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Abstract 

 

Transdcrmal drug delivery has emerged as a promising alternative to conventional topical and systemic routes for 

the management of fungal infections, particularly in cases requiring sustained drug exposure, improved patient 

compliance, and reduced systemic adverse effects. Antifungal agents often exhibit limited skin permeation due to 

the formidable barrier properties of the stratum comeum, necessitating advanced formulation approaches to enhance 

dermal and transdermal transport. Among these approaches, transdermal gel-based systems have gained significant 

attention owing to their ease of application, favourable patient acceptability, and ability to incorporate a wide range 

of penetration enhancers. This review critically examines recent advances in antifungal-loaded transdermal gel 

formulations, with a particular emphasis on formulation design, selection of polymers, physicochemical 

characterization, and the strategic use of chemical and natural penetration enhancers. The mechanisms by which 

penetration enhancers modulate skin barrier function to improve drug flux and retention are discussed in detail. 

Furthermore, comparative evaluations of different penetration enhancement strategies are presented, highlighting 

their influence on skin permeation, antifungal efficacy, and safety profiles. The review also addresses current 

challenges, regulatory considerations, and future perspectives in the development of transdermal antifungal gels, 

aiming to provide a comprehensive reference for researchers and formulation scientists working in the field of 

advanced dermal drug delivery. 

Keywords-Transdermal drug delivery; Antifungal therapy; Penetration enhancers; Transdermal gels; Skin 

permeation; Topical formulations. 

1. Introduction 

 

Fungal infections of the skin and subcutaneous tissues represent a significant global health concern, affecting 

millions of individuals across diverse age groups and geographic regions. Superficial and cutaneous mycoses are 

particularly prevalent in tropical and subtropical climates, where humidity and temperature favor fungal growth. 
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Although these infections are rarely life-threatening, they are often chronic, recurrent, and associated with 

considerable discomfort, social stigma, and reduced quality of life. Conventional antifungal therapy typically 

relies on topical formulations for localized infections and systemic administration for extensive or refractory cases. 

However, both approaches are associated with notable limitations that necessitate the exploration of alternative 

drug delivery strategies. 

Topical antifungal formulations such as creams, ointments, and lotions are widely used due to their simplicity and 

localized action. Despite their advantages, these systems frequently suffer from poor drug penetration into deeper 

skin layers, rapid removal from the application site, and variable therapeutic outcomes. The stratum comeum, 

which serves as the primary barrier to percutaneous drug absorption, restricts the passage of most antifungal agents 

due to their unfavorable physicochcmical properties, including high molecular weight, low aqueous solubility, and 

suboptimal lipophilicity. As a result, therapeutic drug concentrations may not be achieved at the target site, 

leading to prolonged treatment duration and increased risk of recurrence. 

Systemic antifungal therapy, on the other hand, offers improved bioavailability and efficacy for severe 

infections but is often associated with dose-related toxicity, drug-drug interactions, and hepatic adverse effects. 

Long-term systemic therapy may be particularly problematic in elderly patients, immunocompromised individuals, 

and those with pre-existing comorbidities. These challenges have driven sustained research interest in alternative 

delivery platforms capable of providing effective antifungal therapy while minimizing systemic exposure. 

 

Transdermal drug delivery systems have gained increasing attention as a viable alternative that bridges the gap 

between topical and systemic administration. By facilitating controlled and sustained drug transport across the skin, 

transdermal systems can maintain therapeutic drug levels over extended periods while reducing dosing frequency 

and systemic side effects. In the context of antifungal therapy, transdermal delivery offers the additional advantage 

of targeting both superficial and deeper fungal infections, potentially improving treatment outcomes and patient 

adherence. 

Among various transdermal platforms, gel-based systems have emerged as particularly attractive vehicles for 

antifungal delivery. Transdermal gels are semi-solid formulations composed of a polymeric network capable of 

entrapping drug molecules within a hydrated matrix. Their non-greasy nature, ease of spreadability, and pleasant 

sensory attributes contribute to high patient acceptability. Moreover, gels provide a versatile formulation 
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environment that allows the incorporation of penetration enhancers, solubilizers, and stabilizing agents, enabling 

fine-tuning of drug release and permeation characteristics. 

