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ABSTRACT:

Burn injuries are one of the leading problems of death all over the world. It is different from other
wounds as the chances of contamination and secondary infection in case of burn wound progresses
with time whereas other kind of wounds get contaminated and infected from the very first moment
but heals with time. For this reason, burn injuries are difficult to treat and chances of morbidity
are high from those kind of burn wounds which do not seem to be dangerous. The thing which
makes burn injury more traumatic is the dressing process , which causes enormous pain to the
patient and sometimes it comes with bleeding. Moreover, the marketed drugs stain the place of
wound and causes hindrance in healing procedure too as it leaves the area dry. If burn injuries are
treated with moist approach, the chances of scar formation get less, and the wound heals faster.
For this reason, the goal of the project was to form such a biodegradable adhesive film which will
be easy to apply and advantageous for dressing purpose also. Metformin, a biguanide drug, used
for treating diabetic patients has been used in this formulation as it shows wound healing potential
by blocking NLRP3 inflammasome and boosting the polarization of M2 macrophage. Both in-
vitro and in-vivo studies are performed . For choosing the correct ratio of polymers WVTR,
swelling index and other tests were done. FT-IR, SEM, XRD and DSC studies of the optimized
film were performed to check the compatibility of the polymers. This study reveals effect of

metformin in acceleration of healing process of burn injuries when applied topically.

Keywords: Metformin , film, 2" degree burn wound, flaxseed, NLRP3 inflammasome, M2

Macrophage polarization
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1.INTRODUCTION:

Skin is the most significant barrier to the body (1). An open wound is a form of injury in which
the skin is ripped, slashed, or perforated, causing normal anatomic structure and function to be
disrupted. Normal wound healing comprises a well-coordinated process of cell migration,
proliferation, and extracellular matrix deposition that goes through three separate but overlapping
phases of inflammation, proliferation, and maturation leading to tissue remodeling (2). In some
diseases like- diabetic ulcers, pressure ulcers, dental lacerations, and disabling conditions like an
accident, the normal wound healing process is disrupted and takes more time to heal. Burn injury
is an essential and challenging condition in critical care, which is now the fourth most common
cause of injury (3). Priorities for specialized institutions include infection control, patient
stabilization, and functional recovery optimization (4). Treatment costs for the wound can be
enormous also, including the painful suffering. Especially while the dressings are used to treat
burn wounds, the whole process gets quite traumatic to patients as they undergo an immense
painful process. Moreover, the healing process is related directly to some factors like the patient’s
age and other co-morbid conditions of body.

Following are some statements regarding burn injuries all over the world according to the
information from World Health Organization (WHO). Burn is an all-inclusive public health issue,
with an estimated 1.8 lakhs fatalities per year, among which maximum cases occur in low and
middle-income countries and almost two-thirds occur in the WHO African and South-East Asia
regions.In many high-income countries, burn death rates have been decreasing, and the rate of
child deaths from burns is currently over seven times higher in low- and middle-income countries
than in high-income countries.Non-fatal burns are a primary source of morbidity, with
consequences such as extended hospitalization, deformity, and disability, as well as stigma and

rejection.

[J Burns are among the top reasons of disability-adjusted life-years (DALY's) lost in low and

middle-income countries (5).

1 In 2004, nearly 11 million people worldwide were burned severely enough to require medical
attention (5).



1 Over 1,000,000 Indian people get moderately or severely burnt every year, while the number
for Bangladeshi children is nearly 173,000 (5).

1 In Bangladesh, Colombia, Egypt, and Pakistan, 17% of children with burns have a temporary
disability, and 18% have a permanent disability (5).

(1 Burns is the second most common injury in rural Nepal, accounting for 5% of disabilities (5).

1 In 2008, over 410,000 burn injuries occurred in the United States of America, with

approximately 40,000 requiring hospitalizations (5).

1.1 PATHOPHYSIOLOGY OF BURN WOUND:

The pathophysiology of the burn wound is characterized by an inflammatory response that creates
edema instantly because of increased microvascular permeability, vasodilation, and extravascular
osmotic activity (6). This occurs due to the direct impact of heat on the microvasculature and
inflammatory chemical mediators. Histamine is released, which causes things like blood vessels
and veins to dilate. Oxygen free radicals released by the Polymorphonuclear leucocytes cause
damage to the cell membrane partly, which starts activating the enzymes, catalyzing the hydrolysis
of prostaglandin precursor (arachidonic acid) with the quick formation of prostaglandin. As
prostaglandins stop norepinephrine from being released, they may be crucial for controlling the
adrenergic nerve system, which is triggered in response to heat damage (6). Following heat
damage, there appears to be an increase in the number of vacuoles and a large number of open
endothelial intercellular connections, according to morphological interpretations of the alterations
in the functional ultrastructure of the blood lymph barrier. In addition, alterations in the interstitial
tissue following burn injuries are crucial. Continuous fluid loss from blood circulation within
thermally injured tissue results in elevated hematocrit levels, a fast drop in plasma volume, reduced
cardiac output, and cellular hypoperfusion. Burn shock occurs if the fluids are not adequately
replenished. Additionally, the burn site offers a large surface infection entry point with a
significant risk of septic shock. In the current therapy of patients with severe thermal damage, four
key concepts are of the highest significance: early wound closure, avoidance of septic
complications, appropriate feeding, and control of the external environment (6).



1.2 STAGES OF WOUND HEALING :
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STAGES OF WOUND HEALING (FIG. 1)

Though the stages of wound healing can be divided into different phases, they are mostly
overlapping. The first stage of wound healing is hemostasis followed by inflammation. The
lesioned blood arteries constrict, and the leaked blood coagulates during a vascular inflammatory
reaction, helping to maintain the vessel's integrity. The aggregation of thrombocytes and platelets
into a fibrin network, which is the result of coagulation, depends on the activity of certain stimuli
through the activation and aggregation of these cells. In addition to restoring homeostasis and
acting as a barrier against microbial invasion, the fibrin network organises the temporary matrix
required for cell migration, which in turn allows the skin to serve once again as a protective barrier
and preserve the skin's integrity. The promotion of fibroblast proliferation and cell migration to

the lesion's microenvironment are also made feasible by this (2). The proliferative stage's goal is
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to create a stable epithelial barrier for activation of keratinocytes while reducing the size of the
lesioned tissue region through contraction and fibroplasia. This stage, which involves
angiogenesis, fibroplasia, and reepithelialization, is in charge of the lesion's actual closure. Within
the first 48 hours following the formation of the lesion, these processes start in the lesion's

microenvironment and can continue for up to 14 days (125).

1.3 COMPLEXITIES OF WOUND HEALING
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1.4 FACTORS AFFECTING WOUND HEALING

Wound healing is prone to distress due to its complexity, and several factors can influence the

healing process. This section will briefly discuss the impact of various variables on wound healing.
Local factors:

1. Infection: Local infection is the most common problem that prolongs the healing process and

distresses the process by delaying the inflammatory phase.

2. Foreign bodies: Foreign bodies (including nonviable tissue) are a physical obstacle to wound
healing and a shelter for bacteria (mainly Staphylococcus aureus), prolonging the inflammatory
phase. Wounds with foreign bodies are unable to constrict, resettle the region with capillaries, or
epithelize fully (based on the size and region of the foreign body).

3. Ischemia: Ischemia can be described as the deficit of oxygen in certain body parts due to
reduced blood flow in that area. Healing is an energy-dependent method that necessitates a
sufficient supply of Adenosine triphosphate, the energy currency (ATP). The first anaerobic
circumstances after damage encourage cells to switch to anaerobic ATP generation via glycolysis.
Increased metabolism and protein synthesis define the proliferative phase of healing, which
necessitates substantially more ATP via oxidative phosphorylation. Increased metabolism and
protein synthesis define the proliferative phase of healing, which necessitates substantially more
ATP via oxidative phosphorylation. This necessitates a plentiful blood supply to deliver glucose

and oxygen. Hypoxia (low glucose) has the ability to stifle or even stop the healing process (7).
Systemic factors:

A patient’s traits may already lead to wound healing problems. Obesity, cardiovascular illness
influencing tissue perfusion, a respiratory disease impacting appropriate blood oxygenation,

metabolic disease, endocrine disease, and renal and hepatic failure are among these features.

1. Diabetes Mellitus: Increased blood glucose has a significant impact on wound healing; because
of hyperglycemia’s negative impact on molecular and cellular physiology, this is most likely a

complex process. Extended hypoxia, which can be caused by both a lack of perfusion and a lack
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of angiogenesis, is harmful to wound healing. Hypoxia can enhance the early inflammatory
response, causing harm to the last longer by raising free oxygen radical levels (7, 8). When the
formation of reactive oxygen species (ROS) surpasses the antioxidant capacity, hyperglycemia
might exacerbate the oxidative stress (9). Hypoxia contributes to compromised healing of burn
wounds. As the primary regulator of oxygen homeostasis, hypoxia-inducible factor-1 (HIF-1) is
crucial predictor of healing outcomes. Throughout the healing process, HIF-1 plays a role in cell
migration, cell survival under hypoxic circumstances, cell division, growth factor release, and

matrix formation (10).

