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ABSTRACT

Diabetic wound (DW) healing remains a significant healthcare concern due to prolonged
healing times and high infection rates, leading to inadequate treatment outcomes for many
patients. Current therapies often fail to address the complex requirement of diabetic
wounds, necessitating novel approaches. This study explores the development of a thymol-
loaded hydrogel as an innovative therapeutic strategy to accelerate the wound healing and
prevent infections in patients with diabetes. Thymol, naturally occurring compound with
well-documented anti-inflammatory and antibacterial properties, was encapsulated in
liposomes to enhance its stability and ensure sustained release at the wound site. These
thymol-loaded liposomes were then incorporated into a hydrogel matrix, synthesized
through cross-linking polymerization optimized for stability, controlled release, and
maintaining a moist wound environment. The hydrogel’s antibacterial efficacy was
assessed using the well diffusion method against Staphylococcus aureus and Enterococcus
faecalis. Additionally, anti-biofilm assays demonstrated the hydrogel's ability to prevent
biofilm formation. In-vivo experiments conducted on a diabetic rat model revealed that
wounds treated with this hydrogel exhibited significantly faster healing and improved
tissue regeneration compared to untreated controls. These findings suggest that thymol-
loaded hydrogel represents a promising approach for managing diabetic wounds (DW),
offering both accelerated healing and effective infection control. This novel therapeutic
approach holds potential for clinical application, improving outcomes for diabetic patients

suffering from chronic wounds.

Keywords: diabetic wound healing, thymol loaded hydrogel, liposome encapsulation,

Staphylococcus aureus, Enterococcus faecalis.
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CHAPTER 1: INTRODUCTION

1.1. Overview of Diabetes Mellitus (DM):

Diabetes mellitus (DM), also referred to as diabetes, is a chronic and severe condition
marked by continuously high levels of glucose in the blood due to inadequate production
of insulin or the body's inability to properly utilize the insulin it produces. Diabetes impacts
people of all age groups, genders, and geographical areas, making it a highly frequent
worldwide cause of death and illness. Approximately 240 million people worldwide have
undiagnosed diabetes, and approximately half of diabetic adults are ignorant of their
iliness. Healthcare systems worldwide are financially burdened by diabetes. The condition
affects 537 million people, or 10.5% of the global 20-79 age group. The International
Diabetes Federation (IDF) estimated that in 2021, over 537 million individuals, accounting
for 10.5% of the global population, were affected by diabetes. The total expenditure on
healthcare worldwide amounted to $966 billion. Healthcare spending is projected to
surpass $1054 billion by 2045. The estimated incidence of DM is anticipated to increase to
643 million (11.3%) by 2030 and 783 million (12.2%) by 2045, which is worrisome.[1, 2]

1.2. The Diabetic wound (DW):

The management of diabetes is crucial for enhancing patient quality of life and survival.
Hyperglycemia, or high blood sugar, raises the risk of comorbid disorders affecting many
organs and affects the body's ability to produce new tissue. Wound healing in diabetic
persons is impeded by a complex interplay of vascular, neuropathic, immunological, and
metabolic variables. Hyperglycemia leads to hardening of the arteries, reduced blood flow,
and poor oxygen supply to tissues[3, 4].Diabetic patients also experience alterations in
their blood arteries, which diminishes the migration of leukocytes into wounds, hence
increasing the likelihood of infections. Moreover, peripheral neuropathy can result in
numbness and diminished pain perception, which can lead to unnoticed and untreated
wounds that may develop into chronic conditions..[5]. The lower extremities are highly
vulnerable to minor injuries that have the potential to develop into long-lasting lesions as

a result of alterations in motor function and sympathetic reactions. These changes can cause

1



foot deformities, increased pressure on the soles, and dryness of the skin, resulting in the
skin cracks and minor injuries. The impaired wound healing in individuals with diabetes is
caused by the dysregulation of angiogenic factors such as TGF-f, FGF2, and VEGF, which
hinder the formation of new blood vessels. Persistent inflammation prevents the wound
from initiating to the stages of proliferation and remodelling in the healing process.
Consequently, wounds in individuals with diabetes have a delayed healing process;
frequently resulting in infections caused by disrupted cell circulation and diminished levels
of natural growth hormones. This ultimately leads to the development of persistent

non healing ulcer. In severe cases, infections necessitate limb amputation.[6]
1.3. Diabetic wound Current treatment and limitations:

Common wound-care practice for poor wound healing involves infection management,
debridement, pressure relief, and moist wound bed maintenance. Chronic wound care
begins with infection prevention and tissue clean-up. Due to the absence of the skin's
inherent barrier, infections can easily arise, and microorganisms in the wound may slow
healing. Similarly, Debridement exposes healthy tissue where wound-healing cells can
multiply. Enzymatic, mechanical, and surgical debridement treatments use natural fibrin
breakdown enzymes to self-activate. The latter is most effective in removing necrotic tissue

and preventing its spread.[7]

Topical dressings provide moisture for healing and produce granulation tissue and
epithelialization. These treatments expedite wound healing, minimise scarring, and reduce
infection risk. Re-epithelization, hydration, antimicrobial, trauma prevention, and exudate
wicking are common dressing benefits. Passive, active, therapeutic, or interactive. Wounds
are covered by passive dressings. Interactive dressings prevent bacteria. They might be
occlusive or semi-occlusive and vary in composition. Films, foams, alginates, hydrogels,
hydrocolloids are popular. Bioactive dressing promotes granulation tissue with growth
agents and hydration. Collagen, hyaluronic acid, chitosan, growth factors, and

antimicrobials promote wound healing.[5]

Diabetes medications like insulin, metformin, some sulfonylureas, thiazolidinedione, and

DPP-4 inhibitors have anti-inflammatory and other effects that may help treat chronic



wounds. These drugs polarise macrophages to heal, reduce MMPs, promote keratinocyte
and fibroblast proliferation, angiogenesis, and granulation tissue development. The clinical
correlation between this and enhanced wound healing yet to be shown. In some cases, as
seen below, data are encouraging and warrant further study. [8]

Growth factors activate cellular and molecular responses during healing. They boost
granulation tissue, inflammatory control, angiogenesis, ECM creation, remodelling, and
re-epithelialization. Clinical trials have investigated PDGF, VEGF, EGF, FGF, and TGFf1
for treating diabetic foot ulcers. Though promising, several trials showed bias and poor
safety. Innovative medication delivery methods have been developed to prevent growth
factor preparations like PDGF or EGF from failing due to poor formulations. Polymeric
micro- and nanospheres, lipid nanoparticles, hydrogels, scaffolds, and nanofibrous
structures limit growth factor release to stabilise wound protein and improve treatment.
Recent approaches use degradable biomaterials or gene-mediated therapeutic delivery to
provide high growth factor concentrations to the wound.[9, 10]

Treatment of poor wound healing with stem cells is intriguing. The injured area can recruit
cells, angiogenize, remodel the ECM, and immunomodulation with cytokines and growth
factors from transplanted stem cells. Clinical trials have shown that commercial topical
treatments with adult mesenchymal stem cells (MSC) work. New induced pluripotent stem
cells (iPSC) may be autologous and have low immunological rejection. Numerous
preclinical studies in animal models of wound healing suggest that iPSC may soon be used

as a new therapeutic tool for human wound healing[4].

Based on the information above, there are several therapeutic methods, but each has its
own limitations and none seem to be enough to guarantee a successful, conclusive, and
non-recurrent healing session. Therefore, new therapy options must be developed (or
discovered) quickly. Although the sequence of events that occur during poor wound
healing has been thoroughly characterised, pharmaceuticals that target one or more of the

molecular events can be available on the market.



1.4.Nanotechnology-Based Drug Delivery Systems (NDDS):

Nanotechnology- based drug delivery systems (NDDSs) are a versatile class of drug
delivery systems that can be fabricated using various biomaterials. These particles have a
diameter at the nanoscale, enabling them to enhance drug stability, sustained release, and
controlled release.[11].An remarkable range of NDDSs, containing therapeutic agents, has
emerged and is currently being used to treat diabetic wounds. Nano drug systems (NDDSSs)
can be classified into liposomes, polymeric nanoparticles, inorganic nanoparticles, lipid
nanoparticles, nanofibrous structures, and nano-hydrogel.[11].

1.5.Use of Liposomes as a drug carrier:

Liposomes are spherical phospholipid bilayers with an aqueous core. This bilayer of natural
or synthesised phospholipids, steroids, and polymers exhibit amphipathic properties.
Liposomes, produced from multilamellar vesicles, range in size from 20 nm to Spm
depends on their molecular makeup.[12].

Liposomes have shown potential in improving therapeutic outcomes for chronic wounds,
especially those associated with diabetes. A research study proposed the use of
glucocorticoid-loaded PS liposomes to specifically target immune cells in chronic wounds.
This method expedites the process of healing and mitigates negative consequences by
employing lower concentrations of medication.[13].

Diabetic wound care have been revolutionised by liposomes. They can improve patient
outcomes by delivering therapeutic ingredients to the wounded site, keeping it wet, and
regulating recovery. Research may make liposome-based therapeutics vital for healing
complicated wounds. Liposomes give medications to the wound, speeding healing and
moisturising it. Antioxidant, inflammation-modulating, and tissue-regenerative lecithin
liposomes help control wounds.[14].