Penetration enhancers play a pivotal role in overcoming the barrier function of the stratum comcum and enhancing 

the transdcrmal flux of antifungal agents. These agents function through diverse mechanisms, including disruption 

of lipid bilayers, alteration of protein conformation, increased drug partitioning into the skin, and modification of 

skin hydration. Both synthetic chemical enhancers and naturally derived compounds have been extensively 

investigated, each offering distinct advantages and limitations in terms of efficacy, safety, and regulatory 

acceptability. The judicious selection and optimization of penetration enhancers are therefore critical determinants 

of transdermal gel performance. 

Recent years have witnessed substantial progress in the formulation and evaluation of antifungal-loaded 

transdermal gels, with numerous studies reporting enhanced skin permeation,  improved  drug  retention,  

and  superior  antifungal  efficacy  compared  to 

 

conventional topical preparations. However, variability in formulation composition, evaluation methodologies, and 

permeation models has made it challenging to draw generalized conclusions regarding the most effective 

formulation strategies. A comprehensive synthesis of existing literature is thus essential to identify prevailing 

trends, knowledge gaps, and future research directions. 

 

Epidermis .....;;..;:,,_,:..,.....,,, lntercellular Route 

(StratumCorneum) L-------'--..,.,.. �-.---,................,,�i.,.,,..�..._.-'-T�■,. ........ ..-r-'W' 
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Hypodermis 

(Subcutaneous Fat) 
 
 
 

 

Systemic Circulation 

 

Figure 1. Schematic representation of skin structure highlighting the barrier role of the stratum comeum in 
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transdermal drug delivery. 

Table 1. Common challenges associated with conventional topical and systemic antifungal therapies. 

Therapy Type Key Challenges Clinical Implications 

Conventional topical 

formulations (creams, 

ointments, lotions) 

Poor penetration through the 

stratum comeum due to skin 

barrier properties 

Subtherapeutic   drug 

concentration at deeper 

infection sites 

 Short residence time at the 

application site 

Frequent application 

required, reduced patient 

compliance 

 Drug removal due to sweating, 

 

washing, or clothing contact 

Inconsistent therapeutic 

 

outcomes 

 Limited skin retention of drug Increased risk of infection 

 

recurrence 

Systemic antifungal 

therapy (oral or injectable) 

First-pass metabolism and 

variable bioavailability 

Requirement of higher 

doses to achieve therapeutic 

levels 

 Dose-related systemic toxicity 

 

(hepatic, renal) 

Safety concerns during 

 

long-term therapy 

 Drug-drug interactions Complications 111 

polypharmacy, especially in 

elderly patients 

 Poor patient adherence 111 

 

prolonged treatment regimens 

Reduced treatment 

 

effectiveness 

Overall limitations Lack of sustained and 

controlled drug delivery 

Prolonged treatment 

duration and recurrence of 

infection 
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This review aims to systematically cxammc formulation strategics employed in the development of antifungal 

transdermal gels, with a particular focus on the role of penetration enhancers in modulating skin permeation and 

therapeutic efficacy. By integrating insights from formulation  science,  skin  biology,  and  pharmacokinetics, the 

review  seeks  to provide  a 

structured and critical overview of current advancements while outlining future opportunities for innovation in 

transdermal antifungal drug delivery. 

2. Fundamentals of Transdermal Drug Delivery 

 

Transdermal drug delivery is a well-established and continuously evolving drug administration route designed to 

transport therapeutically active agents across the skin and into the systemic circulation or localized dermal layers. 

Unlike conventional topical therapy, which primarily targets the skin surface, transdermal systems aim to 

overcome the inherent barrier properties of the skin to achieve controlled and sustained drug permeation. The 

success of transdermal delivery depends on a complex interplay between drug physicochemical properties, 

formulation design, skin physiology, and external enhancement strategies. 

