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Abstract

Wound infections remain a persistent challenge in clinical practice, often resulting

in delayed healing, frequent dressing changes, limited penetration of conventional

topical drugs, and growing concern about antimicrobial resistance. Although silver

sulphadiazine (SSD) has long been regarded as an effective topical antimicrobial

agent, its therapeutic performance is restricted by poor skin penetration and the

need for repeated application. To overcome these limitations, the present study

focused on the development of SSD-loaded transfersomes (SSD-TFs) coloaded into

chitosan gel to form SSD-loaded transfersomal chitosan gel (SSD-TFs-Chi gel).

The SSD-TFs-Chi gel was designed to enhance drug delivery into the skin, provide

sustained drug release, prolong drug retention, and improve antibacterial efficacy

while maintaining dermal safety.

SSD-TFs were prepared successfully using the thin-film hydration method and

optimized to produce nanosized vesicles with high drug entrapment efficiency,

favorable physicochemical characteristics, and good colloidal stability. The nano-

formulation was characterized by evaluating vesicle size, polydispersity index, zeta

potential, entrapment efficiency, compatibility between drug and excipients us-

ing Attenuated Total Reflectance Fourier-transform infrared spectroscopy (ATR-

FTIR), physical form of drug inside SSD-TFs using X-ray powder diffraction

(XPRD), and morphology using field emission transmission electron microscopy

(FE-TEM). Further, drug release from SSD-TFs was explored at pH 5.5 and 7.4,

and drug release kinetics were evaluated to study the mechanism of drug release.

Afterwards, SSD-TFs were incorporated into a chitosan-based gel to produce SSD-

TFs-Chi gel. The SSD-TFs-Chi gel was evaluated for pH, spreadability, viscosity,

physical stability, and permeability. FE-TEM analysis revealed predominantly

spherical and uniformly distributed nanovesicles with minimal aggregation. ATR-

FTIR findings confirmed the absence of chemical incompatibility among the for-

mulation components, while XPRD analysis demonstrated a conversion of the

crystalline nature of silver sulphadiazine into an amorphous form because of its
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encapsulation within the transfersomal vesicles, indicating successful incorpora-

tion into the nanocarrier system. Furthermore, stability studies conducted under

refrigerated, ambient, and accelerated storage conditions demonstrated that the

formulation remained physically stable with no significant changes in appearance,

homogeneity, and pH throughout the study period.

The optimized SSD-TFs-Chi gel demonstrated significantly greater and more sus-

tained drug release than the conventional formulation at both pH 5.5 and 7.4, with

release predominantly governed by diffusion. The Higuchi and Korsmeyer–Peppas

models best described release at pH 7.4, while the Korsmeyer–Peppas model pro-

vided the best fit at pH 5.5, indicating predominantly Fickian diffusion. Ex vivo

permeation studies further showed that the deformable transfersomal vesicles en-

hanced passage across the stratum corneum, resulting in prolonged skin drug reten-

tion and an approximately two-fold increase in permeation with SSD-TFs-Chi gel.

The enhanced delivery resulted in greater antibacterial activity against Staphy-

lococcus aureus, as evidenced by larger zones of inhibition than the conventional

formulation. In vivo skin irritation and histopathological studies demonstrated

negligible erythema and edema with preserved normal skin architecture, confirm-

ing the formulation’s dermal biocompatibility and safety.

Overall, this study demonstrates that SSD-TFs-Chi gel effectively addresses

several shortcomings with conventional topical therapy and offers a promising

nanovesicular platform for topical drug delivery.
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Chapter 1

Introduction

1.1 Background

The Skin serves as considered the largest organ in the human organism, with area

of surface roughly two square meters in the average individual adult. Dermis and

Epidermis are key parts of skin, which hold essentials skin appendage structures,

such as sweat glands, sebaceous glands, and hair follicles [1]. The primary skin

function is to create a strong protective interface between the body’s ”inside” and

”outside”. The chemical and biochemical antimicrobial and innate immune sys-

tems, physical barriers, and adaptive immunological defense system are all compo-

nents of the epidermis. The principal physical barrier of the skin is formed by the

stratum corneum (SC), whereas the underlying nucleated epidermis contributes to

barrier function through intercellular junctions and cytoskeletal protein networks.

Lipids, acids, hydrolytic enzymes, antimicrobial peptides, and macrophages are

biochemical. The humoral and cellular components of the immune system make

up the immunological barrier [2].

Burn injuries are among the most severe forms of traumatic injury affecting the

integumentary system and lead to impose a significant clinical, societal, and eco-

nomic burden on healthcare systems worldwide.

1
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Although considerable progress has been made in critical care, surgical interven-

tion, and infection control strategies, burn-associated morbidity and mortality con-

tinue to remain alarmingly high, particularly in countries having low and middle-

income. Burns comes under the health issue of general public at globe, resulting in

an estimated 180, 000 casualties each year [3]. In 2016, in the United States, ap-

proximately 486,000 individuals sustained burn injuries, reflecting the significant

public health burden associated with thermal trauma. Although many cases were

managed in outpatient settings, nearly 40,000 patients required hospitalization for

specialized treatment, and approximately 75% needed care in dedicated burn cen-

tres, highlighting the severity and complexity of moderate to major burn injuries

[4]. Burn injuries may result from exposure of the skin to thermal agents such as

flames, hot objects, flash burns, scalding liquids, chemicals, grease, or electrical

sources. [5]. Burn injuries can vary, and the extent of body surface area involved

is a major determinant of wound severity, morbidity, and patient mortality. Se-

vere burns induce not only cutaneous damage but also immune dysfunction and

hypermetabolism, collectively contributing to poor clinical outcomes [6].

Burn injuries are classified based on depth, extent, and cause, which is essential for

guiding management and predicting outcomes. Superficial burns involve only the

epidermis, presenting as red, painful, dry skin without blisters, and typically heal

within 3–7 days without scarring. Partial thickness burns extend into the dermis

and are subdivided into superficial, characterized by blisters and intense pain, and

deep, which appear white or red, may be less painful, and often require grafting.

Full-thickness burns destroy the entire dermis and sometimes subcutaneous tissue,

with a leathery or charred appearance, usually necessitating surgical intervention.

Burn severity is also assessed using total body surface area (TBSA). Burns can

result from thermal, chemical, electrical, or radiation sources, and classification

by cause helps in determining specific therapeutic strategies [7].

Burn wound restorative is a convoluted and highly coordinated biological technique

that progresses through four sequential phases.

Phases: 1. Hemostasis, 2. Inflammation, 3. Proliferation, 4. Remodeling
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1.1.1 Hemostasis

Right after injury, hemostasis limits blood loss through vasoconstriction and clot

formation, establishing a provisional matrix for repair. This initial phase begins

immediately after injury and is characterized by rapid vasoconstriction to mini-

mize blood loss. Platelet activation and aggregation are triggered by exposure to

collagen, leading to clot formation.

Activated platelets, together with keratinocytes, macrophages, and fibroblasts,

release key multiplier factors such as platelet-derived growth factor (PDGF), epi-

dermal growth factor (EGF), and transforming growth factor (TGF).

These signaling molecules facilitate the development of clot named fibrin at the in-

jury site, creating a provisional extracellular matrix that offers mechanical support

and serves as a stage for the subsequent stages of tissue repair [8].

1.1.2 Inflammation

The inflammatory stage is marked by the activation of cells linked with immunity,

like the release of proteins (pro-inflammatory cytokines), and the elimination of

necrotic tissue. This stage typically begins within the first twenty-four (24) hours

after injury and may persist for several days or even weeks, depending on the

burn’s extent and severity.

It is marked by the activation and mobilization of cells linked with immunity

to the site of wound, which trigger the production of proteins (pro-inflammatory

cytokines and chemokines). These mediators regulate migration, proliferation, and

subsequent activation of epithelial cells, endothelial cells, and fibroblasts, thereby

promoting collagen synthesis and tissue remodelling.

Concurrently, necrotic tissue and cellular debris are cleared through phagocytic

activity, initiating a cascade of signalling events essential for effective wound repair

and progression to the proliferative phase [8].



Introduction 4

1.1.3 Proliferation

During proliferation, fibroblast activity, collagen deposition, angiogenesis, and ep-

ithelialization restore tissue integrity. During the final remodeling stage, the extra-

cellular matrix undergoes continuous reorganization while collagen fibers mature,

leading to improved tensile strength and ultimately influencing the characteristics

of the mature scar. The proliferative stage subsequently begins and is character-

ized by the activity of anti-inflammatory mediators, including IL-4, IL-10, and

TGF, which facilitate tissue regeneration and healing [9].

Keratinocytes, which are actively dividing epithelial cells that move toward the

fibrin clot and wound bed to restore tissue continuity, are derived from these deep

structures and are crucial to the wound-healing process [1].

1.1.4 Remodelling

Finally, during remodelling, growth factors and matrix metalloproteinases regu-

late scar formation through collagen deposition and fibroblast transformation into

myofibroblasts [9]. The remodelling phase generally begins approximately three

following injury and can extend beyond twelve months, depending on wound sever-

ity and patient-related factors.

At this point of stage, the inflammatory and proliferative activities gradually sub-

side, and many previously activated cells, including macrophages, excess endothe-

lial cells and myofibroblasts either undergo programmed cell death or leave the

wound environment as healing progresses. Consequent process results in a scar

tissue matrix predominantly consisting predominantly of collagen together with

other extracellular matrix (ECM) components.

Dynamic interactions between the epidermis and dermis, along with regulatory

feedback mechanisms, contribute to the restoration of skin integrity and struc-

tural stability. Over a period of 6–12 months, type III collagen within the ECM

is progressively gradually transitions to mechanically stronger and more highly
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structured collagen of type I, thereby improving the tensile strength of the re-

paired tissue and maturation of the scar [10].

The skin functions as a primary mechanical and immunological barrier against mi-

crobial invasion. Disruption of this barrier following burn trauma creates a protein-

rich, moist environment conducive to microbial colonization. Within 24–48 hours,

burn wounds become colonized by endogenous flora, followed by opportunistic

nosocomial pathogens [11]. Clinically, local infection presents with increased exu-

date, purulent discharge, graft loss, cellulitis, and delayed epithelialization, often

associated with biofilm-forming pathogens.

If untreated, local infection may progress to systemic infection and septic shock,

contributing to 42–65% of burn-related deaths, depending on burn severity [12].

Burn wounds are initially sterile immediately after thermal injury, but this sterile

state is short-lived due to rapid microbial colonization by the endogenous micro-

biota, the hospital environment, and invasive medical devices. The protein-rich,

avascular nature of burn tissue provides an ideal environment for rapid bacterial

proliferation. Colonization may progress to infection when the microbial load in-

creases and host immune defenses are compromised. Over time, Gram-positive

organisms are replaced by Gram-negative and multidrug-resistant pathogens, sig-

nificantly complicating treatment. Understanding this transition is crucial for

preventing invasive infection, sepsis, and burn-related mortality [13].