2. Obesity: Obesity is linked to an increased risk of various illnesses and ailments, including
coronary heart disease, type 2 diabetes, cancer, hypertension, dyslipidemia, stroke, sleep apnea,
respiratory issues, and delayed wound healing. During a hospital stay, obesity is a significant
predictor of death and morbidity (11).

1.5 BURN WOUND AND ITS TYPES:

BURNS
PHYSICAL
ELECTRICAL
THERMAL RADIATION
' ' (Laser burns)
CONTACT FLASH CHEMICAL
BURN BURNS
DRY HEAT MOIST
(Flame burns) HEAT
(Scald) ACID ALKALI OTHER
BURNS BURNS

TABLE 1: TYPES OF BURN INJURY



Heat, cold, electricity, chemicals, radiation, or friction can all induce burn injuries. Burn injuries
vary significantly in terms of the tissue injured, degree, and consequences. Because of nerve
damage, muscle, bone, vascular, dermal, and epidermal tissue can all be affected, resulting in pain.
A burn sufferer may suffer various possible deadly consequences, including shock, infection,
electrolyte imbalances, and respiratory distress, depending on the location of the burn and the
degree of the burn (12).

1.6 ANATOMY AND PHYSIOLOGY OF NORMAL SKIN:

To better understand the classification of burn wounds, one must have a clear idea of the skin's

structure.

The epidermis is the skin's primary and outermost layer. The epidermis is a stratified squamous

epithelium with four to five layers, according to the location:

Stratum Basalis (Basal cell layer): This is the deepest layer and the one nearest to the dermis. It
comprises melanocytes, a single row of keratinocytes, and stem cells and is mitotically active.
Melanocytes are the cells that produce melanin, which is the pigment that gives our skin its colour.
As keratinocytes from this layer migrate outward/upward to form the remaining layers, they
develop and mature.

Stratum Spinosum (prickle cell layer): This layer makes up most of the epidermis and is made up
of many layers of cells linked by desmosomes. Desmosomes allow cells to remain securely
connected and structurally resemble "spines.”

Stratum Granulosum (granular cell layer): This layer comprises many layers of cells with lipid-
rich granules. As cells travel away from the nutrients in the deeper tissue, they start to immortalize,
and cells become devoid of nuclei in this layer.

Stratum Lucidum: This layer, which contains primarily immortalized cells, can only be found in
the thick skin of the soles and palms.

Stratum Corneum (keratin layer): This keratinized layer is the epidermis's outermost layer and
functions as a protective coating. This layer helps in the management of water loss by avoiding
internal fluid evaporation due to keratinization and lipid content.

The dermis is located beneath the epidermis, a dense layer of connective tissue made up of collagen
and elastin that gives the skin strength and flexibility. Nerve endings, blood vessels, and adnexal

structures, including hair shafts, sweat glands, and sebaceous glands, are all found in the dermis.
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The papillary dermis comprises the apical layer of the dermis, which bends to produce papillae

that protrude into the epidermis like small finger-like projections, and the reticular dermis is made

up of the bottom layer of the dermis.

The hypodermis is the third and deepest layer of the skin, and it is primarily made up of adipose

tissue.

1.7 CLASSIFICATION OF BURN WOUNDS:

The following are the different degrees of a burn wound based on how much skin and deeper

tissues are involved:

Types of the burn wound

Condition of affected skin layers

First-degree burn wound

Skin is erythematic (absence of vesication)

Second-degree  burn  wound

(Superficial)

Damages epidermis and only papillary dermis (vesication and

inflammation present).

Second-degree  burn  wound
(Deep)

Damages epidermis and deep reticular dermis (eschar is formed).

Third-degree burn wound

Full thickness burn wound involving epidermis, dermis, tendon,

bones (eschar is formed)

TABLE 2: CLASSIFICATION OF BURN WOUND

EPIDERMIS

DERMIS

3

DEGREES OF BURN WOUND ALONG WITH STRUCTURE OF SKIN (FIG. 3) (126)




1.8 BURN WOUND MODEL.:

Jackson (1959) has described three zones in the damaged burned tissue (16) During the first day

after the injury, the burn is characterized by three concentric zones in the damaged area:

« Zone of coagulation — This is the central part of burns with complete coagulative necrosis, with
the most amount of damage as of being exposed to the most significant amount of heat.

« Zone of stasis— The zone of stasis is at the periphery of the zone of coagulation. The circulation
is sluggish in this zone, but it can recover after early and adequate resuscitation and proper wound
care. (15)

» Zone of hyperaemia — This is peripheral to the zone of stasis. It results from intense
vasodilatation, as seen in the inflammatory phase after the trauma. This eventually recovers

completely. (4)

KIN SURFACE

ZONE OF BURN WOUNDS (FIG 4)

The epidermis is capable of regenerative healing because it is derived from ectoderm. Deep dermal
burns heal slowly, if at all, and depend mainly on migrating keratinocytes from surrounding intact
skin. Keratinocytes which migrate from the skin bridges, fill up the interstices of meshed split-

thickness skin grafts via this technique (17).



1.9 MECHANISM OF BURN WOUND HEALING:

A severe inflammatory response follows a significant burn injury. Burn wounds may experience
the effects of acute influx and inflammatory mediator and growth factor for a considerable time
even though they are systemically transient. A burn site contains various cell types, including
platelets, neutrophils, lymphocytes, macrophages, and fibroblasts. The activity of these cells is
regulated by a complicated interplay between many cytokines and host neuroendocrine processes.
The primary molecular regulators that control the genesis of the burn wound are vascular
endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and transforming
growth factor-R (TGF-R). Transforming growth factor (TGF)-beta is necessary for the activation
and proliferation of fibroblasts during the initial phases of wound healing. TGF-beta activity has
been associated with deformity, ugly hypertrophic scars, and wound constriction. Treatment of a
skin condition and, to some extent, restoration of the integrity, tensile strength, and barrier function
of the skin are the goals of wound healing (18). If any of these steps, especially the inflammatory

period, get elongated, the formation of a scar becomes high.

Damaged cutaneous blood vessels expose the platelets to ECM proteins which further enhances
the process of rapid coagulation and formation of the fibrin clot (19). The diffusible chemicals
released from platelets and mast cells like PDGF, and TNF transport the leucocytes to the wound
(20,21). Diapedesis enables these cells to move from the peripheral circulation to the area of the
wound (22). When the wound starts healing by passing the inflammatory phase, these
inflammatory cells remove pathogens and debris from the wound while also beginning the healing

and angiogenesis process.

During the next proliferative stage, a temporary wound bed is created by granulation tissue (GT)
for the process of re-epithelialization. Additionally, neovascularization occurs to supply
circulatory cells in the wound and support the newly formed tissue (23). Mast cells have been
reported to accelerate the proliferation of fibroblasts, endothelial cells (ECs), and keratinocytes
during the proliferative phase, which is necessary for the early closure of normal wound healing
(24-27). Bidirectional interactions between keratinocytes and fibroblasts are necessary for the

progression of wound healing.
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Dermal wounds are frequently mended by collagen deposition and tissue remodelling, even though
coordinated healing aims to restore tissue with a similar structure and equivalent functions to intact
skin (28). The co-alignment of collagen bundles, the most abundant material of ECM and
fibroblasts in GT, plays a crucial role in forming normal flat scars (29,30). For final wound closure,
myofibroblasts exert contractile forces (31). After the completion of the wound closure, with the
help of the contractile force exerted by the myofibroblasts, tissue remodelling occurs below the

epidermal surface, and this process may take one year or more than that to complete (32).

