.2 pH [36].
3.4.9 Drug loading and Release Profile of Metformin Hydrochloride

Loading of the drug onto the hydrogel matrix was done by using swelling equilibrium
method. The EE% of the MFH is found out to be 79.94+0.24% in 2.2 buffer,
90.53+£0.096% in 7.4 buffer and 88.33+0.518 % in DW. Release of the drug was also
analysed in 2.2 buffer, 7.4 buffer and Distilled water (DW). Release of anti-diabetic
drug from drug loaded hydrogel (CMLB-co-poly(SA)-cl-poly(MBA)) was found to be
73.3+1.8 mg/100mL in 2.2 buffer, 78.46+0.34 mg/100mL in DW and 84.96+1.27
mg/100mL in 7.4 buffer solution. The results represent release of drug, more in pH 7.4

buffer than pH 2.2 buffer solution. The behaviour of the hydrogel for drug release was
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similar to the swelling properties of the hydrogel. The pH dependent release can be
brought on by the different levels of hydrogen bonding interaction and electrostatic
attraction between the two species at various pH values. As the pH level was raised,
there was a concurrent increase in both swelling and osmotic pressure within the
polymeric network, leading to an enhanced release of drugs at higher pH solution[37].
Singh et al. also observed the fast release of the drug in high pH solution than neutral
and low pH solutions.[15] The MFH enters the polymer network and spreads through
the aqueous channel to the surface of the CMLB-co-poly(SA)-cl-poly(MBA) hydrogel
and thus sustained release occurs. Dave N.P. et al. also observed the similar results for

sustained release of Metformin Hydrochloride by using gum ghatti based hydrogel [38].

The release pattern of the drug was best described by Korsmeyer-Peppas (KP) model
according to regression coefficient (R?) value shown in table 3.3. The diffusion
exponent (n) obtained from the KP model (Figure 3.8b) was >0.5, (0.898+0.011 in 2.2
pH buffer, 0.599+0.004 in 7.4 pH buffer and 0.584+0.003 in DW), which indicate that
release of the drug from the CMLB-co-poly(SA)-cl-poly(MBA) hydrogel follows

non-fickian diffusion mechanism. Other models results were enlisted in table 3.3.
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Table 3.3: Different kinetic models to study drug release behaviour of MFH from CMLB-co-poly(SA)-cl-poly(MBA)

Zero order First order Hixon-crowell Higuchi korsmeyer-Peppas
pH Ko K1 Khe Kn Kkp
R? . R? . R? . R? . R? i n
(mint) (min) (min3) (min2) (min™)
2.2 | 0.9849 | 0.055+0.001 | 0.9847 | 0.001+0.00 | 0.9908 | 0.0002+0.0 | 0.8841 | 1.695+0.028 | 0.9922 | 0.121+0.101 | 0.898+0.011
7.4 | 0.8427 | 0.070£0.001 | 0.9941 | 0.001+0.00 | 0.9338 | 0.0004+0.0 | 0.9743 | 2.240+0.017 | 0.9931 | 1.150+0.029 | 0.599+0.004
DW | 0.8286 | 0.063+0.00 | 0.9608 | 0.001+0.00 | 0.9744 | 0.0003+0.0 | 0.9802 | 2.031+0.007 | 0.994 | 1.153+0.021 | 0.584+0.003
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Through non- fickian diffusion mechanism, the drug was released from the drug loaded
samples by the process of diffusion. The drug's diffusion was under swelling control
and released in a sustained and controlled manner. The drug continued to release slowly
after maintaining a particular concentration. This could be caused by the solvent diffusion

into the polymer matrix, which causes the polymer chain to relax and swell.

Furthermore, the drug release profile of MFH (figure. 8a) also confirms the controlled
and sustained drug release characteristics of the hydrogel. The water-soluble MFH is
released from the polymer sample in a regulated manner as a result of supra-
molecular interactions between ionic and non-ionic functional moieties like, -OH, —
CH3COONa and -COOH of CMLB and poly(SA) contained in CMLB-co-poly(SA)-

cl-poly(MBA) hydrogel.

3.4.10 Hemolysis Test

Hemolytic potential of CMLB-co-poly(SA)-cl-poly(MBA) hydrogel was evaluated and
results were plotted against hemolysis in % and concentration in mg/mL as shown in
figure 3.8(c). The hemolysis test shown that % hemolysis of blood cells is less than 3 at
every concentration. In general, samples with a percentage of less than 5 hemolysis are

very hemocompatible and can be used in pharmaceutical application [39].

The results analysed from Hemolysis test show that CMLB-co-poly(SA)-cl-

poly(MBA) hydrogel is very hemocompatible as shown in figure 3.8(c).
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35 Conclusion

The present work reveals the successful development of a Metformin Hydrochloride
loaded hydrogel using carboxymethylated locust bean gum. The swelling studies at
different pH and temperature, reveals that hydrogel is stimuli sensitive. Increase in the
concentration of cross-linker, swelling index decreases. The rheology results shows
that viscosity and mechanical strength of the swollen hydrogels are more in pH 2.2
than pH 7.4 buffer solution. The network parameters results also confirm the result of
rheology as mesh size of hydrogel is higher and cross-linked density is lesser in pH
7.4 than pH 2.2. The hemolysis test where, hemolysis found out to be less than 3 %
confirms the hemocompatibility potential of the hydrogel. Drug release data of loaded
hydrogel were fitted to korsemeyer-peppas model and confirms the non-fickian drug
release mechanism. The achievement of the work give insightful information
regarding use of the CMLB-co-poly(SA)-cl-poly(MBA) hydrogel for controlled drug

delivery carrier.
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CHAPTER -4

Essential oils loaded carboxymethylated Cassia fistula
gum-based novel hydrogel films for wound healing