The microbial spectrum evolves with Gram-positive organisms such as Staphylo-

coccus aureus (S. aureus) predominating in the early phase, followed by Gram-

negative bacteria, and later by fungal pathogens and multidrug-resistant organ-

isms. Recognition of this chronological shift is essential for appropriate empirical

therapy and infection control in burn patients [4]. Gram-negative organisms are

responsible for most infections associated with burn wounds, demonstrating com-

parable incidence and distribution patterns across different geographic regions and

healthcare settings. The Gram-positive pathogen S. aureus, including resistant

strains, has been identified as an independent risk factor associated with increased

mortality among individuals with burn injuries [14].
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Table 1.1: Common Wound Infections

Category Representative Organism

Gram-Positive

Bacteria

S. aureus

Gram-Negative

Bacteria (Early)

Escherichia coli, Klebsiella pneumoniae

Gram-Negative

bacteria (late)

P. aeruginosa, Acinetobacter baumannii, Enterobacter

cloacae

Infection not only delays the healing process but also increases scarring, necessi-

tates greater use of antibiotics, and substantially raises treatment costs. Bacterial

colonization of wounds begins almost immediately after injury, often involving

opportunistic pathogens from the patient’s own microbiome or the surrounding

environment. In many cases, microbial populations remain at low levels that do

not significantly interfere with healing. However, in some wounds, microbial prolif-

eration can surpass the immune system’s capacity to control it, disrupting normal

repair processes and leading to invasive infection that requires targeted medical

intervention [15].

To combat these challenges, there is an urgent need for an effective antimicrobial

agent that not only prevents infection but also accelerates the wound healing pro-

cess [16]. Topical antimicrobial therapy remains a mainstay in wound care because

it targets pathogens directly at the site of injury, reduces systemic exposure, and

can limit the progression of local colonization to invasive infection.

Conventional topical agents include antiseptics, antibiotics, and heavy metal com-

pounds, all designed to suppress bacterial proliferation and prevent wound deepen-

ing. Additional agents such as cerium nitrate, often combined with silver sulphadi-

azine, chlorhexidine, cadexomer iodine, polyhexanide, octenidine dihydrochloride,
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nitrofuran, and sodium fusidate contribute to infection control through microbici-

dal action, wound cleansing, and, in some cases, stimulation of tissue regeneration

[17].

Silver and its derivatives have been utilized for centuries as antimicrobial agents.

Among them, Silver Sulphadiazine (SSD) remains the most widely used and clin-

ically significant silver-based antibiotic and is the most commonly used topical

agent in burn infection management due to its broad-spectrum activity against

both Gram-positive and Gram-negative organisms, including S. aureus and Pseu-

domonas aeruginosa (P. aeruginosa), and is recommended particularly for deep

partial and full thickness burns in many clinical guidelines [18]. SSD, synthesized

by Charles Fox in the 1960s, remains the gold standard topical antimicrobial agent

for burn treatment and approval was received from the U.S. Food and Drug Ad-

ministration (FDA) [19]. It exhibits broad-spectrum antimicrobial efficacy against

a wide range of pathogenic microorganisms such as P. aeruginosa and S. aureus

[20]. Its primary mechanism of action involves the gradual release of silver ions,

which bind with bacterial DNA by binding to the helical structure and inhibiting

transcription processes [21]. Traditional SSD cream formulations present several

significant limitations, such as limited skin penetration, toxicity resulting from

rapid silver ion release, discomfort during reapplication, and an elevated risk of

bacterial resistance with prolonged use [20].

In contrast, nano-enabled approaches have demonstrated considerable promise

in addressing and potentially overcoming these challenges. Nanotechnology has

shown significant potential to enhance wound healing through targeted delivery

of antimicrobials and therapeutically active compounds. Nanomaterials such as

nanoparticles, nanofibers, nanogels, and nanoemulsions improve drug stability,

skin permeation while providing sustained drug release at the site of injury. Over

the past decade, nanotechnology-enabled drug delivery platforms have attracted

considerable research interest for improving topical burn therapies. Nanocarriers

such as liposomes, ethosomes, niosomes, cubosomes, and polymeric nanoparticles

enhance drug stability, penetration, and controlled release profiles. These sys-

tems facilitate targeted delivery, reduce dosing frequency, and minimize systemic
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toxicity. Among them, Transfersomes (TFs) offer a promising approach due to

their ability to deliver drugs across the skin barrier efficiently. It exhibits ultra-

flexibility, enabling it to reach deeper skin layers without structural compromise

[22].

Originally, the term ”transfersome” is traces back to Latin ”transferre,” that

translates to ”to carry across,” and the Greek ”soma,” meaning ”body”. TFs

are vesicular systems composed of phospholipids such as phosphatidylcholine and

distearyl phosphatidylcholine, combined with edge activators (EAs), including

sodium cholate, Tween 80, and Span 80. These EAs partially destabiliz the phos-

pholipid bilayer, thereby enhancing its deformability and flexibility and thereby

improving elasticity and skin penetration [23]. These highly deformable vesi-

cles can pass through pores as small as one-tenth of their diameter, enabling

drug-loaded vesicles to penetrate deeply into the dermal layers while maintaining

structural integrity. Their unique architecture allows the encapsulation of both

hydrophilic and hydrophobic drugs. Owing to their low viscosity, TFs can be

conveniently incorporated into gel formulations, thereby enhancing skin retention

and optimizing therapeutic efficacy. TFs gels provide additional benefits, few of

them are such as release of gel in a well-controlled and sustained, enhanced patient

adherence through decreased dosing rate, and enhanced tolerability, particularly

for sensitive or compromised skin [24].

TFs gels represent an advanced approach in topical and transdermal drug delivery

systems, adding the superior deformability of TFs with the desirable rheologi-

cal and application properties of polymeric gels. TFs are radical flexible lipid

vesicles composed of phospholipids and edge activators, enabling them to pene-

trate through the stratum corneum by squeezing through intercellular pathways,

thereby enhancing drug permeation and bioavailability. However, due to their

colloidal and liquid nature, transfersomal dispersions are commonly incorporated

into gel matrices to improve stability, viscosity, and patient compliance. Among

various gelling agents, Carbopol-based gels are widely used for their high viscos-

ity, excellent bioadhesion, and controlled drug-release characteristics. A study by

Batool et al. (2021) reported that Carbopol-based transfersomal gel of miltefosine
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significantly enhanced skin permeation and targeted drug delivery for cutaneous

leishmaniasis, demonstrating improved therapeutic efficacy compared to conven-

tional formulations [25]. Beyond Carbopol, other polymers such as hydroxypropyl

methylcellulose (HPMC), poloxamers, and alginates are also widely explored in

transfersomal gel formulations due to their ability to modulate viscosity, drug re-

lease kinetics, and skin compatibility. Recent studies, such as the formulation of

famciclovir-loaded transfersomal gel (2024), emphasize the importance of selecting

appropriate gel matrices to enhance drug localization, permeation, and therapeutic

outcomes [26].

Although SSD continues to serve as a cornerstone in burn management, its ther-

apeutic performance could also be substantially enhanced by integrating it into a

chitosan natured TFs gel system. Chitosan (Chi) is a naturally derived biopolymer

known for its wide range of therapeutic properties, including antibacterial, antifun-

gal, wound-healing, and immunomodulatory activities, and has pulled consider-

able focus due to its biodegradability, biocompatibility, and intrinsic permeation-

enhancing traits. Chi carries a positive charge that facilitates electrostatic interac-

tion with negatively charged skin components, thereby enhancing drug retention

and penetration. Its antimicrobial efficacy has been shown to increase with higher

degrees of deacetylation and greater molecular weight, underscoring its versatility

and bioactive potential. Due to its broad-spectrum antimicrobial activity and di-

verse mechanisms of action, chi is highly promising for a range of biomedical and

pharmaceutical applications.

Moreover, its capacity to stimulate inflammatory cell activity enhances tissue re-

pair processes, supporting its role as an effective wound healing promoter and

further emphasizing its clinical significance in therapeutic formulations [27]. This

TFs-loaded gel combination enables deeper skin penetration, minimizes toxicity,

and ensures localized, sustained antimicrobial activity at the site of infection.

The research relies on the development of SSD-loaded TFs as an innovative strat-

egy to overcome the limitations of conventional SSD cream formulations. The

primary objective is to enhance the therapeutic efficacy of SSD by improving its
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infiltration into deeper skin layers, providing controlled and extended release of

drug while minimizing the frequency of drug administration. This novel approach

aims to increase the antimicrobial effectiveness of SSD while minimizing toxicity

and improving patient compliance.

By employing a TFs delivery system, the study seeks to address the inherent

drawbacks of traditional topical formulations, ensure localized and prolonged ther-

apeutic action at the infection site, and ultimately provide a a more efficient and

patient-compliant therapeutic approach for the management of bacterial infections

associated with wounds.

1.2 Study Gap

SSD is a common topical antimicrobial for treating burn wounds, but traditional

formulations have drawbacks such as poor skin penetration and frequent applica-

tion requirements.

SSD incorporated TFs offer superior skin penetration, particularly when used in

combination with chi to enhance antimicrobial and wound-healing effects, but this

has not been sufficiently explored.

1.3 Problem Statement

Burn wounds are highly susceptible to infection due to the skin barrier disruption,

which delays wound healing. Conventional dosage of SSD exhibited poor skin pen-

etration, reduced retention time, reduced therapeutic efficacy, and thus requires

frequent application [28].

Therefore, it is utmost urgency to develop an advanced delivery system that en-

hances skin penetration, provides sustained release, reduces the need for frequent

dosing, and ultimately improves patient compliance and reduces wound infection.
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1.4 Aim

To develop and characterize SSD-loaded TFs chi gel (SSD-TFs-Chi gel) for en-

hanced skin penetration, sustained SSD release, reduced dosing frequency, and

improved antibacterial efficacy against skin wound infections.

1.5 Objectives

i. To prepare and optimize the SSD-TFs by the thin film hydration method.

ii. To evaluate and characterize SSD-TFs for in vitro characterization, including

particle size, polydispersity index (PDI), zeta potential, morphology, entrapment

efficiency, drug loading, Transmission Electron Microscopy (TEM), Attenuated

Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR), and X-

Ray Powdered Diffraction.

iii. To assess the release profiles of in vitro drug at pH 5.5 and 7.4, and explore

the mathematical kinetics of the drug release from SSD-TFs.

iv. To incorporate SSD-TFs into a chi gel base to form SSD-TFs-Chi gel and

investigate its physicochemical attributes, containing physical appearance, pH,

viscosity, and spreadability.

v. Determination of SSD-TFs-Chi gel antibacterial efficacy against common

wound pathogen (S. aureus), and assessment of ex vivo skin permeation and in

vivo skin biocompatibility studies.



Chapter 2

Literature Review

2.1 Wound Infections

Wound infection is a major clinical problem that significantly impairs the normal

healing process and can lead to chronic wounds, prolonged inflammation, and

increased healthcare burden [29, 30].

The transition from contamination to infection is influenced by bacterial viru-

lence, host immunity, and biofilm formation, which shields microbes from immune

clearance and antibiotics [31].

De Francesco et al. (2022) reported that bacterial colonization significantly pro-

longs the inflammatory phase, making managing infection a critical step in wound

care, and SSD reduced bacterial colonies and improved healing outcomes in chronic

wound patients [32].

2.2 SSD: Physicochemical Properties

SSD is a sulphonamide-based antimicrobial widely used as widely used as a topi-

cal therapy for burn wounds owing to its ability to inhibit a broad range of both

Gram-positive and Gram-negative bacterial pathogens [32]. SSD combines silver

12
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ions with a sulphonamide moiety, enabling antibacterial action by interacting with

bacterial DNA and enzymes. Its physicochemical limitations include poor solubil-

ity and poor penetration, which can reduce drug retention at the site of infection

and require frequent reapplication. The hydrophobic nature of SSD also con-

tributes to its slow diffusion through tissue barriers, hindering rapid penetration

into deeper wound layers [33].