The rationale for transdermal delivery lies in its ability to bypass gastrointestinal degradation and hepatic first-pass 

metabolism, thereby improving bioavailability and reducing systemic toxicity. Additionally, transdermal systems 

provide steady plasma drug concentrations, minimize peak-trough fluctuations, and enhance patient compliance 

through non-invasive administration. These advantages are particularly relevant for antifungal therapy, where 

prolonged treatment duration and patient adherence arc critical determinants of therapeutic success. 

2.1 Structure and Barrier Function of the Skin 

 
The skin is a multifunctional organ composed of three primary layers: the epidermis, dermis, and hypodermis. 

Among these, the epidermis-and specifically the stratum corneum-plays a dominant role in regulating 

percutaneous drug absorption. The stratum corneum is composed of terminally differentiated keratinocytes 

(comeocytes) embedded within a highly organized lipid matrix consisting mainly of ceramides, cholesterol, 

and free fatty acids. This unique "brick-and-mortar" architecture confers remarkable barrier properties, 

effectively preventing excessive water loss and protecting the body from external chemical and microbial 

insults. 
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From a drug delivery perspective, the stratum comeum represents the principal rate-limiting barrier. Most 

antifungal agents exhibit physicochemical characteristics that hinder their diffusion across this layer, including 

relatively high molecular weight, crystalline nature, and limited aqueous solubility. As a result, passive diffusion 

through intact skin is often insufficient to achieve therapeutically relevant drug concentrations at deeper infection 

sites. 

Below the epidermis lies the dermis, a vascularized connective tissue layer that facilitates systemic absorption 

once the drug successfully traverses the stratum comeum. The hypodermis, composed mainly of adipose tissue, 

acts as a supportive and insulating layer and may serve as a secondary drug reservoir for lipophilic compounds. 

Transdermal Drug Application 
 
 
 
 
 

 
Stratum Corneum 

 

Dermis 
 
 
 

 

Subcutaneous 

Fat 

Appendageal Route 

Hair Follicle 

��,..,..-.�.....- Sweat Gland 

 
 

 
Systemic Circulation 

 

Figure 2. Anatomical structure of human skin illustrating major permeation pathways for 

transdermal drug delivery. 

2.2 Pathways of Transdermal Drug Permeation 

 

Drug transport across the skin occurs through three primary pathways: the intercellular route, 

the transcellular route, and the appendageal (shunt) route. Each pathway contributes differently 

depending on the drug properties and formulation characteristics. 
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The intercellular route is the most significant pathway for most small-molecule drugs, including antifungal 

agents. In this pathway, drug molecules diffuse through the lipid-rich extracellular spaces between comeocytes. 

Lipophilicity plays a crucial role in determining the efficiency of this route, as drugs must partition effectively into 

the lipid matrix to permeate successfully. 

The transcellular route involves direct passage of drug molecules through the comeocytes themselves. This 

pathway requires drugs to repeatedly partition between hydrophilic keratin domains and lipophilic lipid domains, 

making it energetically less favorable for many compounds. However, formulation strategies that enhance skin 

hydration or disrupt comeocyte integrity may increase the contribution of this route. 

The appendageal route includes penetration through hair follicles, sebaceous glands, and sweat ducts. Although this 

pathway accounts for a relatively small fraction of the total skin surface area, it can play a significant role in the 

initial penetration and reservoir formation of drugs, particularly for localized antifungal therapy targeting follicular 

infections. 

2.3 Physicochemical Requirements for Transdermal Delivery 

 

The feasibility of transdcrmal drug delivery is strongly influenced by the intrinsic physicochemical properties of 

the drug molecule. Ideal candidates typically possess a molecular weight below 500 Da, balanced lipophilicity 

(log P between 1 and 3), adequate aqueous solubility, and sufficient potency to achieve therapeutic effects at low 

doses. Many antifungal agents deviate from these ideal criteria, necessitating formulation-driven strategies to 

enhance their transdermal transport. 

Solubility limitations often result in low thermodynamic activity, reducing the driving force for skin 

permeation. Crystalline drugs may exhibit poor release from the formulation matrix, further limiting bioavailability. 

