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Abstract

This study presents an integrated approach of advanced biomedical applications through the
exploration of single nucleotide polymorphisms (SNPs) within the GSK-3p protein and its
effect on wound healing, the development of biopolymer-based materials for wound healing,
and the utilization of winery waste-derived grape seed extract (GSE) for its anti-inflammatory
and wound healing properties. By intertwining genetic analysis with material science and
bioactive compound optimization, the research offers a cohesive methodology to tackle
complex biomedical challenges.

The first objective focused on GSK-3p, a critical serine/threonine kinase with diverse cellular
functions. However, there is limited understanding of the impact of non-synonymous single
nucleotide polymorphisms (nsSNPs) on its structure and function. Through an exhaustive in-
silico investigation 12 harmful nsSSNPs were predicted from a pool of 172 acquired from the
NCBI dbSNP database using 12 established tools that detects deleterious SNPs. Consistently,
these NnsSNPs were discovered in locations with high levels of conservation. Notably, the three
harmful nsSSNPs F67C, A83T, and T138I were situated in the active/binding site of GSK-3p,
which may affect the protein's capacity to bind to substrates and other proteins. Molecular
dynamics simulations revealed that the F67C and T138l mutants had stable structures,
indicating rigidness, whereas the A83T mutant was unstable. Analysis of secondary structures
revealed different modifications in all mutant forms, which may affect the stability,
functioning, and interactions of the protein. These mutations appear to alter the structural
dynamics of GSK-3p, which may have functional ramifications, such as the formation of novel
secondary structures and variations in coil-to-helix transitions. In conclusion, this study
illuminates the possible structural and functional ramifications of these GSK-3 nsSNPs,
revealing how protein compactness, stiffness, and interactions may affect biological activities.
Thus, various possibilities might cause a non-healing wound. In the following work, we will
try to study how to achieve better and faster wound healing using various therapeutics. We also
aim to create therapeutics agents which would control the inflammatory cytokines after the
onset of the wound and also promote angiogenesis and neovascularization thus nullifying the
effect of dysregulated GSK-3.

The second objective was the preparation of starch-gelatin composite mats incorporating grape
seed extract (GSE). The composite mats were created by heating potato starch and gelatin,

followed by the addition of grape seed extract and ethanol to form a polymer lump, which was
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then pressed into a film. Material characterization included FTIR, AFM, SEM, mechanical
testing, swelling studies, in-vitro degradation, thermal analysis, and contact angle
measurements. The biological evaluation involved culturing L929 mouse fibroblast cells on
the mats, assessing cell viability with the MTT assay, and hemocompatibility using a hemolysis
test. In-vivo biocompatibility was tested by implanting mats in Wistar rats and conducting
histological examination after 14 days. Results indicated that a balanced ratio of starch and
gelatin (1:1) produced mats with optimal properties, including enhanced mechanical strength,
smooth surface morphology, high swelling capacity, rapid degradation, and excellent
biocompatibility and hemocompatibility. These composite mats serve as a promising platform
for integrating bioactive compounds such as GSE, leveraging their properties for enhanced
wound healing applications. However the material developed was not mechanically very stable
and was of brittle nature which is not mostly suitable for wound dressing material.

In the third objective, the study delved into optimizing the extraction of proanthocyanidins
from grape seeds and evaluating their biological effects. Grape seeds were cleaned, dried,
crushed, and extracted using ethanol gradients, followed by cold maceration and centrifugation.
UV-VIS spectroscopy, FTIR, and LCMS/MS characterized the extract, revealing high
proanthocyanidin and total phenolic content. In-vitro assays on L929 cells demonstrated high
cell viability and significant cell migration at optimal concentrations of GSE. Anti-
inflammatory and antioxidant properties were confirmed through reduced expression of NF-
kB, IL-6, TNF-alpha, and ROS levels in LPS-stimulated RAW cells. A GSE-loaded starch-
glycerite gel was formulated and characterized, showing significant wound healing potential
in rabbit models, enhanced collagen deposition, and improved epidermal regeneration. This
objective highlighted the therapeutic potential of GSE, derived from winery waste, as a potent
bioactive compound for wound healing applications.

The fourth objective connected these findings by developing and characterizing PVA-starch
composite films loaded with GSE for wound healing applications. The GSE not only acted as
an active component but also participated as a crosslinking agent by inducing hydrogen bonds
between polymers. Three composites with varying PVA and starch ratios were fabricated using
solvent casting, followed by material characterization through FTIR, XRD, SEM, AFM,
thermal analysis, mechanical testing, contact angle measurements, nano-indentation, swelling
index, and degradation studies. Antibacterial efficacy against Staphylococcus aureus and
Escherichia coli, hemocompatibility, cytocompatibility, and in-vivo wound healing in rabbits
were assessed. The PS@2:1 composite exhibited superior properties, including antibacterial

activity, biocompatibility, and enhanced wound healing, with significant collagen deposition
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and minimal inflammation in treated wounds. This final objective underscored the successful
integration of genetic insights, material science, and bioactive compound optimization,
resulting in a holistic approach to developing advanced wound healing materials.

In brief, this comprehensive study successfully identified deleterious SNPs within the GSK-3f3
gene, developed effective starch-gelatin composite mats, optimized grape seed extract for anti-
inflammatory and wound healing applications, and fabricated PVA-starch composites with
promising wound healing properties and overcame the limitations of the starch-gelatin mats.
The therapies hence developed controlled inflammation and also promoted angiogenesis which
is a common problem during dysregulation of GSK-3B. These therapies and wound dressing
thus have a high potential in nullifying the adverse effect of deleterious mutation of GSK-3f
related to wound healing. These interconnected objectives provide valuable insights into SNP
analysis, biopolymer-based wound healing materials, and the utilization of winery waste-
derived extracts, offering potential avenues for innovative therapeutic approaches in

biomedical applications.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

1.1.1Background in wound healing

Skin, the largest human organ forms the complex barrier separating internal and external
environments. It is made up of three major layers such as epidermis, dermis, and hypodermis
[1]. Positioned below epidermis, dermis is rich in different extracellular matrix proteins and
collagen is one of the extracellular matrix proteins impart rigidity, elasticity along with
structural support to dermis. The dermis layer is the hub for many blood capillaries, nervous
system, hair follicles, and even the sweat glands. Besides these the lower underneath
hypodermis layer is composed of adipose tissue, offering insulation and serving as protective
padding [2].

Biologically, a wound is any injury to skin integrity or underlying tissues. This disruption can
be caused by trauma, surgery, or pathological processes. Wounds can vary in severity and
depth, ranging from superficial cuts and abrasions to deep lacerations or puncture wounds
[3]. When the skin is damaged; such as in cases of injury or trauma; the wound healing
process follows a dynamic sequence. The biological response to a wound involves a series of
processes aimed at restoring tissue integrity and function, including inflammation,
proliferation, and remodelling. The ultimate goal of wound healing is to close the wound,
restore tissue strength, and minimize infection risk [4,5]. Initially, there is a clotting response
to stop bleeding, followed by inflammation to remove microbes and debris. The subsequent
proliferative phase includes granulation tissue formation, which includes blood vessels,
fibroblasts, and extracellular matrix proteins. This tissue behaves as scaffold for cell
migration and tissue repair. Finally, remodelling step includes maturation of scar tissue,
where collagen fibers are re-oriented to enhance strength and flexibility. The complex

composition and regenerative capabilities of the skin facilitates wound healing [2,6].

Various groups have delineated wound healing, yet they all covered the essential objective of
repairing tissue defects. These categories include primary healing followed by delayed
primary healing, healing by secondary intention, and finally the healing of partial-thickness
wounds [7,8]. Primary healing involves rapid closure of a full-thickness surgical incision

with minimal cellular damage, while delayed primary healing occurs when wound edges are
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not promptly reapproximated, often seen in contaminated wounds. Healing by secondary
intention entails allowing full-thickness wounds to close naturally, resulting in a more intense
inflammatory response and pronounced wound contraction. Partial-thickness wounds
predominantly heal through epithelialization, without significant wound contracture. The
overall process of wound healing encompasses stages such as inflammation, fibroblastic
phase, scar maturation, and wound contracture (Figure 1), which progress sequentially
following injury. These phases, analogous to hemostasis, inflammation, granulation, and
remodeling, involve complex interactions among cellular and extracellular components to

achieve tissue repair [9,10].
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Figure 1.1: Stages showing wound healing mechanism

The inflammatory phase of wound healing initiates the influx of inflammatory cells and
activates the local Wnt/B-catenin signaling pathway, which controls various physiological
mechanisms such as proliferation, differentiation, migration, and cell fate determination [11].
Activation of the Wnt/p-catenin pathway further enhances wound repair by eliminating
glycogen synthase kinase-3p (GSK), a crucial regulatory enzyme [12]. This leads to the
promotion of proliferative step characterized by the initiation of re-epithelialization and
eschar development. By this phase, cytoplasmic [-catenin deposition triggers the
transcription of matrix metalloproteinase genes, facilitating angiogenesis, accumulation of
extracellular matrix, and the development and proliferation of various cellular components
such as fibroblasts and keratinocytes [13]. Subsequently, in the maturation and remodelling
step, re-epithelialization of the epidermis occurs to restore protective barrier function.
Transforming growth factor-p (TGF-B) promotes fibroblast proliferation, angiogenesis,
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collagen organization, and extracellular matrix remodelling, thus facilitating the overall

process of wound healing [14].

Wound healing requires several cells, growth factors, cytokines, extracellular matrix, and
enzymes [15]. Fibroblasts are particularly crucial in wound healing [10]. Factors like
microbial infection or biofilm can impact wound healing, as can ischemia and reperfusion,
which are highlighted by Mustoe et al., (2006) in their discussion on the molecular biology
underlying these processes. Ischemia-reperfusion injury involves a cascade of cellular
processes leading to cell damage, including leukocyte and complement activation, and

dysfunction of the microvasculature [7,16].

Similarly angiogenesis is crucial in wound healing, involving development of capillary
sprouts that penetrate the extracellular matrix and form tube-like structures, ultimately extend
and branch to create networks [17]. Various angiogenic stimulators, including vascular
endothelial growth factor (VEGF), transforming growth factor-beta (TGF-R), tumor necrosis
alpha (TNFa), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF),
angiogenin, and angiopoietin-1, play roles in various stages of wound healing, like initiating
angiogenesis, amplifying it, promoting vascular proliferation, stabilizing vessels, and
maintaining angiogenesis [17]. Their activation starts wound healing, while disruptions in
their interactions can prolong wound persistence. Understanding the mechanisms underlying
altered expression of these molecular factors, leading to changes in cellular function, may

reveal potential intervention points in wound healing [18].

Angiogenesis, development of new blood capillaries, is required for wound healing, and
supplying injured tissue with oxygen and nutrients necessary for regeneration [19]. This
process includes a sequence of intricate physiological events, initiated by released vascular
endothelial growth factor (VEGF) and fibroblast growth factor (FGF) from various cell types
including platelets and macrophages [20,21]. These growth factors stimulate endothelial cell
proliferation and migration, leading to changes in existing blood vessels near the wound site.
Endothelial cells undergo migration towards damaged site, then proliferate and the
development of new capillaries takes place through sprouting and branching. Extracellular
matrix components, integrins, and proteases guide endothelial cell migration, while matrix
metalloproteinases (MMPs) facilitate extracellular matrix remodelling [22]. Newly formed

blood vessels not only supply oxygen and nutrients but also aid in waste product removal and
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support the recruitment of different cells in tissue repair, like fibroblasts and immune cells
[23]. By ensuring an adequate blood supply, angiogenesis contributes to the establishment of
a functional tissue network, thereby expediting the healing process and restoring the affected
area to its normal physiological state.

Wound healing is influenced by various factors, which can be broadly categorized as either
local or systemic. Local factors directly impact wound site, while systemic ones affect entire
health and recovery capacity of individuals. Additionally, numerous factors can overlap
between these categories [24]. Infection stands out as a crucial local factor, as
microorganisms typically inhabit the skin's surface. However, when the skin is compromised,
these microorganisms can infiltrate concerned tissues. The degree of infection, replication
status, and microbial load within tissue determine the groups of wound infection,
encompassing pathogenic infection, colonization, and systemic dissemination of invasion
[25, 26]. Although the human body possesses significant natural healing capabilities, various
cellular components involved in responding to injuries can weaken, leading to difficulties in
wound closure (Figure 2). This weakening commonly occurs due to systemic changes
associated with conditions like old age or diabetes. These two, in particular, are major
contributors to chronic wounds, which are wounds that persist for longer than 3 months
without healing [27-29]. Non-healing chronic wounds exhibit sustained myofibroblast
activity, which contributes to tissue alterations, particularly notable in hypertrophic scars
post-burn injury and in scleroderma's fibrotic stage [8, 30]. Myofibroblast-induced
contractions are characteristic of fibrosis, impacting organs like the liver, heart, lung, and
kidney [31]. Hypertrophic scars are marked by hypervascularization, abnormal ECM
deposition, and excessive collagen build-up [32]. Prolonged exposure to toxic chemicals,
including carcinogens, in chronic wounds can impair chemo-surveillance functionality. In
cancer patients, wound healing may face hindrances due to factors like malnutrition,

oncologic disorder, and its intervention [33].
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Figurel.2: Factors affecting wound healing process

Chronic wounds, often marked by infection or biofilm formation; lead to heightened
development of inflammatory and proinflammatory cytokines. This heightened production
triggers an increase in matrix metalloproteases and a decrease in their inhibitors. Sustained
inflammation results in the breakdown of the ECM and inhibits fibroblast development. The
reduced fibroblast production leads to insufficient collagen fibre production required for
wound remodelling. Fibroblasts in the chronic wound environment exhibit signs of
senescence. Furthermore, chronic wound environment hampers angiogenesis and retards
epithelialization, contributing to slow healing. These characteristics collectively represent the
environment of chronic wounds, which hinder timely healing. Intervening chronic wounds
involve recognizing their molecular mechanisms present in clinically diverse wounds,

examining their progression for healing steps.
1.1.2 Role of Glycogen synthase kinase-3 (GSK-3B) in Wound Healing

GSK-3 is linked with several signalling pathways like cyclic adenosine monophosphate
Hedgehog, (CAMP) signalling, transforming growth factor-beta (TGF-B), Wnt, Notch,
nuclear factor of activated T cells (NF-AT), and activators that stimulate phosphatidylinositol
3-kinase (PI3K) [34-36]. GSK-3 is linked in controlling numerous physiological processes
such as metabolism, cell movement, programmed cell death, cell maturation, growth, and

development of embryos. Its irregular activity is associated with various health conditions,
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including diabetes and cancer [37, 38]. GSK-3, a widely expressed serine/threonine kinase,
comprises two isoforms, namely GSK-3a and GSK-3f, which are encoded by separate genes.
While both isoforms share a high degree of similarity, GSK-3a possesses a glycine-rich N-
terminal extension, resulting in a larger molecular mass compared to GSK-3p (51/47 kDa)
[39]. GSK-3 stands out among kinases for its preference for substrates that have undergone

phosphorylation events C-terminal to GSK-3 phosphorylation site [40].

The absence of GSK-3f3 leads to heightened tissue repair and fibrogenesis in vivo, primarily
attributed to increased levels of endothelin-1 (ET-1). GSK-3, functions as a serine/threonine
kinase for negative regulation of glucose homeostasis and is involved in various
physiological methods, including the advancement of inflammation. Recent studies have
suggested its involvement in controlling tumorigenesis by modulating autophagy pathways
[41]. The phosphorylation of Ser9 at N-terminus of GSK-3B inhibits its activity, and
phosphorylation of Tyr216 promotes it, indicating differential effects based on
phosphorylation sites [42, 43]. GSK-3p also plays a critical role in angiogenesis, impacting
advancement of diabetes associated wound healing. It induces break down of j-catenin, a
pivotal factor for keratinocyte proliferation and migration, through the mechanism of
phosphorylation and destabilization of B-catenin [44, 45].

GSK-3f facilitates wound healing processes by modulating various cellular mechanisms
involved in tissue repair. GSK-3p is incorporated in control of cell proliferation, migration,
inflammation, and apoptosis, required for proper wound healing. Specifically, GSK-33 down
regulation promotes cell migration and proliferation, leading to accelerated wound closure
and improved tissue regeneration. Moreover, GSK-3 activity regulates link between pro-
inflammatory and anti-inflammatory cytokines, regulating inflammatory response during
wound healing. Additionally, GSK-3f influences the differentiation of various cells required
in wound repair, like fibroblasts and keratinocytes. Overall, targeting GSK-3 presents a
promising therapeutic strategy to enhance wound healing processes [46]. Mutations or
functional loss of GSK-3p could lead to fibrotic conditions in vivo, potentially regulated by
ET-1. Findings suggest that GSK-3pB help in regulation of excessive in vivo tissue repair,
thereby reducing myofibroblast activity and fibrogenesis. This insight contributes to

understanding method of tissue repair and its transition to fibrogenesis [39, 47, 48].

1.1.3 In-Silico Analysis
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Process of wound repair is intricate and multifaceted, involving various cells and cytokines.
Skin, serving as a vital barrier for the human body, can be compromised by a range of issues
like ulcers, infections, scars, and chronic wounds [49]. This has underlined the necessity for
enhancement of drugs oriented mechanism of healing process [50]. In-silico evaluation
methodologies for wound healing leverage computational approaches to simulate and analyze
the complex biological processes involved in tissue repair. These methods encompass various
computational techniques, such as molecular modeling, bioinformatics, and systems biology,
to elucidate the molecular mechanisms underlying wound healing [51]. Molecular modeling
techniques, including molecular dynamics simulations and docking studies, enable
researchers to investigate the interactions between biomolecules involved in wound healing,
like growth factors, cytokines, and enzymes [52]. Molecular docking serves as a robust
computational tool employed to predict potential binding configurations and elucidate the
interaction mechanisms. Widely applied in drug discovery [53]; molecular docking aids in
identifying the binding modes or forces governing ligand-protein complexes. Notably,
binding energy stands as a critical criterion for assessing protein-ligand interactions, with
lower binding energies indicative of greater stability. Epidermal growth factor receptor
(EGFR1), matrix metalloproteinase (MMP-1) and fibroblast growth factor (FGFR1) are
pivotal in regulating cell proliferation, and tissue remodelling, followed by wound healing

processes [54].

By computationally predicting the binding affinities and structural changes of these
molecules, researchers can gain insights into their roles in wound healing [55]. Additionally,
bioinformatics tools are utilized to analyze large-scale omics data, like genomics,
metabolomics, proteomics and transcriptomics to recognise key regulatory pathways and
molecular signatures associated with wound healing. Integrative systems biology approaches
further facilitate the construction of computational models that simulate the dynamic
behaviour of biological networks involved in wound repair, allowing for the prediction of

therapeutic targets and the optimization of treatment strategies [56-58].

In wound healing research, the utilization of in silico studies holds paramount importance for
several reasons. Firstly, it is a biological mechanism-including several molecular interactions
and cellular responses. In silico studies offer an economically friendly and time-efficient
technique to explore these intricate mechanisms by simulating molecular interactions,

predicting structural activities, and elucidating physicochemical properties of therapeutic
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agents such as antimicrobial peptides (AMPs) [59]. Secondly, the design and optimization of
novel wound-healing strategies, particularly those involving antimicrobial and wound-
healing compounds, necessitate a comprehensive understanding of their structure-function
relationships [60]. In silico analysis allows systematic characterization and classification,
providing their mechanism of action. Furthermore, advancements in bioinformatics have
enabled the prediction and screening of potential candidate peptides with enhanced efficacy
and specificity. Therefore, in silico studies accelerates the development and optimization of
innovative wound-healing therapies, addressing the urgent demand for effective solutions to

chronic wounds [61, 62].

In silico research predicting the effects of GSK-33 mutations on wound-related pathways
offer significant potential for precision medicine in wound healing. GSK-3p regulates various
cellular processes implicated in wound repair, through inflammation, cell proliferation, and
tissue remodelling. Mutations in GSK-3pB gene have been linked to altered wound healing
responses and susceptibility to chronic wounds [63]. Through computational modelling and
bioinformatics approaches, researchers can analyze the structural and functional
consequences of GSK-3f mutations, predicting their impact on key signalling pathways
involved in tissue regeneration. By simulating the effects of specific mutations on protein-
protein interactions, enzymatic activity, and downstream signalling cascades, in silico studies
provide valuable insights into the molecular mechanisms underlying aberrant wound healing

phenotypes associated with GSK-33 mutations [64].

Moreover, in silico studies enable recognition of potential targets and formulation of
personalized treatment strategies for individuals with GSK-33 mutations affecting wound-
related pathways. By integrating genomic data with computational models of wound healing
processes, researchers can prioritize candidate drugs and interventions that modulate GSK-3f3
activity or target downstream effectors to regain basic wound healing mechanism [65].
Precision medicine approaches tailored to individual genetic profiles hold promise for
optimizing treatment outcomes in wound healing, ensuring targeted and effective therapies
for patients with specific GSK-3p mutations. Ultimately, in silico prediction of the effects of
GSK-3 mutations on wound-related pathways represents a crucial step towards advancing
personalized medicine in wound healing, offering novel insights into the pathogenesis of

wound healing disorders and guiding innovative therapeutic practices [66].
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1.1.4 Need for Advanced Therapies

The correct assessment and classification of wounds hold significant clinical significance due
to their potential to prevent complications and provide valuable prognostic information
regarding morbidity, mortality, and quality of life outcomes [67, 68]. Furthermore, an
accurate assessment allows for development of a tailored therapeutic method and enables the
concerned group to monitor healing progresses under normal parameters. Despite its
importance, clinical evaluation of wounds is subject to a high degree of subjectivity, leading
to change in wound assessment and management [69]. This change can be lead to several
factors, including no or low clinical experience, inadequate understanding of contextual
factors, inability to identify essential elements in wound assessment, limited knowledge of
available treatment options, and difficulty in properly valuing clinical information [70,71].
Clinical evaluation typically encompasses a comprehensive approach that includes obtaining
a detailed medical history, conducting a thorough clinical examination of the wound, and
potentially utilizing wound assessment charts or tools. These tools aid in standardizing the
assessment process and provide objective criteria for evaluating wound characteristics such
as size, depth, tissue type, and presence of infection. Despite of the availability of such tools,
the subjective interpretation of clinical findings and variability in clinical expertise contribute
to inconsistencies in wound evaluation and management [72, 73]. Therefore, efforts to
improve clinical training, enhance contextual understanding, and promote standardized
wound assessment protocols are crucial for ensuring optimal patient outcomes in wound care
settings. The need for innovative approaches to enhance wound treatment outcomes is
increasingly recognized in healthcare settings due to several factors. Traditional wound care
methods, while effective to some extent, may not always yield optimal outcomes, particularly
in cases of chronic or complex wounds. Hence, it is necessitated for novel therapeutic
mechanisms that can address challenges associated with wound healing and improve patient
status [74, 75].

One of the primary drivers for innovative approaches in wound treatment is the rising
incidence of chronic wounds, like diabetic ulcers, and pressure ulcers. Chronic wounds pose
significant clinical challenges due to their prolonged healing time and susceptibility to
complications such as infection and tissue necrosis. Conventional treatments often fall short
in managing these wounds effectively, necessitating the development of new approaches that

lead to more efficient healing and minimizes risk of complications [76,77]. Moreover, the
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increasing prevalence of antibiotic-resistant bacteria and healthcare-associated infections
further underscores the need for innovative wound treatment approaches. Conventional
antimicrobial therapies may become less effective over time as bacteria develop resistance to
commonly used antibiotics. Therefore, there is a pressing need to explore alternative
antimicrobial strategies, such as antimicrobial peptides, nanoparticles, and bioactive
dressings, which can offer broader antimicrobial coverage and reduce the risk of resistance
development [78]. Furthermore, old age, risk of diabetes and obesity contribute to complexity
of wound care management. These factors can impair the body's natural healing processes
and increase chance of chronic wound development. Innovative approaches that take into
account the unique needs and challenges associated with these patient populations are

essential for achieving better treatment outcomes [79, 80].

Despite advancements in wound healing therapies, several gaps and limitations persist in
current clinical practice. Traditional approaches often focus on symptom management rather
than addressing the underlying biological mechanisms of wound healing. Additionally, there
is a lack of personalized treatment strategies tailored to individual patient characteristics,
such as genetic predispositions, which can significantly impact wound healing outcomes.
Furthermore, the emergence of antibiotic-resistant bacteria poses challenges for infection
management, while the high cost and accessibility of advanced wound care products limit
their widespread use. Moreover, there is a need for more standardized and objective methods
for wound assessment and monitoring to optimize treatment efficacy and minimize variations
in clinical practice. Addressing these gaps requires innovative approaches that integrate
advancements in biomaterials, regenerative medicine, and personalized medicine to improve

patient status and enhance the quality of wound care delivery.
1.1.5 Role of Biomaterials and specialized ointments for Wound healing

Deep wounds, incapable of self-regeneration, necessitate the origin of specialised scaffolds to
facilitate healing by giving mechanical support to new tissue. It not only serves as a structural
base offering support and attachment but also keeps on interacting with cells, initiating the
cellular mechanisms crucial for tissue regeneration [81, 82]. Essential attributes of scaffolds
include porosity, surface area and volume ratio, pliable nature and geometry. Biomaterial
types and processing techniques play pivotal roles in determining scaffold properties, with

bioresorbable or pro-regenerative scaffolds being preferred. These scaffolds can be used with
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various agents to increase physiological reactions and expedite wound healing [83, 84].
Techniques like electrospinning or 3D printing enable the fabrication of scaffolds with
tailored properties suitable for wound repair [85, 86]. Biomaterials elevate the regenerative
potential of human tissues, facilitating the restoration of damaged states and re-establishing
normal biological function. Various fabrication techniques enable the incorporation of
biomaterials within the body, serving as scaffold to regenerate tissues. The primary objective
is to provide support for cellular attachment, proliferation, migration, and differentiation,
thereby promoting the generation of functional tissue [87]. Furthermore, biomaterials
function as temporary scaffolds mimicking ECM, facilitating cell regeneration. Several
biomaterials are extensively used in tissue engineering due to their bioavailability and
biocomaptibility (Table 1). Their use in in vitro models demonstrated lesser toxic generation
during degradation enhancing cell adhesion and function [88, 89].

Table 1.1: Biomaterials in wound healing [87,88]
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These approaches encompass various aspects such as the types of biomaterials involved, the
specific cells targeted for substitution, relevant growth factors, signalling molecules, and the
fabrication methods employed. Numerous biomaterials have been explored for their potential
in treating chronic wounds, each with its unique characteristics and mechanisms involved in
wound healing. In-depth reviews of both natural and synthetic biomaterials highlight their
applications in specific types of wound treatments and the underlying mechanisms driving
their efficacy in wound healing [90-92]. Skin substitutes are used for enhancing the wound
healing process by providing scaffold that mimics the ECM of the skin. Various skin
constructs are formed by utilizing biomolecules such as collagen, hyaluronan, and others
[93]. The electrospun quaternary crosslinked ammonium silane collagen demonstrated their
biocompatibility in dermal fibroblasts [94]. Poly glycerol sebacate is utilized in wound
healing due to its biostability, nontoxicity and bioavailability [95].Studies show its
applications in skin healing and tissue regeneration processes [96]. Biodegradable “Poly
(glycerol sebacate)/polyhydroxybutyrate scaffold loaded with simvastatin (SIM) and
ciprofloxacin (CIP)” were evaluated for wound healing, showing regulated release of CIP to
control wound infections and delayed release of SIM to facilitate wound healing [97].
Similarly, studies shows an injectable “catechol-Fe** cross-linked poly (glycerol sebacate)-
co-poly (ethylene glycol)-g-catechol prepolymer hydrogel” system for treating bacterial
infections and skin wounds, demonstrating its self-healing-properties-and antibacterial
activity against Methicillin-resistant Staphylococcus aureus (MRSA) [80]. Despite
advancements in biomaterial-based therapies, the extent of wound penetration complicates
the selection of appropriate therapy and its impact on the wound-healing process[89].
Therefore, the utilization of specific biomaterials tailored to these criteria holds promise for
accelerating cell regeneration [87].

The utilization of biomaterials in wound healing offers numerous advantages and can lead to

improved treatment outcomes. Biomaterials provide a scaffold that mimics bio based ECM of
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the skin, for cell attachment, proliferation, and tissue regeneration. Additionally, they can
deliver bioactive molecules, growth factors, and antimicrobial agents to the wound site,
promoting wound closure and preventing infections. Biomaterials also possess tunable
properties that allow for customization based on specific wound characteristics, like size,
depth, and location, enabling personalized treatment approaches. Furthermore, biomaterial-
based dressings can provide protection from external contaminants and maintain a moist
wound environment, which is contributing to optimal wound healing. Overall, the use of
biomaterials in wound healing can enhance the efficiency of process and minimize healing
time [98, 99].

Studies showed positive outcomes linked to utilization of biomaterials in wound healing.
Biomaterial-based dressings have been shown to accelerate wound closure, promote tissue
regeneration, and reduce the risk of infection. Additionally, they can minimize scarring and
improve the cosmetic appearance of healed wounds. Furthermore, biomaterials can facilitate
the integration of newly formed tissue with the surrounding skin, resulting in improved
wound strength and functionality. Importantly, biomaterials provide a versatile platform for
the delivery of therapeutics, enabling targeted and regulated dispersal of bioactive agents to
the wound site. This targeted delivery approach enhances the efficacy of treatment while
minimizing systemic side effects. Overall, utilisation of biomaterials in wound healing has
great promise for improving patient outcomes and advancing the field of wound care
[100,101].

Similarly hydrogel possesses a myriad of desirable properties that make it highly
advantageous for wound healing. It’s excellent anti-oxidation capability facilitate obdurate
the wound healing and exacerbate tissue damage. Hydrogel's responsiveness to near-infrared
(NIR) and pH changes facilitates controlled dispersal of therapeutic agents, enhancing its
efficacy in promoting wound healing. Additionally, its flexibility near wound site ensures
optimal contact and coverage, facilitating the healing process. The faster self-healing
property of hydrogel further contributes to its longevity and durability upon application to the
wound [75, 80]. Hydrogel exhibits good tissue adhesion, which helps to securely seal the
wound and prevent leakage of fluids. Its degradability ensures that it is gradually absorbed by
the body as the wound heals, reducing the need for frequent dressing changes and minimizing
patient discomfort [102,103]. The photothermal antibacterial activity of the hydrogel,
combined with its ability to be removed through irradiation and/or acidic solution washing,

14| Page



provides an effective means of combating infections, particularly those caused by drug-
resistant bacteria. In vivo experiments have demonstrated the ability of different gels and
ointments to promote haemostasis, prevent infections, and accelerate closure of different skin
wounds [76].

Creams facilitate wound healing due to their ability to deliver emollients and moisturizers
directly to the skin [104]. Emollients and moisturizers are essential for maintaining skin
hydration, softness, and flexibility. Properly hydrated skin helps to create an optimal
environment for cell migration, proliferation, and tissue regeneration, promoting faster
wound closure and reducing risk of complications such as infection and scarring. The
structural and functional characteristics of creams facilitate wound care applications. As
emulsions containing water and oil phases, creams can provide hydration to the skin while
also forming a protective barrier against external contaminants [105]. Their non-greasy to
mildly greasy textures allow for easy application and absorption into the skin, ensuring that
the active ingredients are effectively delivered to the wound site. Additionally, the ability of
creams to incorporate both aqueous and oleaginous ingredients enables the formulation of
products with diverse therapeutic attributes like antimicrobial agents, anti-inflammatory
compounds, and growth factors having diverse solubility range, essential for promoting
wound healing [106]. Moreover, creams offer advantages in terms of drug release and
absorption, allowing for controlled delivery of medications to the wound site for managing
pain, preventing infection, and promoting tissue repair during wound healing. Rheological
attributes of creams can be tailored to optimize their performance, ensuring that they adhere
well to the wound area and provide sustained release of therapeutic agents over time. Overall,
creams represent a versatile and effective vehicle for delivering essential components of
wound care, making them indispensable in the management of various types of wounds and

skin injuries [75].
1.1.6 Significance of Sustainable Material/Biomaterials

“Biomaterials are materials meant to interface with biological systems to augment, treat, or
replace tissues, organs, or bodily functions illustrated by European Society for Biomaterials
Consensus Conference-11” [107]. These materials encompass a diverse range of bio-based or
synthetic substances, like metals, ceramics, and their composites, which exhibit

biocompatibility with living tissues. Biopolymers are deduced from various natural biological
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sources including plants, animals, microorganisms, and agricultural residues [108,109]. For
instance, biopolymers from plant sources like rice, corn, sorghum, wheat, potatoes, cotton,
yams, banana, cassava, tapioca, and barley can be chemically developed from their
constituent monomers like oils, amino acids and sugars[110,111]. Classification of
biomaterials is based on their material properties and their interaction with living tissues,
with categories including bioactive, functionally inactive and biodegradable materials. In
various medical procedures such as hand surgery, bone reconstruction, and joint replacement,
biomaterials play a crucial role by interacting with body organs, facilitating tissue
regeneration and functional restoration. Selection of appropriate biomaterials ensures
compatibility with biological systems, promoting successful surgical outcomes and patient

recovery [112].

Eco-friendly biomaterials produced using green technology or derived from various
biological resources, have emerged as promising alternatives to traditional materials in
biomedical and non-biomedical applications. These biomaterials are sustainable and
environmentally friendly, addressing concerns about the ecological impact of conventional
materials. In the biomedical field, eco-friendly biomaterials have found widespread
applications in various areas such as breast implants, nerve regeneration therapy, ligament
and tendon repair, orthopedics, wound healing, and ophthalmology for contact lens design
[113]. These materials offer biocompatibility and promote tissue integration, enhancing
patient outcomes and reducing the risk of adverse reactions. Furthermore, eco-friendly
biomaterials contribute to the conservation of natural resources and minimize environmental
pollution, aligning with the principles of sustainable development and responsible
manufacturing practices [114]. Beyond biomedical applications, eco-friendly biomaterials
also serve numerous non-biomedical applications (Table 2) due to their versatile properties

and eco-conscious manufacturing processes.
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Table 1.2: Different biomaterials & their medical applications

Sl.  |Name of Biomaterial | Medical Applications

No.

1 Fibrin wound healing, Haemostatic agent, tissue reconstruction
2 Elastin cell encapsulation, tissue reconstruction

3 Starch Bone regeneration

4 Collagen tissue regeneration, wound treatment

5 Hyaluronic acid wound treatment

6 Alginate tissue regeneration, wound treatment

Recently, a variety of medicinal applications have emerged for biopolymers, including
suturing, repairing, promoting adhesion, providing coverage, occluding, isolating,
maintaining contact elimination, promoting cell proliferation, guiding tissue growth, and
facilitating regulated drug delivery [115-117]. To explore and replicate vital functional and
structural characteristics of natural tissues, numerous techniques and processes for
biomaterial production have been developed [118]. These materials are utilized in fields such
as packaging, construction, textiles, and consumer goods manufacturing. By replacing
conventional materials with eco-friendly alternatives, industries can reduce their carbon
footprint and minimize waste generation. Additionally, eco-friendly biomaterials offer
opportunities for innovative product design and development, fostering a shift towards more
sustainable manufacturing practices across various sectors. Overall, the adoption of eco-
friendly biomaterials represents a proactive approach towards achieving environmental
sustainability and promoting a circular economy, where materials are reused, recycled, or
composted at the end of their lifecycle, contributing to a healthier planet for future

generations [119].

Biopolymers have garnered significant attention across various applications due to the
growing need for sustainable and biodegradable solutions. One critical area where
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biopolymers are utilized is in drug delivery processes to enhance efficacy of bioactive
molecules for therapeutic purposes. Advances in this field are essential for improving illness
treatment. In enhancement of drug delivery mechanisms, synthetic and/or natural and/or
semi-natural polymers are frequently used[120]. However, frequent utilization of chemical-
based polymers in industries like food and medicine raises environmental concerns. There is
a growing cognizance of environmental sustainability, regulations on toxicants, and the
management of medical waste. Consequently, there is a push towards developing packaging
materials based on biopolymers. The adoption of biopolymers offers several environmental
benefits, including the reduction of CO. emissions, medical wastes, and the dependence on
non-biodegradable-based resources. This shift towards biopolymer usage aligns with efforts

to create more sustainable practices in medical industries [121,122].
1.2 Literature review
1.2.1 Molecular Mechanisms of wound healing

Wound healing is a sophisticated mechanism including various tissues working together in a
well-coordinated manner. It encompasses cell migration, proliferation, ECM deposition,
inflammation, and angiogenesis. While minor skin wounds can heal relatively quickly, more
extensive damages derived through any kind of external pressure and/or surgery may take
longer and often result in scar formation [123]. To develop effective therapies for preventing
scarring and promoting wound repair, understanding intricate cellular and molecular
mechanisms involved in wound repair, is required. This understanding can aid in optimizing
treatments for chronic wounds and improving tissue function post-injury. Various stages of
wound healing, like clot development to re-epithelialization, angiogenesis, and eventual scar
formation are involved with various intrinsic mechanisms [124]. Each phase also involves
complex interactions between fibroblasts, cutaneous nerves, immune cells, endothelial cells,

melanocytes, keratinocytes and adipocytes [125,126].

Wound healing process is a meticulously organized cascade mechanism designed to repair the
skin [127]. In acute cutaneous wound healing, a series of systematic cellular processes occur,
beginning with haemostasis to stop bleeding, followed by inflammation to clear debris and
fight infection. Subsequently, proliferation ensues, involving migration and proliferation of
various cell types like fibroblasts, keratinocytes, and endothelial cells, leading to

development of tissue and blood vessels. Finally, tissue remodelling occurs, characterized by
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the restructuring and maturation of the newly formed tissue, ultimately resulting in wound
closure [128,129]. Hemostasis is primary step to skin injury, where blood vessel constriction
and platelet activation occurs. It leads to release of granules containing various cytokines,
including TGF-p and PDGF [130,131]. These cytokines serve to recruit neutrophils and
macrophages, for inflammatory step to be activated [132]. Former arrive first at wound site,
while macrophages, derived from activated monocytes. They contribute to phagocytosis and
form additional growth factors for proliferation, angiogenesis, and keratinocyte migration
[133,134].

After skin damage occurs, various cell signalling pathways are triggered in response of
defence mechanisms. However, due to skin complexity and divergent healing strategies of
acute and chronic wounds, diverse range of approaches is required for betterment of
respective condition [135]. Acute wounds typically heal within 3-4 weeks relying on
parameters like size, location, patient characteristics, and underlying health conditions. In
contrast, chronic wounds are attributed with infections, development of pathogenic biofilms,
and failure of concerned epidermal cells to capture reparative signals [136]. In acute wounds,
PDGF and TGF Al and TGF A2 are released, attracting inflammatory cells that clean
bacterial wound through release of reactive oxygen species. Subsequently, growth factors
promote cellular proliferation and migration, leading to granulation tissue development to
support epithelialisation [137]. Proliferative step facilitates granulation tissue development,
re-epithelialization, and angiogenesis for blood supply to nascent skin. Several signalling
pathways, like “Wingless-related integration (Wnt)/B-catenin, nuclear factor erythroid 2—
related factor 2 (Nrf2), phosphoinositide-3-kinase (PI3K)/protein kinase B (AKT), hypoxia-
inducible factor 1 (HIF-1), transforming growth factor-p (TGF-B) and Notch” are identified
as regulators of different steps of wound healing, viz cellular proliferation, migration,
angiogenesis, inflammation, and tissue remodelling [138-140]. However, dysregulated

signalling in these pathways can spoil wound healing and lead to complexity [141].

Overexpression of Wnt signaling molecules enhances cellular proliferation and extracellular
matrix degradation, reflecting key aspects of wound regeneration. This observation suggested
vitality of Wnt signaling in orchestrating fundamental phases of wound healing [142,143].
The canonical Wnt/B-catenin signalling pathway activates hypoxia-induced expression of
Whnt ligands and it’s binding with “frizzled trans-membrane receptors and lipoprotein

receptor-related protein 5/6 (LRP5/6) co-receptor complex”. It regulates function of
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dishevelled with the recruitment of axin, leading to the segregation and finally the destruction
complex. Consequently, B-catenin binds to T-cell factors/lymphoid transcription factors
(TCFs/LEFs) and regulates gene expression within nucleus. Notably, inhibiting this pathway
with overexpression of Pigment epithelium-derived factor (PEDF), leads to impaired wound
healing due to inhibited angiogenesis [140,144].

Similarly, Notch signalling pathway modulates various cellular functions crucial for effective
tissue repair [145]. During early stages, lower Notch signalling permit IL-36a expression,
enhancing inflammation, while its activation in the late stages promotes M2 macrophages
[146]. Notably, the application of collagen triple helix repeat containing 1 (CTHRC1) lead to
M2 macrophage addition via Notch pathway activation, emphasizing its importance in this
process[147]. In keratinocytes and endothelial cells, Notch signaling promotes proliferation
and angiogenesis, as demonstrated by reduced proliferation upon DAPT treatment and
enhanced migration and vessel formation with Jagl activation. Additionally, Notchl
signalling controls proliferation and distinction of epidermal stem cells, inhibiting their
differentiation into myofibroblasts. Importantly, Notch signalling inhibits scar development
by blocking EpSC differentiation into myofibroblasts. Loss of Notch signalling promotes
endothelial-to-myofibroblast transition, leading to fibrosis and impaired wound healing.
These findings underscore the diverse and critical roles of the Notch pathway in orchestrating

various aspects of wound healing mechanism [148,149].

Several studies have investigated therapeutic strategies aimed at enhancing wound healing by
triggering PIBK/AKT pathway [137,140,150]. This pathway, activated by attachment of
PDGF and EGF to receptor tyrosine kinases (RTKSs), triggers a cascade of events leading to
cellular proliferation, angiogenesis, and reduced inflammation. After triggered, “PI3K
phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-
triphosphate (PIP3), subsequently activating AKT by kinases such as PDK1 and mTORC2”.
This activation of AKT promotes downstream signalling, by activating mTORCL1 that
stimulates pro-migratory and proliferative RNA transcripts crucial for completion of the
mechanism. The PI3K/AKT pathway is particularly active at inflammation and proliferation
steps. Therefore, interventions aimed at enhancing PI3K/AKT signalling represent a

promising approach to promote effective wound healing [151-153].

20| Page



TGF-pB signalling pathway facilitates wound healing, orchestrating various phases of the
process. Upon attaching of TGF-B to its receptor, TPRII a heterotetrameric complex
involving TPRII and TPRI, facilitates the triggering of downstream signalling cascades.
Phosphorylation of suppressor of mothers’ gene against decapentaplegic (Smad2 and Smad3)
through activated TPRI initiates their interaction with Smad4, facilitating nuclear
translocation and regulation of target gene expression, including “c-Myc, integrins, IL-6 and
E-cadherin. TGF-B1 bound to latency-associated peptide prodomain (LAP)”, becomes
activated through cleavage by matrix metalloproteinases and structural alterations accelerated
by integrin activities. Throughout wound healing, TGF-f acts as a chemokine during the
inflammatory phase, promoting fibroblast proliferation and migration. In the proliferative
phase, TGF-p1 facilitates keratinocyte migration, angiogenesis, and development of
granulation tissue. In remodelling step, TGF-B1 drives fibroblast distinction into
myofibroblasts, enhancing wound contraction and collagen production. Hence TGF-$
signalling is crucial in coordinating various cellular processes for effective wound repair
[154,155].