Figure 2.1: Chemical Structure of SSD

2.3 Conventional SSD Designs and Their Chal-

lenges

Traditionally, SSD has been formulated in creams and ointments for topical ap-

plication in burn wounds [32]. Zhou et al. (2023) demonstrated a thermosensitive

hydrogel containing SSD and chi that improved antibacterial effects and wound

healing over conventional creams, highlighting limitations of standard formula-

tions regarding sustained release and efficacy [34]. Pandey et al. (2020) developed

breathable hydrogel sponges loaded with SSD, which showed better in vitro an-

timicrobial activity and faster wound closure compared to marketed SSD cream,

addressing the challenges of poor SSD retention in conventional formulations [28].

Challenges with conventional SSD systems include:
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i. Short drug retention and rapid wash-off.

ii. Poor penetration into deeper tissue layers [28].

Figure 2.2: Limitations of Conventional Dosage Form

2.4 Advanced Drug Delivery Systems for Wound

Healing

Recent research has focused on nanocarriers and advanced systems to overcome

limitations of traditional formulations. Lopez Vidal et al. (2024) reviewed diverse

advanced drug delivery platforms, including nanoparticles, nanogels, and wound

dressings, to improve local therapeutic outcomes, enhance penetration, and sustain

drug release [35]. Wang et al. (2019) summarized nano drug delivery systems,

noting that functional nanosystems like polymeric nanoparticles and lipid carriers

accelerate wound healing by sustaining drug release and enhancing therapeutic

efficacy. These advanced systems address major barriers such as the stratum

corneum penetration, localized drug delivery with minimal systemic exposure,

and improved bioavailability at infection sites [36].

2.5 TFs and TFs Gels

TFs are ultra-deformable vesicular carriers designed to overcome skin barriers and

improve skin penetration of therapeutic agents. Matharoo et al. (2024) describe

TFs as flexible nanovesicles that can squeeze through tight skin intercellular spaces
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and deliver drugs deeply, offering higher entrapment, release of sustained one, and

importantly skin permeation improved compared to traditional systems [37].

Figure 2.3: Systematic diagram of TFs vs conventional vesicles

Figure 2.4: Composition of TFs

2.6 Methods for the preparation of TFs

TFs are prepared using several established techniques, among the commonly used

available preparation techniques, thin-film hydration is the one of known employed

approach. In this procedure, phospholipids and edge activators are first dissolved
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in a volatile organic solvent system. The solvents are subsequently removed under

reduced pressure to generate a uniform lipid film, which is later hydrated with

an appropriate aqueous buffer, resulting in the spontaneous formation of vesicular

carriers. The modified hand-shaking method involves solvent evaporation with

continuous shaking above the lipid transition temperature, followed by hydration.

In the vortexing sonication method, lipids and the drug are mixed in an aqueous

medium, vortexed, and sonicated to obtain uniform vesicles. The ethanol injection

method relies on the gradual addition of an ethanolic lipid solution into an aque-

ous phase, resulting in spontaneous vesicle formation. Vesicle characteristics can

be further improved using the freeze–thaw method, which enhances lamellarity, or

the reverse-phase evaporation method, where lipid emulsions are converted into

vesicular suspensions by solvent removal. These methods enable efficient TFs for-

mation with controlled size and drug encapsulation for transdermal delivery [38].

The thin-film hydration method is the most widely used and reliably produces

nanosized, high-entrapment, deformable vesicles with good formulation flexibil-

ity.As compared with other methods, it offers a simple, reproducible, and effective

composition, making it suitable for optimization for transfersomal formulations

[21].

Figure 2.5: Methods for the Preparation of TFs
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Table 2.1: Overview of SSD -Based Drug Delivery System

Authors year

Lipid/Polymer

Carrier

Formulation

Type

Objective Key Findings Ref

Nascimento et

al.

2025 Laponite hydro-

gel

Smart Hydrogel Sustained Topi-

cal Delivery

Controlled Release, enhanced antimi-

crobial and antibiofilm activity

[39]

Mutlu-Agardan

et al.

2022 Chitosan / PVP Nanoparticle

-loaded

Nanofiber

Controlled

release & an-

tibacterial

dressing

Sustained release against [40]

Luo et al. 2020 Cyclodextrin

metal-organic

framework

Nano co-delivery

system

Enhanced an-

tibacterial

function

∼50× increased SD solubility; stabi-

lized nano-silver; improved antibacte-

rial efficacy

[41]

Liu et al. 2017 Poloxamer 407 Nanosuspension

thermosensitive

Hydrogel

Enhance solubil-

ity & topical ac-

tion

∼96.7% dissolution improvement; de-

creased cytotoxicity; enhanced antimi-

crobial effect

[42]

Al-Janabi & Al-

Edresi

2025 Zein/PCL Nanofibers Improve release

behaviour

Uniform nanofiber carrier; improved

SSD release for topical use

[43]
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Table 2.1 continued from previous page

Authors year

Lipid/Polymer

Carrier

Formulation

Type

Objective Key Findings Ref

Barkat et al. 2017 Nanosuspension

in Aloe vera gel

Nanosuspension

gel

Improved wound

healing activity

Significantly higher release & in vivo

wound healing as compared to the mar-

keted formulation

[44]

Razavi et al. 2018 Lipid-based sys-

tem

Nanocarrier sys-

tem

Burn treatment

delivery

Comprehensive overview of lipid

nanocarriers for SSD; improved

therapeutic delivery potential

[45]

Razavi et al. 2018 Ethosomal vesi-

cles

Nanoethogel Enhanced burn

healing

High encapsulation; enhanced wound

healing

[19]

Venkataraman

& Nagarsenker

2012 Nanosuspension

or nanogel

Nanosuspension-

based gel

Increased bacte-

ricidal activity &

wound therapy

Nanosuspension-enhanced SSD wound

healing vs commercial cream

[46]

El-Feky et al. 2017 Chitosan

Nanoparticles

Nanoparticle-

coated dressing

Controlled re-

lease in wound

dressing

CSNPs loaded with SSD; improved

controlled release potential for wound

therapy

[47]
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Table 2.1 continued from previous page

Authors year

Lipid/Polymer

Carrier

Formulation

Type

Objective Key Findings Ref

Zhou et al. 2023 Chitosan hydro-

gel

Thermosensitive

hydrogel

Promote wound

healing

Sustained SSD release; enhanced an-

tibacterial effect &wound healing in rat

model healing in rat model

[34]

Vinayak Shiv-

amurthi Mas-

tiholimath et

al.

2020 Solid lipids Solid Lipid

Nanoparticles

Develop a

controlled-

release topical

delivery system

for burn wounds

SLNs showed sustained drug release,

enhanced stability, and improved

therapeutic potential for second-third

burns

[48]

Keisuke Ito et al. 2015 Inorganic

nanosheets

SSD-loaded

nanosheets

Enhanced an-

timicrobial

efficacy in burn

infection

Sustained antimicrobial activity and

significant reduction of infection

[49]
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Table 2.1 continued from previous page

Authors year

Lipid/Polymer

Carrier

Formulation

Type

Objective Key Findings Ref

Waqas et al. 2022 Sodium alginate

/polyvinyl alco-

hol

Electrospun

Nanofibers

To fabricate

SSD-loaded

nanofibers for

the prevention

of burn wound

infections

showed strong antibacterial activity

against Staphylococcus aureus

[50]

Morsi et al. 2013 Poloxamer 407,

Chitosan/Car-

bopol

Cubosomes-

based Hydrogel

To develop

cubosome hy-

drogels of SSD

for topical burn

treatment

Cubogels exhibited sustained drug re-

lease, improved bioadhesion, and en-

hanced healing of burns as compared

to the marketed SSD.

[51]
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Table 2.2: Overview of Chitosan-based Drug Delivery System

Authors Year

Lipid/Polymer

Carrier

Formulation

Type

Objective Key Findings Ref

Khaqan et al. 2018 Chitosan Thermosensitive

Hydrogel

Sustained ophthalmic

drug delivery

Developed an injectable

thermosensitive gel showing

controlled release.

[52]

Rinaudo et al. 2020 Chitosan Hydrogel matrix Sustained drug release Demonstrated controlled

drug release

[53]

Sabouri et al. 2026 Chitosan Nanogel Dermal/transdermal

nanogel system

Improved

Dermal drug delivery

Demonstrated enhanced

skin permeation, stability,

and controlled release.

[54]

Zhang et al. 2024 Chitosan Smart hydrogel Controlled drug deliv-

ery system

Showed 3D porous network

with sustained drug release.

[55]

Kazim et al. 2021 Glutaraldehyde +

Chitosan with SLNs

(Compritol, Tween

80)

Nanoparticle-

loaded chitosan

Hydrogel

Develop a topical sys-

tem for allergic con-

tact dermatitis using

ebastine-loaded SLNs

Formulated hydrogel

showed sustained drug

release, improved stability

and enhanced therapeutic

efficacy.

[56]
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2.7 Role of Chitosan in Wound Infection

Chi has emerged as a multifunctional polymer with inherent antimicrobial and

wound-healing properties. Zhang et al. (2026) conducted a bibliometric analysis

showing a growing global research focus on chitosan-based infected wound care,

confirming chitosan’s increasing application in antimicrobial wound dressings [57].

Alven & Aderibigbe (2024) reviewed chitosan-based scaffolds with silver nanopar-

ticles that enhanced antimicrobial activity and accelerated re-epithelialization in

infected wounds, showing synergistic antimicrobial and wound-healing effects [58].

Barkat et al. (2025) developed an SSD-loaded nanosuspension incorporated into

a chitosan nanogel, which improved SSD solubility, sustained release, spreadabil-

ity, and skin tolerability, ultimately yielding superior wound healing compared to

conventional SSD products [33].

Chi has also been investigated to boost the antimicrobial nature of SSD formu-

lations by improving moisture retention, sustained release, and biocompatibility

[28].



Chapter 3

Materials and Methods

3.1 Materials

USP grade SSD was obtained from Davis Pharmaceutical Industry, Islamabad,

Pakistan. Lipid component Soya Lecithin, along with surfactant Tween 80, was

bought directly through Sigma Aldrich (CHEMEI GmbH, Germany). Methanol

was obtained from Duksan Chemicals, Korea. Chloroform and Chitosan were also

procured directly through Sigma Aldrich (CHEMEI GmbH, Germany). Distilled

water and Phosphate Buffer Solution (PBS) were freshly prepared at the Faculty

of Pharmacy, Capital University of Science and Technology (CUST), Islamabad.

3.2 Method

3.2.1 Preparation of SSD-TFs

SSD-TFs were formulated using the thin-film hydration technique [59]. Briefly, a

chloroform: methanol (1:1) solvent system was used to dissolve SSD, soy lecithin,

and Tween 80. To create a thin lipid film, the organic solvents were evaporated

by a rotary vacuum evaporator at 45 ± 1 °C under lower pressure. After that,

resulting lipid film was rehydrated using phosphate-buffered saline (PBS) and

23
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rotated at 45 ± 1 °C to allow the lipid vesicles to swell fully. The suspension was

sonicated to obtain uniformly sized TFs [59].