Additionally, chemical instability and susceptibility to photodegradation can compromise formulation performance 

during storage and use. 

 

Transdermal gels provide a favourable platform to address these challenges by offering a hydrated environment that 

enhances drug solubilization and release. The polymeric network within gels can be tailored to modulate viscosity, 

drug diffusion rate, and skin contact time, thereby optimizing permeation characteristics. 
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2.4 Role of Formulation in Enhancing Skin Permeation 

 

Formulation design is a central determinant of transdermal drug delivery success. The choice of polymer, solvent 

system, pH, and auxiliary excipients directly influences drug release kinetics and skin interaction. Hydrophilic 

polymers such as carbomers, cellulose derivatives, and natural polysaccharides are commonly employed in 

transdermal gels due to their biocompatibility, ease of gelation, and favourable rheological properties. 

The hydration effect of gel-based systems increases stratum comeum water content, leading to swelling of 

comeocytes and loosening of lipid packing. This hydration-induced permeability enhancement can significantly 

improve drug diffusion across the skin. Additionally, gels ensure prolonged residence time at the application site, 

reducing drug loss due to evaporation, wiping, or clothing contact. 

The incorporation of penetration enhancers further amplifies these effects by actively modifying skin barrier 

properties. The selection of suitable enhancers must balance permeation efficiency with skin safety, as excessive 

barrier disruption may lead to irritation or dermatitis. Comparative evaluation of different enhancers within gel 

systems is therefore essential to identify optimal formulation compositions. 

2.5 Classification of Transdermal Delivery Systems 

 

Transdermal delivery systems can be broadly classified into passive and active systems. Passive systems rely on 

formulation optimization and penetration enhancers to facilitate drug diffusion, whereas active systems employ 

external energy sources such as iontophoresis, 

sonophoresis, or microneedles. For antifungal therapy, passive gel-based systems are particularly attractive due to 

their simplicity, cost-effectiveness, and patient acceptability. 

Among passive systems, transdermal gels represent a versatile and adaptable platform. They can be easily 

modified to accommodate different drug loads, enhancer types, and application requirements. Furthermore, gels can 

serve as precursors for advanced hybrid systems, such as gel-based patches or nanoparticle-loaded gels, offering 

additional opportunities for innovation. 
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 Table 2. Comparison of transdermal drug delivery systems based on mechanism, advantages, and limitations. 

Transdermal 

System 

Mechanism of 

Drug Transport 

Key Advantages Major Limitations 

Passive Drug diffusion Simple formulation Limited permeation 
 

transdermal gels driven 

concentration 

by design; high patient for drugs with poor 

acceptability; ease of  skin permeability 

gradient across the application 

skin 

Transdermal Controlled diffusion  Sustained drug release; Skin irritation due to 

patches  through polymeric reduced dosing  occlusion; limited 

membrane  frequency  flexibility  m dose 

adjustment 

Iontophoresis- Electrical current Enhanced delivery of Equipment- 

based systems enhances drug charged molecules; dependent; potential 
 

migration across controlled transport skin irritation 

skin 
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Sonophoresis Ultrasound waves Improved permeation of High  cost;  complex 

(ultrasound- disrupt stratum high-molecular-weight operation 

assisted) comeum structure drugs 
 

Microneedle- Microscopic Efficient delivery of Invasive nature; 

assisted systems channels bypass hydrophilic and regulatory and patient 

 
stratum corneum macromolecular drngs acceptance issues 

 
barrier 

  

Nanocarrier- Carrier-mediated Enhanced skin Formulation 

loaded gels penetration and retention; improved complexity;  scale-up 

 
controlled release stability challenges 

Chemical Temporary Cost-effective; suitable Risk of irritation  at 

penetration modification of skin for chronic therapy higher enhancer 

enhancer-based barrier properties 
 

concentrations 

gels 
   

 

 

In summary, a thorough understanding of skin anatomy, permeation pathways, and formulation principles is 

essential for the rational design of effective transdermal antifungal gels. The limitations imposed by the stratum 

comeum can be strategically addressed through optimized gel formulations and the incorporation of suitable 

penetration enhancers, setting the foundation for improved therapeutic outcomes. 