Hydrogels remain prominent due to their many benefits. Hydrogel-based dressings with
different wound-healing properties have been extensively studied, improving wound
care.[15].



1.6. Hydrogel as drug delivery systems:

Wound healing, especially diabetic wounds, is complicated and needs numerous processes,
making wound management challenging to find effective solution for wound management.
Researchers' interest in wound healing has led to new treatments that improve results.
Many remedies have been devised, but none have treated all wounds. Hydrogels are
popular for study due to their many benefits. Hydrogel-based dressings with diverse uses
have shown promising wound healing results. Due to numerous advantages of Hydrogels
have gained significant interest in research due to numerous advantages. Various hydrogel-
based dressings with multiple purposes have been explored for wound healing, with
outstanding outcomes[15].

Advanced three-dimensional hydrogels are constructed of hydrophilic polymer chains.
They rapidly expand in water, generating a partly solid material.[16]. Over 90% of the
hydrogel structure contains water, which keeps the wound moist and aids tissue repair[17].
Hydrogels are ideal for wound healing due to their many properties including firm
adherence, shape adaptation, and mechanical protection, allow for adequate coverage and
protection of the wound[18]. Hydrogel-based dressings have the benefit of being easily
adjustable, which means that they can include antibacterial and antimicrobial substances,
cells, biomolecules, and growth factors[19]. This augmentation is intended to accelerate
the processes of wound contraction and healing. A hydrogel can be formed by cross-linking
by using any hydrophilic polymer. Water-soluble polymers can exist in either a natural or
synthetic form. Synthetic materials possess distinct qualities due to their highly modifiable
physical properties and adhesive properties. Compared to synthetic polymers, natural

polymers demonstrate superior biocompatibility and biodegradability.

Hydrogels are categorised by their synthesis method, polymer properties, ionic charge, or
polymer chain linkages. The monomer content, synthesis process, and additions can
dramatically affect hydrogel characteristics. Hydrogels can change from gel-like to soil-
like in response to temperature, pressure, pH, ionic charge, or antigens. Once the stimulus
is gone, it can return to its natural state. Unique properties make hydrogels "smart"

materials. Hydrogels are used in wound healing, medication administration, cellular



treatments, tissue regeneration, medical device fabrication, and biosensor

development.[20].

Hydrogels can reduce complications, accelerate wound healing, increase quality of life,
and improve wound treatment. Hydrogels are ideal for deep wounds due to their non-
adhesiveness, moisture retention, gas permeability, exudate absorption, biocompatibility,
and patient comfort. Like dermal tissue, they have an extracellular matrix-like structure.
They promote cell migration and partial tissue regeneration. Adding antibiotics,
nanoparticles, stem cells, and growth hormones to hydrogels improves their properties.
Hydrogels that respond to external stimuli can release drugs precisely or monitor healing
[21].

1.7. Thymol:

Herbal extracts have gained popularity in recent years due to their many medical uses,
particularly in wound healing. Essential oils from thymus, Origanum, and coridithymus
include thymol, a naturally occurring phenolic monoterpene. Its antioxidant, anti-
inflammatory, local anaesthetic, antinociceptive, cicatrising, antiseptic, and especially
antibacterial and antifungal properties have garnered attention in biomedical

applications.[22].

Several studies have examined how Thymol aids wound healing. During wound healing,
thymol works in numerous ways. Thymol regulates reactive species like nitric oxide, pro-
inflammatory cytokines like TNF-a and IL-1b, and growth factors like TGF-1b. The early
stages of healing benefit from this modulation[23, 24]. Thymol promotes proliferative re-
epithelialization, angiogenesis, granulation tissue formation, and collagen fibre deposition.
Thymol's ability to modulate early inflammation is likely responsible for the reported
advantages, as the duration of inflammatory infiltration during wound healing substantially
affects the development of granulation tissue into scar tissue. A 14-day study found that
Thymol increases collagen formation and replaces collagen type 11 with type | in wounds.
Furthermore, Thymol's high antibacterial properties help cure wounds by preventing

infections, especially in chronic wounds where bacterial infections are problematic.[25].



1.8. Objectives of this research:

This study will develop and test a thymol-containing hydrogel treating diabetic wounds.

Pursuing these goals will achieve this:

1.

The goal is to generate stable liposomes with thymol, allowing for easy absorption
by the body.

Conduct thymol-loaded particle characterisation using several techniques,
including SEM, AFM, FTIR, UV, and Zeta Potential Analysis. This analysis
measures particle size, shape, surface characteristics, and chemical content.
Measure thymol encapsulation efficiency in liposomes for optimal medication
loading and minimal leakage.

The goal is to study the kinetics of thymol release from liposomes in a controlled
environment to determine its potential for therapeutic usage.

Develop a biocompatible hydrogel matrix with thymol-loaded liposomes to create
a localised and sustained wound treatment system.

Our goal is to examine the physical and chemical properties of thymol-containing
hydrogels, including structure, porosity, viscosity, and contact angle.

This study aims to evaluate the efficacy of thymol-loaded hydrogel against common
bacteria like Staphylococcus aureus and Enterococcus faecalis, which cause

diabetic wound infections.



CHAPTER 2: LITERATURE REVIEW

1.1 role of Skin:

The skin is the largest organ in the body which make up 10% of the mass of body and
is essential for survival and defence. It consists of three layer; hypodermis (fat), dermis
and the epidermis. Epidermis which is the most outer layer of the skin play important
role in maintaining the body internal balance and provide protection from harmful
microorganisms and the environment. Dermis gives tensile strength to the skin through
extracellular matrix support. All the blood vessels, nerves, hair follicles and sweat
glands are present in dermis. The natural state of skin is characterized by dryness and
acidity with a PH level ranging from 4 to 6.8[26].

Figure 1Error! Reference source not found.

When an individual has a severe injury to large areas of skin, he is “open” to reduced local
function, which can result in dehydration and infections and sometimes even death. When
the skin is wounded, multiple cell types within these three layers need to coordinate at
precise stages to bring about healing[27]. A wound is a break in the epithelial integrity of
the skin and may be accompanied by disruption of the structure and function of underlying
normal tissue. A wound may result from precise disruption of tissue by the surgeon’s knife

(incision) to widespread damage of tissue (e.g. major trauma, burns). A wound may also



result from a contusion, hematoma, laceration or an abrasion. The continuity of the skin

must be restored expeditiously because it plays a crucial role in maintaining homeostasis.
2.2 Wound Healing (WH):

The Wound healing is a natural physiological response to damage in bodily tissues. Even
S0, the process of wound healing is not simple, because it involves an intricate interaction
among many types of cells, cytokines, mediators, and the vascular system. This process
encompasses haemostasis, inflammation, proliferation, and culminates in the formation of

completely formed scar tissue.[28]
2.3 The phases of Wound Healing:
2.3.1 Hemostasis:

After an injury, blood arteries immediately constrict to produce a clot and restrict blood
flow. Platelets are one of the main factors that activate this process and can be activated
when they come into contact with the sub-endothelial matrix in the wall of a blood vessel.
ECM proteins including fibronectin, collagen, and von Willebrand factor link platelets to
blood vessel walls. Thrombin induces platelets to release bioactive substances from
granules, improving coagulation[29]. Platelets increase fibroblast and keratinocyte
development and help fight germs early. Many factors will influence coagulation after
blood flow stops to prevent thrombosis. Smooth muscle and endothelial cells from

endothelial progenitor pools rebuild the injured arterial wall during this time[30]

2.3.2 Inflammation:

Inflammation is the main line of defence against wound infections. Mast cells and
macrophages at the injury site are activated by these signals. Pro-inflammatory cytokines
and chemokines released during activation draw circulating leukocytes to the site[31]
Neutrophils, the first wound responders, phagocytose dead tissue and dangerous germs.
Neutrophils produce ROS and antibacterial peptides. These chemicals and pathogens get
caught in extracellular traps. Neutrophils are removed from the wound site by efferocytosis

macrophage[32].



Macrophages, recruited like neutrophils but later due to the time they need to reach
contaminated tissue, lead tissue repair. The phagocytotic cells scavenge detritus and
malfunction pathogens while phenotypically shifting in response to environmental inputs.
Healing antigen shifts M1 macrophages from pro-inflammatory to anti-inflammatory[33].
Growth factors are produced to induce re-epithelialization, angiogenesis, and fibroplasia
after cytokine change and other events cause this flip. Macrophages stabilise and remodel
blood vessels. Lack of macrophages in wound healing slows healing and increases
inflammation, highlighting their importance[34] Early wound healing inflammation is

reduced by T and mast cells.[35]
2.3.2 proliferation:

In the proliferative phase activated keratinocytes, fibroblasts, macrophages and endothelial
cells coordinate wound closure, matrix deposition and angiogenesis..[36]. Keratinocytes
switch their adhesion characteristics, start to move by secreting matrix metalloproteinase
(MMPs) and concomitantly deposit new extracellular-matrical proteins. Hair follicle stem
cells facilitate this process by proliferating and providing new epidermal cell a that migrate
from excised appendages in superficial wounds or the epidermis edge in deeper wounds.
[37, 38].