41 Introduction

Skin is the largest organ in the human body and the first line of defense, but it is
easily damaged by trauma, surgery and burns, which can cause chronic skin damage
[1]. The healing of cutaneous wounds is a very sophisticated process that depends on
an integrated effort of several highly regulated factors to restore the wounded skin to
its original barrier function [2]. Numerous significant efforts have recently been
undertaken to address chronic wounds [3]. Therefore, it is not surprising that wound
healing has attracted a lot of interest from both scientific and commercial standpoint
[2]. An essential step in promoting wound healing is determining the most appropriate
dressings to use for specific types of wounds [4]. The choice of the ideal dressing for
wounds is crucial to ensure the speed of healing and prevent microbial infections. The
lack of biological functions in traditional dressings makes it difficult to maintain the
healing environment of wounds, hindering the effectiveness of existing wound
treatment techniques and resulting in high treatment costs. Therefore, it is crucial to

create unique dressings with a range of applications [5].

Nowadays, numerous types of materials, both synthetic and natural, are being used to
make wound dressings in a variety of physical forms, including typical gauze, oil-
based gauze, hydrophilic  fibers, semi-permeable = membranes,  foams,
hydrocolloids, dressings incorporating silicone, and hydrogels [6]. Hydrogels are

three-dimensional hydrophilic polymeric matrices with high water or bodily fluid
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absorbing capacities. Hydrogels made of natural gums have variable swelling
characteristics which allow them to become extremely absorbent valuable materials
for biomedical purposes [7]. The demand for hydrogel-based wound dressings
synthesized from sustainable and plant-based polysaccharide components has grown
over the last decade. Due to their widespread availability, affordable cost, water
absorption properties, lack of cytotoxicity, excellent biocompatibility, and

biodegradability [6-8], they are more suitable for bio-medical applications.

Cassia fistula seed gum is a natural non-ionic polysaccharide extracted from its
endosperms. This gum has a linear chain of 1,4-linked mannose residues as the
backbone, and1,6-linked galactose residue as short lateral branches [9]. Cassia fistula
gum has been used in traditional medicine and also in industries for its potential
health and commercial applications. It is now well established that the chemical
structure of polysaccharide gums can be modified by a chemical reaction called
carboxymethylation to enhance their efficiency, stability, flexibility, and water
solubility, making them more versatile and functional for different purposes [10].
Natural gum or carboxymethylated natural gum can be cross-linked using chemical
and physical techniques to synthesize the hydrogel. A very flexible technique for

enhancing the mechanical properties of hydrogels is chemical cross-linking [11].

According to earlier reports, hydrogels are synthesized by mixing or copolymerizing
synthetic polyvinyl alcohol [12] with a number of biopolymers or by using
carboxymethyl cellulose [13], chitosan [14], gelatin, and collagen. Commonly employed
crosslinking agents include epichlorohydrin [15], glutaraldehyde [16], , urea derivatives

[17], aldehyde-based reagents [18]. These crosslinking substances are cytotoxic and
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environmentally unfriendly [11] therefore demand for natural cross-linkers increasing.
Natural cross-linkers offer several advantages, such as biodegradability, biocompatibility,
and non-toxicity, and thus suitable for various biomedical applications. The choice of
cross-linker depends upon the specific natural polysaccharide used in the hydrogel and
the desired properties of the final hydrogel-based product. One of the natural cross-
linkers, citric acid (CA), a multifunctional carboxylic acids [19], which is a cost-effective

cross-linker with sufficient efficiency [20].

The development of carboxymethylated natural gum-based hydrogel cross-linked with
citric acid has recently attracted a lot of attention. It has been noted that after heating,
a reaction known as intermolecular esterification will occur between the hydroxyl
group (OH) of the polysaccharide and the carboxyl group (-COOH) of CA [21]. The
plasticizing effect of glycerol may be attributed to both physical and chemical
interactions with the other constituents. The physical interaction between hydroxyl
groups of glycerol and polysaccharide; and chemical interaction with carboxyl group
(-COOH) of CA [22] undergoing intermolecular esterification, enhancing the
mechanical strength of the hydrogel. In polysaccharide-based hydrogels, essential oils
are widely included as active components because essential oils are thought to be
beneficial for the skin due to their anti-microbial, anti-inflammatory and antioxidant
activity. They may also help with various skin issues and promote a healthy
complexion [23]. Nevertheless, the practical use of essential oils is constrained due to
their inherent instability as fragile volatile compounds. Essential oils are susceptible
to degradation when exposed to various physicochemical factors like light, heat, and
oxidation. To ensure their long-term biological effectiveness, minimum volatility,

enhance utilization efficiency, and enable controlled release, various essential oils are
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typically loaded within the hydrogel matrix [24,25]. Wang et al., prepared a
carboxymethyl chitosan based wound dressing, which was loaded with three essential
oils i.e., Eucalyptus essential oil, cumin essential oil and ginger essential oil and

proved to be an effective dressing for skin burn [23].

The aim of this thesis chapter -4 work is to develop a novel essential oils (EO) loaded
hydrogel film based on carboxymethylated Cassia fistula gum cross-linked with CA.
Rosemary essential oil (REO) (Rosmarinus officinalis), Turmeric essential oil (TEO)
(Curcuma longa) and Thuja essential oil (THEO) (Thuja occidentalis L.) were used
for wound healing application as they possess anti-microbial, anti-inflammatory,
antioxidant, and analgesic properties [26—28]. Glycerol is added as a plasticizer in the
formulation. Moreover, thermal analysis (TGA), structural characteristics (FTIR and
XRD), morphology (SEM), mechanical strength, anti-microbial activity, anti-oxidant
activity, bio-degradability test, and cytotoxicity assay/MTT assay (in vitro ), wound
healing studies on Wistar rats (in vivo) with histological analysis were done. From the
performed tests and assays we concluded that the film can be an effective,

biocompatible and biodegradable source of wound healing.

