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1. INTRODUCTION

Wounds, whether acute or chronic, present a significant challenge to healthcare systems
worldwide [1]. Once a wound is developed, the skin's protective barrier is disrupted, leading
to bleeding, inflammation, and pain. The affected area becomes vulnerable to infection and
dehydration, which can complicate healing [2]. Thus, effective wound management is crucial
for preventing diseases, promoting healing, and minimizing scarring. Wound healing is a
complex process involving four overlapping physiological phases: hemostasis, inflammation,
proliferation, and remodeling, each essential for restoring the structure and function of injured
tissue [3]. After an injury, the body goes through several phases to repair the damage and
restore normal tissue function. In the hemostasis phase, blood vessels constrict to reduce blood
flow, and platelets adhere to the damaged cells, allowing for blood clotting to prevent further
bleeding (Fig 1.1 A). Growth factors like PDGF and TGF-8 stimulate the production of cells
for tissue repair. During the inflammatory phase, cytokines are released, initiating a cascade of
cellular and molecular events including white blood cells (mainly neutrophils) playing a role
in removing bacteria and debris (Fig 1.1 B). Macrophages assume a vital role in the
phagocytosis of damaged tissue. Growth factors further facilitate the recruitment of essential
cells required for tissue repair. The proliferative phase encompasses angiogenesis, the
formation of granulation tissue, and re-epithelialization to restore the integrity of the skin's
surface (Fig 1.1 C). Ultimately, the remodeling phase is focused on restructuring the tissue to
form functional skin or scar tissue (Fig 1.1 D). [4-5]. A wide range of wound dressing materials
including films, membranes, foams, and gels have been created to address the needs of
preventing infection, promoting fast wound closure, and reducing scar formation. Nevertheless,
these dressings still face challenges in meeting all the physiological and biological demands
for their intended application [6]. To prevent and potentially cure wound infection, hydrogel-
based formulations displayed their crucial role in the treatment of wounds. Hydrogels as
tridimensional, hydrophilic polymeric complexes and porous structures serve a commendable
performance in dealing with wounds due to their capability to provide a moist environment that

promotes tissue remodeling and the ability to absorb exudates [7].
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Fig 1.1. Pictographic demonstration of stages of wound healing: (A) hemostasis, (B)
inflammation, (C) proliferation, and (D) remodeling. Reprinted with permission from reference
[8].

Among the hydrogel-based dressings, hydrogel-based films are gaining attraction in the realm
of wound-related ailments. An ideal hydrogel film must possess excellent structural, functional,
and mechanical integrity along with water vapor permeability, tissue adhesion, and water
uptake ability. Furthermore, hydrogel-based film must provide a suitable environment for
moisture to prevent maceration and protect wounds from bacterial infiltration and reactive
oxygen species (ROS) [9-10]. Hydrogels derived from naturally occurring biopolymers such
as alginate, chitosan, hyaluronic acid, keratin, starch, fenugreek gum, gelatin, xyloglucan,
cellulose, etc. have sparked considerable interest within the scientific community for the
development of hydrogels [11-12]. These natural polysaccharides possess antibacterial, anti-
inflammatory, antioxidant, non-immunogenic, and exhibit regeneration capacity. Nowadays,

natural polysaccharide-based hydrogel films are demonstrating significant promise in wound
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healing due to their non-toxic, biodegradable, highly flexible, adhesive, biocompatible, and
regenerative qualities [13]. Natural polysaccharide-based hydrogels are preferred over
synthetic polymer-based hydrogels because they are non-toxic to humans, environmentally
friendly, and low cost. However, these natural polysaccharide-based traditional hydrogels are
insensitive to changes in pH and temperature but get damaged by external force causing
hydrogels to break and not have the ability to gel self-repair themselves. The inability to self-
repair not only decreases the lifespan of hydrogels but also decreases their therapeutic efficacy.
Furthermore, irreversible crosslinked hydrogels after damage cause interference in normal cell
proliferation and reproduction. Thus, to mitigate these drawbacks, the implementation of these
irreversible crosslinked hydrogels into reversible crosslinked hydrogels is pursued through
appropriate chemical alterations. With these alterations, hydrogels can acquire self-healable
properties. Creating materials with the ability to self-heal after damage can increase the life of
the material and help restore and/or maintain its original properties. In addition, it can prevent
failure caused by cracks (or cracks) forming, increasing material longevity, reliability, and
safety in various applications. Self-healing processes are broadly divided into non-covalent
bonding (physical bonding) and covalent/chemical bonding (chemical bonding). Non-covalent
bonds typically include hydrophobic, hydrogen, host-guest, and ionic bonds. Self-healing
hydrogels with noncovalent interactions are considered mechanically weaker than covalent
ones because of weaker intermolecular forces and repulsive interactions. While, the methods
used in dynamic covalent chemistry are diverse and typically include imine bonds, acyl
hydrazone bonds, borate ester bonds, disulfide bonds, Diels-Alder reactions, and oxime bonds
[14]. The mechanism behind self-healing is illustrated in Fig 1.2. demonstrated that when a
system is subjected to any external damage or stimulus, resulting in the rupture of bonds
simultaneously these ruptured bonds will reform through covalent interactions [15]. The
covalent interactions responsible for the self-healing of hydrogels involve disulfide, imine, acyl
hydrazone, borate ester bond, and Diel-Alder reaction [16]. Polysaccharide-based self-healing
hydrogel films prepared by solvent casting method are the preferred choice for wound healing
applications due to their biocompatibility, biodegradability, non-toxicity to human tissues, and
their antioxidant, anti-inflammatory, antibacterial, and immunomodulatory activities [17-18].
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Fabricated Hydrogel Bifurcated Hydrogel Bifurcated ends showing interaction Self-Healed Hydrogel

Fig 1.2. Pictorial demonstration of the mechanism of self-healing of hydrogels through non-
covalent and covalent interactions.

Tamarind seed polysaccharide (TSP), a galactoxyloglucan is isolated from Tamarindus indica
seed kernel. Xyloglucan is a structural polymer that is abundant in the cell walls of higher
plants. It is highly viscous and possesses a wide range of pH tolerance, and adhesive
characteristics. As a result, it is extensively used as a stabilizer, thickening, and gelling agent,
and as a binder in the pharmaceutical and food sectors. Other essential features of TSP include
non-carcinogenicity, biocompatibility, mucoadhesive, and good drug-retaining capacity.
However, TSP suffers from several drawbacks such as unpleasant odor, dull color, fast
degradability at higher temperatures, and uncontrolled rate of hydration [19-20]. The functional
groups present in TSP have been chemically modified to change properties like thermal
degradation, solubility, viscosity, and swelling.

Borax, as a crosslinker and self-healing agent in an aqueous solution, dissociated into borate
ions B(OH)-4 and boric acid B(OH)3, resulting in the formation of dynamic borate ester bond
with cis 1,2-diol or 1,3-diol groups of the polysaccharide [21]. Thus, the dynamic reversible
covalent crosslinking of B(OH)-4 ions with hydroxyl groups of TSP resulted in the formation
of cross-linked networks.

1.1. Tamarind Seed Polysaccharide (TSP)

1.1.2. History

a) Source

Tamarind is a popularly known tree found in India. The scientific name is Tamarindus indica
Linn. It is known as ‘Indian date’ and is also called Imli in Hindi. The tamarind tree is a
dicotyledonous plant in the Leguminosae family [22]. Tamarind seed is one of the crucial
byproducts from the production process that is used for the pharmaceutical industry. Tamarind
seed contains testa (20 to 30 %) and endosperm (70 to 80%). These can be also called seed
coats and kernels. Plant polysaccharides are found in the endosperm and non-endospermic parts
of seeds. Tamarind seed is the crude material for tamarind kernel powder manufacturing.

Tamarind seed polysaccharide (TSP), also known as tamarind gum, is derived from tamarind
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seed kernels [23]. Xyloglucans are obtained from tamarind seed powder. There are several
tamarind gum extraction processes reported from tamarind seed powder. Within them, the first
extraction was done by Rao et al in 1946 and Nandi in 1975 further reworked and modified the
previous extraction process on the levels of the laboratory [24-25]. Tamarind gum can be
extracted using chemical and enzymatic methods in most cases. Tamarind powder of seed
(TSP) is steeped in boiling water and then the extracted mucilage to separate in a chemical
extraction technique. To make precipitate gum, the filtered mucilage part is mixed with an
equivalent amount of ethanol or acetone. The precipitate obtained by extraction is then dried
to form tamarind gum or tamarind seed polysaccharides [26] Mixing tamarind kernel powder
with ethanol and then reacting with an enzyme (protease) is the enzymatic extraction technique.
It is centrifuged after being treated with protease enzymatically. The supernatant portion is
taken. Then it is treated with ethanol to achieve tamarind kernel polysaccharide precipitation.
Then precipitate is dried to form the gum [27].

b) Chemistry

Tamarind seed polysaccharides are chemically neutral or non-ionic. It is a highly branched
soluble hemicellulose structured polysaccharide. The molecular weight of TSP is close to about
50,000 Daltons or more than that. The backbone of the structure is composed of a 1,4-linked
B-D-Glucose backbone that's identical to cellulose. The chain of glucose or glucopyranose
backbone is replaced with a-(1,6)-linked xylopyranose. This xylopyranose can be further
substituted by B-(1,2)-linked residues of galactopyranosyl (Fig 1.3.). Near about 80% of glucan
backbones, are substituted by (1,6)-linked xylopyranose units and xylogalactopyranosyl units
[28]. The xylopyranose units and subunits are used to be found linked up on the 2nd, 3rd, and
4th positions of the D-glucopyranosyl chain [29]. The monomer compositions are glucose,
xylose, and galactose where percentage amounts are likely 55.4%, 28.4%, and 16.2%. So, the
molecular ratio of the components (also written as glucose: xylose: galactose) is 2.8:2.25:1.0.
As this type of composition, it is also called galactoxyloglucan [30]

c¢) General Properties:

Native tamarind seed kernel polysaccharide is water soluble like the rest of the polysaccharide
nature but the whole amount is not hydrated. It possesses a balanced nature of hydrophilic and
hydrophobic. For the cellulosic type of backbone, the interchain interactions take place and are
self-aggregated. The self-aggregated structure is shown like lateral fabricated strands of a
single polysaccharide such as a worm-like chain, which is described in the so-called model of
Kuhn’s [31]. The stiffness is dependent on the number of aggregated strands. This type of

5
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nature is examined in SLS or static light scattering particles study. An extended stiffed structure
of tamarind kernel polysaccharides can be obtained if it is substituted higher portion on the
glucose chain. Then it will occupy a larger volume [32]. TSP is insoluble in cold water but
dispersed in warm water. In warm water, high-viscosity gel is found. This produced gel has a
wide range of pH tolerance and adhesion properties [24]. For the hydrophilic property, it swells
in the solution. This gel shows a non-Newtonian and pseudoplastic rheological nature. It is not
soluble in organic solvents such as ethanol, acetone, methanol, and ether just like other natural
gums [33]. It can withstand an acidic pH medium. Tamarind kernel polysaccharides may
produce gels at both acidic and neutral pH media. It can make sugar-based gels that are vicious
extremely. Tamarind gum is a biocompatible, biodegradable, non-irritant, and noncarcinogenic
with a hemostatic nature polymer [34]. It has also been shown as a bioadhesive and a
mucomimetic biopolymer. Tamarind gum's hepatoprotective, anti-inflammatory, and
antidiabetic properties have also been discovered [35]. It also has high flexible film-forming
properties and tensile strength, as well as a high thermal stability and drug-holding capacity
[36]. Tamarind gum, like other xyloglucans, is not broken down by human digestive enzymes.
It might be included in the dietary fiber portion of the diet. It is, however, fermented by
intestinal microbes [37].

o
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Fig 1.3. Structure of Tamarind Seed Polysaccharide (TSP)

1.2. Borax

Borax (Sodium tetraborate decahydrate) is an important cross-linking agent (Fig 1.4). In the
field of soft materials, borax crosslinked hydrogels have exhibited excellent self-healing
performance and swelling index. These borax cross-linked hydrogels are formed by a borate
ester bond between borate ions and -OH groups of different polymers to create a hydrogel

6
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network. Borax by dissolving in water dissociates in NaB(OH)4~ and H3BOs conjugated acid-
base pairs (Fig 1.5). In an aqueous solution, it exists as Borate ion B(OH)s which forms
dynamic borate linkages with maximally four hydroxyl groups of polymers having cis-1,2-diol
or 1,3-diol linkages. These borax crosslinked hydrogels undergo self-healing because these
borate ester bonds undergo dynamic rearrangement constantly. Consequently, hydrogels
prepared from dynamic B-O bonds can reform bonds after damage even at a wide pH range.
The continuous dynamic rearrangement of borate ester bonds in these hydrogels allows them
to self-heal. As a result, hydrogels prepared from dynamic B-O bonds can reconstruct
themselves even after damage at broad pH ranges. With the dissociation of borate ester
linkages, boric acid was ultimately released, which has minimal toxicity to cells or tissue. Due
to this characteristic property, borax is an excellent and safe choice for diverse biomedical and
pharmaceutical applications as preserves internal body integrity and poses minimal or no risk
to cells [38]. In comparison to others, crosslinking through borax forming dynamic covalent
borate ester bonds is an excellent choice for biomedical applications since it offers enhanced
biological features and is less hazardous than other substances.[39]. However, higher doses and
prolonged exposure to borax may lead to toxicity. Hence, it is necessary to use a low amount
of borax for crosslinking purposes.