3. Transdermal Gels as Drug Delivery Systems 

 

Transdermal gels have emerged as one of the most versatile and patient-friendly dosage forms for dermal and 

transdermal drug delivery. Their semi-solid nature, ease of application, and ability to provide intimate contact with 

the skin surface make them particularly suitable for prolonged topical administration. In antifungal therapy, where 

sustained exposure and adequate 

drug penetration are essential for therapeutic success, transdermal gels offer distinct advantages over conventional 

creams and ointments. 
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From a formulation perspective, gels provide a flexible platform that can accommodate a wide range of drugs and 

excipients while allowing precise modulation of rheological and release characteristics. The aqueous or 

hydroalcoholic environment within gels enhances drug solubilization and facilitates diffusion, thereby improving 

the thermodynamic activity of the drug at the skin interface. Furthermore, the incorporation of penetration 

enhancers into gel matrices enables targeted modification of skin barrier properties, leading to improved 

permeation without the need for invasive techniques. 

3.1 Advantages of Transdermal Gels in Antifungal Therapy 

 

One of the primary advantages oftransdermal gels is their superior patient acceptability. Unlike greasy ointments, 

gels are non-occlusive, non-staining, and provide a cooling sensation upon application, which is particularly 

desirable for inflamed or pruritic fungal lesions. The ease of spreading ensures uniform drug distribution over the 

affected area, minimizing dose variability and enhancing therapeutic consistency. 

Transdcrmal gels also support sustained and controlled drug release. The polymeric network within the gel matrix 

acts as a diffusion barrier, regulating the rate at which drug molecules are released and permeate through the skin. 

This controlled release profile is beneficial in reducing dosing frequency and maintaining therapeutic drug levels 

over extended periods, thereby improving patient adherence to antifungal treatment regimens. 

Another significant advantage is the ability of gels to enhance skin hydration. Increased hydration leads to 

swelling of the stratum comeum and disruption of lipid organization, resulting in increased permeability. This 

hydration-mediated enhancement works synergistically with penetration enhancers to further improve drug 

transport across the skin barrier. 

3.2 Polymers Used in Transdermal Gel Formulations 

 
Polymers play a critical role in determining the structural integrity, rheological behavior, and drug release 

characteristics of transdermal gels. The selection of an appropriate polymer is influenced by factors such as drug 

compatibility, desired viscosity, spreadability, and stability. Both synthetic and natural polymers have been 

extensively explored for transdermal gel formulations. 

Synthetic polymers such as carbomers and polyacrylic acid derivatives are among the most widely used gelling 

agents due to their high efficiency at low concentrations and excellent clarity. These polymers form stable gels 

over a wide pH range and exhibit pseudoplastic flow behavior, which facilitates easy application and good 

retention at the site of administration. Cellulose derivatives, including hydroxypropyl methylcellulose and 
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hydroxyethyl cellulose, are also commonly employed owing to their biocompatibility and moderate gel 

strength. 

Natural polymers, such as xanthan gum, guar gum, chitosan, and sodium alginate, have gained increasing attention 

due to their biodegradability, non-toxicity, and favorable safety profiles. These polymers may also impart 

additional biofunctional properties, such as mucoadhesion or intrinsic antimicrobial activity, which can 

complement antifungal therapy. However, natural polymers may exhibit batch-to-batch variability and limited 

mechanical strength, necessitating careful optimization. 

The choice of polymer significantly influences drug diffusion and permeation. Highly cross-linked polymer 

networks may restrict drug mobility, resulting in slower release rates, whereas loosely cross-linked systems 

facilitate faster diffusion. Therefore, polymer concentration and cross-linking density must be optimized to 

achieve a balance between gel stability and drug release performance. 

Table 3. Common polymers used in transdermal gel formulations and their functional roles. 