42 Experimental

421 Materials

CCFG (Degree of substitution- 0.4 and with Mol. Wt.-200000-300000 Da) was
received as a gift from Hindustan Pvt. Ltd, Bhiwadi, Haryana. CA, CaCl. and NaCl
were purchased from CDH (Central Drug House (P) Ltd.), Delhi, while glycerol was
purchased from Fisher Chemicals, UK. Bovine Serum Albumin (BSA) and DPPH

were purchased from Sigma Aldrich, India. Rosemary essential oil (REO)
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(Rosmarinus officinalis), Turmeric essential oil (TEO) (Curcuma longa) and Thuja
essential oil (THEO) (Thuja occidentalis L.) were purchased from Avi Naturals, Delhi
(Individual chemical constituents present in all essential oils were explained through
GC-MS results attached in supporting file), Delhi. Milli-Q water was used for all
experimental procedures. 1SO grade (17556) soil was received as a gift from Uflex

Pvt. Ltd, Noida, U.P., India. All other chemicals used were of analytical grade.
4.2.2 Preparation of CCFG-CA-EO Hydrogel Film

Food-grade CCFG was used for fabricating the hydrogel-based film for wound
healing. CCFG (0.1 g) was dissolved in 10 ml of Milli-Q water. CA (0.1 g) was added
as a cross-linker to the homogenous solution of CCFG. The ratio of CCFG to CA was
1:1. Glycerol (0.1 ml) was also added to the homogenized solution. 10ul of each
essential oils (REO: TEO: THEO =1:1:1) was added to the hydrogel preparation with
constant stirring for 3 h. Following this, sonication was employed to eliminate
entrapped air, and the resulting mixture was poured into a petri dish, subsequently left
to undergo drying in an oven at 45 °C for the duration of 24 hours. The control
hydrogel film (CCFG-CA) was produced by following the identical procedure,
without the addition of essential oils. The film synthesized through this process was

then subjected to further characterizations.
4.3  Characterization of CCFG, CA, CCFG-CA Film and CCFG-CA-EO Film
43.1 FTIR-ATR Spectroscopy

The FTIR spectra were recorded on Perkin-Elmer model 2000 in Attenuated Total

Reflectance mode (ATR), in the range of 4000-400 cm™' to perform analysis of
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functional groups in CCFG, CA, CCFG-CA film.

4.3.2 X-ray Diffraction Analysis

X-ray diffraction analysis was conducted using a wide-angle X-ray diffractometer
(Bruker D8 Advance) with Cu-Ka radiations of A = 1.5406 A°. The scanning range
was 20 (5°-80°), and the scan rate was 1°min, The X-ray diffraction analysis was

perfomed at 20 kV and a current of 10 mA.

433 SEM

Scanning electron microscopy (SEM) (JEOL JSM-6610LV) was utilized to examine
the surface morphology of the samples at 2500X magnification under an accelerating

voltage of 20 kV.

434 TGA

To determine the thermal stability of the samples, PerkinElmer thermo-gravimetric
analyzer, TGA 4000 was used. 4 mg of the samples were heated in an N2 atmosphere

from 25 °C to 800 °C at a heating rate of 10°C/min.

4.3.5 Mechanical Properties of the Film

The mechanical properties of the CCFG-CA and CCFG-CA-EO films were analyzed
using a Universal Testing Machine (LLOYD LR 5K). The load range was 1-50 N,
with a 1000 mm extension range and a 25 mm gauge length. The test and approach
speed were 500 mm/min with no preload. A strip measuring 15 mm in width and 150
mm in length was cut from each film for mechanical testing. Under air conditions,

four readings were taken for each sample and the average result was evaluated to
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determine the mechanical properties of the film.

4.3.6 Swelling Studies

The swelling equilibrium method was used to analyze the network of hydrogel in both
Distilled Water (DW) and Stimulated Wound Fluid (SWF), a pH 8 buffer solution. 1
x 1 cm of CCFG-CA films with 50um thickness was dried and weighed, immersed in
10 ml of solvents (DW and SWF). After every 60 minutes up to 8 hours, then after 24
hours the films were taken out from the swelling medium, excess fluid was removed
using tissue paper, and the films were weighed again until a constant weight was
achieved. The swelling studies were done in triplicate. The swelling index (SI) was

calculated using equation 1 [29].

Ws—-Wi

wi

SI% = X 100 (1)

Where, Ws is weight of the swollen CCFG-CA film and Wi is the initial weight of the

CCFG-CA film before swelling.

4.3.7 Antioxidant Activity

A UV-vis spectrophotometer ( UV-1800 SHIMADZU) was used to evaluate the
antioxidant activity of the hydrogel solution by DPPH free-radical scavenging [30]. A
modified method based on a previous study was used to determine the photochemical
stability, in which (1.00 mg/mL) of CCFG-CA-EO film in ethanol were prepared at
37°C [31]. Equation-2 was used to determine the percentage of DPPH scavenging
activity after mixing 1 mL of the solution with 3 mL of ethanol solution containing
DPPH (1mg/20mL) and incubating it in the dark for 30 min at room temperature. The

absorbance was measured at 517 nm.