Table 3.1: Composition of Formulations

Formulation

codes

Phospholipid

amount (mg)

Surfactant

amount

Volume

of hy-

dration

medium

Amount

of drug

(mg) (ml) (mg)

F 1 40 10 5 2

F 2 30 10 5 2

F 3 20 10 5 2

F 4 40 20 5 2

3.2.2 Preparation of SSD-TFs gel

The optimized TFs dispersion was gradually added to a chi gel (200 mg of chitosan

powder was weighed and then mixed in 5 milli Liter (mL) of 1 percent v/v acetic

acid) with constant agitating for 5 minutes to prepare the SSD-TFs gel [56].

Figure 3.1: Method of Preparation of TFs
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3.2.3 Lyophilization of SSD-TFs

Before freeze drying, the formulation was placed at -20 °C for 8 hours to ensure

complete freezing.

Lyophilization was subsequently carried out in two sequential stages: primary dry-

ing at -40 °C for 12 hours, pursued by secondary drying at 25 °C for an additional

12 hours.

Figure 3.2: Lyophilizer

3.3 In vitro Characterization

3.3.1 Particle Size, Polydispersity Index and Zeta Poten-

tial

The particle size and polydispersity index (PDI) of SSD-TFs were calculated with

a Zetasizer Nano ZS90 from Malvern Instruments (UK). The collected samples

were kept at 25 ± 2 °C. We performed laser light scattering analysis using a laser

beam at a scattering angle of 90°. We also measured the surface charge (zeta

potential) of SSD-TF vesicles with the same instrument [60].
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3.3.2 Entrapment Efficiency and Drug Loading

The entrapment efficiency of SSD-TFs was measured using an indirect method.

The prepared SSD-TFs were centrifuged at 13,500 rotation per minute for 30

minutes to separate the non-encapsulated drug fraction.

We quantified the amount of free SSD in the supernatant with UV-Vis spectropho-

tometry at λmax 254 nm. EE% and DL were determined by looking into the below

equation [59].

EE(%) =
Total drug content − Free drug content

Total drug content
× 100 (3.1)

DL =
Total drug content − Free drug content

Total amount of transfersomes
(3.2)

3.3.3 In Vitro Drug Release

The release profile of in vitro drug was evaluated through the dialysis bag diffusion

approach [56].The drug release from SSD-TFs and the drug was studied at pH 5.5

and 7.4. Formulations containing 2 mg of drug were individually dispersed in 5

mL of phosphate-buffered saline (PBS, pH 5.5 or 7.4) and transferred into dialysis

bags. Each bag was subsequently placed in 50 mL of the respective PBS release

medium and incubated in a shaking water bath maintained at 36 ± 2 °C with

continuous agitation at 100 rpm for 48 hours.

At specified sampling times (0, 0.5, 2, 4, 6, 8, 10, 24, and 36 hours), collected

samples from the release medium were instantly substituted with an equal vol-

ume of fresh buffer to preserve sink conditions. The cumulative release data were

then evaluated using DD Solver by applying several mathematical models, namely

zero-order, first-order, Higuchi, and Korsmeyer–Peppas, to determine the most ap-

propriate kinetic model and gain insight into the mechanism governing the release

of the drug [59].
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3.3.4 Attenuated Total Reflectance-Fourier Transform In-

frared Spectroscopy

The ATR-FTIR studies were performed to evaluate drug-excipient compatibility.

The ATR-FTIR spectra of the pure components and selected SSD-TFs formulation

were compared using an ATR-FTIR spectrophotometer (Bruker Alpha GmbH,

Germany) at a wavenumber region of 4000-400 cm1.

Any interaction between SSD, Soya lecithin, Tween 80, and transfersomes was

evaluated using this method [61].

3.3.5 X-ray Powder Diffraction

The crystalline or amorphous nature of the SSD-TFs and pure SSD was inves-

tigated using XPRD. The diffraction patterns of the compound were analyzed

inside the formulation by an X-ray Diffractometer (Bruker D2 Phaser, USA). The

samples were scanned using the standard operating conditions, scanning range of

10°–80° (2) [62].

3.3.6 Field Emission Transmission Electron Microscopy

FETEM was employed to characterize the morphology of the formulation, struc-

tural characteristics, and particle size distribution of the optimized SSD-TFs. A

drop of the optimized transfersomal formulation was put on a carbon-coated cop-

per grid for TEM characterization. After removing the excess dispersion with fil-

ter paper, the sample was negatively stained using 1% phosphotungstic acid. The

stained grid was subsequently dried at ambient temperature and then visualized

using a transmission electron microscope (Talos F200X G2, Electron Microscopy

Centre, Fudan University China [59].



Materials and Methods 28

3.4 SSD-TFs-Chi Gel Characterization

The physical aspects, including appearance, homogeneity, and pH of the prepared

SSD-TFs-chi gel, were analyzed to assess its potential for topical use.

3.4.1 Physical Appearance and pH

The formulated gel was assessed for colour, consistency, and phase separation. The

pH of the formulation was figured out by dispersing 500 mg of chitosan TF gel in

20 mL of distilled water, followed by equilibration for 2 hours. After equilibration,

the pH was recorded by a calibrated pH meter (PHS 25CW, BANTE Instruments,

China) with the electrode inserted into the hydrated gel sample [56].

3.4.2 Spreadability

The spreadability of the SSD-TFs-chi gel was figured by the glass plate method.

In short, 500 mg of the gel was deposited in the middle of a fixed glass plate (10

× 5 cm). A second glass plate of mass 5.75 ± 0.05 g was dropped from 5 cm from

the height of the gel sample. Spread gel diameter was calculated after 60 second,

and the spreadability was measured as a measure of the ease of application of the

formulation to the skin [63].

3.4.3 Rheological Behaviour

The rheological properties of the SSD-TFs-loaded chitosan gel was analyzed by

using a Brookfield DV2T viscometer (Spindle S 64) [56].

3.4.4 Antibacterial Activity

The antimicrobial potential of the formulated SSD-TFs-chitosan gel was assessed

against Staphylococcus aureus by employing the agar well diffusion technique. A
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bacterial suspension adjusted to the 0.5 McFarland standard was freshly prepared

and uniformly distributed across Mueller–Hinton agar (MHA) plates using a sterile

cotton swab to establish a confluent bacterial lawn.

The agar medium was added to wells with a diameter of about 6 mm using sterile

cork borers. To ensure adequate diffusion of the semisolid gel formulation through

the agar matrix, the SSD-TFs-chi gel and other test samples were dispersed in

dimethyl sulfoxide (DMSO) before application. The concentration of DMSO was

sustained below 10% (v/v) throughout the study to eliminate any potential an-

tibacterial effect of the solvent [64].

The three experimental groups were SSD-TFs-chi gel, SSD-chi gel, and solvent

control. 100 µL of individual sample was gently pipetted into individual wells.

These inoculated plates were incubated for a period of 24 hours having temper-

ature 37 ± 1°C under aerobic conditions. The antibacterial performance of each

formulation was evaluated after incubation by determining the diameter of the

clear growth inhibition zone around each well with a digital Vernier caliper.

The solvent control showed no inhibitory effect, indicating that the DMSO concen-

tration used in the study did not interfere with bacterial growth. Each experiment

was repeated three (3) times, and findings were showed as mean ± SD. One-way

analysis of variance (ANOVA) was used for statistical analysis. For differences

between groups, a p-value < 0.001 was considered statistically significant [64].

3.4.5 Ex vivo Permeation Study

Ex vivo permeation studies of SSD-TFs-chi gel were conducted on goat skin.

Freshly excised goat skin was collected, and the hair was carefully shaved with

an electric trimmer to maintain the integrity of the stratum corneum and ensure

suitability for ex vivo permeation studies. Then, the skin was placed in warm

water for easier trimming of fat and connective tissue that adhered to it. The skin

was cleaned and then washed with PBS, blotted, wrapped, and stored at -30°C.

It was equilibrated in PBS for about 30 minutes before experimentation.
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The optimized SSD-TFs-chi gel and permeation characteristics of the SSD-chitosan

gel were evaluated under ex vivo conditions using a Franz diffusion cell apparatus.

Prior to the experiment, the excised skin was prepared and securely fixed between

the donor and receptor compartments.

Phosphate buffer solution (PBS, pH 5.5) was used for the receptor compartment,

ensuring complete contact with the lower surface of the skin and absence of air

bubbles. A predetermined amount of SSD-TFs-chi gel and SSD-chi gel was re-

spectively applied uniformly onto the skin surface within the donor compartment.

The experiment was performed at rotation of 500 rotations per minute with a

temperature of 37 ± 0.5°C. The effective permeation area of the cell was 0.77 cm².

The assembly was then firmly clamped together, preventing any leakage during

the experiment.

During the permeation experiment, samples were periodically withdrawn from the

receptor chamber and replenished with an identical volume of fresh PBS main-

tained at the experimental temperature, thereby ensuring sink conditions were

maintained throughout the study.

The concentration of silver sulfadiazine in each collected aliquot was subsequently

determined using a UV–Visible spectrophotometer by measuring absorbance at

254 nm.

The total quantity of drugs permeated/unit area was determined using the below

equation:

Qn =
CnVr +

∑n−1
i=1 CiV

A
(3.3)

Qn is the quantity of drug permeated per unit area (µg/cm2) at the time of nth

sample, Cn is the drug concentration in receptor fluid at the time of nth sample,

Vr is the volume of receptor solution,
∑

Ci is the sum of the concentration of the

drug in the receptor fluid before the nth sample, Vs is the Volume of the sample
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withdrawn and A is the effective permeation area of the diffusion cell (0.77cm²)

[59].

3.4.6 Skin Irritation Study

The dermal biocompatibility and the irritation potential of the developed SSD-

TFs-chi gel were assessed in healthy mice using the modified Draize skin irritation

protocol [59]. The study was approved by the Research Ethics Committee of the

Faculty of Pharmacy, Capital University of Science and Technology (CUST), Is-

lamabad (CUST/DERC/PH/ERF/PG/2026/015), and experimental procedures

were carried out as per the institutional guidelines for the care and use of labora-

tory animals.

Healthy mice were split into two experimental groups (n = 3 mice per group) for

histopathological evaluation of skin irritation. Group I received the optimized

SSD-TFs-chi gel and served as the test group to assess dermal compatibility.

Group II was treated with 2% acetic acid solution, which served as the positive

control to induce skin irritation and validate the sensitivity of the experimental

model.

All mice were put under conditions defined by laboratory standard having (22

± 2°C, 55 ± 5% RH, and 12 hours light/dark cycle) and had no restriction to

standard pellet diet and water during the study. The abdomen skin surface of

all mice divided in groups was carefully removed by shaving with an approved

electric shaver, avoiding any cuts, abrasions, or damage to the skin surface, 24

hours before treatment. The area shaved was marked as a test area of about

4cm2. Each formulation was applied uniformly over the area with an appropriate

amount by using a sterile spatula.

The treated skin surfaces were examined for erythema, edema, and irritation at

0, 2, 4, 8, and 18 h post-application. Severity of skin reaction was evaluated

using the Draize scoring system: zero (0), no visible reaction; One (1), slight;

two (2), moderate; 3, severe; 4, very severe. Irritation scores were obtained at
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each observation time, and the dermatological tolerability of the preparations was

assessed [59].

Following the 18 h observation period, the animals were sacrificed, and full-

thickness skin samples were taken from the treated region for histopathological

examination. The tissues thus collected were washed off gently with help of phos-

phate buffered saline (PBS) and then kept in 10% buffered formalin for 24 hours.