1.10 MECHANISM OF ACTION OF METFORMIN IN BURN WOUND HEALING:

The critical element of accelerated wound healing requires two events: polarisation of
macrophages M1 to M2 phenotypes and a balanced amount of inflammatory cytokines. Studies
have found that some multiprotein complexes come together as an inflammatory response and are
called Inflammasome, within which NLRP3 is particularly interesting. NLRP3 inflammasome
plays a vital role in the process of wound healing. Research shows that the absence of NLRP3
Inflammasome promotes the wound healing process while Metformin HCI can block the activity of
this inflammasome (33). Recent studies also strongly suggest that blockade of the NLRP3
Inflammasome is crucial to accelerating wound healing in diabetic mice (34). The granulation
tissue and collagen production were boosted by inhibiting the NLRP3 inflammasome-induced
resolution of inflammation and hastening the re-epithelialization and wound closure process (35)
Additionally, inhibiting the activation of NLRP3 inflammasomes encourages the polarisation of
macrophages toward an M2 phenotype (36, 37). Previous research has suggested that activation of
NLRP3 Inflammasome may be a factor in the slow healing of wounds in diabetes patients, whereas
NLRP3 inflammasome negative regulation was suggested as a possible therapeutic target for
enhancing wound healing. Importantly, topical administration of pharmacological inhibitors to
mice's wounds, which can also suppress inflammasome activity, triggered a transition from pro-
inflammatory (M1 macrophage) to macrophage (M2 macrophage) phenotypes and elevated levels
of pro-healing growth factors. The number of cells producing the anti-inflammatory cytokines that
reduce inflammation and the number of cells secreting the growth factors required for
proliferation, migration, and the healing process both rise as the number of M2 macrophages in
wounds increases (38, 39, 40) There are some instances where studies show that the absence of

NLRP3 Inflammasome can reduce the M1 phenotype, which prevents fibrosis in the kidney (41).
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It has been found that the NLRP3 Inflammasome activates caspase-1, which induces the cleavage of
(IL)-1 B and -18 into their active forms. Excessive formation of these two interleukins leads to
fibrosis. Along with that, this dysregulation also enhances excess keratinocyte formation, which
can lead to scar formation (42). Metformin significantly regulates the AMPK/mTOR/NLRP3
inflammasome signaling pathway (33). Study shows that this potent AMPk activator (43,44) also
boosts macrophage polarization, which is necessary for accelerating the wound-healing process by
intracellularly delivering ATP to wound tissue. This novel ATP-mediated acceleration arises due
to an alternative activation of the M1 to M2 transition (macrophage polarization), a central and
critical feature of the wound-healing process. This M2 macrophage helps increase the amount of
pro-inflammatory cytokines like TNF, IL-1 beta, IL-6, and Vascular Endothelial Growth Factor
(45). These factors are important for boosting angiogenesis in the damaged area by promoting
neovascularisation and production of granulation tissue (GT) for hastened wound recovery (33,46).
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LITERATURE REVIEW



LITERATURE REVIEW:

Birch et al. studied on hard and soft pectin hydrogels and their effect on repairing tissue
damage and acute inflammation. The formulations made by pectin were biodegradable in
nature and can contribute to formation of new connective tissues and collagen fibres. They
showed Pectin significantly has an anti-inflammatory effect along with the potential of
formation of collagen fibres on the surface of hard pectin hydrogel (47).

Shahzad et al. used pectin along with the sodium alginate to form crosslinked films for
preparation of sustained release formulation of Cefazolin for treatment of burn wounds and
the important reason to use this in the film was to make it biodegradable and biocompatible
in nature. The drug was incorporated into chitosan nanoparticles for obtaining a sustained
delivery into the site of wound. The formulation was optimized by different
characterization such as measuring the particle size, entrapment efficiency and zeta
potential along with assessment of physical and chemical properties of the film like
WVTR, swelling index, FTIR and DSC. The scientists also reviewed that a moist approach
could keep the wound hydrated and this is better than the dry approach and it enhances the
formation of epithelial skin layer (48).

Hydrogels were formed by acrylamide and maleic acid using different monomer ratios
using PEG 400 as a non-toxic crosslinker by Kaggoz et al.and it was found out by them
that PEG 400, which has a good elasticity and long chain structure, can be used as a
crosslinker instead of (NMBA)N, N’- methylenebisacrylamide, the classic crosslinker (49).
Winter tried to study about the approach between dry and wet, and he concluded that
keeping the wound area moist enhances the rate of epithelization twice as much as applying
dry formulation into the wound and showed that formation of dry scab retards the process
of wound healing (50).

Dyson et al. showed the comparison between the wet and the dry approach and they showed
the result that wet approach is better than the dry one, as vessel number, angiogenesis must
be found more in case of wet approach (51).

Demling et al. studied about the side effects of silver nitrate solution. They reviewed that
silver solution alone is not that harmful to the wounds, but their salts are. Silver nitrate
solution is harmful to the damaged area as they contain nitrate which is a potent oxidizing
agent and it potently retard healing (52).
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Monafo and West showed in their studies that silver sulfadiazine has a side effect like
leucopenia, which happens within 2 to 3 days of the initiation of silver sulfadiazine therapy
and the neutrophil count decreases. When the therapy is withdrawn, the neutrophil count
tends to increase after some days (53).

Klasen reviewed about some side effects of use of silver nitrate solution in burn wound.
One of the drawbacks is the black staining of the drug, as silver nitrate is photosensitive in
nature. Another one is the decreasing value of serum sodium and chlorine. Moreover,
elevated silver level was found the different organs of the body (54).

Monsuur et al. studied whether eschar formation has a positive or negative impact on the
early healing process of burn wounds by collecting the burn wound extract as it contains a
perfect amount of cytokines and chemokines. Study shows that the formation of eschar is
a positive sign in the healing process as granulation tissue formation proceeded rapidly as
long as the eschar was kept, and after its removal (escherectomy), an excessive amount of
granulation tissue got formed, which led to scar (55).

Zhang et al. found that if PGE2 is released for a prolonged period, it enhances the
polarization of M2 macrophages. This process can reduce inflammation and boost
angiogenesis, which is an incredibly positive sign for the wound healing process (36).

He et al. reviewed that an increase in the amount of IL-33 can effectively reduce the wound
size while amplifying the number of M2 macrophages both in in-vitro and in-vivo
conditions.

Qing et al. studied the effect of topical application of metformin in burn wounds and
described the potential pathway to how metformin worked for accelerated wound healing.
Metformin, the most used first-line antidiabetic drug, is often given to burn patients to
reduce their sudden hype of blood sugar levels after burn injury. The topical application of
this drug worked through AMPk/mTOR/NLRP3 signaling pathway while it also induced
the polarization of M2 macrophage, one of the most important factors contributing to
accelerated wound healing (33).

Jeschke et al. studied in their paper that metformin is the first choice of antidiabetic drug
to be given to a patient having severe burn injury. It has equal effectiveness to insulin and
does not cause hypoglycemia in the patient. Moreover, it also improves the condition of

insulin resistance (56).
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Border and Ruoslahti reviewed the dark side of the growth factors. They showed that TGF
beta though beneficial for the formation of the extracellular matrix after injury, by the
induction process and attracting more growth factors along with inhibiting the proteases;
but this induction process only leads to scar formation. The excess accumulation of TGFS

enhances the complexity of the wound by making it chronic and generating scar tissue (57).

Gilani et al. followed the solvent casting method to prepare nanocomposite films using the
three components PEG 400, chitosan, and the drug. In this method, the mixture of the
components like polymer and others was prepared by constant agitation using a magnetic
stirrer and then poured into plates. It was then allowed to dry by evaporation of the selected

component (58).

15



AIM AND OBJECTIVE



AlIM:

This project aims to prepare a biodegradable and biocompatible film by incorporating metformin
into a matrix formed by crosslinking two polymers, Pectin and Carbopol, adding flaxseed gel to

enhance the rate of burn wound healing.

OBJECTIVE:

e To suggest the calculated ratio of the polymers (Pectin and Carbopol) at an optimum
amount, making the film biodegradable and biocompatible and ideally making it bio
adhesive.

e To provide an excellent moisturizing effect to satisfy the wet approach towards healing the
burn wound.

e Standard dressings available in the market irritate the skin at the time of removal on the
following day as it adheres to the skin tightly. To prevent this much adhesion, a
biodegradable film can work well by keeping the wound exudates preventing deep

infection along with providing the drug evenly, and later it can be easily removed.

To evaluate the following characteristics of formulation like moisture content of
formulation, swelling index, entrapment efficiency of the drug, in vitro drug release study,
morphological studies, and analytical studies to find out drug-polymer interactions.

To conduct In-vivo studies and check the rate of wound contraction in In-vivo models.
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EXPERIMENTAL



4.1 EXPERIMENTAL:

All the chemicals used in this experiment were of analytical grade. Pectin and Carbopol were
purchased from Himedia Laboratories Pvt. Limited, Mumbai, India. PEG 400 and Glycerol were
bought from Merck Specialties Private Limited, Mumbai. Flaxseed was purchased from the
market. Deionized water was used for all the analyses done. Metformin was received as gift sample
from C.I Laboratories(56/1, Room No.d/13, 2nd Floor, B R B Bose Road, Kolkata, West Bengal
700001), India.

4.1.1 Reagents and Materials:
4.1.1.1 Pectin:

Pectin is an anionic heteropolysaccharide obtained from the terrestrial plant cell walls (60,61,62).
Pectin is a natural hydrocolloid, non-cytotoxic, biocompatible, and biodegradable, making it
appropriate for using in wound healing procedures. Because the backbone chain contains hydroxyl,
carboxyl, and carboxymethyl groups, it is easily functionalized and modified (62). Pectin and its
derivatives are believed to be highly effective for wound healing applications as it has a strong
anti-inflammatory effect (63) which is highly desirable in treating burn wounds and chronic
diabetic wounds. Pectin’s potent anti-inflammatory activity, which reduces inflammatory enzymes
like INOS and COX-2, is caused by the high number of esterified galacturonic acid residues in the
substance (62, 64).