Borax cross-linked hydrogels due to their high flexibility and self-healing behavior reported by
various literatures. Given their tremendous potential for use in biological applications, self-
healing hydrogels have generated a lot of interest. The di-diol borax linkages in the hydrogel
have a dynamic nature that significantly improves their flexible and self-healing properties. On
the contrary, under specific circumstances, polysaccharides can produce self-healing hydrogels
employing strong H-bonding. [40-41]. Still, the self-healing and viscoelastic capabilities can
be greatly improved by the existence of dynamic borate-diol bond formation. Borax cross-
linked polysaccharide hydrogels, nevertheless, exhibit poor mechanical qualities. Different
approaches have been used to get around this restriction, leading to the creation of hydrogels
that are more durable and flexible.

Borax was also utilized in crosslinking with cellulose as borax offers an environmentally
acceptable method as well as produces hydrogels with significant water absorption capacity.
[42]. Increased hydrogel antibacterial activity is another benefit of utilizing borax [42].
Staphylococcus aureus (S.aureus), Acinetobacter septicus, Escherichia coli (E.coli), and
Pseudomonas aeruginosa (P. aeruginosa) are all susceptible to the antibacterial effects of boric
acid and borax. The study discovered that whereas S. aureus is susceptible to both boric acid

7
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nd borax, E. coli and P. aeruginosa are resistant to borax. Thus, it can be concluded that gram-
positive bacteria are more resistant to the antibacterial effects of borax than gram-negative
bacteria [43]. However, the boron-containing products utilized for various therapeutic purposes
including cancer treatments, anticoagulants, anti-diabetics, anti-infectives, and beta-lactamase
resistance can be efficiently treated using boronic acid derivates [44].
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Fig. 1.4. Structure of di- Sodium Tetraborate Decahydrate (Borax).
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Fig 1.5. Dissociation of borax in water for the formation of borate ions B(OH)4™ and boric acid

(H3BO3).

Thus, the dynamic reversible covalent crosslinking of B(OH) 4 ions with hydroxyl groups of

TSP resulted in the formation of cross-linked networks. This research aims to develop and
optimize borax cross-linked TSP-based self-healing hydrogel film by solvent casting method
and evaluate its physicochemical and biological parameters. Evaluations such as thickness,
transparency, water vapor transmission rate (WVTR), mechanical strength, self-healing
efficiency, in vitro degradation, simulated wound fluid (SWF) absorptivity, viscosity,
antioxidant, and antimicrobial activities were studied that provide a new vision for the

development of self-healing hydrogel film utilizing natural polysaccharides.
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Pereira et. al. developed an innovative method for creating hydrogel films using alginate and Aloe
vera, which hold promise for wound healing and drug delivery [1]. The films were carefully
prepared using solvent-casting and underwent an additional cross-linking step to enhance their
properties. Different alginate films with varying Aloe vera contents (5%, 15%, and 25% w/v) were
created, and their characteristics were thoroughly assessed, including thickness, transparency,
swelling behavior, and in vitro degradation. The findings indicate that Aloe vera has a beneficial
impact on the transparency of the films in both dry and wet conditions. Furthermore, their water
absorption capacity was evaluated when the films were immersed in acetate buffer at pH 5.5 to
imitate the skin environment. It was observed that as the Aloe vera content increased, the water
absorption also increased, suggesting that Aloe vera enhances the hydrophilic properties of the
films. The in vitro degradation test revealed that the films exhibited a maximum degradation of
18.6 £ 0.5% when the Aloe vera content was increased to 25% wi/v.

Chopra et. al. conducted a study where they developed a chitosan and PV A-based honey hydrogel
film for potential application in wound healing using a solvent-casting method [2]. The evaluation
of the hydrogel film indicated that the film thickness ranged between 0.041 + 0.006 and 0.055 +
0.004 mm. Interestingly, they observed that the folding endurance of the films (F1-F5) increased
as the concentration of chitosan was raised from 0.25 to 2% w/v. Moreover, a similar trend was
noticed with the moisture content and swelling ratio, which increased with higher chitosan content.
However, it was noted that the WVTR of the films decreased sequentially from 2698.65 + 76.29
to 1650.50 + 35.86 g/m2/day with the increase in chitosan content. Furthermore, the mechanical
properties of the hydrogel films showed that an increase in chitosan concentration led to higher
tensile strength, ranging from 4.74 + 0.83 to 38.36 + 5.39 N, while the % elongation at break
ranged between 30.58 + 3.64 and 33.51 + 2.47 mm. The SEM analysis of hydrogel film F5 revealed
a smooth surface and a homogenous polymeric matrix, indicating good structural integrity. The
synergistic antimicrobial activity of the addition of honey in the chitosan-based film due to cationic
charges and acidic pH against S. aureus made them suitable for wound healing applications.
Ajovalasit et. al. developed hydrogel films for wound healing using both physical and chemical
crosslinking methods [3]. The first type of film was created by physically interacting xyloglucan

with PVA, while the second type involved chemical crosslinking using glutaraldehyde (GA).
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Glycerol, at varying concentrations, was included as a plasticizer in both types of films. The
analysis of the characters showed that GA helps in creating strong chemical bonds between XG
chains, resulting in a robust polymer network with high gel fractions. The addition of glycerol
increased the flexibility of the films. However, higher concentrations of glycerol decreased both
the storage (G") and loss (G") moduli due to its competition with GA in the cross-linking process.
Thermal gravimetric analysis (TGA) verified the creation of a covalent network involving glycerol
and PVA. The chemically crosslinked films displayed stability in water and saline buffer, with
swelling levels ranging from 90% to 355%, enabling them to maintain their shape and mechanical
strength. The swelling behavior of films lacking PVA remained unaffected by ionic strength, while
films with XG-PVA showed a slight dependency. Chemically crosslinked films exhibited good in-
vitro cytocompatibility and possessed no toxicity. In contrast, the physical hydrogel films showed
moderate cytotoxicity, likely due to their rapid dissolution, which altered the composition of the
culture medium.

Silvaet. al. prepared composite biofilms using alginate and low methoxyl (LM)-pectin crosslinked
with calcium ions [4]. The hydrogel film was prepared through a two-stage crosslinking procedure:
initially, a partially crosslinked film was made using calcium chloride, and further completely
crosslinked films were prepared by fully immersing the films in a calcium chloride solution
containing glycerol (1-15%w/v). The research assessed the impact of glycerol concentration in the
final crosslinking step on the film characteristics. The results showed that the extent of
simultaneous calcium crosslinking and plasticization of glycerol depended on the level of
structural organization achieved in the pre-crosslinking stage. Increasing the glycerol
concentration in the crosslinking solution increased the film's solubility in water, moisture content,
swelling extent, and flexibility. However, the tensile stress resistance decreased with higher
glycerol concentrations. They were able to obtain transparent alginate and pectin composite films
with acceptable mechanical properties, low solubility, and limited swelling at a 10% glycerol
concentration.

Spoljaric et. al. prepared a borax crosslinked self-healing hydrogel using nanofibrillated cellulose
(NFC) and PVA [5]. NFC was introduced to modify the non-Newtonian behavior and flow
characteristics of the PVA-borax crosslinked network. These hydrogels retained their structural
integrity under low stress, reflecting improved material stability. Moreover, the hydrogels
demonstrated self-healing capabilities, as they could be manually separated and rejoined into a
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single continuous piece without the need for external stimuli. This self-healing was linked to the
reversible nature of hydrogen bonds within the hydrogel matrix. NFC contributed to increasing gel
content and reducing swelling by limiting water penetration into the hydrogel network. A similar
effect was observed with higher borax content, which resulted in closer PVA chain interactions
and greater crosslink density. The compressive mechanical properties improved with the addition
of up to 40 wt% NFC and higher borax concentrations. Results from creep-recovery demonstrated
that creep was reduced due to the impact of NFC on viscosity and flow, as well as the increased
chain restrictions due to higher borax crosslinking. Both PVA-borax crosslinking and hydrogen
bonding were essential for the mechanical properties of the hydrogels. However, exceeding 40
wt% NFC reduced structural integrity, as excessive nanofibrils hindered effective crosslinking and
disrupted the crosslinked polymeric network.

Dixit et. al. successfully synthesized pH-responsive ionic double network hydrogels that have a
variety of useful properties including high strength, swellability, stretchability, and self-healing
abilities [6]. These multifunctional hydrogels are formed through the use of double crosslinking
structures that consist of both physical and chemical crosslinks. The hydrogels are composed of a
copolymer network consisting of acrylamide (AM) and sodium acrylate (Na-AA), as well as a
reversible network formed by a PVA-borax complex. At pH 8.5, the hydrogel demonstrated a
swelling capacity of 6494%, showcasing its exceptional absorption capabilities. The measured
tensile strengths of 1670, 580, and 130 kPa for the hydrogel with 20, 40, and 60 wt% water content,
respectively, highlight its robust mechanical properties. The self-healing process of the hydrogel
is significantly contingent upon its water content, emphasizing the crucial role of water in
influencing this property. For instance, when the hydrogel is composed of an AAm: NaAA ratio
of 75:25 and contains 60 wt% water, it demonstrates approximately 29% healing efficiency after
24 h. However, when the water content is reduced to 20%, the healing efficiency increases to
around 69%.

Bhardwaj and colleagues synthesized a self-healing, adhesive, and highly absorbent (GelAA)
hydrogel film using gelatin, poly(acrylamide), and boric acid through a free radical reaction [7].
The optimized film demonstrated an impressive water absorption capacity of 2865 + 42% and
exhibited strong self-healing properties. To enhance its functionality, the GelAA film was further
infused with silver nanoclusters (AgNCs) and ursodeoxycholic acid (UDC), achieving a 10%
loading efficiency to create UDC/Ag/GelAA films. The incorporation of AgNCs provided the
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films with outstanding antibacterial properties, achieving 99.99 + 0.01% effectiveness against both
Gram-positive and Gram-negative bacteria. Additionally, the UDC/Ag/GelAA films featured a
porosity of 77.19 £ 0.52% and released 90% of UDC within 30 hours, promoting improved cell
proliferation. The original hydrogel film exhibited a mechanical strength of 0.00362 MPa, while
the self-healed version showed a strength of 0.00259 MPa, indicating a self-healing efficiency of
71.5%. These findings suggest that the self-healing process had minimal impact on the strength of
the hydrogel film.

Liu et. al. prepared a hydrogel dressing by crosslinking borax with xyloglucan and okra
polysaccharide [8]. The hydrogel was developed by the formation of dynamic borate ester linkages
between the hydroxyl groups of xyloglucan and okra polysaccharide. The resultant composite
XG/OP hydrogels showed quick self-healing and good shear-thinning characteristics, which
render them fit for injection at wound beds and filling irregularly damaged sites. The suggested
XG/OP hydrogels exhibited 73.9% DPPH scavenging activity, indicating high antioxidant
capability. The XG/OP hydrogel exhibited strong angiogenic activity and encouraged the
migration of L929 cell viability. The results of the hemolysis test indicated that the XG/OP
hydrogel had a hemolysis rate of just 0.7%. Furthermore, it was degraded subcutaneously in seven
days without causing any tissue injury. Comparing XG/OP hydrogels to commercial dressings, in
vivo tests demonstrated hemostatic qualities. Furthermore, the hydrogel exhibited good adhesion
properties and stimulation of skin wound regeneration through pro-neovascularization, increased
collagen fiber deposition, and downregulation of inflammation. This work offered an innovative
proposal for the application of natural plant polysaccharides in medicine to heal skin wounds.

A dual network (DN) self-healing hydrogel prepared by Ai et. al. via complexation of PVA and
xylan which was cross-linked with borax depicted as (PVA/xylan/B DN) hydrogel demonstrated
the improved strength, extensibility, toughness, and self-repairing ability [9]. The PVA/xylan/B
DN hydrogel showed the highest tensile stress and fracture strain (81.35 kPa and 984.16%) at a 3
% xylan concentration compared to PVA/B hydrogel (12.61 kPa and 337%). The higher
mechanical strength of PVA/xylan/B DN hydrogel was mainly attributed to supramolecular
hydrogen bonding between PVA-xylan compared to the covalent formation of borate ester
linkages between PVA and borax. However, the addition of borax mainly contributed to the
superior healing strength in both PVA/xylan/B DN and PVA/B hydrogels. Based on the stress-
strain curve of PVA/xylan/B DN hydrogel, it was demonstrated that the self-healed hydrogel
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exhibited a healing efficiency of 85.8% and elongation at break reached 86.19% indicating the
remarkable self-healing rate on the addition of borax.