Angiogenesis, a key process at this phase is promoted by hypoxia mediated factors like
vascular endothelial growth factor VEGF, (HIFs), and recruitment of epithelial cells in the
wound bed to form matured stable vasculature. In angiogenesis, macrophages produce
proteases and chemotactic factors that control endothelial cell behaviour and modify the
nascent vasculature to avoid over vascularization [39]. Another crucial yet understudied
topic is nerve fibre regeneration. Neural and immunomodulating neuropeptides affect cell
proliferation and wound healing. In diabetes, substance P deregulation delays wound
healing, but restoring this neuropeptide to the surface increases neurone development and
wound repair. Decreased healing occurs without wound-activated glial cells, which

synthesise chemotactic factors.[40]
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2.3.4 Matrix Remodelling:

This process of matrix remodeling, which starts with clotting fibrin deposited in the wound
and concludes over years to generate a mature scar (composed primarily type | collagen)
is an unavoidable consequence of healing wounds.[41] This process involves fibroblasts
replacing a blood-derived fibrin clot with hyaluronan, fibronectin, and proteoglycans to
form mature collagen fibrils. These proteoglycans are essential for the assembly of mature,
covalently cross-linked collagen fibrils and also regulate cell migration [42].

Nevertheless, the ECM of scar tissue never fully recovers all its original structural integrity
or conformation compared to that in uninjured skin. Collagen present in scar tissue forms
large parallel bundles, while in normal skin it has a basket weave formation and this is
counter to the tensile strength of some scars which may reach 80% as strong as pre-wound
skin[43].
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Figure 2: The stages of wound healing

2.4 Introduction to diabetic wound:

The diabetes mellitus (DM) is a metabolic disorder resulting from a defect in insulin action,
insulin secretion or both. Insulin insufficiency causes chronic hyperglycemia and
carbohydrate, lipid, and protein metabolic problems[8]. It is one of the biggest worldwide
health issues, chronic non-communicable diseases (CNCDs). It increases the risk of

blindness, vascular brain disorders, renal failure, and amputations.
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The IDF reported in 2021 that 537 million people, or 10.5% of the world's population, had
diabetes. This ailment cost $966 billion in healthcare. Diabetes cases are expected to reach
783 million by 2045, with healthcare expenses exceeding $1054 billion. In poor and
middle-income nations, nearly half of people with diabetes are unaware of their illness,

with the highest prevalence of undiagnosed diabetes Mellitus (DM)[44].

Diabetes causes various pathological alterations that impair wound healing. Chronic
hyperglycaemia affects vascular and impairs blood flow. Diabetics' peripheral vascular
disorders and neuropathy make wound identification difficult. Diabetic wounds include
increased inflammation, reduced angiogenesis, poor keratinocyte migration, and low
fibroblast proliferation. These modifications promote diabetic wound consequences such

infections, wound dehiscence, and chronic non-healing wounds.[45]
2.5. Impacts of Diabetes on Wound Healing:

Normal wound healing involves inflammation, proliferation, and remodelling. Diabetes
affects all these healing processes[46, 47]. Normal wound healing involves inflammation,
proliferation, and remodelling. Diabetes affects all these healing processes. Diabetic
wounds heal more slowly than non-diabetic due to inflammation. Prolonged pro-

inflammatory state delays wound healing and can cause chronic wounds.

2.5.1. Inflammation in Diabetic Wounds:

In diabetic wounds, macrophages produce excessive pro-inflammatory cytokines.
furthermore, In diabetic wounds, inflammatory macrophages do not easily become anti-
inflammatory[48]. Diabetic wounds produce more neutrophil extracellular traps (NETS),
which promotes inflammation and slows wound healing. MiRNA is a significant molecular
alteration in diabetic wounds that produces excessive inflammation[49].Micro-ribonucleic
acid (miRNA) is one of the major molecular change in diabetic wounds that causes
excessive inflammation (miRNA)[50]. Although healing miRNA was discovered at the
same levels in diabetes and non-diabetic skin, its expression varied in damaged skin,
suggesting that miRNA also plays a role in dysregulated inflammation. In diabetic wounds,

transcription factor and epigenetic dysregulation increases pathological inflammation[51].
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2.5.2. Angiogenesis in Diabetic Wounds:

One of the main causes of poor wound healing in diabetic wounds is inadequate
angiogenesis, which can happen through a number of different processes[52]. Initially,
diabetic wounds lack the essential proangiogenic elements, presumably because fewer
macrophages are producing them. Furthermore, there is an up-regulation of antiangiogenic
factors and a down-regulation of capillary maturation factors[53]. Matrix
metalloproteinase and miRNAs, known to inhibit angiogenic genes, also have a role.
Additionally, Deficient oxygen delivery and alterations in the diabetes vasculature further
hinder leukocyte migration into the wound, raising the risk of infections[54].

2.5.3. Scarring in Diabetic Wounds:

Diabetes has been shown to cause a scar that heals differently from healthy scars in terms
of collagen synthesis and structure. These differences lead to a scar that is less able to
contract and has more collagen, which reduces the scar's tensile strength and hinders proper
wound healing [62]. Part of the reason for the poor contraction of diabetic wounds is that
the fibroblasts in these wounds are senescent and refractory to proliferate, which means
that in order to heal, diabetic wounds rely more on granulation and re-epithelialization.

This means that diabetic wounds withstand tensile forces and shear stress [63].

2.6. The pathophysiology of diabetes:

Diabetic wound healing requires a balanced interaction between inflammatory cells and
biochemical mediators. Numerous elements contribute to this harmonic metastasis.
Cellular macrophages produced from monocytes are the main players in this process since
they are the main producers of important pro-inflammatory cytokines. These cytokines—
including VEGF, TGF-B, TNF-a, IL-1pB, and IL-6—are essential for both the typical
healing processes associated with wound repair and the unique healing mechanisms seen
in diabetic conditions. The schematic representation in the figure below provides an

explanation of the detailed pathophysiology of Diabetic wound.
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Figure 3: Understanding the pathogenesis and molecular targets for diabetic wounds[55]

A complex interaction of multiple factors can lead to problems such as retinopathy,
myopathy, diabetic neuropathy (DN), peripheral vascular disease (PVD), myopathy, and
nephropathy in diabetic wounds (DWs). This complex process includes deficits in the
angiogenesis response, compromised macrophages and neutrophils activity, production of
pro-inflammatory cytokines, and microvascular issues like atherosclerosis. Furthermore,
diabetic wound-healing models show reduced fibroblast and keratinocyte migration,
proliferation, and synthesis of growth factors. Moreover, there is an imbalance between
ECM and MMPs, a reduction in epidermal nerve levels, a pDGF alteration, and a lack in
the fibrinolysis inhibitor [56].

2.7. Complications in diabetic wound:

Diabetic wounds (DWs) significantly impact patients' daily life, morbidity, and mortality.
They can be classified as delayed acute or chronic wounds, causing decreased tissue
regeneration and recurrent inflammation. Diabetes also leads to recurrent inflammation,
affecting the formation of fully developed granulation tissue and wound strength. Prompt
and urgent treatment is crucial for all wounds, which can be external or internal. Peripheral
neuropathy in diabetes individuals can lead to unrecognized external wounds, while
interior injuries like ulcers and calluses carry a high risk of bacterial infection, causing
tissue and skin damage. Several variables contributing to the development of DWs are
outlined in Figure.[57-59].
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Figure 4: Causal factors of diabetic wound [60]

2.8. diabetic wound care treatment strategies:

Diabetic wound represent the most challenging and common consequence of diabetes
mellitus, impacting around 25 percent of individuals with diabetes at some point in their
lives. These wounds frequently exhibit inadequate healing rates, resulting in extended
hospitalizations, elevated healthcare expenditures, and reduced patient quality of life.
Managing diabetic wounds is challenging and frequently necessitates a multifaceted
strategy. [58, 59].

2.8.1. blood glucose levels control:

Controlling blood sugar levels is crucial for managing diabetic wounds (DWs), as high
glucose levels can hinder wound healing by reducing collagen production, disrupting blood
vessel formation, and promoting oxidative stress. Medication, food, and exercise are
essential for managing blood sugar levels in DW healthcare. Optimal wound healing
requires a well-rounded diet rich in protein, vitamins, and minerals. Exercise also enhances

blood flow and facilitates healing in individuals with diabetes.[61].
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2.8.2. Metformin therapy:

Metformin, a type 2 diabetes drug, has been found to aid in wound healing and
angiogenesis. Its anti-inflammatory effects may increase blood flow to damaged tissues,
aiding in healing and preventing wound infections. In-vitro tests showed that metformin
administration promoted BM-EPC function, increased tube formation, NO generation, and
decreased O2 levels. It also reduced TSP-1 expression in cultured BM-EPCs. Metformin
treatment may aid T2DM wound healing and angiogenesis by enhancing NO generation
and reducing O2—, TSP-1 expression, and inflammation in EPCs. In a study, combined
therapy formed hair follicles, enhanced dermis and epidermis regeneration, and reduced
inflammatory cell infiltration and oedema compared to single drug-loaded scaffolds.
Metformin and mesenchymal cells (MSCs) can also increase angiogenesis and wound

healing in diabetics.[62]