4.1.1.2 Carbopol:

Carbopol is used as a thickening agent in this formulation and also as a component of film as it
can provide the desired viscosity and is also nontoxic (65). According to certain research studies,
Carbopol-containing scaffolds can promote fibroblast adhesion and growth and influence cell
migration (66, 67, 68). Additionally, carb hydrogel has shown the suitable ability for full thickness
wound healing and continuous release of curcumin as a drug (68). High water affinity, rapid
swelling, high viscosity, intriguing bio adhesive, and rheological characteristics, high absorption
capacity, minimal toxicity, and adequate biocompatibility are only a few of the distinctive qualities
of the network formed by carbohydrate gels. Because of these characteristics, carb is a suitable
medication retaining substance for wound healing (69, 65).
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4.1.1.3 PEG -400:

It is used in the formulation as a crosslinker (70, 49), also to get the desired property of the film as
soft, elastic, and flexible (71).

4.1.1.4 Flaxseed gel:

Flaxseed mucilage, along with the proteinaceous part, was extracted and added to the formulation
to enhance the wound healing property and provide good moisture content in the damaged area.
Flaxseed's triglycerides and fatty acids can improve skin hydration by lowering trans-epidermal
moisture loss (72, 73). According to Cunnane et al. (1993), flaxseed oil contains around 73 percent
polyunsaturated fatty acids, of which omega-3 polyunsaturated fatty acids have been shown to
boost the production of pro-inflammatory cytokines at wound sites and thus speed up the healing
of skin wounds (74). In addition, it is abundant in fatty acids such as oleic, linoleic, palmitic, and
stearic acids, as well as linolenic acid, which accounts for 39-60% of its total fatty acid content
(75). Oleic, linoleic, and linolenic acids provide cells with the lipids they need for respiration and
membrane repair (76,59).

4.1.1.5 Glycerol:

It was added to retain moisture in the formulation (77) as it is one of the effective humectants. Its
high degree of hydroxyl groups helps it to retain water and moisture, which is desirable for burn
wounds (78).

4.1.1.6 Metformin:

Metformin is a biguanide drug that increases circulatory glucose absorption by improving insulin
sensitivity in a cell-specific way while inhibiting hepatic glucose synthesis (3). India is now
referred to as "the diabetes capital of India,” and this is not just any hype created by the media;
India has the highest proportion of diabetic patients. It is obtained from the French lilac Galega

officinalis. Metformin treatment reduces hepatic glucose synthesis, boosts insulin receptor tyrosine
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kinase activity, and improves insulin sensitivity in muscle and the liver (79,80) . The way
metformin works depends on the cell type and tissue. Metformin boosts the mitochondria's
oxidation and absorption of glucose and fatty acids in skeletal muscle. (81). In the liver, Metformin
decreases lipid synthesis and gluconeogenesis while decreasing fatty acid production and lipolysis
(81). By turning off beta cells in the pancreas, Metformin decreases the amount of insulin secreted.
Metformin decreases fatty acid oxidation by suppressing Sreblc expression to prevent steatosis
brought on by a high-fat diet (82).

The most well-known effect of Metformin is its ability to increase insulin sensitivity by activating
canonical AMPK and Akt signaling in muscle cells through atypical protein kinase C (PKC)
activation, which causes GLUT4 membrane translocation for glucose absorption (79, 83, 84,85).
Metformin predominantly inhibits mitochondrial complex 1 and upregulates the alpha subunit in
human hepatocytes, which reduces glucose synthesis(86). Metformin likewise impacts other
signaling pathways in the diverse cell and tissue types. Metformin decreased Akt phosphorylation
and phosphatase and tensin homolog (PTEN) expression in 3T3-L1 preadipocyte cells in an
AMPK-dependent manner while increasing the phosphorylation of INK and mammalian target of
rapamycin (MTOR). Loss of PTEN expression elevated JNK and mTOR and recovered insulin
induced Akt phosphorylation (80). Biguanide therapy of primary hepatocytes prohibited glucagon
signaling through AMP buildup and cAMP suppression, decreasing protein kinase A (PKA)
signaling and gluconeogenesis (87). Even though Metformin affects diverse cell types in various
ways, the mitochondrial respiratory complex | is a route that is virtually universally suppressed in

research (3).
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4.2 METHODOLOGY:
4.2.1 Preparation of the flaxseed gel:

Flaxseeds were bought from the market, appropriately washed, and kept for air drying. Within a
clean mixer grinder, it was coarse ground. After that, the powdered flaxseed was taken, and 1.5g
was weighed. 10ml of deionized water was mixed and subjected to heat for 15 to 20 minutes. The
mixture was constantly stirred while heating, and the consistency was checked. When it started to
get thicker and the gel-like consistency appeared, the heat was turned off and given time to cool
down. A clean muslin cloth was taken and kept in UV for 10mins. The gel was passed through a
UV sterilized cloth to get a clean texture. It was collected in this manner to obtain the mucilage

along with the proteinaceous part.

4.2.2 Preparation of the formulation:

Pectin, one of the polymers to be used in the formulation, was taken in definite quantity, mixed
with deionized water, and placed in a magnetic stirrer (REMI Lab Stirrer, India) for constant
stirring at 600 to 700 rpm. When it was almost dissolved, a certain amount of Carbopol was added
to the mixture and allowed continuous stirring at the same rpm for 60 to 90 minutes to avoid bubble
formation. Pectin and Carbopol were taken in different ratios like 1:1, 2:1, and 3:1 and named as
F1, F2 and F3 respectively. As Carbopol is very much hygroscopic and has a suitable thickening
property, its quantity was kept constant the amount of pectin was changed every time in different
formulations to check its credibility. After the formation of the mixture of Pectin and Carbopol,
the flaxseed gel was added to it and allowed for stirring for up to 10 minutes. PEG 400
(Polyethylene Glycol) was added to the mixture as a crosslinker (49). After 5 to 10 minutes,
Metformin was weighed, added to the solution, and continuously stirred (REMI Lab Stirrer, India).
At last, 4 to 5 drops of glycerol were added to every 10ml of the solution while stirring. Finally,
the homogenous mixture was poured into clean Petri dishes following the solvent casting method

(58). It was then kept in an incubator for 48 hours and abraded.
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4.3 OPTIMISATION

4.3.1 Physical Characteristics

Metformin-loaded Carbopol — pectin-based films were characterized in terms of weight
uniformity. Briefly, the size of 2.0 cm x 2.0 cm of 3 films were cut accurately and weighed on
electronic balance (Shimadzu, Japan) to calculate the mean weight. The thickness of formulated
films was measured using an electronic micrometer (U-Therm, China) according to Patel et al.
described method. The result was expressed in a triplicate manner (measurements + standard
deviation) (88).

2x2 cm? films were cut from different areas of each of the films F1, F2 and F3, and the weights

were measured, and the uniformity was calculated.

4.3.2 MOISTURE CONTENT STUDY:

Moisture content study was performed by taking the initial weight of the film (W;) film was put in
a hot air oven at 90°C for 24 hours and kept in a desiccator for three consecutive days to lose the
maximum moisture. The final weight (Ws) was measured in a triplicate manner, and their mean

value was taken. The following formula is used for the calculation (91)

MC= 100(Wi - W) / W,

4.3.3 Water solubility study:

2x2 cm? portion was cut from the film and separated. This portion of the film was dried at 95°C
for 24 hours in a lab oven. The weight was measured initially in this stage. (Initial weight= W;).
After that, it was immersed in 100 ml of deionized water and kept for stirring in a magnetic stirrer
for 8 hours at 25°C. The solution was passed through Whatman filter paper(Grade-1) (91). The
insoluble portion on the paper was dried at 110°C (until it reached constant weight) and noted as
Wr,

WS % = [(Ws- Wiy x 100] / Wk
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4.3.4 Transparency measurement:

Rectangular pieces of each film (40x20 mm) were cut. In the UV spectrophotometer (Shimadzu,
Japan) where an empty cell was taken as reference, and the pieces of films were placed in the test
cell, and their absorbance was measured at 500 nm. This process was repeated three times, and

their mean was calculated (91).
Opacity= absorbance at 500 nm x Film thickness
4.3.5 Water Vapour permeability:

The WVTR test was performed using the upright wet cup method according to the JIS 1099A
standard (88, 92). The moisture permeability of the Pectin-Carbopol films (F1, F2, F3) was
evaluated by determining the water vapor transmission rate across the films. A circular piece of
the specimen was affixed over the top of a permeability cup of 6 cm in diameter, having 50 g of
CacCly, using parafilm (water resistant tape) to avoid any moisture loss through the edges. The cup
was then placed in an incubator at 90 + 5% RH at 40 + 2 °C. The following formula calculated the
WVTR:

WVTR=(W2-W1x100)/S g/m?/day

W; and W are the weights of the permeability cup at the end of the 1st and 2nd hour, respectively,
and S is the area of the hydrogel films.