Liu et. al. created an innovative borax cross-linked hydrogel by complexation of PVA with
carboxymethyl chitosan (CMCS) through H-bonding, and silver nanoparticles (AgNPs) as a
bactericidal agent that has prospective therapeutic applications and antimicrobial characteristics
[10]. The introduction of varying concentrations of borax in the complex of PVA and CMC
hydrogels exhibited dynamic covalent cross-linking with the polysaccharide -OH groups and
provided self-healing properties. A rheological recovery test comparing the original and self-
healed hydrogels revealed the self-healing ability of prepared hydrogels at varying volumes of
borax. This test showed that at a dynamic strain (y) in the range of 0.001-1%, the intersection
points of G” and G’ signified the formation of gel and the critical value of sol to a gel state. The
original hydrogel's intersection points, G' and G" are clearly defined to be at y= 0.23%.
Subsequently, after 10 minutes of self-healing, intersection points of the self-healed hydrogel are
at y= 0.14%, indicating that the critical transition point from the gel-sol state was not altered
significantly. Likewise, there was no discernible alteration at the intersection points for the other
hydrogel which was self-healed. As a result, the characteristics of self-healing hydrogels remained
predominantly unaffected, highlighting the exceptional capacity of hydrogels to heal while
preserving their original characteristics. The resultant hydrogels showed distinct mechanical
qualities, strong self-healing capabilities, and a substantial growth-inhibiting impact on both S.
aureus and E. coli.

Ding et. al. synthesized composite hydrogels appropriate for wound treatment through the use of
diol borate ester connections between GG and borax [11]. To accomplish this, borax was employed
to cross-link a solution of pure collagen with varying quantities of composite guar gum (CGG),
which is a mixture made up of native GG and dialdehyde guar gum (DAGG). According to
research on self-healing, pure collagen without borax failed to demonstrate effective self-healing,
while pure CGG possessed poor shape-retaining qualities. Nevertheless, after introducing borax,
CGG-COL showed remarkable behavior in maintaining its structure and self-healing ability. In
vivo studies showed that hydrogel-treated wounds healed more quickly than wounds administered
with hydrogels prepared from raw collagen. The hydrogel-treated wounds had a healing rate of

92.4% by day 21, higher than the group treated with pure collagen-containing hydrogel (75.2%)
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and the blank group (70.3%). It was revealed that hydrogel-treated experimental groups displayed

a thicker freshly produced dermis under a microscope.

Ma et. al. prepared a stretchable, self-healing conductive hydrogels by using PVA, okra
polysaccharide, borax, and a conductive layer of silver nanowires [12]. The prepared hydrogel
exhibited excellent stretchability of 1073.7% and healing efficiency of 93.6% in 5 min. The
resultant conductive hydrogel-based strain sensor demonstrated that the strain increased from
557.9% to 1073.7% and the toughness increased from 43.7 to 189.7 kJ/m3. The electrical
resistance of the prepared hydrogel at a strain of 0-300% demonstrated a gauge factor of 6.34 high
sensitivity and a short response time of ~20ms. Hence, the prepared hydrogel exhibits robust
mechanical properties and the ability to self-repair, along with outstanding strain sensitivities and
stability.

Li et. al. prepared a self-healable codfish peptides (PBCO) based hydrogel using oxidized dextran
(ODex), polyvinyl alcohol (PVA), functionalized collagen peptide (Col-ADH), and a borax cross-
linker for wound management [13]. The synthesized hydrogel possesses self-healing and injectable
characteristics due to dynamic reversible bonds, which include acyl hydrazone, imine, borate ester,
and hydrogen bonding. The self-healing property showed fast self-healing activity after 3 minutes
of the establishment of these linkages. The continuous alternative strain sweeps by applying the
strain between 1% to 200% representing the exceptional self-repairing qualities and mechanical
properties. It has been observed that hydrogels are vulnerable to biofouling, which is the gathering
of bacteria and proteins on dressing surfaces. This may result in an overabundance of reactive
oxygen species (ROS) and bacterial infections. Thus, to facilitate accelerated recovery from
wounds, it is imperative to design hydrogels that possess antifouling properties.

Qiu et. al. developed two unique forms of hydrogels based on zwitterionic dextran which exhibited
antifouling as well as antioxidant characteristics, effective for the management of wounds [14].
These hydrogels employ sulfobetaine dextran (SB-Dex) and carboxybetaine dextran (CB-Dex)
cross-linked with borax for wound healing in a mouse skin wound model. Developed hydrogel
showed a faster healing rate in comparison to dextran hydrogel and marketed dressing. This is due
to scavenging free radicals and protein resistance.

Wang et. al. developed stretchable self-healing hydrogel by cross-linking PVA via dynamic borate
ester linkages coupled with hydrogen bonding of CMC [15]. It exhibited antibacterial
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characteristics with the inclusion of bergamot oil (BO) in a B-cyclodextrin solution. The prepared
hydrogel exhibited complete self-healing within 3 minutes. The inclusion of BO-dispersed f-
cyclodextrin in the PVA/CMC hydrogel enhanced its antibacterial efficacy, targeting a wide range

of bacteria, including both Gram-negative (E. coli) and Gram-positive (S. aureus) strains.
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3. Materials and Methods

3.1 Materials

TSP was supplied as a gift sample by Hindustan Gum & Chemical Limited, Bhiwani, India).
Borax, glycerol, and ethanol were purchased commercially from Loba Chemie Pvt. Ltd., India).
2,2-Diphenyl-1-picrylhydrazyl (DPPH) was procured from SRL, India). All other reagents of
analytical grade were used. Double distilled water was used throughout the study.

3.2 Preparation of simulated wound fluid (SWF)

SWEF was prepared by using 0.68 g of NaCl, 0.35 g of NaH2PO4, 2.5 g of NaHCO3, and 0.22 g of
KCI dissolved in 100 mL of distilled water. The pH was measured using a pH meter (CL-46+,
Toshniwal Instruments Mfg. Pvt. Ltd., India) and the simulated wound fluid's pH was 8.0£0.2 [1].
3.3 Preparation of 0.1mM DPPH-ethanolic solution

0.1mM DPPH (2,2-diphenyl-1-picryhydrazyl) solution was prepared by dissolving 4 mg of DPPH
in 100 ml of ethanol. Absorbance was noted at 517 nm using a UV-visible spectrophotometer (UV-
2450, Shimadzu, Japan) [2].

3.4 Preparation and optimization of hydrogel film for wound healing

Specific amounts of TSP were added to 40 ml of distilled water and allowed to heat at 60°C for 3
h. The mixture was then allowed to swell overnight. Glycerol (Gly) was added (25% w/w of dry
polymer) as a plasticizing agent [3]. Different amounts of borax as a cross-linker were separately
dissolved in water and added to the polymeric solution (Table 1).

Table 3.1 Composition of hydrogel films

Amount of

Formulation Code Amount of TSP Borax Amount of Glycerol Water
(% wiv) (W% of TSP) (wt% of TSP) (ml)
F1 2 - 25 40
F2 2 10 25 40
F3 2.5 10 25 40
F4 3 10 25 40
F5 3 5 25 40
F6 3 15 25 40
F7 3 20 25 40

To produce the optimized hydrogel film, various proportions of TSP and borax were added. A 2%
w/v non-crosslinked (NCL) formulation was labelled as F1, while a 2% w/v formulation cross-
linked with 10 wt% borax was labelled as F2, with the concentration of Gly kept constant at 25

wit% of the total polymeric weight. The TSP concentration was increased to 2.5% wi/v and 3% w/v
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and cross-linked with a fixed concentration of borax (10 wt% of TSP), labelled as F3 and F4,
respectively. Subsequently, with the polymeric concentration fixed at 3% wl/v, different
concentrations of borax solutions at 5%, 15%, and 20% wt of TSP were added to the polymeric
solution, designated as F5, F6, and F7, respectively. The resulting NCL and cross-linked hydrogel
solutions (40mL) were cast into Petri dishes (g= 7.7 cm) and allowed to dry at 60°C for 30 hours,
followed by air drying to constant weight.

3.5 Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of TSP and borax cross-linked TSP-based hydrogel film were analyzed using an
FTIR spectrophotometer (Alpha-E, Bruker, USA) at 4000-400 cm™ [3]. The powdered samples
were subjected to mix with potassium bromide. The prepared mixture was then converted into
pellets through a hydraulic press for suitable FTIR measurements.

3.6. Scanning Electron Microscopy (SEM)

The morphological structure of hydrogel film was evaluated using Scanning Electron Microscopy
(SEM) (Hitachi SU3800 Scanning Electron Microscope) [4]. The prepared hydrogel films were
initially air-dried and placed in a desiccator containing silica gel to obtain a moisture-free hydrogel
film. Afterward, a suitable amount of dried hydrogel films was placed on conductive adhesive
tapes using tweezers, and samples were coated with gold under vacuum. SEM images were
obtained under an acceleration voltage of 30kV for the characterization of the microstructure of
film samples.

3.7 Thickness of film

A digital vernier caliper (Mitutoyo, Japan) was used to determine the thickness of the film with a
measurement precision of 0.001mm at 10 separate locations on the film. The average thickness of
the film was determined [5].

3.8 Transparency of films

The film samples (10 x 30 mm) were cut and placed into a UV-visible spectrophotometer and
analyzed in the range of 200-800 nm [5]. The transparency of films was determined using the
following equation [6].

Transparency = %T = 1078 (1)

%T is the transmittance of light and A is the absorbance of the light.
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3.9 Water vapor transmission rate (WVTR)

The WVTR of the developed films was evaluated by mounting each type of film sample
(diameter=1.5 cm) with Teflon and subsequently determining the mass change rate in a water-
filled vial [7]. The tube was put into a desiccator kept at 37°C with a 75% RH. A mixture of 10.23
mg of water and 20 gm of NaCl was placed at the base of the desiccator to maintain the relative
humidity [8]. Test cells were taken out after 24 h, and the weight loss was determined. The WVTR

of film dressing was determined using the following equation [9].
WVTR (g.m™2.day™1) = AA—T/A .................................................................. (2)

Am/At = Loss of water for 24 h (g/day), A= effective transfer area (m?).

3.10 Mechanical strength

The mechanical strength of the hydrogel films was assessed in both wet and dry conditions [10].
For the determination of hydrogel films in wet states, films were soaked in distilled water for 30
s, and then any extra water was eliminated using filter paper. Subsequently, the specimens were
promptly subjected to tensile strength measurement in dry and wet conditions. The outcomes were
assessed based on the tensile stress represented in Fig. 3.2 and % elongation at break represented
in Fig. 3. The tensile stress (N/mm2 or Megapascals) of the film is the stress at which the film
specimen breaks, which was calculated by dividing the applied force (N) by the cross-section area
(mm2) (equation 3), while the % elongation at break or tensile strain was determined by dividing
the stretched length (mm) by the original length (mm) in both dry and wet states demonstrated in
Fig. 3.3 (equation 4) [11].

Maximum force at break (N)

Tensile stress (ml:lnz) e 3)

" Initial cross—sectional area of a film (mm?2)

Original length (mm)
Stretched length (mm)

% Elongation at break =
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Fig 3.1. Pictorial representation of the determination of tensile stress of (a) non cross-linked and

(b) cross-linked hydrogel film.
i) EY > i@

Fig 3.2 Pictorial representation of the determination of % tensile strain or % elongation at break
of hydrogel film (i) Force applied on the hydrogel film (ii) demonstration of the original length
and stretched length of NCL film (a-b) dry state, and (c-d) wet state and demonstration of the
original and stretched length of cross-linked films in (e-f) dry state, and (g-h) wet states,
respectively.

3.11 Self-healing property

The self-healing ability of borax cross-linked hydrogel film was determined by a gel-block fusion
test [12]. To determine the self-healing ability of cross-linked films visually. To help visualization
of self-healing properties, hydrogel films were dyed in different colors such as methyl orange and
methylene blue indicators (Fig.3.4). Then, both the colored films were cut in 10x10 mm. After
that, deionized water was sprayed over the slices of cross-linked films and kept in that condition
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for a short while followed by the visual observation of the self-healing effect. Subsequently, the

healing time and healing efficiency of the films were determined.

Fig 3.3 Cross-linked hydrogel films dyed with methylene blue and methyl orange indicators for
visual inspection of self-healing ability.

The healing efficiency of hydrogel film is a crucial factor for the determination of the self-healing
of hydrogel film. To determine the healing efficiency, the hydrogel film samples were cut into
multiple sections and then the fracture surfaces were brought into contact and allowed to heal. A
tensile test (Fig.3.5) was carried out to determine the healing efficiency of the self-healed film
immediately after healing, as well as after 1 h, 6 h, and 12 h of self-healing [13]. The healing
efficiency of the film can be determined using the following (equation 5) [12].

Mechanical value (pealed)

Healing ef ficiency (%) = X100 oo (5)

Mechanical value (initiql)

Mechanical valuegealed) is the tensile stress after self-healing and Mechanical Valuenitialy is the

“
A

original tensile stress of the hydrogel film.