 

Polymer 

Type 

Polymer 

Name 

Source Functional 

Role in 

Transdermal 

 

Gels 

Key 

Advantages 

Limitations 

Syntheti 

 
C 

 

polymer 

Carbomer 

(Carbopol®) 

Synthetic Primary 

gelling agent; 

viscosity 

enhancement; 

controlled 

drug release 

High clarity; 

efficient  gel 

formation at 

low 

concentration; 

good stability 

Requires pH 

adjustment; 

sensitivity to 

electrolytes 

Syntheti 

 
C 

 

polymer 

Polyacrylic 

acid 

derivatives 

Synthetic Formation  of 

stable gel 

matrix; 

prolonged 

residence time 

Excellent 

rheological 

control; good 

spreadability 

Possible skin 

irritation if 

not properly 

neutralized 
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Semi-

synthetic 

polymer 

Hydroxypropyl 

methylcellulos 

e (HPMC) 

Cellulose-

derived 

Gel formation; 

drug diffusion 

control 

Biocompatible 

 

' 
non-irritant; 

good film- 

forming ability 

Moderate gel 

strength 

compared to 

carbomers 

Semi-

synthetic 

polymer 

Hydroxyethyl 

cellulose 

(HEC) 

Cellulose-

derived 

Viscosity 

modulation; 

stabilization of 

drug 

dispersion 

Smooth 

texture; good 

patient 

acceptability 

Lower 

mechanical 

strength 

Natural 

polymer 

Xanthangum Natural 

(microbial 

) 

Gel 

structuring; 

viscosity 

enhancement 

Biodegradable 

 

' 
good skin 

tolerability 

Batch-to-

batch 

variability 

Natural 

polymer 

Sodium 

alginate 

Natural 

(seaweed) 

Gel matrix 

formation; 

controlled 

release 

Non-toxic; 

good hydration 

properties 

Limited 

stability at 

lowpH 

Natural 

polymer 

Chitosan Natural 

(crustacea 

n shells) 

Mucoadhesion 

 

, permeation 

enhancement 

Biocompatible 

 

' 
intrinsic 

antimicrobial 

activity 

Solubility 

limited to 

acidic pH 

Natural 

polymer 

Guar gum Natural 

(plant-

based) 

Thickening 

agent; 

sustained drug 

release 

Cost-effective; 

good safety 

profile 

Microbial 

contaminatio 

n risk 
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Natural 

polymer 

Gelatin Natural 

(animal 

protein) 

Film-forming; 

gel network 

formation 

Biodegradable 

, good drug 

compatibility 

Thermal 

instability 

 

 

3.3 Formulation Components and Their Functional Roles 

 

In addition to polymers, transdermal gels contain several auxiliary excipients that contribute to formulation 

performance. Solvents and co-solvents are used to enhance drug solubility and maintain uniform drug distribution 

within the gel matrix. Commonly used solvents include purified water, ethanol, propylene glycol, and 

polyethylene glycol derivatives. These 

components may also act as secondary penetration enhancers by increasing drug partitioning into the skin. 

Humectants such as glycerin and sorbitol are incorporated to maintain skin hydration and prevent gel drying 

during storage and application. Preservatives are essential to inhibit microbial growth in aqueous gel 

formulations, particularly when natural polymers are used. The selection of preservatives must ensure 

compatibility with other formulation components and compliance with regulatory safety limits. 

pH modifiers play a crucial role in maintaining formulation stability and minimizing skin irritation. The pH 

oftransdermal gels is typically adjusted to match the physiological pH of the skin, thereby enhancing tolerability 

and reducing the risk of irritation during prolonged use. Buffer systems may be employed to maintain pH 

stability throughout the product shelflife. 

3.4 Physicochemical Characterization of Transdermal Gels 

 
Comprehensive physicochemical characterization is essential to ensure the quality, stability, and performance of 

transdermal gel formulations. pH measurement provides an initial assessment of formulation compatibility with 

skin physiology. Gels with pH values outside the acceptable range may cause irritation or compromise drug 

stability. 