4.3.6 Swelling index:

The film was cut into a 1.5x1.5 cm?segment, and its dry weight was measured (Wary) properly.
The cut part was dipped in 30 ml of deionized water and incubated at 374+2°C for 30 mins. After
that, it was removed from the water, and the wet weight was determined ideally. A filter paper was
used to blot and remove the excess water from the film (88). The swelling index was calculated by

using the following formula:

Swelling index= (Wwet —Wary)/ Waryx100%
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4.3.7 Dehydration rate:

At first, the test solution was prepared by taking 1.149g Sodium Chloride and 0.184g Calcium
chloride dihydrate in 500ml deionized water. The solution was warmed to 37°C. 0.5x 0.5 cm? film
was cut, and the weight was measured. The cut film was dipped in the warm test solution and
placed in an incubator for 30mins at 37+2°C (according to body temperature). The weight was
measured (B). Then it was removed from the incubator and suspended by a tweezer in one corner
and allowed to drip off to lose the excess solution for 30 seconds. Then again, it was placed in
Petri dish and kept for 24 hours at 37+2°C in the incubator and reweighed (A)(93).

Mass loss upon drying (%) =[(B-A)x100]/B

4.3.8 Rate of absorption:

A drop of test solution was put on the film's surface using a dropper, and it was allowed to get
absorbed. The time taken for this method is measured in seconds. Now, 20 drops were placed on

five such films, and the mean of their absorption time was calculated (88).

4.3.9 In-vitro Drug release:
Preparation of standard solution:

100 mg Metformin was weighed and transferred into a 100ml volumetric flask. The drug was
dissolved into 40 ml of distilled water, then the volume was made up to the mark, and the final
concentration of the solution was 1000 pg/ml of Metformin Hydrochloride (94).

Preparation of working standard:

Aliquots were drawn from the stock solution and diluted with a sufficient amount of distilled water
to obtain the desired concentration, and the absorbance values of different concentrations were

measured at 231 nm.
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Drug release profile from the formulation:

2x2 cm? was cut from each of the films of known thickness having a different ratio of Pectin and
Carbopol like 1:1, 2:1, and 3:1. The in vitro release study was conducted in a phosphate buffer
medium (pH 7.4) using a Franz diffusion cell (124) at 37°C £ 2°C with continuous stirring at 50
rpm speed placed on a magnetic stirrer. Drug solubility in the release media is necessary for its
transportation through the dialysis membrane. At predetermined intervals like 15 minutes, 30
minutes, 1 hour, 2 hours, 3 hours, and 4 hours, 1 ml sample was withdrawn and replaced with a
fresh dissolution medium to maintain sink condition. The samples were diluted and filtered, and
the drug contents were determined UV — Vis spectrophotometer (Shimadzu, Japan) at 231 nm. The
in vitro drug release data were plotted using kinetic models like zero order, first-order, Higuchi,

and Korsemeyer-Peppas to predict the drug release kinetics.
4.3.10 DRUG ENTRAPMENT EFFICIENCY:

The total drug content in microspheres was determined by the method described by Patel et al.,
2018 (88). 2x2 cm? of the films were cut from the F1, F2, and F3 formulations dipped in phosphate
buffer pH 7.4 and kept aside for 24 hours at 40°C. Then the sample was sonicated (Digital
Ultrasonic Cleaner, Equitron PVT. LTD., India) for 15 minutes. After that, the aliquot was taken
from the supernatant and analyzed using a UV spectrophotometer (Shimadzu, Japan) at 231nm .

The following formula calculated the percentage of encapsulation efficiency,

% EE = £2 % 100
Where % EE is the percentage encapsulation efficiency, ED is the amount of encapsulated drug,

and AD is the amount of added drug.

4.3.11 FT-IR spectral analysis

The FT-IR spectra of Metformin and individual components like Carbopol, pectin, and optimized
formulation were analyzed by FT-IR spectrometer (Shimadzu FTIR-8400S) in the range between
4000 - 500 cm™ at a resolution of 4 cm™ with a scan speed of 1 cm/s to assess the chemical
composition and probable interactions between the polymers and drugs in formulated optimized
films (89).
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4.3.12 SEM studies:

The film's surface morphology was carried out by scanning electron microscope (SEM) (Model:
ZEISS EVO-18). The sample was examined after coating with platinum by a fine auto coater
operated at an acceleration voltage of 15Kv under ambient conditions (88).

4.3.13 XRD Analysis:

X-ray diffraction (XRD) analysis was performed for the mixture of the raw materials and the
powdered drug with Cu—Ka radiation source (A = 1.5406 A°) at 25 °C operated at 40 Kv and 40
mA, using a 0.02° step size and 26/min scan speed (90).

4.3.14 Differential Scanning Calorimetry studies:

Differential scanning calorimetry (DSC) studies of Metformin and optimized formulation (F3)
were performed to assess the thermal stability of the film. Briefly, 2 mg of samples were taken in
a DSC sample holder, and calorimetric curves were recorded in the range of 25 - 350° C at a
heating rate of 10° C/min under a nitrogen environment (50.0 ml/min) by using Differential
Scanning Calorimetry (Shimadzu DSC-60 Systems, Japan) (88).

4.4 IN-VIVO STUDIES:
4.4.1 Animals and ethics statement:

Adult male Wistar rats weighing 150+20 g, used in the current study were obtained from M/S
CHAKRABORTY ENTERPRISE Regd.No. 1443/PO/Bt/s/11/CPCSEA. The animals were
accommodated separately in a temperature-controlled room with a 12:12 h light-dark cycle (Lights
turned on at 7 AM) under standard laboratory conditions (room temperature 25°C £ 2°C and 60+
10% RH) with free access to rodent diet and water. All procedures involving animals and their
care in the present research work were performed consistent with the guidelines arranged by the

IAEC of the Department of Pharmaceutical Technology, Jadavpur University (JU/IAEC-22/09).
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4.4.2 Creation of burn wound model:

The burn wound was created following the method described by Venter et al., 2015 (96) with little
modifications. The animals were anesthetized with xylazine (7.5-10.5 mg/kg) and ketamine (50—
70 mg/kg). The skin of the dorsal area (interscapular region) was shaved, followed by cleaning,
and disinfecting with the beta-dine solution, and then burn wounds (in a total area of 3.8) were
created by applying heat on the skin for 10 seconds with a soldering iron dice with a diameter of
2 cm previously heated in boiling water for 20 minutes. All animals were resuscitated instantly
with an i.p. injection of lactated Ringer's solution (2 mI/100 g body weight). Until the conclusion
of the research period, rats were kept in individual housing. Each rat received one burn on its
dorsum(95).

4.2.3 Experimental design:

Eighteen male Wistar rats (150£20 g, nonfasted) were randomly divided into four groups. One
group containing three animals was kept in healthy condition with proper diet and water, and all
other groups contained five animals each. The control group received no treatment; one group was
treated with silver nitrate gel, and another was treated with the optimized formulation. Treatments
were carried out every 24 hours for 12 days. The eschar's fall was considered the complete re-
epithelization, and the digital photographs were taken and laid on the scale to assess the wound

contraction rate (97).

The wound contraction rate was calculated by the formula = (Wi—Ws)/ Wi x100%
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SI. No. Groups Animal Species No. of animals
1 Naive 3
2 Disease group Wistar Rats 5
3 Disease + Metformin Film (F1) 5
4 Disease + Silverex 5

TABLE 3: EXPERIMENTAL GROUPS OF ANIMALS
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RESULTS



5.1 Physical Characteristics:

The film was strong enough to be peeled off from the
petri dish confirming a good tensile strength. Overall,
the surface of the optimized film was smooth, and it
showed adhesiveness to the skin. Thickness of the films
was in the range of 0.28 to 0.34 mm as measured from
‘ different portions of the film. The weight was measured

from cutting different portions of same size from films

‘ in a triplicate manner and taking the mean. The average

FIG. 6 weight of the cuttings was 0.0776+ .003 g, proving the

weight uniformity of the films. Figure 6 represents a
picture of Metformin loaded Pectin-Carbopol film.

5.2 Moisture content study:

As the initial and final weight of the film came to be 3.4276g and 1.7983g, following the formula,
the film's moisture content was 47.53%+5%. Minoura et al. stated in their research work moisture
content of film were between 20 to 40% which was optimal for treating burn wound in their project.
As this film was a wet approach for recovery of the burn wound, this moisture content of the film
gave satisfactory results. Different approaches were taken to obtain the desired moisture content
of the films. For this, a variable amount of Pectin and crosslinker PEG 400 were used. In the case
of these approaches increasing the amount of crosslinker, increased the requirement of water to be
added to the formulation, which led to a deformed film. An increase in pectin did not affect the

moisture content study, and the result was almost identical to the optimized formulation (103).

5.3 Water solubility study:

The initial weight of the 2x2 cm? cut film after drying for 24 hours was 0.0340g. After immersing

it in water and stirring for 8 hours, the final weight obtained after passing that solution through the
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Whatman filter paper and drying was 3.8235g. According to the formula, the water solubility of
the film came to 99.11% (88).