- |
I

Fig.3.4 Determination of healing efficiency of borax cross-linked hydrogel film through tensile
stress

3.12 Swelling behavior of the film

The gravimetric tea bag method was utilized to determine the swelling ratio of hydrogel films [14].
For assessing the swelling behavior, tea bags containing the NCL and cross-linked films were cut
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into square-shaped with an area of 2 cm? and immersed in a beaker containing 50 ml of SWF
having a pH of 8.040.2 at 37°C. The film specimens were weighed (Wo) before immersion in the
SWEF. After fixed time intervals, the tea bags with film specimens were removed from the fluid,
excess fluid was blotted with tissue paper, and the weight of the swollen film (W) was immediately

determined. The % swelling ratio was determined using the equation 6 [15].

SWelling 1atio (%) = 20 X 100 ....vweeeeee e, (6)

Wo
wo = dry weight of film and ws = weight of the swollen film.
3.13 In-vitro degradation
NCL and cross-linked film specimens were cut in the area of 30 x 10 mm? and immersed into the
10 mL of degradation medium at 37°C. The sample was removed from the medium at
predetermined time intervals. The samples were then put in an oven at 37°C until a constant mass
was reached to measure the weight loss. The degradation solution was exchanged every 2 days.
The tests were performed for 14 days [16]. The in vitro degradation of the film samples was
determined using the formula of percentage weight loss (equation 7).

Weight loss (%) = % X 100 oo e (7)

Wi = initial weight of film at time 0 and Ws = final weight of film at time t.

3.14 Viscosity determination of hydrogels

The viscosity (1) measurements of prepared hydrogel samples were determined at a shear rate
range from 0.01-100 s by a viscometer (MCR 102 Rheometer, Anton Paar, Austria) at room
temperature [17].

3.15 Rheology

Rheological investigations of the hydrogel samples were carried out by using a rheometer (MCR
102 Rheoplus, Anton Paar, Austria) having parallel plate geometry. The storage modulus (G”) and
the loss modulus (G”) of original cross-linked and self-healed hydrogel samples were determined
by an oscillatory strain sweep test at a % strain (y) of 0.01-100% at a constant oscillation frequency
(®) of 10 rad s 1 [18]. All measurements of rheological analysis were taken at 37°C.

3.16 Antioxidant activity

The evaluation of the antioxidant properties of TSP and hydrogel films was conducted using the
DPPH (2,2-diphenyl-1-picryhydrazyl) assay, which measures the ability to neutralize free radicals.
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To assess the antioxidant capacity of TSP, it was tested at varying concentrations (2 to 10 mg/ml).
0.1 mM solution of DPPH in ethanol (3 ml) was added to the above solutions. After mixing, the
solutions were left to stand for 40 minutes in a dark environment at ambient temperature. The
absorbance of both the DPPH solution and TSP-DPPH mixture was recorded at 517 nm using a
UV-visible spectrophotometer (UV-2450, Shimadzu, Japan). Ascorbic acid served as the reference
antioxidant (positive control), while a DPPH solution without TSP functioned as the negative
control. The ECso value, which is the concentration at which TSP and ascorbic acid exhibit a 50%
scavenging rate was determined [19].

To assess the antioxidant efficacy of hydrogel films, samples of NCL and cross-linked films, each
weighing 50 mg, were immersed in 0.1 mM solution of DPPH in ethanol and left to incubate for
varying durations in a darkened environment at ambient temperature. A DPPH solution devoid of
any hydrogel film served as the negative control. The absorbance was recorded at 517 nm at
several time points (0.5h, 1h, 2h, and 6h) using a UV-visible spectrophotometer (UV-2450,
Shimadzu, Japan). The transition of the solution’s color from a deep purple to yellow was observed
as an indicator of antioxidant activity over these intervals [20]. The % scavenging activity was

determined using the equation given below.

) . Ag—A
Scavenging activity (%) = % ............................................................... (8)
0

A0 = absorbance of the 0.1 mM DPPH-ethanolic solution (negative control) and Al = absorbance
of the test sample and ascorbic acid (positive control).

3.17 Antimicrobial study

In vitro antibacterial assay of NCL, optimized and marketed (3M Tegaderm HP Transparent Film)
hydrogel film was evaluated by disc diffusion method (DDM) using two different strains of gram-
positive i.e. Bacillus subtilis MTCC 1305 (B.subtilis) and Staphylococcus aureus MTCC 87
(S.aureus) and gram-negative bacteria i.e. Escherichia coli K88 (E.coli) and Pseudomonas
aeruginosa 424 (P. aeruginosa). The prepared bacterial colonies were suspended in a nutrient
broth and turbidity was maintained to 0.5 McFarland standards. The suspension of bacterial strains
(100 pul) was spread on the nutrient agar plates. Hydrogel films cut in 1x1 cm were placed in the
prepared plates and allowed for incubation for 2 days. The inhibition zone was measured to
determine the antimicrobial activity of hydrogel films [21].
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4.1. Result and discussion

Various hydrogel films were prepared using TSP (NCL) and borax cross-linked TSP. The cross-
linked films were prepared by varying concentrations of polysaccharide and borax along with the
addition of glycerol (25% wi/v) as a plasticizer. TSP in solution produces a denser network structure
as it possesses self-aggregation properties and strong intermolecular hydrogen bonding [1].
Moreover, an increase in polymer concentration results in a highly viscous solution. A TSP
concentration of 3%w/v among three concentrations (2, 2.5, and 3 % wi/v) was cross-linked by
borax with 10 wt% of polymeric weight and showed an excellent hydrogel-forming ability due to
the availability of abundant free hydroxyl groups. The availability of free 1,2 cis hydroxyl groups
forming borate ester linkage resulted in the network structure (Fig.4.1) [2-3]. On increasing the
TSP concentration at 3.5% w/v, a highly thick and viscous solution formed which is not feasible
for further development of hydrogel film. Therefore, the TSP having a concentration of 3% w/v is
used for further development of hydrogel film [4]. Then varying the borax concentrations from 5-
20% of TSP weight and developed hydrogel film (Table 3.1).

Tamarind Seed Polyssocharide
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Na{:‘\ \ S AR o e
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“u ._EJ ONa Borate Ester Bond Formation N )
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Fig 4.1 Formation of borax cross-linked TSP-based self-healing hydrogel film for wound healing.

FTIR study was carried out to confirm the cross-linking between borax and TSP. The FTIR spectra
of pure TSP and hydrogel film have been demonstrated in Fig 4.2. The TSP exhibited a broad
absorption band conforming to O-H stretching at 3300 cm™ (Fig.7A). The signals of C-H
stretching and C=0 stretching in the glucose structure of TSP were represented at 2906 cm™ and
1730 cm'?, respectively. The asymmetrical stretching vibrations of COO- exhibited an absorption

peak at 1646 cm™, while symmetrical COO" stretching appeared at 1373 cm™. TSP shows
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characteristics peak at 1149 cm™ for —C-O-C asymmetric stretching vibration of glucopyranosyl
and xylopyranosy! units, at 893 cm™ for p-glycosidic bond, and at 756 cm™ for bending vibrations

of pyranose ring. Similar IR spectrums of TSP are noted in the literature [5-7].

A

t
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1056

% Transmittance

' 1 660/ 813 !
u T T T

4500 4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm"')
Fig 4.2 FTIR spectra of (A) TSP and (B) Optimized hydrogel film
FTIR spectra of optimized hydrogel film displayed different absorption peaks (Fig. 7B). Upon the
addition of borax, it was observed that the absorption peak of -OH at 3289 cm™ weakened. This
may be due to hydroxyl groups of TSP involved in the formation of borate ester linkages. The
peaks were observed at 2938 cm™ for stretching vibrations of C-H and at 1660 cm™ for boric ester
bond. The peaks were observed at 1431 cm™ and 1339 cm™ for asymmetric stretching of B-O-C,
at 813 cm* for B-O stretching vibrations from free borate ions, and at 650 cm™ for bending of B-
O-B linkages [8-9]. Thus, the FTIR analysis showed that TSP underwent cross-linking with borax,
resulting in the development of a borate ester bond.
Scanning electron microscopy (SEM) analysis of NCL, crosslinked, and self-healed hydrogel film
demonstrates the influence of borax crosslinking and self-healing abilities, as shown in Fig 8. The
photomicrographs of the NCL film (Fig 4.3 A) revealed that the molecules of TSP form a self-
aggregated structure as seen in Fig 4.3 A (i) [1] This self-aggregation property of molecules was
due to significant interconnection between the molecules of the polysaccharide. Attribute to self-
aggregation property, the opacity of the NCL film was high compared to the cross-linked films. It

is evident from the SEM analysis that a highly porous structure can be attributed to the increased

32



RESULT, DISCUSSION & CONCLUSION 2024

hydrophilicity of the film. As a result of the porous structure (Fig 4.3 A (ii)), the NCL film
exhibited a higher fluid absorption capacity and low mechanical strength. The inclusion of borax
led to the development of a highly rigid crosslinked network structure, as evidenced in Fig 4.3 B
(i-i1). This can be attributed to the creation of a borate ester complex between the cis-1,2-OH
groups of TSP. Associated with this, a highly stable 3-dimensional network was formed with
uniform morphology and pore structure [10]. Furthermore, SEM analysis confirmed the formation
of highly rigid complexes that limit the mobility and free volume of the TSP networks. [11]. This
leads to a significant reduction in the fluid absorption capacity and WVTR of the hydrogel film
after cross-linking. It was also found that the addition of borax greatly impacts the transparency
and degradation of the film due to the disruption of self-aggregated structures formed due to
hydrogen bonding. It was reported from the literature that the formation of rough structures
indicated the covalent bonding between the polysaccharide chain. Thus, on crosslinking with
borax, SEM images vividly demonstrate a rough surface, providing compelling evidence of the
covalent bonding within the hydrogel film [12]. Photomicrographs of SEM provided striking
evidence of the outstanding self-healing ability of borax crosslinked hydrogel film (Fig 8 C i-ii).
This was attributed to the reversible covalent borate ester bond formation between the hydroxyl
groups of the TSP. Furthermore, it is worth noting that the morphology of the film remained
unchanged after the self-healing process, indicating its potential for practical applications.

Adair et al. created a hydrogel film by utilizing chitosan and xyloglucan. They observed that the
xyloglucan film on its own displayed a smooth surface, but when combined with chitosan, it
resulted in a rough surface, indicating the existence of covalent bonding between the
polysaccharides [12]. Findings from Deka et al. indicated that a pure guar gum hydrogel displayed
a smooth surface with visible cracks. However, after crosslinking with borax, the cracks were
absent in the hydrogel, indicating the formation of hydrogen bonding between the guar gum and
borax [13].
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30.0kV 7.7mm x1.00k SE

Fig. 4.3 Scanning Electron Micrographs (SEM) of (A) Non-crosslinked (NCL) film, (B)
Crosslinked film and (C) Self-healed film.

The thickness of the hydrogel film is a critical parameter influencing its mechanical, chemical, and
biological properties. The thickness of the prepared films was evaluated as illustrated in Table 4.1
and Fig 4.4. The ideal thickness for a wound dressing material is considered less than the thickness
of the dermis of human skin, which normally ranges from 0.5 to 2.0 mm. It was reported from the

literature that film thicknesses smaller than 0.5 mm are appropriate for wound healing [14].
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Table 4.1 Thickness of hydrogel film

Formulation code (Mean £ S.D.) Thickness of Film (mm)
F1 0.247+0.004
F2 0.262+0.046
F3 0.353+0.025
F4 0.449+0.026
F5 0.363+0.006
F6 0.472+0.021
F7 0.476+0.052

The thickness of the film varies with changes in polymeric concentration as well as the change in
borax concentration ranging from 0.247+£0.005 mm to 0.476+0.052 mm. The prepared NCL film
(F1) with 2% wi/v polymer has a thickness of 0.247+0.005 mm. A compact structure was formed
due to the interconnection of polysaccharide chains with hydrogen bonding. With the introduction
of borax as a cross-linker in formulation F2, a dense porous structure was formed due to the
interaction of free hydroxyl groups (cis 1,2-diols and 1,3 diols) of a polymer and the borax resulting
in the generation of voids within the cross-linked structures. As the porosity of the film increases
resulting in a slight increase in the thickness of the film to 0.262+0.046mm (p>0.05) [15]. With an
increase in polymer concentration at 2%, 2.5%, and 3% w/v in formulations F2, F3, and F4, the
thickness of the film was 0.262+0.046 mm, 0.353+0.025 mm, and 0.449+0.026 mm, respectively.
Thus, from the results, it was observed that the thickness of the film was significantly increased
on increasing the concentration of polymer from 2-3% w/v (p<0.05). It was reported that the
concentration affects the self-aggregation properties of the TSP. While increasing the
concentration of TSP, the self-aggregation behavior will result in the formation of denser network

structures and ultimately increase the thickness of the film [1].
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Fig. 4.4 Thickness of hydrogel film

Further, TSP concentration was fixed at 3% wi/v and cross-linking with different concentrations of
borax ranging from 5-20 wt% of TSP depicted as F5 (5 wt% of TSP), F4 (10 wt% of TSP), F6 (15
wit% of TSP) and F7 (20 wt% of TSP) demonstrated that with the increase in borax concentration
the thickness of the films was increased. The formulations F5 and F4 possess thicknesses of
0.363+0.006 mm and 0.449+0.026 mm. Similarly, on increasing the borax content to 15 wt% of
TSP in formulation F6, the thickness of the film was 0.472+0.021mm. Thus, on increasing the
borax content to 15 wt% of TSP the thickness of the film was significantly higher compared to F5
and F4 (p<0.05). It was observed that on increasing the borax content in the hydrogel film, more
crosslinking of TSP will lead to an increase in water resistance of the film due to which a regular
and more ordered structure was developed. Thus, the formation of a uniform structure and
improved water resistance in the film led to an increase in the thickness of the film [10]. Further
increases in borax concentration to 20 wt% of TSP in formulation F7, negligible change in
thickness of 0.476+0.052 mm was observed between F6 and F7 (p>0.05). Thus, the formulation
F6 provided the most effective thickness. Patel et al. and Rezvanian et al. developed a hydrogel
film for wound healing and the optimized hydrogel film showed a thickness of 0.452 mm and

0.188 mm, respectively [16-17].
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Light transmission is a vital property for observing the wound-healing process without removing
the film [18]. UV rays (200-400 nm) are harmful and cause further degradation of wounds. It is
necessary for the films for wound healing to have low transparency, which is favorable for
protecting wounds from UV radiation and thereby reducing the generation of reactive oxygen
species (ROS) and promoting wound healing [19].