The sections of tissues placed on a clean glass slide and stained with hematoxylin

and eosin (H&E). Histological examination was conducted under a light micro-

scope to assess microscopic alterations, including epidermal integrity, inflamma-

tory cell infiltration, dermal edema, vascular congestion, and preservation of skin

appendages.

Histopathological changes were assessed through a modified semi-quantitative

scoring framework. Each parameter was graded on a four-point ordinal scale rang-

ing from 0 (normal) to 3 (severe alteration). The microscopic results of the treated

groups were compared to the control groups to assess the dermal safety, biocom-

patibility, and irritation potential of the developed SSD-TFs-chi gel formulation

[59, 65].

3.4.7 Stability Studies

The stability of optimized silver sulphadiazine loaded transfersomal chitosan gel

(SSD-TFs-chi gel) was evaluated using the guidelines of ICH. The prepared for-

mulation was maintained under various storage conditions, such as refrigerated

(4 ± 2°C), room (25 ± 2°C), and accelerated (40 ± 2°C, 75 ± 5% relative hu-

midity). The stability assessment was conducted at predefined time points (0,

1, 2, and 3 months). The formulation was visually inspected for any change in

appearance, color, homogeneity, phase separation, and pH during each evaluation

period. If no visible changes in the formulation occurred, like phase separation or

colour change, and pH deviation did not exceed 0.5 units, that formulation seemed

physically stable [66].
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3.4.8 Statistical Analysis

All experimental data were elaborated as mean ± standard deviation (SD). Among

groups, T-Test were performed to find the statistical comparisons. Each exper-

iment was replicated three times (n = 3), and the outputs were expressed as

means ± SD. The level of importance was 0.05*(a=0.05), 0.01**(a=0.01), and

0.001***(a=0.001).
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Results and Discussion

4.1 UV-Visible Calibration Curve

A calibration curve for SSD was created at a wavelength of 254 nm. This curve

is essential for measuring drug concentration in solution using UV-Visible spec-

trophotometry and for ensuring precision in subsequent formulation studies. The

calibration curve demonstrated a linear relationship between absorbance and con-

centration across the range of 2–12 µg/mL [48]. The calibration curve displayed a

steady increase in absorbance with an increase in drug concentration, confirming

compliance with Beer-Lambert’s law within this range.

The regression equation from the calibration curve was:

y = 0.0048x− 0.0003 (4.1)

where:

y = absorbance

x = concentration (µg/mL)

slope (m) = 0.0048

34
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intercept (c) = -0.0003

Table 4.1: Concentration vs Absorbance

Calibration Curve at PH 5.5

Concentration (µg/mL) Absorbance

2 0.011

4 0.019

6 0.026

8 0.037

10 0.047

12 0.059

Figure 4.1: Calibration Curve

The slope shows the sensitivity of the analytical method, indicating a proportional

increase in absorbance with concentration. The coefficient of determination (R²

= 0.9916) reflects positive linearity and reliability of the protocol across chosen

concentration range. This high R² value indicates minimal deviation of the exper-

imental data from the regression line, affirmed that the protocol adopted is right

for quantitative analysis of SSD.
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4.2 Entrapment Efficiency

The percentage EE of formulations (F1–F5) was primarily influenced by the con-

centrations of phospholipid (soya lecithin) and Tween 80.

These two formulation variables were selected because phospholipids form the

transfersomal bilayer responsible for drug encapsulation, whereas Tween 80 acts

as an edge activator that imparts vesicle flexibility, enhances deformability, and

significantly affects drug loading and vesicle stability [67], as represented in below

Table 4.2 and subsequent Figure 4.2.

Table 4.2: Entrapment Efficiency (%) of transfersomes formulations

Formulation % EE

F1 71.7 ± 2.79%

F2 85.5± 3.48%

F3 55.3 ± 3.02%

F4 54.8 ± 3.32 %

F5 48.6± 3.36%

Figure 4.2: % Drug Entrapment Efficiency of Transfersomal Formulations
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Formulation F1 contained 40 mg of phospholipid and 10 mg of surfactant, yielding

a moderate %EE of 71.73 ± 2.79%. The formulation F2 showed %EE of 85.55

± 3.48% when the phospholipid concentration was reduced to 30 mg, with the

surfactant concentration held constant.

This suggests that an optimal level of phospholipids supports vesicle formation

and improves drug encapsulation. However, reducing the phospholipid concen-

tration further to 20 mg in formulation F3 led to a significant drop in %EE to

55.30 ± 3.02%. This decrease may be due to inadequate lipid matrix formation,

which affects structural integrity and reduces the capacity to encapsulate the drug

effectively.

On the other hand, formulations F4 and F5, which had surfactant concentrations

increased to 20 mg and 30 mg, respectively, while keeping the phospholipid at 40

mg, showed a notable decline in %EE to 54.84 ± 3.32% and 48.63 ± 3.36%. The

lower entrapment efficiency at higher surfactant levels might result from increased

membrane fluidity, which can lead to drug leakage and reduced encapsulation.

The observed variation in entrapment efficiency among the formulations

(48.6–85.5%) may be attributed to variations in phospholipid and Tween 80 con-

centrations. Phospholipids provide the bilayer matrix responsible for drug encap-

sulation, whereas an optimum concentration of Tween 80 enhances vesicle deforma-

bility and drug loading. However, excessive surfactant can disrupt the stability

of the phospholipid bilayer, resulting in enhanced drug leakage and diminished

entrapment efficiency.

Optimization of formulation is essential for developing efficient drug delivery sys-

tems with improved encapsulation performance. These findings are in agreement

with previous reports, which demonstrated that the phospholipid-to-edge activator

ratio is a critical determinant of transfersomal entrapment efficiency and vesicle

stability [68].

The drug loading (DL) of the optimized SSD-TFs was observed to be 40 µg/mg,

indicating efficient incorporation of SSD into the transfersomal vesicles.
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4.3 Particle Size, Polydispersity Index, and Zeta

Potential

The prepared SSD-TFs formulation gave a vesicle size (Z-average) of 148.0 nm,

polydispersity index (PDI) of 0.179, and a zeta potential of 19.5 mV, as revealed in

Figure 4.3. The vesicle size of the nanometric showed the successful preparation of

the transfersomes and confirmed the suitability of the selected compositions (soya

lecithin and tween 80) for the preparation of nanosized vesicular carriers.

The vesicles are relatively small, which is beneficial for topical drug delivery be-

cause it provides more surface area for the release of the drug and more contact

between the vesicles and the skin. Nanosized transfersomes have been reported

to penetrate the stratum corneum better than rigid liposomes because of their

deformability, as well as the capacity to penetrate narrower intercellular pathways

[69].

Tween 80 is a non-ionic surfactant that acts as an edge activator, decreasing the

interfacial tension and increasing the flexibility of the phospholipid bilayer during

vesicle formation, which may be responsible for the formation of small vesicles

[70].

The PDI value of 0.179 indicated a narrow size distribution with uniform and

homogenous vesicles and suggested a uniform incorporation of SSD. Generally,

PDI values below 0.3 are typically regarded as good uniformity and reproducibility

of the system and are considered to mark the presence of a monodisperse system.

The homogeneity is desirable to obtain consistent drug loading, predictable re-

lease behaviour, and improved physical stability during storage. The optimized

formulation exhibited a moderately negative zeta potential of -19.5 mV, indicating

that the vesicles had a surface charge of this magnitude. The negative charge can

be due to the ionization of the phospholipid components of soya lecithin and the

adsorption of surfactant molecules at the vesicle surface.



Results and Discussion 39

Figure 4.3: Zeta Potential, Z-Average, PDI of the optimized SSD-TFs con-
firming nanosized, colloidal stability and uniform distribution
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Table 4.3: Physicochemical properties of optimized Formulation

Formulation Lipid

(mg)

Surfactant

(mg)

Drug %

EE

Zeta

Po-

ten-

tial

(mv)

Particle

Size

(nm)

DL

µg/mg

F2 30 10 2 80.15 -19.5 148 40

The optimized formulation of SSD-TFs showed an appropriate vesicle size, low

polydispersity index, and a moderately negative zeta potential, which indicated a

successful development of a homogeneous nanosized vesicular system for topical

delivery. The effect of the soya lecithin and Tween 80 resulted in stable and

deformable vesicles, which could enhance the dermal delivery of SSD.

4.4 Attenuated Total Reflectance-Fourier Trans-

form Infrared Spectroscopy

The ATR-FTIR spectra of soya lecithin, Tween 80, and optimized formulation

containing SSD, as shown in Figure 4.4, were analyzed to examine the compati-

bility among the formulation ingredients and confirm the successful incorporation

of the optimized formulation.

The ATR-FTIR spectrum of soya lecithin exhibited typical absorptions for its

phospholipid composition. A broad absorption peak was seen in the range

3200–3400 cm−1 due to O–H stretching vibrations, which were linked to hydrogen

bonding. The asymmetric and symmetric C–H stretching vibrations of aliphatic

hydrocarbon chains occurred around 2920 cm−1 and 2850 cm−1. Moreover, the

strong band around 1730 cm−1 is assigned to the carbonyl (C=O) stretching vi-

brations characteristic of ester groups, which is characteristic of the phospholipid

(

      
)
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structure of lecithin. The characteristic bands of the P=O stretching vibrations

of phosphate ester groups in lecithin-based lipid systems appear in the ranges

1230–1240 cm−1 and 1090 cm−1 (Figure 4.4(a)), which corresponds to the litera-

ture [67].

ATR-FTIR spectrum of Tween 80 (Figure 4.4 (b)) showed the characteristic

functional groups of a non-ionic surfactant. The O–H stretching broad peak at

3400cm−1 and the strong peaks around 2920 cm−1 were suggested to be aliphatic

C–H stretching from long hydrocarbon chains. A special absorption band at 1730

cm−1 was experienced, which was assigned to the stretching vibrations of the car-

bonyl group of esters [71].

ATR-FTIR studies of pure SSD (Figure 4.4 (c) ), showed a prominent absorption

band at 3343 cm−1, attributed to the stretching vibrations of the N–H group of

the sulfonamide group.

The two aromatic ring/C=N stretching vibrations of the pyrimidine moiety were

identified as a prominent peak at 1599 cm−1 and S=O stretching at 1016 cm−1.

The absorption bands are related to those previously reported in FTIR spectra of

Silver Sulphadiazine, which led to its identification and the establishment of its

structural integrity [16].

The ATR-FTIR spectrum of the formulated product with SSD, soya lecithin, and

Tween 80 revealed the major characteristic peaks of all the formulation ingredients,

with slight shifts and changes in intensity as shown in Figure 4.4 (d).

The wide absorption band at 3200–3400 cm−1 indicated the presence of inter-

molecular hydrogen bonding between the formulation components, probably due

to the overlapping of the O–H and N–H stretching vibrations.

The characteristic peaks of aliphatic C-H stretching were seen around 2920 cm−1,

while the carbonyl stretching peak was also observed at the same position as

that observed in the spectra of the lipids and surfactants before the formulation

preparation, which indicates that the functional groups of lipids and surfactants

are also retained after the formulation preparation. These results suggest that



Results and Discussion 42

there is no chemical incompatibility with the excipients used in the formulation

and SSD.