GSK-3p regulates various cellular mechanisms, including glucose homeostasis, inflammation
and energy metabolism [156]. Recent research has highlighted its involvement in
tumorigenesis by blocking autophagy pathways. Phosphorylation at different sites of GSK-
3B, such as Ser9 and Tyr216, can have opposing effects on its activity. GSK-3 is intricately
linked to inflammation through multiple signalling pathways, including Wnt/GSK-3B/NF-
kB/B-catenin axis [157] and GSK-3B-Nrf2/AKT/NF-xB axis [158]. Studies suggest that
GSK-3B/NF-«kB signalling facilitates inflammation progression, as evidenced by decreased
secretion of HO-1, p-Akt, p-Nrf2 and p-GSK-3B in rats, which were restored upon
attenuation of kidney injury and inflammation [159,160]. Suppression of GSK-3p expression
activates AMP-activated protein kinase, lowering pro-inflammatory reactions along with
elevating anti-inflammatory immune activities in the liver. Moreover, inhibiting GSK-3p
activity inhibits transcription of NF-kB while enhancing[161] cAMP response element
binding protein(CREBL) activity, thereby attenuating inflammation and hepatocyte apoptosis
caused by liver injury[162].

In one of the study involving Gsk3p-conditional-KO mice (Gsk3p-CKO mice) imparts
crucial activities of GSK-3f in wound healing and fibrogenesis. Gsk3b-CKO mice displayed

enhanced wound closure, heightened fibrogenesis, and scarring in comparison with controls,
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indicating GSK-3p's regulatory function in these processes. Increased collagen formation,
reduced cell apoptosis, increased profibrotic alpha-SMA levels, and enhanced myofibroblast
development were observed in Gsk3b-CKO mice during wound healing. Importantly,
antagonizing ET-1 altered Gsk3b-CKO fibroblasts phenotype, underscoring the role of GSK-

3pB in modulating ET-1 levels to regulate wound healing and fibrosis progression [163].

Wound healing process relies heavily on the intricate balance of matrix metalloproteinase
(MMPs), crucial for ECM remodelling and cell migration [164]. During the proliferative
stage, MMPs enhances the rebuilding of new granulation tissue and synthesizing ECM
components. However, dysregulation of MMP activity, leading to excessive degradation, is
implicated in the non-healing nature of wounds, especially the diabetic ulcers [165]. To
maintain this balance, MMP inhibitors (MMPIs) are essential, with numerous naturally
occurring and synthetic inhibitors explored for their potential in wound healing. Natural
MMPIs such as curcumin, resveratrol, theaflavin, and catechin derivatives hold promise in
regulating MMP activity and promoting effective wound repair, underscoring their potential
therapeutic value in managing diabetic ulcers and other wound healing complications
[166,167].

Elevated levels of MMPs, particularly MMP-1, -2, and -9, due to factors like oxidative stress,
lead significantly to the afflicted wound healing process. The imbalance between ECM
breakdown and repair caused by MMP activity prolongs wound and exacerbates skin
damage. Additionally, absence of skin inhibitors of metalloproteinases (TIMPs) results in the
upregulation of MMPs; further exacerbating the wound healing delay. To address this
imbalance, strategies aiming to suppress MMP-2 and MMP-9 while enhancing TIMP-1 and
TIMP-2 expression are crucial. Additionally promoting MMP-8 activity, while inhibiting
MMP-9 could facilitate wound healing. Cleaving the MMP-3 zymogen to prevent MMP-9
activation represents another potential therapeutic target. These approaches seek to restore
MMP balance and improve healing process, highlighting the importance of targeted

interventions in managing wounds [168,169].

Studies emphasize intricate interplay between signalling pathways in regulating cellular
behaviour during wound healing and underscore their potential as therapeutic targets for
enhancing tissue regeneration. However, chronic wounds exhibit minimal densities of growth

factor receptors, reducing the mitogenic potential of dermal and epidermal cells. Despite
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elevated cell cycle-associated genes expression in chronic wound-derived keratinocytes,
indicating a hyperproliferative state, these cells exhibit impaired migratory potential,

necessitating periodic clinical interventions to avoid complexity [136,170,171].
1.2.2 GSK-3B Mutations in Health and Disease

GSK-3p overexpression is implicated in promoting various malignancies by enhancing
cancer cell survival, invasion, and angiogenesis, while also influencing tumor differentiation
through increased kinase activity and nuclear accumulation [172]. Notably, GSK-3f's role
extends to wound healing, where it modulates levels of endothelin-1 (ET-1), critical for
wound repair and fibrosis. Additionally, GSK-3p regulates Wnt/B-catenin signalling cascade,
phosphorylating key proteins such as B-catenin, Axin, and APC, which regulate this
pathway's activity. In fibroblast activation and collagen release, inhibition of GSK-3 may
have implications for wound healing by regulating fibrotic activity and enhancing tissue
repair. This suggests that targeting GSK-3p could offer therapeutic benefits in managing
wound healing processes and potentially mitigating scar formation [173]. GSK3p helps in
organizing cytoskeleton, establishing cell polarity, and facilitating cellular motility and
migration [174].

GSK-3p facilitates angiogenesis and diabetic wound healing by regulating key factors
involved in keratinocyte proliferation, migration, and invasion [175]. It induces breakdown of
B-catenin, required for keratinocyte functions. Treatment with lucidone promotes
keratinocyte proliferation, migration, and invasion, accompanied by increased [-catenin
activities and decreased GSK-3f levels, suggesting that GSK-3f inhibition contributes to
enhanced angiogenesis. Additionally, increased expression of Nrf2 and reduced ROS levels
in angiogenesis highlight the significance of GSK-3p/Nrf2 axis in suppressing angiogenesis.
These findings underscore vitality of GSK-3B in modulating angiogenesis and diabetic
wound healing processes [44,175,176]. The wound healing process is intricate and involves
numerous proteins, with GSK3- emerging as a key regulator due to its involvement in the
Whnt-beta catenin pathway, known to influence cell division and accelerate wound healing.
Many literatures suggest that inhibition of GSK3- can enhance wound healing [177].

GSK-3p mutations can significantly impact the process by influencing various cellular
functions involved in tissue repair. For instance, dysregulation of GSK-3f activity can affect

the proliferation and migration of fibroblasts, required for wound closure [172,173].
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Additionally, GSK-3B controls inflammatory responses during healing, influencing the
connection between pro-inflammatory and anti-inflammatory signals required for proper
tissue repair. Furthermore, GSK-3p mutations changes expression and activity of key
molecules in wound healing pathways, like TGF-B, Wnt/B-catenin, and NF-xB, thereby
impact the overall healing outcome. Depending on the nature of the mutation and its effects
on GSK-3fB function, individuals with these mutations may exhibit variations in wound

healing kinetics, susceptibility to infection, and scar formation [178,179].
1.2.3 In-silico studies related to wound healing

"In silico modelling" refers to use of “computational methodologies and mathematical
models” to simulate and explore biological processes, diseases, and pharmacological
reactions. These models are constructed based on existing biological data and aim to
duplicate the biological systems, like tissues, or organs. By developing virtual models,
researchers can generate predictions, test hypotheses, and gain deep insights into complex
biological phenomena. In wound healing research, in silico modelling provides a valuable
approach for understanding the underlying mechanisms and exploring potential therapeutic
interventions. While traditional treatment methods for wounds, like grafting and dressings,
have shown tissue regeneration efficiencies, the development of specific guidelines in clinical

set up requires further research [178,180].

Various models are studied for mechanisms of cutaneous wound healing. Each model has its
own pros and cons. In vitro mechanisms offer insights into specific cellular populations and
mechanisms but may not fully capture the broader tissue matrix's complexity. In contrast, in
vivo models can duplicate patho-physiology of entire mechanism but fails during translating
the results to clinical scenarios. Similarly in ex vivo models transitory validation of cellular
effects could be done but requires proper optimization. There is an increasing demand to
improve the translational approach in wound healing research by integrating various
knowledge sources. This aims to uncover underlying mechanisms and create effective tests

for new therapeutic innovations [181,182].

In-silico studies helps in understanding and advancing wound healing research by providing
insights into molecular interactions and identifying potential therapeutic targets. Through
molecular docking and simulation techniques, researchers can model the interactions between

small molecules and proteins involved in it, like cytokines, and MMPs. By elucidating
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binding modes and affinity of tiny molecules within protein binding domain, in-silico studies
develops the design and optimization of new drug candidates for wound healing[167,183].
Furthermore, computational approaches enable the prediction of ligand-receptor complex
structures, binding energies, and Kkinetics, offering valuable information for drug discovery
and development processes. These in-silico investigations complement studies, providing
best way to explore a wide range of potential therapeutic interventions for improving wound

healing outcomes [184].

In addition to drug discovery, in-silico studies are instrumental in elucidating the underlying
molecular mechanisms for wound healing processes. Through network studies, pathway
modeling, and molecular dynamics simulations, researchers can gain idea of complexity
between various cellular and molecular components in wound healing cascades. Molecular
docking is used for structure-based drug analysis, enabling the best conformational prediction
within the target binding domain. A lower binding energy indicates a higher stability,
suggesting prolonged contact between the molecules. This computational approach
recognises potent drug molecules by finding binding affinities and interactions with target
proteins, facilitating the rational design and optimization of therapeutic agents [185]. This
comprehensive understanding enables the identification of key regulatory nodes and critical
pathways that can be targeted for therapeutic intervention. Moreover, in-silico studies
facilitate the prediction of potential side effects, drug interactions of candidate molecules,
aiding in selection of promising candidates for further experimental validation. Overall, in-
silico approaches serve as invaluable tools for accelerating novel therapeutic strategies for

enhancing tissue regeneration [186].

The molecular docking approach facilitates the investigation of small molecule interactions
with proteins at the atomic level, offering insights into their behaviour within binding sites
and elucidating fundamental biochemical processes. This method involves predicting the
conformation and positioning of ligands within binding sites, known as poses, and assessing
binding affinity. By employing computation methods, molecular docking predicts ligand-
receptor complex structures, binding energies, and affinities. In the context of MMP
modulation, molecular docking results reveal strong interactions and affinities between
compounds and MMPs, indicating their potential to modulate MMP activity.
Pharmacologically, higher binding affinities correlate with increased target occupancy and

activation potential, aligning with observed outcomes such as collagen synthesis and re-
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epithelization, indicative of MMP activation [167,183,187]. The following table suggested

some of the in silico studies have been done till now related to wound physiology and wound
healing (Table 2).

Table 1.3: In silico studies on wound physiology and wound healing

Sl no|In silico study Type of wound |References

1 “Use of berberine as wound healing agent via network | Chronic wound |[188]
pharmacology, molecular docking, and molecular
dynamics simulation”

2 “Wound Healing Potential of Phenylethanoid |Diabetic wound |[183]
Glycoside in Inhibiting the Receptor for Advanced
Glycation End Products”

3 “In Silico of Peptides with Wound Healing properties” |Chronic wounds |[59]

4 “In vitro human skin models for wound healing|Chronic wounds |[182]
mechanism”

5 “In Vivo, In Vitro, and In Silico Wound Healing|Chronic wounds |[12]
Potential of Pinctada martensii Purified Peptides”

6 "Wound Healing Potential and In Silico Appraisal |Chronic wounds |[58]
of Convolvulus arvensis L. Methanolic Extract"

7 “In silico and antibacterial evaluation of curcumin |Chronic wound |[189]
derivatives loaded nanofiber”

8 “In silico wound healing properties of 1-betasitosterol, | Chronic wound |[177]
2-stigmasterol, microcarpin, ramosin, chrysophanol,
asphodelin, and emodin with GSK3-f protein”

9 “In silico wound healing properties curcuminoids |Chronic wound |[185]

from Curcuma longa as positive regulators of Wnt/f-

catenin signaling pathway in wound healing”
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10 |“In silico wound healing potential of isosakuratenin |Chronic wounds |[187]

isolated from Chromolaena odorata”

11 |“In silico Study of Trianthema | Chronic wounds |[190]
portulacastrum Embedded Iron Oxide Nanoparticles

on Gsk-3p for wound healing”

12 |“In silico, in vitro, ex vivo, and invivo models of|Chronic wounds |[191]

wounds and scars in human skin”

13 |“Wound healing phytoconstituents from seed kernel of | Chronic & acute |[12]
Entada pursaetha DC. and their molecular docking|wounds
studies with Gsk3-p”

14 |“Wound healing activity and docking of glycogen-|Chronic & acute |[11]
synthase-kinase-3-beta-protein with isolated | wounds

triterpenoid lupeol in rats”

The future of in silico mechanism for wound healing holds great promise as computational
methodologies continue to advance, offering new insights and approaches for understanding
the complex biological processes involved. With the increasing availability of high-
performance computing resources and sophisticated algorithms, researchers can develop
more comprehensive models that accurately simulate the intricate interactions between cells,
tissues, and biomolecules during wound repair. Additionally, the integration of multi-scale
modelling techniques, such as agent-based modelling and molecular dynamics simulations,
enables the exploration of wound healing dynamics at various levels of complexity, from
molecular interactions to tissue-level responses [192]. By harnessing the power of in silico
approaches, researchers can accelerate the discovery and development of innovative wound

healing therapies, ultimately improving patient outcomes and quality of life [193,194].
1.2.4 Challenges in Wound Healing Therapies

Skin wound treatment has evolved to incorporate a combination of regenerative strategies
and conventional treatments such as debridement, aiming to address the challenges associated

with wound healing [90]. Conventional methods like skin grafts, while effective, present
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limitations including difficulty in securing them to the wound site and the potential for
invasive surgical procedures leading to complications [195]. “Regenerative skin wound
healing”, a burgeoning field in biomedicine, seeks to overcome these challenges by restoring
skin function and minimizing scarring through innovative approaches focused on enhancing
the natural regeneration process. By leveraging reparative strategies that mimic physiological
wound healing mechanisms, regenerative approaches hold promise for wound care [196].
Various factors affect this process for development of chronic wounds. These factors
encompass both local and systemic aspects that disrupt the intricate cascade of events
involved in tissue repair [27,30,197]. Local parameters include issues like tissue maceration,
biofilm formation, ischemia, hypoxia and wound infection, all of which create an unfavorable
environment for healing. Systemic factors, including conditions like old age and malnutrition
further exacerbate the healing impairment. Despite adhering to good clinical practices, it
remains challenging to completely mitigate the impact of these factors. Additionally, lowered
growth factors, heightened levels of enzymes elevated inflammatory factors and
accumulation of senescent cells serve as indicative of chronic wounds, underscoring the

multifaceted nature of healing impairment [198].

Chronic wounds present a formidable challenge due to the complex environment they create,
hindering the natural healing processes and leading to non-healing conditions. To effectively
address this issue, it becomes crucial to delve deep into the underlying mechanisms
contributing to the pathology of chronic wounds. This necessitates the identification of
clinically relevant biological markers that play pivotal roles in perpetuating the chronicity of
wounds. By pinpointing these biomarkers and understanding their functions, it becomes
feasible to develop targeted interventions aimed at reversing the chronic status of wounds.
These interventions could serve various purposes, including prognostic assessments,
diagnostic tools, or treatment options tailored to address the specific underlying mechanisms
identified. Ultimately, the identification and targeting of such biomarkers hold significant
promise in improving the outcomes of chronic wound management, offering new avenues for
therapeutic interventions and enhancing overall wound management [199]. The proteolytic
degradation of ECM impedes wound progression and perpetuates the inflammatory cycle by
attracting more inflammatory cells. This vicious cycle of inflammation and protease-
mediated ECM destruction contributes to the chronicity of wounds, highlighting the

importance of addressing protease dysregulation in wound healing interventions [200].
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Managing chronic wounds involves a systematic approach that begins with validation of
wound. This assessment provides crucial insights into underlying issues that may impede
healing and guides subsequent treatment strategies. By addressing patient-specific factors
such as hyperglycemia, renal insufficiency, and nutritional deficits alongside wound
management, clinicians can optimize healing outcomes [201]. Additionally, a
multidisciplinary approach involving various healthcare professionals ensures comprehensive
care tailored to the individual needs of the patient. For example, vascular examinations help
identify vascular insufficiency, enabling timely interventions to improve blood flow and
facilitate wound healing. By integrating medical management with wound care and
leveraging a multidisciplinary team, clinicians can navigate the complexities of chronic
wound management more effectively, ultimately leading to favourable patient outcomes
[202,203].

Dysregulation of microRNA (miRNA) expression influences several steps of wound healing
mechanism. Reduced levels of miR-132 contribute to delayed wound healing by upregulating
inflammatory pathways regulated by NF-kB, TLR and TNF signalling [204]. This prolonged
inflammatory phase, driven by increased secretion of inflammatory mediators impedes
change to proliferative step [205]. Conversely, overexpression of miR-155 provides
detrimental effects such as increased myeloperoxidase-positive cells and decreased
angiogenic markers, ultimately contributing to excessive ECM accumulation, which can
hinder wound healing. Additionally, elevated levels of miR-200, miR-191, miR-26a, miR-
15b, miR-200b and miR-205-5p are associated with impaired wound healing processes
through various mechanisms, including inhibition of angiogenesis and VEGF pathways.
These findings underscore intricate regulatory roles of miRNAs in modulating key pathways
involved in wound healing, highlighting their potential as therapeutic targets for managing
delayed wound repair [206,207].

Various types of wound dressings have their own limitations and challenges, which may
hinder their effectiveness in promoting wound healing. Traditional dressings require frequent
replacement and can leave particulates behind upon removal, potentially causing re-injury to
the wound bed [100,208]. Moreover, the mechanical removal of gauze dressings may also
remove healthy tissues along with unhealthy ones, making it less ideal for wound
management. Similarly, foam-based dressings and adherent contact layer-based dressings

may dry out quickly and require secondary dressings, while also posing discomfort during
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removal and developing infection [98,209]. Film-based dressings address some of these
issues. Hydrocolloid-based dressings, while effective in some cases, may also have
drawbacks such as ineffectiveness against high exudate, frequent changing requirements,
pain upon removal, and potential for wound maceration. These limitations underscore the
need for continued innovation and development of wound dressing materials that can address
the diverse needs of different types of wounds while minimizing discomfort and
complications [210,211]

The traditional techniques have limitations including need for surgical treatments, minimal
donor availability and potential alterations in functions. In contrast, regenerative healing
approaches leverage developing methodologies to overcome these challenges without
scarring [213]. These approaches encompass a range of strategies including smart wound
dressings, stem cell and/or gene therapy, bioactive biomaterial matrices and bioengineered
skin grafts [214]. However, further advancements are needed to optimize the cellular
composition and spatial distribution of these skin substitutes to better recapitulate the
complex microarchitecture of native skin tissues, highlighting ongoing efforts to develop
innovative strategies for wound healing that preserve functional properties [215].

1.2.5 Natural Products in Wound Healing

Bio-based products are recognized for their potency in skin healing due to their diverse
biological activities and minimal side effects. Plant-derived compounds, like flavonoids,
alkaloids, terpenoids, and phenols, exhibit various pharmacological properties that promote
tissue regeneration and wound closure. For instance, flavonoids possess antioxidant, anti-
inflammatory, and antimicrobial properties, making them effective in reducing oxidative
stress, and inflammation, and preventing infection in wounds. Additionally, alkaloids have
been found to enhance angiogenesis facilitating generation of blood capillaries and ECM
components essential for wound healing. Terpenoids, including essential oils, demonstrate
antimicrobial activity and promote epithelialization, while phenolic compounds contribute to
wound contraction and scar reduction by modulating the inflammatory response and

enhancing collagen deposition [216].

Dysregulation of wound healing mechanism is a multifaceted issue involving various factors
such as microbial biofilms, increased free radicals, and an imbalance in inflammatory

cytokines. These parameters disrupt normal steps of wound healing, contributing to
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persistence of chronic wounds. Overactive matrix metalloproteinases (MMPs) have also been
implicated in delayed wound healing, as they degrade extracellular matrix components
necessary for tissue repair [178]. These challenges underscore the need for effective wound
healing solutions that address the underlying pathophysiological mechanisms involved in

chronic wounds while minimizing adverse effects.

Despite the advancements in synthetic wound healing products, concerns regarding their
safety and environmental impact persist. Synthetic materials often contain additives,
preservatives, or chemical compounds that may trigger allergic reactions or tissue irritation,
posing risks to patients' health. Moreover, the long-term biocompatibility and environmental
consequences of synthetic materials are not always well understood, raising concerns about
their sustainability and posing potential ecological harm [217]. To mitigate these issues, there
IS a growing interest in exploring alternative, more natural approaches to wound care. By
harnessing the therapeutic properties of natural compounds and materials, such as plant
extracts, bioactive molecules, and biopolymers, researchers aim to develop safer,
biocompatible, and environmentally friendly wound healing solutions [218]. These natural
approaches offer promising avenues for enhancing wound healing outcomes while

minimizing risks to both patients and the environment.

Numerous researchers have investigated the potential of various bioactive products for
healing activity along with higher anti-inflammation and anti-microbial activity and
antioxidant potency. These attributes are often due to bioactive compounds present in these
natural products, which belong to diverse chemical families such as phenols, saponins,
coumarins etc [219]. Saponins shown to elevate pro-collagen level, thereby aiding in tissue
regeneration, similarly tannins and flavonoids exhibit antimicrobial attribute, crucial for
preventing infections in wounds [220]. Given their potent wound-healing properties, natural
products and their bioactive constituents help in wound care management [216,221]. For
instance polymers such as polycaprolactone are utilized in the fabrication of healing material,
often supplemented with biological materials to imitate dermal matrix. Additionally, taking
antimicrobial compounds can enhance the antimicrobial properties of these dressings,

resulting reduction in infection [222-224].

Bio-based molecules offer a promising alternative for elevating healing mechanisms. Most of

these compounds possess antimicrobial and antioxidant properties, along with other healing
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bioactive constituents, which promote blood coagulation and combat infection due to the
presence of abundant phytochemicals and bio-active compounds.[225,226]. Extensive
literature reports highlight the potential of various bioactive compounds to enhance wound
healing across different phases of the process. Compared to synthetic molecules, natural
compounds are generally safer, better tolerated, and more cost-effective, making them
attractive options for wound therapy. Natural polymer-based dressings for wound healing,
including alginate, chitosan, collagen, and cellulose, offer several advantages in wound
management [227]. Natural-based biomaterials promote biocompatible and biodegradable
wound healing, enhancing cell proliferation and collagen synthesis while maintaining a moist
environment. They are non-toxic, often antimicrobial, and reduce infection risk. Alginate-
based dressings, for example, are preferred over hydrocolloid dressings due to their ability to
control pain, ease of use, and capacity to absorb exudate effectively. However, these
dressings may be associated with higher costs and can potentially lead to wound maceration.
On the other hand, iodine-based dressings, while commonly used for their antimicrobial

properties, pose certain limitations [228,229].

The utilization of natural products for wound healing offers several potential advantages over
conventional therapies. Natural compounds derived from plants often exhibit diverse
biological activities, including antimicrobial, antioxidant, and wound-healing attributes [230].
For example, plant extracts such as aloe vera and curcumin are studied for effective wound-
healing mechanism [231]. These natural products can modulate various steps of wound
healing, leading to improved outcomes. Furthermore, natural products have no or minimum
side effects as compared to other drugs commonly used in wound management [197,232].
They are biocompatible with human tissues and are less likely to cause adverse reactions,

making them suitable for long-term use, particularly in chronic wound care.

Moreover, natural products often offer a cost-effective alternative to traditional wound
therapies. Many natural remedies can be easily sourced from botanicals and herbs, making
them more accessible and affordable, especially in resource-limited settings (Saini et al.,
2016). Additionally, the cultivation and extraction of natural compounds require fewer
synthetic processes and chemicals, reducing the environmental impact associated with
manufacturing pharmaceuticals. Furthermore, the use of natural products aligns with the
growing trend towards holistic and integrative medicine, where the focus is on promoting

overall health and wellness rather than just treating symptoms [226]. The potential
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advantages of natural products in wound healing lie not only in their efficacy and safety but
also in their sustainability and compatibility with complementary therapeutic approaches
[227,233].

1.2.6 Waste-Derived Biomaterials

Researchers worldwide are increasingly exploring innovative and eco-friendly technologies
for the management of biological waste, focusing on its holistic utilization beyond traditional
methods like composting and biogas production [156,234]. Among these advancements, the
preparation of biomaterials such as scaffolds from animal waste has garnered significant
attention. Biomaterials derived from livestock waste, including, hyaluronic acid and collagen,
have emerged as valuable resources [234]. For instance, eggshells are repurposed for calcium
citrate nanosheets, which hold promise as bone graft substitutes [235]. These approaches
highlight the potential of biological methods in waste management, for converting waste into
valuable products, offering a green synthesis approach. Utilizing animal waste for biomaterial
fabrication not only addresses environmental pollution but also contributes to the

development of sustainable solutions for various biomedical applications [236].

Allografts and autografts represent two primary approaches in tissue transplantation for
wound repair, each with distinct advantages and limitations. Allografts, derived from donors
of the same species as the recipient, offer a readily available source of tissue for
transplantation. In contrast, autografts involve the transplantation of tissues from the
individual's own body, reducing rejection chance but often limited by donor site availability
and increased surgical complexity. However, advancements in tissue engineering have
expanded the options for wound repair, with scaffolds serving as temporary biologic
structures to support tissue regeneration [237,238]. Tailoring the mechanical properties of
biomaterials ensures optimal wound healing outcomes by enabling them to withstand
mechanical stress, conform to the wound's shape, and support cell growth and tissue
regeneration. By integrating advanced biomaterials with tissue engineering techniques,
researchers can develop innovative ideas to address the diverse challenges linked to wound
repair and enhance patient outcomes [239]. By employing sophisticated fabrication
techniques, these bioactive molecules are transformed into scaffolds and dressing materials
with remarkable biocompatibility and tissue regeneration attributes. Furthermore, utilization

of waste-derived biomaterials not only addresses environmental concerns by reducing waste
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accumulation in landfills and water bodies but also presents a cost-effective and sustainable

solution for healthcare systems [240].

Similarly in another study by Sing et al., decellularized extracellular matrix (ECM) derived
from the submucosa of goat small intestines was investigated as a potential scaffold [241].
Initially, biowaste from the goat small intestines was collected and underwent a
decellularization process to remove cellular components. The resulting decellularized ECM
was then repurposed as a scaffold for controlled release applications. Specifically, the
researchers explored its potential for delivering curcumin, a compound renowned for its
antioxidant properties and ability to enhance wound contractures. By incorporating curcumin
into the decellularized goat small intestine scaffold, the study aimed to harness the
therapeutic benefits of curcumin for wound healing purposes while utilizing the ECM
scaffold to provide structural support and facilitate controlled release of the bioactive
compound [241].

Similarly the study by [242], keratin from chicken feathers was utilized to develop wound
dressings, including “three different combinations: keratin alone (CFK), keratin-chitosan
(CFK-C), and keratin-sodium alginate (CFK-SA)”. The research suggested CFK-C and CFK-
SA had antimicrobial activity. Moreover, these fabricated materials showed biocompatibility
[242]. In another study “a porous scaffold was developed by blending agar with chicken
feather-derived keratin. The scaffold fabrication involved mixing 5% ground feather and 5%
agar solution, followed by employing the freeze extraction technique. This method resulted in
the formation of an interconnected porous structure characterized by 94.40% porosity and
pore sizes ranging from 50 to 300 nm. The scaffold exhibited hydrophobic properties along
with 160% water retention capacity, 16.33% elongation until breakage, and a tensile strength
of 0.154 MPa. Additionally, the scaffold demonstrated favourable antimicrobial properties,
excellent cell viability, and negative cytotoxicity. These attributes suggest that the developed
scaffold holds significant potential for applications in tissue engineering, particularly in skin

regeneration and wound healing”[243].

Similarly the egg membrane, known for its favourable morphology and mechanical
properties, has been explored for its potential in fabricating biomaterials for wound dressing
[244]. Various extraction processes, including manual peeling, as well as the use of EDTA or

acetic acid, have been employed to isolate the eggshell membrane [244]. Biobrane, a
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biomaterial composed of a porcine collagen-coated nylon net, offers a convenient solution for
wound management by enabling topical application to the wound site and easy removal upon
re-epithelialization [245]. This innovative approach not only simplifies wound care
procedures but also enhances patient comfort and reduces the risk of disturbance to the
healing process. With its unique properties and practical application, Biobrane represents a

promising advancement in wound management strategies [245].

The utilization of biomaterials in wound healing offers multifaceted benefits, like a scaffold
that imitates bio based ECM of skin, facilitating cell attachment, proliferation, and tissue
regeneration. Moreover, biomaterials can deliver bioactive molecules and antimicrobial
agents, aiding in wound closure and infection prevention. Their tunable properties allow for
customization to specific wound characteristics. Studies, have demonstrated the positive
outcomes associated with biomaterial use, including accelerated wound closure, tissue
regeneration, reduced scarring, and improved cosmetic appearance [98][99]. Additionally,
biomaterials enable targeted delivery of therapeutics, enhancing treatment efficacy while
minimizing systemic side effects [100,101]. Overall, biomaterials play a pivotal role in
advancing wound care, promising improved patient outcomes and contributing to the

evolution of wound healing strategies.

Biomaterials used for wound healing often possess sustainable and eco-friendly
characteristics, contributing to their suitability for medical applications while minimizing
environmental impact. These biomaterials are frequently derived from renewable sources,
reducing reliance on non-renewable resources [244]. Additionally, many biomaterials used in
wound healing are biodegradable, meaning they can be broken down naturally by biological
processes over time, thus reducing waste accumulation and environmental pollution.
Furthermore, the production processes for these biomaterials often involve environmentally
friendly methods, such as green chemistry principles or low-energy fabrication techniques,
further minimizing their ecological footprint [246]. Overall, the sustainable and eco-friendly
characteristics of biomaterials used for wound healing align with the broader goals of
promoting environmental stewardship and conservation while advancing medical treatment
modalities [247]

1.2.7 Different therapies for wound healing
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Biomaterials enhance the regenerative potential of tissues by facilitating the restoration of
damaged states and the re-establishment of biological function. Their primary objective is to
provide mechanical support for crucial cellular processes such as adhesion, proliferation,
migration, and differentiation, thereby fostering the generation of functional tissue. Natural
biomaterials are extensively studied due to their biocompatibility enabling enhanced cell
adhesion and function within in vitro biological models. Through interdisciplinary
collaboration and continuous advancements in biomaterial design and fabrication, tissue
engineering holds significant promise for developing innovative solutions to promote tissue

regeneration and wound healing [87, 88].

Starch, due to its easily modifiable nature through chemical procedures, has emerged as a
versatile material for applications in drug delivery and tissue engineering. Researchers have
developed innovative starch-based hydrogels for drug delivery purposes, such as the
injectable starch-chitosan hydrogel[253], which demonstrated potential for delivering
chondrocytes. Starch's non-ionic nature allows it to be blended with other polymers,
enhancing properties like pore size and water uptake in resulting polymer blends [254], who
achieved excellent mechanical properties and increased porosity in gelatine-starch scaffolds.
Moreover, starch-based scaffolds exhibit favourable characteristics for tissue engineering
applications, including biodegradation and substrate suitability for cell adhesion, [255]. These
attributes make starch-based scaffolds promising candidates for wound healing applications,
[256], where increased fibroblast cell growth and proliferation were observed with low
toxicity, and [257], who successfully treated chronic ulcers using starch-based nanocomposite
hydrogel scaffolds without eliciting hypersensitivity reactions. Additionally reported on the
development of starch-gelatine scaffolds, showcasing their ability to accelerate wound
closure and promote tissue reorganization and remodelling, further underscoring the potential

of starch-based materials in wound healing therapies [258].

Similarly Hyaluronic acid and chitosan are commonly used polysaccharides in the fabrication
of hydrogels for wound healing applications. Hydrogels containing Hyaluronic acid and
chitosan have demonstrated angiogenic promotion, enhanced vascular endothelial growth
factor secretion, and increased antibacterial activity, making them promising therapeutic
options for wound healing [259,260]. Additionally, Hyaluronic acid -based hydrogels have
been shown to promote blood clotting and exhibit antibacterial properties, further supporting

their efficacy in wound management. Chitosan-based hydrogels have also been utilized for
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wound healing, with studies showing interactions with mucin to inhibit bacterial growth and
enhance fibroblast proliferation. In burn wounds, chitosan-based hydrogels have
demonstrated accelerated re-epithelialization, collagen fiber deposition, and wound
healing[158]. Moreover, composite hydrogels combining Hyaluronic acid and chitosan, along
with other materials such as PLGA microspheres or collagen, have been developed to
enhance angiogenesis and antibacterial activity, contributing to improved wound healing
outcomes. Overall, these studies highlight the potential of Hyaluronic acid and chitosan-
based hydrogels as effective wound healing therapeutics, offering biocompatibility, enhanced

cell adhesion, proliferation, migration, and wound protection [261].

Similarly bacterial cellulose possesses a porous structure akin to skin and is highly
hydrophilic, making it well-suited for wound dressings to maintain a moist wound
environment, which is crucial for effective healing. [263] developed a 3D printed
carboxymethyl cellulose scaffold loaded with platelet-rich plasma, demonstrating sustained
release of growth factors that enhanced angiogenesis, granulation, and re-epithelialization in
diabetic wounds. This active dressing showed promise for diabetic patients by promoting
wound healing. Additionally, cellulose can be combined with other components to augment
its efficacy [264] incorporated cellulose with zinc oxide nanoparticles, resulting in improved
mechanical and antibacterial properties of the wound dressing. These findings underscore the
potential of cellulose-based materials in wound management, offering versatility and
enhanced therapeutic effects for promoting wound healing.

In the context of treating wound disorders, topical gels represent a preferred therapeutic
option due to their efficacy and safety profile, minimizing adverse effects at the site of
application. Within pharmaceutical topical formulations, semisolids, liquids, sprays, and solid
powders are commonly utilized, with gels, creams, and ointments falling under the category
of semisolid treatments. Gels exhibit unique properties, forming an interlacing three-
dimensional network of particles in the dispersed phase, facilitated by strong communication
between the solid and fluid components. This interlacing and internal friction contributes to
the semisolid state of gels, making them less oily and easier to remove from the skin, thereby
enhancing patient compliance. Gels can be categorized based on the nature of the colloid
phase and the nature of the solvent, offering versatile options for topical drug delivery
strategies [265-267].
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An optimal penetration enhancer should possess a range of characteristics to effectively
facilitate the delivery of drugs through the skin barrier. These include chemical stability,
pharmacological and chemical inertness, non-toxicity, lack of irritancy and allergenicity,
rapid onset and consistent duration of action, reversibility, absence of odor, taste, or color,
affordability, acceptance from both pharmaceutical and cosmetic perspectives, compatibility
with skin solubility, absence of pharmacological activity within the body, aesthetic appeal,
and versatility for incorporation into various topical formulations [268,269]. Additionally,
penetration enhancers like gels find diverse applications, serving as drug delivery systems for
oral medications, facilitating topical drug administration to the skin, eyes, or mucous
membranes, providing long-acting drug formulations for intramuscular injection, and
contributing to various cosmetic products such as shampoos, fragrances, dentifrices, and
skincare preparations [270]. These attributes collectively ensure the efficacy, safety, and

versatility of penetration enhancers in pharmaceutical and cosmetic applications.

Similarly, ointments have garnered attention for their potential benefits in wound healing,
attributed to their anti-inflammatory, antimicrobial, and wound-healing properties derived
from natural ingredients [271,272]. These ointments provide a natural alternative to
conventional pharmaceutical products, particularly for minor wounds and skin irritations.
While ointments may offer promising therapeutic effects, it's essential to acknowledge that
scientific evidence supporting their efficacy can vary. Thus, consulting healthcare
professionals is advisable to ensure safe and effective use, especially for more serious injuries
or medical conditions [273]. Typically, ointments are topically applied directly to the wound
site, facilitating targeted delivery of their active ingredients for localized treatment [274].
This targeted application makes them suitable for addressing various skin issues and

promoting wound healing.

Decellularized ECM represents a promising approach in tissue engineering by providing
scaffold with native architecture and biochemical cues of the tissue while removing cellular
components. Research on dECMs has shown their potential as ideal tissue scaffolds due to
their tissue-oriented construction, complex vascular meshwork composite for enhancing
tissue regeneration. These matrices provide optimistic surrounding conducive to functions of
stem cells, offering opportunities for applications in involuntary tissue engineering and skin
regeneration. However, challenges such as edema, scar development and inflammatory are

common, suggesting further optimization in utilization of dECMs in vivo through animal
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experiments and address potential limitations in human applications [273,275,276]. Despite
these challenges, refunctionalizing dECMs holds significant promise as a strategy to boost
tissue engineering efforts, offering opportunities to address a wide range of clinical needs and

improve patient outcomes.
1.2.8 Integration of Sustainable Practices in Soft Tissue Engineering

In tissue engineering, biomaterials facilitate tissue regeneration and restoring normal
biological function in damaged tissues. These biomaterials are utilized within body using
various fabrication techniques to serve like scaffolds for tissue reconstruction. Their primary
function is to provide mechanical support for crucial cellular mechanisms like adhesion,
proliferation, migration, and differentiation, thereby promoting tissue generation.
Biomaterials also serve as temporary scaffolds imitating ECM and acting as a template for
tissue development. Both bio-based and synthetic biomaterials are used in tissue engineering
for their biocompatibility. When applied in in vitro biological models, these biomaterials
produce fewer toxic by-products and enhance bio-recognition for improved cell adhesion
(Greenwood et al., 2018).

Soft tissue engineering for wound healing involves the development of biomaterial-based
approaches to promote the regeneration and repair of damaged tissues, particularly in cases of
chronic wounds or extensive injuries. This field integrates principles from materials science,
biology, and engineering to design scaffolds, dressings, and other therapeutic constructs
imitating native ECM and backing cellular activities crucial for tissue regeneration. These
biomaterials are often engineered to possess specific attributes like biocompatibility,
bioavailability, porosity, and bioactivity to facilitate various steps required for wound healing.
Several bio based and synthetic polymers, including hydrogels and collagen, are frequently
used in soft tissue engineering as they manage a conducive microenvironment for healing
processes [277,278].

Researchers in soft tissue engineering aim to develop advanced biomaterial-based solutions
that not only accelerate wound closure but also enhance the functional restoration of injured
tissues. Strategies like incorporating bioactive molecules, and stem cells into biomaterial
matrices aim to promote angiogenesis, tissue regeneration, and remodelling for improved
wound healing outcomes. Additionally, innovative fabrication mechanisms like electro-

spinning offer precision on scaffold for development of tailored constructs for particular
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wound types and patient needs. Through interdisciplinary collaboration and continuous
advancements in biomaterial design and fabrication, soft tissue engineering holds promise for
revolutionizing wound care by providing effective, biocompatible, and sustainable solutions
for tissue repair [279-281].

Healing process of wounds which affect skin upper layer extensively is often prolonged and
challenging due to diminished restoration, due to injury depth [282,283]. To address these
challenges, traditional remedies derived from regional plants, animals, and natural products
have long been relied upon, especially in regions like Asia and Latin America, where they
serve as primary sources of wound care for many individuals [284]. Natural products have
historically played a crucial role in medicine, offering a diverse array of bioactive compounds
derived from plants with various biological functions [285]. These compounds are valued for
their comprehensive structural composition, broad-spectrum antimicrobial activity, target-
specific reactivity, and minimal to no side effects, making them important resources for both
traditional and modern medicine formulations [286]. Utilization of natural compounds in
wound healing has gained significant traction, reflecting their widespread application for

wound management.

There has been an upsurge emphasis on adopting sustainable practices in fabrication process
for healing remedies. One approach involves utilizing renewable and biodegradable resources
as raw materials for biomaterial synthesis. For instance, bio based polymers like alginate, and
chitosan, derived from sources like crustacean shells, seaweed, and plant fibers, respectively,
offer excellent biocompatibility and wound healing properties while being environmentally
friendly [287]. Additionally, utilisation of waste materials from several industrial by-products
to develop biomaterials has been increasing. By repurposing these waste streams, not only
can the environmental burden of waste disposal be reduced, but valuable resources can also
be extracted for biomaterial production, contributing to a more sustainable circular economy
[288].

Another sustainable approach involves the development of fabrication processes that
minimize energy consumption, waste generation, and environmental impact. Green synthesis
methods, such as solvent-free techniques, microwave-assisted synthesis, and enzymatic
reactions, are being increasingly employed to produce biomaterials with reduced

environmental footprint [289]. Moreover, the use of eco-friendly solvents and biocompatible
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crosslinkers further enhances the sustainability profile of biomaterial fabrication processes
[290]. Furthermore, advances in additive manufacturing technologies, such as 3D printing,
enable precise control over material usage and offer opportunities for on-demand, customized
fabrication of biomaterials, thereby minimizing material waste and energy consumption
[291]. By integrating these sustainable practices into biomaterial fabrication processes,

researchers can facilitate eco-friendly solutions for healing practices.

The shift towards sustainable biomaterials in biomedical applications has opened up new
avenues for therapeutic interventions, particularly in fields such as 3D bioprinting, tissue
engineering, even drug delivery process. The sources of these biomaterials are algae, plants,
and animals, offer numerous advantages over their non-ecological counterparts. They are
biodegradable and bioavailable, making them suitable for scaffold applications where cells
can grow and thrive. For instance, animal waste, a byproduct of industries such as meat and
leather production, is being repurposed to extract valuable biomaterials like collagen,
gelatine, and chitosan. Moreover, even human skin with its redundant property is utilized as a
scaffold for tissue engineering, thereby substitutes the synthesized ones, contributing to
improved healing practices [98,292].

Chemically, sustainable biomaterials can be classified into polysaccharides and proteins, both
of which offer unique properties and applications in skin burn treatment. Polysaccharides like
chitosan, alginate, and hyaluronic acid, along with keratin, are explored in scaffold
fabrication for tissue engineering. Additionally, synthetic biodegradable polymers are being
developed and integrated with antimicrobial agents, antioxidants, and growth factors to
accelerate healing practices. This interdisciplinary approach leverages the natural resources
available in abundance while advancing innovations in tissue engineering, drug delivery,
transplantation, and molecular medicine. Overall, the utilization of sustainable biomaterials
holds promise for addressing challenges in skin burn treatment and improving patient care
outcomes through multifunctional scaffold designs and targeted therapeutic interventions
[98,292].

In soft tissue engineering realm, environmental impact and ethical considerations associated
with biomaterials are gaining increasing attention. Biomaterials used in tissue engineering
often involve complex fabrication processes, which can consume significant energy and

resources, leading to environmental implications such as pollution and waste generation. To
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mitigate these impacts, researchers are exploring sustainable alternatives and green
fabrication techniques. For instance, biofabrication methods that utilize renewable resources,
such as plant-derived polymers or waste materials, can reduce environmental pressure [293].
Additionally, biodegradable biomaterials offer the advantage of reducing long-term
environmental pollution by naturally degrading after fulfilling their intended function,
minimizing the accumulation of synthetic materials in ecosystems [294]. Furthermore the
ethical considerations in soft tissue engineering involve ensuring the responsible and
equitable use of biomaterials, particularly in the context of human experimentation and
clinical translation. This includes ensuring efficacy of biomaterial-based therapies and
adherence to ethical guidelines for human trials [295]. Moreover, there is a growing emphasis
on transparency and informed consent in research involving biomaterials, ensuring that
participants fully understand the risks and benefits of experimental treatments. Additionally,
there is a need to address potential social and economic disparities in access to advanced
tissue engineering therapies, promoting equitable distribution and affordability to ensure that
benefits are accessible to all segments of society [296]. By integrating environmental
sustainability and ethical considerations into soft tissue engineering practices, researchers can
develop biomaterial-based therapies that not only advance medical treatment but also uphold

principles of social responsibility and environmental stewardship [297].