Table 4.2: Percentage transparency of hydrogel films at 200-800 nm wavelength

Wavelength Formulation Code
(nm)
F1 F2 F3 F4 F5 F6 F7

0 0 0 0 0 0 0 0
200 0.001+0 0.0010 0.0460 0.0010 0.0010 0.0010 0.001:0
300 0.038+0.001 |  0.001:0 0.032+0 0.0010 0.001+0 0.001+0 0.001+0
400 2.709+0.171 | 2.858+0.076 | 2.519+0.116 | 2.179+0.035 | 2.164+0.035 | 2.426+0.022 | 2.769+0.065
500 6.314+0.036 | 6.567+0.125 | 6.109+0.042 | 6.142+0.043 | 6.034+0.028 | 6.622+0.099 | 8.029+0.087
520 7.172+0.084 | 7.656+0.105 | 6.596+0.046 | 6.709+0.058 | 6.506+0.045 | 7.527+0.043 | 8.73+0.144
540 7.328£0.077 | 8.011+0.15 | 7.02+0.052 | 7.317+0.051 | 6.966:0.042 | 8.235:0.06 | 9.383+0.119
560 7.64420.071 | 8.307+0.279 | 7.574+0.043 | 8.103+0.12 | 7.339+0.035 | 9.086+0.211 | 10.093+0.152
600 8.092+0.214 | 8.914+0.484 | 8.073+0.13 | 8.369+0.117 | 7.876+0.027 | 10.131+0.096 | 11.052+0.305
700 9.624+0.125 | 10.789+0.089 | 8.933+0.02 | 10.545:0.21 | 8.749+0.053 | 11.263:0.13 [ 12.295+0.3
800 10.62+0.31 | 12.181+0.137 | 10.0562+1.03 | 11.5440.213 | 9.268+0.042 | 12.331+0.028 | 13.307:0.37

Light transmission of ideal hydrogel film should be low in the UV region (200-400 nm) and more
in the visible region (400-800 nm). The % transparency of films is depicted in Table 4.2. Fig. 4.5.
The NCL film (F1) exhibited a maximum transparency of 2.709 + 0.171% at 400 nm and 10.62 +
0.310% at 800 nm. With an increase in borax concentration (F2), the transparency of the film has
been significantly augmented (p<0.05) in both UV and visible regions, exhibiting 2.858 + 0.076%
At 400 nm and 12.18+0.138% at 800 nm, respectively. The low transparency of NCL films was
due to hydrogen bonding between the polysaccharide chains forming an irregular three-
dimensional structure. However, upon the addition of borax, the interconnection of borate ions and
free hydroxyl groups results in a decrease in hydrogen bonding between polymers. This leads to
the creation of a uniform pore structure and thereby enhancing transparency.

As the polymeric concentration augmented from 2% to 3%, the transparency of the film decreased

significantly in both UV and visible regions. With the augment in polymer concentration, the
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formation of a bigger crystal structure enhances the opacity of hydrogel film, thus hindering light
transmission significantly [20]. At 400nm, formulations F2, F3 and F4 have a transparency of
2.858 £ 0.076%, 2.519 + 0.116% and 2.164+0.035. While at 800 nm, they possess a transparency
of 12.18+0.138%, 10.056+1.03 and 9.268+0.042, respectively. Hence, by increasing the TSP
concentration from 2.5% to 3% wl/v, the transparency of the film was significantly reduced
(p<0.05). From the variation of borax content, it was found that increasing the borax concentration
from 5-20 wt% in formulations F5, F4, F6, and F7 increases the transparency of the film.
Formulation F4 exhibited transparency of 2.179+0.035% at 400 nm and 11.544+0.213% at 800
nm, which were higher than those of formulation F5 having transparency of 2.164+0.035% at 400
nm and 9.268+0.042% at 800 nm. On further increasing the concentration of borax to 15 wt% (F6)
and 20 wt% (F7), transparency of hydrogel films at 400 nm was 2.426+0.022% and 2.769+0.065%,
whereas, at 800 nm was 12.331+0.028% and 13.307+0.37, respectively (p<0.05).
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Fig.4.5 Percentage Transparency of hydrogel films at different wavelengths.
Results obtained from SEM analysis demonstrated that the enhanced transparency can be due to
the formation of a smooth film structure on crosslinking with borax. This smoothness was accessed
due to the disruption of hydrogen bonding networks by the complexation of borate ions with the

hydroxyl groups of the TSP to form a more uniform rigid matrix promoting better alignment of
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the polysaccharide chain which further reduces the number of interfaces that scatter light and hence
enhances transparency [10]. Thus, formulation F7 demonstrated the highest transparency.
However, this high transparency also allowed more UV rays to penetrate the wound. Therefore, it
is recommended that the optimal borax concentration range of 5-15 wt% be considered to limit
UV rays from penetrating the wound. Pereira et al. demonstrated that their optimized hydrogel
film, incorporating alginate and aloe vera, exhibited a transparency of 1.60 + 0.16% at 600nm [19].
Similarly, Darpalova et al. observed that the prepared gum karaya/chitosan-based hydrogel film
displayed transparency in the range of 40-60% at 600 nm [21].

Following an injury, the wound surface may lose evaporative water up to twenty times faster than
healthy skin [22]. The WVTR of hydrogel film plays a crucial role in assessing the ability of water
loss from the dressing. Therefore, moisture in the wounded area can be regulated by selecting the
wound dressings with varying WVTRs. A wound may become dehydrated as a result of an
abnormally high WVTR, whereas an excessively low WVTR may result in a buildup of wound
fluid exudates. To establish the ideal moist environment, a dressing with an appropriate WVTR is
necessary for spontaneous wound healing. [22]. The WVTR for normal skin was reported at 204
g/m2/24 h. However, in injured skin may WVTR increase from 279 g/m2/24 h (in first-degree
burns) to 5138 g/m2/24 h (in granulating wounds) [30]. The ideal WVTR for commercial wound
dressing was reported in the range of 100-3300 g/m2/24 h [17]. Polymer concentration and
crosslinking density greatly affect the WVTR of hydrogel film.

Table 4.3 Water vapor transmission rate

WVTR (Mean £ S.D.),
Formulation Code WVTR 1 WVTR 2 WVTR 3 n=3

F1 028.5208776 | 824.722812 | 796.4142486 849.88+69.555
F2 775.6546355 | 788.8652984 | 669.9693324 744.82+65.166
F3 586.9308799 | 549.1861288 | 469.9221515 535.34+59.719
F4 1149.327672 | 1111.582921 | 1130.455296 1130.45+18.872
F5 715.2630337 | 719.0375088 | 730.3609342 721.55+7.857

F6 1183.297948 | 1168.200047 | 1175.748997 1175.74+7.548
F7 1070.063694 | 1049.304081 | 1059.683888 1059.68+10.379

The WVTR of prepared hydrogel films at 75% relative humidity (RH) was demonstrated (Table
4.3 & Fig.4.6). The NCL film (F1) demonstrated a higher WVTR of 849.88+69.555 g/m2/24 h.
The WVTR of the cross-linked film (F2) showed at 744.82+65.166 g/m2/24 h. This indicates that

with the addition of borax, cross-linked hydrogels would result in the creation of a 3-dimensional
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rigid structure, and a dense network is formed due to cross-linked interconnections resulting slight
decrease in the WVTR of hydrogel film.

It was demonstrated that when the TSP content in the formulation was increased to 2.5% w/v (F3),
the WVTR of the film was 535.34+£59.719 g/m2/24 h. Surprisingly, on increasing the polymer
concentration to 3%w/v, the WVTR of the film (F4) reaches 1130.45+18.872 g/m2/24 h (p<0.05).
The study revealed that TSP at low concentrations did not form rigid hydrogel networks, likely
due to the insufficient crosslinking with borax and self-aggregated network structures. This was
attributed to a limited number of hydroxyl ions for interaction with borax, leading to higher water
and moisture retention within the film. However, on increasing the TSP concentration to 3% w/v,
a sufficient amount of free hydroxyl ions was available to interact effectively with borate ions,
leading to the formation of a smooth and more ordered structure. This resulted in increased water
vapor transmission through the film.

Changes in the borax concentration significantly influence the WVTR of the hydrogel films
(p<0.05). Due to the low borax content (5% of polymeric weight) and higher concentration of
polysaccharide resulting in stronger interaction between the polymeric molecules due to hydrogen
bonding and more entanglement of polysaccharide chains resulted in restricting the water
molecules to escape from the film. However, increasing the borax content to 10 wt% of TSP
significantly increased the WVTR to 1130.45+18.872 g/m2/24 h. Similarly, formulations F5 and
F6 showed the WVTR of 1130.45+£10.075 g/m2/24 h and 1175.74+10.675 g/m2/24 h. Thus,
increasing borax concentration from 10 to 15% of polymeric weight enhanced the WVTR of films.
This was attributed to the complexation of B(OH)4 ions with OH- groups destroying inter and
intra-molecular hydrogen bonds existing between polysaccharide molecules. Wang et al. found
that with an augment in borax content, the formation of borate ester linkages would increase
macroscopic pores and increases the gap between the polymeric chains increasing the diffusivity
of the film [10]. Further, with the increase in concentration of borax to 20% (F7), the WVTR of
the film was significantly reduced to 1059.68+33.36 g/m?/24 h. The higher loading of borax leads
to rigid cross-linking between the polymeric chains, which resulted in a significant decrease in the
WVTR of the film. The formulation F6 showed the optimum transmission of water vapor through

the film within the range observed in the commercial dressings.
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Fig.4.6 Water vapor transmission rate of hydrogel films

Zhu et al. developed alginate-based dressings using CaCl and citric acid as cross-linkers [24]. It
was found that a pure alginate hydrogel dressing showed a maximum WVTR of 821.44 g/m?/24 h
while on treatment with CaCl and citric acid, the WVTR of the cross-linked film decreased to
71539 and 67537 g/m%24h. Pitpisutkul et al. fabricated hydroxypropyl
methylcellulose/carboxymethyl starch based hydrogel film using succinic acid as a cross-linking
agent [25]. Uncross-linked films exhibited a WVTR of 426.91 + 6.13 g/m?/24 h while the cross-
linked films exhibited a WVTR of 407.38 + 4.40 g/m?/24 h.

The mechanical properties of hydrogel films are generally related to the structural integrity of the
film [26]. Protecting the wound and preventing it from rupturing while enduring the pressures of
application, handling, or break-in storage is essential to their therapeutic success. To follow skin
motions, hydrogel film should thus combine ductility, elasticity, and a reasonably high strength.
However, because of hydrolysis and enzymatic degradation, a sharp decline in these qualities is
anticipated to happen during application [27]. Tensile strain and tensile stress or elongation at
break are the typical characteristics of the hydrogel film's mechanical properties. Tensile stress
(N/mm? or Megapascal) is the highest tension at which film breaks [28]. While percentage tensile
strain determines the stretchability of the film before breaking. The suggested values of tensile
stress and centage strain for skin are 2.5-16 MPa and 70%, respectively [29]. It is necessary to
determine the mechanical strength of a film both in dry and wet conditions. As the mechanical and

structural integrity of the film changes after absorbing wound fluid the film may suffer wear and
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tear during its application [30]. Tensile stress or elongation at the break of prepared hydrogel films
(Table 4.4 and Fig 4.7) suggested that with the addition of borax, the tensile strength of the film
increases. It was suggested that the addition of borax and an increase in the concentration of
polysaccharide, results in the development of tougher hydrogels. Increasing the polymeric

concentration would lead to the generation of more cross-linking points through covalent borate

connections and physical entanglements of polymer chains, respectively [2].