2.8.3. Insulin therapy:

Insulin therapy has been shown to accelerate wound healing by regulating oxidative and
inflammatory responses. It reduces reactive oxygen species, which can damage lipids,
proteins, and DNA in burn wounds. Insulin treatment increases M2 macrophages and
interleukin-10 levels, resulting in anti-inflammatory effects and aiding in the clearance of
necrotic tissue. Dressings containing insulin enhance re-epithelialization, angiogenesis,
and extracellular matrix formation, resulting in faster wound healing. HIF-1a, a crucial
wound healing controller, remains constant in wound cells treated with insulin dressings.
Insulin can mitigate the destabilization of HIF-1a induced by methylglyoxal (MGO), a type
of advanced glycation end products (AGEs) in diabetes. Insulin enhances the activation of
HIF-1a target genes, stimulating the formation of new blood vessels and the deposition of

extracellular matrix, both crucial for wound healing. [63].
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2.8.4. Wound debridement:

Wound debridement is a crucial aspect of diabetic wound management, involving the
removal of dead or contaminated tissue to promote healing.[64]. Various techniques,
including surgical, mechanical, and enzymatic debridement, are effective in this process.
Surgical debridement is the most intrusive and is typically performed on wounds with a
significant amount of dead tissue. [65]. Mechanical debridement involves using a dressing
or irrigation to remove necrotic tissue, while enzymatic debridement involves applying
topical enzymes to break down dead tissue.[66]. While surgical debridement has been
linked to reduced healing time, there is insufficient evidence to support its effectiveness.
Hydro-active dressings infused with polyhexamethylene biguanide have shown promising
results in stimulating macrophage activation, suppressing bacterial growth, and reducing
inflammation in human trials. In summary, the combination of sharp debridement, meshed
skin grafts, and negative pressure wound therapy is effective in facilitating wound healing

in diabetic wounds[67].

2.8.5. Off-loading pressure therapy:

Diabetes footwear has emerged as a viable alternative to traditional casts and non-
removable walkers for lowering plantar pressures in individuals with diabetes. [68, 69].
This category of footwear, including shoes and insoles designed to relieve foot stress,
effectively decreases plantar pressures. Specific characteristics like metatarsal additions,
apertures, and arch shapes are crucial for optimal outcomes. [70]. Surgical off-loading,
such as Achilles tendon release and foot reconstruction, is also a viable option for diabetic
foot ulcers. Research shows that surgical off-loading can lead to improved healing and
amputation rates compared to non-surgical treatments. Specialized footwear, custom
orthotics, or assistive devices like wheelchairs or crutches can also be used to alleviate

pressure on the wound area and facilitate healing.[71].

17



2.8.6. surgery:

Diabetic wound-healing surgery is a treatment for delayed wound healing in diabetic
patients due to damage to blood vessels and nerves, impaired blood flow, and reduced
sensitivity in the feet and legs. This can increase susceptibility to infection and delay the
healing process. Surgical procedures are often reserved as the last resort when non-surgical
treatments have proven ineffective. Proper wound care, including maintaining cleanliness
and dryness, and regular dressing replacements, is crucial for successful wound healing.

Maintaining optimal blood sugar levels also helps minimize complications.[72].

2.9. An alternative therapy for Diabetic wound’s complication:

Diabetes-related wounds often have delayed and compromised healing processes, a
concern that medical plants are a valuable resource for therapeutic treatments. These plants
are used in both traditional and alternative medicine, with their medicinal effects including
wound healing, antioxidants, fighting against microbes, reducing inflammation, and
lowering blood sugar levels.[73]

Traditional Chinese medicine, an integral part of traditional Chinese medicine, is
extensively used in clinical settings for wound healing.[74]. Medicinal herbs expedite the
healing process through their active ingredients, which have diverse effects such as
stimulating fibroblast growth, initiating growth factor production, scavenging free radicals,
stopping bleeding, preventing microbe growth, enhancing collagen synthesis and strength,
improving blood circulation, reducing cell damage, promoting DNA synthesis, facilitating
wound contraction and healing, and stimulating keratinocyte production and movement.
However, natural treatments are primarily used topically for wound dressing, with a limited

number being ingested orally to address diabetic wounds [75, 76].
2.9.1. Thymol:

Thymol, also known as 2-isopropyl-5-methylphenol or 5-methyl-2-isopropylphenol, is a
naturally occurring monoterpenoid phenol found in the oil of the Thymus vulgaris plant.
Thymol is an isomer alongside with carvacrol and is the primary bioactive component in

the oil derived from the plant.The plant in concern is a perennial, aromatic, and highly
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branched woody plant of small height [77]. T. vulgaris exhibits bilabiate flowers that are
white, yellow, or purple in colour and blossom in the spring. When the leaves of this plant
are touched, it releases a pleasant and aromatic scent. Thyme belongs to the Origanum
genus, which is closely related to oregano. For centuries, it has been employed as both a
seasoning in cooking and a herb with healing properties. Nevertheless, scientists have also
investigated its antioxidant and antibacterial properties.

Figure 5: Thymus vulgaris plant (A) and the chemical structure of thymol, also known as 2-

Isopropyl-5-methylphenol (B)

2.10. Biomedical Properties of thymol:

2.10.1. Antioxidant Properties

Thymol, a compound with significant antioxidant properties, has been extensively studied
using cell lines and animal models. It effectively eliminates hydroxyl free radicals, leading
to the formation of phenoxyl radicals.

These radicals form adducts that undergo dehydration, which can be accelerated in an
alkaline environment. Thymol's non-toxic nature and ability to undergo redox reactions
make it a promising antioxidant. Thymol also increases the concentrations of natural
antioxidant enzymes like superoxide dismutase (SOD), catalase, glutathione peroxidase
(GPx), and glutathione-S-transferase (GST).[78].
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It also increases the concentrations of non-enzymatic antioxidants like vitamin C, vitamin
E, and reduced glutathione (GSH). Thymol demonstrates higher efficacy in terms of
reducing power, DPPH, superoxide, and hydroxyl radical scavenging activities and offers
defence against oxidative harm to lipids.[79].

2.10.2. Anti-Bacterial properties:

Antibiotic resistance is a growing issue in treating bacterial diseases, prompting the search
for natural chemicals to counteract infections. Essential oils (EOs) with phenolic
monoterpene compounds, particularly thymol, have the most potent antibacterial activities
due to their chemical structure. Thiols, small and lipophobic particles, can pass through
lipid barriers, making pathogens' cell membrane susceptible to EO chemicals. [80].
Thymol's antibacterial effect is attributed to its interaction with the polar region of the
membrane, causing significant alterations in the membrane's structure, including
destabilization of the lipid layer, loss of elasticity, and increased fluidity. This leads to
increased permeability to potassium and hydrogen ions and impacts the functionality of
intracellular membrane proteins, including enzymes and receptors. Thymol interacts with
embedded proteins, causing alterations in the structure and function of internal and

membrane proteins, causing cell membrane tension and destabilization.[81].
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Figure 6: Potential mechanism underlying the antibiofilm activity of thymol [60]

20



2.10.3. Anti-fungal Properties:

Ergosterol, a unique sterol found in fungus cell membranes, is crucial for optimal growth
and functioning. Thymol, a substance that influences its concentration, may have
antifungal properties by affecting the metabolism of fatty acids, particularly ergosterol,
within the fungal cell. This leads to increased reactive oxygen species and oxidative stress,
reducing the extracellular polymer matrix and capsular polysaccharide.[82]
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Figure 7: Mechanism underlying the possible antifungal activity of thymol[82]

Thymol treatment can inhibit ergosterol levels in cell membranes of Candida and
Cryptococcus, leading to membrane damage and cell death. A study found that T. vulgaris
essential oil has potent antifungal properties against various strains, with doses ranging
from 0.5 to 10mg/mL. This makes it a potential substitute for amphotericin B, which is
known for its significant toxicity. The oil's potency makes it a promising alternative to

existing antifungal drugs[83, 84].

2.11. Role of Thymol in Diabetic Wound Treatment:

Wound treatment solutions are gaining significant attention in research and marketing.
Wound dressings, which cover the wound area, protect the site, regulate moisture, and
create a healing environment. Bioactive substances like growth factors, anti-inflammatory

agents, antioxidants, and antibacterial agents can expedite wound healing. Thymol, a
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compound with significant potential in wound healing, has been studied for its ability to
promote healing. It regulates the synthesis of reactive species, pro-inflammatory cytokines,
and growth factors, which play a role in the early stages of the healing process. Thymol
also promotes the growth of new epithelial cells, blood vessels, connective tissue, and
collagen fibers. The compound's benefits may be linked to its ability to regulate
inflammation, as the duration of inflammatory infiltration influences the transformation of
granulation tissue into scar tissue. Thymol therapy has been shown to result in
collagenization and the potential to replace collagen type 111 with type | within a 14-day
period. Additionally, Thymol's potent antibacterial properties can help prevent bacterial
infections, especially in chronic wounds, and aid in wound healing. [85, 86]

2.12. Nanotechnology in wound treatment:

Nanotechnology is a rapidly growing field that focuses on synthesizing and developing
materials with nanometre dimensions. It has been widely used for treating various diseases,
including wound healing, which is a complex physiological process involving four phases:

haemostasis, inflammation, proliferation, and remodelling..[87, 88].