Eco-friendly biomaterials, developed through green technology or derived from various
biological sources, represent a promising shift toward sustainable alternatives in both
biomedical and non-biomedical applications. As highlighted by [113] these materials have
gained significant traction in the biomedical field, finding diverse applications ranging from
breast implants to wound healing and ophthalmology. Offering biocompatibility and
promoting tissue integration, eco-friendly biomaterials contribute to improved patient
outcomes while reducing the risk of adverse reactions. Moreover, their eco-friendly nature
addresses concerns about the ecological impact of conventional materials, as emphasized by
[114]. By conserving natural resources and minimizing environmental pollution, these
biomaterials align with the principles of sustainable development and responsible
manufacturing practices, making them a promising choice for use in both healthcare and
beyond [297]

1.3 Problem statement
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Wound healing is crucial for tissue repair and restoration, encompassing multiple cellular and
molecular pathways. Single nucleotide polymorphisms (SNPs) are genetic variations that can
influence individual susceptibility to diseases and response to treatments, including wound
healing [58,298,299]. Interpreting the role of SNPs in wound healing pathways is essential
for preparing personalized therapeutic approaches. With recent advancements in
bioinformatics, utilizing a computational approach to validate SNPs role on wound healing
pathways offers a promising avenue for elucidating genetic determinants of wound healing
variability. By analyzing datasets of genetic variants and their association with wound
healing outcomes, bioinformatics tools can identify SNPs that modulate key pathways
involved in tissue repair, offering insights into potential therapeutic targets for enhancing
wound healing efficacy (Velnar et al., 2009; Wu et al., 2019).

Of particular interest is the GSK-3p gene, which is related to wound-related pathways.
Mutations in GSK-3p have shown major impact in other disorders and conditions, including
impaired wound healing. GSK-3B regulates multiple cellular processes associated with
wound healing, like inflammation, cell proliferation, and migration [39,298,299]. Therefore,
investigating the impact of GSK-33 mutations on wound-related pathways using
bioinformatics approaches holds significant potential for identifying novel therapeutic
targets. By comprehensively analyzing genetic data and correlating GSK-3 mutations with
wound healing outcomes, researchers can uncover specific genetic variants that influence
GSK-3f activity and downstream signalling pathways relevant to wound repair. This could
facilitate the exploitation of specific therapeutics for regulating GSK-3p activity to promote
more effective wound healing. It has been evident from various studies that the dysregulation
of GSK-3f has a direct impact on inflammation angiogenesis hence affecting the healing
process. Thus it is necessary to develop formulations or therapies which can directly control
the inflammatory cytokines after the onset of the wound and also promote angiogenesis and
neovascularization thus nullifying the effect of dysregulated GSK-3B. However, the
utilization of sustainable biomaterials for wound healing is paramount, not only for their
therapeutic efficacy but also for addressing pressing environmental concerns. By
incorporating eco-friendly biomaterials derived from renewable sources such as cellulose,
collagen, chitin, alginate etc., we can mitigate the environmental impact linked to traditional
wound healing materials [88, 92]. Sustainable biomaterials offer a promising avenue for
reducing carbon footprint and minimizing waste generation in wound care practices.

Moreover, their biodegradable nature aligns with the principles of eco-consciousness,
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fostering a greener approach to healthcare. Embracing sustainable biomaterials for wound
healing not only benefits patients but also contributes to the global effort towards

environmental sustainability.
1.4 Rationale of research

The recovery of wounds involves a complex cascade of physiological processes, including
homeostasis, inflammation, proliferation, and tissue remodelling, as highlighted [300]. These
phases are orchestrated by numerous cellular events, regulated by various growth factors,
cytokines, and signalling pathways. Factors like age, health status, and other underlying
conditions play critical roles in influencing the efficiency and success of wound healing
mechanism [301,302]. Any disruption or imbalance in these processes, brought on by a loss
of the body's self-healing ability, can pose challenges to wound-healing circumstances.
Microorganisms, particularly bacteria, are significant contributors to wound infections, which
can impede healing and lead to tissue deterioration. The normal progression of wound
infection is through several stages, including contamination, colonization, acute colonization,
and infection [303]. These microbial infections disrupt the natural healing process, causing
distracted healing and further complicating the wound management process. Therefore,

proper wound management is essential for promoting optimal wound healing results.

The rationale for studying the vitality of SNPs in wound healing and the fabrication of
effective therapeutics using a bioinformatics approach is multifaceted. Firstly, SNPs represent
genetic variations that can influence individual susceptibility to diseases and response to
treatments, including wound healing. By employing bioinformatics tools, systematic analyze
genetic data to identify SNPs associated with altered wound healing outcomes, providing
valuable insights into the genetic determinants underlying wound healing variability.
Moreover integrating information on biomaterials, particularly hydrogels, into this study is
crucial. Hydrogels are frequently used materials for wound healing processes for their higher
water content, biocompatibility, and tunability. Understanding how SNPs interact with
hydrogel-based therapeutics and influence wound healing pathways by optimizing new
biomaterial-based wound care strategies, ultimately enhancing treatment efficacy and patient

outcomes [304].

Furthermore, investigating the interplay between SNPs and hydrogels in wound healing

pathways is required in regenerative medicine. Hydrogels can serve as versatile platforms for
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delivering bioactive molecules, cells, and growth factors required for a well-managed wound
closure [304]. By elucidating the molecular mechanisms underlying the interaction between
SNPs and hydrogel-based therapeutics, researchers can identify key genetic factors that
influence therapeutic responses and tailor treatment strategies to individual patient profiles.
This personalized approach holds significant promise for improving wound healing outcomes
and reducing healthcare costs associated with chronic wound management. Ultimately,
integrating bioinformatics analysis with biomaterials research, particularly hydrogels, offers a
comprehensive framework for advancing our understanding of wound healing pathways and

developing innovative therapeutic interventions for effective wound care [305].
1.5 Scope of Study

The scope of the study on bioinformatics approaches to evaluate SNPs importance in wound
healing and fabrication of effective therapeutics encompasses several key areas. Firstly, the
study aims to elucidate the genetic determinants underlying variability in wound healing
outcomes, particularly focusing on the influence of SNPs on wound-related GSK-3B
pathways. By utilizing bioinformatics tools and datasets for in silico study of GSK-3B mutant
variants, researchers can identify SNPs associated with altered wound healing responses,
providing valuable insights into the molecular mechanisms driving individual differences in
wound healing efficiency. Moreover, the study seeks to integrate information on biomaterials,
gels, and ointments into the analysis, acknowledging their pivotal role in wound healing
interventions. Understanding how specific SNPs interact with biomaterial-based therapeutics,
can inform the development of personalized treatment strategies tailored to individual genetic
profiles. It also aims to explore the potential of biomaterials, gels, and ointments as effective
therapeutic modalities for wound healing. Biomaterials offer versatile platforms for
delivering bioactive molecules, growth factors, and antimicrobial agents to wound sites,
enhancing tissue regeneration and subsequent wound closure. Ultimately, the scope of the
study extends to advancing our understanding of the complex interplay between genetic
factors, biomaterial-based therapies, and wound healing processes, for overarching aim of

wound management.
1.6 Aims and Objectives

1.6.1 Aim:
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To investigate the impact of deleterious SNPs in GSK-3B on wound healing and to develop
and characterize proanthocyanidin-rich grape seed extract-based biomaterials and
formulations for enhanced wound healing applications with the potential to control chronic
inflammation and promote angiogenesis during the process and thus nullifying the effect of
de-regulated GSK-3p due to presence of SNPs .

1.6.2 Objectives:

Objective 1: In-silico Prediction and Analysis of GSK-3p Deleterious SNPs and Their
Impact on Wound Healing

1. Predict deleterious SNPs in the GSK-3p gene.

2. Re-confirm the deleterious nature of the identified SNPs using multiple prediction
servers: Meta SNPs, PHD-SNP, SNPs & GO, PREDICT SNP, and Pmut.

3. Assess the effect of these nsSSNPs on GSK-3f protein stability.

4. Predict conserved domains within GSK-3.

5. Model the GSK-3p protein and its mutants.

6. Conduct secondary structure prediction for GSK-3f and its mutants.

7. Perform molecular dynamic simulation analysis.

oo

. Analyze and predict secondary structural changes resulting from the SNPs.

Objective 2: Fabrication and Characterization of Starch-Gelatin MAT loaded with
commercially available Proanthocyanidin-Rich Grape Seed Extract

1. Fabricate different compositions of Starch-Gelatin MAT based on varying ratios of
Gelatin and Starch.

2. Conduct detailed physiochemical characterization of the fabricated films, including:
o Scanning Electron Microscopy (SEM)

o Thermogravimetric Analysis (TGA)
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o Differential Scanning Calorimetry (DSC)
o Fourier Transform Infrared Spectroscopy (FTIR)
o Tensile Strength Study
o Atomic Force Microscopy (AFM)
o Contact Angle Study
3. Perform swelling and degradation studies.
4. Evaluate in-vitro cellular interactions using fibroblast cells, including:
o Cellular Proliferation Assay (MTT Assay)
o Live/Dead Assay
5. Conduct in-vivo biocompatibility studies using a rat model.

Objective 3: Development of winery waste-derived Proanthocyanidin-Rich Grape Seed
Extract-Based Gel for Modulating Inflammatory Responses in Wound Healing

1. Extract and optimize proanthocyanidin-rich grape seed extract from winery waste.
2. Analyze proanthocyanidin content.
3. Conduct LCMS analysis for compound characterization.
4. Perform in-vitro studies on fibroblast cells, including:
o Cellular Proliferation Assay (MTT Assay)
o Scratch Assay
o Cellular Morphology Analysis
o Cell Cycle Analysis
o Anti-inflammatory Assay

5. Fabricate starch glycerite gel containing the grape seed extract.
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6. Assess the cellular and hemolytic properties of the formulated gel.
7. Conduct in-vivo critical wound healing studies using a rabbit model.

Objective 4: Fabrication and Characterization of Starch-PVA Thin Films Crosslinked with
Proanthocyanidin-Rich Grape Seed Extract for wound healing application

1. Develop different compositions of Starch-PVA thin films by varying the ratios of PVA
and Starch.

2. Perform detailed physiochemical characterization of the films, including:
o Scanning Electron Microscopy (SEM)
o Thermogravimetric Analysis (TGA)
o Differential Scanning Calorimetry (DSC)
o Fourier Transform Infrared Spectroscopy (FTIR)
o Tensile Strength Study
o Atomic Force Microscopy (AFM)
o X-ray Diffraction (XRD) Study
o Contact Angle Study
3. Conduct swelling and degradation studies.
4. Evaluate in-vitro cellular interactions with fibroblast cells, including:
o Cellular Proliferation Assay (MTT Assay)
o Scratch Assay
o Cellular Morphology Analysis
o Cellular Attachment Study

5. Perform in-vivo wound healing studies using a rabbit model.
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This structured approach aims to comprehensively study the genetic and material science

aspects of wound healing, contributing to the development of innovative therapeutic

strategies and biomaterials for enhanced wound care.
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Chapter 11

In-silico Prediction and Analysis of GSK-
36 Deleterious SNPs and their Impact on Wound Healing




2.1 Background

Single nucleotide polymorphisms (SNPs) stand out as important change-agents in the intriguing
world of genetic variants that genetics has revealed. SNPs, commonly referred to as "snips," are
small changes in the nucleotide sequence of the genome that have the potential to affect the
structures and functions of proteins.[1]. Single-Nucleotide Polymorphisms (SNPs) play an
essential role in modifying the amino acid sequence of proteins. The majority of the genome's
SNPs are located in the coding regions, where they occur at a rate of one per 300 base pairs and
with a minor allele frequency (MAF) value greater than 1% [2—4]. Up to this point, there have
been around 5,00,000 SNPs recorded in the coding sections of the human genome([5]. Synonymous
and non-synonymous (nsSNP) SNPs are the most common types of SNPs found in these samples.
Synonymous single-nucleotide polymorphisms (SNPs) are changes in the DNA sequences that do
not cause major alteration in the amino acid sequences, in contrast to non-synonymous SNPs like
missense SNPs, which is majorly instrumental in amino acid substitutions and thus protein
variations in humans [6,7]. nsSNPs account for almost half of the mutations that cause a wide
range of genetic illnesses, as well as a number of autoimmune and degenerative diseases[8]. Using
nsSNPs for structural and functional study may aid in the development of genomic-based
customized therapy[9,10]. Thus, this field of research has been gaining immense popularity in
recent times. It is time-consuming and expensive to apply experimental methods to determine the
impact of many nsSNPs. These methodologies may be substituted for experiments to study how
nsSNPs affect protein integrity, function and stability in a computational manner. In fact, a number
of in-silco investigations have shown that detrimental nsSNPs have a negative impact on the

structure and function of numerous proteins[11,12].

Shifting the focus to a specific protein of interest, Glycogen synthase kinase-3 (GSK-3) initially
discovered in mammals, emerges as a conserved serine/threonine kinase with a multifaceted role
[13,14]. GSK-3 has been demonstrated to phosphorylate approximately 100 substrates and has
been proven to impact diverse cellular functions, including cellular proliferation and the control of
several metabolic and signalling pathways[15]. Initially, it is identified as a regulator of glycogen
production through inactivating phosphorylation of glycogen synthase. Then it has recently been
discovered to control a wide variety of activities via Wnt and other signalling pathways. After the

initial isolation of GSK-3 from rabbit skeletal muscle, additional analysis revealed two
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homologous isomers of GSK-3, namely GSK-3a and GSK-3p[16]. Both the isomers showed high
expression in the brain[17,18] and were found to be 98 percent identical in the internal kinase
domain. GSK-3f depletion results in embryo mortality in mice, demonstrating that the other

homolog cannot compensate for the loss of GSK-3p[19].

GSK-3B overexpression promotes a wide range of malignancies. GSK-3 overexpression
promotes cancer cell survival, invasion, and angiogenesis. GSK-3p expression and nuclear
accumulation boosted kinase activity and tumour differentiation [20]. As an independent
prognostic indicator, GSK-3p activity is inversely linked with patient survival in glioblastoma
multiforme (GBM), a deadly brain tumour [21], cancers of the pancreas, colon, and kidney benefit
from GSK-3 activation when pSer9GSK-3 is reduced. Pharmacological inhibition of GSK-3 in

these cancers resulted in decreased proliferation and increased apoptosis[22].

GSK-3 is also crucial to the healing of wounds[23,24]. Reports suggest that GSK-3f controls the
levels of ET-1, which is involved in wound healing and fibrosis[25]. Proteins in the Wnt/-catenin
signalling cascade are phosphorylated by CKland GSK-3p, including B-catenin, Axin, and APC
(adenomatous polyposis coli), which operate as either positive or negative regulators of the
process[26—28]. Injury sites attract anti-inflammatory cells like keratinocytes and fibroblasts.
Consequently, the wound heals, and scars form as a result. As a result, it's possible that inhibiting

GSK-3p has a role in wound healing.

With all these facts this research utilizes an advanced in silico molecular dynamics approach to
evaluate the impact of harmful Single Nucleotide Polymorphisms (SNPs) on GSK3, a pivotal
protein involved in metabolism, wound healing, and migration. By combining sequence- and
structure-based bioinformatics, we pinpoint deleterious SNPs within the GSK3p gene, providing
precise insights into their effects on protein structure and function. Employing molecular
modelling and simulation techniques, we uncover how mutant proteins alter structures and protein-
protein interactions, shedding light on GSK3f's intricate regulatory pathways. Our findings hold
potential for tailored treatment strategies, as SNPs affecting GSK3f's structure relate to cellular
dysfunctions and wound healing. This study's implications for personalized medicine could
reshape approaches to GSK3-related conditions and other SNP-influenced genes, presenting a
comprehensive in-silico understanding of harmful nsSNPs' consequences on GSK3f's structure,

stability, and function.

74| Page



2.2 Methodology
2.2.1 Datasets

The SNPs linked with GSK-3B were derived from the National Center for Biotechnology
Information (NCBI) dbSNP database:

(https://www.ncbi.nlm.nih.gov/snp/?LinkName=gene snp&from uid=2932).

A complete list of SNPs is given in Supplementary data. The fasta sequence of the targeted Gene
(Gene ID: 2932) and the targeted protein sequence (P49841) have been extracted from

www.ncbi.nlm.nih.gov.

2.2.2 Predication of Deleterious SNPs of GSK3B

The two primary methods for analyzing SNPs are sequence-based and structure-based. Sequence-
based methods are founded on evolutionary dialogue and structural homology, whereas structure-
based methods take into account the effect of mutations in individual amino acids on protein
phenotype [29]. Thus methods covering both approaches take into account the wide feature
coverages of SNPs. To find the most harmful SNPs, we used a combination of the two approaches.
Many online resources were examined to speculate on the potential harm caused by SNPs related

to GSK3B. The major tools used are:

Protein Variation Effect Analyser (PROVEAN) (web application available at

www.provean.jcvi.org/) is a sequence homology-based prediction tool and is mostly operated as

an online tool. The functional impact of a missense mutation could be predicted using this tool. It
predicts the nature of SNP, i.e., whether it is natural or deleterious in nature. The scoring system
indicates if the score is less than or equal to -2.5, then the mutation is expected to be deleterious,

and a score above it is estimated as neutral[30].

Protein Analysis through Evolutionary Relationship (PANTHER) (web application available at

http://www.pantherdb.org/tools/csnpScoreForm.jsp) majorly identifies the influence of non-

synonymous genetic variations on the function of Protein based on evolutionary preservation time.
The application computes the time scale (in millions of years) a particular amino acid has gone

preservation in the heredity leading to the generation of the Protein of interest[31].
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Polymorphism Phenotyping version 2 (PolyPhen-2) (web application available at

www.genetics.bwh.harvard.edu/pph2/) is a method that is a combined approach and includes

multiple homologous sequence alignments and protein 3D structures. This web-based tool can
predict the impact of the amino acid change on both the function and structure of the Protein. The
prediction gives the user an idea about the difference in the position-specific independent count
(PSIC) scores of the two variants, in which one includes wild-type amino acids and the other with
the substituted amino acid. The score gives us a clear idea regarding the impact of amino acid
substitution on the Protein. PSIC score ranges from 0 to 1, with values above 0.5 indicating

possible damage and values above 0.9 indicating probable damage[32].

Screening for Nonacceptable Polymorphism (SNAP2) (web application available at

https://www.rostlab.org/servicessSNAP/) examines a wide range of sequence and variant

properties to distinguish between variations with an effect and variants with no effect. The input
query for SNAP?2 is a protein sequence in FASTA format. An overall score was generated, ranging
between zero (no change) and one hundred percent (high effect prediction), revealing the
likelihood that a specific mutation will disrupt the native Protein's function with expected

precision[33].

The sorting Intolerant from Tolerant (SIFT) (web application available at https://sift.bii.a-

star.edu.sg/) program is based on sequence homology, and it identifies the deleterious (probability
score <0.05) and tolerated SNPs. To better understand the impact of amino acid variation on
Protein phenotypic and functional changes, this prediction can be useful. The db SNP rsIDs were

utilized as an input query for this server because they were obtained from the database [34].

The Disease-Susceptibility-based SAV Phenotype Prediction (SuSPect) (web application

available at www.sbg.bio.ic.ac.uk/suspect) is used to find disease-associated and neutral variants

in a protein or domain; the tool applies the disease-propensity technique, which compares the
observed numbers to random expectations using a binomial test. Predictions are compiled based
on protein sequences and the central chain protein as inputs (IBP). Sequence, structural, and system
biology properties are used by SusPect [35] to estimate the impact of missense mutations. There
are threshold values of 50 between neutral and disease-causing variations, with scores ranging

from 0 to 100.
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In order to validate the assumptions, all the common Deleterious SNPs were subjected to analyse
using different applications like META-SNP ( http://snps.biofold.org/meta-snp )[36], PHD-SNP (
https://snps.biofold.org/phd-snp/phd-snp.html ) [37], SNP & GO ( https:/snps-and-

go.biocomp.unibo.it/snps-and-go/) [38] Predict SNP
(https://loschmidt.chemi.muni.cz/predictsnp1/)[39], and PMUT (

http://mmb.irbbarcelona.org/PMut/analyses/new/) [40].

2.2.3 Investigation of the oncogenic effect of the Selected Mutation

For the determination of cancer-associated mutation, the C-Scape server was used, which is a well-
known accepted application for the identification of Cancer-associated mutation. Point mutations
in the genome's coding and noncoding regions may be tested for oncogenicity using C-Scape, an
online combinatorial platform [41]. Based on P values ranging from 0 to 1, the C-Scape available

at http://cscape.biocompute.org.uk/ classifies a mutation as either neutral or cancer driver. It is

projected that a value above [0.5] is oncogenic, whereas values below [0.5] are considered benign.

All the selected mutations were cross-checked using a web-based application based on cancer-
specific model Functional Analysis through Hidden Markov Models available at

http://fathmm.biocompute.org.uk. When a single nucleotide variation (nsSNV) occurs in the

human genome, the FATHMM server can predict the functional effects of both the variant and its
non-synonymous counterparts. The prediction is capable of distinguishing between cancer-

promoting/driver mutations and other germline polymorphisms[42].
2.2.4 Investigating the Stability of the Mutant and the Native Protein

The stability of the mutated proteins was tested using different servers. I-Mutant2.0

(http://folding.biofold.org/i-mutant/i-mutant2.0.html) is a tool that is available online for the

prediction of protein stability changes with single amino acid replacement from protein

sequences[43]. MUpro ( https://mupro.proteomics.ics.uci.edu/ ) applies support vector machine

algorithms to predict alteration in the stability of the Protein [44]. SAAFEC-SEQ
(http://compbio.clemson.edu/SAAFEC-SEQ/) uses the PsePSSM algorithm to envisage the
stability of the Protein due to mutation[45]. AggreRATE-Disc(

https://www.iitm.ac.in/bioinfo/aggrerate-disc/ ) is a server by IIT Madras that tries to predict
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whether a mutation will boost or alleviate a protein's aggregation and thus point towards protein

stability[46].
2.2.5 Conservation analysis

The ConSurf server was used to determine the evolutionary dialogue of the GSK-3 protein's

amino acid residues (http://consurf.tau.ac.il/2016/).ConSurf uses sequence similarity to make

predictions about which amino acid residues are conserved in proteins across evolutionary time.
Amino acid residues are predicted to have a conservation score between 1 and 9, with 9 indicating
a highly conserved residue[47]. To determine which amino acid residues in the GSK3B protein are
likely to have been conserved throughout evolutionary time, the ConSurf server was fed the

Protein's sequence in FASTA format.
2.2.6 Finding active sites | binding sites of the Protein

The active sites or site of protein binding was predicted using different tools, including COACH
(https://zhanggroup.org/ COACH/)[48], RaptorX (http://raptorx6.uchicago.edu/ ) [49], CASTp (
http://sts.bioe.uic.edu/castp/index.html?3trg) [50] & P2RANK ( https://prankweb.cz/ ) [51]. The

FASTA amino acid sequence of GSK-3f3 was used as input for all the servers, and the output was
analyzed. The Common binding sites from all the servers were finally considered for further
studies. By comparing binding-specific substructure and sequence profiles, the COACH servers
identify ligand-binding templates from the BioLiP protein function database. Final ligand binding
site predictions will be made by combining these predictions with those from other approaches

(such as COFACTOR, FINDSITE, and ConCavity).
2.2.7 Modelling of the complete GSK-3p protein and the Mutants

Three-dimensional structures of native and single-point mutated proteins were modelled using the

I-TASSER (Iterative Threading ASSEmbly Refinement) server (https://zhanggroup.org/I-

TASSER/). I-TASSER is a meta-server for predicting the tertiary structure of proteins [52]. To
predict protein structures and annotate their functions based on those predictions, Zhang Lab has
developed I-TASSER (Iterative Threading ASSEmbly Refinement), a hierarchical method.
LOMETS, a multithreaded method, first locates structural templates in the PDB; then, using these
templates as a starting point, it builds iterative fragment assembly simulations to create full-length

atomic models. I-TASSER uses replica-exchanged Monte Carlo simulations to construct a full-
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length model of a protein by first generating pieces of that Protein through threading alignments.
Replicas (decoys) created at low temperatures in the simulation are clustered using SPICKER, and
the centres of the top five clusters are used to create entire atomic models. The confidence score is
a reflection of how well the anticipated model performed (C-score). Between 5 and 2, C-scores
can be obtained. The projected mode is more reliable with a higher C-score. For each query protein,
the model with the highest C-score was chosen as the most accurate prediction. Each protein
structure was calculated using the same set of default parameters. Server predictions of normal and
mutant models were made using FASTA-formatted protein sequences as input. In order to see the

molecular structures in high-quality 3D photos, we used Discovery Studio.
2.2.8 Energy minimization and validation of the native and mutant protein model

Models of both wild-type and mutant proteins were improved using the atomic-level protein

structure refinement programme ModRefiner

(https://zhanglab.ccmb.med.umich.edu/ModRefiner/) [53]. Ramachandran Plot Server

(https://zlab.umassmed.edu/bu/rama/), a structural validation tool for the evaluation of the

Ramachandran Plot of proteins, was then used to assess the quality of the energy-minimised

models [54].
2.2.9 Evaluating Protein Domains and Secondary Structure

SOPMA is a modified version of the Self-Optimised Prediction technique (SOPM) that uses a
three-state description of the alignment of amino acids in a protein to identify the secondary
structure (a-helix, b-sheet, and coil) [55]. The prediction is based on an amino acid sequence query
and numerous alignments of protein sequences that are relevant to the query. SOPMA and PHD, a
neural network-based technique, both predict 82.2 percent of residues for 74.2 percent of co-
predicted amino acids with high precision. It is possible to connect to the web server at https://npsa-

prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html

2.2.10 Evaluation of functional and structural properties of the Mutated Protein

MutPred v1.2 and HOPE were used to predict the structural and functional properties of selected
nsSNPs. In humans, amino acid substitutions can be reliably classified as either disease-causing
or disease-neutral using the web programme MutPred (http://mutpred.mutdb.org/). This method

also assists in determining the detrimental amino acid substitution or molecular etiology of

79| Page


https://zhanglab.ccmb.med.umich.edu/ModRefiner/
https://zlab.umassmed.edu/bu/rama/
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html

disease[56]. It emphasizes an extensive range of structural and functional features and properties,
including secondary structure, signal peptide and trans-membrane topology, macromolecular
binding, PTMs, metal binding, catalytic activity and allosteryl06. The protein sequences (in
FASTA format), including the discovered genetic variations and their corresponding amino acid
substitutions, were provided. MutPred v1.2 gave output scores indicating the probability of
harmful or disease-associated amino acid replacement. There would be a list of the top five features
based on their P value that affected the structural and functional properties. Predicted scores were
sorted into three groups according to three hypotheses: (i) actionable hypotheses with g > 0.5 and
p 0.05; (i1) confident hypotheses with g>0.75 and p 0.05; and (iii) extremely confident hypotheses
with g>0.75 and p 0.01.

The HOPE web service tool ( www.cmbi.ru.nl/hope )[57] was used to determine the structural

consequences of a point mutation in a human protein sequence. All of the submitted nsSNP protein
sequences were hand-picked. HOPE produced output by collecting and combining data from a
wide variety of online sources. The algorithm's first iteration made use of BLAST searches against
the Protein Data Bank and the Universal Protein Resource in order to gather information on the
tertiary structure necessary to construct a homology model. Distributed Annotation System was

then used to predict protein characteristics[57].
2.2.11 Molecular dynamics simulation

The molecular dynamics simulation of the Native and the mutated protein was conducted to
analyze the conformational behaviour and protein stability of the mutated protein with reference
to the native protein. GROMACS v.2019.4 packages have been used to perform a 250ns MD
simulation on the Native and mutated proteins. The topology of the biomolecular systems was
generated through the AMBER99SB-ILDN force field[58]. This system was solved using a
standard Tip3p water model, where a cubic periodic boundary box shape with a distance of 10A
has been allocated to all sides to maintain a certain volume. Explicit water molecules are employed
in the solvation mechanism, which is then neutralized by the addition of the counter ion NA+.
Using the steepest descent minimization algorithm, the energy reduction process was carried out
until it reaches stability with maximum force <100 kJ mol— ! nm—!. Later on, all the proteins were
equilibrated by NVT (0-300 K) and NPT (1 bar at 300 K) ensemble for 100ps[59]. After the

equilibration process, a 250ns MD production run was carried out for all the proteins. After
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completing the MD simulation of each system, the trajectories were analyzed to learn more about
the system's dynamics using tools like the root mean square deviation (RMSD), root mean square
fluctuation (RMSF), the radius of gyration (Rg), number of internal hydrogen bonds, Gibbs free
landscape, and density analysis. The PCA analysis and the secondary structure analysis were also
carried out to point out the structural conformational change in Mutated Proteins compared to that

of the Native one[60].
2.3. Results and Discussion
2.3.1 Retrieval of Non-synonymous coding SNPs(nsSNPs )from dbSNP database (NCBI)

The human GSK3f gene in the dbSNP database has been found to include a total of 68492 SNPs.
Out of the total number of reported SNPs, 172 were novel or missense variants, 115 were coding-
synonymous variants, 440 were located in the 5' Untranslated Region (UTR), 1,407 were found in
the 3' UTR, 64,355 were found in the intron region, and the remaining SNPs belonged to various
other categories. In Fig. 2.1a, we can see how widely spread out GSK3B SNPs are. To better
understand how GSK3B's structure, stability, and function are affected by nsSNPs, missense SNPs

were chosen for this work.
2.3.2 Prediction of deleterious nsSNPs

The selected 172 missense SNPs were tested to investigate their effect on protein structure. Out of
the 172 nsSNPs, 94 nsSNPs were predicted as 'deleterious' using the PROVEAN server; 163 were
predicted as 'deleterious' by the PANTHER server; The PolyPhen pointed out 66 nsSNPs to be
'deleterious'’. Analysis using SNAP showed that 61 nsSNPs were 'deleterious’; 52 nsSNPS were
predicted to be 'deleterious' by the SIFT server, and finally the SuSpect predicted 19 nsSNPs to
be highly 'deleterious'. After predicting potentially harmful nsSNPs with six well-established web-
tools, we ran a prediction-matching study to find nsSNPs that were predicted with 100%
concordance by all six. There were 12 extremely harmful nsSNPs that were shared by all of the
servers, as determined by a screening of 172 nsSNPs using six in silico techniques. The intersection
of the results is depicted in Figure 2.1b. The 12 damaging nsSNPs predicted were
1s201448262(T235P), rs201450363(1182T), rs747385360(P225L), rs748461608(T138I),
1s750723548(H337R), 1s758696011(Y161C), 1s767657425(N108H), 1s944354549(K86N),
rs1334056340(P184L), rs1576402131(K197N), rs1576533875(A83T), rs1576533961(F67C).
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The details of all these 12 SNPs along with the detailed scoring from the six different serves are
given in Table 2.1. There is a possibility that these harmful SNPs alter the Protein's structure,
stability, and/or function. These potentially harmful SNPs were thus factored into the study's

overall design.
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Figure 2.1: Numbers of mutations in GSK -3f (a), Intersection size of deleterious SNPs using 6
different detection servers (b)

2.3.3 Re-evaluation of selected Missense Mutation

The 12 selected nsSNPs were re-evaluated using a few available servers to support the earlier
prediction. All the selected nsSNPs were reanalyzed using Meta SNP, PHD-SNP, SNPs & GO,
Predict-SNP and Pmut servers. All the servers predicted that the selected 12 nsSNPs were all
'deleterious' in nature. The detailed scoring and indications are given in Table 2.2. Hence re-
evaluation pointed out that all common deleterious nsSNPs were selected initially from 6 different
server analyses, and all of these can be potentially harmful as they were also found to be deleterious

using all the servers. Thus all further studies were carried out using these 12 nsSNPs.
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2.3.4 Prediction of Cancer-Causing nsSNPs

Two cancer prediction pipelines, CScape and the FATHMM service, were used to further screen
the functionally detrimental, disease-associated mutations for their oncogenic status. There were a
total of 12 mutations analyzed, and four of them (T235P, Y161C, P184L, and A83T) were
identified as possible cancer drivers due to their high confidence in reflecting oncogenic status
using CScape with a score > 0.9. Aside from this, all other nsSNPs were indicated to be
carcinogenic, with a score of 0.85 or higher. Similarly, the FATHMM server also pointed out all
the mutations to be cancerous with a threshold score below -0.75. The detailed results can be
observed in Table 2.3. This means that all 12 of these nsSNPS have the potential to trigger genetic

alterations that might eventually result in cancer.
2.3.5 SNPs and their predicted impact on protein stability

Effects of nsSNPs in the stability of GSK3B protein were predicted using I-Mutant3.0, MUpro,
SAAFEC-SEQ and AggreRATE-Disc. I-Mutant server predicted 10 nsSNPS out of 12 to have
decreased stability. nsSNPs like T235P, 1182T, P225L, T138I, H337R, Y161C, N108H, P184L,
AS83T, and F67C showed decreased stability using [-Mutant servers, whereas MUPRO servers
pointed out 11 nsSNPs (Except P184L) to have decreased stability. SAAFEC-SEQ server pointed
all the nsSNPs to be destabilizing. On the other hand, AggreRATE-Disc pointed T235P, 1182T,
P225L, T1381,Y161C, P184L, and F67C to have decreased protein stability and the others to have
an increase in protein stability. Detailed reports of the servers are given in Table 2.4 and Table 2.5.
Several reports demonstrated that Protein misfolding and breakdown resulted in alterations in
protein stability[61,62]. Thus, these polymorphism-caused changes in protein stability may have
consequences for protein structure and function. Protein structure is linked to function. Denatured
proteins lose their native three-dimensional structure as a result of mutations or other changes to
their amino acid building blocks[63]. The denaturation of the Protein prevents it from performing
its biological role. The effect of single-residue mutations on protein stability is represented by a
spectrum of structural consequences, including but not limited to a decrease in hydrophobic area,
backbone strain, and the elimination of electrostatic connections[64]. On the other hand, an
increase in protein stability is highly desirable, although, in terms of down-regulating protein

action by drug, this stability might cause a big hindrance.
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2.3.6 Prediction of Conserved Domain

The most harmful nsSNP's possible effects were further examined using ConSurf. Each amino acid
residue's level of evolutionary conservation within the Protein was calculated using this method.
By combining evolutionary conservation information with estimates of solvent accessibility, it
pinpoints amino acid locations that are known to be crucial for both structural and functional
reasons. In this study, scores ranging from 1 to 9 were used to rate the conservation levels of all
residues from each Protein that were taken from Consurf. We focused only on residues that
corresponded to the positions of the twelve (12) high-risk nsSNPs that we had previously found.
The server predicted the functional and structural significance of all the mutated amino acid
positions. All 12 mutations were highly conserved and of structural and functional importance
(Table 2.6). The results also showed that these eight high-risk nsSNPs were undoubtedly harmful
to the protein structures and activities. Understanding the possible effects of mutations on human
health requires knowledge of evolution[65]. At the molecular level, the evolution of amino acids
has an impact on their properties, such as size, form, hydrophobicity, and charge[66]. Biological
processes depend on the functional sites of proteins, such as protein-protein interaction sites, DNA
interaction sites, and enzymatic sites. This could imply that the nsSNPs in these conserved regions
have more harmful consequences than other nsSNPs identified in non-conservative regions and
may have a major impact on biological activities[67,68].

Table 2.6: Amino acid conservation profiles in proteins with high-risk nsSNPs, as determined
using ConSurf.

nsSNPs [Score [Prediction |Comment
T235P |7 Conserved  |An exposed residue

Highly A buried residue | A predicted structural residue (highly,
1182T |9 !

Conserved  |conserved and buried).

Highly The residue is predicted to be highly functional residue (highly|
P225SLL. |9

Conserved  |conserved and exposed)

Highly The residue is predicted to be highly functional residue (highly|
T1381 9

Conserved  |conserved and exposed)

Highly . . .
H337R |8 A predicted functional residue

Conserved
Y161C |7 Conserved  |A buried residue

Highly The residue is predicted to be highly functional residue (highly,
N108H [9

Conserved  |conserved and exposed)

Highly The residue is predicted to be highly functional residue (highly|
K86N 8

Conserved  |conserved and exposed)

Highly The residue is predicted to be highly functional residue (highly
P184L |8

Conserved  |conserved and exposed)
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Highly The residue is predicted to be highly functional residue (highly,
K197N 8

Conserved  |conserved and exposed)

Highly The residue is predicted to be highly functional residue (highly,
A83T 9

Conserved  |conserved and exposed)

Highly The residue is predicted to be highly functional residue (highly,
F67C 9

Conserved  |conserved and exposed)

2.3.7 Finding Active Sites

The presence of ligand binding sites or Active Sites in the mutant residues may alter the ligand's
ability to bind to the GSK-3B protein, which may then alter the Protein's functionality. Residues
on active sites have a variety of functions. They might participate in substrate binding and
catalysis, stabilize reaction intermediates, or affect the shape of the binding cleft[69]. Among the
12 different nsSNPs, the COACH server detected two residues at A83 and T138; the RaptorX
binding server predicted F67, A83, and T138. In order to get more confirmation, the GSK3B
protein was evaluated using the CASTp server, which detected 67PHE, 83ALA, and 138THR as
the active site residue and sever P2ZRANK also detected F67, A83 and T138 as the active site
residue. All the servers majorly pointed out to 3 residues, i.e. 67PHE, 83ALA, 138THR, to be the
residues of the active sites. The active site Domains from all servers are depicted in Figure 2.2,
and a detailed list of all the residues of the active sites predicted by the servers is given in Table
2.7. The same analysis was done on four different servers to get a more accurate prediction, and
the residues which were common from most of the servers were taken into consideration for further
studies. Based on the findings, we found that F67, A83, and T138 are some of the binding site
residues. This finding is in agreement with previous studies of GSK-3's active site residue.
Various research findings have demonstrated that residues F67, A83, and T138 indeed function as
crucial binding sites residues within the protein, facilitating the binding of ligands for the inhibition
of GSK3B[70-72]. This is also evident from previous research that A83 serves as an “adenine
pocket” and T138 serves as a “Near adenine N3” pocket[73]. The data obtained from this
investigation aligns with previously established findings, emphasizing the significance of

validating mutations in these residues and assessing their impact on protein function.

Table 2.7: Active /Binding site prediction using different Servers

Calculation | POCKET OTHER
Method |COORDINATES SCORE  |RESIDUE Numbers PARAMETERS
COACH [X Y z C-Score: 1 Cluster Size: 3891
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62,63,64,65,70,83,85,110,132,
46.658 |-7.655 |-38.190 133,134,135,137,138,185,186,
188,199,200

162 G63 F67 V70 A83 K85 :
P Value: 6.01|V110 L132 D133 Y134 V135 uGDT(GDT):
RaptorX

x 101 P136 T138 Q185 L188 C199°20(76) .
D200 uSeqld(Seqld):
350(83)

Multiplicity : 85,

62ILE.  63GLY,  G4ASN,
65GLY, 66SER,  67PHE,
68GLY. 70VAL. S3ALA.
85LYS. S87VAL. 93PHE,
94LYS. 97GLU, 101MET,
110VAL, 112LEU, 130LEU.
132LEU, Area (SA): 463.338
gOCKET D\ 133ASP, 134TYR, 135VAL,Volume  (SA):
137GLU, 138THR. 141ARG.|407.237
179HIS, 180ARG. 181ASP.
183LYS, 185GLN. 186ASN.
188LEU, 199CYS, 200ASP.
201PHE. 202GLY, 203SER,
216TYR, 217ILE, 218CYS,
223ARG
101, 112 132,134 .135 .137
138 .140 180,181,183 185
RANK:1  |.186.188.199 200 201 202|SAS Points: 190
PZRANK 125.908 1-47.399 131.540 [ -(RE:34.1(203 217 218 219 .62 .63 .64
65 66 .67 70 .83 85 .87
90,93 .94 .97

CASTp

Figure 2.2: Active /Binding Site Pockets predicted by different Servers
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2.3.8 Modelling of GSKp protein and Mutants

The three-dimensional (3D) structures of the native and three selected point mutant proteins were
predicted and modelled using I-TASSER. In generating the mutant models, all FASTA sequences
were submitted to the I-TASSER, where each nsSNP was substituted into the native sequence. The
native and mutant GSK-3B proteins were modelled using [-TASSER, utilizing the top 10 protein
models available as templates in PDB that most closely resemble the target protein sequence
structurally. The PBD template with maximum confidence and alignment, which were taken into
consideration, is 3i4b (A GSK-3p Protein). The best model was chosen based on the greatest
confidence score out of the five projected models for each Protein (C-score). The C-score ranges
from -5 to 2 and represents the degree of confidence in the prediction of pairwise comparison. A
model with a greater C-score indicates greater confidence. Discovery Studio Visualizer was used
to visualize the generated Protein. Modelling of the whole Protein (Figure 2.3a) along with the
mutants (Figure 2.3b-d) was important for accessing the protein structural information and also for
carrying out molecular dynamic simulation. The majority of the GSK-3p protein present in the
Protein Data Bank lacked N and C-terminal regions or had missing amino acid residues in between.
These limitations can indeed affect the accuracy of molecular simulations and our understanding
of protein function. The N- and C-terminal regions of a protein are frequently essential for
upholding its structural stability and can exert a significant influence on protein-protein
interactions [75]. Consequently, we endeavored to generate a comprehensive protein model using
existing crystal structure of GSK-3p from the Protein Data Bank (PDB ID: 3i4b) as a templete.
To validate our model, we aligned it with the crystal structure. Remarkably, the root mean square
deviation (RMSD) value between the two structures was remarkably low at 0.59 A (as depicted in
Figure 2.3e). Additionally, we conducted a sequence alignment to identify any gaps or missing

residues, as illustrated in Figure 2.3f.
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Template (PDB id: 3idb) : 1
Modelled : 1 RPRTTSFAESCKPVQQPSAFGS!
Template
(PDB id: 3i4b) Template (PDB id: 3idb) : 55
Modelled : 51

Template (PDB id: 3idb) : 135
Modelled : 161

Template (PDB id: 3idb) : 215
Modelled : 743

Template (PDB id: 3idb) : 205 ¢

Modelled : 321 ¢
401 QINHARSASASHST 420

End

EEREAREEE R EE R R R R R R EE R E R EEEE R EEE R EEE R KL
O e O A3l Al B i v B o o ! . 1 . f fiboddhn ol b |
— - - bt} ; t frrretren]
o | k]
I o

Figure 2.3: Refined model of the Native (a) and Mutated Protein A83T(b), F67C(c), T138I(d),
Superimposing of GSK3f (PBD ID: 3i4b) protein crystal structure and modelled GSK3J protein
(e), Amino acid sequence alignment between GSK3[ (PBD ID: 3i4b) protein crystal structure and
modelled GSK3p protein.
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2.3.9 Energy minimization and validation of the modelled native and mutant protein

All the modelled proteins were refined using the ModRefiner tool. The main aim of the refinement

is to improve the physical quality of protein structure very significantly. The refined models all

had a TM-Score of more than 0.9, pointing to the fact that the initial and final models were in the

same fold (Figure 2.3). The modelled structures of the Protein and the mutated versions were

further validated using the Ramachandran Plot Server to check the reliability of predicted protein

structures. Ramachandran plots for the native and mutant GSK3B protein models showed more

than 90% of the residues were located in the allowed regions, and only a few amino acids deviated.