Table 4.4 Tensile Stress of films

Tensile Stress (Mpa) (Mean + S.D., n=3)
Formulation Code Wet State Dry State
F1 2.02+0.033 11.43+0.019
F2 4.28+0.031 16.66%0.379
F3 8.17+0.029 18.7+0.349
F4 9.37+0.058 30.65+0.302
F5 8.83+0.674 28.1+0.096
F6 10.7520.62 38.15+0.795
F7 7.08+1.346 35.38+3.141

It was shown that the tensile stress of films gradually decreases from the dry state to the wet state,
suggesting that the mechanical and structural integrity of the film has been substantially lowered
due to the swelling of polymeric chains. In wet and dry states, formulation F1 exhibited tensile
stress of 2.023+0.033 MPa and 11.431+0.019MPa, respectively. This suggested that non-cross-
linked film exhibited the lowest tensile strength due to less complexation and loose networks of
polymeric chains. On cross-linking with borax, formulation F2 exhibited tensile stress of
4.281+0.031MPa and 16.666+ 0.379 in wet and dry states respectively, which was higher
compared to F1. The reason for this was due to the cross-linking of TSP with borax resulted in
increased tensile strength. It had been found that enhancing the concentration of TSP led to
improved mechanical strength of hydrogel sheets [31]. Hence, on increasing the concentration of
a polymer, in wet and dry states, formulation F3 exhibited a tensile stress of 8.17+0.029 MPa and
18.709+0.349 MPa, and formulation F4 exhibited a tensile stress of 9.37+0.058 MPa and
30.65+0.302 MPa, in wet and dry conditions respectively (p<0.05).

On increasing the concentration of borax from 5-10 wt% of TSP, formulations F5 exhibited a
tensile stress of 8.83+0.674 MPa and 28.1+0.096 MPa, while formulation F4 exhibited a tensile
stress of 9.37+0.058 MPa and 30.65+0.302 MPa, in wet and dry conditions, respectively. In a
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similar manner, formulation F6 possessed the highest tensile strength of 10.75£0.620 MPa and
38.15+0.795 MPa, both in dry and wet states, respectively which is significantly higher than
formulation F4 (p<0.05). Increasing the borax concentration to 15 wt% of polymeric weight leads
to maximum tensile strength as depicted in Fig. 10.
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Fig 4.7 Tensile stress of hydrogel films

This was due to the availability of crosslinking points on polysaccharide chains, which resulted in
tighter crosslinking between the polymeric chains. Borax on dissociation in an aqueous solution
forms borate ions and boric acid which serve as a cross-linker and plasticizer [32]. Therefore, on
increasing the concentration of borax, the plasticizing effect of boric acid was greatly enhanced.
Consequently, with the augment of borax concentration, the mechanical properties and flexibility
of the film were significantly improved. However, beyond a certain point, higher borax
concentration results in decreased mechanical strength attributed to high cross-linking, and the
film gets brittle in dried conditions and is not flexible due to its hydrophobic nature. Therefore, on
increasing the concentration to 20 wt% of TSP in formulation F7, the tensile strength of the film
in a dry state was 35.38+3.141MPa which is comparatively less compared to F6. It was also shown
that due to high cross-linking density, in wet conditions, the film loses its flexibility due to the
high plasticizing effect of boric acid. Therefore, the film's tensile strength (F7) in the wet condition
was significantly reduced to 7.08+1.346 MPa. Hence, the formulation F6 demonstrated the

optimum stress for the development of hydrogel film both in dry and wet conditions.
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The tensile strain increases with the increase in the concentration of polymer as well as the addition
of borax both in dry and wet states (Table 4.5 and Fig. 4.8). In the wet and dry states, % elongation
at break of formulation F1 was 27.3% and 19.33%, while that of formulation F2 50.66%, and 30%
in wet and dry conditions respectively. This highlights the impact of borax in F2, contributing to
the formation of rigid crosslinked networks while maintaining the film’s flexibility due to water
retention. This will lead to a significant increase in the % strain of the crosslinked film compared
to NCL in wet conditions (p<0.05).

Further, with the increase in polymeric concentration, the interconnection of polymeric chains
results in more complexation of molecules, and tougher hydrogels are formed. It was demonstrated
that an increase in polymeric concentration from 2-3% w/v (F2-F4), an increase in the tensile strain
of film was observed at 50.66% and 30+5.291%, 52.33% and 34.6%, 65.66% and 37.53%, in wet
and dry conditions, respectively, on cross-linking with similar concentrations of borax.

Increasing borax content significantly affects the % elongation at break of the films. It was
observed that formulation F5 exhibited a % strain of 53.33% in the wet state and 35.77% in the
dry state, while formulation F4 showed 65.66% and 37.53% in the wet and dry states, respectively.
Notably, increasing the borax content to 15 wt% of TSP in formulation F6 resulted in a slight
increase in tensile strain to 68.66% in wet states and 38.66% in dry states, attributed to the
formation of more rigid hydrogels. Thus, no significant change in % elongation at the break of the
film was observed in formulations F4 and F6 (p>0.05). It was quite interesting to note that
formulation F7, with the highest concentration of borax, exhibited the lowest strain in both states.
In wet conditions, a % tensile strain of 18.66% was observed. This was attributed to the high
plasticizing effect of boric acid and high capacity to retain water resulting in decreased mechanical
ability to hold the polymer networks together. In dry states, formulation F7 exhibited the lowest
tensile strength of 2% due to the formation of a rigid hydrogel film lacking flexibility. Thus, in
formulation, F6, TSP concentration at 3% w/v and borax content (15 wt% of TSP) exhibited

optimum % elongation at break both in wet and dry conditions.
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Table 4.5 % Tensile strain or % elongation at break

Tensile Strain (Mean £ S.D., n=3)

Formulation Code Wet State Dry State
F1l 27.33+3.055 19.33+2.309
F2 50.66+1.154 30+5.291
F3 52.33+2.081 34.6£2.253
F4 65.66+6.658 37.53+1.361
F5 53.33+£3.055 35.77+£2.341
F6 68.66+4.163 38.66+4.163
F7 18.6616.11 210
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Fig.4.8 % Tensile Strain of hydrogel film

Pereira et al. found that the tensile stress of an alginate-aloe vera-based -NCL film ranged between
40.44 and 28.66 MPa, and a % elongation at break of 5.94-13.27% in dry conditions [19].
Following cross-linking, the tensile stress and strain of the hydrogel film in a dry state ranged from
42.36-50.91 MPa and 7.86-13.56%, respectively. While in a wet state, the hydrogel films exhibited
tensile stress and strain of 5.70-6.58 MPa and 30.19-46.66%.

Hydrogel-based formulations were observed to lose their therapeutic potential as the structural

integrity of polymeric networks was compromised due to mechanical stress during application.
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However, self-healing hydrogels possess the potential to self-heal without the need for external
help [2]. Self-healing hydrogels have reversible dynamic connections within the network and the
self-healing property in hydrogels allows the restoration of the original structure after an injury
without compromising its functions [33-34]. TSP-based borax cross-linked hydrogel film was
fabricated where the di-diol borax linkages in the hydrogel have a dynamic nature that significantly
improves their flexibility and self-healing properties [35]. Using borax as a cross-linker induced
rapid gelation; the gelation time was recorded between 40 s to 2 min in ambient conditions. One
of the most essential self-healing characteristics of borax is that it concurrently generates transient
borate ester linkages, allowing gels to heal themselves in 30 minutes despite the need for outside
stimulation [36]. It was also noted that the healing efficacy of the film increases correspondingly
with time. The healing efficiency of films after 12 h of self-healing was significantly higher than
the following self-healed films retained for 30 min, 1h, and 6 h (p<0.05) [37].

Determination of the self-healing property of cross-linked films (F2-F7) by the gel block fusion
method at the macroscopic level indicated that all the cross-linked films exhibited excellent self-
healing on the addition of borax (Fig.4.9). The prepared cross-linked hydrogel films undergo
outstanding self-healing due to dynamic borate ester linkage formation with the free -OH groups
of the TSP (Fig 4.10). The complexation of borate ions and hydroxyl groups on the adjacent
polysaccharide chain is significantly very fast (0.33s) and the hydrogel film starts to heal when
several free cis-1,2- hydroxyl groups form a complex with free borate ions [38]. The prepared
hydrogel film with the addition of borax started to self-heal within seconds and complete self-

healing of the film was observed in 20 min.
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Fig. 4.9 Visual observation of the self-healing capability of hydrogel film by gel block fusion
method (A) dyed hydrogel films sliced into 1x1 cm were allowed to be placed together for self-

healing (B) water was spread on the film and allowed for self-healing, and (C) The self-healing of

hydrogel film was completed in 20 min.
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Fig.4.10 The self-healing mechanism of borax cross-linked TSP-based hydrogel film illustrating
the formation of reversible borate ester linkages through the complexation of borate ions with the
hydroxyl groups of TSP.

The healing efficiency of the film was evaluated by tensile stress measurements (Table 4.6 and Fig
4.11). The concentration of borax and polysaccharides greatly impacts the healing efficiency of
the hydrogel film. With the increase in TSP concentration, the healing efficiency was decreased.
The healing efficiency of hydrogel films at 6h of self-healing of F2, F3, and F4 were
48.207+1.205%, 47.442+2.012%, and 34.861+2.012%, respectively. This was because the

formation of denser networks and rigid structures at higher concentrations made it challenging for
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polymeric chains to diffuse and rejoin after damage [39]. An increase in the borax concentration
improves the healing efficiency of films. The healing efficiency of formulations F5, F4, and F6 in
6 h was recorded at 34.861+2.012%, 36.512+0.745, and 43.949+0.566%, respectively. In
formulation F5, a slight decrease in the healing efficiency of the film as the borax content was
comparatively lower than F4, leading to low self-crosslinking of borax at 5 wt% of TSP. Thus, it
was noted that increasing the borax content to 15 wt% (F6), resulted in a significant increase in
the healing efficiency of the film compared to F4 (p<0.05). This was attributed to the availability
of more crosslinking points in the hydrogel film. While, in formulation F7, with higher borax
concentration, the healing efficiency of the film was significantly reduced to 12.892+0.552%. This

was attributed to the high cross-linking density, resulting in the creation of a rigid network structure

of the dried film after healing.

Table 4.6 Percentage of healing efficiency

% Healing efficiency

(Mean £ S.D., n=3)

Time
(min)
F2 F3 F4 F5 F6 F7
0 0 0 0 0 0 0
30 7.546+2.454 6.56+0.731 4.872+0.57 4.246+0.731 | 6.482+0.138 | 2.526+0.192
60 21.137+3.839 | 18.127+0.408 | 13.437+0.122 | 12.254+0.408 | 17.796+1.009 | 5.637+4.035
360 | 48.207+1.205 | 47.442+2.012 | 36.512+0.745 | 34.861+2.012 | 43.949+0.566 | 12.892+0.552
720 | 72.295+0.728 | 69.559+1.451 | 52.573+1.639 | 49.229+1.451 60.7+0.7 14.894+2.61
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Fig. 4.11. % Self-healing efficiency of hydrogel films

Results obtained from rheological experiments demonstrated the self-healing ability of borax
crosslinked TSP-based hydrogel films. Oscillatory strain sweep tests at a % strain (y=0.01-100%)
were performed on original crosslinked hydrogel and self-healed hydrogel illustrated in Fig 4.12.
It was demonstrated that the intersection points of storage modulus (G’) and loss modulus (G”)
indicated the gelation of the hydrogel. As illustrated in Fig 4.12 (A-B), the intersection point of G’
and G” of the original crosslinked hydrogel samples was observed at y=3.97% (Fig 4.12 A). The
intersection point of G’ and G” of self-healed hydrogel samples was observed at y= 3.86% (Fig
4.12 B). Thus, there was no discernible alteration at the intersection points for the self-healed
hydrogel. As a result, the characteristics of self-healing hydrogels remained predominantly
unaffected, highlighting the exceptional capacity of hydrogels to heal while preserving their
original characteristics. This indicates that the property of borax crosslinked hydrogel films did

not alter significantly after self-healing [40].
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Fig. 4.12 Pictorial representation of rheological behavior of borax crosslinked TSP-based
hydrogel. (A) strain sweep of the original borax crosslinked hydrogel (B) strain sweep of hydrogel
film after self-healing.