Figure 4.4: ATR-FTIR of (a) Soya Lecithin, (b) Tween 80, (c) Drug (Silver
Sulphadiazine), (d) SSD-TFs (Silver Sulphadiazine Transfersomes)

4.5 X-Ray Powder Diffraction

XPRD was performed to assess the nature and potential structural modifications

of SSD within the optimized SSD-TFs (Figure 4.5).

The XPRD pattern of pure SSD (Figure 4.5 (a)) showed intense and sharp diffrac-

tion peaks, indicating its highly crystalline nature. The most prominent peak

was observed at 10°-12°, along with several additional sharp reflections between

approximately 18° and 40°. The presence of these narrow and well-defined peaks

indicates an ordered crystal lattice structure of SSD. These findings are consistent

with previous reports showing the highly crystalline nature of silver sulphadiazine

before encapsulation into lipid-based nanocarriers [62]. In contrast, the XRD pat-

tern of SSD-TFs (Figure 4.5 (b)) showed a reduction in peak intensity and the
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appearance of a broad diffuse halo, particularly around 18°–25°. This change sug-

gests that SSD was successfully incorporated into the lipid vesicular system and

converted from a crystalline form into a more amorphous or molecularly dispersed

state. The broad halo observed in the formulation may be attributed to the lipidic

nature of soya lecithin and the presence of Tween 80, which can disturb the reg-

ular structure of drug crystals and promote drug dispersion within the vesicular

bilayer [62]. The disappearance and reduction of characteristic SSD peaks in SSD-

TFs indicate that there was no separate crystalline drug phase in the optimized

formulation. This finding supports the successful entrapment of SSD within the

transfersomal carrier. Similar behavior has been reported for silver sulphadiazine

nanosuspension and hydrogel-based systems, where XRD peak intensity was re-

duced after formulation, suggesting partial amorphization and weakening of the

crystalline state of SSD [42].

The presence of soya lecithin and Tween 80 was also involved in the structural

modification of the formulation. Tween 80 acts as an edge activator and increases

vesicle flexibility, while Soya lecithin forms the phospholipid bilayer of TFs. Their

combined effect may reduce the crystallinity of SSD by enhancing drug accommo-

dation within the lipid matrix. Previous studies on lecithin-based deformable TFs

have shown that Tween 80-containing vesicles can enhance drug release due to im-

proved vesicular deformability [72]. The amorphous or molecularly dispersed state

of SSD in SSD-TFs may contribute to better release performance and enhanced

topical delivery potential compared with pure crystalline SSD.

Figure 4.5: XPRD Diffractogram (a) Pure Silver Sulphadiazine (b) SSD-TFs
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4.6 Field Emission Transmission Electron Mi-

croscopy

FE-TEM was carried out to analyze the morphology and structural properties of

the SSD-TFs. The FE-TEM micrographs (Figure 4.6) illustrated the formation of

nanosized vesicular systems, which appeared to have a distinct boundary and were

mainly spherical to nearly spherical in shape. The majority of vesicles were seen to

be discrete and structurally intact, suggesting good assembly of the phospholipid

bilayer system using soya lecithin and the surfactant Tween 80. The vesicles in

the micrographs, as indicated by the scale bars (100 - 200 nm), were characterized

by comparatively smooth outlines and high contrast within. Some particles were

found in a clustered pattern, which might be due to vesicle adhesion during drying

and staining of the specimen on the grid.

Figure 4.6: FE-TEM images of SSD-TFs

The spherical morphology observed in the formulation is consistent with the ex-

pected ultra-deformable structure of transfersomes, in which phospholipids self-

assemble into closed bilayer vesicles, with Tween 80 serving as an edge activator
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that makes the membrane flexible and reduces vesicle rigidity. The addition of

Tween 80 probably helped to stabilize the vesicles because of its effect on reduc-

ing interfacial tension and enhancing the elasticity of the membrane, and therefore

prevented vesicular fusion. Similar TEM observations in which the spherical nano-

sized and evenly distributed vesicles are transfersomal vesicles prepared with the

surfactant Tween 80 in lecithin-based vesicles [37]. The results obtained in TEM

confirmed the proper preparation of SSD-TFs with their morphology and their

nanosized dimensions, and with appropriate dispersion behavior. These results

further confirm the suitability of the developed formulation for topical applica-

tion.

4.7 In vitro Drug Release

The in vitro release profile of SSD and the SSD-TFs was analyzed under two

physiologically relevant conditions, pH 5.5 and pH 7.4. The cumulative percentage

drug release profiles are shown in Figure 4.7 (pH 5.5) and Figure 4.8 (pH 7.4).

Figure 4.7: Cumulative Percentage release profile of SSD-TFs and the plain
drug at pH 5.5. Values are expressed as mean ± SD(n=3)
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Figure 4.8: Cumulative Percentage release profile of SSD-TFs and the plain
drug at pH 7.4. Values are expressed as mean ± SD(n=3)

At pH 5.5, conventional silver sulphadiazine (SSD) exhibited a relatively slow

and incomplete drug release profile throughout the study period (Figure 4.7). An

initial release of approximately 7% was observed within the first hour, which in-

creased gradually to nearly 25% after 2 hours and reached approximately 41% at

10 hours. Thereafter, the release profile remained almost constant, indicating neg-

ligible further drug diffusion into the release medium. The moderate initial release

can be attributed to the dissolution of SSD particles present at the surface of the

formulation, whereas the subsequent plateau is mainly associated with the poor

aqueous solubility and crystalline nature of SSD, which limit its dissolution and

diffusion under mildly acidic conditions. Similar findings have been reported in

recent studies, which describe conventional SSD as exhibiting limited aqueous sol-

ubility and low topical penetration, resulting in slow drug release and highlighting

the need for advanced nanocarrier-based delivery systems to improve its release

characteristics and therapeutic efficacy [33].

In contrast, the optimized SSD-TFs demonstrated a distinctly different release

pattern. Drug release increased progressively without exhibiting a pronounced

burst effect. Approximately 66% cumulative drug release was observed after 10
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hours, which further increased to nearly 81% after 24 hours and remained almost

constant until the end of the study. The sustained release profile indicates suc-

cessful encapsulation of SSD within the phospholipid bilayer of the TFs , which

gradually controls drug diffusion from the vesicular system. Moreover, the flexible

nature of transfersomal vesicles and their large surface area facilitated continuous

hydration of the lipid membrane, resulting in prolonged release of the encapsulated

drug [62].

At pH 7.4, conventional SSD showed an immediate release during the early phase,

attaining approximately 35% cumulative release within 10 hours as shown in Fig-

ure 4.8. Conversely, SSD-TFs displayed a controlled and sustained release profile,

gradually increasing throughout the experimental period and achieving approxi-

mately 58% cumulative drug release after 24 hours. These findings demonstrate

that transfersomal encapsulation significantly enhanced the release characteristics

of SSD compared with the conventional drug under physiological conditions as

shown in Figure 4.8.

The final cumulative release at pH 5.5 was approximately 81%, whereas only 58%

was released at pH 7.4 during the same period. The increased release under acidic

conditions may be attributed to alterations in phospholipid membrane fluidity,

enhanced hydration of the vesicular bilayer, and greater drug solubilization at

lower pH values. Such pH-responsive release behavior is particularly advantageous

for topical wound therapy because infected wounds generally exhibit a slightly

acidic microenvironment. Therefore, the formulation is capable of releasing higher

concentrations of SSD directly at the site of infection while maintaining controlled

release under normal physiological conditions.

Overall, the in vitro release study demonstrated that incorporation of SSD into

TFs successfully overcame the limited release characteristics of the conventional

drug by providing sustained drug release together with substantially higher cumu-

lative drug release.

Drug release kinetic modeling demonstrated that the optimized SSD-TFs exhibited

a predominantly diffusion-regulated release mechanism under both pH conditions.
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Table 4.4: Kinetic Model fitting for SSD-TFs pH 7.4

pH 7.4 (SSD-TFS)

Zero or-

der

First

Order

Higuchi Korsemeyer

Peppas

Hixon Crowell

R 0.9079 0.9623 0.9765 0.9768 0.9468

R2 0.6449 0.8688 0.9530 0.9465 0.8071

AIC 66.6956 0.9530 48.4865 50.4530 61.2033

MSC 0.5646 1.5603 2.5878 2.3693 1.1749

MSE root 12.8646 7.8194 4.6780 4.9916 9.4816

Others k0=2.319 k1=0.040 kH=11.244 kKP=11.542 kHC=0.011

n=0.491

Table 4.5: Kinetic Model fitting for SSD-TFs at pH 5.5

pH 5.5 (SSD-TFS)

Zero or-

der

First

Order

Higuchi Korsemeyer

Peppas

Hixon Crowell

R 0.8277 0.9823 0.9555 0.9880 0.9770

R2 0.0199 0.8726 0.8491 0.9722 0.8140

AIC 80.4510 62.0861 63.6112 49.1927 65.4962

MSC 0.6909 1.3496 1.1802 2.7822 0.9707

MSE root 27.6236 9.9582 10.8387 4.6541 12.0354

Others k0=3.461 k1=0.124 kH=17.655 kKP=29.679 kHC=0.036

n=0.312

At pH 7.4, the Higuchi model demonstrated the optimal fit (R2 = 0.9530), in-

dicating that drug release occurred primarily via diffusion from the phospholipid
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matrix of the transfersomes, while the Korsmeyer-Peppas model (R2 = 0.9465, n

= 0.491) subsequently confirmed a non-Fickian diffusion mechanism. In contrast,

at pH 5.5, the Korsmeyer-Peppas model yielded the optimal fit (R2 = 0.9722)

with a release exponent of n = 0.312, indicating Fickian diffusion as the primary

release mechanism. Similar diffusion-controlled release behavior has been widely

reported for phospholipid-based transfersomal systems, where the lipid bilayer acts

as a diffusion barrier, providing sustained drug release and prolonged therapeutic

action [69].

Figure 4.9: Cumulative Percentage release profile of SSD-TFs and the SSD-
TFs. Values are expressed as mean ± SD(n=3)

4.8 Gel Characterization

4.8.1 Physical Appearance, pH, Viscosity, and Spreadabil-

ity

The SSD-TFs-chi gel was evaluated for physical characterization, including pH,

viscosity, and spreadability, to ensure suitability for topical application as shown

in Table 4.6.

The developed SSD-TFs-chi gel exhibited a uniform appearance with a smooth

consistency and remained free from visible signs of particle aggregation, gritti-

ness, or phase separation. These observations indicate that the transferosomal
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vesicles were successfully dispersed throughout the chitosan matrix, resulting in a

physically stable gel system. The formulation showed a pH of 5.56 ± 0.03, which

is compatible with the normal pH of healthy human skin (4.5–6.5), suggesting

that topical application is unlikely to disturb the skin’s natural acid mantle or

cause irritation. Viscosity measurements revealed a value of 11,625 ± 329 cP,

demonstrating that the gel possessed sufficient consistency to remain at the site of

application while still allowing convenient handling during use. This rheological

behavior is advantageous because it minimizes formulation runoff after application

and enables uniform distribution over the skin surface. The measured spreadabil-

ity of 4.42 ± 0.02 cm further confirmed that the gel could be evenly applied with

minimal effort. The combination of suitable viscosity and satisfactory spreadabil-

ity reflects a well-balanced gel structure, which is expected to improve patient

acceptability while maximizing contact between the formulation and the affected

skin area. [48].