The Detailed report of the plot is given in Table 2.8 and Figure 2.4. The results from the

Ramachandran Plot pointed out that all the refined protein models were highly reliable and

consistent.

1
Highly Preferred

Preferred

Questionable

GSK-3B Native

Preferred

Questionable

GSK-3B A83T

16259

[
Highly Preferred

Preferred

:
e

Questionable

GSK-3B F67C

Highly Preferred
[

Preferred

* .5, Questionable

GSK-3B T138I

Figure2.4: Ramachandran Plot of the modelled Native and Mutated Protein
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Table 2.8: Observations from the Ramachandran Plot

Protein Amino Highly Preferred | Preferred Questionable
Acids Observations observations observations

GSK-3B 420 398 (95.215%) 11 (2.632%) 9 (2.153%)

Native

GSK-3B 420 399 (95.455%) 13 (3.110%) 6 (1.435%)

(F67C)

GSK-3B 420 390 (93.301%) 22 (5.263%) 6 (1.435%)

(A83T)

GSK-3B 420 395 (94.498%) 16 (3.828%) 7 (1.675%)

(T138I)

2.3.10 Secondary Structure Prediction

The secondary structure of GSK-3 and the mutants were predicted by SOPMA, which explained
the distributions of alpha helix, beta sheet, and coil and how mutation has changed the secondary
structure of the Protein. The result indicated a large number of random coils that are (46.67 %),
followed by 128 alpha helixes (43.59%), 67 extended strands (15.95 %), and 29 beta turns (6.90%)
in the projected secondary structure of the Native GSK-3p protein. All the mutated structures
showed certain variations from that of the native. All the Mutated Proteins showed a decrease in
the number of Random coils and an increase in the number of the alpha helix. The number of beta-
turns was also reduced in the mutated proteins. The detailed report is provided in Figure 2.5. It
was noticed that the nsSSNP A83T was in the extended strand, F67C in the random coil, and T1381
in the alpha helix. Because secondary structures make up between 25 and 75 percent of the length
of proteins, changes in their confirmation have an immediate impact on protein structure. The
nsSNPs altered the secondary structure of the Protein and thus can result in altered stability of the

Protein.

Mutations in GSK-3f's secondary structure may have many effects:
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Secondary structural changes can affect protein stability. Alpha helices may boost stability, but

random coils may limit structural flexibility.

GSK-3p is a signalling pathway kinase enzyme[74]. Secondary structural changes may affect the
catalytic activity and substrate recognition, altering phosphorylation events and signalling.
Secondary structural elements determine protein binding sites and interaction surfaces[75,76].
These components may impact the protein's interaction with other proteins, regulators, or
substrates. Secondary structural modifications may affect the protein's subcellular localization and

availability to substrates or regulatory factors[77].

These structural modifications to GSK-3 may alter downstream signalling pathways, impacting
cell growth, proliferation, differentiation, and death. These changes may cause phenotypic

differences linked with mutations, depending on the pathways impacted.
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el R e o IR T TY EET T RREER Rt
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SOPMA
Alpha helix (Hh) : 128 i

0is 0.00%
0is 0.00%
0is  0.00%
68 is 16.19%
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0is 0.00%
Random coil (Cc) : 184 is 43.81%
Anbiguous states (2 0is  0.00% Ambiguous states (2) : @ is  0.00%
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Random coil

)
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(¢e)
)

Anbiguous states (?)
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NATIVE|WILD TYPE MUTATION | AB3T MUTATION|F67C MUTATION | T138I

Figure 2.5: Secondary structure of the native and mutated Protein

2.3.11 Functional and structural modifications of genetic variants

The selected mutations were analysed using MutPred2 and Hope server to predict the effect of the
mutation on the structure and function of the Protein. MutPred2 can forecast the removal or gain
of allosteric sites, metal binding sites, DNA binding sites, and transmembrane proteins, among
other structural and functional protein modifications. The HOPE server, on the other hand, detects
the effect of amino acid substitution and predicts the consequence of such substitution. Detailed

results of the MutPred2 and Hope servers are given in Table 2.9.
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Based on the results, all the amino acid mutations showed a probability score greater than 0.9.
An amino acid substitution is predicted as pathogenic if a probability score is 0.50 and above.
Mutation A83T showed altered DNA and metal binding. Similar alterations were predicted in
F67C and T138I. The HOPE server predicted that all the mutated amino acids were of different
sizes than those of the native. For mutation F67C and T138]I, it predicted that the change in
sequence might lead to potential loss in external interactions. Protein networks are known to
be sensitive to changes in charge, mass, and hydrophobicity[78,79]. Thus, these changes can
affect how proteins interact with one another. On the basis of these findings, we postulated that
a number of nsSNPs would affect the Protein's function and structure, leading to an increased
risk of various metabolic diseases and possibly potentially causing other disorders linked to

this Protein.
2.3.12 Molecular Dynamic Simulation Analysis

Molecular dynamics and simulation (MD) studies were carried out to determine the stability
and convergence of GSK-3f (Native protein) and its mutants A83T, F67C, and T1381. The root
means square deviation (RMSD), the root means square fluctuation (RMSF), radius of gyration
(Rg), and Solvent accessible surface area (SASA) during 250 ns were analyzed to detect the
stability, flexibility, and compactness of the Native and the mutant protein during the
simulation. The average RMSD values for the native and the mutant A83T, F67C, and T138I
protein were 0.434 £0.05 nm, 0.572 +0.08, 0.436+0.02 and 0.400 +£0.03 nm respectively
(Figure 2.6a). The A83T mutant exhibited a much higher RMSD value of 0.572 nm whereas
the mutant F67C showed fewer fluctuations having similar RMSD values with that of the
Native protein. On the other hand, mutant T138I displayed a lesser RMSD of 0.4 nm as
compared to the native/wild-type protein (Figure 2.6a). RMSD values remained relatively
constant for both native GSK-3B and F67C and T138I mutants, demonstrating that these
mutants are likely to create a stable structure under physiological settings; however, the A83T
mutant's persistently increased RMSD values throughout the MD simulation suggest that this
mutation may render the protein structure less stable.[80]. The native protein showed some
fluctuations (increase in RMSD) during the period 60-90ns thus pointing to some instability
and a similar trend was also observed during 140-160ns. Mutant proteins T1381 and F67C
showed some initial spike in RMSD but after 100ns the protein remained overall stable. The
mutant A83T showed fluctuations throughout the simulation with the maximum spike of 0.7
nm at around 70 ns, such spikes point to the presence of more than one conformation

throughout the whole MD simulation which signifies A83T to be unstable during the
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simulation. The larger RMSD value observed for the A83T mutant relative to the wild-type

protein suggests that significant structural changes have been generated by the mutation.

The plot for root means square fluctuations (RMSF) of the wild Protein and the mutant (A83T,
F67C, and T138I) structures during the simulations were analyzed to check the flexibility of
the proteins (Figure 2.6b). RMSF values in all the proteins were quite high in the N and C
terminals. The average RMFS values for the native and the mutant A83T, F67C, and T138I
protein were 0.182+0.14nm, 0.188 £0.1nm, 0.161+0.09nm, and 0.154+0.09 nm respectively. It
was quite evident that the residues of the wild-type protein showed various fluctuations around
the residue 210 and 275-310 and thus can be confirmed to have higher flexibility than that of
the mutant protein. Mutant A83T showed some high fluctuations around residues 90 and 121;
Mutant F67C showed fluctuations around residues 65 to 150; Mutant T138I showed
fluctuations around residues 275-290. The overall comparison showed that the average RMFS
value for the wild-type protein and A83T mutant were mostly in the same range whereas the
Mutant F67C and T138I showed a lowering in the average RMFS value. The overall data
suggested that the mutant F67C and T138I showed a comparatively rigid structure when
compared to that of the Native.

The radius of gyration (Rg) measures the compactness of the Protein. The average RMFS
values for the native and the mutant A83T, F67C, and T138I protein were 2.28+0.014nm, 2.26
+0.15nm, 2.23+0.015nm, and 2.26+0.016 nm respectively (Figure 2.6¢). Significant lowering
of gyration (Rg) indicates a highly compact orientation of the Protein. A similar lower Rg value
was observed for the mutant F67C as compared to the wild type. Overall, the proteins showed

a compact structure throughout the simulation.

Following Rg analysis, a similar pattern was also observed in Solvent accessible surface area
(SASA) in both wild-type proteins and mutant proteins. The average SASA value of the wild
type and the mutant A83T, F67C, and T1381 was 220.24+5.04 nm? 216.87+5.74 nm?,
207.77+7.31 nm?, and 214.11+4.31 nm? respectively. It is visible from Figure 2.6d that the
SASA value lowered to the maximum for F67C as compared to other mutants and wild-type
proteins. The ability to get to a solvent area is the amount of a bimolecular surface that is
accessible to the molecules of a solvent. A lower SASA value in mutant structures indicates

that they are smaller than their wild-type counterparts. The reason for a greater change observed
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in the SASA value of the mutant and that of native GSK3B could be the effect of amino acid

substitution thus altering the size of the protein surface and other characteristics[81].
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Figure 2.6: Comparative Analysis of Structural Dynamics between Native and Mutated
Proteins. a) Root mean square deviation (RMSD), b) Root mean square fluctuation (RMSF),c)
Radius of Gyration (Rg) of the Mutated and the native Protein, d) Solvent accessible surface
area (SASA), e) Solvation Energy Contributions, f) Density Profiles, g) Comparison of
Hydrogen Bonding Patterns, and h) Total Energy Calculations.

The solvation-free energy is an important thermodynamics parameter to estimate the impact of
the solution on the Protein[82] [83]. The solvation energy of the system for all the mutant and
wild-type proteins is estimated throughout the 250ns. Mutant F67C exhibited lower dG
solvation energy and corroborated with wild-type protein, significantly indicating stable
Protein (Figure 2.6e). Mutant A83T and T138I showed slightly higher solvation energy as
compared to that of the wild types indicating some instability. The total density of the system
during the production run for 250 ns for A83T and F67C mutants and wild type was found to
be consistent (~1020 Kg/m?) throughout the simulation process, indicating the equilibrated
system (Figure 2.6f). However, in the mutant T138, we observed a much lower density of
around 1005Kg/m?>. The average density for the native and the mutant A83T, F67C, and T1381
protein were 1019.649 £2.063, 1021.52+ 2.13, 1019.80+ 2.09 and 1005.206 + 2.055
respectively.

The number of intra-molecular hydrogen bonds is depicted in Figure 2.6g. From the analysis,
it can be noted that the native structure forms a lesser number of H-bonds with an average of
~290, while A83T, F67C & T138I mutants exhibit a greater number of H-bonds with an

average of for each mutant ~295,291,302. Since the number of H-bonds was higher in the
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mutant structures, protein stability will be affected. Mutations can cause rigidity in the Protein's
structure, which can disrupt its normal functional behaviour. The total energy of the system is
the indicator of the stability of the Protein (Figure 2.6h). Mutant F67C and the native showed
similar trends with an average total energy of around -648434.36 kJ/mol and -642868.69
kJ/mol respectively. Mutant A83T exhibited a higher energy level (-615481.62 kJ/mol),
showing signs of instability, whereas T1381 showed the least energy with an average value of

-674523.60 kJ/mol thus suggesting more rigidity and stability.

The advanced analysis of the trajectories from the MD simulation was performed by essential
dynamics (ED) or Principal component analysis (PCA). Through PCA, the motion of Protein
was identified by extracting the concerted motion of the Protein in different frames during
simulations[84]. The first two eigen vectors captured the maximum percentage of the total
motions for the native and as well as for the mutant variant, hence a two-dimensional motion
projection plot was constructed by contrasting the first two eigen vectors (PC1 and PC2) to
observe the corrected movements of the residues of the Native and the mutated proteins. Dots
that cluster together in the middle represent a protein structure with high stability, whereas dots
that spread outward represent a structure with low stability. For native/wild-type proteins, the
principal components PC1 and PC2 displayed scattered orientation of trajectories during the
initial phase of the simulation, although during the ending phase the dots got clustered towards
the centroid pointing to the stable confirmation of the protein. Mutation A83T showed similar
distribution during the initial phase of the simulation although during the ending phase the
clustering density got high but the movement got deviated from the centroid as compared to
that of the native. In the A83T mutant, the variance needed more time to settle the global

movement toward the centroid than the native protein (Figure 2.7b).

Interestingly, F67C exhibited fewer steps toward reducing covariance to achieve global motion
of trajectories toward centroid than native and A83T mutants (Figure 2.7). In contrast, T138I
exhibited a similar pattern of PC values with higher steps required for minimization of the
covariance as compared to F67C. Mutant F67C exhibited clustering of the dots very close to
the centroid during the end of the simulation pointing to a very stable confirmation of the
protein. Mutant T1381 showed stable confirmation although there was some deviation from the

centroid than compared to the other mutants and the Native.
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Figure 2.7: PCA Analysis (a) The projection of PC1 on PC2. The continuous colour spectrum
from blue to white to red represents simulation time. The initial timescale is represented by
blue, intermediate by white, and final by red. a)NATIVE ,b) Mutant A83T,c) Mutant F67C, d)
Mutant T1381.

Dynamic cross correlation matrix (DCM) of the residual positions for individual mutant
andnative/wild type proteins are carried out and depicted in Figure 2.8. The trace of the
covariance matrix has been used to estimate the overall flexibility of the whole dynamic
system.For native protein, the high degree of positive correlation observed among residues 50-
130, 150-250 and 370-390 respectively (Figure 2.8a). Mutated Protein A83T showed high
positive cross correlation in the residue region 150-300, with traces of negative cross-
correlation at the N terminal of the protein. Mutant F67C showed increased anti-correlation
and correlation in comparison to the native protein. It was observed that positively correlated
motions are dominant in all the structures of all the dynamic systems except the T138I mutated

protein (dominant white region). Mutant T1381 also showed decreased correlated motions.
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Figure 2.8 :Dynamic cross correlation matrix(DCCM) plots The positive value represents the
positively correlated motions (cyan), whilenegative values represent the anti-correlated

motions (pink).a)NATIVE ,b) Mutant A83T,c) Mutant F67C, d) Mutant T1381.

Secondary structure analysis during the 250 ns simulation for wild/native type and other
mutants is displayed in Figure 2.9. In wild-type protein, the structure represented the presence
of significant coil formation between 120-130 residues, B-sheets between 60-75 residues, -
bridges between 1-5 residues, and a-helices between 75-90 residues (Figure 2.9a). However,
mutant A83T displayed a similar arrangement except for the coil near 250 ns time turned into
a-helix (Figure 2.9b). The residue at around ~290 showed a significant change from bend to
turn, also residue 260-265 showed a change from turn to the alpha helix. F67C displayed
significant numbers of turns, and 5-helix formed between 50-75 residues (Figure 2.9¢). Turns
were seen in significant numbers in the F67C mutant, indicating that the mutation may affect
the local structural flexibility. Residues 50—75 came together to create a 5-helix. This implies
that the wild-type protein does not include the particular helical structure that the F67C
mutation may have caused to arise in this area. In the mutant protein T1381 number of coils
was reduced, and residue at 290-300 showed a significant change from bend to turn and the
rest of the secondary structures appeared similar to the wild-type protein (Figure 2.9d). This
conformational change may have functional implications as it affects the local structure in that

region. The information as a whole demonstrates that each mutation (A83T, F67C, and T138I)
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has resulted in distinct modifications to the protein's secondary structure, which may have a
substantial impact on the protein's overall stability, functionality, and relationships. The
mutations appear to have changed the protein's structural dynamics, which may have functional
repercussions, as evidenced by the emergence of novel secondary structures (such as the 5-

helix) and modifications in coil-to-helix transitions.
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Figure 2.9: Comparative Analysis of Secondary Structure Changes in Native and Mutant
Protein Variants: a) wild (native), b) A83T, c) F67C, and d) T138I.

Events of time frame for every 50 ns of MD trajectory were analyzed for Native and A83T,
F67C, and T138I mutants depicted in Figure 2.10. An individual trajectory of each protein
after 50ns is provided in Fig 2.11 for a better understanding of the change in structure. In native
Protein, the a-helix started diminishing after 50 ns and till 200 ns conformed into the loop.
Later at 250 ns, the loop conformed back into a-helix. While in A83T there is no such helical
loss or gain was observed like the former, but a turn and a B-sheet appeared at 100 ns and later
at 150 ns disappeared which reappeared at 200 ns and again conformed into the loop at 250 ns

(Figure 2.10b). In A83T, the residues from 278 to 283 have shown significant change in
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structure when compared to that of the native the loops and turns in the native have turned to
the alpha helix in the mutated protein. The alpha-helix in the native turned into loops in the
mutated variant (A83T) at the end of 250ns. In the F67C mutant, changes were observed during
the formation of parallel B-sheets connected via a loop which were absent at the beginning of
the simulation and 50 ns. But later, from 100 ns to 250 ns, the conformation is stable (Figure
8C). A significant change was observed in the residues from 260-265 where the loop in the
native has turned into alpha-helix at the end of the simulation. In T138]I, significant alteration
similar to F67C and A83T was noticed including alterations at residue 260-264 from loop to

alpha helix, and a similar trend was also noticed at residue 275-283.

The development of B-sheets, twists, and a-helices at various times during the simulations
suggests that the GSK-3B protein mutations have significantly altered the secondary structure.
The protein's stability, functionality, and interactions with other molecules may all be impacted
by these structural alterations. This is only a brief overview of the findings; a more thorough
examination would involve looking at the three-dimensional structure of the particular protein

and its interactions with ligands, substrates, or other proteins.

These findings were further supported by molecular dynamics simulations, which simulate the

protein's evolution. The structural modifications and their effects on the actual biological

system would require experimental validation.

Figure 2.10: Analysis of Molecular Dynamics Trajectories at Different Time Intervals (50ns)
for Native and Mutant Protein Structures.
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Fig 2.11: Analysis of Molecular Dynamics Trajectories at Different Time Intervals (50ns) for
Native and Mutant Protein Structures represented individually.

The possible effect of the deleterious mutation in the Wnt/B-catenin pathway regulating
the wound healing process

The study majorly points to the three major deleterious mutations out of several others which
can be a potential threat. These three mutations are in the amino acids present in the active
binding site of the protein. On the other hand, the mutations also have a significant impact on
the overall structure of the protein which in turn can affect its interaction with other proteins in
various metabolic reactions. One of the major findings of this study is the regulatory role of
GSK-3B in wound healing. GSK-3f is an important protein in the Wnt/B-catenin pathway
which controls various signaling pathways. Downregulation of B-catenin is facilitated by the
serine/threonine kinase GSK-3f, which binds to and phosphorylates many proteins in the Wnt
pathway. Since GSK-3f inhibits Wnt signalling, it may serve as a tumour suppressor as
well[85]. In the absence of Wnt ligands B-catenin is phosphorylated by GSK-3 as it is retained
in the degradation complex by APC; phosphorylated-catenin is a target of the E3 ubiquitin
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ligase-Trcp. The ubiquitin proteasome-mediated pathway leads to the degradation of
ubiquitinated B-catenin once Trcp has transferred the ubiquitin chain to B-catenin [86,87]. A
schematic representation pointed out in Figure 2.12 gives a better understanding of the role of
GSK-3B in wound healing mechanisms. Wnt ligand is shown here binding to the Frizzled
(FZD) receptor and LRP5/6 co-receptor on the cell surface after being produced in response to
awound. It does so by phosphorylating GSK-3f on serine 9, which in turn activates Disheveled
(Dvl) and blocks the enzyme's action. As a result, beta-catenin accumulates in the cytoplasm
and then moves into the nucleus, where it joins other transcription factors to regulate gene
expression[88]. Genes involved in cell division, migration, and fate determination are among
those whose transcription is stimulated by this complex [87]. Collaboratively, these processes
facilitate the healing of damaged tissues and wounds. Aberrant accumulation of B-catenin in
the nucleus and the constitutive activation of the B-catenin/TCF/LEF complex can contribute
to tumour development and progression by activating genes that promote cell proliferation,

survival, and invasion while suppressing genes that regulate apoptosis and cell differentiation.
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Figure 2.11: WNT signaling pathways in wound healing and role of GSK-3p in perspective
wound healing.

GSK-3pB helps in the phosphorylation of Axin. Phosphorylation enhances the stability and
binding of Axin to B-catenin [89]. The Wnt ligand binds with its receptor and overpowers the
phosphorylation of B-catenin. Phosphorylation results in the formation of the B-catenin-T-cell
factor (TCF) complex which instigates the transcription of genes and might highly hinder the
wound healing pathways. Two of the SNPs i.e. F67C and T1381 showed stability in the GSK-

109 | Page



3 structure more than that of the native one, this stability in the structure might facilitate the
stronger binding with Axin and in turn, can hinder the activity of the ligands. The axin and the
GSK-3p majorly interact by a helical ridge composed of hydrophobic axin residues. Val263,
Leu266, Val267, and 11270 of GSK-3f create a helical groove, into which Phe388, Leu392,
Leu396, and Val399 fit on the other side of the channel, Tyr288, Phe291, Phe293, Pro294, and
[1e296 from the expanded GSK3 loop pack against Pro385, Ala389, 1393, and Leu396 of axin
[90]. Secondary structure analysis after 250ns simulation showed significant change in the
GSK-3p residue region between 260-290. This region shows several changes in secondary
structure and thus can alter axin binding. GSK-3 mutation in wound healing can vary
depending on the context and the stage of wound healing. Inhibition of GSK-38 may be
beneficial during the early stages of wound healing to promote cell migration and
proliferation[91], while activation of GSK-33 may be beneficial during the later stages of
wound healing to promote granulation tissue formation. The mutations have a high probability
of altering the structure and hence the function of this highly important protein and thus further
biological studies are needed to carry out to come to a proper conclusion. Although an initial

indication through this work could be highly fruitful in the scientific community.

GSK3 B activation stimulates the generation of pro-inflammatory cytokines such IL-6, IL-1f,
and IFNy. Conversely, inhibiting GSK3p reduces the production of pro-inflammatory
mediators and enhances IL-10 synthesis by immune cells[92]Gsk3f inhibition can also
decrease the nuclear activity of the Nfkb1 pathway[93]. Destabilized or hyperactive GSK-3f3
can enhance NF-kB activity, increasing the transcription of pro-inflammatory genes. Active
GSK-3pB drives inflammation, as demonstrated in various animal models of inflammatory
diseases[94,95]. GSK-3f inhibition reduces inflammation and tissue damage, evidenced by
decreased cytokine production, immune cell infiltration, and inflammatory markers. Treatment
with GSK-3B inhibitors, such as TDZD-8, LiCl, and SB216763, consistently mitigates
inflammatory responses and promotes tissue healing[95]. GSK3 B has also been shown to play
an important role in angiogenesis through its control of vascular cell migration and
differentiation. GSK-3f is an important protein in the Wnt/B-catenin pathway which controls
various signaling pathways. Downregulation of B-catenin is facilitated by the serine/threonine
kinase GSK-3f, which binds to and phosphorylates many proteins in the Wnt pathway. Since
GSK-3fB inhibits Wnt signalling and inhibits beta-catenin from entering cytoplasm by

degrading it. During the downregulation and deactivation of GSK-3f, the beta-catenin enters
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the cytoplasm and then moves to the nucleus where it is stabilized by the fibroblast growth

factor-2 and by the E4 region of adenovirus that promotes an angiogenic response[96].

Thus it is quite evident that GSK3 B has a negative impact on wounds by modulating the
inflammatory responses. From the above study, it is prominent that deleterious mutations in
GSK3B change the structure of the binding/active site of GSK3 B which in turn has a high
possibility that inhibitors will not be able to inhibit GSK3 . The activated or dysregulated
GSK3 B can cause an increase in pro-inflammatory cytokines and can also demote angiogenic
response during a wound. Thus we aim to create therapeutics agents which would control the
inflammatory cytokines after the onset of the wound and also promote angiogenesis and

neovascularization thus nullifying the effect of dysregulated GSK-3 B.

2.4 Inference

At the end of this study, we systematically evaluated the spectrum of single nucleotide
polymorphisms (SNPs) located within the GSK-3 protein by employing a comprehensive
amalgamation of distinct bioinformatics techniques accessed via numerous platforms. Twelve
highly harmful non-synonymous single nucleotide polymorphisms (nsSNPs) were identified
by this integrative strategy: rs201448262(T235P), rs201450363(1182T), rs747385360(P225L),
1s748461608(T138I), rs750723548(H337R), rs758696011(Y161C) (F67C). These particular
SNPs were identified as potential risk factors due to their clear effect on native protein structure
and function. Among this subset, the A83T, F67C, and T138I mutations have been identified
in the GSK-3p receptor's essential ligand binding domain. This strategic placement suggests
the possibility of disrupting interactions with transcriptional co-activators and other ligands,
with implications for many biological processes. We found that these mutations led to changes
in the secondary structure of the protein as well as its overall instability. These mutation
hotspots are crucial because they have both evolutionary conservation and functional
importance. The dramatically different dimensions of the substituted amino acids highlight the
profound functional impact they have on the entire protein structure. They may also be

carcinogenic, as shown by predictive analysis.

The molecular dynamics simulations revealed that the A83T mutant exhibited structural
instability with consistently higher RMSD values, while mutants F67C and T1381 remained
structurally stable, with F67C showing the most compact structure thus pointing to structural
rigidity. Additionally, mutants A83T, F67C, and T138I displayed variations in flexibility,

solvent accessibility, solvation energy, and total energy, suggesting distinct structural and
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stability profiles compared to the native GSK-3f protein. Changes in the secondary protein
structure were also shown by the simulations, opening the door to the possibility of altered
interactions with partner molecules. Given GSK-3f's extensive involvement in cellular and
metabolic networks, these results have important ramifications. Future efforts are needed to
verify the clinical importance of these SNPs by experimental investigations, particularly with
regard to those predicted to influence protein structure. This study expands our understanding
of the complex molecular mechanisms that contribute to disease vulnerability and cellular
malfunction. Finding harmful missense SNPs that may affect protein stability or binding site
interactions opens the door to exploring new diagnostic and therapeutic approaches that
specifically target these variants. Given the importance of GSK-3f across a variety of systems,
our research has the potential to illuminate the practical ramifications of the SNPs found in this
key enzyme. Our major objective from the findings is to develop therapeutics and formulations
which would have a direct effect on inflammation and angiogenesis and thus curing wounds

and simultaneously nullifying the effect of dysregulated GSK-3.

GSK3 B has a negative impact on wounds by modulating the inflammatory responses. From
the above study, it is prominent that deleterious mutations in GSK3B change the structure of
the binding/active site of GSK3 B which in turn has a high possibility that inhibitors will not
be able to inhibit GSK3 B. The activated or dysregulated GSK3 3 can cause an increase in pro-
inflammatory cytokines and can also demote angiogenic response during a wound. Thus we
aim to create therapeutics agents which would control the inflammatory cytokines after the
onset of the wound and also promote angiogenesis and neovascularization thus nullifying the

effect of dysregulated GSK-3.
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Chapter III

Fabrication and Characterization

of Starch-Gelatin MAT loaded with commercially

available Proanthocyanidin-Rich Grape Seed Extract




3.1 Background

Tissue engineering (TE) has utilized a wide range of biomaterials, including natural
biopolymers, ceramics, and synthetic polymers [1] [2], as well as different manufacturing
techniques to create scaffolds for several different purposes[3,4]. It's been a trending topic
recently to incorporate sustainable methods to cope with some of the most pressing
environmental challenges. TE scaffolds are now made using environmentally safe materials
and techniques [5] to tackle the problem. Renewable biomaterials that are both green and non-
toxic (such as keratin extracted from chicken feathers [6,7], hydroxyapatite derived from egg
shells[8,9], and silk sericin obtained as an industrial byproduct) are gaining considerable
attention as long-term substitutes to traditional biomaterials [10]. These materials are involved

in producing biological, physicochemical, and mechanically stable devices [5].

Sustainable tissue engineering uses largely natural polymers or polymers from living
organisms. Sustainable or renewable materials are biodegradable, natural, and non-toxic. [11].
Renewable polymers are mostly derived from natural sources, including plants and animals.
Collagen, gelatin, starch, chitosan, etc., are naturally available polymers extracted from
biomass [12]. These materials are of great interest as they are biocompatible, environment-

friendly, biologically active, biodegradable, and adaptable [13].

Polymeric materials have accumulated in nature because they survive long after being
abandoned. Plastic rubbish is usually discarded or burned [14]. Landfills contaminate
groundwater, and harmful gases are released when the trash is burned [15]. Choosing the right
polymer, however, allows for the creation of novel materials that might form the backbone of

the manufacturing process with the principles of the circular economy [16].

Biomaterials are a fast-growing biomedical renewable materials sector. Renewable materials'
bioactivity, compatibility, and mechanical qualities have improved, enabling tissue
engineering, implants, and drug delivery systems. They're biocompatible, degradable, have
controlled swelling, and are low toxicity. Tissue engineering biodegradable polymers usually
degrade into non-toxic compounds [13]. Technological advancements have made biomaterials
more versatile and acceptable in healthcare [13,17]. Nano and microscale sustainable material
production adopt "green chemistry," especially in biomaterials, employing diverse
methodologies. Using natural polymers and materials to synthesize biomaterials for tissue

engineering has exploded [18]. Natural polymers have several advantages over synthetic ones.
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Extracellular matrix proteins in biomaterials allow cells to connect and proliferate. Researchers
must also build cell adhesion receptors for synthetic polymers since they lack epitopes for cell

attachment. [19].

One of the main ways the circular economy tries to improve the use of resources in the
environment is by using waste as a raw material [20]. When reusing raw materials, strategies
from both the circular economy and sustainable design must be used [21]. Natural
biodegradable polymers could enable green tissue engineering healthcare solutions. The EU's
"Strategy for Plastics in the Circular Economy" emphasizes recycling plastics and stopping
microplastics, as they are one of the most widespread causes of marine pollution [22]. Synthetic
implants add to biomedical waste and harm the environment. Thus, the natural polymer could

save us from this threat and enable sustainable tissue engineering.

Gelatin exhibits low immunogenic response in vivo applications[23]. However, if the gelatin is
not pure after extraction, it can cause unexpected immune rejection [24]. Also, gelatin has low
mechanical properties, so some other proteins or polysaccharides should be used together to
improve their mechanical properties for biomedical applications [25]. Major polysaccharides
are extracted from plants or other animal sources. Starch is a polysaccharide with important
characteristics for biomedical applications, such as biocompatibility, biodegradability, and
renewability [26]. Starch mimics the extracellular matrix and has low immunogenicity and
excellent modifiability. Starch alone is undesirable since it has low mechanical characteristics
and 1s water-sensitive [27]. Due to this, a composite of gelatin and starch might overcome the

individual drawbacks of both materials.

This research, in brief, aims to synthesize a composite material using all-natural products and
finally evaluate the composite film as a potential tissue engineering product to be used in the
future as a sustainable product for multiple biomedical engineering applications. The effect of
the natural polymers and extracts as a starting material for scaffold has been potentially
evaluated using different in-vitro and in-vivo studies. Different Compositions of starch and
gelatin were used to assess whether there is any compositional effect of the natural polymers
on the physio-chemical and biological properties of the Mat, thus keeping the concentration of
the extract constant, and different weight ratios of the polymers were used. The use of Gelatin
and starch-based mats for packing agents are there in research, and there are composite
hydrogels with UV-Crosslinking. Still, we tried to eliminate the use of any irradiation or

synthetic chemical for the cross-linking process. We aim to use such compositions for
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biomedical applications, bringing sustainable healthcare change. The study aims to channel
edible food materials toward sustainable tissue engineering biomaterials and promote a circular

economy using green materials.

3.2 Materials and Methods

Gelatin (from Cattle bone 110/120 bloom) was purchased from Loba Chemie. SAIPRO Potato
Starch Powder food grade, B0779HRZ6S (PSP 250), was procured from SAIPRO
AGROTECH. INLIFE Grape Seed Extract (Proanthocyanidins > 95%) Anti-oxidant 400 Mg
BO13UYJEJK (IL00111) was purchased from INLIFE Pharma Pvt. Ltd. Distilled water was
prepared in Lab using a double distillation technique. Ethanol was procured from Merck. Cells
were procured from NCCS Pune. DMEM (Dulbecco's Modified Eagle Medium), FBS ( Fetal
Bovine Serum) was procured from Thermo Fisher Scientific - IN, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) and penicillin-streptomycin were procured from
HiMedia Laboratories Pvt. Ltd . Xylaxin, was bought from Indian Immunologicals, India and
ketamine hydrochloride from Ketalar, Parke-Davis, India. Fluorescein Diacetate (FDA) was

purchased from Thermo Fisher Scientific.

3.2.1 Preparation of malleable mat using Gelatin and Starch

Food-grade potato starch was added to water and heated up to 90 °C to get a homogenized
solution. The temperature was decreased to 60 °C, and gelatin was added and was mixed for
30 mins to get a homogenized mixture. Daksha Beeja extract or grape seed extarct (95 %
proanthocyanidin) was used at 2.5% and was mixed for another 30 mins to ensure complete
mixing. The whole mixture was taken in a falcon, and an equal amount of ethanol was added.
A soft polymer lump was deposited at the bottom on vigorous shaking, which was malleable
and could be given any shape. Finally, the lump was pressed with the KBr Press Model MP-15
to give a circular film type of structure. The maximum concentration of starch and gelatin used
was 5% w/v. Three different gelatin and starch composite compositions were made and are
mentioned in Table 3.1. A schematic of material fabrication and characterization is given in

Figure 3.1.
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Table 3.1: Sample Composition ratio

Polymeric MATS

Sample A

Sample B

Sample C

Ratio of Gelatin | Ratio of Starch
2 1

I

1 1
1 2

Swelling Studies

In-Vitro Degradation
Studies

4

Scanning Electron
Microscopy Study

Contact Angle
Measurement

Sample Name | Ratio of | Ratio of Starch | Quantity of | Quantity  of
Gelatin Gelatin: Starch | Solvent (mL)
(in gms)
Sample A 2 1 1.5:0.75 30
Sample B 1 1 1.5:15 30
Sample C 1 2 0.75:1.5 30
PHYSIOCHEMICAL CHARACTERIZATION
i ctarcs, |
Mechanical Characteristics Thermal Analysis
B : ‘.;, 5 A.nalysis(U.TM) { TGA and DSC)
o ¥ 0 == Atomic Fzﬁy“s':':msww FTIR Analysis

Figure 3.1: A Schematic for MAT fabrication, Characterization, and biological studies

3.2.2 Material Characterization

3.2.2.1FTIR Analysis

The composites were characterized using a PerkinElmer Frontier FT-IR instrumentation system
to understand the molecular interactions. The FTIR spectra were measured between the ranges
of 400-4000 cm![28]. The obtained spectra were filtered carefully for noise reduction without

losing major data.
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3.2.2.2 Atomic Force Microscopy Analysis

Atomic Force Microscopic study (AFM) of the mats was carried out by scanning the samples
in all three dimensions — X, y, and z using the 5500 Atomic Force Microscope (N9410S) from

Agilent Technologies.
3.2.2.3Scanning Electron Microscopy Study

SEM analysis was done using Hitachi's FlexSEM 1000 to analyze the surface morphology of
the fabricated mats. An accelerating voltage of 10kV was selected for performing the tests. The

images were captured in magnifications of 1.0K and 10K [29].
3.2.2.4 Mechanical Characteristics Analysis

The mechanical strength (tensile strength) was measured using the universal testing machine
(Tinius Olsen 5 KT, Tinius Olsen, U.K.). The test utilized samples with dimensions of 50x 15x
0.1 mm and a tensile load of 125 N was applied at a rate of 0.lmm/min. The samples were
grasped using a clip-type sample holder with a ten mm-long gripping zone. Three samples were
evaluated for each mat. The nominal stress at which the specimens collapsed was considered

the ultimate stress of the scaffolds [30].
3.2.2.5 Swelling Studies

The dried composite mats were pre-weighted and placed in a buffer solution of different pH of
4, 7, and 9, respectively, to check pH-dependent water intake and swelling index. The
composite mats were kept in a buffer solution for 6 hrs, and the surface water was wiped off
with filter paper and weighed. The equilibrium swelling capacity (Q) of the composite mats

was measured using the following equation[31]:

_Wt—Wo

x 100
Wo

Wt and Wo are the final weights of the swollen and dry samples, respectively.
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3.2.2.6 In-Vitro Degradation Studies

For testing in-vitro degradation of the polymer composite mats, the three samples were cut into
a measurement of 10 x10x 0.1 mm and put into 15 mL of Simulated body fluid (SBF) having
a pH of 7.4 to mimic body-fluid conditions. The entire degrading process was carried out in a
shaker at 100 rpm at a temperature of 37 ° C throughout the study (21 days). SBF was changed
at two days to avoid any chances of acceleration of hydrolysis [32]. The polymer mats were
withdrawn from the SBF at regular intervals and dried in a 50 °C hot air oven until a constant
weight was achieved and the water was evaporated. Every degradation experiment was
conducted three times. The percentage of degradation (D) was computed using the following
equation [32]:
D = E x 100
Wo

Here, W¢ is the weight of sample Mat at different time intervals after being taken out of SBF,
and Wy is the initial weight of the polymer sample.

3.2.2.7 Thermal Analysis

Thermo-gravimetric analysis (TGA) determines the thermal stability of all three samples. TGA
was performed using TG 209 F1 Libra - NETZSCH. The composite mat specimens weighing
12-15 mg were heated from 30 to 600 °C at a heating rate of 10°C/min. The crucible used for
the experiments was composed of Al,Os. Differential scanning calorimetry (DSC) was
performed to analyze the thermal transition of the Mats. DSC was performed using the TA
Instruments DSC Q20 Diftferential Scanning Calorimeter (DSC). Three samples were tested,
each containing gelatin and starch in three different proportionate quantities, as indicated in
Table 1. The samples were tested between 40 and 300 °C and 10°C/min using a copper pan in

a nitrogen atmosphere.

3.2.2.8 Contact Angle Measurement and Analysis

The wettability and hydrophobicity of all three mats were tested by conducting contact angle
tests. Using the sessile drop method, a goniometer SURFTENS 4.5 (OEG GmbH, Hessisch

Oldendorf, Germany) was used to measure the polymeric Mats' static water contact angles. The
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measurements were performed with a water droplet of the volume of 2 puL. For each sample,

more than five measurements were taken in different places [33].

3.2.3 In Vitro Cell Culture on Polymeric Mats

The cell culture investigation was conducted to determine the cytocompatibility of the Mats by
using the 1929 mouse fibroblast cell line (purchased from NCCS, Pune). A 10% (v/v) heat-
inactivated FBS and 1% penicillin-streptomycin antibiotics supplemented DMEM medium
were used to cultivate the cells. Cells were kept at 37°C and 5% CO; and kept in a CO;
incubator. At 70-80% confluency, the cells were subculture and employed in the experiment

[34].

The effect of the material on fibroblast cells was tested using a conditioned medium. Briefly,
each sample was prepared at a concentration of ~1% w/v of culture medium and incubated for
24 h and 72 h at 37°C before the experiments. The Conditioned media was then used for further
toxicity tests. Briefly, Five millilitres of DMEM/FBS cell growth medium were added to 100
milligrams of Samples (SAMPLE A, SAMPLE B, and SAMPLE C), and the mixture was
vortexed for 2.5 hours. The mixture was then cultured for four weeks under aseptic conditions.
To further purify the conditioned media for cell culture assays, a PVDF, Sterile,30 mm, 0.22um-
SF141 filter unit was used [35], [36]. The cells were harvested by trypsinization and
resuspended in complete media to obtain a final concentration of 7500 cells per mL, and 100
pL of cells were seeded into each well of 96 well plates. The cells were incubated for 24h and
72h, then the media was taken out, and conditioned media (Media with the degraded material)
was added to each of the wells. The conditioned media-treated cells and the Control (Complete
media without any sample) were incubated for 24 h at 37°C. The cellular viability was checked
through the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. The
formazan crystals formed after 4 hrs. of incubation at a wavelength of 575nm using a BIORAD

ELISA Plate Reader. The following formula was used to figure out the cell viability [37]:

Cell Viability (%) = [(Sample O.D) / (Control O.D)] x 100

We used fluorescein diacetate (FDA) labeling of cell-attached MATs to evaluate the cellular
adherence efficacy of three different polymeric MATS (A, B, and C). Fluorescein diacetate
staining confirmed the polymeric mats' capacity to sustain cellular viability. A nonspecific

esterase in the cytoplasm hydrolyzes FDA, converting it to fluorescein. FDA is readily taken
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up by live cells. The resulting "fluorescein" is highly luminous, accumulates intracellularly,
and is maintained by the cell due to its polar nature. After 72 hours of cultivation on the mats,
the wasted medium was discarded from the 24-well culture plates before live-cell imaging
could begin. Polymeric mats loaded with cells were then treated with 10 mg/mL FDA (Sigma-
Aldrich, USA) in serum-free Dulbecco's Modified Eagle's Medium (DMEM) for 5 minutes at
room temperature. Mats were incubated for 24 hours, rinsed three times with sterile PBS, and
then seen under a fluorescence microscope (Magnus)e with a 465 nm filter as soon as possible

afterward

3.2.4 Hemocompatibility Assay

The hemolysis test was wused to determine polymer mats' hemocompatibility.
Hemocompatibility tests assess blood and blood component effects from blood-contacting
medical devices or materials. The hemolysis test was carried out by the procedure outlined in
a previous study [37][31]. Fresh rat blood in EDTA tubes is used to estimate the
hemocompatibility of the composite MATs. A standard sample without sharp edges was
incubated at 37 °C for 30 min in a centrifuge tube with 10 mL of normal saline. This was mixed
gently with 0.2 mL of diluted blood and incubated for 60 min. For the positive control, 0.2mL
of diluted blood was collected in 10 mL of 0.1 percent Triton X-100, and for the negative
control, 0.2mL of the blood was taken in 10 mL of normal saline solution and incubated for 60
min at 37°C. The sample was incubated at 37 °C for 60 min. After 60 min of incubation, all
test tubes were centrifuged for 5 min at 4000 rpm. The supernatant was carefully collected and
transferred to the cuvette for readings at 545 nm wavelength and percentage hemolysis [14].
The tests were done in triplicate, and the percentage of hemolysis was calculated using
(Sample — Negative Control )

. ‘ fh lvsis = x 100
Creentagezot NEMOYSIS = (b sitive Control — Negative Control

3.2.5 In-vivo cellular response and biocompatibility assay

Twelve Wistar female rats weighing 150-180 g were utilized in this experiment and divided
into four groups consisting of three rats in each group. Before the experiment, animals were
housed in a laboratory for seven days to get used to the environment. Laboratory settings
include temperatures ranging from 20 to 24 degrees °C and a 12h light-dark cycle for the

animals housed in polypropylene cages. For the trial, the rats were fed a regular meal, given
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water at will, and basic medication. Group-I was kept as the control without samples. Sample
A, B, and C were administered to Groups II, III, and IV, respectively. The rats were anesthetized
with 80 mg/Kg -ketamine and 10 mg xylazine hydrochloride /kg body weight as pre-anesthetic
[38] before creating an incision wound model for tissue transplantation. A 1 cm long tissue
wound incision was genrated using (no 10) using a surgical blade. Polymeric mats were
transplanted into the tissue wound after the incision and remained in place with the
required/necessary suturing. An injection of the painkiller meloxicam (Melnex; Intas-Polivet;
India; @ 0.2 mg/kg O.D. for three days) was used to treat the discomfort caused by the wound's
development. Each rat was housed in its well-ventilated cage, making it easier to keep an eye
on the animals and better for their general health. The tissue of the incision area was collected
after the prescribed period (14 days). All the experiments were conducted as per standard
protocol and with proper ethical permission from the Institutional Animal Ethical Committee
(IAEC) of the West Bengal University of Animal and Fishery Sciences, Kolkata, India
(approval n0.763/G0/Re/SL/O3/CPCSEA/05/2021-22 dated 26.04.2022) . The biomaterial-
coated tissue specimens were placed in a 10% formalin solution for one hour. After that, the
samples were frozen and sectioned with a microtome to produce 2 mm thick slices. It was then
examined under a light microscope and stained with a hematoxylin-eosin stain [38,39]. The

photographs were captured using a microscope and a Lecia camera.