167



Chapter — 4

Asample

Scavenging Activity of DPPH (%) = (1 — )x 100 (2)

Acontrol

The value of Acontrol indicates the absorbance of 1mL ethanol and 3mL of DPPH
solution, while A sample refers to the absorbance of 1mL CCFG-CA film (powdered)

in 3mL DPPH solution, as stated in prior research [32,33].
4.3.8 Cytotoxicity Evaluation by MTT Assay

The cytotoxicity of the films using the HaCaT cell line was assessed using the MTT
(“3-  (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide”) assay [34].
Initially, HaCaT cells were seeded in a 96-well plate with Dulbecco's Modified Eagle
Medium (DMEM) medium supplemented with 10% Fetal Bovine Serum (FBS) and
1% antibiotic solution, reaching a density of approximately 8000 cells per well. The
plate was then incubated at 37°C with 5% CO2. After 24 hours, cells were exposed to
varying concentrations of the film (ranging from 0.75% to 5%), prepared in an
incomplete medium. After incubation for 24 hours, MTT Solution (a final
concentration of 250ug/ml) was added to cell culture and further incubated for 2
hours. At the end of the experiment, culture supernatant was removed and cell layer
matrix was dissolved in 100 pl Dimethyl Sulfoxide (DMSO) and read in an Elisa

plate reader (iMark, Biorad, USA) at 540 nm and 660 nm.
4.3.9 Invivo Wound Healing Studies

Wistar rats of either sex aged 2-3 months and weighing between 250-300g were
selected for this study. The experimental protocol was approved by the Institutional
Animal Ethics Committee of Delhi Pharmaceutical Sciences & Research University

(DPSRU) and registration No. is 215/GO/ReBi/S/2000/CPCSEA. To prepare for the
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experiment, the rats were sedated by inhaling an appropriate volume of diethyl ether in
a saturated chamber. The sedation will be administered prior to inducing a wound. A
specific area measuring approximately 2 cm in diameter, located behind the neck on the
dorsal side, was selected and marked as the wound site. Using a hair clipper, the hair in
this marked area was carefully removed. Subsequently, the shaved area was sterilized
with a 70% v/v ethanol solution. To create the wound, a circular incision was made
using a scalpel, resulting in a full-thickness excision wound that extends through the
subcutaneous tissue. Once the wound site is cleaned of any blood and exudates,
hydrogel films infused with and without essential oils were applied. These films were
then secured in place by covering them with adhesive tape. In the control group, the
wound was left untreated, providing a basis for comparison when evaluating the healing

process [23]. Wound closure % was calculated by using equation 3.

Wound closure % = (1 — open wound /initial wound) * 100 3)
Note-Diameter of the wound was measured for calculation of wound closure.

4.3.10 Histological Studies

During the in vivo studies, wound size measurements were recorded on the 0, 41, 7t
and 14" day. However, tissue samples were excised on 4", 71" and 14" day for further
analysis. To facilitate the sample excision, animals were euthanized using diethyl
ether inhalation. The tissue samples were then obtained from the wounded area and
subjected to histopathological examination. To preserve the tissue structure for
analysis, the excised tissues were fixed in 10% buffered formalin. The formalin-fixed
tissues underwent a series of processing steps, including dehydration, wax

impregnation, and the creation of blocks using paraffin. Subsequently, thin sections
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(3-5 pum thick) were obtained from the processed tissues using a microtome. For a
detailed examination of cellular and structural changes, the obtained sections were
stained with hematoxylin and eosin. This staining method allows for the visualization
of nuclei in a deep blue-purple color (hematoxylin) and cytoplasm and extracellular
matrix in a pinkish hue (eosin). Histological evaluations of these stained samples were
then conducted to analyze and compare the effects of various treatments on the

observed changes in the tissue [35].

4.3.11 Degradation Studies

To assess the ecological compatibility of the synthesized natural polymeric network,
CCFA-CA hydrogel film, its biodegradability was investigated through soil burial
method over a period of 15 days. Following the procedure outlined by K. Kaur et al.,
the samples were buried in soil (according to ISO 17556 standard) at a depth of 2 cm
below the surface [36]. To ensure a consistent moisture level, water was periodically
added to the soil container. Every 7 days, a sample was retrieved from the container,
rinsed to eliminate soil residues, and subsequently dried at 50 °C in a hot air oven.

The degree of degradation (DOD) at each stage was calculated using equation 4.

wi-wd

wi

% DOD =

+ 100 (4)

Where, Wi is the initial weight of the CCFG-CA film and Wd is the weight after every 7
days. Degradation confirmation during 15 days of CCFG-CA hydrogel film was
evaluated through weight reduction and observing the visual changes in the film. The
alteration in chemical structure and bond breakage was deduced by comparing TGA

spectrum of film (degraded CCFG-CA) on 10" day of decomposition with CCFG-CA.
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4.3.12 Permeability Tests
4.3.12.1 Microbial Permeability Test

The microbial permeability test was conducted to determine the barrier characteristics
of CCFG-CA-EO hydrogel film to microbial penetration. This was achieved by
monitoring microbial growth (indicated by turbidity) within glass vials containing
sterile nutrient broth. The hydrogel film (CCFG-CA-EO) was tied to vials containing
10 mL of nutrient broth and exposed to the surrounding environment for 48 h. For
control, an open test tube containing nutrient broth was taken. The presence of any

turbidity in the nutrient broth indicated potential microbial contamination.
4.3.12.2 Water Vapour Transmission Rate (WVTR)

The water vapour transmission rate of the polymeric CCFG-CA and CCFG-CA-EO
hydrogel film was conducted in accordance with the procedure outlined in ASTM E 96-
95 [37]. To evaluate water vapour penetration, a modified dry cup method was followed.
For this, 5g of anhydrous CaCl. was placed separately in three vials (with a testing area of
approximately 2.54 + 0.05 cm?). Two vials were sealed with test films CCFG-CA and
CCFG-CA-EO and third vial remained open. These vials were then placed in a desiccator
containing a saturated NaCl solution and placed in an oven at 37°C. After 24 h all the
vials were weighed and water vapour permeability is determined in terms of WVTR

using the equation 5 [38]. The experiment was performed in triplicate.