5.4 Transparency measurement:

The absorbance value of the film was measured at 500 nm while an empty cell was taken as
reference. Film thicknesses were measured in triplicate, and the mean was in the range of 0.28-
0.34 mm, measured from ten random positions. The films' transparency ranged from 1.2 to 3.67.
According to the accepted norm, E = 1.2 denotes a more transparent film, and E = 3.67 a less
transparent film. As a result, the transparency of the film F3 was higher, and F1 had the lowest

value of transparency, which showed that the addition of pectin increased the transparency (123).

5.5 Water Vapour Permeability:

Results show that permeation cups have an adequate amount of anhydrous Calcium Chloride and
maintain negligibly low and constant headspace humidity. In contrast, the weights of the
permeability cups were measured at the end of the first and second hours, and the Water Vapour
Permeability Rate of the optimized film came from 1989+137 g/m? /day. While other two films,
F2 and F3, have lower permeability rates of 167 +112 g/m?/day and 50 +27 g/m?/day. Patel et al.
confirmed that wound dressings having Water Vapour Permeability Rate near about 2000-2500
g/m2/day are suitable for the healing process as they can inhibit the excessive loss of moisture
from the wound, providing a moist approach, but at the same time not too high to accumulate the
wound fluid which may lead to further infection. (88) From the result, it can be understood that
the addition of pectin increases the WVTR (104).

5.6 Swelling index:

The swelling index of the optimized film F1 was lesser than other formulations, F2 and F3. It was
observed that an increase in the amount of Pectin increases the swelling capacity of the formulation

at phosphate buffer pH 7.4. Moreover, flaxseed gel in the formulations attracted to water, which
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increased the swelling capacity of all the films, whereas the addition of glycerol to the formulations

also contributed to it (88). The values are provided in Table 3.

5.7 Dehydration rate:

Optimized film F1 has a dehydration rate of around 83+4%, while F2 and F3 have a much lower
rate of dehydration as more pectin present in the films prevented the film's moisture loss. It was

calculated after keeping all the moist films in an incubator for 24 hours (88).

5.8 Rate of absorption:

Simulated wound fluid was dropped on the film's surface to check the films’ absorption rate.
Results show that the optimized film's absorption rate was lower than the other two. The probable
reason for this is due to less amount of pectin in the films. The pectin amount was higher in F2 and
F3, so it attracted moisture quickly. So, the first drop of wound fluid took only 5+2 seconds to get
absorbed into all of the films. However, the result varied in the second step of putting twenty drops
of wound fluid and showed quick absorption in the case of F2 and F3. F2 and F3 respectively took
51 and 53 seconds to absorb, while the time taken for F1 was longer that is 67seconds (88).

5.9 In-vitro drug release studies:

The drug was released from formulated films in phosphate buffer (pH 7.4) at regular time intervals.
The results indicated that the drug release rate from the optimized formulated film was minimum
at 15mins while gradually increasing with time. This study exhibited that the release of the
Metformin in the physiological environment is due to the polymeric chain relaxation. As the
aqueous solvent starts to imbibe the film, the polymeric chain relaxes the drug molecules into the
solvent with time (105). The percentage of drug release from the optimized film F1 was 84.61+
2.69 %, while release from F2 and F3 were respectively 14.70+5.61% and 22.61+£7.12%. As the
figure 7 shows that F1 has shown a controlled release, whereas F2 did not release the drug properly
into the solvent, and F3 also did not constantly release the drug; instead, it was released at the end

of four hours in a sudden anomalous manner, which is not desired at all. So, the Drug release
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kinetics study was examined for the optimized formulation F1 by curve fitting method according
to zero order (8a), first order (8b), Higuchi model (8c) and Korsemeyer-Peppa’s Model (8d). It has
been observed that the release of Metformin from the formulated film(F1) followed Higuchi model
kinetics derived from the correlation coefficients of the different kinetics models. The highest
value of the regression coefficient was considered as the best fit, resulting in the Higuchi model
suggesting a constant and controlled release of the drug from the polymeric matrix by diffusion

method without erosion.
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5.10 Drug entrapment efficiency:

The study shows that entrapment efficiency is affected by the amount and concentration of the

polymers, the rate of solvent removal, and some other factors.

The drug entrapment efficiency of the optimized film was lower than the other two formulations,
F2 and F3, as those contained a higher amount of pectin. Pectin forms a three-dimensional network
that accommaodates the drug molecules into it. The entrapment efficiency of the three formulations

are given in Table 3.

5 . -
Pectin % Entrapment (%) Swelling behaviour
Formulation code Carboool in pH 7.4 phosphate
arbopo o
P efficiency buffer
F1 1:1 51.34+3.85 98.2
F2 2:1 62.97+ 3.04 102.97
F3 3:1 67.9 +2.36 135.13

TABLE 3: ENTRAPMENT EFFICIENCY AND SWELLING BEHAVIOUR OF FILMS

Note: (Mean = SD, n=3)

5.11 FT-IR Analysis:

FT-IR of Metformin (Fig.9d) showed three sharp peaks between 3000 cm™ to 3500 cm™ which
were because of the stretching of NH of the NH> group and CH stretching. Another two peaks
were observed near 1500cm™ to 1600 cm™ and their presence is due to C=N and C-N stretching.

For C-H deformation, one peak was also found between 900 to 1000 cm™.

In the case of Pectin (Fig. 9¢), the characteristic band was found between 3500 cm™ and 3700 cm-
! for O-H stretching, while the peak near 2900 cm™ was assigned to C-H stretching and another

two peaks present within 1600 cm™ to 1800 cm™ probably arose from the stretching of asymmetric
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COO- and C=0 stretching vibrations of COOH and COOCHs groups. The intense band was found

at 1014 cm! for the glycosidic bonds connecting two galacturonic sugar units (98).

In the case of C934 (Fig. 9b), -OH stretching vibration and intramolecular hydrogen bonding
resulted in the FTIR spectra having a peak between 3000-2950 cm™ . The prominent peak between
1750 and 1700 cm™ was assigned to carbonyl C=0 stretching band. The band at 1275 to 1200 cm-
was ascribed to -O-C of acrylates, whereas the peak at 1450 to 1400 cm™was assigned to bending
of OH. The C=CH out-of-plane bending band was between 850 and 800 cm™ (89). It was evident
that Metformin was included in the formulation(Fig. 9a) since it displayed similar peaks of
Metformin at 937, 801, and 737 cm™, which are characteristic for -NH wagging. Furthermore, the
diminished strength of the Metformin peaks suggests the possibility of the formation of a hydrogen
bond with the polymer (99), and the enhanced physical stability of Metformin in the loaded
hydrogel was validated by reduced crystallinity, proving that it is present in amorphous form. It
also proves the presence of pectin, as a similar peak is present between 3500 to 3700 cm™ because
of the hydroxyl group. Another band within 2900 to 3000 cm™ shows the interaction between
Carbopol and Pectin, assigned to the CH stretching. The prominent peak between 1700 and 1750

cm* shows the presence of Carbopol.
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5.12 SEM analysis:

Figure 10a represents the rough structure of the Pectin-Carbopol film, which indicates the
efficiency of absorbing main substances. Figure 10b represents the void structures of the Pectin —

Carbopol film which has the pores within which the drug can be incorporated (100).

While Fig. 10c shows the micrograph of Pectin- Carbopol film containing the drug Metformin . It

can be seen from the micrograph (Fig. 3) that the addition of the drug particles has provided a

smoother surface to the film, which further indicates that the drug particles have been successfully
embedded in the matrix of the film (98).
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5.13 XRD analysis:

XRD technique was used to determine the crystallographic properties of the formulation and
Metformin, the drug used in the formulation. XRD of pure Metformin shows its peaks between
10° to 20°, another two between 30° to 40°, and the sharpest one at 23° (101). Due to their
crystalline composition, Metformin showed prominent peaks that were characteristic of it between
20 of 0° and 70°. X ray diffractometry of the formulation shows reduced peak intensity of
Metformin, which signifies the excellent interaction of the drug with the polymers and its melting
which turns to granulated extrudate, further confirming better drug loading because amorphous
substances have a higher solubility than crystalline ones as they have more amount of free lattice
energy (90). Other sharp peaks show the presence of the polymers Pectin and Carbopol and their
interaction with the drug (98).

Formulation

6000
800

5000

600
4000

3000 400

Intensity
Intensity

2000

200
1000
et ottt
o 0

20 40 50 80 20 40 50 B0
26(degree) 20 (degree)

(a) (b)

FIG. 11: XRD IMAGES (a) METFORMIN (b) FORMULATION

38



5.14 DSC studies:

Thermal curve of pure Metformin exhibited an initial flat profile followed by a sharp endothermic

effect, with a Tpeak at 231.0°C indicating its anhydrous crystalline state. The Differential Scanning

Calorimetry study of the formulation shows the presence of Carbopol at the peak between 75 to

100°C and Pectin between 210 to 250°C. Whereas the sharp endothermic peak of Metformin has

appeared with a reduced intensity indicating its interaction with the polymers Pectin and Carbopol
(102).