Chronic wounds can be caused by factors like diabetes, obesity, infection, and stress,
leading to prolonged healing times. Traditional drug delivery devices are ineffective in
delivering therapeutic medicines to the wound site. Nanotechnology has proven to be an
effective approach to addressing these issues. Nanoparticles (NPs) are among the various
nano-materials that have attracted researchers due to their ability to promote wound
healing. [89]. NPs can be classified into three categories: inorganic NPs, lipid-based NPs,
and polymeric NPs. Inorganic NPs can be used as therapeutic compounds, while polymeric
and lipid-based nanoparticles transport medications to wound sites in specific release
patterns. They can also serve as carriers for delivering bioactive substances as shown
below[90].
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Figure 8: An illustrative depiction of the application of nanoparticles (NPs) in the process of wound
healing[91]

2.12.1. Lipid-based Nanoparticles as Drug Carrier:

Lipid-based nanoparticles (LBNs) are drug-delivery devices with a lipid matrix enclosed
by a surfactant film, designed to deliver drugs to specific body sites. These adaptable
systems, with a size range of 1 - 100 nm, are biodegradable and biocompatible, allowing
precise control of drug release, protection, and targeted delivery. They enhance the
transportation of hydrophilic and hydrophobic molecules in oil-in-water nanoemulsions,
minimizing potential adverse effects.

LBNs have been used in cosmetic and medical fields to improve the durability,
effectiveness, and preservation of targeted drug delivery. They facilitate wound healing by
promoting wound wetness and stimulating the release of growth factors, enhancing drug
localization at the injury site.

LBNs are easily expanded, sterilized, and verified when combined with medication
molecules, providing extended drug release, decreased dosing frequency, and enhanced
patient adherence. Their exceptional therapeutic efficacy makes them suitable for a wide

range of applications.[92].
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2.12.2. Types of lipid —based Nanopatrticles:

Lipid-based nanoparticles (LBNs) have the ability to improve wound healing and skin
regeneration by controlling the release of medication, increasing solubility, and minimising
degradation. Lipid-based nanoparticles (LBNs) encompass a range of different kinds,
including liposomes, solid-lipid nanoparticles, nanostructured lipid carriers, lipid-polymer
nanoparticles, nanoemulsions, and polymeric phospholipid micelles. Their advantages in
the administration of medication and effectiveness in wound healing are illustrated in
Figure land .[93]
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Figure 9:Various categories of lipid-based nanoparticles and depicting the use of LBNs for the
treatment of both normal and chronic wounds [94]

2.12.3. Liposomes as a drug carrier:

Liposomes are drug vesicles that are formed through the self-assembly of phospholipids,
resulting in the formation of a bilayer or many concentric bilayers. Extensive study has
been conducted on their use as carriers for small molecule drugs, proteins, nucleic acids,
and imaging agents. [95]. The thickness of the phospholipid bilayer in liposomes is
between 4 and 5 nm, while the size of liposomes can range from 30 nm to micrometer.
Liposomes can be administered through many ways, such as parenteral (injection),
pulmonary (inhalation), oral (by mouth), transdermal (through the skin), ocular (eye), and

nasal (through the nose). They possess notable attributes, such as safeguarding enclosed
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substances from deterioration, prolonging the duration of medicine effectiveness,
regulating the release of drugs, and exhibiting a high degree of compatibility with living
organisms and safety[96]. They have the ability to specifically convey their cargo to the
affected area, so minimising general adverse effects, enhancing the highest dose that can
be taken, and improving therapeutic benefits.

The presence of wound infection can lead to the destabilisation of liposome membranes,
resulting in the release of the enclosed medication due to the growth and metabolic
components associated with pathogenic bacteria. This study provides evidence for the
controlled and selective release of LBNs inside a responsive system that is activated by
bacterial enzymes. This release mechanism does not require any additional components or
chemical modifications of the nanocarriers, making it a promising approach for treating
wound infections.[97]
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Figure 10: Visual representation of the controlled release of drug in wound conditions with the use of

Lipid-Based Nanoparticles (LBNS), either for treating infections or targeting specific areas [98]

2.13. Hydrogel as a Drug delivery system:

Hydrogels are composed of a 3D structure that has the ability to absorb a significant
quantity of water and expand when in contact with water, because of their hydrophilic
groups, including -NH2, -COOH, -OH, -CONH2, -CONH, and -SO3H.
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The network is typically composed of polymer chains that are cross-linked, occasionally
through cross-linked colloidal clusters. Their flexibility and softness are a direct
consequence of their capacity to absorb water. Hydrogels can be designed by chemically
or physically crosslinking chains of natural or synthetic polymers. Hydrogels strongly

resemble living tissue due to their high water content, soft texture, and porosity.
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Figure 11 Hydrogel for diabetic wound healing [99]

Due to advancements in hydrogel production technology, we may anticipate the expanded
use of hydrogels across several industries. Nevertheless, scientists continue to show interest
in the biological applications of hydrogels, as indicated by the presence of 25,000

references to hydrogels for biomedical purposes during the last five years.
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CHAPTER 03: MATERIAL AND METHODS:

3.1 Materials:

3.1.1 Chemicals and reagents:

The research utilised analytical grade reagents and chemicals obtained from Sigma-
Aldrich, without any further purification and all the components were used as received

without any extra purification steps.

The primary chemicals used in this research include thymol, lecithin, chloroform, ethanol,
chitosan, polyvinyl alcohol (PVA), Gelatin, and acetic acid (1%). The selection of these
chemicals was based on their role in the synthesis of both thymol-loaded liposomes and
the hydrogel.

3.2 Methodology:
3.2.1 Liposomes synthesis:

The thin-film hydration method was used to synthesize liposomes. This method is
frequently employed to encapsulate both hydrophobic and hydrophilic substances within
lipid bilayers[100]. The liposome formulation was prepared by combining lecithin and
cholesterol in a molar ratio of 4:1. Initially, the required amount of lecithin and cholesterol
were accurately measured. The lipids were then dissolved in chloroform to form a

concentration of 100 uM stock solution.

At the same time, a 200 uM solution containing the drug thymol in ethanol was prepared.
A precise volume of 500 pulL was measured from the drug solution and then added to the
lipid solution. The lipids and drug were mixed together and then treated with sonication.
The sonication was performed at a frequency of 80 MHz for 40 minutes to ensure the proper
mixing and the potential encapsulation of the drug within the lipid bilayers. After
subjecting the mixture to sonication, it was separated into two separate phases: a water
phase and a lipid phase. Lipid phase, which included the sonicated mixture, and the water

phase were heated individually in a water bath. The temperature was carefully controlled
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and maintained at 60 °C, that is close to the phase transition temperature of the lecithin

used in this formulation.

When the two phases reached the desired temperature, they were mixed. This mixture of
both phases was then stirred continuously for 10 minutes at a speed of 90 RPM to promote
the formation of a homogenous dispersion. The dispersion was again sonicated, this time
at a frequency of 50 MHz for 40 minutes, to enhance the liposome structure and
facilitate the encapsulation of thymol.

Following the process of sonication, the next step was the extraction of chloroform from
the mixture. The process used for this purpose was rotary evaporation, which required
keeping the temperature above the phase transition temperature of lecithin, specifically at
50°C, to ensure the complete removal of the solvent.

Finally, the liposome formulation was then purified to remove any remaining drug that was
not encapsulated. This was achieved via mini column filtration using a 0.2 uM filter. This
step ensured that the final liposome suspension contained only the drug-loaded liposomes,

free from any unencapsulated thymol.
3.2.2 Synthesis of hydrogel matrix:

The thymol-loaded hydrogel was prepared by combining polyvinyl alcohol (PVA),
chitosan (CS), and gelatin (Gel) in a carefully optimized ratio[101]. The preparation began
by dissolving each polymer in distilled water (D.W) or a suitable solvent. The PVA (0.05
g/mL) was dissolved in distilled water, whereas CS (0.1 g/mL) was dissolved in a 1% acetic
acid solution under continuous magnetic stirring at room temperature for 24 hours to ensure
complete mixing. The Distilled water was used to dissolve gelatin (0.1 g/mL) with a stirring

time of 2 hours.

Once the individual polymer solutions were prepared, they were mixed together in a final
volume of 5 mL according to the optimized proportion of 1:2:2 for PVA: CS: Gelatin. This
mixture was then subjected to additional stirring for 1 hour at room temperature to ensure

a uniform blend of the polymers.
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After thoroughly mixing of the polymeric solutions, the thymol-loaded liposomes, which
were synthesized according to the instructions in section 1.2.1, were added to the hydrogel
matrix. The liposomal suspension was slowly added into the polymer mixture while
constantly stirring to ensure the equal distribution of the liposomes throughout the
hydrogel. Ensuring the uniform distribution of thymol throughout the gel is essential to
maintain the integrity of the liposomes.

When liposomes were completely incorporated into the polymer mixture, the resulting
solution was stirred for an extra 2 hours to ensure its consistency. Subsequently, the
mixture was transported to a refrigerator and kept at a low temperature for 24 hours to
facilitate the gelation process, during which the hydrogel developed a durable, cross-linked

network

The thymol-loaded liposome hydrogel was formed by physical interactions and
spontaneous crosslinking mechanisms inside the polymeric network. After being cooled
and placed in the refrigerator, the mixture transformed from a viscous solution into a semi-
solid gel. This gelation process ensures a uniform distribution of thymol-loaded liposomes
within the hydrogel, which is crucial for its efficacy in treating diabetic wounds by

providing controlled antibacterial effects and facilitating wound healing.
3.3 Characterization:
3.3.1 Physical and Chemical Characterization

The thymol-loaded hydrogel was evaluated for its physical and chemical properties by
various characterization techniques:

3.3.1.1 Scanning electron microscopy:

To observe the surface structure of the thymol loaded liposomes, empty liposomes and the
hydrogel, Scanning Electron Microscopy (SEM) was used. This method yielded high-
resolution images that showed the structure, size, and arrangement of the thymol-loaded
liposomes, empty liposomes and these thymol loaded particle within the hydrogel matrix
with more detail. The particle size values range from 0 to infinity. Particles in this area that

have circularity values beyond the specified range will also be excluded. Considered the 8-
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bit binary representation of the most suitable ellipse that corresponds to the observed
particle (Cf. Edit. Range). The ellipse fitting algorithm was used to the image with grey
levels. The ellipses found in the image have a value of 0, while the backdrop has a value
of 255.