Am

WVTR = [7] «T (5)

WVTR is the water vapour Transmission Rate (g/m?.day)
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Am represent the change in mass due to water vapour absorption in (g)
T represents time i.e., 24 h

A is the exposed surface area of the material in (m?).

4.3.13 Protein Adsorption Test by using Bradford reagent

The protein adsorption by the hydrogel film was evaluated using Bovine Serum
Albumin (BSA) as the model protein. The evaluation procedure used in this study was
adapted from previous research literature [39]. BSA was dissolved at a concentration

of 5% w/v in pH 7 PBS buffer.

To conduct the test, 10 mL of the protein solution (BSA) (2mg/mL) was added to
hydrogel films measuring 1x1 cm in a petri dish. The samples were placed at 37°C for
24 h in an orbital shaker operating at 200 rpm. After 24 hours samples were removed
from the protein solution and 100 pL of the left BSA protein solution was added with
1 ml of Bradford reagent and 2 ml distilled water. The protein concentrations were
determined using a UV Spectrophotometer( UV-1800 SHIMADZU) at 595 nm and

compare with the previously plotted calibration curve for BSA[40,41].
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44 Results and Discussion

4.4.1 Synthesis of CCFG based hydrogel film
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Scheme 4.1: Esterification reaction among CCFG and CA with possible Cross-linked structure

The concentration of citric acid was optimized at 0.1% w/v for the cross-linking of CCFG
in order to produce a hydrogel film. Optimization studies have shown that a 5 min curing
treatment at a curing temperature of 140 °C is essential to obtain a hydrogel film that has
good matrix integrity. Glycerol was added to the formulation to enhance the film

flexibility and the tensile strength. Glycerol, being a compact hydrophilic molecule, has
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the ability to integrate between chains of polysaccharides, thereby serving as a plasticizer.
This results in an increase in the gaps between polysaccharide chains, leading to a

reduction in direct interactions within the cross-linked network [22].

Esterification reactions are responsible for the formation of cross-links between citric
acid, glycerol and CCFG. It is possible due to the presence of the primary —OH group
present in CCFG, and Glycerol and —COOH group present in CA. The possible
esterification reaction is given in Scheme 4.1. When citric acid is heated to high
temperature, a series of intermediate anhydrides form causing the cross-linked
structure with CCFG. The cyclic anhydride formed through esterification allows the
polysaccharide -OH functional group to interact, resulting in the formation of a new

intra-molecular anhydride moiety with the adjacent -COOH [42,43].
442 FTIR

The FTIR spectrum of CCFG is shown in Figure 4.1. The broad peaks at 3288 cm™,
1591 cm?, 1409 cm, and 1022 cm™' are due to —OH stretching, COO™ stretching
vibrations, CH2 scissoring, and C-O-C stretching vibration, respectively. Sittikijyothin
W et al., also observed the same spectra for carboxymethylated Cassia fistula gum
[44]. In the CA spectra, the peak at 3531 cm™ corresponds to —OH stretch. The peaks
at 1678 cm™, 1388 cm, and 1018 cm™ correspond to —C=0 stretch, -CH2 bend, and —
C-OH stretch respectively [45]. The peak at 3375 cm™ corresponds to —OH stretch
present in the polysaccharide rings, and 2915 cm™ represents the presence of —CHo,
The CA cross-linked film shows the ester bond formation between the cyclic
anhydride of CA and -OH groups of CCFG at 1713 cm™, while 1023 cm

corresponds to C-O-C stretching vibration.
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Figure 4.1: FTIR Spectra of CCFG, CA and CCFG-CA film
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443 XRD
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Figure 4.2: XRD pattern of CCFG, CA and CCFG-CA film

In figure 4.2, the XRD pattern of CA includes main peaks at 14°, 16°, 18°, 24.7°, 33°

and 43° on the degree scale. However, these peaks are not present in the CA cross-

linked CCFG hydrogel film, indicating that the crystalline structure of CA after

crosslinking gets convert into an amorphous structure of hydrogel film. Crosslinking
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was further confirmed by the shift in the peaks present in the XRD pattern of CCFG.
Specifically, there was a shift from a broad peak at 21.2° and two sharp peaks at 31.8°
and 45.5° to a broad peak at 22.5°, and a sharp peak at 29.3° in the CCFG-CA

hydrogel film. The same results were observed by Huanbutta K et al. [9].

444 SEM

Figure 4.3: SEM at 2500X (a) CCFG-CA and (b) CCFG-CA-EO

SEM of CCFG-CA at 2500 X shows that it has more porous structure and also has
homogeneity in the structure. The porous nature of the film allows the essential oils to
be entrapped in the pores of the hydrogel film, which is crucial because it increases
oxygen concentrations in injuries. These oxygen concentrations are required for
various cell activities such as phagocytosis, mitosis, and the release of growth factors
essential for damage repair [46]. SEM of CCFG-CA-EO film is given in figure 4.3(b).
It has a dense and compact structure. This represents that the essential oils were

incorporated in the voids present in the film, thus showing a compact structure.
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Figure 4.4 TGA of CCFG, CA and CCFG-CA film

Thermo-gravimetric analysis represents a weight loss of 82% between 171 °C and
240 °C, indicating the decomposition of CA crystals (fig. 4). Complete degradation,
i.e., 100% occurs up to 800 °C [45]. CCFG shows a two-step process of
decomposition. Firstly, up to 100 °C, there is a loss of moisture. Further, up to 630
°C there is a breakdown of the polysaccharide backbone. It shows complete
degradation up to 800°C with no residue. CCFG-CA film shows a loss of moisture up
to 125 °C. Afterwards, raised temperature causes the breakdown of the glycerol
structure around 290 °C [47] and cross-linking between gum and citric acid. The film

shows more stability over gum with a residue of 4.5% [48].