3.2.6 Data analysis

For repeatability, all biological tests were carried out in triplicate, and the results are provided
here as the mean value, the standard deviation (SD). *, **_ *** and ****were evaluated for p
values 0.05, 0.01,0.001, and 0.0001, respectively, in a two-way ANOVA or one-way ANOVA

statistical analysis as per the data set and representation.

3.3 Results and Discussion

3.3.1 Synthesis and Fabrication of Polymeric Composite MATSs

The polymeric mats are fabricated using different compositions of Gelatin and Starch and
cross-linked using Draksha Beeaj Extract(Grape Seed Extract,Inlife). After making a blend of
the polymers, the mixture was mixed vigorously with ethanol (99.9%) in a ratio of 1:2. The
resultant material was a polymeric composite lump with a brownish colour, which might be

due to the incorporation of the extract. The whole procedure is depicted in Figure 3.2. The
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ethanol in reaction with the polymeric mixture converts the starch and the gelatin to micro-
structured granules [40] and precipitates the gelatin to induce intramolecular and
intermolecular interactions to enhance the composite property [41,42]. The ethanol
precipitation due to Hofmeister ion formation helps in the formation of a film-like structure for
the composite [43]. When ethanol is added to a polymer solution, some strongly polar and
macromolecular components become less soluble, which results in precipitation [44]. The
fabricated mat showed some elasticity initially, but it got hard when kept in the air. The
material, again in contact with water, gets soft and elastic. The Mats, when stored in a vacuum,
maintained their normal integrity. The Draksha beeja extract added to the Mat enhanced the
stability and mechanical strength by cross-linking the polymers owing to the presence of
proanthocyanidins in the extract [45]. The proanthocyanidin along with ethanol precipitation
results in more hydrogen bonds in the polymeric structure. All the Mats were synthesized under
sterile conditions in an airflow hood to avoid major contamination during synthesis. Later

during cell culture and animal study the Mats were sterilized using Ethanol and UV.

Rolling to the desired shape .

Figure 3.2: Schematic for the synthesis of Gelatin-Starch polymer composite

3.3.2 Material Characterization

FTIR analysis (Figure 3.3) was done to evaluate the presence of different functional groups,
which finally contributed to the fabrication of the Mats. To evaluate the chemical effect of the

draksha beeja supplement in the mat, a simple composite of starch and gelatin was compared
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to that of the draksha beeja incorporated mats. The aim was to check whether the draksha beeja
extracts impart any chemical change in the composite, although the major aim of the study is
to evaluate the overall chemical functional group of the whole composite Mats. A distinct peak
was observed for all three samples at around ~3400 cm™. At 3425 cm™!, the absorption peak
could be assigned to the O-H stretch of hydroxyl groups present in the sample. This region also
corresponds to the presence of an amine. As the sample is composed of starch and gelatin and
both -OH and -NH> groups are abundant in starch and gelatin, respectively, the high intensity
of the peak in this region is justified. Samples with draksha beeja showed a peak at 2842 cm™,
which was not significant in simple composite without draksha beeja; the peak at 2842 cm’!
typically corresponds to the C-H stretching vibration of aliphatic compounds. Amide I and 11

peaks in gelatin were observed at around 1650 and 1550-1500 cm™!

, respectively[46]. The
peak of amide III in gelatin was seen around 1200 cm™'. However, the samples with drkasha
beeja showed a fine and distinct peak at 1635 and 1328 cm™'. FTIR peak 1635 cm™! is typically
associated with amide I (C=O stretching vibration in peptide and protein). It is usually a strong
peak and can be used to identify the presence of proteins and other biomolecules. The peak
1328 cm™! is typically associated with amide III (N-H bending vibration in peptide and protein).
It usually has a weaker peak than amide I and is sensitive to secondary structure and
conformational changes in proteins and other biomolecules. The shifting in peak and presence
of a distinct peak indicates the polymeric interaction between starch and gelatin, which can be
facilitated due to the presence of Draksha beeja. The Draksha beeja is rich in proanthocyanidin
and is also considered a crosslinking agent [45], which has possibly contributed to the
interaction of the polymers. Due to the reaction between amino groups of gelatin and hydroxyl
groups of starch, a slight shift of the peaks can be seen. This shifting points towards the
involvement of amide groups in the cross-linking reaction. The incorporation of GSE helped
in crosslinking of the composites, and the use of a natural product as a crosslinking agent could

certainly promote sustainability and reduce the use of synthetic chemicals as crosslinking

agents.
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Figure 3.3: FTIR analysis of all the three polymeric composite MATS

The AFM results (Figure 3.4) show that sample B is the better material among the three in
terms of smoothness. The root means square height (RMS) gives us an idea of the surface
roughness of the sample (Table 3.2). Sample A (254 nm) and C (229 nm) have a high roughness
value compared to sample B (56 nm). Also, the maximum peak height and pit height values are
high for samples A and C. In both cases, we can say that the gelatin granules are not well
embedded in the matrix and have higher roughness, resulting in a huge topological gradient.
Sample C has a lower RMS value than sample A, indicating its higher surface smoothness. The
overall characterization suggests that samples B and C possess a smoother surface with few
irregularities compared to A, which can help in good cellular attachments. A smooth surface
promotes cellular proliferation and is less allergic when used for biological applications
[47,48]. The difference in roughness is due to different compositions of starch and gelatin.
Sample B with 1:1 showed the best smoothness may be due to an equal proportion contribution
of starch and Gelatin, which in turn avoided the presence of unreacted grains of gelatin or

starch. The uneven blends for Sample A and Sample C caused poor miscibility and thus caused
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phase separation of the components [49], while a homogenous surface morphology is observed

for the blend with the same proportion mixing of Gelatin and Starch.
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Figure 3.4: (a-c) AFM analysis of Sample A, B & C, respectively.

Table 3.2: AFM RMS values of each sample

Parameters Sample A Sample B Sample C
RMS (Root mean square height) in nm 254 56 229
Sp (Maximum peak height) in nm 735 170 714
Sv (Maximum pit height) in nm 636 161 479

SEM images of the samples were analyzed to study the composite Mats's surface morphology
and structure details at different magnifications (1000x and 5000x). Sample A shows a very
high aggregation of gelatin granules in certain pockets. In figure Figure 3.5 (a) the doughnut-
shaped gelatin granules are not properly embedded in the starch matrix which is because of the
higher (2:1) gelatin: starch ratio. The higher surface roughness of the Mat is because of these
gelatin granules, which is confirmed by the AFM Sq value (Table 3.2). The material also lacks
pores because of its high inhomogeneity. Sample B shows well-dispersed gelatin granules in

the starch matrix (fig. 3.5 b), and many pores are visible in Figure 3.5 (b). This composition
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has the best blend of gelatin and starch (1:1), giving rise to a smooth surface structure which is
confirmed by the low Sq value of AFM. Sample C shows well-embedded gelatin granules in
the starch matrix Figure 3.5 (¢). The number of gelatin granules is visibly more compared to
sample B and has a higher roughness, as observed from the Sq value of AFM. Bigger pores are
observed in this sample compared to sample B Figure 3.5 (c). The granule-like structure is
mostly microparticles of gelatin and starch, which got precipitated due to agitation using
ethanol. Structures of all the samples pointed to a self-assembled polymeric network pointing

to the Inter-penetrating polymeric Network (IPPN).

Figure 3.5: Scanning Electron microscope images of the polymeric MAT a) Sample A, b)
Sample B, c¢) Sample C at different magnifications 1000x and 5000x.

In addition to the physio-chemical properties of composite polymers, it's also important to
understand the polymer's mechanical characteristics. Figure 3.6 points to the tensile stress-
strain curve, Young’smodulus, ultimate stress, and ultimate strain (%) of the different
compositions of the composite polymer. Figure 6(a) represents the characteristic stress-strain
curve of the composite polymers at different compositions, i.e., different mixture ratios. Stress-
strain curve confirmed the elastomeric nature of all Mats. Sample A (Gelatin: Starch —2:1)
exhibited very poor mechanical properties with Young's modulus, ultimate stress, and ultimate
strain of 1.137+0.146 MPa (Figure 6b), 0.129+0.15 MPa (Figure 5c¢), and 5.57+0.98 % (Figure
6d), respectively. The gelatin, in general, is unstable and contributes to poor mechanical
properties when used in a hydrogel formulation. Thus, a greater proportion of gelatin might
have affected the overall mechanical property of Sample A. Sample B showed better
mechanical property with a young modulus value of 3.384+0.08 MPa. The ultimate stress and
ultimate strain were observed to be 11.46+.91 MPa and 5.75+1.2 %, respectively. Sample B
indicated considerable tensile strength due to the presence of an equal amount of gelatin and

starch. Sample C exhibited a maximum young modulus among the three samples with a
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calculated value of 3.60+ .11 MPa. The presence of starch might have contributed to this
increased mechanical strength. The ultimate stress and ultimate strain of Sample C were found
to be 11.033+1.30 MPa and 4.19+0.24 %, respectively. The mechanical properties of Samples
B and C were quite strong and closely resembled human tissues, such as soft collagenous tissue,

cartilage, ligaments, etc. [50].

—=— Sample A "
14 ’ gamp:e 2 . - s
ample 7 ﬁ
12 /'| .
o
£~
104 -
= 3
[v] E}
o 'g 2
S =
n
8 2
2 6 2
& >
4
Sample A Sample B Sample C
2 o
{b) -
4 * ,—|
0 1./|'| T T M T 1 159 *x ns 8 s s
0 1 2 3 4 5 6 7 8 _ — El Sample A
o _ —
Strain(%) % mm Sample B S
o 10 B SampleC T
17} ;=
@ 3
(a) @ ® 4
2 k]
™ 54 £
£ E,
5 i 2
o
Sample A Sample B Sample G o
Sample A Sample B Sample C
(c) (d)

Figure 3.6: Mechanical Characterization of the three polymeric MATs (a) Stress-Strain Curve
(b) Comparative Young's modulus (¢) Comparative Ultimate Stress and (d) Comparative

ultimate Starin

It's necessary to look at a scaffold's capacity to retain liquid in it while evaluating its suitability
for tissue engineering. Structure, physical condition, the flexibility of the chain segment, and
interactions between the molecules can all impact biomacromolecule swellability [51]. Figure
3.7(a) points to the swelling capacity at the equilibrium of all three polymeric composite Mats
at three different pH levels. All three Samples with different compositions of gelatin and starch
showed the lowest swelling at pH 4, i.e., in acidic conditions, followed by approx. doubling
swelling at pH 7(Neutral) and maximum swelling at pH 9(Basic). Sample A showed maximum
swelling among other samples in acidic conditions (pH 4) with a swelling index of 102.86 +
1.9%. Samples B and C exhibited a swelling index of 100.64 + 1.2 % and 72.68 &+ 2.4 % at pH
4. In neutral pH (pH=7), both Sample A and B showed almost similar swelling properties with
a swelling ratio of 229.06 £ 4.7 % and 224.9 + 14.69%, whereas Sample C showed a
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considerably less amount of swelling (144.87 +2.6 %). At basic conditions, all three samples
showed superior swelling capability. Sample A, Sample B, and Sample C showed a swelling
index of 2050.15 £ 37.44%, 2022.54 + 23.72 %, and 1890.34 + 24.71%, respectively, at a pH
of 9. The maximum swelling index at a pH of 9 might be due to leaching out of draksha beeja,
which is more likely to diffuse out at basic conditions. The maximum swelling also indicates
maximum release of the active component, i.e., draksha beeja extract, into the fluid; thus, it
could be effective in delivering the draksha beeja extract to sites with higher or basic pH like
infected sites[52]. Thus, this polymeric mat-based scaffold could be very helpful in healing

tissues with infections.
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Figure 3.7: (a) The swelling percentage of all the three composite MATs in different pH, (b)

Percentage degradation of polymeric MATs in SBF at a different time interval

One major drawback of a polymer-biomaterial for clinical application in tissue engineering can
be its low degradation rate within a certain period. In the case of our samples, all three samples
show optimal degradation after each time interval( Figure 3.7b). After an interval of 7 days, all
the samples can be seen to have degraded by 22% to 35%. After an interval of 7 days, Sample
C exhibited a degradation of 35.406 + 2.38 %, and Sample B also showed similar degradation
of 33.385 + 2.46 %. Sample A, although, showed a lesser degradation rate of 22.73 £+ 2.78 %.
After the interval of 14 days, both samples B and C have shown almost the same degradation

rate of 65.14 = 3.07 % and 65.46 £ 2.33%. In this case, also Sample A has shown a slow
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degradation of only 47.17 + 3.69 % after 14 days. In the case of the final interval of 21 days,
degradation of all the samples can be seen in the range of 76% to 85%. Sample A, as in earlier
cases, showed a very slow degradation rate of 76.27 £+ 2.70%. Sample B showed a maximum
degradation of 85.19 + 1.98%. In-vitro degradation of Sample B and C exhibited almost 80%
degradation in just 21 days hence pointing to the effectiveness of these materials for various

tissue engineering applications[53,54].

Thermal characterization is an important characterization for biomaterials to check their
stability. All three polymeric composite Mats showed thermal stability up to a temperature of
around 130 °C. The TGA graphs (Figure 3.8(a)) show the weight loss of the polymeric
composite through a temperature range of 30 -600 °C. The initial dip in the thermograph is due
to the evaporation of adsorbed water for all film samples. The weight loss at the second stage
for Sample A is 11.427 %, for Sample B is 14.631 %, and for Sample C is 11.273 %. This
weight loss can be attributed due to the polymer chain decomposition of Gelatin and Starch.
Finally, at the third stage, a weight loss of 29.65 %, 27.22%, and 26.33% were observed for
Samples A, B, and C, respectively. This weight loss might be due to the decomposition of
polymeric chains and small carbon and hydrocarbon molecules present in the polymeric
composite mats. All three mats exhibited good thermal stability, and this increase in thermal
stability might be due to cross-linking of the -OH group of the starch and the amine group of
the gelatin. Interestingly, it should also be noticed that Sample B had much less residue than
Sample A and Sample C (more than 20%). This could be due to the optimum mixing of the
ingredients that produced a completely biodegradable composite. For Samples A and C, the
excess amount of gelatin and starch, respectively, would have caused more residue even after
the temperature of 600°C. The process of cleaving long polymer chains under heating,
generally in the absence of air, is termed pyrolysis [55]. Pyrolysis temperature between 500-
800 °C leads to forming biochar from biogenic wastes such as corn stover [56]. It has also been
highlighted that extensive pyrolysis for cellulose-based samples initiates around 300 °C [57].
Hence, under an N; atmosphere, the TGA process at high temperature might have attributed
forming of biochar that eventually contributes to the mass retention of samples beyond 500 °C.
A similar three-stage thermal degradation up to 600 °C for pure starch of different origins has
been observed by Pigtowska et al. A mass retention of around 20% has been observed in the
temperature regime of 600 °C and beyond [58]. The sharp peak in DTG graphs for all the
samples represents that the maximum mass loss rate occurred at the second stage of thermal

degradation. Blending gelatin and starch improves thermal stability when compared to pure
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gelatin films due to increased interaction between blend constituents, enhancing dissociation
energy [59]. However, in the second stage of degradation, starch could disrupt the structure of
gelatin and enhance degradation [60]. Furthermore, no significant conclusion could be drawn
for enhanced mass loss of sample B at the third degradation stage. One possible explanation
for the disparity could be the variation in inorganic impurities [61]. It is to be noted that mass

loss (similar to sample B) has also been reported in the literature[62].
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Figure 3.8: Thermal Characterization of the three Polymeric Mats (a) Thermogravimetric

Analysis of the three Mats. (b) Differential Scanning Calorimetry of the Samples

We also carried out differential scanning calorimetry (DSC) and the corresponding DSC
thermograms to learn additional details about the glass transition temperature (Tg) of the
polymeric Mats and calculated the Tg of the three different Mats are shown in Figure 3.8(b).
For all three samples, obtained thermograms indicate that the first major endotherm peak was
present at about 70° - 80°C. This temperature lies in the range of Tg of Starch. To be highly
specific, the first major endotherm peak for Samples A, B, and C lies at 75.83, 75.25, and 76.07
°C, respectively. Two endothermic peaks corresponding to the Tg values could be observed for
all the samples below 100°C, indicating the two constituents maintained their integrity in the
composite systems. The Tg value around 80°C is contributed by gelatin [63], and Tg near 40°C
is contributed by starch[64]. The Tg of Starch varies with moisture content. Above Tg of

gelatin, the small exothermic peak could be attributed to the molecular relaxation of gelatin.
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The peaks beyond 140° C correspond to the degradation, and it is to be noted that composite
with high gelatin content displayed enhanced temperature for degradation that might be due to
the denaturation. Hence, sample C displayed the highest degradation temperature, followed by
samples B and A. The increase in the degradation temperature might be due to the restricted
mobility of gelatin chains due to enhanced participation in cross-linking with grapeseed extract.
Proanthocyanidin, one of the main ingredients of grape seed extract, successfully cross-links
gelatin with amide and ester linkage[65]. Hence, an increase in gelatin content might have

increased the cross-link density.

The contact angle measurement of the three polymeric Mats was done, and the results are
depicted in Figure 3.9. Gelatin and starch are both hydrophilic polymers, and the composite
Mats exhibited significant wettability properties. Sample A, B, and C showed a contact angle
of 55.235°, 27.284°, and 55.299°, respectively. All the samples showed a contact angle below
60° hence indicating the hydrophilic nature of the mats. Sample B showed the lowest contact
angle owing to its highly smooth surface, as indicated by AFM and SEM studies. A lower
contact angle indicates higher hydrophilicity. It has been proposed that hydrophilicity is a
critical factor in cell adhesion[66]. A range of cell activities, including cellular attachment, can
be regulated by the adsorption of blood proteins, which are hydrophilic in nature. Contact
angles have been utilized to identify non-thrombogenic surfaces, despite the lack of a
correlation between the wettability of the surface and the thromboresistance. Good blood
compatibility is more commonly found in materials that create tiny contact angles when in
direct proximity to blood rather than in materials that produce high contact angles[67]. From
the above fact, it can be assumed that the Mats will be biocompatible and hemocompatible in
nature, considering the contact angle value. The equal combination of the polymers showed a
better wettability property than that of the othernature, considering the contact angle value. The

equal combination of the polymers showed a better wettability property than that of the others.
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Figure 3.9: Contact Angle for all three polymeric composite MAT.

3.3.3 Cellular Morphology and Viability response of the Polymeric MATSs

The in-vitro cytotoxicity assay of all three samples, i.e., Sample A, B, and C, was assessed
using the 1929 Cell line after 24 h and 72 h of treatment using conditioned media. Figure 3.10
represents the MTT assay and the cellular pictographs of the cells after treatment with
conditioned media. Here control means the cell with no treatment and is considered 100%
viable. MTT assay results from both the time point showed that all three samples have superior
cellular compatibility with cellular viability of over 90% for all the cases. Sample A showed
cellular viability of 83.28 + 3.3 % after a 1-day interval and 91.90 + 1.51% after 72 h of
treatment, and sample B showed cellular viability of 113.82+ 9.14 % after 24h and 99.57 +
2.05 % after 72 h, which was the maximum among all three samples. Sample C also showed a
cell viability of 97.29+ 6.35 after 24 h and 90.28 + 1.50 % after 72h(3 days). Cellular images
also pointed out that all the cells treated with conditioned media of respective samples
maintained their normal integrity and structure. Cells that were in contact with Sample B
conditioned media also showed some signs of proliferation for both time points (Figure 3.10
(¢), (g)). Overall, in-vitro cytotoxicity assay using MTT and cellular images pointed out that
all three Mats showed superior biocompatibility and hence could be used further in tissue
engineering applications. Cells exhibited normal growth within the three-day interval, and all
the cells treated with Samples A, B, and C showed no signs of toxicity. These Mats could also
help in cellular attachment and enhance cellular proliferation. The Mats hence fabricated, could

be a promising material for Tissue Engineering applications.
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Fluorescence Image of L929 Cells attached to the Mats

Fluorescein diacetate (FDA) staining of the cell-attached mats was performed after 72 h of
incubation to observe live cells/cell viability and the cell proliferation status on the Polymeric
Mats. All three samples showed good cellular attachments with proliferating cells (Figure 3.10
(j))- Mat B and C also showed good cellular interconnection among each other's thus would
promote good cell-to-cell communication [68]. The Cell population was found to be maximum

in Mat B, followed by Mat C. Good cell adhesion was confirmed for all three samples.

3.3.4 In-vitro Hemocompatibility Assay

The average hemolytic index value of the three polymeric composite Mats is depicted in Figure
3.11. The hemolysis percentage of Samples A, B, and C were 2.543 + 0.318 %, 1.546 + 0.34
%, and 1.87 £ 0.25 %, respectively. The hemolysis percentage of Sample A was found to be
significantly different from that of B and C. All the samples were hemocompatible, as the
percentage of hemolysis for all the samples was less than 5%. Although Sample A had a higher
hemolysis index than Sample B and C., Sample B showed minimum hemolytic effect with (%)
hemolysis of around 1.5 %. Sample B could be considered close to being highly
hemocompatible as per standard. Material can be categorized as highly hemocompatible,

hemocompatible, or non-hemocompatible by ASTM F756-00 (2000) if its hemolytic index
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values are less than 2%, within 2%—5%, and more than 5%, respectively [69]. A higher value
of OD is associated with increased red blood cell (R.B.C) hemolysis because the materials put
greater osmotic pressure on the blood cells. From the results, it could be easily pointed out that
samples B and C are highly hemocompatible and could be used for proper biological

applications.

Figure 3.11: Hemocompatibility index of the three polymeric composite MATs (SAMPLE A,
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3.3.5 In vivo Biocompatibility study

The biocompatibility and the in-vivo study of the Mats were performed by implanting the
materials into the inner layer of skin rats. The implantation technique and the effect of the
implantation after 14 days have been depicted in Figure 3.12(a). Tissues from the sacrificed
rats were made into slides and were stained using hematoxylin and eosin dyes to observe

(Figure 3.12b) the histology of the tissue.
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Figure 3.12: In-vivo studies of the Mats (a) Implantations of Mats underneath the rat skin. (b)

Histopathology of the tissue samples from the site of implantation.

After the 14th day, it was examined that all the material had been degrading, and no such tissue-
level infection in the implanted area was observed, and it was also observed and found that
treated one with polymeric biomaterial MATs (Samples A, B and C) showed excellent
biocompatibility and degradation than the control. Sample A showed almost 70% degradation,
whereas Sample B and C showed complete degradation; notable tissue recovery was also seen
in the Rats implanted with the Mats. To be highly specific, Rats treated with Sample B showed
almost full healing, whereas the control and the other two samples did not show full closer of

the wound created for implantation.
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The histopathological analysis of sample A showed proliferation of blood vessels and
hyalinization, with perivascular inflammatory cell infiltrate, and also the presence of edema
was noted. Histologically, angiogenesis could be observed as the formation of small capillary
buds, sprouts, or tubes extending from existing blood vessels into adjacent tissue areas. During
angiogenesis, endothelial cells proliferated to form small buds or sprouts that penetrated the
surrounding tissue. This sprout then lumenizes, forming a tube-like structure that could connect
to other sprouts and form a functional network of blood vessels. The new blood vessels appear
as small, thin-walled tubes or capillaries, often with a surrounding halo of proliferating
endothelial cells. Hyalinization was the term used in histology to describe a condition where a
normal cellular tissue or organ becomes more homogenous and appears glassy or eosinophilic
under microscopic examination. It was associated with the accumulation of a proteinaceous
substance called hyaline, characterized by the pinkish deposition deposited at the site, which
had a glassy or translucent appearance under the microscope [70]. It could be composed of
various proteins, including collagen, elastin, and other extracellular matrix proteins. Collagen

production was moderate.

Sample B exhibited the proliferation of fibroblasts increased collagen production, and a clear
indication was present pointing to the ongoing process of repair. Histopathological changes in
the section of sample B were appreciated with abnormal deposition of collagen fibers in an
unorganized or disordered manner. This could occur in various organs and was associated with
chronic diseases or conditions. In this fibrosis, collagen fibers were deposited in a random and
chaotic pattern without any clear direction or alignment. This led to the formation of dense and
rigid scar tissue, which could impair the normal function of the affected organ. On a
microscopic level, haphazard fibrosis was characterized by the presence of thickened collagen
bundles, along with other changes such as the accumulation of inflammatory cells and the

formation of normal tissue architecture.

Sample C showed chronic inflammatory granulation tissue formation with the presence of
lymphocytes and plasma cells. On a microscopic level, tissue appeared as a highly vascularized
and cellular tissue, with a loose and disorganized extracellular matrix. The tissue was composed
of a variety of cell types, including fibroblasts, myofibroblasts, macrophages, neutrophils, and
lymphocytes. Fibroblasts were responsible for producing collagen, which provided structural
support to the wound, while myofibroblasts were specialized fibroblasts that could contract and
were found to be in the middle of the reparative tissue. Macrophages were involved in the

clearance of dead cells and debris, which were observed in the sub-peripheral region and
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secreted growth factors that promoted tissue regeneration. Both monomorphic and
polymorphic cell populations were seen to be infiltrated peripheral areas and moderately

populated.

In control, mild chronic inflammatory cell infiltrate was noted along with mild fibroblast
proliferation, and a focal area of necrosis was also seen. The inflammatory response in
subcutaneous tissue was characterized by localized fluid accumulation preceding degenerative
changes, although the extent of tissue damage and inflammation was limited. The presence of
a limited number of inflammatory cells, especially the monomorphic population, which was
distributed roughly in the lesion on histologic examination, was consistent with a mild
inflammatory response. The desmoplastic reaction was noted by fibrocystic hyperplasia with

spindle-shaped nuclei having moderate production of collagen surrounding the lesion.

3.3.6 Discussion

The development of tissue engineering techniques has cleared the path for the use of newly
grown tissues in the treatment of a wide range of human health problems[71]. The Scaffold is
the central part of tissue engineering, functioning both as a cell reservoir and a support
system[72]. Though effective standards for these biomaterials have not been well-articulated
for a long time, the necessity for biodegradability and prior FDA clearance for use in medical
devices has dominated the material selection process[73]. Despite advances in scaffold
construction techniques, significant challenges related to the immunogenicity,
biocompatibility, and biodegradability of synthetic materials exist[74]. The solution to this
pressing issue may be found in nature, specifically in the utilization of natural products as a
scaffold for tissue engineering through the application of appropriate engineering techniques.
In this study, we explore a natural product-based scaffold fabrication strategy for use in tissue
engineering. Keeping the concept of circular economy and sustainability in mind, an all-natural
product-based material has been fabricated. Starch is an important polysaccharide that the
human body needs. This naturally abundant polymer is biocompatible and inexpensive, making
it a promising candidate for use in tissue engineering[75]. Gelatin, on the other hand, is a
denatured collagen-based protein that is biocompatible, biodegradable, non-immunogenic,
non-toxic, and inexpensive[76,77]. Since both starch and gelatin are extremely hydrophilic,
starch-based scaffolds were crosslinked to provide the best possible swelling and degradation
properties. Three different compositions were prepared for different testing. The inclusion of

Draksha Beeja from Inlife (Grape Seed Extract) worked dually: the phytochemicals present in
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grape seed extract (95% Proanthocyanidins) acted as an anti-oxidant which would help in
cellular proliferation, and on the other hand, Proanthocyanidins is also reported as a
crosslinking agent that helped in crosslinking Starch and Gelatin naturally which any use of
toxic chemicals. Morphological characterization of the Mats showed a smooth surface along
with the presence of pores. Sample B showed a good porous structure along with large
micropores. The scaffolds' porosity and microstructure reduce the mass transmission
limitations, allowing enough nutrition and oxygen passage across the scaffold to affect cellular
permeation and promote healthy cellular migration and regeneration[78]. Smaller pores allow
for a more uniform distribution of nutrients over the scaffold, but their reduced surface area
hampers cellular adhesion[79]. Here AFM data points out the large surface area of the scaffolds.
All three Mats showed superior biocompatibility. MTT assay data revealed that all the Mats
were capable of holding the cells, thus qualifying for being a proper scaffold. Over time, .929
cells were seen to attach and adhere effectively to the surface of all three Mats. Surface
topography and substrate morphology are two particularly important aspects of biomaterials
that affect how cells respond to them [80]. Importantly, microfibers' surface qualities determine
whether fibroblast cells adhere and spread over the material [81]. Fibroblasts are known to
prefer a hydrophilic and flat surface for optimal proliferation [82]. For this reason, L929 cells
adhered well to and multiplied in abundance on a Gelatin and Starch-based medium.
Hydrophilic substances, including gelatin and starch, and Proanthocyanidin [83], stimulated
cell proliferation. The pours structure of the Mats, high surface-to-volume ratio owing to the
formation of microstructure, and superior wettability all contributed to their efficacy as a
medium for cell contact and proliferation. In terms of cellular proliferation, Sample B fared the
best. In-vivo study also pointed to the biocompatibility of the Mats. Mat B and C exhibited
complete degradation in 14 days and Mat A showed around 80% degradation. Degradation in
a biological system is an important factor in Tissue Engineering. The period of 14 days is highly
crucial as after tissue defect the fibroblast growth and tissue modeling start during this time
point [84]. Thus, the scaffold would support the full fibroblast growth phase in any tissue
reconstruction. Work with gelatin and starch is mostly limited to food packaging with very little
focus on biocompatibility or biomedical application (Table 3.3), but this work extends further

to the use of composite Mats for Biomedical applications.
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Table 3.3: Details of Gelatin and starch-based MATS used for different applications ( Some

recent studies)

hydrochloric acid,
glycerol.

found.

phytochemically
and improved
food shelf life
and quality,
although proper
biological

characterization

Materials used  |Bio- Application |Discussion Reference
Compatibility
Assay or Test
related to
Biomedical
Application
Native corn starch,[No such Study|The coating on|No Crosslinking|[85]
native waxy corn|performed refrigerated  |agent was used,
starch, modified grapes and no studies
waxy corn starch, pointed to the
Gelatin type A, Mats'
glycerol, sorbitol. biocompatibility.
Native manioc|{No such Study|Edible The use  of|[86]
starch, acetylated|performed packaging natural
and crosslinked plasticizers was
manioc starch, indicated, with
Gelatin type A, no indication of
glycerol, sorbitol the
biocompatibility
of the films.
Cassava  Starch|No Such Data|Novel Samples 3%|[87]
powder,  bovine|was found packaging for|FEO/5%  Nano
gelatin  glycerol, raw fresh| TiO2 were
liquid sorbitol, pistachio selected as the
Essential oil best sample for
fennel, Nano bio  packaging,
TiO2, AbbasAli but no data was
pistachio cultivar. indicated
regarding the
biocompatibility
of the films.
Apart from this,
there was no
indication of
further studies.
Gelatin, waxy|No Data related|Packaging The composite|[88]
starch, sodium|{to  biomedical | material in the|film was well
periodate applications was|food industry |characterized
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was not indicated
in the work.

Furcellaran, local |[S/F/G films with|Food The use of films|[89]
potato starch,|OEL showed |packaging containing S/F/G
gelatin, lavender|anti-oxidant and |material with OEL
essential oil antimicrobial in food,
ability, which is preservation
S/FIG — Starch/|an advantage to could be limited
Furcellaran/ retard the because of their
Gelatin oxidation physical
OEL - Lavender|reaction in food properties, such
Essential Oil and can be as high values
used for of solubility and
prolonging the low values of
shelf life of tensile strength
packed foods
The higher value
of solubility of
S/FIG films with
OEL IS
disadvantageous
for their
application in
foods with high
water content.
Cassava  starch,|Test not done  |Food Overall no data([90]
Sodium hydroxide, packaging was  presented
glacial acetic acid, material showing the
gelatin extract prospect of the
from chickens, material  being
glycerol. used as
Biomaterials or
in Tissue
Engineering
approaches.
Commercial No such|Packaging The work [[59]
cassava starch, |biological  test/material majorly focused
Recycled gelatin, |was investigated. |instead of|on the
commercial plastic characterization
glycerol. of the composite
material without
any indication
related to its
biocompatibility
or any other
biological
properties.
Food-grade potato|A primary|Food The composite|[91]
starch, citric acid,|Biodegradation |packaging film showed the
lithium chloride, |[study was done |material possibility of
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potassium acetate, being utilized as

magnesium an eco-

chloride friendly

ammonium nitrate, composite films
magnesium nitrate, for food
sodium  chloride, packaging and
potassium chloride coating in the
gelatin, sorbitol. future. The study

is majorly a basic
fabrication and
characterization-
based study with
no indication of
its
biocompatibility.
Corn starch, citric|Test not done  |Coating The composite |[92]
acid, calcium material ~ for|films/coatings
chloride, gelatin, fruits and|exhibited  that
sorbitol. vegetables coating materials
potentially
enhanced the
shelf life of
cucumbers,
although  their
biocompatibility
was not
evaluated.

The brief literature review points out that most of the work done using gelatin and Starch was
used majorly for food packing. This work would open a new horizon of using gelatin and

starch-based mats for biomedical applications.

It is up to the future generation to make sustainability a mainstream topic of conversation [93],
and it is the responsibility of the older generation to make clear the significance of the
management of goods and existing resources in determining the quality of life for both the
current and future generations [94]. So, understanding the results of a project isn't the only
thing that's important after it's done. It's also important to evaluate and keep track of a series of
actions that can lead to new research in the future, such as expanding and creating scenarios
that help people learn more about how design affects different fields of knowledge and the
great benefits that can be gained. In conclusion, the most important and fundamental suggestion
of this study is to find new ways to ensure that information about sustainability, circular
economy, and sustainable development pervades all demographics and communities around

the globe [95]. This includes people of all ages and backgrounds.
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This polymeric scaffold indeed showed various promising properties to qualify to be used in
future tissue engineering, but few modifications and further study could make it closer to the
goal. The degradability of the scaffold in the biological system should be tailored to support
tissue growth for a longer time. The inclusion of some FDA-approved synthetic polymer could
be thought of to attain the goal. A further detailed study could be done at the cellular level as
well as organ-specific in-vivo could be carried out to evaluate the proper function of these

polymeric biomaterials.

3.4 Inference

Herein, we developed a mat or film-like structure composed of starch, gelatin, and Draksha
beeja extract (Grape seed extract). Detailed characterization of the film indicated that the
phytochemicals from the extract would have played a key role in the cross-linking of the
biopolymers. The film is also found to have a rough surface with macropores and was found to
be hydrophilic in nature. The hemocompatibility assay indicated no blood toxicity and more
than 80 % cell viability was noted for all the 3 Mats. In-vivo testing showed high
biocompatibility and no toxic reactions. The mats degraded after 14 days, promoted cellular
proliferation, and accelerated wound healing based on histological examinations. Most
importantly, these films would be very effective for use as in-vivo tissue engineering scaffolds
as they showed almost 100% cellular viability and thermo-mechanically resembled that of
some soft tissues. Thus, it could be inferred that the fabrication of the gelatin and starch-based
Mats loaded with Draksha Beeja Extract could pave the way towards sustainable tissue
engineering using different food or non-food wastes with bioactive ingredients and hold
immense potential in biomedical applications. This initial study although pointed various
aspects of sustainability in biomaterials with the use of completely natural product,but the
material fabricated had a lot of drawbacks like fast degradation, low structural stability and
mechanical stability. Thus in the following work, we would first try to extract grape seed
directly from the waste thus promoting a circular economy and finally fabricating a sustainable
material using that grape seed extract and finally evaluating its effect on inflammatory

cytokines hence nullifying the effect of dysregulated GSK-3.
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Chapter IV

Development of winery waste-derived

Proanthocvanidin-Rich Grape Seed Extract-Based Gel for

Modulating Inflammatory Responses in Wound Healing




4.1 Background

"The Grapes are sour" is a famous idiom adopted from the Greek writer Aesop's famous fable
about a fox that cannot reach some grapes on a tall vine and declares that they are sour[1].
From stories to science, grapes (Vitis vinifera) have always been in discussion for ages. Grapes
are rich in phytochemicals and have high nutritional value, so it is widely used in our daily
lives for their health-beneficial properties. The use of grapes ranges from the wine industry to
the food industry, and not only that, grapes play a significant role in pharmaceuticals [2]. In
addition, grapes are rich sources of polyphenols, vitamins, and minerals[3]. Grape seeds are
even good polyphenols and are also used as a rich source of proanthocyanidins[4]. Therefore,
grape seed extracts are being commercially sold in markets for their health benefits property.
Grape Seed extracts are super-rich antioxidants, including phenolic acids, anthocyanins,
flavonoids & oligomeric proanthocyanidins complexes (OPCs), providing 360-degree health
benefits [4]. These extracts are primarily used for their anti-inflammatory and antioxidant
activity. In addition, regular uptake of these extracts may boost the body's overall immunity.
Due to the presence of various phytochemicals, proanthocyanidin-rich grape seed extracts
could play a significant role in curing various diseases and supporting multiple health issues.
Recently Grape seed proanthocyanidins have gained substantial attention owing to their
extensive range of biological and pharmacological properties [5]. Although research indicates

that around 75% of global grape output goes toward the wine business[6].

Wine business is financially profitable[7-9]. The public has not looked down on the business
because of the large amounts of garbage it produces, the significant quantity of water resources
it uses, or the extensive amount of land it occupies. Because of this, it has flourished, leading

to increased garbage production[10].

Recycling food, energy, synthetic materials, and chemicals will be a major trend in the next
decade as people seek out more eco-friendly ways of doing things. One of the most important
steps in developing sustainable energy sources is finding creative ways to recycle and reuse

materials, such as biochemical wastes for medical purposes[11][12].

Grape seeds are widely used in various disease models, from cancers to cardiovascular
diseases[13,14]. Some studies also showed its potential as a wound-healing agent[15-17] , but
only a few studies are done at the cellular level in-vitro, and the molecular mechanism of these

proanthocyanidin-based extracts in wound healing yet needs much attention.
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Wounds are life-threatening physiological conditions. Wound healing process is the mending

of skin or soft tissue injuries[18].

Chronic wounds do not heal despite receiving adequate and proper treatment. Managing such
wounds is not an easy task. Debridement, irrigation, antibiotics, tissue grafts, and proteolytic
enzymes are currently utilized to treat chronic wounds[19,20]; however, they all have
significant limitations and unpleasant side effects. In the era of natural treatment, scientists are

finding alternatives to treat various diseases without any major side effects[21].

Topical, systemic, and antibacterial treatments help heal surgical and traumatic wounds [22].
These topicals may cause oversensitivity, resistance, and re-epithelialization[23,24]. Thus,
several treatments are under investigation. Plant remedies help heal wounds. Grape seed extract
containing proanthocyanidins treats wounds, cancer, cardiovascular disease, stomach ulcers,
obesity, and skin irritation[25]. Collagen, and elastin, formation is promoted by
proanthocyanidins[26]. Proanthocyanidins accelerate wound healing by reducing edoema and
increasing blood flow[27]. Grape seed extract volatility and bio-absorption are still the key

difficulties. Proanthrocyanidin-based extract can be delivered using an appropriate agent.

This work attempts to bridge the gap between alternative treatment and conventional treatment
by finding the effect of proanthocyanidin-rich grape seed extract as a potential wound healing
agent. This work also aims to promote sustainable technology by using waste to formulate
therapeutic agents. Grape seeds, in general, are not edible, but many people use them as a
supplement to boost health and hence can be considered a non-conventional plant product.
Thus, this study aims to use this waste material directly derived from the Indian winery and
optimize its extraction process to check its efficacy as a potent wound healing agent both in-
vitro and in-vivo . In order to deliver it topically a Starch Glycerite based gel was formulated
for easy delivery of the extract loaded Gel directly to the wound site. The Glycerite based gel
would potentially help in better absorption of the extract at the wound site . Few studies pointed
to the use of proanthocyanidin as a potential crosslinking agent. Hence, this study could find a
potential dose that could help in designing biocompatible material for many research studies

and could point out the multi-functionality of these extracts.
4.2 Materials and Methods

4.2.1 Extraction and Optimization

The grape pomace waste from the Vinsura Winery Pvt.Ltd, Nasik was collected and the seeds

were sorted and cleaned. The dried seeds were crushed and the extraction procedure was carried
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out at different gradients of ethanol (Merck) solution (40% to 90 %). Ethanol was chosen above
any other solvent because is relatively safer (less toxic) and has a polarity index value of 5.2
which makes it very suitable for extracting different phytocompunds from the seeds[28].
Briefly, around 2 gms of crushed seed was added to 20 mL of different percentage (40-90 %)
of ethanol solutions. The mixtures were agitated in a shaking incubator (BOD Shaker INC ) at
37° C for 1h and then the mixtures were kept in a 4° C freezer for the cold maceration process
for 48 hours. After 48 hours the mixtures were taken out and centrifuged at 10000 rpm for
around 10mins to precipitate down any undissolved or suspended particles. Finally, the
supernatant from each was scanned from 200 nm to 800nm using a UV-VIS spectroscopy
(Carry 60) to identify the maxima peak of proanthocyanidins which in the literature is
mentioned to be at around 270nm[29]. The gradient in which the maximum peak was obtained
was taken into consideration. The extract was concentrated using a rotary evaporator and finally

lyophilized to get powder form.
4.2.2 Total Proanthocyanidin Content Assay

The proanthocyanidin contents of the selected extract were determined by the vanillin - H2SO4
method [30][31]. Briefly, an extract solutions of 200 pL was added to 500 pL of 1.2%
vanillin(SRL) solution and 500 pL of 20% H2SO4 (Merck) solution in methanol. The reaction
was carried out in the dark at room temperature for 20 min, and then absorbance was measured
at 500 nm. Proanthocyanidin contents were expressed as a (+)-catechin (Sigma-Aldrich)
equivalents (mg CE/g extract). The standard curve of catechin was prepared using different

known concentrations of catechin hydrate.