The overall physical characterization results showed that the optimized SSD-TFs-

chi gel has good properties for topical application. The formulation was found to

possess the desired properties like pH, viscosity, and spreadability, which are the

essential parameters to ensure patient comfort, retention at the site of application,

and therapeutic efficiency.

Table 4.6: Physicochemical attributes and Rheological behavior of SSD-TFs
Gel

Parameters Measured Value

(Mean ±SD)

Observation

Physical Ap-

pearance

Smooth texture, ho-

mogeneous

Homogeneous gel with no

phase separation, which in-

dicates a uniform distribu-

tion of particles.

pH 5.56±0.03 Falls within the physiologi-

cal range of skin pH.
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Table 4.6 continued from previous page

Parameters Measured Value

(Mean ±SD)

Observation

Viscosity (cp) 11625 ± 329 Provide adequate consis-

tency for topical applica-

tion.

Spreadability

(cm)

4.42 ±0.2 Facilitate uniform applica-

tion with no mechanical

force.

4.8.2 Antibacterial Activity

The antibacterial activity of the developed SSD-TFs-chi gel was evaluated against

S. aureus using the agar well diffusion method. After a 24 h incubation, the

antibacterial activity of SSD-TFs-chi gel was evaluated and compared with that

of the conventional SSD-chi gel and the blank chitosan gel, as shown in Figure 4.9.

The highest antibacterial activity was observed for SSD-TFs-chi gel, with a ZOI

of about 28.5 mm at 24 h, whereas SSD-chi gel had a ZOI of 25.0 mm at 24 h.

On the other hand, the blank chitosan gel exhibited a very small inhibition zone

of about 7.5 mm.

Statistical analysis using one-way ANOVA demonstrated a significant difference

among the formulations (p = 0.02), indicating the enhanced antibacterial perfor-

mance of the TFs gel.

The enhanced inhibition zone observed with SSD-TFs-chi gel could be explained

by the presence of SSD in nanosized TFs vesicles, which enhances the diffusion of

the drug and prolongs the release at the site of infection [73].



Results and Discussion 52

Figure 4.10: Antibacterial activity of SSD-TFs-chi gel, SSD-chi gel, Blank
chitosan gel and Solvent against Staphylococcus aureus after 24 hr. Results are

expressed as mean ±SD (n=3) and (*p <0.001)

Topically applied, SSD is effective against a wide range of Gram-positive is re-

garded as one of the most effective topical antimicrobial agents for application in

wound management.

But traditional formulations of SSDs have poor penetration and drug availability

at the target site. These drawbacks have been overcome using nano-based delivery

systems, which have been reported to facilitate drug distribution, extend drug

release, and improve the antimicrobial activity of the drugs [73].

The SSD-chi gel also showed considerable antibacterial activity owing to the pres-

ence of silver sulphadiazine, but the absence of a vesicular carrier system may have

restricted drug diffusion through the agar medium.

However, the blank chitosan gel showed only trace amounts of antibacterial ac-

tivity, suggesting that the activity might be due to the inherent antimicrobial

properties of chitosan.

Therefore, the superior inhibition produced by SSD-TFs-chi gel demonstrated the

potential of TFs carriers as an effective platform for topical application.
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4.8.3 Ex vivo Permeation Studies

The ex vivo skin permeation study was performed to evaluate the ability of the op-

timized SSD-TFs-chi gel to enhance the transport of SSD across the skin compared

with the SSD-chi gel. The experiment was performed using a Franz diffusion cell,

and the cumulative amount of drug permeated through the skin was determined

over 24 hours. The permeation parameters are presented in Table 4.7.

Table 4.7: Skin Permeation parameters of SSD-TFs-chi gel

Formulations Cumulative

amount

permeated

for 24 hrs,

Q24(µg/cm²)

Permeation

flux,

J(µg/cm²/h)

Permeability

coefficient,Kp

(cm/h) ×10-³

ER

SSD-TFs-chi gel 79.38±14.26 3.44 8.12 1.92

SSD-chi gel 40.95±0.87 1.79 4.23 1.00

The cumulative permeation profiles showed a gradual increase in the amount of

SSD permeated through the skin over the entire experimental period for both

formulations. However, the SSD-TFs-chi gel consistently exhibited greater per-

meation than the SSD-chi gel, indicating the superior ability of the transfersomal

system to facilitate drug transport across the skin barrier.

After 24 h, SSD-TFs-chi gel showed a cumulative permeation value (Q24) of 79.38

± 14.26 µg/cm², whereas SSD-chi gel exhibited a significantly lower value of 40.95

± 0.87 µg/cm². The approximately two-fold increase in permeation observed

with SSD-TFs-chi gel demonstrates the effectiveness of transfersomal vesicles in

improving the drug delivery across the skin.

Statistical analysis was performed using an unpaired Student’s t-test, and a statis-

tically significant difference was observed between the two formulations (p < 0.05),



Results and Discussion 54

indicating that the enhancement in permeation was attributable to the transfer-

somal carrier system rather than experimental variation as shown in Figure 4.10.

The permeation flux (J), obtained from the slope of the linear portion of the per-

meation curve, was found to be 3.44 µg/cm²/h for SSD-TFs-chi gel compared

with 1.79 µg/cm²/h for SSD-chi gel. Similarly, the permeability coefficient (Kp)

of SSD-TFs-chi gel (8.12 × 10-³ cm/h) was markedly greater than that of SSD-chi

gel (4.23 × 10-³ cm/h), as shown in Table 4.7. These findings indicate that the

transfersomal formulation not only increased the total amount of drug transported

across the skin but also enhanced the rate of permeation. Furthermore, the en-

hancement ratio (ER) of 1.92 indicated that incorporating SSD into transfersomal

vesicles nearly doubled permeation efficiency compared with the conventional gel

formulation.

The superior permeation performance of SSD-TFs-chi gel can be explained by the

unique characteristics of transfersomes, which are ultra-deformable lipid vesicles

composed of phospholipids and edge activators that possess the ability to squeeze

through skin pores substantially smaller than their own diameter. This flexibility

allows the vesicles to penetrate the intercellular lipid domains of the skin more

effectively than conventional formulations. The hydration and osmotic gradients

naturally present across the skin surface further facilitate the movement of trans-

fersomes into deeper skin layers, thereby promoting enhanced drug transport and

deposition within the tissue. Previous studies have reported that the exceptional

deformability of transfersomes enables them to overcome the primary barrier func-

tion of the skin and significantly improve dermal drug delivery systems [74].

Another factor contributing to the enhanced permeation is the presence of Tween

80, which served as the edge activator in the formulation. It destabilizes the phos-

pholipid bilayer in a controlled way and increases membrane elasticity, allowing the

vesicles to undergo reversible. Similar observations have been reported for tween-

based transfersomal formulations, where significant increases in drug permeation

and flux were attributed to enhanced vesicle flexibility and improved interaction

with the skin barrier [75].
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The chitosan gel matrix may also be involved in the overall permeation of the for-

mulation. Chi is a biocompatible and bioadhesive polymer capable of maintaining

prolonged contact between the formulation and the skin.

Moreover, chitosan has been reported to improve the hydration of the skin and

facilitate the penetration of the drug. Recent reviews have highlighted the signif-

icant role of chitosan-based hydrogels in enhancing drug delivery and the wound

healing process [76].

Figure 4.11: Ex vivo permeation graph of SSD-TFs-chi gel & SSD-chi gel at
pH 5.5 using Franz Diffusion Cell. Results are expressed as mean ±SD (n =3).
Comparisons between groups were conducted using an unpaired Student’s t-test,
and differences reaching* p <0.01 were considered significant when compared

with plain gel

The enhanced permeation of SSD-TFs-chi gel observed in Figure 4.10 is consistent

with previously reported findings for transfersomal and other vesicular systems.

The higher permeation flux and permeability coefficient observed for SSD-TFs-chi

gel are therefore in good agreement with the established mechanism of transfer-

somal transport described in the literature. The increased permeation achieved

by SSD-TFs-chi gel suggests that a larger amount of SSD can reach the target
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tissue, potentially improving antibacterial efficacy and accelerating the wound-

healing process. In addition, the sustained permeation profile observed through-

out the study indicates the potential of the transfersomal chitosan gel to provide

prolonged drug release and maintain therapeutic concentrations for an extended

duration.The significantly higher values of Q24, permeation flux, permeability co-

efficient, and enhancement ratio obtained for SSD-TFs-chi gel compared with SSD-

chi gel indicate the effectiveness of the transfersomal carrier system. The primary

objective of the present study was to evaluate the comparative transcutaneous

transport of SSD from the optimized topical SSD-TF-Chi gel. Drug permeation

was quantified in the receptor compartment using a Franz diffusion cell rather than

separately quantifying SSD in the stratum corneum, epidermis, and dermis. Franz

diffusion studies provide quantitative parameters such as cumulative permeation,

steady-state flux, and permeability coefficient, which are appropriate for compar-

ing the transport performance of topical formulations across the skin barrier. In

contrast, layer-specific quantification is mainly required when the objective is to

determine drug retention, penetration depth, or localization within specific skin

layers. Therefore, the higher receptor-phase flux obtained with SSD-TF-Chi gel

demonstrates enhanced transcutaneous transport of SSD compared with conven-

tional SSD-Chi gel, but does not claim increased drug deposition in a particular

skin layer. This approach is appropriate for the present formulation-development

study, while layer-specific drug retention may be investigated in a subsequent ded-

icated study using tape stripping, sequential extraction, or imaging techniques

[77].

4.8.4 Biocompatibility Studies

The dermal safety of developed SSD-TFs-chi gel was analyzed by the modified

Draize skin irritation test, followed by the histopathological examination of skin

sections using H&E staining. The erythema, edema, and irritation were observed

at fixed times (0, 2, 4, 8, and 18 hours) following topical application of the formu-

lations. The degree of dermal irritation was determined using the Draize scoring
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system, whereby an increase in the irritation score indicates a corresponding in-

crease in the severity of the skin response [69].

Throughout the study period, the group treated with the SSD-TFs-chi gel showed

excellent dermal compatibility with no signs of erythema or edema and irrita-

tion. Thus, the formulation received a Draize score of 0, signifying a non-irritant

response.

These findings indicate that both the phospholipid-based transfersomal carrier and

the chitosan hydrogel matrix exhibit superior dermal compatibility and exhibit ro-

bust tolerance following topical administration. Simultaneous findings have been

documented for phospholipid nanovesicular systems, where the biomimetic com-

position of phospholipids and mild non-ionic surfactants reduces irritation while

improving interaction with the stratum corneum and enhancing topical drug de-

livery [69].

The histopathological examination was also performed as shown in Figure 4.12.

Skin sections of the SSD-TFs-chi gel-treated group showed a normal epidermal

layer, and the dermal architecture was well preserved, with normal distribution

of skin appendages. No erosion of the epidermis, edema of the dermis, slight

infiltration by inflammatory cells, or necrosis of the tissues was seen. The results

indicated that the edge activator used with the phospholipid vesicles in the transfer

system was well tolerated by the skin.

In contrast, the 2% acetic acid-treated skin exhibited the most significant

histopathological variations. It demonstrated disruption of the epidermal layer

associated with dense inflammatory cell infiltration, moderate dermal edema, vas-

cular congestion, and localized degeneration of skin appendages, corresponding

to moderate to severe histopathological scores. These microscopic findings are

indicative of chemically induced skin irritation and exhibit a strong correlation

with the positive Draize irritation response observed during visual examination.