Liu et al. prepared borax cross-linked hydrogel by complexation of PVA with carboxymethyl
chitosan (CMCS) through H-bonding, and silver nanoparticles (AgNPs) [40]. From rheological
evaluations, it was reported that the original hydrogel's intersection points, G' and G" are clearly
defined to be at y= 0.23%. Subsequently, after 10 minutes of self-healing, intersection points of
the self-healed hydrogel are at y= 0.14%, indicating that the critical transition point from the gel-
sol state was not altered significantly. This indicates that the borax crosslinked self-healing
hydrogels largely retained their original properties, demonstrating their remarkable ability to heal
by preserving their key characteristics. The fluid absorptivity of the prepared hydrogel films is an
essential criterion since the capability of films in the absorption of wound exudates influences the
drug release behaviour and bio-adhesion [41]. A swelling ratio falls within the range of 121.58%
to 483.25% exhibits favorable attributes to ideal hydrogel film dressings [42]. Excessive swelling
(>500%) tends to absorb excessive fluid, thereby compromising the maintenance of optimal
moisture levels and leading to maceration. Conversely, less swelling (<100%), characterized by
insufficient fluid absorption, causes a delay in the wound healing process. The swelling study of
hydrogel films was performed for 10 h in SWF (Table 4.7 and Fig 4.13). All the hydrogel films
swelled immediately to various extents in SWF. The swelling eventually reached a steady state
rate after about 6 h. Thereafter, the swelling progressively reduced over time, indicating apparent

degradation in the hydrogel matrix.
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Table 4.7 Fluid absorptivity of films
% Fluid Absoptivity (Mean £ S.D.,n=3)

TIME F1 F2 F3 F4 F5 F6 F7

0 0 0 0 0 0 0 0
15 304.15+6.469 269.82+11.066 242.64+1.191 313.78+2.848 271.65+3.443 271.37+1.591 199.46+0.754
30 336.34+10.194 314.62+4.979 330.99+3.881 363.61+6.059 359.81+4.35 269.34+3.226 244.21+2.518
45 404.14+8.841 375.88+2.902 402.16+4.167 417.02+4.438 409.49+6.604 335.8+£1.582 301.86+2.367
60 434.07+6.879 405.28+7.87 427.92+4.756 428.75+5.816 448.96+5.694 363.3+1.385 329.37+2.282
120 460.43+8.598 448.14+2.077 450.03+9.214 456.9+5.978 498.97+6.691 432.88+4.289 375.66+1.089
180 496.1+5.362 453.2+3.057 499.08+4.772 520.52+1.07 527.25+4.801 456.14+3.358 401.87+2.868
240 511.29+7.374 485.06+8.633 515.03+2.394 544+5.078 578.58+10.887 474.27+0.254 422.61+1.449
300 443.45+8.295 499.81+8.107 533.76+5.42 559.25+6.175 610.15+6.2 488.81+1.713 435.27+2.994
360 317.15+10.837 442.87+2.644 551.23+3.857 584.17+3.765 648.61+3.97 506.04+2.093 439.64+2.634
420 258.56+2.567 378.84+4.527 508.9+3.864 553.08+2.028 629.2+4.485 438.25+0.466 394.43+2.491
480 167.53+5.399 329.89+8.58 497.26+8.032 507.92+3.201 560.15+6.101 400.01+5.486 327.84+1.838
540 134.94+5.402 314.02+8.725 422.09+3.789 482.4+1.478 486.79+6.939 378.53+2.579 264.31+2.351
600 109.96+7.641 236.68+6.457 321.51+1.547 423.45+4.787 438.1+10.361 337.6+5.198 201.21+0.659

With the increase in TSP concentration, the swelling of the hydrogel matrix was increased [43].
NCL film (F1) and cross-linked film (F2) exhibited the maximum swelling of 511.29+7.374%.
and 499.81+8.107%, respectively. On cross-linking with borax, the fluid absorptivity of film was
significantly reduced (p<0.05). NCL films demonstrated a higher absorption capability in
comparison to cross-linked films due to the availability of more free -OH ions on the
polysaccharide to interact with water. It was observed that with the introduction of borax as a
crosslinker, the film possesses less capacity to absorb fluid [11]. Based on the TSP concentration,
the swelling ratio of formulations F2, F3, and F4 at 6h exhibited a maximum swelling of
442.87+2.644%, 551.23+3.857%, and 551.23+3.857% respectively. Thus, it was revealed that
TSP at 3% wi/v concentration exhibited the highest swelling, while the concentration at 2% w/v
demonstrated the lowest swelling. This was because the TSP, a hemicellulose with a highly
branched structure, contains xylose and galactose residues and is responsible for hydration and
solubility. Structurally, the TSP backbone has two different types of domains: the galactose residue
within the xyloglucan backbone is hydrophilic whereas the rest of the backbone is hydrophobic.
Therefore, the presence of xylose, fucose, and galactose is responsible for a hydrophilic character
in the polysaccharide [44]. Thus, an increase in the polysaccharide concentration resulted in the
availability of these groups inducing a more hydrophilic nature to the polysaccharide. Furthermore,
with the enhancement of these groups, the availability of more free-OH groups to interact with

water was also increased. Nisbet et al. reported that a TSP concentration of less than 3% wi/v
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displays a collapsed structure, which would result in insufficient capacity of hydrogels to retain
water [44]. Thus, it can be seen that the fluid absorption capacity of film at 3% TSP was
significantly higher than films having concentrations of TSP at 2.5% and 2% wi/v (p<0.05).
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Fig. 4.13 Percentage fluid absorptivity of hydrogel films
However, on increasing the borax content from 5-20 wt% of TSP, the fluid absorption capability
of films was decreased remarkably. It was due to the formation of stable di-diol borate complexes
with the hydroxyl groups of polysaccharides, which resulted in higher cross-linking density and
reduced swelling. SEM analysis further revealed that crosslinking with borax leads to the
formation of a rigid hydrogel network, which restricts the entry of fluid into the matrix and
consequently reduces the absorption capacity of hydrogel films. On cross-linking with borax (5
wt% of polymer), formulation F5 showed a maximum swelling of 648.61+3.97% in 6 h. Cross-
linking with less borax content causes higher availability of free-OH groups to interact with the
fluid, demonstrating higher swelling. Further increasing the borax content to 10 and 15 wt% of
TSP in formulations F4 and F6 showed a swelling ratio of 584.17+3.765%, and 506.04+2.093%,
respectively, depicting a remarkable decrease in swelling. From the results, on cross-linking with
higher borax content (20 wt% of polymer), the fluid absorptivity of the film was 439.64+2.634%,

which was significantly less compared to F6 (p<0.05). Due to the increase in cross-linking density,
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strong interactions between polymer and borax ions reduce the availability of vacant hydroxyl (-
OH) groups present on the TSP to interact with water [45]. This was attributed to a decrease in the
number of free -OH groups that can hydrogen bond with water molecules, subsequently increasing
the hydrophobic nature of borax crosslinked hydrogels, resulting in less fluid absorptivity. These
structural modifications in the hydrogel restricted the diffusion of fluid within the matrix, thereby
reducing the fluid absorptivity of films. The optimal fluid absorption capacity shown by
formulation F6 near 500% lies in the ideal range for the absorption of wound fluid. Thus, the
formulation F6 is optimized.

Tantiwatcharothai et al. fabricated a hydrogel by crosslinking varying borax concentrations with
basil seed mucilage [11]. It was demonstrated that NCL hydrogel dressings exhibited a maximum
swelling of 109% while on cross-linking with a higher content of borax, the swelling capacity was
reduced to 65%. These results showed the impact of borax crosslinking on the fluid absorption
capacity of hydrogel films.

In-vitro degradation of hydrogel films is necessary for determining their biodegradability in human
tissue [46]. The degradation profile of the films is illustrated in Table 4.8 and Fig 4.14. NCL film
(F1) at 2% w/v exhibited a degradation rate of 84.9+2.27%, while a similar concentration on cross-
linking with borax (F2), possesses a degradation rate of 89.9+5.218%. This occurred as a result of
the high-water absorption capacity of the hydrogel film, which relaxed the polymeric chains
enabling more water to penetrate through the hydrogel matrix. As a result, at the low solid mass
of TSP, substantial water absorption led network structures to break down, which accelerated the
solubility in PBS. [9]. However, increasing the polymer concentration slows down the degradation.
Based on the TSP concentration, formulations F2, F3, and F4 exhibited a degradation rate of
89.945.218%, 38.9+6.161%, and 23.7+£1.468%, respectively on 1st day. It was due to the self-
aggregation property of TSP and less water retention capacity in the polymeric matrix, thus
significantly delaying the degradation rate. Thus, the crosslinked hydrogel film having 3% w/v
TSP content (F4) demonstrated significantly slower degradation compared to TSP concentration
at 2% w/v (F2) (p<0.05).
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Table 4.8 In-vitro degradation of hydrogel films
No. of
Days F1 F2 F3 F4 F5 F6 F7
0 0+0 0+0 0+0 0+0 0+0 0+0 0+0
1 84.9+2.27 | 89.9+5.218 | 38.9+6.161 | 23.7+1.468 | 35.9+1.869 | 20.4+1.834 | 49.1+2.632
3 - - 90.3£2.194 | 60+£3.52 | 67.9+£3.128 | 50.9+£5.452 | 68.6+2.719
5 - - 08.7£2.138 | 97.1+£1.3 | 96.5+3.005 | 92.5+5.557 | 97.3+1.003
7 - - 100 100 100 98.8+1.111 100

The addition of borax into the polysaccharide showed a remarkable decrease in the degradation
rate of hydrogel film. The addition of borax into the polysaccharide led to an increase in
crosslinking density and hence the stability of the film was enhanced. The degradation of borax
cross-linked hydrogels in PBS primarily occurs due to hydrolysis. Specifically, the borate ester
bonds formed during cross-linking are susceptible to hydrolytic cleavage. When the hydrogel is
exposed to PBS, water molecules penetrate the cross-linked matrix, leading to the gradual
breakdown of these ester bonds. The hydrolysis process involves the attack of water molecules on
the borate ester linkages, resulting in the release of borate ions and the corresponding polymer
fragments [47]. The degradation of hydrogels is significantly influenced by variations in pH.
During hydrolysis, the equilibrium shifts toward the generation of boric acid ions, resulting in an
elevated pH. This increased pH leads to enhanced anionic repulsion among ions, subsequently
promoting further relaxation of polysaccharide chains and accelerating the degradation process
[3]. It was observed that TSP concentration at 3% w/v on crosslinking with varying concentrations
of borax (5-20 wt% of TSP) showed the complete degradation of film on the 7th day. From the
results, it was noted that F5 and F4 exhibited a degradation rate of 67.9+3.128% and 60+3.52%,
respectively on 3rd day. Similarly on increasing the borax content in formulation F6 (15 wt% of
TSP), the degradation rate of 50.9+5.452% was observed on 3rd day. Thus, an augment in the
content of borax significantly slows down the degradation of hydrogel (p<0.05). Further, by
increasing the borax content to 20wt% of TSP (F7), the degradation of the film was increased to
68.6+£2.719% on 3rd day, demonstrating the high interaction of free hydroxyl groups of B(OH)4
ions with water. Thus, the faster degradation of hydrogel films occurred as a result of hydrolysis

of borate ester bonds.
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Fig. 4.14 In-vitro degradation of hydrogel films

Zandraa et al. prepared a dual cross-linked hydrogel dressing using PVA and gelatin on cross-
linking with borax and polyethylene glycol diglycidyl ether (PEGDE), incorporating bacterial
cellulose (BC) for improving mechanical strength [48]. Different hydrogel dressings were
prepared by varying the concentrations of PVA and BC. Degradation studies revealed that all
hydrogels lost 50% of their total weight after 15 days of degradation. While the GPB 4 hydrogel
having a higher concentration of PVA at 4% w/v and BC at 1 wt% demonstrated a slower
degradation of dressings attributed to higher cross-linking density between PVA and BC.

Tayal et al. prepared a borax crosslinked guar gum hydrogel by varying the concentrations of borax
[49]. Results obtained from degradation studies revealed that hydrogel exhibited faster degradation
at low concentrations of borax. However, increasing the borax concentration to 0.2%, resulted in
the formation of rigid crosslinked network structures leading to low enzymatic hydrolysis and
hence slower degradation of the hydrogel was observed.