4.4.6 Mechanical Testing

Table 4.1, shows the results of mechanical testing for CCFG-CA and CCFG-CA-EO

films. The CCFG-CA and CCFG-CA-EO films were found to be 50um and 55um
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thick, respectively. The maximum load CCFG-CA could hold was 49.90 N, while
CCFG-CA-EO could hold up to 54.1 N. The tensile strengths of CCFG-CA and
CCFG-CA-EO were 39.4+0.54 MPa and 38+1.57 MPa, respectively. The results show
that the tensile strength of the prepared essential oils loaded hydrogel film i.e., CCFG-
CA-EO is less than the control hydrogel film, CCFG-CA. The tensile strength and
elongation at break (%) can be affected by numerous factors, including the type and
ratio of polymers, plasticizers, and other additives, along with their interaction with
one another [49]. Chuysinuan et al, also observed the same results for gelatin based

hydrogel loaded with essential oil [50].

Table 4.1: Mechanical properties of the hydrogel films

. Tensile Elongation at
Film Max Force(N) Strength (MPa) Break (%0)
CCFG-CA 49.9+0.15 39.4+0.54 9.1+0.25
CCFG-CA-EO 54.1+0.12 38+1.57 8.66+0.57

4.4.7 Swelling Studies

Swelling of the hydrogel films has been observed in distilled water (DW) and
stimulated wound fluid (SWF). The results from the swelling studies have been
shown in figure 4.5 and table 4.2. The hydrogel initially experienced rapid swelling,
followed by a slower rate of swelling until it reached equilibrium swelling after 24 h
at 37°C [51]. Subsequently, the porous network of the hydrogel became fully
saturated with water, preventing further absorption of water. Similar results were
observed in the SWF, but greater swelling was noted in the DW compared to SWF.
This is primarily due to the presence of ions, which induced ionic repulsion between -
COO™ groups, and resulted in an expansion of the mesh size. Baljit et al., also

observed similar results for the swelling index of hydrogel films [52].
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Table 4.2: Mechanical properties of the hydrogel films

Time Swelling Index (DW) Swelling Index (SWF)
60 0.84+0.09 0.74+0.03
120 1.07+0.02 1.02+0.01
180 1.21+0.02 1.15+0.01
240 1.40+0.02 1.27+0.01
300 1.54+0.03 1.41+0.02
360 1.69+0.03 1.54+0.00
420 1.82+0.03 1.61+0.00
480 1.95+0.03 1.72+0.03
1320 2.40£0.00 2.07+£0.01
1380 2.51+0.03 2.174£0.03
1440 2.52+0.03 2.18+0.01
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Figure 4.5: Swelling studies of hydrogel films

4.4.8 Antioxidant Activity

During the wound repair process, the body's antioxidant capacity plays a crucial role.
In the initial inflammatory phase, a controlled amount of reactive oxygen species is

generated to defend against invading pathogens and facilitate intracellular signalling.
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In our study, we aimed to explore the antioxidant properties of CCFG-CA-EO
hydrogel film. One commonly used method to assess antioxidant activity is the DPPH
assay, which involves measuring the ability of a substance to neutralize DPPH, a type

of free radical. This neutralization causes a change in the colour of the solution [3,53].

CCFG-CA-EO was tested to evaluate their antioxidant activity by analyzing the
reduction of DPPH radicals. The absorbance (A) of control was recorded at Amax 517
nm and found to be 0.914. The scavenging percentage of CCFG-CA-EO was found
out to be 86.18% at concentration 1.00 mg/mL as shown in table 4.3. Antioxidants
can reduce DPPH free radicals by donating hydrogen, which is essential to prevent the
harmful role of free radicals in various disorders, including chronic wounds. The
results suggest that all the CCFG-CA-EO samples exhibit antioxidant properties or

radical scavenging activity due to their hydrogen donating or electron transfer ability.

Table 4.3: Percentage radical scavenging activity

samples Absorbance Percentage scavenging
P (after 30 min) activity (%)
Control (DPPH+Ethanol) 0.914 0
CCFG-CA-EO (1.00 mg/mL) 0.126 86.18
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449 MTT Assay
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Figure 4.6: (a) HaCaT cell lines proliferation and (b) cells viability % respectively at
different concentration of CCFG-CA-EO
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HaCaT cell lines were used as a model cell line to evaluate the cytocompatibility of
CCFG-CA-EO films. The cytotoxicity results for various concentrations are shown in
Figure 4.6(a) and 7(b). It was observed that the cells were able to adhere to the film
surfaces, spread, and proliferate, as shown in figure 4.6(a). Compared to the control
(untreated), the cells on the CCFG-CA-EO films showed a normal shape after
incubation. It can be observed that all film samples of different concentrations
exhibited cell viability values of more than 85% as shown in figure 4.6(b). This
indicates the good biocompatibility of the films with HaCaT cells. Cell viability of the
hydrogel film CCFG-CA-EO is dose dependent as cell viability decreases with
increase in concentration. Similar results were also observed by Ghatar et al. for

methyl catechol based hydrogel used for skin regeneration [54].
4.4.10 Invivo Wound Healing Studies

Figure 4.7 illustrates the wound progression over a 14-day period for three distinct
groups of animals: group 1 (Control/untreated), group 2 (CCFG-CA treated), and
group 3 (CCFG-CA-EOQ treated). Notably, the CCFG-CA-EO treated group exhibited
a remarkable acceleration in tissue regeneration and demonstrated a substantial

variance in wound closure compared to the other groups.