A micro-pipette is utilized for pouring a minute quantity of the material onto a cover slip,
and thymol loaded liposomes, empty liposomes and particle loaded in hydrogel
matrix were photographed. The JSM-6490A scanning electron microscope at the National
University of Science and Technology (NUST), Islamabad was used to take the images.
Through the analysis of these images, we can analyze the incorporation of the liposomes
and evaluate the overall structural integrity of the liposomes and hydrogel.

3.3.1.2 Atomic force microscopy (AFM):

To examine the nanoscale topographical characteristics of the thymol loaded liposomes
and hydrogel we used Atomic Force Microscopy (AFM). This technique provided
extensive information on the surface roughness and texture of both thymol-loaded
liposomes and hydrogel. AFM measurements facilitated the understanding of the
hydrogel's mechanical properties and surface features, which are crucial for its interaction

with the wound environment.

3.3.1.3 Fourier-transform Infrared Spectroscopy (FTIR):

Fourier-transform infrared spectroscopy (FTIR) was employed to determine and confirm
the chemical composition of the thymol-loaded liposomes and hydrogel. This method
allowed the detection of distinct functional groups linked to thymol-loaded liposomes and
the hydrogel components. The FTIR spectra were examined to confirm the successful
incorporation of thymol into the hydrogel and ensure that the encapsulation method didn't

affect the chemical composition of thymol.

Before doing FTIR analysis, the samples were dried in the air. The FTIR spectra were
obtained using a FTIR spectrophotometer covering a wavelength of 4000 to 400 cm—1. An

extensive FTIR spectral study was performed on all the components included in the
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formulation, which include thymol, empty liposomes, thymol loaded liposomes, chitosan,
polyvinyl alcohol and gelatin.

Zeta Potential:

Zeta potential analysis was performed by using dynamic light scattering (DLS) using
Nanotrac Wave Il (Microtrac® Systems) to assess the stability of the hydrogel dispersion
in aqueous solutions. This method provided information on the, stability, average size and
surface charge of the liposomes loaded with thymol, which is essential for understanding
their stability and interaction in the released medium.

A 1:100 dilutions of each formulation was prepared (using distilled water), and then the
particle size was measured at 25°C temperature. The mean diameter + standard deviation
values for each sample were derived from six determinations. A minimum of three reading
were noted to find the average particle size and zeta potential. Stability of the thymol loaded
and empty liposomes were assessed by measuring their particle size and surface charge
using a zeta potential analyzer. A high zeta potential indicates excellent stability and

dispersion of the thymol loaded particles.
3.3.1.5 UV-Analysis:

Uv-Vis spectroscopy was used to measures the extent to which a sample absorbs light when
exposed to light radiation, and the amount of absorption is determined by the intensity of
the transmitted light. Essentially, the incident laser beam is divided into two separate
components. A part of the light passes through the cuvette that is filled with the sample to
be analysed, while the other part passes through a reference cuvette that only contains the
solvent. Measurements of absorbance can be obtained at particular wavelengths or
throughout a spectrum, producing an absorbance profile across different wavelengths. The
highest level of absorption, known as the lambda max, is observed at a specific wavelength.
This approach is crucial for assessing electronic transitions within molecules and follows
the principles of the Beer-Lambert Law. According to this law, absorbance (A) is the result
of multiplying molar absorptivity (E), the concentration of the solute (c), and the route
length (L) of the cuvette:
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A=E-C-L

The molar absorptivity, which measures the ability of substances to absorb light, is directly
proportional to the molar concentration in the cuvette containing the sample. The
correlation between these variables enables UV-Vis spectroscopy to work as an effective
tool for quantitative analysis. The spectrophotometer was utilised to document the UV-Vis
absorption spectra of both empty nanoparticles and nanoparticles loaded with thymol. The
measurements were conducted over a wavelength range of 200-600 nm with a resolution
of 1 nm, utilising distilled water as the reference medium. A comparative analysis was
performed by acquiring spectra for the thymol medication, thymol-loaded nanoparticles,
and empty nanoparticles.

3.4 Drug encapsulation efficiency

For the optimization of the encapsulation of thymol within liposomes, it was essential to
determine the concentration of thymol that allows for maximum encapsulation efficiency.
This process began with the preparation of several dilutions of thymol that cover a wide
range of concentration. The dilutions were subsequently analysed using a UV-Visible
spectrophotometer, scanning wavelengths ranging from 200 to 450 nanometer. The goal of
this was to acquire absorbance measurements that could be utilised to construct a standard
curve. A standard curve was formed by plotting the absorbance values against the known
concentrations of thymol. The curve exhibited a direct correlation between concentration
and absorbance, which is essential for accurate measurement of thymol in
subsequent steps. The linear relationship of the standard curve ensured that the absorbance
values of unknown samples could be directly linked to the concentration of thymol, so

providing a reliable method for quantification.

Following the establishment of the standard curve, the next step involved determining the
amount of unencapsulated thymol present in the liposomes. In order to accomplish this,
liposome samples containing thymol were prepared and then subjected to centrifugation.
The centrifugation was performed at a speed of 4500 revolutions per minute for a duration
of 1 hour. This procedure enabled the separation of liposomes from the unentrapped, free

thymol that was present in the supernatant.
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After centrifugation, the supernatant that remained on the top containing the
unencapsulated thymol was carefully collected and analyzed using the UV-Vis
spectrophotometer. The absorbance values from these supernatant samples were then
compared to the standard curve to determine the exact concentration of unentrapped
thymol.[102]

The encapsulation effectiveness of thymol within the liposomes was determined using the

following formula:

drug
%X 100)
total

Encapsulation Ef ficiency(%) = (Total drug — Unentrapped

In this formula, "Total thymol” indicates to the initial amount of thymol added during the
liposome preparation, while "Unentrapped thymol™ denotes the amount of thymol that
remained in the supernatant and did not become encapsulated within the liposomal

structure.

This calculation allowed for the determination of the percentage of thymol successfully
encapsulated within the liposomes. The Higher encapsulation efficiency indicates a more
effective liposome formulation, where a larger proportion of the thymol is retained within
the liposomal bilayer. This experiment contributed in identifying the most suitable thymol
concentration for liposome encapsulation, which contribute to the overall optimization of

the liposome-based drug delivery system.

3.5 viscosity:

Viscosity is a characteristic of a fluid that is used to describe its internal resistance.
Although viscosity testing is commonly used in engineering systems to assess fluids, it
becomes essential when studying hydrogels to evaluate the rheological characteristics of
these materials. The rheological examination is crucial as it yields information that aids in
making decisions regarding the further processing or storage of the fluid. A 20ml sample
of hydrogel containing drug and another sample of hydrogel with empty particles were

made. The viscosity measurement was conducted by the USPCAS-E.
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3.6 Antibiofilm Assay:

The study evaluated the anti-biofilm activity of S. aureus and E. faecalis using a microtiter
plate spectroscopic experiment. The cultures were created using 5 millilitres of Tryptic Soy
Broth (TSB) and incubated overnight at 37°C. After incubation, 100 pL of each diluted
culture was added to each well of a 96-well plate. The test wells were exposed to
compounds at the minimum inhibitory concentration (MIC) and incubated for 24 hours.
The next day, autoclaved distilled water was used to clean the wells, followed by 250 uL
of crystal violet solution (0.1% wi/v) and incubated for 15 minutes. The wells were then
rinsed with distilled water and air-dried. 300 pL of 95% ethanol was added to each well,
and the lid was sealed for 15 minutes. A volume of 150 pL of crystal violet and ethanol
solution was transferred to a new 96-well plate, and the optical density at 630 nm was
measured using a Multiskyskan Sky Microplate Spectrophotometer. The percentage of
biofilm inhibitory activity was calculated using the method [(C — B) — (T — B)/(C — B)] *
100%. A positive control was prepared using ethanol (96%).

3.7 Antibacterial activity:

The agar well diffusion technique is a widely used method in microbiology to evaluate the
antibacterial properties of various substances, including drugs, botanical extracts, and
artificial compounds. This technique involves creating wells in a solid agar medium and
introducing a layer of microorganisms, usually bacteria, into it. The sample to be examined
is then placed into the designated wells and allowed to diffuse into the agar medium. If the
substance has antimicrobial properties, it will inhibit bacterial growth in the agar around
the well. The antibacterial efficacy of a chemical is determined by the magnitude of the
inhibition zone, which is the transparent region surrounding the well where microbial
growth is limited. The well diffusion method is a valuable tool in microbiological research
and the development of antimicrobial medications, providing a simple yet effective
approach to evaluate and compare the antibacterial characteristics of different substances.
It is commonly used in research, clinical laboratories, and pharmaceutical development for
assessing the effectiveness of antimicrobial medicines against bacterial strains. It is a
straightforward and cost-effective approach for the initial evaluation of prospective

antibacterial drugs.
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3.9 Development of Model:

The study assessed the efficacy of thymol-loaded liposomes in a hydrogel matrix in Wistar
rats with alloxan-induced diabetes, using in vivo experiments. The work was conducted
according to the ethical guidelines and received approval from the institutional review
board.