4.2.3 Total Phenol Content

The total phenolic contents of the ethanolic extracts of Grape Seed were estimated using the
Folin Ciocalteau reagent as described elsewhere[32]. The calibration curve (Figure 1) was
plotted by mixing 0.5 mL aliquots of 100, 200, 400, 800 pg/mL Gallic acid solutions with 2.5
mL of Folin Ciocalteu reagent (diluted tenfold) and 2.0 mL of sodium carbonate solution (7.5
%). The absorbance was measured after 30 min at 765 nm. The phenolic content of the extract
was estimated by performing a similar experiment and the phenolic concertation was calculated

from the standard curve.
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Figure 4.1: Standard Curve for Gallic Acid for detection of Phenol
4.2.4 FTIR analysis

The Fourier transform infrared (FTIR) spectrophotometer is the gold standard for determining
the nature of chemical bonds (functional groups) in a given substance[33]. The FTIR spectrum
was obtained from the powdered extract that had been dried. Translucent sample discs were
prepared by encapsulating 5 mg of the dried extract powder in 100 mg of KBr pellet. Using a
Shimadzu FTIR Spectroscope (IR Affinityl, Japan) set to scan from 400 to 4000 cm’,

powdered samples of each extract and catechin (reference sample) were analysed.
4.2.5 LCMS/MS analysis of the Extract

In order to predict the probable phytochemicals the extract was subjected to LCMS analysis
using Eclipse Plus C18 (150 x 2.1mm-5 MICRON). The mobile phase was composed of solvent
A: water +0.1 % of formic acid, solvent B: 90% Acetonitrile + 0.1 % of formic acid. The flow
rate was 0.3mL. The elution was performed starting at 5% of B increased up to 100% B after
30 min. The injection volume was 5 pL for the measurement in negative mode. The library

search was performed by using the software
4.2.6 Dosage Preparation

The main aim of the study is to prepare a selective dose which would be highly effective for
wound healing in the cellular level. The extract was freeze-dried to obtain powder form and

finally, a stock of Img/mL was prepared to be used for further experiments.
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4.2.7 Cell Viability Assay

L929- A mouse fibroblast cell line was used to assess the cell viability (MTT) assay. The L.929
cells were maintained in DMEM High Glucose media supplemented with 10 % FBS alongwith
the 1% antibiotic-antimycotic solution and 1% L-Glutamine (200mM) in atmosphere of 5%
CO 2, at 37° C temperature maintained in the CO2 incubator and sub-cultured for every 2days.
Cell viability was assessed by measuring the mitochondrial reductase activity of the viable
cells. Grape seed extract at different concentration of 500, 250, 100, 50, 25 and 10 ug/mL was
used respectively to treat the cells grown in 96 well plates. After incubating the plate for 24, 48
and 72 hours at 37°C in a 5% CO2 atmosphere respectively, the spent was removed followed
by adding MTT solution into the wells @5 mg/mL concentration, there after incubating the
plates for 3 more hours. Then all the solutions were removed followed by addition of the
DMSO to dissolve the MTT formazan crystals. The absorbance was then read on a
spectrophotometer or an ELISA reader (BIORAD) at 595 nm wavelength. % cell viability was

calculated by using following formula[34],

Abs. of the sample treated cell

Copar x1
Cell Viability Abs. of the control untreated cell 00

%

By labelling the GSE-treated cells with fluorescein diacetate(FDA), we could see whether or
not the (Grapes seed extract) GSE was able to keep the cells alive. FDA is degraded by a
cytoplasmic esterase to create fluorescein. "Fluorescein" stays attached to the cell and emits
intense fluorescent light due to its polarity[35]. Before live cell imaging could begin, the wasted
medium from the 24 well culture plates had to be removed after cells had been cultured with
GSE at a concentration of 100pg/mL for predetermined time periods of 1, 2, and 3 days. The
cells that had been pretreated with GSE were then incubated with 10 pg/mL of freshly produced
FDA (Sigma-Aldrich, USA) in serum-free Dulbecco's Modified Eagle's Medium (DMEM) for
5 minutes at room temperature. The FDA-treated Cells were washed for 3 times and then seen

under a fluorescent microscope with a 465 nm filter (Magnus Fluorescence Microscope).
4.2.8 Scratch Assay

The capability of migration for L929- mouse fibroblast cell line was evaluated by using cell

scratch assay to measure the augmentation of the cell population on surfaces. Seeding of the
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cells was done into 12 well cell culture plates in DMEM high glucose growth medium with
added fetal bovine serum, where the cell concentration was 0.25 million cells per well. Almost
70-80 % of confluent cell monolayers were formed by maintaining all optimum conditions. A
linear wound was made on the monolayer by using a 200 pul pipette tip by holding the long
axial of the tip perpendicular to the bottom of the well. Cellular debris was removed by D-PBS
washing. The growth medium containing grape seed extract (100 png/ml) was added followed
by incubation for 24 hours. An inverted biological binocular microscope was used to
photograph the scratched areas at 0, 12- and 24-hour intervals. Areas between the scratch edges
were calculated by image J, processing software. The closure rate of the layers was calculated

by the following formula,

% of Wound Healing = (Inltlal Area — Final area/lnitial area) x 100

Where the initial area is the area value at 0 hours and the final area is the area value at 12h and

24h. A triplicate experiment was done which was finalized by calculating the mean value.
4.2.9 Assessment of Cellular Morphology using Cytoskeleton and Nucleus staining

L929 Cells were cultured in glass slides placed in 12 well plates with a density of 105 cells/mL
and incubated in a CO2 incubator at 37°C for 24 hours to achieve 70-80% confluence. Cells
were treated with a selected dose of Grape Seed Extract (GSE) and the control was left blank
with no treatment. The whole system was incubated for 24hrs. After incubation, the cells were
washed and fixed with a 4% paraformaldehyde solution and permeabilized using 0.1% Triton-
X 100. After washing the cells 2-3 times with PBS and stained with 10pL of Fluorescein
Phalloidin and incubate for 90mins at room temperature and counter-stain the cells with 10uL
of DAPI solution (1ug/ml) for 10min in the absence of light before imaging. The cells were
observed in ZEISS LSM 880 Fluorescence live cell imaging system (Confocal Microscopy)
with filter cube with Excitation 341 nm and Emission 452 nm for DAPI stain for blue channel

and for Fluorescein Phalloidin with Excitation/Emission: 496/516 nm.
4.2.10 Cell Cycle Analysis

The cells were seeded at a density of 2 x 10° cells/2 ml in a 6-well plate before being incubated
in a CO2 incubator at 37°C for 24 hours. A control group of cells was not treated and allowed
to grow for 24 hours before being treated with GSE extract at 100 pg/mL. The cells were
centrifuged at 2000 rpm for 10 minutes after treatment and washing. The cells were

resuspended and then fixed in 70% ethanol at 4 °C for two hours. The cells were fixed, then
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washed twice with PBS, centrifuged at 2000 rpm for 10 minutes, and finally plated. After 30
minutes in the dark, the pellet was broken up by vertexing and resuspended in 400 L of
PI/RNase staining buffer. The cells were then analyzed by flow cytometry (BD FACS Calibur,
BD Biosciences, USA).

4.2.11 ROS Analysis and Antioxidant Study

ROS were analysed by generating them with hydrogen peroxide and then detecting them with
a stain made from 5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate (DCFDA).
The cells were grown in Dulbecco's modified Eagle medium (DMEM) at 37 °C for one night
after being seeded at a density of 2 x10° cells/2 ml on a coverslip in a 12-well plate. The cells
were adhered for 24 hours, then pre-incubated with GSE (100 pg/mL), and finally exposed to
H202 (0.75 mmol/L) for 1 hour. After being exposed to DCF-DA (10 uM), L929 cells were
incubated in DMEM devoid of FBS for 30 minutes at 37 °C in the dark. Fluorescence
microscopy was used to analyse the results following two washes in phosphate-buffered saline
(PBS) to remove the unreacted probe (Magnus). Images were taken, and the software Image J

was used to calculate mean density values.

The free radical scavenging activity (RSA) was performed using DPPH method. Different
concentration of the GSE extracts (25, 50, 100, 250, 500, 1000, 2500 pg/mL) were used. A
volume of 2.5 mL of 0.04% DPPH solution was mixed with 0.5 mL of all concentrations of
extracts separately. After 30 min incubation at room temperature in dark, the absorbance was
taken at 517 nm in triplicates for each concentration. Ascorbic acid was used as a standard
antioxidant. Water was used as a control. The percent inhibition of free radical formation was

calculated as follows:

{Abs Control - Abs Sample}
RSA(%) = Abs Control x 100

4.2.12 CAM assay

To conduct the chorio-allantoic membrane assay (CAM assay), fertilised chicken eggs were
incubated for 7 days. White chicken eggs were fertilised and collected from the State Poultry
farm in Tollygaunge. The eggs were disinfected in 70% alcohol and then placed in an incubator
set between 37 and 38 °C and 70 and 80% humidity. Two to three millilitres of albumin were
removed using a hypodermic needle of 18 gauge through a tiny hole bored in the narrow end
on the second day of incubation. Again, the window was taped over and put into the incubator.

On day three of incubation, a little square hole was drilled into the shell. Sterile normal PBS
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(pH-7.0), and 100pg/ml GSE were used to impregnate in the vehicle of control group and test
group, respectively. The eggs were put back into the incubator and left there for another 48
hours. Upon removing the eggs from the incubator at the end of the incubation period, CAM-
treated eggs were photographed and analysed for the presence of blood vessels. Careful count

was taken of how many vessel forks was there in the photographs.

4.2.13 In-vitro anti-Inflammatory Assay using RAW Cells in an LPS-induced

inflammation model
4.2.13.1 Cell Viability assay using RAW cells

Raw 264.7- Mouse monocyte/ macrophage cell line (NCCS, Pune) was used to assess the cell
viability (MTT) assay. The RAW 264.7 cells were maintained in DMEM High Glucose media
supplemented with 10 % FBS along with the 1% antibiotic-antimycotic solution and 1% L-
Glutamine (200mM) in atmosphere of 5% CO2, at 37'C temperature maintained in the CO2
incubator and sub-cultured for every 2 days. Cell viability was assessed by measuring the
mitochondrial reductase activity of the viable cells. Grape seed extract at a concentration of
100 pg/ml was used to treat the cells grown in 96 well plates. After incubating the plate for
24hrs at 37°C in a 5% CO2 atmosphere, the spent was removed followed by addition of the
MTT solution (0.5 mg/ml) into the wells and incubated the plates for 3 more hours. Then all
the solutions were removed following by adding DMSO to dissolve the MTT formazan
crystals. The absorbance was then read on a spectrophotometer or an ELISA reader at 570nm

wavelength. % cell viability was calculated by using following formula,

% Cell Viability = Abs. of the sample treated cell % 100
0 e VIADIILY = A bs. of the control untreated cell

4.2.13.2 Nitric Oxide Inhibition Assay

Cultured cells upon 70-80% confluency, seeded in 96 well plates with a density of 20,000
cells/well were incubated for 24 hours followed by removing the spent media. Stimulation of
the cells was done with 1ug/ml of Lipopolysaccharide (LPS) for 2 hours in all the wells except
in untreated well and cells were with the different concentrations (100-400 ug/mL) of given
test compound i. e. GSE, and thereby incubation at 24 hours. After the incubation, the
supernatants from all the wells were collected and washed by using PBS. 100 pl of culture
supernatants mixed with Griess reagent followed by incubation at 37°C in the 5% CO2

incubator for 2 hours. The absorbance was measured at 580 nm in a Multimode Microplate
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Reader. Values of total Nitric oxide for each sample from the standard curve were calculated

by using the following formula,

o (y — intercept))
Total NO inhibition study = [(Corrected Absorbance —

Slope

4.2.13.3 ROS Estimation

Cells were seeded in a 6-well plate at 0.5 x 10° cells per 2 ml of growth media. The plate was
then incubated overnight in a 37°C CO2 incubator. On day 2, the spent media was aspirated
and the cells were rinsed with 1 ml of 1X PBS. The cells were treated with 1pg/mL
lipopolysaccharide (LPS) for 2 hours to produce inflammation. Next, the GSE extract was
added to the culture media in separate wells, and the cells were incubated for 24 hours. One
well was untreated as a control and in another well there was no LPS treatment. The media was
collected from all wells and the cells were rinsed with PBS after treatment. The cells were
detached with trypsin-EDTA solution and harvested and centrifuged. The cells were
resuspended in 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) working solution and
incubated at 37°C for 30 minutes after discarding the supernatant. The cells were resuspended
in DPBS for flow cytometric measurement of reactive oxygen species (ROS) levels after

centrifugation and washing (488 nm).

4.2.13.4 Assessment of the key inflammatory cytokines like TNF-alpha, IL6, and NF-kB

Cells were seeded in a 6-well plate at 0.5 x 10° cells per 2 ml of growth media. The plate was
then incubated overnight at 37°C in a CO2 incubator. On day 2, the spent media was aspirated
and the cells were rinsed with 1 ml of 1X PBS. The cells were treated with 1pg/mL
lipopolysaccharide (LPS) for 2 hours to produce inflammation. Next, the GSE extract was
added to the culture media in separate wells, and the cells were incubated for 24 hours. One
well was untreated as a control and another well only LPS treatment with no drug were
performed which acted as a Positive control for Anti-inflammatory marker expression. The
media was collected from all wells and the cells were rinsed with PBS after treatment. The cells
were detached with trypsin-EDTA solution, harvested and centrifuged. Reading for three sets

for TNF-alpha, IL6, and NF-kB were taken in triplicate for each.

For checking the expression of TNF-alpha cells were fixed with Iml cold 70% ethanol and
incubated for 30 minutes and finally centrifuged. The cells were washed twice with PBS and

10uL TNF a - FITC Antibody (Cat No: 562082, BD Biosciences) was added and incubated for
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30 minutes in the dark at room temperature (20° to 25°C)[36]. The cells were then analyzed by
flow cytometry (BD FACS Calibur, BD Biosciences, USA, Cell quest pro software).

For checking the expression of IL-6, cells were fixed with 1ml cold 70% ethanol and incubated
for 30 minutes and finally centrifuged. The cells were washed twice with PBS and 10uL IL 6 -
PE Antibody (Cat No:554545, BD Biosciences) was added and incubated for 30 minutes in the
dark at room temperature (20° to 25°C)[37]. The cells were then analyzed by flow cytometry
(BD FACS Calibur, BD Biosciences, USA , Cell quest pro software).

The expression of the NF-KB was analyzed using Fluorescence microscope technique.
Keeping the basic cell culture procedure same the only difference was that the cells were
cultured on glass slides. One well was untreated as a control and in another well only LPS
treatment with no sample kept for treatment which acted as positive control and one well with
both LPS and GSE. After the treatment for 24hrs the cells were washed for 2times using PBS
and cells were fixed using 0.5 mL BD Cytofix/Cytoperm solution (RRID:AB 2869008, BD
Biosciences). After proper washing cells were stained using 10pL of PE anti-NFkB p65
antibody (#558423, BD Biosciences) for 30mins and counter stained with 100uL of DAPI
solution (lug/ml) for 10min under the absence of Light before imaging. Cells were analysed
under ZEISS LSM 880 Fluorescence live cell imaging system (Confocal Microscopy). Images
were analysed by ZEN Blue Software and recorded and the expression of NFkB-p65 is

measured using Image J software.
4.2.14 Formulation of Starch -Glycerite Gel loaded with Grape Seed Extract

For topical delivery of the GSE at the wound site Starch -Glycerite gel was chosen. Firstly,
Starch Glycerites are purely natural with zero use of synthetic polymers and are also highly
biocompatible. The Starch-Glycerite Gel was created in accordance with the standard protocol
[38]. Briefly, 10 gm of starch were weighed and combined with 20 ml of cold water until a
homogenous mixture was created. 70 ml of glycerine was poured into the mixture, the entire
volume was agitated until homogeneity was once again achieved. The beaker and its contents
were then transferred to an electric hot plate with an accurate temperature controller. The
temperature was so precisely controlled that the heat rose very slowly, and the dish was stirred
continuously. The hottest temperature recorded within the evaporating dish was 110 °C . After
some hours, a transparent, viscous liquid was formed, which was then cooled and loaded with
the grape seed extract. The final GSE concentration in the gel was made to 1mg/ml so that

after 10x dilution with media, the effective concentration obtained will be 100 ug/ml.
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4.2.15 Rheological Characterization of the Starch -Glycerite Gel

The rheological measurements of ointment sample was performed using rheometer device
(RheolabQC, Anton Paar). All experiments were performed in rotation mode with parallel
plate—plate with each plate diameter of 25 mm. 10 ml of ointment sample put onto lower plate
of the rheometer and the gap size between two plates was adjusted at 1 mm. The rheological
tests were carried out in shear rate control mode to determine shear stress (o) and viscosity (1)

as a function of shear rate (yn). The shear rate was raised linearly from 1 to 1000 s™! for 300s.
4.2.16 In-vitro Cytocompatibility of the Starch-Glycerite Gel

In vitro, the cellular response was observed by separately culturing L.929 (NCCS Pune ) on
contact with the ointment. Before proceeding with the cell culture studies, the ointment/gel was
exposed to UV light for 20 min . Around 5000 cells were seeded on a 96-well plate and around
20ul of the gel was added to the well so that the final concentration of the extract remained as
100ug/ml. The whole system was maintained at 37 °C, 5% CO2, and 95% relative humidity
for the required time. The cellular viability of the was analysed using MTT assay and FDA
staining assay at three different time points i.e 1,3 and 7days.The detailed protocol of MTT

assay and FDA staining is already mentioned in the earlier sections.
4.2.17 In-vitro Hemocompatibility of the Starch -Glycerite Gel

Hemolysis Studies using fresh rabbit blood in an EDTA tube are used to estimate the
hemocompatibility of the prepared Starch-Glycerite Gel. A 25ul prepared sample was
incubated at 37 °C for 30 min in a centrifuge tube with 1 mL of normal saline. 0.2 mL of diluted
blood was added, mixed gently, and incubated for 60 min for the negative control. 0.02 mL of
diluted blood was collected in 1 mL of 0.1 per cent sodium carbonate solution for the positive
control and incubated for 60 min at 37 °C. In a similar manner, the sample material was
incubated for 60 min at 37 °C. After 60 min of incubation, all test tubes were centrifuged for 5
min at 4000 rpm, and the supernatant was carefully collected and transferred to the cuvette for
readings at 540 nm wavelength to compute % haemolysis[39]. The hemolysis percentage is

computed from three replicate averages.
4.2.18 In-Vivo Animal Experiments

Animal models were used to study the biological effects of the GSE-loaded Starch-Glycerite
Gel according to the rules of the Institutional Animal Ethical Committee (IAEC) at the West

Bengal University of Animal and Fishery Sciences in Kolkata, India
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(763/GO/Re/SL/03/CPCSEA/05/2021-22 dated 26.04.2022 approval no. of TAEC of West
Bengal University of Animal and Fishery Sciences.). We looked at how skin wounds healed on
rabbits, both male and female, that weighed between 1.5 and 1.8 kg. The animals were put into
three groups randomly, and their skin wounds were checked at three different times: on day 7,
day 14, and day 21. Before the wounds were made, the animals were anesthetized with xylazine
hydrochloride (6 mg/kg body weight; Xylaxin, Indian Immunologicals, India) and ketamine
hydrochloride (33 mg/kg body weight; Ketalar, Parke-Davis, India) injected into their muscles.
Before making wounds, betadine lotion was put on the rabbits' backs and the dorsal surface of

their mid-thoracolumbar area was cut off under sterile conditions.

According to the procedure, three full-thickness wounds (each 20 mm in diameter) were
produced on the dorsal mid thoracolumbar region of all the rabbits to evaluate the wound
healing process in an animal model. Two wounds were used as controls; one was closed with
the commercial ointment Topicure Gel (Vea Impex), while the other was treated with GSE-
loaded Starch-Glycerite Gel and the third was left untreated. Every other day, a new outfit was
worn. Meloxicam (Melex, IntasPolivet, India; @ 0.2 mg/kg O.D. for 3 days) was injected as
an analgesic to help with the pain associated with wound development. Each rabbit was
provided with its own spacious cage in a clean, well-lit home so that its health could be
monitored more easily. Photographs of the wounds were taken at 0, 3, 7, 10, 14, and 21 days
to evaluate the healing process. After analysing the images with Image] software, we

determined the wound closure rate using the equation below:.

Wound Size at Day zero

Wound A %) =
ound Area(%) Wound Size at specific time

Tissues from the wound site were taken on days 7, 14, and 21 for histological,
immunohistochemistry, and biochemical analysis of ECM component to determine the success

of the healing process.

The hydroxyproline estimation of the tissues of 7,14 21 days were done using Hydroxyproline
estimation kit (Hydroxyproline (HYP) Colorimetric Assay Kit (Acid Hydrolysis Method), E-
BC-K062-M) following the protocol provided by the manufacturer.

Following their removal from the wound bed on days 7, 14, and 21, the recovered tissues were
cleaned in normal saline and stored in 10% neutral buffered formalin until they could be
processed for tissue sectioning. Tissues were dried in a series of ethanol concentrations,

paraffin-embedded, and sliced using microtome into Sum slices, and then mounted on glass
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slides for examination. Tissue slices were stained with Haematoxylin and Eosin for a
histological evaluation. Masson's trichrome technique[40] and Verhoeff's Van Gieson method
[41] were used to stain collagen and elastin, two additional connective tissue components of the

ECM. The bright-field microscope was used to take the pictures (Leica DM 2000, Germany).

Immunohistochemistry of tissue sections was further carried out to evaluate the synthesis of
collagen type I and CD 31/PECAM 1, a marker of angiogenesis in the wound bed using
Vectastain ABC kit, Vectors lab, U.K . Immunohistochemistry was performed following the
protocol discussed elsewhere [42]. The CD31 positive signal was used to calculate the
microvascular density. Blood vessel development was defined as the appearance of brown,
lumen-containing endothelial structures and the separation and clustering of endothelial cells.
We saw and measured at least three distinct domains in each group. The data was presented as

a mean =+ standard deviation.
4.3 Results and Discussion

4.3.1 Extraction and Optimization

Preparing plant extracts in an ethanol-water combination is advised since it is safe for human
consumption[43]. However, there is no such report were a proper cproportion of ethanol: water
is given which can extract maximum proanthrocyanidin ( a condensed tannins and flavonoids
derived from flavan-3-ols) from grape seeds[44]. It is well proven that grape seeds are rich in
proanthrocyanidin however this study showed that the proanthrocyanidin content of grape seed
extract vary with the ethanol: water ratio. Catechins and Proanthocyanidins have a lambda max
of around 278nm in the UV range when scanned from 200-800nm[45]. Because of these
features, we were able to determine the optimal solvent extraction ratio that would allow for
the maximal extraction of proanthocyanidin from grape seeds. After extraction, the solutions
were centrifuged and the finally extorted phytochemicals in the solvent were scanned in the
UV-Vis spectrophotometer. The extraction with 70% ethanol-water showed the maximum
absorbance at around 278 nm (Figure 4.2a) after 2 days of cold maceration. As absorbance is
directly proportional to the concentration it could be well established that 70% ethanolic
solvent extracted maximum proanthrocyanidin. The extraction mixture was then concentrated
using a rotary evaporator and finally lyophilized to get powder extract. The powdered sample
was then dissolved in solvent (70% ethanol) and was scanned in an UV-VIS spectrophotometer
to confirm the peak. A sharp peak was observed at 278nm (Figure 4.2b) confirming the

presence of proanthocyanidin.
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4.3.2Total Proanthocyanidin Content Assay

The total amount of proanthocyanidin in the GSE was found to be maximum in the 70%
ethanolic extract (203.4111 = 7.545 mg CE/g extract). The 60% ethanolic extract had similar
value but slightly lacking behind with a proanthocyanidin content of 186.802 + 5.044 mg CE/g
extract (Figure 4.2c¢).

4.3.3 Total Phenol Content

Total phenolic content of GSE extract was found to be 435.2217 pg/mL Gallic acid equivalent
from the Gallic acid standard curve [Figure 4.1] hence reflecting the effectiveness of the plant

in scavenging free radicals.
4.3.4 FTIR analysis

The FTIR spectra of both grape seed extract and catechin are same, suggesting the existence of
functional groups or chemical bonds that are comparable between the two compounds (Figure
4.2D). The peaks at 3357 cm™!, 1618 cm!, 1523 cm™!, 1448 cm™!, 1365 cm!, 1286 cm™!, 829
cm™, 970 cm™, and 1286 cm™ and the 771 cm™ were common in both the spectra of catechin
and grape seed extract which indicates the presence of molecular components with similar

functional group.

In contrast to grape seed extract, the FTIR spectrum of catechin shows extra peaks at 1228 cm”

11074 cm™, and 1020 cm™".

The stretching vibration of O-H (hydroxyl) groups is often related with 3357cm’!, suggesting
the presence of alcohol or phenolic chemicals in both grape seed extract and catechin. The C=C
stretching vibration at 1618 cm™! correlates to the presence of aromatic rings in both samples.
It indicates the presence of aromatic chemicals like flavonoids or phenolic compounds. The
C=C stretching vibration in aromatic rings is responsible for 1523 cm™!, which supports the
existence of aromatic chemicals in both grape seed extract and catechin. The bending vibrations
of -CH2 groups at 1448 cm-1 are connected with the existence of aliphatic chains or saturated
hydrocarbons. The bending vibrations of -CH3 groups account for 1365 cm™!, showing the
existence of methyl groups or aliphatic chemicals in both samples. The stretching vibration of
C-O bonds is often related with 1286 cm’!, suggesting the presence of esters, carboxylic acids,
or other oxygen-containing functional groups in both samples. The bending vibrations of C-H
bonds dominate at 970 cm’!, indicating the presence of aliphatic molecules or saturated

hydrocarbons in both grape seed extract and catechin. The existence of aromatic chemicals in
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both samples is further supported by the fact that 829 cm™ is frequently connected with the
rocking vibrations of aromatic C-H bonds. The bending vibrations of C-H bonds are commonly
assigned to 771 cm’!, indicating the presence of aliphatic molecules or saturated

hydrocarbons[46][47].
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Figure 4. 2 : UV-VIS scan of GSE extract , extracted with different ethanolic solvent ratio(a)
The UV-VISIBLE scan of the dried extract in solvent (b) ; Total proanthrocyanidin content of
different extracts of Grape seeds(c); FTIR of catechin and GSE.

4.3.5 LCMS/MS analysis : The extract was subjected to LCMS analysis with ESI/MS coupled
to the system. Since negative ion mode (ESI) has less interference from the environment, it
was selected. The LC-MS Total Ion Chromatogram(TIC) and mass spectrum of the negative
ionization mode is in shown (Figure 4.3) by summing up intensities of all phytochemical mass
spectral peaks belonging to the full scan. 3 major compounds were detected using the database
with two duplicates. The first and third compounds correspond to the same compound,
procyanidin B6(Proanthocyanidin) , which has the formula C30H26012. The score values for
this compound are relatively high (99.12 and 98.94), indicating a strong match with the
expected chemical structure. The RT value estimated was 3.925 for compound 1 and 4.559 for

compound 3 [Table 1]. The second compound corresponds to (-)-epicatechin, a flavon, which
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has the formula C15H140¢. The score value for this compound was calculated to be 97.76 with
a RT value of 4.206. Epicatechin is also abundant in grapes, therefore, it could directly present
as an analyte but chances are there that this is a fragment of procyanidin B6
(Proanthocyanidin)[48,49]. The fourth and fifth compound correspond to N-
undecylbenzenesulfonic acid, which has the formula C17H23803S. The score values for this
compound were somewhat lower than that of the epicatechin and proanthrocyanidin. N-
Undecylbenzenesulfonic acid is an arenesulfonic acid that is found in waste water amongst

bioactive compounds[50].
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Figure 4.3: LCMS analysis of the optimized Grape seed extract from winery sources.

Table 4.1: List of Compounds with Score, Mass, m/z and RT detected by LCMS/MS

Name Formula Score Mass m/z RT
Procyanidin B6 Cs0 Hz6 O12 99.12 578.1425577.1353 3.925
(-)-Epicatechin Ci5 Hi4 O¢ 97.76 290.0798 289.0726 4.206
Procyanidin B6 C30 H26 O12 [98.94 578.1428 577.1355 4.559
N-Undecylbenzenesulfonic acid C17 H28 O3 S 94.53 312.1768311.1695 16.725
N-Undecylbenzenesulfonic acid C17 H28 O3 S 96.14 312.1768311.1695 17.595
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4.3.6 Cytotoxicity assay

Assessing the toxicity of the applied extract is one of the important studies for consideration of
its potentiality. To appraise the cytotoxicity of the applied grape seed extract (GSE), 3- (45-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed on an
L.929 cell line [51]. Exposure of these cells was done in different concentrations starting from
10 meg/ml, followed by 25, 50, 100, 250, and 500 pg/ml for 24, 48, and 72 hours. The bar
diagram of cells in different exposures has been pointed out in Figure No. 4.4(a). The result
pointed, out that up to 100ug/ml the cells did not show any significant toxicity, whereas in
increasing the concentration from 250ug/ml onwards, the cytotoxicity was more as shown in
Figure no. 4.4(a). Among all the concentrations, the highest concentration where cell viability
was seen above 90 percent (highly cyto- compatible) for 100pg/ml, which was 94.34+1.5,
99.72+1.16, and 94.73+2.81 in 24, 48, and 72 hours respectively. In this mentioned
concentration, the cells did not show any significant changes compared to the control group.
The image of the 24, 48, and 72 hours of exposure has been shown in Figure no 4.4 (¢, e, and
g). The natural product extract shows toxicity at higher concentrations because, beyond 100
pg/mL, bioactive components can overwhelm cellular protective mechanisms, leading to
oxidative stress, mitochondrial dysfunction, or toxic metabolite accumulation. This

concentration-dependent cytotoxicity is common with many natural compounds[52,53].
Fluorescein diacetate assay (FDA) Staining

FDA is an esterase substrate that can be used as a viability probe. It yields fluorescein when
hydrolyzed by intracellular esterases [35]. The cells treated with GSE at a concentration of 100
pg/ml were subjected to the FDA, and result pointed that there were no significant changes
observed compared to the control group in all the three-time durations, i.e. 24, 48, and 72 hours.
The FDA images are displayed in Figure no. 4.4 (h), thus pointing to the cellular viability at
the selected dose. The result also showed some increase in cell proliferation in the GSE-treated

samples compared to the control.

173 |Page



Control GSE(100 pg/ml)

(b) (c)
(a)
DAY 1
*k
l .
‘ Xk X
(d) (e)
| x
*% |
DAY 2
I x*
l***
*% _
* W e
Fokk g : z e - B ¢ s
K] ‘ A 3 DAY 3

m 24 hes e - = e ;

48 hrs

M 72 hrs i

(h)

25 Control

% Cell Viability
=
o ~ =)
=] o o =]
e
-
———————————————
S ———
e B
"
e —
—————————
————
—————————————
P
P

SRR
8 oY oY oY oY oF
v LSS
Concentration(mg/mL) GSE(100 pg/ml)

Figure 4.4: MTT assay of GSE treated cells at differen ccentraions a; Microscopic
pictographs of control and GSE treated cells at different time points (b-g); Representative
fluorescence microscopy images of L929 cells treated with 100ug/ml of GSE at 3 different time
points (h).

4.3.7 Scratch assay

Cell migration was assessed with the help of scratch assay. In this technique, the 1.929 cell
monolayer was scraped in a straight line to create a scratch with the help of a p200 pipet tip,
followed by applying GSE 100 pg/ml [54]. The migration of cells from both sides of the scratch
was evaluated. In Figure no. 4.5 (a), it can be seen that at 0 hours, there are minimal numbers
of the cells being migrated through the scratch, whereas, in the sample-treated cells at 24 hours
there was a 69.57% of scratch closure. And finally, at 48 hours, 98.68% of wound closure have
been observed in the sample-treated cells. It indicates that the migration potential of GSE-
treated cells reaches its maximum value at 48 hours of treatment, whereas the control group
still showed minimal migration of cells through scratch (% closing value). The graphical

representation of the wound closure has been pointed out in Figure no. 4.5(b).
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4.3.8 Cell Cycle Analysis

The cell cycle is the process through which a single parent cell replicates and divides into two
daughter cells. There are four phases in this process: G1 (Gap 1), S (Synthesis), G2 (Gap 2),
and M (Mitosis)[55]. A lot can be learned about how therapy affects cell proliferation and
differentiation by looking at how cells are distributed across the various stages of the cell cycle.
Using fluorescence-activated cell sorting (FACS), we observed significantly fast cell cycle
progression in proanthocyanidin-rich GS extracts than that of blank control (Figure 4.5¢
,4.5d)) Comparatively, the proportion of treated cells in the GO/G1 phase is significantly lower
and the percentage in the S and G2/M phases is significantly higher than in control cells. This
data indicates that the use of GSE stimulates cell proliferation and division. The S phase
showed 4.31 + 0.22 % cells in control cells whereas GSE treatment showed 10.81 + 0.23 % of
cells which is significantly high. The GSE treatment also showed almost a 5% increase in the
percentage of cells G2/M phases compared to the control (Figure 5e). This suggests that the
treatment with GSE has a stimulatory effect on cell proliferation and division, which can have
a positive effect on wound healing. Increased DNA synthesis can be inferred from the greater
proportion of treated cells in the S phase. As it may stimulate more cell growth and tissue
regeneration, this may aid in wound healing.

(a) 0hrs. 24 hrs. 48 hrs.

(b)

—e— Control
—e— Sample ( GSE 100ug/mi)

Control

Sample (GSE 100ug/mL)

Figure 4.5 : Wound Healing scratch assay on L.929 cells of control and sample treated group(a)

; Percentage wound healing from wound healing scratch assay for control and GSE treated
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cells(b); Cell Cycle[: G1 (Gap 1), S (Synthesis), G2 (Gap 2), and M (Mitosis)] analysis of
control(no treatment cells) (c) , GSE treated cells (d) ; percentage of cells expressed in different

phases of cell cycle for control and GSE treated Cells(e).
4.3.9 Cellular Morphology (Fluorescence Staining of Cells)

The Control Cells and the treated cells were stained with Alexa Fluor 488 Phalloidin dye along
with Hoechst 33342 solution to stain the cytoskeleton and the nucleus of the cells respectively
(Figure 4.6(a)). Most often, phalloidin is employed to stain actin filaments, which acted as a
marker for the cell's overall perimeter. The nucleus was mostly round in shape in both control
as well as treated samples, thus indicating no nucleus degradation. The phalloidin-stained cells
showed normal cytoskeletal morphology indicating healthy cells with a well-defined nucleus
inside it. Overall, the data points to the fact that the sample GSE at a concentration of 100 ug/ml
had no adverse effects on the cells and maintained its healthy structure as compared to normal

cells with no treatment.
4.3.10 CAM assay

The development of new blood vessels is known as angiogenesis, and one popular model for
assessing this process is the Chick CAM (chorioallantoic membrane) experiment[56]. In this
assay, substances are examined for their potential to stimulate or inhibit the development of
new blood vessels. Fertilized chicken eggs are incubated for many days until the growing chick
embryo and the chorioallantoic membrane are visible through the eggshell, completing the
experiment. The CAM is exposed to the test material, and the subsequent effects on new blood

vessel formation are monitored and quantified[57].
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The overall result (Figure 4.6b) indicates an overall increase in blood vessel branching in terms
of sample application than that of the control. The significant rise in the blood vessel indicates

the potential of the GSE to induce neovascularization and promote angiogenesis.

Phalloidin Hoechst

N

(a

Control (Untreated)

Sample Treated ( GSE 100pg/mL)

= (b)

e S
Control Sample

Figure 4.6: Cellular morphology of L929 cells on treatment with GSE (a); Pictographs of the
GSE treated and Control groups in CAM assay(b).

4.3.11 Cytotoxicity assay (RAW cells)

The toxicity of the GSE was evaluated using RAW 264.7 cell line, which is macrophage-like,
Abelson leukaemia virus-transformed loosely adhered rounded viable cells derived from
BALB/c mice [58]. Cells were treated with 1ug/ml of lipopolysaccharide (LPS) and 25, 50,
100, 200, 400 pg/ml of GSE respectively. The LPS-treated cells lost their viability at almost 50
%, showing their toxicity to the cell line. Whereas the cells treated with 100 pg/ml GSE,
showed a good cell viability which is 86.68+1.62. The different concentrations of GSE till 100
pg/ml (25, 50, 100 pg/ml) did not show any significant cytotoxicity. The cell viability at
different concentrations has been graphed in Figure no. 4.7a. The highest concentration with

no significant toxicity was chosen for further experiments.
4.3.12 Nitric oxide (NO) inhibition assay

NO production by RAW 264.7 macrophage was determined by measurement of the
accumulated nitrite an indicator of NO in the supernatant [59]. NO is a signalling molecule

produced by iNOS (inducible nitric oxide synthase), that exerts an essential inflammatory
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response and its production depends upon the degree of inflammation or injury [60]. More the
injury, the more will be the production of NO. To assess the anti-inflammatory effect of GSE
in LPS-stimulated RAW 264.7 cell line, the amount of NO in the culture medium was
quantified. 100% NO production was seen in cells treated with LPS, whereas pre-treatment
with GSE (6.25, 12.5, 25, 50 and 100 pg/mL) significantly inhibited NO production in a dose-
dependent manner, and among these concentrations, cells treated with 100 pg/ml of GSE
showed lowest NO production which is 31.96+1.32. The NO production in different GSE-
treated cells including the LPS treatment has been showed in Figure No.4.7b.
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Figure 4.7: MTT assay of different concentration of Grape Seed extracts on RAW cell line(a);
Effect on nitric oxide (NO) production in RAW 264.7 cells. Production of NO was measured
in the medium of RAW 264.7 cells cultured with LPS (1pg/mL) and different concertation of
GSE (b), Fluorescence-Microscopic image for detection of NF-kB expressing RAW cells with
LPS induced inflammation on Treatment with GSE(c); Quantification of relative fluorescence

for detection of NF-kB expressing RAW cells
4.3.13 Evaluation of the key inflammatory cytokines like NF-kB TNF-alpha, and IL-6,

It has been suggested that the transcription factor NF-kB regulates the production of
inflammatory proteins in response to microglial/macrophage activation. When bacterial

endotoxin enters active macrophages, it may trigger NF-kB activation, which in turn controls
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the release of NO, iNOS, TNF-q, IL-6, and other inflammatory mediators[61,62]. In this view,
we examined the effect of GSE extract on the activation of NF-xB in LPS-stimulated RAW
cells and the cell expressing NF-«B are represented in Figure 4.7¢. Cells treated with GSE
(100pg/ml) after pre-stimulation with LPS(1g/ml) showed 1.173 in terms of Mean fluorescence
intensity of NFkB p65 while LPS (1ug/ml) alone exhibited 2.34 in terms of Mean fluorescence
intensity of NFkB p65 respectively (Figure 4.7d). Overall, the observations strongly suggest
that the Test compound, GSE-1 exhibited significant Anti-inflammatory potency compared to
the LPS-stimulated Murine macrophages by suppressing the expression of NFkB, p65
respectively. However further preclinical studies need to be evaluated to confirm its mechanism

of action related to the anti-inflammatory activity.

The percentage of Raw 264.7 cells expressing IL-6 ranged from 6.39+1.33 percent in untreated
cells upto 33.31+2.13 % in cells stimulated with lipopolysaccharide (LPS), and from
19.9242.03 % in cells treated with LPS and GSE (100 ug/ml) which was recorded using flow

cytometry to examine anti-inflammatory effects (Figure 4.8a).

Comparatively, 4.74 £1.69 % of untreated normal cells expressed TNF-alpha, 68.05 £1.54 %
of LPS-treated cells expressed TNF-alpha, and 31.55 £ 3.11 percentage of LPS and GSE treated
cells expressed TNF-alpha (Figure 4.8b).

Since the expression levels of IL-6 and TNF-alpha are lowered by about 50% with its use in
LPS-treated cells, the results suggest that Grape Seed Extract (GSE) may have anti-

inflammatory capabilities.

The anti-inflammatory experiment showed a reduction in IL-6 and TNF-alpha levels, which
may be indicative of a protective effect against inflammation. Pro-inflammatory cytokines are
essential for both the development and maintenance of inflammation and examples include
interleukin-6 (IL-6) and tumour necrosis factor-alpha (TNF-alpha). Slower healing and more

protracted inflammation are common outcomes of increased production of these cytokines.
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Figure 4.8: Fluorescence-Activated Cell Sorting analysis for detection of IL-6 (a) and TNF-a
(b) expressing RAW cells with LPS induced inflammation on Treatment with GSE.

4.3.14 ROS Analysis and Antioxidant Study of GSE extracts

The purpose of this study was to examine the effect of Grape Seed Extract (GSE) on oxidative
stress caused by inflammation in RAW cells. Lipopolysaccharide (LPS) was used to initiate
inflammation in the cells. Fluorescence-Activated Cell Sorting was used to determine what
fraction of cells expressed DCFDA (a marker for intracellular reactive oxygen species) (FACS).
The expression of DCFDA increased by 44.68 +2.97 percentage after LPS treatment. However,
DCFDA expression was drastically reduced to 29.21 + 2.06% when LPS-treated cells were co-
treated with GSE (Figure 4.9a). The fact that GSE has reduced inflammation and increased
antioxidant capacity is promising. These results suggest that GSE may aid in wound healing
by reducing the oxidative stress caused by inflammation. Since GSE therapy has been shown
to reduce intracellular ROS, this may suggest that it aids in wound healing. Healing may
proceed more smoothly if oxidative stress is mitigated and cellular function and tissue
restoration are improved. It's possible that GSE's ability to modulate immunological responses
is responsible for the observed decline in DCFDA expression. Inflammation and oxidative

stress interact to affect immune cell function, which plays a critical role in wound healing. In
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the context of wound healing, GSE's effect on ROS levels indicate that it may affect the

behaviour of immune cells, too.

It has been proven that the GSE extract has the ability to scavenge DPPH radicals. The GSE
extract showed greater radical scavenging activity in the assay, almost similar with the
reference standard, Ascorbic acid (Figure 4.9b). The EC50 value for both the compound i.e.
standard Ascorbic acid and GSE extract was calculated from the data and the estimated EC50
value for Ascorbic Acid is 41.49 pg/mL and for GSE extract estimated EC50 value is 50.98
ug/mkL.

To further investigate the effect of GSE as an antioxidant agent, test was carried out using H>O»
induced L1929 cells. There are three distinct stages of wound healing: the inflammatory,
proliferative, and remodelling phases. During the inflammatory phase, neutrophils penetrate
the wound site, where they secrete H202 and proteases to kill bacteria and sweep away dead
cells. Overproduction of H202 causes non-healing wounds by weakening fibroblast, the cell
most closely associated with the wound-healing process. DCFH-DA staining was used to
measure ROS levels, and Figure 4.9C displays the results for control cells, H202-induced cells
treated without GSE (100 pg/mL), and H202-induced cells treated with GSE (100 g/mL). The
presence of ROS is represented here by green fluorescence in the figure. In this work, ROS
levels were found to be lower in the GSE-treated group than in the H202-induced cells without
GSE treatment. The amount of reactive oxygen species produced was also measured with
image J. (Figure 9c). The levels of reactive oxygen species (ROS) in H202-induced 1929 cells

treated with GSE were lower than in untreated cells.
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Figure 4.9: Fluorescence-Activated Cell Sorting analysis for detection of DCFDA expressing
RAW cells with LPS induced inflammation(a); DPPH Free Radical Scavenging Assay(b)
Fluorescence microscopic images of L929 cells for detection of DCFDA expressing cells

treated with H>O; and Samples(c).