The percentage of wound shrinkage for each group on days 4, 7, and 14 is depicted in
Figure 4.7. The CCFG-CA-EO treated group displayed the most noteworthy rates of
wound closure on these specified days, on 14" day these group of rats show 99% of
wound closure. In contrast, the CCFG-CA treated group showed wound contractions
of 84%. The control group also exhibited wound contractions, albeit to a lesser extent,

with 69.75%. The results emphasize the notable efficacy of CCFG-CA-EO in
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promoting rapid wound closure compared to the other groups. Same results were

observed by Bagher et al. with alginate/chitosan based hydrogel. [35]

Control

CCFG-CA

CCFG-CA-EO

0t Day 4t Day 7t Day 14% Day

Figure 4.7: In vivo wound-healing results representing the wound recovery at 0*, 4, 7th
and 14" day

4.4.11 Histology

One of the widely utilized staining techniques for histology is Hematoxylin and Eosin
(H&E) staining. Hematoxylin imparts a deep blue-purple color to nuclei, while Eosin
adds a pinkish hue to the cytoplasm and extracellular matrix. In Figure 4.8, the
histology of wound healing in rats is depicted through (H&E) staining on days 4%, 7",
and 14" day. On day 4, the epidermis in all groups was not yet well-formed, covered
by acute inflammatory cells. New epithelial regeneration becomes apparent on days 7
and 14 for the group treated with CCFG-CA-EO. From day 4 to day 7 of the healing

process, the epidermis grows from the wound edges toward the center. Keratinocytes,
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major components of the epidermis, are responsible for epidermal formation through a

process called

epithelialization. Histological sections indicate a higher rate of re-

epithelialization for wounds treated with CCFG-CA-EO on day 14 compared to

CCFG-CA groups and the untreated group named control. Visual microscopic

comparison on

day 14 reveals nearly complete re-epithelialization [55,56].

CCFG-CA-EO i R0

Figure 4.8:

.J :

;;’E&; ot £ - A N 0“ . 9 . WA
Assessment of skin inflammation and hemorrhage on 4t day after wound induction; (b)
Granulation tissue development in the wounds treated topical film early stage (day 7), (c)
Commencement of re-epithelialization (day 14) in the wounds treated with topical film
shown by growing epithelial tissue.

Microscopic sections of healed incisions in rats at 4", 7"and 14" day
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4.4.12 Degradation Studies

;

100 —=— Degraded CCFG-CA

—=— CCFG-CA

(b)

80 |-

60 -

Weight %

40

20 |-

0 1 1 ]
200 400 600 800

Temperature (°C)

Figure 4.9: (a) Degradation studies for the film CCFG-CA by soil burial method and (b)
TGA of degraded CCFG-CA film comparison with CCFG-CA film
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Table 4.4: Degradation studies of CCFG-CA film

Day w?;g;ht Percentage weight loss
0.502 0%
4 0.345 31.27%
7 0.287 42.80%
10 0.125 75.09%
15 Not found Can’t be predicted

The hydrogel film underwent noticeable degradation starting around the 4" day of
burial, as shown in figure 4.9(a) and table 4.4. Initially, the film began to exhibit
cracks and a softer texture. On the 7™ day, it was observed that the film had broken
down into a few distinct pieces. On the 10" day, further degradation was observed as
the film fragmented into smaller pieces and percentage weight loss was 75.06%. By
the 15" day, the film had completely disintegrated and was no longer visible in the
soil indicating complete degradation of the CCFG-CA film. The results were also
analyzed by performing thermal degradation analysis. On the 10" day, a sample was
collected, washed with distilled water, and dried at 45°C for TGA. From thermo
gravimetric analysis( figure 4.9(b)), it was observed that the film had been degraded
by the soil, decomposing 100% within 600 °C while the actual film showed some
residual content even after 800 °C. The breakdown of the film had started under the
soil and the remaining part degraded up to 600 °C during thermal
analysis. Estrada-Villegas GM et al., observed similar results for degradation in 120

days for PVGA-Alginate based hydrogels [57]
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4.4.13 Permeability Test

4.4.13.1 Microbial Permeability Test

The microbial penetration test was performed to assess ability of the hydrogel film
CCFG-CA-EO to withstand the transmission of microbes from the surrounding
environment to the upper surface of the wound. The methodology adopted was
outlined by Amin et al. [58] and Mehmood et al. [59], with minor changes. After 24
h, we observed microbial growth in the uncovered vial, whereas the vial sealed with
a film CCFG-CA-EO displayed no microbial growth. The results are shown in
Figure 4.10, which shows that in the uncovered vial, white-colored microbial
colonies grew in the nutrient medium. Conversely, the nutrient medium in the vial
covered with the CCFG-CA-EO film remained clear, devoid of any microbial

growth throughout the duration of the test.

Based on the outcomes of this experiment, it can be conclusively stated that the
essential oil-loaded film, CCFG-CA-EO acts as a barrier against microbial

penetration.
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After 24 hours

Uncovered vials

Covered vials

Figure 4.10: Microbial penetration test for film CCFG-CA-EO

4.4.13.2 WVTR

Hydrogel materials intended for wound healing applications must possess an optimal
Water Vapour Transmission Rate (WVTR). This entails their ability to effectively
regulate fluid absorption and transmission from the wound surface. The goal is to
minimize the loss of bodily liquids while maintaining a high level of humidity in the
surrounding environment. An ideal wound healing dressing may possess a WVTR in
the range of 2000 to 2500 g/m2.day [60]. This range ensures that it effectively
maintains an environment that prevents wound dryness and water loss while also
possessing the capability to inhibit the formation of excessive exudates within the
wound bed [1]. It has been observed that hydrogel film CCFG-CA-EO has the
appropriate WVTR required for wound healing. The WVTR for the control is notably

high, measuring at 4739.24+398 g/m2.day. In contrast, the hydrogel film containing
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CCFG-CA-EO exhibits the lowest WVTR value, with a measurement of 2329.11+245
g/m2.day. When compared to the hydrogel film without essential oils, which has a
WVTR value of 2987.34+206 g/m2.day, it is evident that CCFG-CA-EO possesses a

more suitable WVTR value, making it effective for applications in wound healing.