3.9.1 Animal Model and Grouping

Twelve female Wistar rats, aged 8 weeks, were acquired from (ASAB) NUST. Upon
arrival, the rats were introduced into a meticulously controlled environment with a
temperature maintained at 27 + 2 °C and a light-dark cycle of 12 hours each. Throughout
the research, the rats were supplied with tap water and a standardised diet to guarantee they
obtained adequate nourishment and hydration.

Prior to starting the experimental procedures, the rats were given a period of 7 days to adapt
to their new surroundings. After the rats had adapted to their environment, they were

randomly assigned to four groups and each group was placed in its own cage.

i.  Control Diabetic Group (n = 3): Rats in this group were intentionally induced with
diabetes but did not receive any type of treatment or intervention.

ii.  The group of rats with diabetes and untreated wound infections: (n=3)

iii.  The Diabetic group with Wound Infection treated with Thymol-Loaded Hydrogel
(n =3) comprised of rats that were initially induced with diabetes, subsequently
infected with a wound, and lastly subjected to treatment using thymol-loaded
liposomes incorporated into a hydrogel.

iv.  In the Diabetic group with Wound Infection treated with Empty Liposomes in
Hydrogel Group (n = 3), rats were deliberately induced with diabetes, later infected
with a wound, and then administered a hydrogel containing empty liposomes,

which served as control
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3.9.2 Induction of Diabetes

On the seventh day, diabetes was induced in all the rats by administering intraperitoneal
injections of alloxan monohydrate at a dose of 150 mg/kg body weight. Alloxan, a
substance that causes diabetes, specifically targets and destroys the beta cells in the
pancreas that produce insulin, resulting in high blood sugar levels. The confirmation of
diabetes induction was achieved through the measurement of blood glucose levels.

3.9.3 Induction of Wound Infection

To create a wound infection, the rats were injected with two bacterial strains, namely
Staphylococcus aureus and Enterococcus faecalis. On the ninth day, a deliberate wound
was made on the rats' dorsal skin using a biopsy punch. The wound site was subsequently
infected with a mixture of S.aureus and E.faecalis at two different time intervals, with a
30-minute gap, for two consecutive days. This approach guaranteed the development of a

long-lasting bacterial infection at the site of the wound.

Throughout the infection period, the rats were given cariogenic diet water containing 5%

sucrose to increase blood sugar levels and facilitate the development of diabetes.
3.9.4 Treatment

After one week of the induction of the wound infection, the rats were treated based on their

assigned groups

Treatment of 14
days

Day Day Day Day
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Induction Puncture Skin by '\\ S.aureus &
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\

Acclimization
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Synthesis of thymol loaded liposomes

Thymol loaded liposomes prepared through thin film hydration method, exhibit
characteristic appearance that reflects the precision and care involved in their preparation.
Following the process of rotary evaporation, the final liposome suspension appears as
translucent or slightly opaque solution, suggesting a well-dispersed and stable suspension.
The slight yellowish tint in the suspension is due to the natural colour of thymol and lecithin
indicating a stable product without any degradation. The uniform appearance with no phase
separation after filtration confirm the liposome’s stability, ensuring that the final product

is free from unencapsulated thymol and reading for drug delivery application.

Figure 12: the mixing of lipid solution and thymol(A) thick suspension after mixing (B)rotary
evaporation(C) liposomes after filtration (D)

The finding from the preparation of thymol loaded liposomes using thin film hydration
method provide valuable insight in formation of liposomes process and its impact on
efficacy and stability. The translucent and opaque nature of liposomes suggest that
liposomes are formed properly and well dispersed in aqueous medium. This dispersion is
essential as poorly dispersed liposomes could lead to aggregation and hinder the

therapeutic effect of thymol.
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The tint color in the suspension is due to the natural coloring of thymol and lecithin which
show confirm that thymol is properly encapsulated without undergoing degradation
process during the liposomes preparation.

The absence of free thymol after filtration shows that encapsulation efficiency is high
which minimizes the need for further purification step and minimizing the need of further

steps making the formulation viable for applications.
4.2 Synthesis of hydrogel matrix

The final appearance of thymol loaded hydrogel prepared by mixing polyvinyl alcohol,
Chitosan and Gelatin is a white semi solid gel that is uniform and consistent throughout.
Initially, the mixture was viscous solution but after the 24 hr. cooling period in the
refrigerator, it solidifies into a stable semi-solid gel. The gelation confirms the successful
crosslinking with the hydrogel ensuring the equal distribution of liposomes in the gel

matrix, which is crucial for its application in treating diabetic wounds.

Figure 13: the final hydrogel formulation after 24hrs cooling

The final look of the thymol loaded gel after the cooling process indicate the successful
cross linking of chitosan, polyvinyl alcohol and gelatin. The stability and consistency of

the gel confirms that liposomes are well distributed and provide a controlled and sustain
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release of the drug (thymol) to the wound site which is crucial for treating diabetic wound

where a sustained antimicrobial presence is needed to heal the wound and reduce the

infection.

4.3 Physical Characterization of thymol loaded liposomes and hydrogel matrix:

Successful synthesis of thymol encapsulated in liposomes and hydrogel was confirmed by

physical characterization

4.3.1 Uv-Analysis:
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Figure 14: UV analysis of thymol, empty liposomes and thymol loaded liposomes

The figure displays the UV spectra of liposomes loaded with thymol, empty liposomes and

thymol alone. Thymol exhibited an absorbance peak at 279nm, while empty liposomes
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displayed a peak at 220nm. Thymol loaded liposomes demonstrated a minor shift in
absorbance, indicating the effective encapsulation of thymol within the liposomes.

The UV analysis of thymol reveals an absorbance peak at a wavelength of 279nm. This
peak serves as a benchmark for verifying the chemical integrity and post-encapsulation
activity of thymol.

The empty liposomes exhibited a peak at a wavelength of 220nm, indicating the absorption
of lipids in the liposomes preparation. The presence of this prominent peak in the empty
liposomes indicates that the structure of the liposomes is intact and does not affect the
absorption of thymol. Furthermore, it guarantees that the liposomes, when administered to
the wound site, will not have any negative impact on the bioactivity of thymol.
The presence of thymol within the liposomes was confirmed by a small change in
absorbance near 279nm, indicating effective encapsulation. This peak is significant as it
demonstrates that thymol is not only combined with the liposomes, but also enclosed within
the lipid bilayer or aqueous core of the liposomes. Ultraviolet analysis verifies the
successful encapsulation of thymol within the liposomes, which is a crucial step to
guarantee the efficacy of the formulation in treating diabetic wounds. The implementation
of regulated release mechanisms effectively mitigated the possible harm to cells while
simultaneously sustaining the desired therapeutic concentration of thymol, so significantly

augmenting the overall suitability of the formulation for clinical utilisation.
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4.3.2 Fourier Transform Infrared Spectroscopy Analysis:
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Figure 15: FTIR analysis of thymol, empty liposomes , thymol loaded liposomes, thymol loaded

liposomes in gel, empty liposomes in gel, chitosan and Polyvinyl alcohol

The FTIR analysis identified the distinctive peak of different components, offering

valuable information about their chemical structure and interaction. Peaks at approximately

3300 cm™! suggest the existence of a hydroxyl group. The presence of the aromatic C=C

stretching in thymol, typically occurring between 1450-1600 cm™, indicates that the

aromatic structure of thymol remains unchanged throughout encapsulation. The presence

of C-H stretching at around 2900 cm™ in all components suggests the presence of an alkyl

chain. Peaks in the range of 1000-1100 cm™! suggest the presence of C-O stretching. These

peaks are also observed in the gel containing blank liposomes. The high peak observed at

approximately 1650 cm™ indicates the presence of a carbonyl group (C=0), namely in

PV A and chitosan. The existence of amide bands, which are characteristic of chitosan, was
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confirmed in the gel spectra. A slight change in the highest point's location indicated a
weak connection between thymol, liposomes, and the gel matrix. This suggests that the
functional groups are still present, assuring the stability of thymol in the formulation.

The FTIR analysis verifies the effective encapsulation of thymol within the hydrogel and
demonstrates the stability of the formulations. The weak contact between the components
and the preservation of functional groups validate the hydrogel's ability to provide a
controlled release of thymol, hence enhancing its efficacy for wound healing applications.

4.3.3 Scanning Electron Microscopy (SEM):

"
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Figure 16 SEM images of Empty liposomes (A), Thymol loaded Liposomes (B) and thymol loaded
hydrogel (C)

The Scanning Electron Microscopy (SEM) analysis revealed distinct morphological
characteristics of both Empty and thymol-loaded liposomes (figure 21). This analysis
showed that empty liposomes possess a smooth and spherical morphology with an average
size of 29nm whereas thymol-loaded liposomes showed a slightly irregular surface of
average size 255nm indicating successful drug encapsulation. A noticeable increase in the

average size of liposomes was observed after the thymol loading, reflecting the impact of
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thymol encapsulation on liposomes. Furthermore, the SEM image of hydrogel matrix
containing thymol loaded liposomes showed a well distribution of liposomes within the

matrix.