4.3.15 Mechanical and Biological Characterization of the GSE-loaded Starch Glycerite
Gel

The rheological data for GSE-Gel demonstrates a time-dependent decrease in viscosity
accompanied by a rise in both shear rate and shear stress (Figure 4.10a). Data was obtained
for 300 seconds (5 min). It is evident from the data collected that the GSE-Gel displays shear-
thinning behaviour, which is typically similar to most ointments and cosmetics[63]. As the
shear rate consistently increases, the viscosity concurrently decreases, indicating that GSE-Gel
becomes less resistive to flow as more shear force is applied which is a common characteristic
of shear-thinning materials. This rheological feature may have practical significance in a
variety of contexts, such as the formulation of cosmetics, where getting the right texture and

ease of application is essential.

To assess the cyto-compatibility of the GSE Gel, cell viability or MTT assay have been
performed on L929 cell line. Where at the intervals of 1, 3 and 7th day the viability has been
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studied. In all the interval points, the sample has shown to be biologically compatible. The
viability found in each time point i.e., 1, 3 and 7th, were 95.26 + 2.20, 99.86 + 1.15 and 98.40
+ 2.97 respectively. The viability is shown in the Figure No. 4.10b.

The fluorescein diacetate (FDA) assay is used in this assay as a viability indicator. In this study,
at time intervals of 1, 3 and 7th day, the GSE Gel showed similar viability as to the controls,
suggesting the gel to be highly bio-compatible. At 7" day the GSE gel-treated cells showed
even cellular proliferations. There was no significant difference between the control groups and

the gel applied samples at all the time points. The FDA images are shown in the Figure 4.10c.

The results show that GSE (Grape Seed Extract) gel has a good haemolysis index, with a mean
of around 0.547 and a standard deviation of 0.139 (Figure 4.10d). This is consistent with the
goal of minimising red blood cell disruption in clinical settings and implies that the gel has no
adverse effect on blood samples[64]. The modest standard deviation in findings is more

evidence that GSE gel is reliable for analysing blood samples.
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Figure 4.10 : Rheological analysis of the formulated GSE-Gel ( Shear Rate vs Shear Stress and
Shear Rate vs Viscosity) (a);MTT assay of the GSE gel at 3differnt time points (1,3,7 days)(b);
Representative fluorescence microscopy images of L929 cells treated with GSE gel and stained
with fluorescein diacetate (FDA) after 1,3 and 7 days of incubation(c); Analysis of
hemocompatibility of the GSE-gel by using rabbit blood.
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4.3.16 Evaluation of the In-Vivo Wound Healing in Rabbit Model

The wound healing efficacy of the GSE-Gel was assessed by application of the ointment on
full-thickness critical cutaneous wounds (Around 20mm) in the rabbit model as shown in
Figure 4.11a. The healing efficacy of the formulated gel was evaluated by measuring the
average wound area of the treatment and control groups as the healing progressed. A sharp
decline in the average wound area was observed in the GSE- gel and the standard topicure gel
treated groups in comparison to the control group. The average wound area of GSE- gel treated
group (77.84 = 1.25 %) on day 7 was significantly (p< 0.01) reduced in comparison to control
(84.83 + 3.56 %) and the standard topicure gel treated group (63.49 + 2.08 %). A sharp
reduction in the average wound area was observed on day 14 of healing whereby the GSE- gel
treated group (16.81 + 4.48 %) and the standard topicure gel treated group ( 19.84 + 1.65 %)
showed a significantly (p< 0.0001) and (p<0.01) lesser wound area than control group ( 75.24
+0.51 %) respectively. By day 21 complete healing was achieved in the GSE- gel (3.63 £5.12
%) and standard topicure ( 2.23 + 3.16 %) treated groups, the control still showed an unhealed
wound area ( 58.32 £ 6.86 %) that was significantly (p< 0.01) greater than the other
groups(Figure 4.11b).

4.3.17 Hydroxyproline quantification

The quantification of hydroxyproline can directly indicate the progression of wound healing
by the deposition of ECM components. In this study we observed a gradual increasing trend in
the deposition of hydroxyproline from day 7 to day 21 in all the groups except the control group
which showed a decline in hydroxyproline concentration even on day 21(Figure 4.11¢). The
mean hydroxyproline concentration of the GSE-Gel treated group (6.899 + 0.027 pg/mg) was
significantly greater (p < 0.05) than control group (5.67 = 0.23 pg/mg) on day 21 of study
indicating the positive impacts of the formulated gel in influencing hydroxyproline turnover

during the healing process.
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Figure 4.11: Representative gross pictures of full-thickness cutaneous wounds in the rabbit
model demonstrating wound healing by various treatments at certain time points, i.e. days 3,
7, 10, 14, and 21.(a) ; graphical representation of the average wound area (%) at the
corresponding day points determined by using Imagel software demonstrating the efficacy of
wound closure by the treatments (b); Quantification of hydroxyproline in wound-healing

tissues on days 7, 14, and 21 after wound creation. (c)
4.3.18 Histological study

4.3.18.1 H & E staining:
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To assess the morphological changes associated with the healing process induced GSE gel as
well as control groups, the H&E stained sections at various daypoints were examined carefully
(Figure 4.12a).In the control wounds a marked infiltration of polymorphous phagocytes was
evident on day 7, dermal edematous lesions along with eschar was present. The epidermal
migration was not observed and epidermis was still not formed. While granulation tissue was
poorly generated, dermal collagenization was evident in the dermal matrix. With the topicure
standard gel application, the tissue sections depicted a marked subsidence in inflammatory
infiltration, the healing was progressed with the appearance of epidermal closure with the
advancement of neo-epidermal migration. Few clots in blood vascular system was also evident.
Dermal collagenization has begun. In the GSE-Gel treated wound, inflammatory infiltrates
were seen within the blood vassels and the upper region of the dermis. Few clots were also
observed. The epidermis formation was not seen but dermal collagenization was marked in the

dermis region.

In the control wound, epithelial coverage was not seen, inflammation was prevent with large
amount of polymorphous phagocytes dominating the wound bed. Granulation tissue formation
was observed but cellular reaction was still prominent. In the standard topicure gel group,
inflammatory cellular reaction was evident on day 14 along with the appearance of granulation
tissue rich in angiogenic vessels, fibroblasts and precollagen bundles. Epidermal closure was
complete with the appearance of rete pegs. In the GSE-Gel treated group, histiocytes and
macrophages invasion was observed in the healing wound bed. Epidermal closure and
generation of a fibroblastic-collagenous granulation tissue matrix with neo vascularization was

seen.

By day 21, the control wounds depicted epidermal closure but the presence of accessory skin
appendages was scanty. Histiocytes and macrophages were observed in the collageous matrix.
In the standard topicure gel treated group, an abundant of skin appendages ; sweat glands,
sebaceous glands and hair follicles were observed. Dermal region depicted mature collagen
tissues along with a few cellular infiltration. Thus, complete skin renewal with dermal
differentiation was achieved here. In the GSE-Gel treated group, complete neo-epidermal
regeneration was observed along with the appearance of accessory skin appendages. Cellular

infiltration was evident in the dermis region. complete skin regeneration was seen.

4.3.18.2 ECM assessment
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The deposition of ECM components was closely examined by staining the tissue sections of

control and treatment groups with Masson’s trichrome staining method (Figure 4.12b).

On day 7, control wound was mostly occupied with eschar and inflammatory cellular
infiltration with a hint of scattered early collagenization in the wound bed. The immature
collagen in the lesion lacked specific organization and orientation. With the topicure standard
gel application, the tissue sections depicted inflammatory cellular debris with exudates.
Collagen deposition, mostly in its primitive stage comprising of immature strands of early
collagen were found to appear in the reticular dermis. In the GSE-Gel treated wound, the
inflammatory reaction appeared to have subsided by day 7 favouring the deposition of
collagenous matrix in the healing wound lesion. The early collagen, mostly immature type
filled up the entire wound bed with spaces in between occupied by fluid which showed no

inflammatory reaction.

The control group on day 14 of healing presented a substantial amount of pre-collagen
deposition in the reticular dermis region. The collagen appeared to be loosely arranged with
spaces having thin and long structural pattern representing early immature type of collagen
synthesis. Rete pegs was not visible but distinctive epidermis and dermis could be appreciated.
With the standard topicure gel application compactly packed strands of early collagen
deposition were abundantly visible in both the papillary and reticular dermis region. While the
papillary dermis precollagen fibres were loosely arranged, an abundance of rete pegs were also
observed. In the GSE-Gel treated wound, the healing matrix was evidenced with an abundant
appearance of precollagen fibres compactly filling up the entire papillary and reticular dermis
region. The appearance of collagen fibers in bundles and rete pegs had begun by day 14. While
the collagen was mostly immature type with thin fibers in the papillary dermis, the reticular
dermis still presented a more mature type of collagen fibers indicating early collagen

maturation in this group.

On day 21, the control wound depicted the presence of immature type of collagen strands in
the papillary dermis while a more mature type was seen in the reticular dermis region. The
collagen bundles were slackly arranged without any definite pattern being filled up with spaces
within the matrix. The rete ridges had appeared by this time suggesting its slow healing
progression. In the standard topicure gel group, mature collagen bundles were seen in day 21
of healing arranged anisotropically. However the matrix was loosely segregated in its fiber

arrangement. The adnexal structures forming the structural and functional elements of the skin
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tissues were well appreciated in this group by 21 of healing. In the GSE-Gel treated wound,
isotropically arranged group of mature collagen bundles were seen occupying the dermis
region. The thick fibres arranged themselves in a basket-weave pattern suggestive of mature
type of collagen deposition supporting the structural elements of the extra-cellular matrix.
Along with mature type of collagen, adnexal structures were abundantly renewed in the healing

skin.

The deposition of Elastin fibers were analysed qualitatively by staining the tissue sections with
Verhoeff—Van Gieson stain (VVG) method to investigate the role of the developed gel in
remodelling the ECM during wound healing (Figure 4.12¢).

After 7 days in the control wound, short, thin and scattered segments of elastin fibers were
observed in papillary dermis region. The elastin fibres appeared immature, and randomly
present in the dermis. In the standard topicure gel group, elastosis was minimal within this time
period with the appearance of clustered spots of elastic tissue randomly occupying scattered
spots of the dermis. In the GSE-Gel treated group, small thin, immature strands of elastic fibers

were appreciated at scattered spots of the epidermo-dermal section.

In the control group elastosis was moderate on day 14 of healing with only scattered spots of
elastic tissue occupying the wound bed. The thin immature fibres lacked the interlacing pattern
and dispersed over the matrix without definite orientation. In the standard topicure group fine
fibers of elastin were arranged isotropically in close association with the immature collagen
fibres in the granulation tissue matrix. An even distribution of fibres with spacing pattern was
observed in the dermis region. In the GSE-Gel treated group, an even distribution of
isotropically spaced elastin fibres in close association with the collagen fibers were seen the
dermis region. Elastic fibers was securely placed and abundantly latticed in the matrix in both;

the standard topicure and GSE-Gel treated groups

A significant amount of thick elastic fibers were observed in the control group on day 21 of
healing. The fibers appeared matured and dispersed over the dermis, however the fibers lacked
any specific arrangement and orientation making them slackly organized. In the standard
topicure group, dense elastois was evident on day 21 of healing. Thick, robust and mature fibers
of elastin tissue in close association with mature collagen bundles were observed in the reticular
and papillary dermis; however the fibers lacked the definite arrangement in the ECM and
randomly oriented. A copious deposition of thick, mature and robust elastic fibers were

observed in the GSE-Gel treated group. The fibers secured themselves with the mature collagen
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bundles that were interlaced in the ECM. The thick fibers sew themselves firmly within the
protein fibrous structural basement in a definite organizational pattern conducive to efficient

ECM rebuilding in the skin tissues.
4.3.19 Immunohistochemistry analysis

To assure the expression of mature collagen (type 1) in the healing tissue, an
immunohistochemistry examination was conducted in the retrieved tissue sections (Figure
4.12d). On day 14 of healing we observed a positive expression of collagen type 1 in all the
groups under study. However, a dense deposition was observed in standard topicure and GSE-
Gel treated groups in comparison to the control group. Similar observation followed on day 21,
where the control group expressed collagen type 1 prominently in the reticular dermis region
whereas in the standard topicure and GSE-Gel treated groups, we observed a copious

expression in both the papillary and reticular dermis emerging into the epidermis too.

Neovascularization is an essential factor in wound healing as new tissue growth is dynamically
regulated by the blood vascular supply that serves multifactorial functions in replenishing
nutrients, oxygen, and growth factors to the repairing cells and draining out metabolites thereby
conditioning the microenvironment for cellular and ECM turnover. To assess the extent of
neovascularization in the healing tissues, CD 31, an endothelial cell marker was identified by
immunohistochemical methods(Figure 4.12¢). On day 7, we observed that positive expression
for CD31 was scanty in all the treatment and control groups. By day 14 of treatment an intense
positive expression for the marker was noted in GSE-Gel treated group that was significantly
(p< 0.05) higher than the standard topicure and control groups. The markers were situated
intensively as random distributed spots covering the vast stretches of the granulation tissue and
also around sprouting blood vessels. This intense neovascularity feature by the formulated
GSE- gel is a unique feature of promoting tissue renewal by way of stimulating angiogenesis

as validated from the present study.
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Figure 4.12: Histological assessment of H&E-stained tissue slices from sample treatment and
control groups on healing days 7, 14, and 21.(a); Histological slices of wound tissues stained
using Masson's trichrome technique on days 7, 14, and 21 post-wounding to demonstrate
collagen fibres in the healing tissues.(b); Histological slices of injured tissues illustrating elastin
fibres at various time periods throughout the healing process stained by Verhoeff—Van Gieson
stain (VVG) method (c); Images of collagen type 1 deposition in the ECM by
immunohistochemistry on days 14 and 21 after healing.(d). Inmunohistochemistry pictographs
depicting the distribution of CD 31/PECAM 1 over the first 7 and 14 days of wound healing.

Neovascularization is indicated by the black arrows pointing to CD 31-positive findings.(e).

Cellular functions play a key role in regulating the outcomes of any healing process wherein
the intricate functions of cellular recruitment, migration, proliferation and maturation are
intertwined sequentially for progression towards functional healing [65]. In this perspective,
the GSE-gel designed as a wound healing agent showed immense potential in the healing of
cutaneous wounds through an activated cellular response and an efficient ECM stacking in the
wound bed. GSE-gel treated wounds represented an early wound closure as compared to both
the controls, by an effective growth of neo-epidermis and underlying tissue matrix. It
stimulated cell recruitment, enhanced angiogenesis, collagenization and ECM reconstruction
(Fig4.12b and Figure 4.12c¢ ). These functional implications could be attributed to the
synergistic roles of bioactive ingredients richly present in the GSE-gel viz the polyphenols such

as (—)-epicatechin, (+)-catechins, and (—)-epicatechin-3-o-gallate and proanthocyanidins [66].
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These bioactives exert potent anti-inflammatory, anti-oxidant, and antibacterial effects that
favourably induced the wound microenvironment towards achieving a healing state [67].
Enhanced neovascularization by positive expression of CD31 is a notable feature of wound
healing by GSE-gel (Figure 4.12e). This could be ascribed to Proanthocyanidins mediated
upregulation and secretion of vascular endothelial growth factor, a key cytokine that regulates
angiogenesis and sprouting of new blood vessels for efficient wound rebuilding as reported in

some previous study [68].

Thus, this simplistic bioactive gel-based wound healing approach has remarkable features in
terms of cost, availability, efficacy and applicability and therefore could hold surprising

benefits for the biomedical front in the future years.

4.4 Inference

This study demonstrates the potential use of a by-product of the wine industry - grape seed
extract - as a sustainable and viable resource for biomedical applications. Extraction resulted
in a proanthocyanidin-rich extract that showed great biocompatibility in vitro. In addition, the
extract showed significant anti-inflammatory and antioxidant activities, suggesting its potential
in the field of wound healing therapeutics. When this extract was incorporated in a starch
glycerite gel, the formulation showed superior wound healing properties than the commercially
available ointment and control when evaluated on a wound defect model in rabbits. The GSE
gel supported angiogenesis and attenuated inflammation, which translated into improved
healing compared with untreated control mice. This approach not only reduces agricultural
waste but also adds value to a byproduct of the winemaking industry and at the same time
aligns with sustainable and environmentally friendly practices. Utilization of grape seed extract
will reduce waste and promote the development of eco-friendly medical treatments. This study
opens new paths for the conception of effective, sustainable wound healing therapies,
signifying the potential for integrating natural, renewable resources into medical applications.
This GSE-Gel also shows a potential effect on pro-inflammatory cytokines thus it can also act
as potential therapy for GSE dysregulation as well as the high proanthocyanidins content could

act as a good crosslinking agent.
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Chapter V

Fabrication and Characterization of

Starch-PVA Thin Films Crosslinked with Proanthocyanidin-

Rich Grape Seed Extract for wound healing application




5.1 Background

The use of sustainable technologies in the field of healthcare is transforming the industry by
significantly reducing the harmful impact towards the environment while maintaining high-
quality care towards the patient. The integration of sustainable technologies into health care is
creating positive economic, social, and environmental impacts[1]. The recent advances include
the use of renewable energies, the implementation of energy-efficient designs and
comprehensive waste management systems[2].Along with this the inclusion of newer
technologies like telemedicine, electronic health records, and green pharmaceuticals is making
a big impact in reducing the carbon footprint and hence promoting eco-friendly practices[3].
All these together contribute to creating a more sustainable and health-conscious future,
ensuring superior and advanced healthcare facilities to treat patients without any harm to the

environment.

One of the biggest concerns in the field of healthcare is promoting sustainable routes for
fabricating various devices and biomaterials. Fabrication of green and effective wound dressing
material is one of the current fields of research in which scientists are focusing deeply. The
largest organ in the body is the skin which is made up of three layers called the epidermis,
dermis, and hypodermis[4]. It serves as a barrier of defence against pathogens, UV radiation
and other harmful substances as well as mechanical, thermal, physical, and chemical elements.
It also permits the perception of heat, touch, and cold and aids in controlling body
temperature[5]. However, damage or injury in the skin's normal structure results in the
destruction of the skin, resulting in the loss of skin tissue and integrity[6]. The process of
treating a wound continuously involves preventing skin deterioration and creating an
environment that is conducive to healing through both direct and indirect means. A wound is
defined as an injury or damage to the skin's epidermis caused by a burn or physical injury.
Wound recovery is a dynamic procedure that necessitates an ideal environment for the healing
process to take place in an extremely complex phenomenon([7]. There are three different kinds
of wounds: acute, chronic and burn. Tissue damage from resection injuries or unconscious
trauma is what causes an acute infectious wound. Depending on the extent and depth of the
skin wound, it takes around 12 weeks to heal. Chronic infectious wounds refer to wounds that
do not heal according to a regular time frame rather healing process is a very slow, and takes a
lot longer to recover completely[8]. Burn wounds are regarded as a distinct kind of injury
because of their particular pathophysiology, which has the potential to permanently damage

blood vessels and nerves deep within the body. One or more of the following effects of this
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damage may impede the healing process: decreased cell influx, restricted nutrient and oxygen
supply, and impaired signalling. Burn injuries therefore increase the risk of infection and
scarring and may also result in reduced sensation[9]. Managing wound care is one of the very
challenging tasks, emergency wounds need to be treated right away to reduce the risk of
permanent disability, infection, deformity, morbidity, and death. Before their evacuation to a
hospital, patients' conditions are considerably improved when prompt wound care management
is provided during the "golden hour"[10]. The "golden hour" in wound healing refers to the
critical period immediately following an injury, typically within the first hour, during which
prompt medical intervention can significantly improve the chances of optimal healing and
reduce complications such as infection. Early treatment during this period maximizes the

potential for tissue repair and minimizes scarring or further damage.

Traditional wound dressings have been around since the 19th century and have been widely
used because of their low cost, ease of application, and straightforward manufacturing. This
category of dressings includes gauze, bandages, plasters, and lint. Despite protecting the wound
from outside infections, they are unable to regulate the amount of moisture they absorb from
the wound, making it too dry for quick healing. Furthermore, if there is excessive wound
drainage, dressings might stick to the wound, making removal painful and difficult. As a result,
traditional dressings are typically applied as secondary dressings or to wounds with mild
extrusion[11]. Current wound dressings use a variety of multifunctional polymer-based
systems that have the potential to significantly accelerate wound healing[12]. Polymers are of
two types natural and synthetic polymers. Since the use of synthetic polymers is associated
with environmental issues, natural polymers that are eco-friendly and renewable are being used
in an effort to reduce the risks and high costs of plastic recycling and disposal. When using
both synthetic and natural polymers to create composites, there will inevitably be a transitional
phase. Using synthetic and natural polymer combinations offers feasible methods to improve
the biodegradability of synthetic polymers[13]. The goal of both traditional and modern
research in the field of biocomposite films for biomedical applications is to create blends that
are low-cost, simple to fabricate, and highly biodegradable with suitable combinations of

characterization parameters[14].

Various research is currently being done on transforming wastes into biomaterials that are
affordable, safe for the environment, and economically feasible for use in biomedical
applications like wound healing, tissue engineering, and drug delivery. Because biomaterials

made from these extracted raw materials are found to satisfy most or all of these requirements,
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they are being used extensively in the biomedical fields[15]. One such product is winery waste.
Wine is the product of the chemical fermentation of must, or grape juice (Vitis vinifera L.),
which is carried out by yeasts that use the sugars in the grapes to produce CO2 and ethanol.
Because of their medicinal qualities, grapes and grape residues (pomace or marc), such as
lees and seeds, are interesting products in the winemaking industry. Byproducts like oil seeds
and pomace yeasts are natural sources of bioactive compounds as reported. Because of this,
wineries have used natural bio-products to increase their influence on the environment and the
economy[16,17]. Bioactive compounds with pharmacological importance can be found in
abundance in grapes and grapes seed. Bioactive compounds, or secondary metabolites that
plants produce in response to stress, are abundant in grapes and their byproducts.
Approximately 70% of the bioactive molecules among these constituents are composed of
phenolic compounds[18]. These compounds also contain other advantageous qualities, such
as antibacterial, anti-inflammatory, and antioxidant activities, which may facilitate wound
healing. Previous research has demonstrated that grape extracts enhance the hemostatic

properties of graphene oxide aerogels reinforced with PVA and chitosan[19].

Many materials are being employed for the fabrication of modern wound dressing. Both
synthetic and natural polymers are being well employed to create effective and degradable
dressing mats. Starch is one of the most cost-effective natural polymers since it can be readily
made from sustainable natural biological resources like corn, potatoes, wheat, and rice[14].
Itis frequently utilized in biomedical applications because it is biodegradable and
biocompatible[20]. Polyvinyl Alcohol(PVA)on the other hand have many advantages,
including excellent film formation, non-toxicity, biocompatibility, and non-carcinogenicity,
they have already been used in a wide range of biomedical and pharmaceutical
applications[21]. Hydrophilic, non-toxic, and easily scalable composite biomaterials based on
starch and PVA are widely employed as scaffolding support materials in tissue engineering. In
comparison to all other synthetic polymer-derived materials, the starch-based/PVA composite
films show superior biodegradability, mechanical and pH stability, flexibility, and semi-
permeability[14,22—-24]. This allows nutrients and oxygen to be delivered to the wound bed

area, which is essential for the survival of biological cells[25].

Along with the creation and fabrication of effective wound dressing materials concerns related
to biomedical waste and waste generation due to bioproducts should also be considered. The
idea of the circular economy altered how processes are perceived. Utilizing feedstocks to their

utmost potential and processing wastes produced during the transformation process are
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essential components of the “zero waste™ challenge[26]. Pre-clinical and clinical evaluation of
grape seed extracts produced encouraging results, supporting their potential application in
wound healing. Notably, the use of grape seeds, an enological by-product, ensures
environmental sustainability in the supply chain and represents the basis for an "intelligent"

reconversion of waste achieved through eco-compatible “green technologies"[27].

Thus, this work tries to incorporate sustainable technology to fabricate a wound dressing
material using PVA and Starch loaded with grape seed extract derived from winery waste
which would not only promote healing but also the proanthocyanidin in the extract might have
a strong effect in crosslinking the material. The use of the selected polymers would help to heal
wounds and at the same time, these polymers are highly biocompatible and have no adverse
effect towards the environment. This work aims to fill in the drawbacks of the earlier work i.e
fabrication of sustainable wound dressing materials for wound healing materials. This work

uses waste-derived grape seed extract by replacing commercially available grape seed extract.
5.2. Materials and Method
5.2.1 Materials

Modified Starch powder (Allwyn Chem Industries, ALW600-150) , Polyvinyl Alcohol (Loba
Chemie, Mol Wt-1,15,000 approx.) .L929 cells were procured from NCCS Pune. The purchase
of DMEM (Dulbecco’s Modified Eagle Medium) and FBS (Fetal Bovine Serum) required for
cell culture Media was accomplished from Thermo Fisher Scientific - IN, on the other hand,
Penicillin-streptomycin and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were obtained from HiMedia Laboratories Pvt. Ltd.Poly Vinlyl Alcohol (PVA) was
procured from Loba Chemie. Xylaxin(20mg/ml) was purchased from Indian Immunologicals
in India, whereas ketamine hydrochloride(50mg/ml) was obtained from Ketalar, a product of
Parke-Davis in India. The purchase of Fluorescein Diacetate (FDA) was procured from Thermo

Fisher Scientific. Plasticware was mostly procured from Tarsons.

5.2.2 Preparation and Fabrication of Polymeric Composite Film: The fabrication of
biopolymer-based composite films was carried out using the conventional solvent casting
method. In brief, Polyvinyl alcohol (PVA) and Food grade starch were mixed in distilled water
and stirred for 45-60mins to get a homogenized solution. The grape seed extract was prepared
by extracting the phytochemicals of winery waste-derived grape seed using a 70% ethanol
solution. The extract was then concentrated using a rotary evaporator and finally was

lyophilized to make a formulation dosage(“Intellectual Property India,” 2023, Application
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Number: 202331073970). 2.5%(w/v) of the grape seed was finally added to the polymer
mixture after cooling and the mixture was again stirred for another 2 hours for proper mixing.
Finally, the whole mixture was poured into Glass Petri dishes and was left for drying. After 48
hours of air drying at room temperature, the thin films were peeled off and stored in desiccators
for further use. The starch and PVA were employed at a maximum concentration of 5% w/v.

Three separate PVA and starch composites were developed and are listed in Table 5.1.

Table 5.1: Sample Composition and coding

Sample Code PVA: Starch Amount of PVA: | Amount of
Starch (in gms) Solvent (mL)

PS@2:1 2:1 1.5:0.75 30

PS@1:1 1:1 1.5:1.5 30

PS@1:2 1:2 0.75:1.5 30

5.2.3 Material characterization
5.2.3.1. Fourier Transform Infrared Spectroscopy (FT-IR) analysis:

The molecular interactions and the evaluation of functional groups of the three mats were
analysed using a FT-IR equipment system(PerkinElmer Frontier). The FTIR spectra were
obtained within the wavelength range of 400-4000 cm™[29]. The acquired spectra were

meticulously filtered to reduce noise without compromising significant data.

5.2.3.2 X-ray Diffractometric Analysis (XRD)

The X-ray diffractometer (Rigaku MiniFlex 600) was used to evaluate the crystallinity of the
three distinct compositions of MATS, utilizing a Cu Ko radiation source. The data were
gathered by scanning within a range of 2-80° (20), using a current of 15 mA and a voltage of
30 kV.

5.2.3.3 Scanning Electron microscope (SEM)

Scanning Electron microscopic analysis was done using ZEISS EVO LS 10 to analyse the
surface morphology and film thickness of the different types of fabricated polymeric mats. The
accelerating voltage which was employed during the experiment was 30kV. The images were

acquired at magnifications of 1.0 K, 2.5 K and 250 x.
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5.2.3.4 Atomic Force Microscope (AFM)

The mats were analysed using Atomic Force Microscopy (AFM), (Innova SPM Atomic Force
Microscope). The samples were scanned in all three dimensions - X, y, and z using tapping

mode.

5.2.3.5 Thermal Analysis

The thermal characteristics were assessed by thermogravimetric analysis (TGA). The
thermogravimetric analysis (TGA) was conducted using a TG 209 F1 Libra - NETZSCH
thermogravimetric analyzer. The temperature spanned from 25 to 600 °C, with a heating rate
of 10 °C/min in a nitrogen atmosphere. This investigation was conducted to measure the
temperature at which the polymeric biomaterials undergo breakdown. Subsequently, the results
were fitted into derivative analysis to obtain the derivative thermogravimetry (DTG). The
crucible utilized for the research was made of Al203. The thermal transition of all the Mats
was analyzed using Differential Scanning Calorimetry (DSC). The TA Instruments DSC Q20

Differential Scanning Calorimeter (DSC) was used to perform the DSC analysis.

5.2.3.6 Tensile Strength Analysis

The tensile strength properties of three distinct polymeric mats were examined using the Tinius
Olsen 5 KT universal testing equipment, manufactured by Tinius Olsen in the United Kingdom.
The test employed samples measuring 50 x 15 x 0.1 mm and subjected them to a tensile force
of 125 N at a rate of 0.1 mm/min. A clip-type sample holder with a 10-millimetre-long gripping
zone was used to hold the samples in place. Nominal stress upon specimen collapse was used
to calculate the matting' ultimate stress.. The tensile test was used to compute the mechanical

parameters of elastic modulus (EM), ultimate stress, and ultimate strain[30].

5.2.3.7 Contact Angle Analysis

Contact angle experiments were conducted to evaluate the wettability and hydrophobicity of
all three mats. The polymeric Mats' static water contact angles were measured using the sessile
drop method with a goniometer SURFTENS 4.5 (OEG GmbH, Hessisch Oldendorf, Germany).
The experiments were carried out utilizing a 10-microliter water droplet. The droplets on the

mats were screened using an image analyzer and the average values were obtained.
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5.2.3.8 Nano-indentation Analysis

Nanoindentation tests were conducted to measure the hardness (H) and effective Young’s
modulus (E*) of the coating using a Hyistron TT 950 (Bruker, Germany). This system provides
in-situ indentation load versus indent depth curves. Samples were tested in load constant mode
with a maximum nanoindentation load of 1000 puN. A Berkovich diamond indenter was
employed. For each specified sample load, five indents were performed and the average values

for hardness and modulus were reported in this study.
5.2.3.9 Swelling Index

To evaluate the fluid holding capacity of the sample, the swelling ratio of the film was
measured, the films were cut into uniform sizes of area 1 cm?and their initial dried weight was
recorded. Then, the specimen was immersed in a phosphate buffer solution (PBS) of pH 7.4.
The samples were weighed by removing excess moisture at regular intervals of 15, 30, 45, 60,
120 and 180 minutes. In another experiment, the samples were again measured at three
different pH buffer solutions of pH 4, pH 7, pH 9 to assess the response of the biomaterial to
varying pH, i.e. in acidic, neutral and alkaline conditions. The swelling ratio can be calculated

using the formula:
Swelling ratio (%) = (Wi-Wr)/Wi x 100
where Wi is the initial weight of the sample and Wk s the final weight of the sample measured.

5.2.3.10 Degradation studies

The hydrogel samples were cut into square pieces measuring 1 cm?. These samples were then
immersed in PBS (phosphate-buffered saline) at a temperature of 37°C. Subsequently, the
hydrogel samples were taken out from the PBS solution at particular times of day 1, 3, 7, 14,
21, and 28. The samples were dried in the incubator at a temperature of 60°C until they reached
a stable weight. The dried hydrogels were measured by weight. The weight loss (%) or

degradation of hydrogel can be determined using the following equation:

D dati %) = Initial weight (W0) — Final weight (W1) X100
egradation (%) = Initial weight (W0)
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5.2.4 Anti-bacterial Assay

To assess surface antibacterial activity, gram-positive bacterial strain, Staphylococcus aureus,
and gram-negative bacterial strain, Escherichia coli (DH5-a), were selected (1). The hydrogel
samples PS@2:1, PS@1:1, and PS@1:2 were evaluated for their antibacterial properties using
the direct contact method. Each sample was first cut into a square of 1 cm?, placed in a sterilized
Petri dish, and then exposed to an UV light for 20 minutes. A sterile Luria Broth (LB) culture
of Escherichia coli and S.aureus was grown overnight at 200 rpm and at 37 °C. The bacterial
suspension turbidity was adjusted to 0.4-0.5 optical density (OD) at 600 nm by diluting the
culture. The sterilized samples were placed in polystyrene plates containing 12 wells. A
bacterial suspension (0.5 OD) containing 200 pL was added to the surface of every sample. For
two hours, plates were incubated at 37 °C. After that, the films were repeatedly washed with
sterile 0.9% saline solution to get rid of the non-adherent bacteria after the cell suspension was
removed. Samples were shifted to a centrifuge tube filled with 2 mL of saline solution. The
tubes were bath-sonicated for ten minutes in order to remove the adhered bacteria from the
sample surface. A vortex mixer was used for 10 seconds to dilute and mix the bacterial
suspension. 50 pL of each diluted E. Coli suspension were spread out, plated on LB agar plates,
and then incubated for 24 hours at 37 °C. Colonies of E. Coli and S.aureus on agar plates were

counted and photographed[31].
5.2.5 Hemolysis Study

The hemocompatibility of three kinds of polymeric films was evaluated using a hemolysis
assay, as previously described. Briefly, blood was drawn from a healthy rabbit as per guidelines
and was diluted in a ratio of 2:3 with normal saline. All the samples in 1 ml saline, along with
Positive control (0.1 % Na>COs) and Negative Control (Saline) were incubated for 30 mins in
a 37 C incubator. Subsequently,20ul of the diluted blood was added to all the tubes and the
tubes were incubated for 60 mins. Finally, after incubation, the tubes were centrifuged and the
absorbance of the supernatants was measured at 540 nm in a spectrophotometer (Carry 60,

Agilent). The %Hemolysis was calculated using the below formula[32]:

Absorbance value of Sample — Absorbance value of negative control
x
Absorbance value of positive control — Absorbance value of negative control

%Hemolysis = 100
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5.2.6 In-Vitro Cell Culture and Compatibility Analysis

The cytocompatibility of the three different mats was tested using L929 fibroblast cells
(purchased from NCCS, Pune). Two different types of tests were conducted, firstly the indirect
method in which the sample conditioned media was used for evaluation and secondly cells
were directly seeded onto the mats at 3 different time points. The conditioned media was
prepared using a similar protocol mentioned in previous chapter [33]. Around 5000 cells were
seeded into 96 well plates grown overnight using DMEM media along with 10 % FBS. Cells
were kept in a CO2 incubator at 37°C. On the next day, the media was discarded and the cells
were treated with 3 different conditioned media prepared using the three different polymeric
mats. The cells were incubated for 3 different time points i.e. 24hrs,48hrs and 72hrs to finally

evaluate the cellular proliferation[34].

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay(MTT assay) was
used to determine the cell viability. After 4 hours of incubation and crystal dissolution in
DMSO, formazan crystals were identified at a wavelength of 575 nm using a BIORAD ELISA
Plate Reader. The cellular viability was determined using the following equation.

0.D of Samples( Condtioned Media Samples) x 100
0.D of the Control(No Treatment

% Cell Viability =

The in-vitro scratch assay was performed to analyse the healing effects of the polymeric mats.
The cells were seeded onto a 12-well plate and a scratch was generated using the tip of the
microtip[35]. Following the generation of scratch, the cells were incubated with conditioned
media and pictures were taken to evaluate the scratch area. Images were acquired at Ohrs,12hrs
and 24hrs.

To evaluate the structure of the cells after the treatment with conditioned media the cells were
stained using Rhodamine Phalloidin and 4',6-diamidino-2-phenylindole (DAPI). Cells were
seeded onto coverslips and incubated with conditioned media for 24 hours before evaluation.
After incubating for 24 hours, the spent medium was promptly taken from the wells and washed
twice with PBS (pH 7.4). The cells were then fixed with 4% formaldehyde in PBS for 30
minutes at 37 °C. Subsequently, the cells were exposed to a PBS solution containing 0.1%
Triton-X100 for 5 minutes to facilitate cellular permeabilization. The cells were then treated
with actin imaging dye, namely a 1:1000 dilution of Rhodamine-phalloidin in PBS with 1%

BSA, for 30 minutes. Finally, following thorough washing, the cells were incubated for an
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additional 5 minutes with the nucleus staining dye, DAPI[36]. Following incubation and
subsequent washing in phosphate-buffered saline (PBS), the mats were examined using a

fluorescence filter-enabled microscope (Leica DM 2000, Germany).

The L929 cells were also cultured on the mats to assess the impact of direct contact between
the mats and the cells, as well as to analyze the morphological structure of the cells. The cells
were cultivated for a certain duration, namely 1, 2, and 3 days, and then prepared for
observation of cellular structure, morphology and attachment using a scanning electron
microscopy (SEM). Following the specified date, the medium that had been used was removed
from the mats containing the cells. The mats were then treated with a solution of 2.5%
glutaraldehyde (Grade I, Sigma-Aldrich, USA) in phosphate buffer, with a pH of 7.4. This
treatment was carried out at a temperature of 37 °C for 30 minutes. Afterwards, the mats were
washed in the same buffer and then dehydrated using a sequential gradient of ethanol (40-
100%). Finally, it was dried overnight in a desiccator. The desiccated mats containing cells
were coated with a layer of gold-palladium using a sputter-coating technique. The mats were
then examined using a scanning electron microscope (Phenom ProX, Phenom-World B.V.,
Netherlands) at magnifications of 1000x and 2500x%.

The cell-seeded mats were also stained using fluorescein diacetate (FDA) to evaluate the
cellular viability of the cells while attaching to the mats. The polymeric mats containing cells
were exposed to a solution of FDA (Sigma-Aldrich, USA) at a concentration of 10 ug/mL in
FBS-free Dulbecco's Modified Eagle's Medium (DMEM) media for 5-7 minutes at room
temperature. After incubation, the polymeric mats along with attached cells were rinsed
thoroughly three times with newly made sterile PBS and were observed immediately using a

fluorescence microscope( Magnus Fluorescence microscope) with a 465 nm filter.

5.2.7 In-Vivo Wound Healing Experiments in Rabbit Model

5.2.7.1 Design of the experiment

The research was conducted with prior consent from the Institutional Animal Ethics
Committee (IAEC) WBUAFS, Kolkata-37, India. Nine mature rabbits weighing between 1.8
and 2.0 kg were employed in the current study (763/GO/Re/SL/03/CPCSEA/05/2021-22 dated
26.04.2022 approval no. of IAEC of West Bengal University of Animal and Fishery Sciences.).
Before the start of the research, the rabbits both male and female were accommodated in
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separate cages and randomly distributed into three groups with alternating 12-hour light and
dark cycles in a room with regulated humidity and temperature for 10 days to help acclimatize
them to their newly acquired unfamiliar environment. During this period, activities such as
feeding schedules and health status were monitored frequently. They were fed consistent, well-
balanced food and had unrestricted access to water. After it was established that each rabbit
was capable of participating in the experimental procedure, the study on skin wound healing
got started. Anesthesia was induced by administering two intramuscular injections of ketamine
hydrochloride (at a dosage of 33 mg/kg body weight; KETMIN® 50, Themis Medicare
Limited, Uttarakhand, India) and xylazine hydrochloride (at a dosage of 6 mg/kg body weight;
XYLAXIN®, Indian Immunologicals Limited, Telangana, India) in a ratio of 11:2 (mg/kg
body weight)[37]. Twenty millimeters in diameter full-thickness surgical incisions were
created on each side of the mid-thoracolumbar area after aseptically cutting off immobile
animals from the thoracolumbar region. Each animal received a total of five wounds in
accordance with the experimental protocol, three of which were treated with polymeric films.
The other two were maintained as controls, with the negative control receiving no treatment
and the positive control receiving Tegaderm Dressing patches. Following surgery, wounds had
to be dressed on alternate days, surgical tape and protective gauge bandages was used, as well
as intramuscular injections of antibiotics Enrofloxacin @5 mg/kg body weight (Floxidin®
VET, Intervet India Pvt. Ltd, Thane, India) and anti-inflammatory drugs Meloxicam @0.6
mg/kg body weight (MELONEX®, INTAS PHARMACEUTICALS LTD, Gujarat,
India)[38,39].

Photographs of the wound healing process were taken on the first, third, seventh, tenth,
fourteenth, and twenty-first days. On the appropriate days, the wound closure rate was

ascertained.

5.2.7.2 Histological examinations

On research days 7, 14, and 21, the healing wound tissues were removed from the
experimental animals and immediately cleaned in normal saline to eliminate any debris and
blood. They were then stored in 4% neutral buffer formalin until further processing. Before the
tissue fragments were implanted in paraffin blocks to create tissue slices, they were first dried
with ethanol at a concentration that was graduated in steps. Glass slides were adhered to after
the tissue containing paraffin blocks was sectioned into 5 pum thick slices using a microtome.

Before performing the histological analyses, the sections were deparaffinized using xylene and
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rehydrated by gradually immersing the slides in downgrade ethanol concentrations in

descending order. Standard Hematoxylin and Eosin (H&E) staining was then carried out.

The other ECM components were assessed using Masson's trichrome staining , to get the

collagen deposition on during the wound healing phases.