The viscosity of hydrogels significantly influences the gel strength, drug release, swelling,
absorption, and mechanical properties during application to the wounds [50]. For wound dressing,
the viscosity of hydrogel should be high to minimize the flow behaviour during application on the
wound. The viscosity (Pa-s) of the prepared TSP-based hydrogels decreased gradually with the
increase in shear rate (s) demonstrating the pseudoplasticity or shear-thinning behaviour of
hydrogels (Fig.4.15) [3].
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Fig. 4.15 Viscosity of hydrogels

It was found that an increase in the concentration of TSP and borax increases the viscosity of the
prepared hydrogels (Table 4.9). Also, researchers have found that the viscosity of hydrogel greatly
impacts the swelling, mechanical ability, and degradation of hydrogels [51]. Formulation F1 and
F2 at a shear rate of 100 s exhibited a viscosity of 0.0499 Pa-s and 0.0764 Pa-s, respectively.
Thus, the NCL hydrogel exhibits lower viscosity due to the high water content inside the polymeric
matrix. In formulation F2, the introduction of a borax crosslinker restricts molecular movement
and reduces free space, resulting in increased hydrogel viscosity. This higher viscosity and reduced
free space in the crosslinked films lead to decreased water molecule diffusion and, consequently,
lower fluid absorption capacity compared to the NCL film. [52]. Furthermore, the mechanical
strength of hydrogel film was also improved as a result of enhanced viscosity [53]. However, a
slight increase in the viscosity of crosslinked film did not demonstrate any significant change in
the swelling and degradation of the hydrogel, as the TSP at 2% wi/v concentration forms a very
loose polysaccharide network. Thus, TSP at 2% w/v was not considered suitable for the
preparation of optimized film.
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Table 4.9 Viscosity profile of hydrogels at a shear rate of 100 s.
Shear Rate (1/s) F1 F2 F3 F4 F5 F6 F7
100 0.0499 0.0764 0.131 0.259 0.162 0.558 0.509

Increasing the TSP content to 2%-3% w/v in formulations F2, F3 and F4 displayed the viscosities
of 0.0764 Pa-s, 0.131 Pa-s, and 0.259 Pa-s, respectively. Therefore, a significant increase in the
viscosity of hydrogels was observed on increasing the concentration of TSP from 2-3%w/v. The
reason was attributed to the self-aggregation property of TSP and the high entanglement between
the polymeric chains due to crosslinking that led to higher viscosity of hydrogels [54]. The results
obtained from the viscosity study prove that on increasing the concentration of TSP, the
availability of more free hydroxyl groups on TSP led to increased interaction with free borate ions,
and hence rigid crosslinked films were produced. The availability of more crosslinking points
forming rigid networks resulted in higher viscosity of hydrogels. Surprisingly, despite the
increased viscosity, the fluid absorption ability of hydrogel was also increased. This can be
attributed to the availability of additional hydroxyl groups; while some hydroxyl groups participate
in crosslinking with borax, the remaining hydroxyl groups are free to interact with water. At the
same time, a more rigid structure slowed down the degradation of the hydrogels, as the tightly
bound network resisted enzymatic or hydrolytic breakdown over time. The effect of borax on the
viscosity of hydrogels demonstrated that an increase in borax content causes the creation of a
highly cross-linked network, resulting in more viscous hydrogels. Formulations F5, F4, F6, and
F7 at a shear rate of 100 s exhibited viscosities of 0.162 Pa-s, 0.259 Pa-s, 0.131 Pa-s, 0.558 Pa-s
and 0.509 Pa-s, respectively. The increase in borax concentration from F4 to F6 led to the
formation of densely cross-linked network structures leading to higher viscosity and decreased
fluid absorptivity of the hydrogel. Consequently, the crosslinking of borax resulted in a significant
enhancement in the viscosity of hydrogels that demonstrated the reduction in the flow behavior of
hydrogels and hence restricted movement of highly crosslinked hydrogel restricted the diffusion
of water into the polymeric matrix, leading to low absorptivity. Consecutively, the degradation of
the film was slowed due to less water penetration and undergoing hydrolysis of the hydrogel.
However, on further increasing the borax concentration (20 wt% of TSP) in formulation F7 showed
a significant decrease viscosity of hydrogels (0.509 Pa-s). This reduction in viscosity proves the

plasticizing effect of boric acid formed during the dissociation of borax, which disrupts the
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polymer network. The weakened network structure leads to decreased swelling capacity, as the
hydrogel becomes less capable of retaining water. Additionally, the less rigid network accelerates
the degradation of the film, making it more susceptible to breakdown. Thus, based on the viscosity,
formulation F6 possesses excellent flow behavior and is suitable for use in wound healing.
Evaluation by Ren et al. indicated that an increase in TSP concentration from 0.1-20 mg/ml
significantly increased the viscosity and gel structure at a concentration of 15 mg/ml [54].

Based on the physicochemical evaluations of hydrogel films, it was found that the formulation F6
having TSP at 3%w/v, borax (15 wt% of TSP), and glycerol (25 wt% of the total solution) is
considered to be optimized. The optimized film displayed a good thickness of 0.472+0.021mm,
excellent WVTR of 1175.74+10.675 g/m?/day, highest tensile stress and strain in both dry and wet
states, self-healing efficiency of 60.7+0.7 MPa and optimum viscosity of 0.509 Pa-s. It was found
that the film possesses a remarkable fluid absorption capacity of 506.04+2.093% which is
comparable to the commercially available hydrogel films. However, values obtained from
transparency and in-vitro degradation of film are not considered for optimization as they are not
synchronized with the results obtained from other articles. Thus, the formulation was considered
an optimized hydrogel film for wound healing.

Antioxidant activity of determination of hydrogel is crucial for preventing the excessive formation
of reactive oxygen species (ROS), which have a significant correlation with chronic wounds and
inflammation [55]. It was demonstrated that TSP has excellent antioxidant activity, which offers
the added advantage of utilizing it to develop hydrogel film to treat wounds. For accessing the
antioxidant activity, a DPPH free radical scavenging assay was performed. It was observed that
TSP has approximately 80% radical scavenging efficiency which is favorable for eliminating ROS
in wounds [54].

The scavenging rates of the pure TSP and ascorbic acid at different concentrations of 2-10 pg/ml
increased significantly from 23.48+1.587% to 79.10+3.541% and 68.83+4.320% to
85.33+2.880%, respectively (Table 4.10). The ECso value of TSP and ascorbic acid was noted to
be 6.086 mg/ml and 2.4765 mg/ml. Ascorbic acid (standard) showed higher DPPH radical
scavenging activity than TSP. From the results, it was demonstrated that TSP exhibited excellent
antioxidant activity favorable for application in wounds. The antioxidant ability of TSP was
attributed to two mechanisms, including single-electron transfer followed by proton transfer (SET-
PT) and hydrogen atom transfer (HAT) [56]. In the SET-PT method, a single electron of
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polysaccharide was transferred for the reduction of the free radicals. In the HAT method, the
antioxidative agent quenches the free radicals through H-donation. Thus, the hydroxyl group of
TSP provides single electron or H atoms to scavenge DPPH free radicals.

Table 4.10 Scavenging activity of TSP and ascorbic acid

% Radical Scavenging Assay (Mean + S.D.), n=3
Concentration (ug/ml) TSP (%0RSA) Ascorbic Acid (%0RSA)
0 0 0
2 23.48+1.58 68.83+4.32
4 39.37+3.78 73.72+0.86
6 46.4520.73 75.45+1.58
8 63.03+6.59 80.24+6.33
10 79.1+3.54 85.33+2.88

The prepared cross-linked films incubated at different time intervals demonstrated remarkable
scavenging activity. As the color of the DPPH solution is purple initially, it is expected that with
the increase in incubation time, the color changes from purple to pink to yellow as demonstrated
in Fig 4.16.

- s -

30 min 60 min 120 min 240 min 360 min

]

Fig 4.16 Demonstration of DPPH free radical scavenging assay of hydrogel films by the change
in color from purple to yellow of the DPPH ethanolic solution incubated at different time intervals.
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DPPH radical scavenging of hydrogel films (Table 4.11 Fig 4.17) demonstrated that all the films
exhibited antioxidant activity. However, the content of TSP greatly impacts the antioxidant activity
of the prepared films. Formulation F2, incubated at 30 min, 1h, 2h, 4h, and 6h shows antioxidant
activity of 1.589%, 2.631%, 16.255%,23.711%, and 26.123%, respectively. Similarly, with an
increase in TSP content, formulation F3 has antioxidant efficiency of 1.864%, 5.783%, 17.214%,
26.864%, and 37.637%, respectively at 30 min, 1h, 2h, 4h, and 6h of incubation. Following this,
formulation F4 exhibited a radical scavenging of 16.34%, 17.40%, 19.3%, 28.54%, and 38.34% at
30min, 1h, 2h, 4h, and 6h, respectively. Thus, it was demonstrated from the results that an increase
in TSP concentration from 2 to 3% w/v significantly increased the radical scavenging activity of
the hydrogel films (p<0.05) [57]. Similar results were obtained when varying concentrations of
borax were cross-linked with TSP. From the results, it can be seen that after incubation of 6h, the
prepared films F5, F4, F6, and F7 undergo %DPPH scavenging activity of 38.34%, 43.24%,
43.64%, and 53.39%, respectively. Thus, the increase in borax content in formulations F6 and F7
from 15-20 wt% of TSP demonstrated a significant increase in radical scavenging enhancing the
antioxidant activity of borax cross-linked TSP-based hydrogel films (p<0.05). Following the
mechanism of free radical scavenging activity, more availability of boric acid (HsBOz3) resulted in
donating the H+ ions for the scavenging of DPPH showing the antioxidant ability of the hydrogel
to a higher extent [58]. Thus, the resultant hydrogel films are favorable for the elimination of ROS
generated in wounds.

Table 4.11 DPPH radical scavenging assay of cross-linked hydrogel films

% Radical Scavenging Assay (Mean + S.D.) , n=3

Time
(min) F2 F3 F4 F5 F6 F7
0 0 0 0 0 0 0

30 1.589+0.206 | 1.864+0.452 | 17.263+1.386 | 16.347+0.22 | 16.86+1.169 | 19.02+0.062
60 2.631+0.296 | 5.783+2.737 | 18.034+0.871 | 17.403+0.153 | 19.568+1.153 | 20.917+0.374
120 16.255+1.376 | 17.214+0.617 | 24.577+0.262 | 19.931+0.617 | 25.145+0.767 | 33.936+0.312
240 23.711+0.669 | 26.864+1.085 | 32.288+1.763 | 28.546+0.862 | 34.268+2.377 | 41.879+0.811
360 26.123+0.528 | 37.637+1.448 | 43.358+2.656 | 38.34+2.137 | 43.649+5.082 | 53.398+2.621
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Fig.4.17 DPPH radical scavenging assay of cross-linked hydrogel films

Adedji et al. investigated the antioxidant activity of cellulose microfibrils (CMF) and guar gum-
based hydrogels crosslinked with borax [58]. It was revealed that borax-treated CMF/guar gum-
based hydrogels displayed higher antioxidant activity compared to the NCL CMF/guar gum
hydrogel.

The complexity of the wound is enhanced by bacterial contamination of species such as S.aureus,
E.coli, and P.aeruginosa. The development of antimicrobial hydrogels for treating infected
wounds plays a crucial role and has garnered significant attention, prompting extensive research
[59]. Determination of the antimicrobial properties of hydrogel films is a crucial factor in the
context of wound healing. An antimicrobial analysis of hydrogel films including NCL, borax
cross-linked film, and the commercially available 3M Tegaderm was performed using the disk
diffusion method on four different bacterial strains (Table 4.12 and Fig.4.18). All the films are
inactive against the bacterial strains.
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Table 4.12 Antibacterial activity of hydrogel film against gram +ve and gram -ve bacterial strains.

Zone of Inhibition

Sample Gram +ve Gram -ve
S.aureus B.Subtilis E.coli P.aeruginosa
NCL Inactive Inactive Inactive Inactive
Crosslinked Inactive Inactive Inactive Inactive
3M Tegaderm Inactive Inactive Inactive Inactive

The results suggested that hydrogel films, including those with added borax, did not demonstrate

antibacterial activity, which raises concerns about their efficacy in wound healing. This aligns with

the results from a study by Tantiwatcharothai et al., in which borax cross-linked basil seed

mucilage-based hydrogel dressings also failed to show antibacterial activity, even after cross-

linking with different concentrations of borax [11]. Research led by Ren et al. demonstrated that

low concentrations of TSP did not show antibacterial activity against E.coli. However, increasing

the concentration to 20 mg/ml demonstrated outstanding antibacterial action against E.coli [54].

Picone et al. developed a cross-linked xyloglucan-PVA-based hydrogel film and demonstrated that

the pure XG-PVA without ampicillin did not form any zone of inhibition [60].

Fig.4.18 Pictures showing antibacterial activity of NCL, Cross-linked and Marketed hydrogel film
against (a) S.aureus MTCC 87, (b) B.subtilis MTCC 1305, (c) E.coli K 88, and (d) P.aeruginosa

424,
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4.2. Conclusion

In the present study, a novel type of self-healing hydrogel film for the treatment of wounds was
prepared by using tamarind seed polysaccharide cross-linked with borax by solvent-casting
technique. TSP at 3% w/v concentration, possessing gel-forming ability, and utilizing borax as a
crosslinking and self-healing agent through the formation of borate ester linkages, displayed
impressive capabilities in forming hydrogel films. The borax cross-linked TSP-based self-healing
hydrogel film was characterized and optimized according to various parameters including
thickness, transparency, WVTR, mechanical strength, self-healing efficiency, fluid absorptivity,
in-vitro degradation, viscosity, antioxidant activity. The optimized formulation (F6) comprises
TSP at 3%w/v, borax (15 wt% of TSP), and glycerol (25 wt% of the total solution). The FTIR
spectra hydrogel film confirmed the crosslinking of borax with TSP by boric ester bond formation.
The hydrogel film was examined to assess its self-healing capacity via visual inspection, and its
healing efficiency was evaluated through mechanical and rheological characterization. The results
displayed a remarkable self-healing ability of hydrogel film attributed to the formation of
reversible borate ester bonds. Owing to the biological evaluations, pure TSP and hydrogel film
had remarkable DPPH scavenging activity. The results from the antimicrobial assay indicated that
the hydrogel film did not exhibit antimicrobial action against the gram +ve and gram -ve bacterial
strains. In conclusion, the incorporation of self-healing properties serves to enhance the
mechanical and structural integrity of hydrogel films derived from polysaccharides, thereby

presenting significant potential for their application in wound healing.
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