Metformin Hydrochloride

15 4

20 -

25

Heat flow (MW) 4

30 -

35

40 -

(a) as

50 T T T T T T T T T T T T
(o] 50 100 150 200 250 300

Temperature(°C)

| Formulation |

25
25
23 \

23

(b)

Heat flow(MW)

21

20

50 T00 150 Z00 Z50 00 350
Tempeaerature(=C)

FIG. 12: DSC THERMOGRAM a. METFORMIN HCL b. FORMULATION

39



5.15 Animal studies:

It was shown by the morphological observation that on the second day of creating the wound, there
was the presence of erythema and inflammation, indicating a deep second-degree burn wound.
After 2 days of creating burn injury the photographs were taken, as the thickness of the wound can
be determined after that specific time only in case of burn. This redness increased gradually with
time, and the wound started to appear deeper. On the fourth day, the wound of the disease group
(group 2) remained almost the same size, while the other two groups (group 3, 4) appeared to be
smaller. From the sixth day onwards, the state of the wounds can be differentiated, and there was
an effective wound closure rate for the optimized formulation (Group 3), whereas, for the fourth
group in which the marketed drug Silver nitrate gel was applied (group 4), appeared to be dry and
reduction of wound size was also observed. Moreover, the appearance of the eschar in group 3

confirms the early wound healing procedure (55).

On 8" day, abnormal deposition of scar tissue was observed in the
Disease group (group 2) which appears like pseudoeschar. The
second group, which applied the marketed drug, showed an abnormal

contraction, where wound contraction occurred from only one side.

Group 3 showed a contraction of the wound with dried eschar. On

the twelfth day, eschar fell off naturally, showing a positive sign of —
. ) FIG. 13: Pseudo eschar with
wound healing, and the wound size was reduced almost to a dot. deep wound

Whereas group 4 showed signs of healing, but the rate was delayed
and the size of the wound compared to group 3 was more prominent, and group 2 showed a
significantly delayed process of wound healing, and the formation of pseudo eschar covered the
chronic wound. The morphological studies of the consecutive days are shown below, along with a

chart for better understanding.
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5.15.1 Wound contraction rate:

The wound contraction rate was observed to be highest in the optimized formulation (group 3)
group, which was 98+2%. In contrast, the untreated control group showed a minimal contraction
rate of 5.2+3%. The group of animals treated with the marketed silver nitrate gel (group 4) showed
better results than the disease group, but it was much lesser than the group who were given the
formulated drug. Group 4 showed a result of 59.47+5%. The results were plotted in a chart for

comparison.
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DISCUSSION



6.1 DISCUSSION:

In this experiment, three types of films were developed with varying concentrations of pectin
because the other polymer carbopol, when dissolved into water, showed increased viscosity with
an increased amount of carbopol. So, the amount of Carbopol has to be constrained in this
experiment because otherwise, to limit that disadvantage, more added water made the slurry very
diluted, and as a result, the solvent evaporation technique did not work well. Preparing films from
that slurry took almost seven to ten days for evaporation of the solvent, and after that, the films'
tensile strength was very low, and they could not be peeled off from the Petri dishes. The increasing
amount of PEG 400 led to the thickening of the slurry and formation of lumps, which were difficult
to homogenize, and from this, it was quite problematic to be poured into Petri dishes to resolve the
problem again the water was added as the solvent and that led to the same kind of problem like
Carbopol. After adding water, it was again stirred with greater rpm and poured into Petri dishes
following the solvent evaporation method. The drying process here also took almost five to seven
days, and after drying, the tensile strength was weak, and it tore when peeled it off. Moreover,
there were small lumps that were not dissolved properly, and the probable reason for this was more
crosslinker, which led to this excessive bonding and forming of lumps. The amount of glycerol
was kept limited due to the moist approach. This is because, though the moist approach is good
for treating burn wounds, an excessive amount of moisture leads to the development of secondary
infection, allowing more bacteria to grow there. So, the amount of pectin was varied in three
formulations, and they were named F1, F2, and F3, where the ratio of Pectin and Carbopol was
respectively 1:1, 2:1, and 3:1. Results showed that increasing amounts of pectin, improves the
tensile strength and along with this, the films were easy to peel off from the Petri dishes. However,
there were other problems associated with this. The film's adherence kept decreasing with more
pectin added to the film. Following the solvent casting method, the slurries were poured into the
Petri dishes, and they took variable but considerable time for evaporation of the solvent; F1 took
24 hours while F2 took nearly 38 hours, and F3 required 52 hours for proper evaporation of the
solvent. For this similar reason, the percentage of moisture loss was also found to be minimum in
the case of F3, while F1 has optimized moisture loss and F2 has an intermediate value between F1
and F3, but the percentage was not very high.By doing the transparency test, it was visible that F3
was more transparent than F2 and F1 was less transparent than F2 (F3>F2>F1). It is worth noting
that thickness and transparency do not always have to be inversely related. Because when the
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identical quantity of solution with various concentrations was placed in a petri dish with a certain
diameter, the film thickness relied on the concentration of the solution. However, the
microstructure, constituents, and content of polymer films have a greater impact on transparency
compared to the thickness. For instance, the film's ingredients' characteristics, the solution's
concentration, the degree of homogenization, and the drying conditions often impact the film's
microstructure. The increasing amount of pectin increased the transparency and tensile strength of
the films but decreased the adherence property of the films, which was not desired.Normal wound
dressings tend to get attached to the wound fluid, and difficult to change the dressing due to drying
out, which causes severe pain to the patient. This was a reason to develop such films, which would
be easy to remove and would not get stuck with the wound fluid, simultaneously providing a moist
effect to the wound. Research shows that the moist approach is more efficient in treating burn
wounds rather than the dry approach. The important thing that has to be considered for a moist
approach is to provide the optimal moist environment. Otherwise, it leads to secondary infection,
causing further bacterial growth.So, along with moisture content, the water vapor permeability rate
of the films are necessary to assess to prevent such secondary infection in the wound. Depending
on the elements like the number of polar groups (hydroxyl groups) on the polymer network's
surface, film thickness, and film microstructure, the film's water vapor permeability rate changes.
The degree of esterification (DE) of pectin determines the quantity of hydrophilic/polar groups.
WVTR reduces with high levels of esterification because there are more hydrophobic ester groups.
This justification explains the reason for using chemical-grade pectin in an experiment to obtain
comparatively high WVTR. Nevertheless, here another problem evolves. More pectin used in
formulation led to decreased water vapor permeability rate for this reason only. Water adsorption
and subsequent migration via polar hydroxyl groups often enhance the transportation of water
molecules in polymer films. The microstructure of the F3 films would be more compact than the
F2 films and similarly to the F1 films when they are formed from the same quantity of material in
the same-sized petri dish. This might be what caused WVTR to drop for F3 films as compared to
F2 films, providing F1 as the best choice showing the best WVTR. The addition of glycerol did
not appear to increase the film's thickness or transparency compared to the same solution
concentration.Experiments showed that formulation F1 had the highest WVTR among the three
formulations, and it was quite similar to the WVTR of the skin. However, the WV TR rose by 30—
40% with the addition of glycerol, which is not the desired outcome. The hygroscopic property of

43



glycerol is the probable cause of the rise in WVTR. Therefore, while glycerol is a suitable
plasticizer to provide the pectin film with high tensile characteristics and flexibility, it also
enhances the pectin-carbopol film's hydrophilicity, which raises the WVTR. this raise in Water
vapor permeability rate leads to drying out of the wound, which was not expected in the case of a
moist approach. By doing the swelling study in the simulated wound fluid model, it was observed
that the swelling index was quite higher for F3, and the test of the absorption rate also confirms
that. Here also, the formulations followed the same order (F3>F2>F1), showing the slow rate of
absorption of wound fluid in F2 and much slower in F1. It was clearly understood that adding
pectin attracted more water molecules at a faster rate, leading to quick absorption of wound fluid
and a higher swelling index. Nevertheless, in vitro release studies confirm that adding pectin,
though it provides positive results for absorption rate and swelling index, did not show any
promising results in releasing the drug. F3 showed an anomalous drug release at the end of four
hours, while there was minimal release throughout the study. F2 released only 22.61+7.12% of the
drug throughout the study, and there was no sudden drug release at the end. Whereas F1 provides
a very positive result and shows a constant rate of release, following the Higuchi model, the release
at the end of four hours was about 87%. The probable reason for this kind of result was the higher
range of swelling index and a higher rate of absorption in the case of F2 and F3. The release from
the polymeric matrix was due to the relaxation of the polymeric network by the slow entrance of
the solvent molecules within it, which was only satisfied by F1, where solvent entered at a
controlled rate and, in this way, provided a precise loosening of polymeric network and regulated
the drug release. The Higuchi model further confirms the presence of very small Metformin
Hydrochloride particles embedded in a thick polymeric matrix composed of Pectin and Carbopol,
and drug diffusivity was constant. Films of the F2 model showed quicker solvent absorption, but
that was not enough to loosen all the polymeric chains and release the drug in a controlled manner.
At the end of four hours, the drug was not released properly for this reason. F3 formulations show
the quickest absorption of the solvent molecules, and because of the presence of more pectin
molecules, films attracted a huge quantity of solvent, which penetrated the films and lastly resulted
in a sudden burst of the release of the drug molecules at the end of four hours. All three
formulations were perfectly soluble in water. They took variable time to dissolve, but that
difference was negligible. F1 films quickly dissolved in water, while F2 and F3 took a little more