5.2.7.3 Immunohistochemistry

Use of immunohistochemistry (IHC) on tissue slices allowed for evaluation of collagen type |
production and CD 31/PECAM 1, a marker of blood vessel development. The IHC was
assessed using the Vectastain ABC kit, Vectors lab, U.K.[40]

In brief, the tissue slices, which had been preserved in formalin and embedded in paraffin, were
soaked in a solution to restore their moisture and then subjected to a temperature of 95°C for
20 minutes. This process was carried out to facilitate the retrieval of antigens through the
application of heat, specifically for the purpose of conducting immunohistochemistry (IHC)
analysis of collagen type 1 and CD 31. The temperatures were adjusted to citrate buffer with a
pH of 6.1 for collagen type 1 and EDTA buffer with a pH of 8 for CD31. Following 3% H202
peroxidase blocking, the sections were blocked with blocking horse serum for 30 minutes at
37 °C and then cleaned with PBS-Tween 20. The primary antibodies (1:100 dilutions in PBS;
monoclonal antibody against collagen type I, Sigma-Aldrich, USA; and monoclonal anti-
PECAM 1/anti-CD 31, Sigma-Aldrich, USA, respectively) were then added to the tissue
sections and incubated for overnight at 4 °C in a humidified room. The sections were then
covered with biotinylated secondary antibodies the following day, and they were allowed to sit
at room temperature for half an hour. After the slices were washed and incubated at 37 °C for
30 minutes, the ABC reagent was added. A brown reaction result was eventually obtained after
10 minutes of adding 3,3’-diaminobenzidine (DAB) peroxidase substrate (ImMmPACT DAB,
peroxidase substrate kit, vector lab, U.K.). Following dehydration through graded alcohol and
xylene wash, the sections were mounted using DPX and then examined under a bright field
compound microscope. The density of micro blood vessels was measured using DAB positive
signals for CD 31, focusing on newly developing blood vessels with a lumen and organized

endothelial cells.
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5.3. Results and Discussion

The polymeric Films were fabricated using conventional solvent casting techniques and the
films were finally peeled off from the glass plates and were used for various characterization

and testing.
5.3.1 Analysing Material Characterization
5.3.1.1 FTIR analysis

The FTIR data of six samples, including PVA, starch, grape seed extract, and different PVA-
starch mixtures (PS@2:1, PS@1:1, PS@1:2)(Figure 5.1(a) ), reveal key functional group
vibrations and interactions. The spectra exhibit characteristic peaks for PVVA and starch, such
as O-H stretching (3300-3500 cm™), C-H stretching (2900 cm™:), and C-O stretching
vibrations of carbohydrates (1000cm™:)., Broad peaks in the 3300-3500 cm™ region indicate
the presence of hydrogen-bonded hydroxyl groups. Different alcohol and phenol groups
provide peaks in the region of 1000-1400cm™. The vibrations at 1240 and 1082 cm can be
considered to be the stretching vibrations of C-O in C—O—H groups, the vibration at 1020 cm"
! directs to the C-O stretching vibration of C-O-C groups of the glucose unit in starch. This
characteristic C-O stretching peak of carbohydrates is more prominent in starch and PS@1:2,
where amount of starch is maximum compare to other two samples. The characteristic
prominent sharp absorption peak of the carbonyl group of gallets is observed at 1600 cm™ in
grape seed extract, which is not so much intense in samples. This may be due to the fact that
gallates are not so much involved in physical cross-linking of the starch and PVA compared to
Proanthocyanidin. Again there is a peak of C-S stretching at 1250 cm™ present in grape seed
extract which may be due to sulphonic acid present in grape seed extract as indicated in LCMS
data reported previously in our published patent ( Indian Patetnt, Application Number :
202331073970). This C-S stretching peak is again absent in samples as possibly it does not
take part in the physical crosslinking reaction of starch and PVA. The characteristic aliphatic
C—H stretching vibration band of alkanes appeared at 2937 cm™ [41] in both starch and PVA
but absent in grape seed extract, which indicates the absence of alkane chains in grape seed
extract. This alkane stretching vibration is present in all of the samples indicating the presence
of both starch and PVA in all samples. An intense peak for cyclic ether is present in grape seed
extract at 1400 cm-1. A sharp peak corresponding to aryl-OH is present in all the graphs in the
region of 1100-1200 cm-1. A broad peak of —OH in the region of 3000-3500 cm-1 indicates

209 |Page



the presence of H-bonding. Cyclic ether group and OH groups of grape seed extract make

hydrogen bonding with —OH group starch and PV A resulting in physical crosslinking of them.

There is an indication of slight shifts or changes in the intensity of these peaks compared to
pure PVA and starch, suggesting interactions. The C-O stretching region (1000-1100 cm™)
may show changes, indicating possible crosslinking. Oligomeric proanthocyanidin enhances
the amount of aliphatic and phenolic hydroxyl groups in the gel, resulting in the creation of
new hydrogen bonds between the phenolic hydroxyl groups in the proanthocyanidin molecules
and the hydroxyl groups in the PVVA/Starch hydrogel. This strengthens the interactions between
them [42].

5.3.1.2 XRD analysis

The XRD data of all three samples are presented in Figure 5.1(b). The XRD data pointed to 3
major semi-crystalline peaks with a hump. For all the blends peaks at 17.4°, 20.2°, and 22.4°
were common. Sample PS@1:2 exhibits the most prominent peak. The three semi-crystalline
peaks majorly indicate the presence of starch. X-ray diffraction peaks at 20 values of 17.4°,
18.1°, 23.3° and 26.7° majorly indicate A-type of starch [43] ,whereas 12.9°, 19.8° and 22.6°
are the characteristics of a VVh crystalline type structure [44,45]. The peak located at 20 = 17.4°
is due to the existence of a very small amount of residual A-type crystalline structure [46] .The
presence of a small hump at 40° is also the characteristic peak of PVA indicating its amorphous

nature.
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Figure 5.1: FTIR of the three different samples PS@2:1, PS@1:1 and PS@1:2 along with all
the raw materials used(a) ; XRD of the 3 film samples PS@2:1,PS@1:1 and PS@1:2 (b)

5.3.1.3 SEM Analysis for Morphological Characteristics

To analyse the surface morphology and cross-sectional characteristics of each sample, al three
samples were subjected to SEM analysis(Figure 5.2(a)). Sample PS@2:1 and Sample PS@1:1
exhibited relatively smooth surfaces with some scratches or minor irregularities. No significant
particles or contaminants are observed. Samples PS@1:2 showed a relatively rough surface,
this might be due to the excess presence of starch which can contribute to the roughness.
Overall, all the samples showed a continuous structure with a mostly smooth surface. The
cross-sectional view of the samples was taken to analyse the thickness of the films. The
thickness of sample PS@2:1 was measured to be approximately 184.1 um and 194.4 um in
different regions. Sample PS@1:1 exhibited a consistent thickness of about 162.0 um and
164.5 pm in different regions. Sample @PS@1:2 showed a thickness is around 119.3 um and
120.7 um, which is thinner compared to the other two samples.

Based on the SEM analysis, PS@2:1 exhibited the smoothest surface, making it ideal for
applications requiring minimal surface friction with a smooth finish, and it also has the
maximum thickness, offering high protection or insulation but potentially adding significant
weight.PS@1:1 has a moderately rougher surface than that of PS@2:1 which makes it suitable

for applications needing a balance between surface texture and smoothness, and a moderate
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thickness that balances protection and material usage. PS@1:2 exhibited the roughest surface
among all the three samples, which makes it useful for applications requiring higher surface
area or better adhesion properties, and has the lowest thickness, which may be ideal for
lightweight applications but might compromise protection or durability[47,48].

5.3.1.4 AFM analysis

The AFM analysis was done to evaluate the roughness of the films. The AFM data is presented
in Figure 5.2 (b). The AFM data shows similar trends to SEM analysis. Sample PS@2:1 has
a relatively smooth surface with some peaks and valleys. Sample PS@1:1 sample exhibited a
more textured surface with pronounced peaks and valleys. Sample PS@1:2 showed the
roughest surface among the three samples. The Rmax values of the PS@2:1(183nm) show that
it has the lowest roughness compared to the Rmax values of PS@1:1(251nm) and
PS@1:2(459nm). The Ra and Rq values of the sample also confirm this. The Ra i.e. the the
arithmetic average of the absolute values of the profile heights over the evaluation length.
values for PS@2:1, PS@1:1, and PS@1:2 was found to be 10.3nm. 19.4nm and 41.3 nm
respectively. RMS Roughness, Rq, is the root mean square average of the profile heights over
the evaluation length. For samples PS@2:1, PS@1:1, and PS@1:2 the Rq value was found to
be 14.6nm , 25.9nm and 54.6 nm respectively. PS@2:1 has the smoothest surface, ideal for
applications requiring a smooth finish and minimal friction. PS@1:1 offers a balanced texture
for moderate adhesion, while PS@1:2 has the roughest surface, suitable for high surface area

and improved adhesion which is also supported by the SEM data.
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Figure 5.2: Scanning Electron Microscope analysis of the 3 samples PS@2:1, PS@1:1, and
PS@1:2 (a); Atomic Force microscope analysis of 3 samples PS@2:1, PS@1:1, and
PS@1:2(b)

5.3.1.5 Thermal Analysis

The thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) graphs show
the thermal degradation behaviour of the three samples: PS@2:1, PS@1:1, and PS@1:2
starch(Figure 5.3(a)). All samples show initial mass loss around 80°C, indicating moisture
evaporation. The initial loss ranged from 5-10 % with the PS@1:2 sample having the highest
initial mass loss, suggesting higher moisture content due to the increased proportion of starch,
which is more hygroscopic. The initial loss ranged from 5-10 %. For Sample PS@1:2 a
significant mass loss of about 50% around 300°C was noted, indicating the primary degradation
phase where both starch and the initial PVA components decomposed. This degradation starts
around 250-300°C for all samples, which is more than the melting temperature of both PVA
(around 200°C)[49] and Starch(around 257°C) [50,51]. This indicates physical crosslinking of
PVA and Starch increases the temperature of melting in the crosslinked samples. A second
major degradation event was noted at around 450°C, accounting for an additional 30% mass
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loss, corresponding to the complete degradation of the remaining polymer components. By the
end of the analysis at 600°C, the residual mass is around 10 %. For sample PS@1:1 the first
major degradation event was noted around 300°C, with an approximate mass loss of around
60%. At around 450°C the second phase of degradation occurred with a further 25% mass loss,
leading to degradation of the polymer components compared to PS@1:2, resulting in around
5-10% residual mass. Lastly for sample PS@2: 1 the major degradation occurred at around
300°C with a mass loss of approximately 55%, which corresponds to the degradation of both
the primary polymers. At 400°C an additional 30% mass loss was detected. Around 500°C
again a small mass loss takes place. As a result after 600°C there was no residual mass present.
From these results, it can be observed that with more amount of PVA in the sample total thermal
degradation occurs within the 600°C. This may be due to the reason PVA has less molecular
weight than starch. An additional peak at around 500°C in the sample PS@2:1 results in total

degradation of the sample.

The DSC analysis results of the three samples representing the various ratios of PVA
(Polyvinyl Alcohol) to Starch, PS@2:1, PS@1:1, and PS@1:2, showed different thermal
behaviours (Figure 5.3(b)). One main endothermic peak was visible in all samples; 180-200°
C (related to the melting of crystalline PVA domains and/or starch decomposition[52]). The
intensity of the peaks is lower with the increase in the amount of starch present. Conversely,
the PS@2:1 sample with the highest PVA content displays the highest maximum heat flow
(_max =—1.20 W/g) than the other sample PS@1:2 (_max =—0.50 w/g) and PS@1:1 (_max =
—0..35 w/g) data. This suggests that starch interferes with PVA crystallization and has a lower
heat capacity, reducing the overall heat absorption of the composite. Although the peaks were
majorly observed in similar positions, the differences in intensities for these blends reflected
the thermal properties which are profoundly changed with the PVA content i.e. higher the PVA

content, the more intense the heat absorption action.
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Figure 5.3: TGA-DTG curve representing thermal decomposition of PS@2:1, PS@1:1, and
PS@1:2 (a) ; Differential scanning calorimetry plot for PS@2:1, PS@1:1, and PS@1:2 (b).

5.3.1.5 Mechanical Property Analysis

Evaluating the mechanical properties of the polymeric mats is crucial for its application. Some
important characteristics like durability, softness, flexibility, pliability, stress resistance, and
elasticity, are highly desirable in wound dressing material[53]. Fig.5.4 exhibits the different
mechanical characteristics of the 3 different polymeric films. From the stress-strain curve
(Figure 5.4(a)) it is quite evident that the sample PS@1:2 showed a different pattern than that
of the Sample PS@2:1 and PS@]1:1. Sample PS@2:1 and PS@]1:1 exhibited a more ductile
property than that of PS@1:2. The stress-strain curve although indicated the elastomeric nature
of all the films. The Young’s modulus (Figure 5.4(b)) although showed a different perspective.
Sample PS@2:1 exhibited a Young’s modulus of 5.231+0.226 MPa The Young’s modulus of
sample PS@]1:1 and PS@1:2 was observed to be 11.235 + 1.295 and 8.101 + 0.521 MPa
respectively. It was quite evident that an equal mixture of both polymers showed the maximum
Young’s modulus and the increase in Young’s modulus might be due to the increase in the

concentration of starch[54]. Young's modulus values indicate that PS@?2:1 is the more flexible,
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PS@]1:1 is the stiffest, and PS@]1:2 has intermediate stiffness. The Ultimate stress
(FigureS.4(c)) and Strain (Figure 5.4(d)) data have also been pointed out to give more details
regarding the material strength. The Ultimate Stress and Starin of PS@?2:1 was found to be
22.466 +2.380 MPa and 101.7 & 14.787% respectively, for PS@1:1 it was found to be 29.93 +
1.603 MPa and 8.01 + 1.126% respectively, and for PS@1:2 it was observed to be 17.86 +
5.758 MPa and 4.03 + 1.06% respectively. PS@2:1 showed moderate stress, high strain
capacity and a good balance of strength and flexibility. PS@]1:1 with its high stress capacity
but low strain came out be the toughest material among all although flexibility could be a
concern in terms of application. PS@1:2 showed moderate stress capacity with very low strain
capacity with moderate flexibility. Overall all the films showed good strength along with

flexibility which could make these a possible candidate for wound dressing material.
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Figure 5.4: Mechanical Characterization of the three polymeric films PS@2:1, PS@1:1, and
PS@1:2: Stress-Strain Curve (a); Comparative Young’s modulus (b); Comparative Ultimate

Stress (c); Comparative ultimate Starin(d).
5.3.1.6 Evaluating Contact Angle

The Contact angle of the samples was measured to check the wettability of the samples (Figure

5.5(a)). All the samples exhibited an initial water contact angle of less than 90° thus making an
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acute angle. All the samples showed mostly closely related data with PS@2:1, PS@]1:1, and
PS@1:2 making an angle of 76.27 + 1.438°, 82.23 £+ 1.225° and 83.3595 +1.78° respectively.
All the samples showed a contact angle of less than 90 ° indicating that all these formulations
exhibit good wettability. These findings indicate that each of these samples has the ability to
cling well to the wound surface and provide a moist environment, which is essential for
promoting good wound healing in wound dressing applications[55]. Starch samples with higher
amylose content have possibly lower wettability properties[56], which was also prominent

from the above results.
5.3.1.6 Nano-indentation test to analyse the hardness

The load versus displacement of the synthesized samples is shown in Figure 5.5(b)(1). It can
be seen that the indentation depths of samples PS@2:1 and PS@1:1 are comparably similar.
However, sample PS@1:2 exhibits a significantly decreased indentation depth under the same
load. This result corresponds to the Stress vs strain curve in UTM analysis. This indicates that
sample PS@1:2 has a higher resistance to penetration, demonstrating reduced susceptibility to
plastic deformation compared to samples A and B. The hardness (H) and effective Young’s
modulus (E*) of the samples are presented in Figure 5.5(b)(2). Samples PS@2:1 and PS@1:1
display notably lower mechanical properties than sample PS@1:2. The highest hardness of
2.90 GPa and a reduced Young’s modulus of 6.98 GPa was observed in sample PS@1:2.

5.3.1.7 Analysis of Sample Degradation

Figure 5(c)(1) represents the degradation rate over a period of 28 days for all the samples. All
the samples showed a consistent degradation pattern with the increase in time points. PS@2:1
showed an initial degradation of 22.21+ 0.3707 % on Day 1 to a maximum degradation of
29.31£1.338 % on Day 28. Sample PS@1:1 showed an initial low degradation of 13.86 +1.833
% on Day 1 to a final degradation of 22.66 + 6.169 % on the final 28th day. For sample PS@1:2
started degradation with an initial rate of 18.20 £1.596 % to a final 24.32+ 0.503 %. PS@2:1
consistently exhibited the highest values, signifying that it possessed the highest initial integrity
and degraded steadily over time. PS@1:1 initially exhibited the lowest values but witnessed a
substantial increase, implying that despite its initial state of degradation, it followed a
noticeable trend of degradation. PS@1:2 exhibited intermediate values but displayed a
continuously increasing trajectory similar to PS@2:1 and PS@1:1. PVA is used as a film is
highly hydrophilic and that makes the film more wettable. This may lead to the greater

degradation observed in the PS@2:1 composite, as also the moisture absorption can contribute
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to accelerating the polymer chain breakdown. This amounted to higher moisture uptake and
hence a higher rate of degradation was observed over time due to higher abundance of PVA in
this proportion. The degradation is also highly influenced by the interaction between the
proanthocyanidin and polymer.

5.3.1.8 Evaluation of Swelling Index

The swelling investigations involved precise measurement of the weight of the dry films, which
were then submerged in a pH 7.4 PBS buffer at a temperature of 37°C. The outcomes of these
experiments are presented in Figure 5.5(C)(2). Data was recorded at various time intervals
until equilibrium was reached. After the 1% interval i.e. 15mintues it was observed that Sample
PS@2:1 showed maximum swelling (242.163 = 9.8075 %) compared to the other two samples.
However, samples PS@]1:1 and PS@]1:2 exhibited a steady rise in swelling from the initial 15
minutes to 2hrs. PS@1:1 showed an initial swelling of 139.028 + 6.346 % with a final swelling
of 164.9035 + 7.3425 % in 3hrs. Similarly, PS@]1:2 exhibited an initial swelling of 128.748 +
4.265 and finally swelled up to 153.7105 + 0.1845% in 3 hrs. Overall all the films showed a

steady welling ratio. It was quite evident that the swelling came into equilibrium after 2hrs.

To evaluate the effect of swelling in different pHs, swelling of the films was studied in different
pHs i.e. pH4,7,9. Figure 5(C)(3) shows the effect of different pHs on the swelling of the films.
Data was recorded after 2hrs as mostly after 2hrs the swelling was coming to an equilibrium.
Sample PS@2:1 showed a swelling index of 437.473 £ 6.244 % ,421.976 + 19.014% and
1477.649 = 25.010 % in pH 4, pH 7and pH 9 respectively. The PS@1:1 and PS@1:2 samples
exhibit similar swelling percentages at pH 4 and pH 7, but at pH 9, the PS@1:1 sample swelled
significantly more (512.54 £+ 8.171 %) compared to the PS@1:2 sample (330.49 + 19.735 %).
The swelling behaviour of these samples is highly dependent on both the pH of the environment
and the ratio of PVA and Starch, with the PS@?2:1 ratio exhibiting the highest sensitivity to pH
changes. This behaviour can be attributed to the increased ionization of functional groups in

the polymer matrix at higher pH, leading to greater water uptake[57].
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Figure 5.5: Analysis of Contact angle using water for samples PS@2:1, PS@1:1, and
PS@1:2(a); Nanoindentation testing for analysis of hardness of the samples(b); Evaluating the
degradation of the samples (c)(1), Times based swelling index(c)(2), and pH-dependent
swelling index (¢)(3)

5.3.2 Evaluating Antibacterial Efficacy

Antibacterial properties of the different PVA/Starch blends were tested against one gram-
negative bacterium i.e. E. coli and one gram-positive bacterium i.e. S. aureus (Figure 5.6(a)).
The positive control (standard material) was a commercial band-aid available in the market.
Both the bacteria showed no growth in the presence of the positive control. The PS@21 showed
the best results among the tested samples for both bacterial strains. For E. coli PS@21 showed
only the growth of 4 colonies, whereas for S. aureus the same material inhibited the growth of
the bacterium showing the growth of only a single colony. The other two samples, PS@12 and
PS@]11 also showed good results concerning E. coli. PS@12 showed the same effectiveness as

PS@21 against E. coli inhibiting bacterial growth only to 4 colonies. PS@]11 inhibited the E.
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coli growth, but not as effectively as PS@21 and PS@12, allowing the growth of 31 colonies.
PS@12 and PS@11 were proven to be not very effective against S. aureus allowing the growth

of numerous colonies all over the media.

The study revealed that PS@2:1 exhibited superior antibacterial properties against both E. coli
and S. aureus, and is highly effective in preventing bacterial growth, making it an excellent
candidate for wound dressing materials. Its smooth surface likely contributes to its efficacy
thus providing a protective barrier that minimizes infection risks[58]. The effectiveness of
PS@1:2 against E. coli also suggests potential for specific antibacterial applications. The
antibacterial activity of these PVA/Starch blends highlights their potential to enhance wound
healing and reduce infection rates. PVA and Starch do not have in general antibacterial effect,

the grape seed extract loaded in the film might also contribute to the antibacterial effect.
5.3.3 Evaluation of Hemocompatibility of the Films

The haemolysis study was conducted to evaluate the biocompatibility of the prepared films.
The hemolysis study is majorly performed to evaluate the thrombotic response of the testing
material when it is subjected to contact with blood[59] .The percentage Hemolysis of PS@2:1,
PS@1:1, and PS@1:2 was found to be 2.89+0.20%, 1.63+0.34% and 0.92+0.15% respectively
(Figure5.6(b)). These results suggest that all the films have hemolysis values well in the
accepted range (<5%). According to the American Society for Testing and Materials (ASTM),
a hemolysis value below 5% is considered to be null[60]. All the samples were well beyond
the 5% mark thus indicating no hemolytic effect and hence can be considered as biocompatible.
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Figure 5.6: Antibacterial study showing colony count of E. coli and S.aureus on the different
composites with respect to Standard material(a); Evaluation of % haemolysis of the 3 different

composites(b)

5.3.4 Evaluation of cytocompatibility of the Composite films

The MTT assay was performed to evaluate the cytotoxicity of all three 3 samples i.e. PS@2:1,
PS@]1:1, PS@]1:2 using sample conditioned media at 3 different time points 1 day,2 days and
3 days. Figure 5.7(a) depicts the MTT assay result where the control or the untreated group is
considered to have 100% viable cells. All the 3 samples showed superior cytocompatibility
along with some cellular proliferations. On day 1 all three 3 samples exhibited cellular viability
of over 98%, with PS@1:1 & PS@1:2 showing cellular viability over 100% and thus pointing
to cellular proliferation. A similar trend was observed on day 2 where all the samples showed
cellular viability over 100 %, with sample PS@]1:2 showing the maximum cellular
proliferation. Similar Observation was noted on day 3 where all the samples showed cellular
viability slightly more than that of the control. From the MTT assay, it was evident that all the
samples had no toxic effect on normal fibroblast cells and also showed good signs of cellular
proliferation. The % cellular viability showed no significance among the various groups within

the same time point.
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Scratch assay was performed to analyse the in-vitro wound healing capacity of all the samples
in the fibroblast cell line. Figure 5.7(b) shows the figure of the starch assay on 1929 at 3
different time points i.e. Ohrs, 12hrs and 24hrs. Sample-conditioned media of all the 3 samples
was supplemented to the scratched cells along with one control set where no treatment was
done and microscopic images were captured at regular intervals to evaluate the wound closure.
After 12 hrs of treatment sample PS@]1:2 exhibited superior wound closure followed by
PS@]1:1 and PS@2:1 as compared to the control where the wound size was much bigger. After
24 hrs of treatment sample PS@1:2 and PS@1:1 showed complete closure of the scratch wound
with cellular proliferation. A small scratch area was still noticed for cells treated with PS@2:1
conditioned media. The untreated samples still showed a large scratched area. Hence the results
pointed to the fact that all the samples can promote cellular proliferation and heal cellular

wounds.

As the cellular proliferation and healing were achieved within 24 hours of the initiation of the
assay the cellular structure was analysed at an interval of 24hrs using Rhodamine phalloidin
and DAPI staining for the control (untreated) group and the sample-treated group. The sample
treated group consisted of treatment using conditioned media of all the 3 samples i.e. PS@2:1,
PS@]1:1, PS@]1:2. The assessment of cellular morphology predominantly the actin filaments
and nucleus was achieved using this assay. As illustrated in Figure 5.7(c), distinct actin
filaments and well-organized nuclei were identified in all samples, including the Control
Group. It is noteworthy that the group treated with samples (all three samples) exhibited robust
proliferation and showed improved cytoskeletal and nuclear organization, suggesting their

cytocompatibility and promotion of cellular proliferation.
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Figure 5.7: MTT assay of the 3 composite films PS@2:1, PS@1:1, PS@]1:2(a); Scratch assay
of using conditioned media of PS@2:1, PS@1:1, PS@1:2(b); Fluorescence staining of cellular
structures with treatment with conditioned media of PS@2:1, PS@1:1, PS@1:2(c).

For evaluating the tissue engineering ability of the Mats the SEM images of the cells seeded
on the different mats were accessed at 3 different time points. As observed in Figure 5.8(a) the
cells were able to anchor and attain some fibroblast morphology after Day 1. The spreading of
the cells had just started with most of the Mat portions being blank. A similar trend of cellular
spreading and attachment was observed for all the 3 Mats. On Day 2 the cells were observed
to proliferate over the mats and showed a matured cellular structure. L929 are heterogenous
cell lines thus mixed cellular morphology was observed. An intact morphology of the cells was
observed and the cells were randomly distributed over the mats. On the third day of
observation, the images revealed that the cells exhibited successful attachment and acquired an
elongated, slender form. Observations were made that the cells experienced a process of
extending cellular projections called filopodia to boost their adhesion to the substrate,
indicating that the surface topography of the microfibers was advantageous for cellular

adhesion. Since the inception of the seeding process, the cells have undergone a progressive
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transformation in their morphology, transitioning from a slender form to an enlarged state,

exhibiting enhanced adhesion capabilities on the surface of the mats.

Atl,2, and 3 days after seeding cells on the mats, the polymeric mats were stained with
fluorescein diacetate (FDA) to reveal the number of living cells, cell viability, and cell
proliferation status. (Figure 5.8(b)). Green structure indicated live cells and a background
greenish colour was observed due to sample fluoresce. Initially, the cells were less in number
over the mats with a gradual increase in cell numbers from Day 1 to Day 3 thus pointing to the
ability of the mats to support cellular proliferation. It is clear from the vivid green coloration
that the mats included evenly dispersed live cells.. The illustration distinctly demonstrates the
progressive rise in viable cell numbers from the first day to the third day on all the mats. This
signifies the proliferation of the cell population over the duration and the sustenance of their
viability on the mats. A comparable cellular population was noted in all three polymeric mats

at every time interval.
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Figure 5.8: SEM images exhibiting cells attached to polymeric mats at different time intervals
(a) ; FDA stating to analyses live cell proliferation over the three samples PS@2:1, PS@1:1,
PS@1:2(c).

5.3.5 Evaluation of in-Vivo Wound Healing Efficacy in Rabbit Model
5.3.5.1 Evaluation of the Gross wound healing

The effectiveness of the three 3 different samples (PS@2:1, PS@1:1, PS@1:2) as a wound
dressing and healing material was accessed by creating a critical size wound on the rabbit and
applying the mats on the wound areas along with a standard material Tegaderm and keeping
one no treatment control to get a comparative result (Figure 5.9(a), (b)). There were no
significant differences among the treatments on Day 3(Figure 5.9(b)). By Day 7, % wound
area was significantly lower for PS@1:1 (40.56 + 2.06%) by comparison to PS@2:1 (65.17
2.88%, p<0.01), PS@1:2 (46.40 £ 3.43%, p<0.05), Tegaderm (46.10 £ 2.23%, p<0.05), and
Control (48.18 £ 3.12%, p<0.05).

On Day 10, PS@1:1 (40.74 + 0.48 %) and PS@1:2 (40.52 + 4.17%) continued to have
significantly lower % wound areas compared to Control (65.34 + 1.05%) (p<0.001 and p<0.05,
respectively), while Tegaderm (51.98 +£0.37) also showed significant improvement (p<0.05).
At Day 14, % wound area for PS@1:1 (13.58 + 2.13%) was significantly less than the Control
(24.76 = 1.67%, p<0.05) with PS@1:2 (1.35 = 0.23%, p < 0.05) with the most significant
decrease in wound area. All treated groups exhibited significantly lower % wound areas
compared to Control (14.26 + 1.68%, p<0.05) on Day 21 including PS@2:1 (3.63% = 0.46%),
PS@1:1 (2.58% +0.47%), PS@1:2 (1.05% =£0.05%), and Tegaderm (6.52% =+ 1.08%).
Specifically, PS@1:1 and PS@1:2 showed significant improvements over Control (p<0.05).

Overall, all films showed a significant reduction in wound area than that of the control (No

treatment).
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Figure 5.9: Gross pictures of wound healing phases at different time points of the treated and
untreated wounds (a); Graphical representation of the % wound area of the different groups (b)

5.3.5.2 Histopathological examination of the wound tissue

To further evaluate the physiological condition and the morphology of the wound the tissue
samples were H&E stained at various time points (Figure5.10 (a)). After 7 days post wound
creation all the samples showed formation of granulation tissue. The wound with no treatment
showed no re-epithelialization with focal infiltration. The presence of multifocal angiogenesis
was observed with very low fibrocyte count. The wound treated with commercial treatment
showed scab formation with inflammation. Fibrous hyperplasia was observed at the edge of
the wound along with focal tightly packed fibrocytes. All the samples showed moderate to low
re-epithelialization with PS@]1:1 having the least. All the samples showed disorganized
collagen fibres. Sample PS@1:2 and PS@11 showed good angiogenesis along with the
presence of fibroblasts. Sample PS@?2:1 also exhibited spindle-shaped nuclei. On Day 14 tissue
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samples indicated complete closure of wounds for all the samples along with control. Although
the control sample showed the presence of granulation tissue, mild infiltration and the
production was in a concentric form. The Tegaderm-treated tissue showed moderate
differentiation of squamous epithelial cells with low keratinocyte turnover. Extravasation of
blood and fibrocytes was moderately spotted with sufficient collagen deposits. Epidermal
differentiation was not the same all along. All the samples showed complete re-epithelialization
of the epidermis. The collagen samples in all the samples were mostly immature and
disorganized. Sample PS@]1:2 treated wound exhibited minimal infiltration of mononuclear
cells such as macrophages and lymphocytes indicating a resolving inflammatory response.
Active fibroblasts were present producing collagen and other extracellular matrix proteins
essential for wound strength and integrity. Myofibroblasts characterized by their spindled
properties were also observed contributing to wound contraction. Numerous small blood
vessels were present within the granulation tissue. The process of epidermal regeneration was
near completion with the formation of new epidermal layers over the wound site. A similar
trend was also observed in samplePS@]1:1 the dermis underneath the re-epithelialized area
showed granulation tissue, characterized by a dense network of new capillaries active
fibroblasts and an extracellular matrix rich in collagen fibres. Active fibroblasts were present
in the dermis producing collagen and other extracellular matrix components essential for
wound strength and integrity. Myofibroblasts were also observed. Numerous small blood
vessels were present within the granulation tissue. The process of epidermal regeneration was
near completion with the formation of new epidermal layers over the wound site. Focal
infiltration of mononuclear cells such as macrophages and lymphocytes were present indicating
an ongoing inflammatory response. Similar focal infiltration of mononuclear cells was also
noted in wound treated with PS@2:1. Other than that adnexal structures such as hair follicles
and minute sebaceous glands began to regenerate signifying advanced healing and the
restoration of the skin’s specialized functions. Day 21 marked a fully closed wound for all the
tissue samples although the epidermis of the control and standard material was thinner than
that of the samples. All three film-treated wounds showed normal and well-differentiated
epidermis. The control tissue still exhibited focal infiltration of mononuclear cells especially
lymphocytes, indicating ongoing but diminishing inflammation and tissue remodelling. The
adnexal structures like hair follicles and sebaceous glands were increasingly evident reflecting
advanced healing and the restoration of skin's specialized structures. The Tegaderm-treated
tissue showed that the dermis still contained granulation tissue characterized by loosely packed

immature collagen fibres and a reduced number of fibrocytes. Neovascularization was
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persistent although the number of budding vasculature was found to be decreasing as healing
progressed. Like the control focal infiltration of mononuclear cells persisted signifying
continued but resolving inflammation and tissue remodeling. Skin adnexal structures like hair
follicles and sebaceous glands were becoming more evident reflecting advanced stages of
healing and the re-establishment of specialized skin structure. All the film-treated tissues
showed advanced healing and reasonable keratin production suggesting active cell
proliferation. The presence of skin adnexal structures further indicated the advanced stage of
healing, where both the epidermis and dermis were actively regenerating and restructuring to
restore skin integrity. The collagen fibers were also tightly packed with more density in sample
PS@1:2. Overall the H&E staining pointed the efficiency of the polymeric films in treating

critical wounds with superior healing abilities.

All the composite films of PVA and Starch loaded with proanthocyanidin-rich grape seed
extract showed superior healing capabilities with PS@1:2 with a slightly better efficacy. Grape
seed extract contains antioxidants and anti-inflammatory phytochemicals that assist in
decreasing inflammatory reactions and oxidative stress, which can be crucial to creating a
perfect environment for the healing of wounds[27]. The films also played a major role in
cellular attachment which was also evident from in-vitro studies thus promoting tissue
regeneration. Moreover, the ability of the composite to maintain a moist wound environment
may improve cellular metabolism and collagen formation in the wound area, which will

contribute to effective wound healing and recovery of skin architecture and function.

To access the deposition of other ECM components majorly collagen all the wound samples at
different points were stained using Masson's trichrome stain (Figure 5.10(b)). A progression
of collagen formation and deposition was noticed during the wound-healing phase. The
untreated wound on day 7 showed minimal granulation tissue with minimal collagen
deposition. On the other hand, the Tegaderm-treated wound showed a wound area
predominantly filled with granulation tissue characterized by uneven and irregular collagen
deposition. For both the untreated and Tegaderm treated wound active fibroblasts were noticed
synthesizing collagen that appeared as thin, immature, and irregularly distributed fibers. All the
sample-treated wounds showed signs of immature collagen deposition with highly active
fibroblasts synthesizing collagen fibers. The collagens were mostly loosely arranged and
uneven in thickness. Although PS@]1:1 showed some indications of matured collagen

deposition indicating an initial transition from the proliferative phase to the remodeling phase.
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On the 14" day, the control sample showed loosely arranged blue fibers indicating early and
immature collagen formation. The Tegaderm-treated wounds revealed mature granulation
tissue characterized by a denser and more organized network of capillaries and fibroblasts
compared to day 7. Masson's trichrome stain showed collagen fibers prominently in blue colour
indicating a transition of collagen of greater tensile strength. Samples PS@]1:2 exhibited
loosely arranged collagen fibers in the dermoepidermal junction indicating ongoing remodeling
and the transition of collagen. The rest of the wound area exhibited thick and densely packed
collagen deposition highlighted in bluish staining signifying more mature and organized
collagen which would enhanced the wound's tensile strength and structural integrity. This
combination of loose collagen at the junction and thick collagen deposition reflected a
transitional and advanced stage of wound healing[61].Sample PS@1:1 and PS@2:1 showed
moderate collagen maturation. Collagen fibers as stained blue by the trichrome stain were
present but appeared mildly loose-packed and disorganized reflecting ongoing matrix

deposition[62].

Day 21 marked the maturation of collagen for all the samples than that of day 14 with the
untreated sample dermis showing significant remodeling with fibroblasts actively producing
collagen, which was highlighted by the blue staining of Masson's trichrome and was
disorganized and loosely packed at this stage contributing to scar tissue formation. The
Tegaderm-treated tissues exhibited fibroblasts actively producing closely packed collagen
fibers which seemed to be mature collagen. Samples PS@]1:1 and PS@1:2 showed superior
healing with the presence of matured collagen. These collagen fibers were closely packed and
exhibited a proper horizontal arrangement. The Granulation tissue had been decreased
signifying the wound maturation and the inflammatory response was greatly reduced with
fewer inflammatory cells present. The PS@?2:1 still showed active collagen production and the
dermis exhibited multifaced response signifying remodeling although there were loosely

packed mature collagen fibers.
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Figure 5.10: Assessment of histological sections stained with H&E from different treatment
and control groups on 7, 14, and 21 days after healing(a); Samples of wound tissues stained
with Masson's trichrome at 7,14, and 21 days post-incision showing the presence of collagen

fibres in the healing tissue.

5.3.5.3 Immunohistochemistry Assessment of the wound tissue

The immunohistochemistry study was done to assess the presence of particular markers like
CD-31 and collagen type-1. The presence of collagen type-I was noted in wounds treated with
polymeric films. The collagen type -1 was accessed on days 14 and 21 as the formation of
mature collagen starts from that time point(Figure 5.11(a)). The collagen type-I synthesis and
deposition were found to be better in all the polymeric mats when compared to control and

Tegaderm-treated tissue sections. Collagen type 1 was abundant in the dermis region during
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the remodelling phase, indicating that the polymeric materials facilitated the organization of

the healing matrix in the extracellular matrix (ECM)[40].

The healing of a wound involves several initial steps, among which the process of
neovascularization plays a major role in the formation of micro-blood vessels and hence
contributes to the healing process by efficient remodelling. Both the chemical and structural
characteristics of a dressing material must be taken into account to ensure enough blood flow
to the injured area. There can be cell death and tissue necrosis due to inadequate blood
circulation , which can delay the overall healing process[63]. In order to evaluate the degree of
neovascularization in the healing tissues, immunohistochemistry staining of the tissue sections
was done on day 7 and day 14 after treatment with polymeric mats and compared it with the
standard material Tegaderm and control with no treatment (Figure 5.11(b)). Specifically, the
endothelial cell marker CD 31 was examined. The Control and the standard Tegaderm showed
quantitively lesser angiogenic markers than that of the samples. Wounds treated with PS@12
and PS@11 showed the formation of matured blood vessels by the end of 21 days thus pointing
to signs of healing via epithelization. PS@2:1 also showed numerous CD-31 positive signals.
The markers were evenly dispersed throughout both newly formed and fully developed blood
vessels, as well as in solitary and grouped areas throughout the healing tissues. This study thus
validated that PVA/Starch composite loaded with grape seed extract, holds potential for

efficient neovascularization.
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Figure 5.11:Using immunohistochemistry labeling, we examined collagen type 1 deposition
in the extracellular matrix on days 14 and 21 after healing. (a). Immunohistochemistry
pictographs illustrating the distribution of CD 31/PECAM 1 markers throughout the initial
phases of wound healing (days 7 and 14) (b).

5.4 Inference

In this study, 3differnt types of polymeric film(PS@2:1, PS@1:1, and PS@]1:2) were designed
using PVA and Starch and incorporating grape seed extract rich in proanthocyanidins. The
grape seed extract not only acted as a bioactive compound but also contributed to the

crosslinking of the PVA starch blend by hydrogen bonding. The FTIR and XRD of the samples
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revealed successful incorporation of all the components. The SEM and AFM analysis pointed
out that all the prepared polymeric films were mostly smooth with very few irregularities. All
the polymeric films exhibited good thermal stability, and mechanical properties with PS@1:1
showing maximum Youngs’s modulus. The biocompatibility of the samples was confirmed,
with all hemolysis values well below the 5% threshold, indicating suitability for medical
applications. All the samples showed reasonable degradation along with good swelling which
will allow the grape seed extract to diffuse to the site of a wound. The antibacterial study also
pointed out that all the polymeric films somehow resisted the formation of bacterial colonies
over them which can be highly beneficial for wound dressing application. The smooth and
stable surface of the polymeric films aided cellular adhesion and proliferation in vitro. Also,
the rabbit model showed that these polymeric mats were quite effective in healing wounds. To
be precise PS@1:1 and PS@]1:2 showed the best wound healing efficacy with the reduction in
inflammation and controlled wound tissue regeneration by improved angiogenesis, re-
epithelization, and arranged deposition of ECM components such as collagen. The polymeric
films primarily facilitate scarless healing, which is a key goal in the production of wound
dressing materials. Moreover, these polymeric films provide an ecologically responsible and
sustainable approach to healthcare products. The application of renewable resources such as
starch and the inclusion of natural bioactive substances like grape seed extract derived from
winery waste is in accordance with the concepts of green chemistry and sustainability. These
biomaterials are biodegradable, which helps to minimize their negative effects on the
environment and provides a sustainable alternative to synthetic polymers. In addition, the
method used for fabrication also reduces the utilization of toxic substances, making it a green
synthesis. These polymeric films offer a sustainable and eco-friendly choice for healthcare

supplies, in line with the objectives of sustainable healthcare and environmental preservation.
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6.1 Conclusion

This comprehensive study highlights the multifaceted potential of sustainable technologies in
biomedical applications, integrating bioinformatics, biopolymer development, and optimized
extraction methods. By identifying harmful nsSNPs in the GSK-3f protein, critical mutations
that affect protein stability and function were highlighted, offering potential therapeutic targets.
GSK-3B has a negative impact on wounds by modulating inflammatory responses, with
deleterious mutations potentially altering the binding/active site structure and inhibiting
inhibitors' effectiveness. This dysregulation can lead to increased pro-inflammatory cytokines
and reduced angiogenic response during wound healing. Destabilized or hyperactive GSK-3f3
enhances NF-«kB activity, driving inflammation and tissue damage. Various GSK-3f inhibitors,
such as TDZD-8, LiCl, and SB216763, have been shown to mitigate inflammatory responses
and promote tissue healing. Furthermore, GSK-3f plays a role in angiogenesis by controlling
vascular cell migration and differentiation through the Wnt/B-catenin pathway. The aim was to
create therapeutic agents that control inflammatory cytokines post-wound and promote

angiogenesis and neovascularization, countering the effects of dysregulated GSK-3p.

The development of a mat composed of starch, gelatin, and grape seed extract (GSE)
demonstrated biocompatibility, degradability, and effective wound healing, positioning it as a
promising tissue engineering scaffold. Optimized proanthocyanidin extraction from grape
seeds yielded a potent antioxidant extract, which, when formulated into a GSE-Gel, showed
significant wound healing and anti-inflammatory properties both in vitro and in vivo.
Polymeric films incorporating GSE exhibited excellent mechanical properties, thermal
stability, biocompatibility, and antibacterial efficacy, making them suitable for sustainable

wound dressing applications.

The molecular dynamics simulations revealed structural instability in the A83T mutant and
structural stability in F67C and TI1381 mutants, with variations in flexibility, solvent
accessibility, solvation energy, and total energy, indicating distinct structural and stability
profiles compared to the native GSK-3f protein. These results have important implications

given GSK-3f's extensive involvement in cellular and metabolic networks.

Overall, this study expands our understanding of complex molecular mechanisms contributing
to disease vulnerability and cellular malfunction, offering new diagnostic and therapeutic
approaches targeting harmful missense SNPs in GSK-3f. The incorporation of natural,

renewable resources like grape seed extract into biomedical materials underscores the potential
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for eco-friendly and sustainable healthcare solutions. The formulations and the biomaterials
also promoted angiogenesis and controlled inflammation which might be caused due to the

dysregulation of GSK-3p.
6.2 Future Scope
In vitro Analysis of GSK-3 on Wound Healing:

Investigate the specific effects of GSK-3f on wound healing using in vitro models. This would
involve observing the modulation of inflammatory responses, cytokine production, and

angiogenic processes in wound healing environments with varying levels of GSK-3f activity.
Effect of Proanthocyanidin on GSK-3f Regulation:

Assess the impact of proanthocyanidin, extracted from grape seeds, on the regulation of GSK-
3. This could involve studying its potential to modulate GSK-3f activity, reduce inflammatory

responses, and promote angiogenesis in wound healing scenarios.

Deep analysis of the mechanism of action and effect biodegradation process for the wound

dressing materials

Future research could focus on the detailed molecular mechanisms by which bioactive
compounds in wound dressing materials, such as grape seed extract (GSE), interact with key
regulatory pathways like GSK-3f. Specifically, studies could explore how GSK-3f inhibitors
incorporated into wound dressings modulate inflammatory responses and promote
angiogenesis at a cellular level. Additionally, further biodegradation studies of materials like
starch, gelatin, and GSE can be conducted to assess their long-term biocompatibility and
degradability in vivo, particularly in relation to their interaction with body fluids and tissues.
Analyzing the release profiles of active components over time, combined with the impact of
degradation products on wound healing, will provide insights for optimizing material

performance in clinical settings.
Clinical Trials for Product Testing:

Conduct clinical trials to evaluate the safety, efficacy, and therapeutic potential of the developed
wound healing products, including the starch, gelatin, and GSE-based mat and GSE-Gel
formulations. Human trials would provide critical insights into the products' performance in

real-world medical settings, paving the way for their potential use in clinical practice.
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These future directions aim to validate the findings of this study, explore new therapeutic
avenues, and ultimately translate these innovations into effective and sustainable healthcare

solutions.

Finding the mechanism of action of wound healing and also the biodegradation process for the

wound dressing materials
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