After conducting an investigation using scanning electron microscopy (SEM), it was
shown that empty liposomes and liposomes loaded with thymol exhibited significant
morphological properties (figure 12). Based on the findings of this investigation, it was
determined that empty liposomes have a smooth and spherical morphology with an average
size of 29nm, but thymol-loaded liposomes displayed a surface that was somewhat uneven
with an average size of 200nm, indicating that the drug was successfully encapsulated.
After the thymol loading, there was a noticeable increase in the average size of the
liposomes, which is a reflection of the effect that thymol encapsulation has on liposomes.
In addition, the scanning electron microscopy (SEM) image of the hydrogel matrix that
contained thymol-loaded liposomes demonstrated that the liposomes were distributed

evenly throughout the matrix.
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4.3.4 Zeta Potential analysis:
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Figure 17: : Zeta potential of Empty Liposomes (A) and Thymol-loaded liposomes (B)

The zeta potential measurements showed that empty liposomes had an average zeta
potential of -27.99mv indicating the moderate stability. Thymol loaded liposomes on the
other hand demonstrated a higher average zeta potential of -35. 83mv.This increase in
negative charge implies that thymol loading enhances the stability of liposomes through

improved electrostatic repulsion, resulting in a more stable colloidal dispersion.

In short, the results of the zeta analysis demonstrated that thymol-loaded liposomes are
more stable and produce less aggregates over the course of time. When it comes to colloidal
dispersion, stability is of the utmost importance because aggregation can lead to irregular
drug distribution, decreased bioavailability, and a shorter shelf life for the formulation. It
may be deduced from the stable thymol loaded liposomes that the drugs retain an even
distribution throughout the formulation, which enables the consistent release at the wound

site.
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4.3.5 Atomic force Microscopy
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Figure 18: AFM analysis of thymol-loaded liposomes (A), thymol loaded hydrogel (A) and empty

liposomes(C)

The AFM analysis of empty liposomes, thymol loaded liposomes and hydrogel with thymol
loaded liposomes revealed the characteristics of surface morphology. Empty liposomes
ware observed to have a relatively smooth surface with the height variation (roughness) of
34.6nm. The surface roughness increased to 79.9nm for thymol loaded liposomes
indicating the successful encapsulation of thymol. The hydrogel matrix containing thymol
loaded liposomes showed an intermediate roughness of 37.1nm reflecting the presence of
loaded liposomes within the hydrogel matrix. These results confirmed that encapsulation

process was effectively carried out with clear difference in surface topography.
4.3.6 Drug Encapsulation:

The Encapsulation efficiency of thymol loaded hydrogel was calculated to be 87%
reflecting a high degree of encapsulation of thymol within the liposomes. By Using a

standard curve equation, with an Rz value of 0.9994.
Y =0.1959x — 0.0365

The concentration of un-encapsulated drug was measured by UV analysis of 1% supernatant

after centrifugation at the absorbance of 274nm for thymol.

Absorbance (274nm) = 1.67785
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X= Concentration of unknown
Y= Absorbance value at specific points

By substituting the value of absorbance at 274nm, the amount of un-encapsulated drug
=0.12214mg/ml

The total drug was 1mg/ml and the absorbance of total drug at 274nm =1.67785
The Entrapment Efficiency was calculated by formula;

EE% = (Total Drug — Unencapsulated Drug) / (Total drug) x 100

EE=87%

4.3.6 Antibiofilm Assay:

The biofilm percentage was calculated using the formula,

(T-B)
(€-B)

(C-B) — x100

Where C represents the absorbance of control (biofilm without treatment), b denotes
the absorbance of blank and T indicate the absorbance of test samples. These finding
concluded that the thymol loaded with liposomes displayed a significant level of
effectiveness with the range of 80-90% of suppression of bacterial growth and

formation of biofilm as shown in figure below.
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Stephylococcus aureus biofilm inhibition test Enterococcus faecalis Biofilm inhibition Test
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Figure 19 antibiofilm inhibition test of Control, Empty liposomes, and Thymol-loaded liposomes
against S.aureus (A) Antibiofilm inhibition test of control, Empty liposomes and Thymol-loaded

liposomes against E.faecalis

To illustrate the percentage of biofilm activity against S. aureus and E. faecalis, the bar
graph displays the percentage of biofilm activity of control, thymol loaded liposomes, and
empty liposomes. The graph displays one asterisk and four asterisks, indicating that the p
value less than 0.05, suggests that the data is statistically significant. P value less than 0.05,
denoted by a single asterisk, and if the p value equal to 0.01, denoted by three asterisks.
This indicates that the p value is statistically significant, and there is a significant difference
between the means of the three groups. This leads to the rejection of the null hypothesis,

which states that there is no significant difference between the means of the three groups.
4.3.7 Viscosity

Viscosity measurement of gel matrix with thymol loaded liposomes was conducted to
evaluate its rheological properties. The results showed that the viscosity of thymol loaded
liposomes in gel increases (403cp) as compared to unloaded gel (201cp) indicating that the
incorporation of liposomes contributed to thicker and more viscous gel formulation. This

change in viscosity is advantageous for controlled release applications.
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Table 1.1: viscosity measurement of empty liposomes and thymol loaded liposomes

Viscosity (cp) Acceleration (xcp) Temperature(°C)
Empty liposomes | 201 12.80 37
loaded gel
Thymol loaded gel 403 12.8 37

4.3.9 Antibacterial Activity:

For the purpose of confirming the antibacterial efficiency of thymol-loaded liposomes,
pure thymol solution, and empty liposomes (as a control), the effectiveness of these three
types of liposomes was evaluated against Gram-positive bacterial strains, specifically S.
aureus and E. faecalis. Following the completion of the experiment, it was found that the
pure thymol solution as well as the nanoparticle loaded with thymol diffused into the agar
and efficiently suppressed the development of bacteria. When compared to the
concentration of pure thymol solution, which was 10 mg/ml, the concentration of empty
nanoparticles and nanoparticles filled with thymol was 0.05 mg/ml. As a result, the findings
indicate that a tiny quantity of liposomes loaded with thymol can be just as efficient as a
solution of pure thymol in combating the bacterial strains being investigated. The most
important findings from our research demonstrate that using of thymol loaded liposomes
resulted in more favourable results when compared to the use of thymol on alone. The
results are presented in the figure that can be found below, which is a bar graph that shows

thymol, liposomes loaded with thymol, and empty liposomes.
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Figure 20 The antibacterial Activity of thymol solution, Empty liposomes, thymol loaded liposomes
against S.aureus faecalis and the antibacterial activity of Empty Liposomes, thymol-loaded liposomes

and pure thymol

Graph showed that thymol loaded liposomes exhibit superior antibacterial effect compared
to thymol solution and empty liposomes. Thymol loaded liposomes give zone of 20mm
against S.aureus and 19mm against E.faecalis whereas thymol solution give 18mm and
15mm respectively which suggests that thymol loaded give more effective antibacterial
activity even at lower concentrations. This ability of thymol loaded particles is more
effective to control the bacterial growth and improve infection management and accelerate
wound recovery in diabetic wound healing. The sustained release of thymol loaded
particles from gel ensure prolonged antibacterial effects and improve overall therapeutic

outcomes
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4.3.10 In-vivo Results:

Figure 21: grouping of rats Figure 22: diabetes induction by Alloxan

Figure 23: Isolated colonies of S.aureus (A) and E.faecalis (B)
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Figure 24 wound healing after thymol loaded hydrogel treatment

i.  Group with thymol loaded hydrogel treatment:
Gel containing thymol loaded liposomes applied directly to the wound site of rats.
ii.  Group with empty liposome loaded hydrogel treatment:

Hydrogel containing empty liposomes serving as control also applied directly to the wound

site to assess the effect of liposomes structure and hydrogel without the active drug.

After the treat of one week, anesthesia was given to rats to minimize the pain suffering and
following anesthesia the rats are humanely sacrificed and then the wound tissue was

collected for further visual analysis.
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CHAPTER 5: CONCUSION AND FUTURE PROSPECTS

Thymol-loaded hydrogel is a promising advancement in diabetic wound treatment,
addressing the unique challenges of managing chronic wounds. The hydrogel's enhanced
hydrophilicity promotes a moist healing environment, facilitating faster tissue
regeneration. In vivo studies on diabetic rats have shown its efficacy in real-world
applications, accelerating wound closure and improving the quality of newly formed tissue.
This validates the hydrogel's therapeutic potential and supports its translation into clinical
settings.

Future research should explore the long-term performance and durability of the hydrogel,
optimize thymol concentration and release rates, evaluate its effectiveness across various
diabetic wound models and patient demographics, and compare it with existing wound care
treatments. Assessment of the scalability of the manufacturing process, cost-effectiveness
for widespread clinical use, potential side effects, and patient feedback will be crucial for
refining the hydrogel for optimal safety and efficacy.

The promising results of this study highlight the potential of the thymol-loaded hydrogel
to advance diabetic wound care, with on-going research expected to support its successful
integration into clinical practice, leading to improved patient outcomes and enhanced

quality of life.
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