time, and this was probably due to the presence of the higher amount of pectin in the water.
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Increasing or decreasing the amount of flaxseed extract did not affect the formulation or the results.
Only the transparency of the films decreased when the excessive quantity of flaxseed mucilage
was added, and this was probably due to the presence of protein. Most researchers took only the
flaxseed gel, but in this experiment, the gel, along with the protein, was used to enhance the
restoration of the skin structure. The use of flaxseed protein along with the mucilage enhanced the
moisturization purpose of the film along with enhancing the wound healing process. The surface
morphology of the optimized film F1 came as smooth, which signifies the presence of Metformin
particles embedded in the matrix, as the SEM micrographs of the films without drug loading
appeared rough. The XRD and FTIR analysis confirms the presence and interaction of the drug
Metformin Hydrochloride with the other polymers, as the peak of reduced intensity, signifies it.
The entrapment efficiency of the optimized formulation was lesser than the other two formulations,
F2 and F3. As the amount of pectin increased in the formulation, enhanced entrapment efficiency
was observed. However, this also showed less release of drugs from F2 and F3. Those films
entrapped the drug in a good manner, but the release was not constant as it was so embedded in
the polymeric matrix. Moreover, in the in-vivo models, there were four groups of Wistar rats
weighing 150+ 20 g. The first group consisted of healthy rats considered as control, while the
second group was taken as the Disease group(group 2), and they were left untreated to observe the
rate of wound healing without any treatment. While one of the other two groups was treated with
the marketed drug(group 4), another group of rats was treated with the formulated film(group 3)
to compare the progress of rate of wound healing. Rats of the three groups (2,3,4) were resuscitated
immediately with the ringer's lactate solution (intraperitoneal route injection) after the creation of
the burn wound. The marketed drug and films were given to the rats for 12 days and were treated
once daily. At the end of the experiment, the Disease group (group 2) showed the least rate of
wound contraction along with the formation of thick pseudo eschar. There was the presence of a
wound in the active form underneath the pseudo eschar. That presence of pseudo eschar indicated
the abnormal deposition of the scar tissue. A Group of the animals who applied silver nitrate gel,
the go-to option for burn wounds in the market, showed a contraction of the wound from one side,
which should be from both ends, and that indicated abnormality on the tenth day. However, on the
twelfth day, the wound contraction rate was much higher than the Disease group, but there was no
formation of eschar or deposition of granulation tissue which signifies that it had not entered the

phase of wound remodeling stage. Whereas the group who were given the optimized formulation
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once daily showed a consistent rate of wound contraction along with the formation of eschar on
the sixth day only. Day by day, the eschar was dried, and both ends of the wound came closer
quickly. The eschar fell off naturally on the twelfth day only without any active wound or bleeding.
The formation of eschar indicated a very positive sign in wound healing as it signified that the
healing process was accelerated, and after the formation of the granulation tissue, the wound
entered the fourth healing stage, remodeling. It further proved that the moist approach and covering
the wound with film worked well compared to group M where the wounds were left open after
applying the silver nitrate gel. The films automatically adhere to the skin, which was very easy to
remove the next day. A big breakthrough in treating people with type 2 diabetes, metformin is a
synthetic guanidine derivative derived from Galega officinalis extracts (106). Emerging data
recently showed that metformin reduced the production of pro-inflammatory cytokines, shielded
cells from oxidative damage, and polarised macrophages both in vitro and in vivo (107,108 ,109).
Zhao and his coworker (107) found that metformin administered locally sped up wound healing in
young rats and enhanced their epidermis, hair follicles, and collagen deposition. Despite the prior
research describing metformin's capacity to reduce inflammation and direct macrophages, it is still
unclear how these factors interact with wound healing, macrophage polarisation, the NLRP3
inflammasome, and metformin. Qing et al. examined the therapeutic impact of metformin on
wound healing in the study and looked into its underlying mechanisms. Those findings
unambiguously showed that metformin therapy is a successful therapeutic approach for enhancing
wound healing by preventing NLRP3 inflammasome activation to control macrophage
polarisation. These findings all pointed to the fact that metformin offers novel therapeutic potential
for the treatment of wound healing. Macrophages are a diverse population of cells that can be
activated in one of two ways—classical M1 or alternative M2—in response to different inputs.
Previous research has shown that M1 macrophage polarisation is crucial for the initial phases of
wound healing and that it increases and sustains the inflammatory response by releasing significant
amounts of pro-inflammatory cytokines and ROS (1-3). It has been suggested that M2 macrophage
polarisation is connected to the process of tissue healing activities. There is increasing evidence
that M2 macrophages control collagen formation, regeneration of fibroblasts, myofibroblast
differentiation, and re-vascularization during the healing of wounds (110,111). The proliferative
stage of repair in diabetic wounds is regulated by growth factors like TGF-, insulin-like growth

factor-1 (IGF-1), and vascular endothelial growth factor (VEGF), according to previous studies
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(112-114). Reduced M2 macrophage levels also result in reduced levels of these growth factors.
Additionally, the non-healing phenotype was influenced by high amounts of pro-inflammatory
cytokines and mediators, including TNF, IL-1, IL-17, and iNOS (115,116).It has been suggested
that increasing the amount of M2 macrophages in the wound may hasten wound closure since M2
macrophage cells have been shown to enhance wound healing. Metformin administration enhances
alternative M2 macrophage polarisation in vivo and in vitro, as seen in the current study (33). They
also studied the molecular mechanism of Metformin Hydrochloride, which shows its inducing
effect in M2 macrophage polarization during the wound healing process along with the suppression
of the expression of caspase-1, IL-1p, and NLRP3, in vivo and vitro. The NLRP3 inflammasome,
a multi-protein complex, along with NLRP3, ASC, and caspase-1, regulates the activity of
caspase-1 and the production of the inflammatory cytokines IL-1 and IL-18 by the innate immune
system. The wound healing process has been discovered to entail inflammasome signaling and
downstream cytokine responses, which are mediated by the inflammasome (117). Recent research
suggests that inhibiting the NLRP3 inflammasome is one of the main factors speeding up the
healing of wounds in diabetic mice (118).Previous research had suggested that NLRP3
inflammasome activation may be a factor in the slow healing of wounds in diabetes patients. On
the other hand, when NLRP3 inflammasome was negatively regulated, it suggested a possible
therapeutic target for enhancing wound healing. Importantly, topical administration of
pharmacological inhibitors to mice's wounds accelerated healing, triggered a transition from pro-
inflammatory (M1 macrophage) to healing-associated macrophage (M2 macrophage) phenotypes,
and elevated pro-healing growth factors (119). Recent research has shown that metformin
primarily reduces immunological responses by directly affecting the cellular processes of different
immune cell types by inducing AMPK and subsequently inhibiting mTOR (121,120). Intestinal
inflammation is reduced when the mTOR/NLRP3 signaling pathway is inhibited. According to a
recent, scientists also identified NLRP3 as mTOR's binding partner (122). As demonstrated in the
current work, metformin administration induces the activation of AMPK, which promotes
alternative M2 macrophage polarisation. Activation of the mTOR/NLRP3 inflammasome
signaling pathway can be inhibited by activating and phosphorylating AMPK. Therefore, Qing
and his colleagues concluded that metformin's ability to speed up wound healing might be due to
its ability to change macrophage phenotype via modulating the AMPK/MTOR/NLRP3

inflammasome signaling axis(33).
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CONCLUSION



7.1 CONCLUSION

In a nutshell, the film F1 was optimized based on the studies like moisture content, water vapor
permeability rate, drug entrapment efficiency, in-vitro release studies, and more factors described
above. Physicochemical characterizations of optimized formulation indicated all requisite
properties of moist film for being a potent approach to treating second-degree burn wounds. The
animals were treated with this optimized film which showed a positive result. In-vitro release
studies also confirmed the drug's controlled release to the wound site at a constant rate following
the Higuchi model. This study found that Metformin administration enhanced the process of
wound healing by suppressing NLRP3 inflammasome activations and macrophage polarisation
along with controlling the AMPK/mTOR singling pathway. This pathway blockade was used to
suppress the activation of the NLRP3 inflammasome, which increased M2 macrophage
polarisation and sped up wound healing by applying Metformin Hydrochloride topically.
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