Similar pathological changes have been described in experimental irritant dermati-

tis models, where disruption of the epidermal barrier triggers inflammatory cell

recruitment, enhanced vascular permeability, and dermal edema [78].
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Table 4.8: All data are expressed as mean ± SD (n=3), and scoring is according to the Draize scale

Groups 0 hr 2 hr 4 hr 6 hr 18 hr

SSD-TFs-chl gel

(test group)

E: 0 ± 0.00 E: 0 ± 0.00 E: 0 ± 0.00 E: 0 ± 0.00 E: 0 ± 0.00

Ed: 0 ± 0.00 Ed: 0 ± 0.00 Ed: 0 ± 0.00 Ed: 0 ± 0.00 Ed: 0 ± 0.00

I: 0 ± 0.00 I: 0 ± 0.00 I: 0 ± 0.00 I: 0 ± 0.00 I: 0 ± 0.00

2% Acetic acid

(positive control)

E: 0 ± 0.00 E: 0 ± 0.00 E: 1 ± 0.00 E: 1.5 ± 0.70 E: 2.5 ± 0.70

Ed: 0 ± 0.00 Ed: 0 ± 0.00 Ed: 1 ± 0.00 Ed: 2 ± 0.00 Ed: 2 ± 0.00

I: 0 ± 0.00 I: 1.5 ± 0.70 I: 2.5 ± 0.70 I: 2.7 ± 0.3 I: 2.7 ± 0.3

Normal Control

E: 0 ± 0.00 E: 0 ± 0.00 E: 0 ± 0.00 E: 0 ± 0.00 E: 0 ± 0.00

Ed: 0 ± 0.00 Ed: 0 ± 0.00 Ed: 0 ± 0.00 Ed: 0 ± 0.00 Ed: 0 ± 0.00

I: 0 ± 0.00 I: 0 ± 0.00 I: 0 ± 0.00 I: 0 ± 0.00 I: 0 ± 0.00

E = Erythema, Ed = Edema, I = Irritation
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In general, the Draize scoring and histopathological findings indicated that SSD-

TFs-chi gel has good dermal biocompatibility and does not cause any skin irrita-

tion when applied topically. The lack of erythema, edema, epidermal disruption,

and inflammatory infiltration indicates the safety of the developed transfersomal

chitosan gel as a topical delivery system of SSD. The biocompatibility of phos-

pholipids, the mild non-ionic surfactant system, and the protective effect of the

chitosan hydrogel matrix all contribute to the reduction in skin irritation and

maintenance of formulation stability and therapeutic activity [75].

Figure 4.12: Morphological Histological Images of SSD-TFs-chi gel, 2%
Acetic Acid Normal control

4.8.5 Stability Studies

The stability of the optimized SSD-TFs-chi gel was evaluated over six months

under refrigerated (4 ± 2 °C), room temperature (25 ± 2 °C), and accelerated (40 ±

2 °C) storage conditions. The formulation remained physically stable throughout

the study, with no observable colour change or loss of homogeneity under any

storage condition as shown in Figure 4.10. Furthermore, no phase separation was

detected during the first three months, whereas only slight phase separation was

observed after six months at 25 °C and 40 °C, while the formulation stored at

4 °C remained completely stable. The pH of the formulation remained within
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the physiologically acceptable range for topical application (5.38 ± 0.60 to 5.86

± 0.05) throughout the study, indicating that neither the chitosan gel matrix

nor the transfersomal vesicles underwent significant physicochemical degradation

during storage. The slight pH fluctuations observed under accelerated conditions

are expected because elevated temperatures increase molecular mobility and may

promote limited phospholipid rearrangement or hydrolysis without substantially

affecting formulation integrity.

Likewise, the minor phase separation observed at higher temperatures can be

attributed to partial destabilization of the vesicular dispersion and relaxation of

the polymeric gel network during prolonged storage. Similar findings have been

reported for transfersomal topical gels, where refrigerated storage better preserves

vesicle integrity and physicochemical characteristics than ambient or accelerated

conditions [69].

Likewise, stability studies on SSD-loaded hydrogels have shown that minor phys-

ical changes may occur during accelerated storage without compromising formu-

lation performance, provided that the pH and overall gel characteristics remain

within acceptable limits [79].

Table 4.9: Physical Evaluation of SSD-TFs-chi gel during 6 months under
different temperatures. Values are expressed as a mean ± SD(n=3)

Time Storage Physical appearance (SSD-TFS -chi gel)

Temp. Colour

change

Homogenity Phase

separation

pH

After 1 month

4 ◦C No No No 5.5±0.03

25 ◦C No No No 5.52±

0.07

40 ◦C No No No 5.57± 0.1

After 3 months

4 ◦C No No No 5.55±0.03

25 ◦C No No No 5.77±

0.05
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Table 4.9 continued from previous page

Time Storage Physical appearance (SSD-TFS -chi gel)pH

40 ◦C No No No 5.44 ± 0.1

After 6 months

4 ◦C No No No 5.86 ±

0.05

25 ◦C No No Slightly 5.56 ± 0.2

40 ◦C No No Slightly 5.38 ± 0.6



Chapter 5

Conclusion and Future

Recommendations

5.1 Conclusion

The present study successfully developed SSD-TFs-chi gel, providing a promising

topical delivery strategy for the localized treatment of bacterial wound infections.

The optimized transfersomal formulation exhibited nanosized vesicles with a well-

dispersed vesicles with a narrow particle size profile, efficient incorporation of the

drug, and excellent physicochemical integrity, confirming the successful incorpo-

ration of silver sulphadiazine within the phospholipid bilayer. Characterization

studies using FTIR, XPRD, and FE-TEM demonstrated excellent compatibility

between the drug and formulation components, preservation of the chemical in-

tegrity of silver sulphadiazine, and the formation of predominantly spherical, well-

defined nanovesicles with minimal aggregation.

Following incorporation into the chitosan gel, the optimized formulation exhibited

suitable physicochemical characteristics for topical application, including accept-

able pH, good homogeneity, satisfactory spreadability, appropriate viscosity, and

excellent physical stability under refrigerated, ambient, and accelerated storage

62
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conditions. The formulation maintained its integrity throughout the stability as-

sessment, the formulation retained its original appearance and remained free from

phase separation, indicating satisfactory physical stability, or pH, indicating good

storage stability and formulation robustness.

The in vitro drug release studies demonstrated that SSD-TFs provided signifi-

cantly higher and more sustained drug release than conventional silver sulphadi-

azine under both pH 5.5 and pH 7.4. The enhanced release observed under mildly

acidic conditions suggests that the formulation is well-suited for the wound mi-

croenvironment, where sustained local drug availability is essential for effective an-

timicrobial therapy. Drug release kinetic modeling further showed that the release

of silver sulphadiazine from the optimized TFs was predominantly governed by

diffusion-controlled mechanisms, confirming the ability of the phospholipid vesi-

cles to regulate prolonged release of the drug over an extended duration. Ex

vivo permeation studies demonstrated that encapsulation of Silver Sulphadiazine

within highly deformable transfersomes significantly enhanced drug permeation

compared with the conventional formulation. The flexible phospholipid vesicles

facilitated efficient transport across the stratum corneum while maintaining pro-

longed drug retention within the skin, indicating the potential of the developed

system to improve local drug delivery and therapeutic efficacy.

The optimized SSD-TFs-chi gel also exhibited superior antibacterial activity

against Staphylococcus aureus, producing significantly larger zones of inhibition

than conventional silver sulphadiazine. The improved antimicrobial performance

is attributed to enhanced drug solubilization, sustained release, and increased in-

teraction of the nanosized vesicles with bacterial cells, thereby providing prolonged

antibacterial activity at the site of infection. Furthermore, in vivo skin irritation

and histopathological evaluations confirmed the excellent dermal compatibility of

the optimized formulation. The SSD-TFs-chi gel produced negligible erythema,

edema, and irritation, while histological examination revealed normal epidermal

and dermal architecture without evidence of inflammatory cell infiltration or tis-

sue damage, demonstrating that the developed formulation possesses an acceptable

safety profile for topical administration.
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Overall, this study successfully established a stable and effective transfersomal

chitosan gel platform for the topical delivery of silver sulphadiazine. The combi-

nation of enhanced drug release, improved skin permeation, sustained antibacterial

activity, excellent dermal safety, and favorable physicochemical stability demon-

strates that the developed formulation effectively overcomes several limitations

associated with conventional silver sulphadiazine therapy. Therefore, the opti-

mized SSD-TFs-chi gel represents a promising nanovesicular delivery system for

the topical management of burn wounds and infected skin conditions and provides

a strong foundation for future translational and clinical research.

5.2 Future Recommendations

The developed SSD-TFs-chi gel demonstrated promising physicochemical charac-

teristics, sustained drug release, enhanced skin permeation, improved antibacterial

activity, and excellent dermal safety. Nevertheless, additional investigations are

required to facilitate its successful translation from laboratory research to clinical

application. Although the present study confirmed the clinical potential of the

formulated delivery system through comprehensive in vitro and ex vivo evalua-

tions, well-designed comprehensive clinical trials involving human participants are

needed to demonstrate its therapeutic efficacy, pharmacokinetic profile, long-term

dermal safety, patient compliance, and overall clinical performance. Such inves-

tigations are necessary for optimizing dosage regimens and fulfilling regulatory

requirements for commercialization.

Beyond SSD, the transfersomal chitosan gel platform possesses considerable versa-

tility and offers the potential to function as a universal dermal delivery system for

various hydrophobic antimicrobial and anti-inflammatory therapeutic agents and

wound-healing compounds. Therapeutic agents with limited skin permeability or

poor aqueous solubility may particularly benefit from incorporation into highly

deformable transfersomal vesicles, thereby improving local drug availability while

minimizing systemic exposure and associated adverse effects.
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Considering the increasing prevalence of chronic wound infections and antimicro-

bial resistance, future studies should investigate the incorporation of combination

antimicrobial therapies, antimicrobial peptides, natural bioactive compounds, or

growth factors within the transfersomal system to achieve synergistic antibacte-

rial activity while simultaneously promoting tissue regeneration and accelerating

wound healing.

Comprehensive long-term and accelerated stability studies should be conducted ac-

cording to International Council for Harmonisation (ICH) guidelines to establish

the shelf life of the formulation under different environmental conditions, includ-

ing variations in temperature, humidity, and light exposure. Such studies will

make sure the maintenance of physicochemical stability, uniformity of drug con-

tent, microbiological quality, and therapeutic operational performance throughout

storage.

The application of high-resolution imaging techniques, particularly fluorescence-

based skin penetration studies, should also be employed to better understand the

interaction of transfersomal vesicles with the skin barrier, their penetration path-

ways, intracellular transport, and drug distribution within different skin layers.

Upcoming work should also focus on evaluating the wound-healing efficacy of

the optimized formulation in full-thickness burn wounds, diabetic wounds, pres-

sure ulcers, and other chronic wound models, with a detailed assessment of

wound contraction, epithelialization, collagen deposition, angiogenesis, inflamma-

tory biomarkers, and tissue remodeling to further validate its therapeutic potential.

Comparative evaluation with marketed silver sulphadiazine formulations should

also be conducted to assess the superiority of the developed transfersomal chitosan

gel in terms of drug release, skin permeation, stability, wound healing efficacy, and

overall comprehensive therapeutic efficacy.
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