4.4.14 Protein Adsorption test by using Bradford Reagent
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Figure 4.11: BSA calibration curve

The experimental results demonstrate that the CCFG-CA-EO-based hydrogel film’s
surface absorbed minimal protein. It is widely observed that a wound dressing
material with low protein adsorption tendency can reduce inflammation and maintain
moist wound environment at the wound site. It facilitates better interaction between
the wound bed and the dressing material, thus enhancing the wound healing process
and improving the patient comfort by reducing dressing adherence and minimizing
pain during removal. A low-protein adsorption by hydrogel film can also help prevent
the accumulation of proteins that promote the growth of bacteria and reduce the risk
of secondary infection [39,41]. The hydrogel film based on CCFG-CA exhibited

elevated protein adsorption i.e., 192.95 pg/mL, calculated on the basis of the obtained
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calibration curve for BSA given in figure 4.11. This heightened adsorption can be
attributed to the remarkably hydrophilic properties of CCFG. However, the
introduction of essential oils (EO) into the CCFG-CA hydrogel film i.e., CCFG-CA-
EO led to a notable reduction in protein adsorption, measuring only 12.05ug/mL. This
decrease can likely be attributed to the increased hydrophobicity of the films resulting

from the incorporation of essential oils.

45 Conclusion

The novel hydrogel-based film of CCFG, CA and glycerol which is highly
biodegradable was synthesized using the solvent casting method. The film loaded
with essential oils such as Turmeric, Rosemary, and Thuja, which enhanced the anti-
oxidant and barrier properties of the film. The film also exhibits appropriate swelling
in SWF but to a lesser extent than distilled water. To improve the thermal and
mechanical properties of the film, glycerol used as plasticizing agent and citric acid as
cross-linker for the polysaccharide chain. The hydrogel film allows for the
permeability of water vapour, while impermeable to microorganisms. Additionally,
the CCFG-CA-EO film was found to have a protein adsorption of 12.05ug/mL,
indicating that it absorbs a small amount of wound exudate and maintains a moist
environment for the wound. In- vitro studies have shown that the film is bio-
compatible, and in-vivo and histological analysis confirm its ability to promote fast
wound recovery in a rat model with CCFG-CA-EO. In conclusion, the synthesized
hydrogel-based film loaded with three essential oils i.e., CCFG-CA-EO has proven to

be an effective dressing for wound healing.
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CHAPTER -5
Overall Conclusion and Future Prospects

5.1 Overall Conclusion

The fundamental goal of this research is to discuss classification, synthesis and
applications of the hydrogels synthesized by using derivatized natural gums. Among
various natural gums, three carboxymethylated natural gums were used for the
synthesis of the hydrogels and their applications have been explored in bio-medical
field. Gum Tragacanth and Locust bean gum were successfully carboxymethylated
with 0.2 degree of substitution and were used for the synthesis of the hydrogel by
using free radical co-polymerization technique. The synthesized hydrogels from the
above carboxymethylated gums were characterized by FT-IR, XRD, SEM, TGA and
13C NMR. Rheological studies for the synthesized hydrogels were done to determine
the flow properties of the hydrogel. Swelling studies were performed at three different
temperature and network parameters were also calculated with a function of
temperature. The results so obtained from swelling studies confirmed the formation of
the smart hydrogels. Both the hydrogels were explored as controlled drug delivery
carrier by using Aceclofenac sodium and Metformin hydrochloride respectively as the
model drugs. Hemolysis test confirms the bio-compatibility of the hydrogels.
Carboxymethylated Cassia fistula gum based hydrogel was synthesized by
esterification method. Synthesized hydrogel film was explored for the wound healing
application. Essential oils loaded hydrogel film was confirmed to be best fit for the
wound healing application by analyzing the results of mechanical test, anti-oxidant

test, permeability test and protein adsorption test. Highly biodegradable properties
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were confirmed by performing the soil burial experiment and TGA. In- vitro and in-
vivo test confirmed the bio-compatibility and effective wound healing properties of
the hydrogel film. Overall, the synthesized CMGT, CMLB and CCFG based

hydrogels can be the promising carriers for the drug delivery.

5.2 Future prospects and Scope

Natural gum-based hydrogels are three-dimensional network which has the ability to
swell and retain water due to their hydrophilic functional group on their cross-linked
polymeric matrix/scaffolds. The unique properties of hydrogels, cost effectiveness,
biodegradability and sustainability have led to their application in drug delivery,
implantable devices, tissue engineering and topical formulations. The porous structure of
these hydrogels is very useful to drug loading and slow/ controlled release of drugs,
agrochemicals and fertilizers, bio-pesticides/bio-control agents for agriculture. They are
also very useful in water purification and environmental applications to remove toxic and
hazardous compounds. Hydrogel films are useful in food packaging, sensors, wound

healing and transdermal drug delivery because of their non- invasive nature.

The research work embodied in this thesis is on carboxymethylated Gum (Tragacanth,
Locust bean and Cassia fistula) based hydrogels, which were used to formulate
Metformin Hydrochloride, Aceclofenac sodium and mixture of essential oils. In
future, these hydrogel’s-based gels/films can be further investigated for their utility in
agriculture for slow release of pesticides, bio-pesticides and possibly for
immobilizing/trapping enzymes. Also, modeling tool can be generated for

understanding structural activity relationship of the drugs with hydrogel.
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