Viscosity and rheological behavior are critical parameters that influence gel spreadability, extrusion from 

containers, and residence time on the skin. Most transdermal gels exhibit pseudoplastic or shear-thinning behavior, 

which allows easy application under shear stress while maintaining structural integrity at rest. 

Spreadability is evaluated to assess the ease with which the gel can be uniformly applied over the skin surface. 

Adequate spreadability ensures consistent dosing and improves patient compliance. Drug content uniformity 
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testing confirms homogeneous drug distribution within the formulation, which is essential for reproducible 

therapeutic outcomes. 

In vitro drug release studies provide insights into the diffusion characteristics of the drug from the gel matrix. 

These studies are typically conducted using diffusion cells and appropriate synthetic or biological membranes. 

Release kinetics data are useful for comparing different formulations and predicting in vivo performance. 

3.5 Stability Considerations 

 

Stability is a critical aspect of transdermal gel development, as physical or chemical instability can compromise 

product efficacy and safety. Common stability issues include phase separation, changes in viscosity, pH drift, 

and drug degradation. Accelerated and long-term stability studies are conducted to evaluate formulation robustness 

under various storage conditions. The presence of penetration enhancers may influence stability by altering 

polymer-drug interactions or affecting solvent balance. Therefore, stability evaluation should encompass both 

physical and chemical parameters to ensure consistent performance throughout the product shelf life. In 

conclusion, transdermal gels represent a highly adaptable and effective platform for antifungal drug delivery. Their 

success depends on rational polymer selection, careful formulation optimization, and thorough physicochemical 

characterization. These foundational aspects pave the way for the strategic incorporation of penetration enhancers, 

which is discussed in detail in the subsequent section. 

4. Penetration Enhancers in Transdermal Antifungal Gels 

 

Penetration enhancers constitute a critical component of transdermal gel formulations, particularly for antifungal 

therapy where effective transport across the stratum comeum is a major challenge. These agents are incorporated 

into formulations to transiently and reversibly reduce the barrier resistance of the skin, thereby increasing drug 

flux without causing permanent skin damage. The success of antifungal transdermal gels is therefore closely 

linked to the judicious selection and optimization of penetration enhancers. 

The ideal penetration enhancer should be pharmacologically inert, non-toxic, non-irritating, and compatible 

with both the drug and other formulation components. It should exert a rapid and reversible effect on the skin 

barrier while maintaining formulation stability. In practice, achieving this balance remains challenging, and 

extensive comparative evaluation is often required to identify the most suitable enhancer for a given formulation. 
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4.1 Classification of Penetration Enhancers 

 

Penetration enhancers used in transdermal gel formulations can be broadly classified into chemical enhancers and 

naturally derived enhancers, based on their origin and mode of action. Each category offers distinct advantages 

and limitations in terms of efficacy, safety, and regulatory acceptance. 

Chemical penetration enhancers include alcohols, glycols, fatty acids, surfactants, terpenes, sulfoxides, and urea 

derivatives. These compounds have been extensively studied and are known to significantly enhance skin 

permeation by interacting with stratum corneum lipids and proteins. Alcohols such as ethanol and isopropyl 

alcohol are commonly used due to their ability to extract lipids and increase drug solubility within the skin. 

Glycols, including propylene glycol and polyethylene glycol, act as co-solvents and humcctants, enhancing drug 

partitioning and skin hydration simultaneously. 

Fatty acids such as oleic acid are well-recognized for their ability to disrupt lipid packing within the stratum 

comeum, creating microchannels that facilitate drug diffusion. Surfactants may increase permeability by 

solubilizing skin lipids or altering protein conformation; however, their use is often limited by irritation potential 

at higher concentrations. 

Natural penetration enhancers, derived from plant or biological sources, have gained increasing attention due to 

their favourable safety profiles and consumer acceptability. Terpenes, essential oils, and phospholipids are among 

the most commonly investigated natural enhancers. These 

agents are particularly attractive for long-term antifungal therapy, where repeated application necessitates minimal 

skin irritation and toxicity. 

4.2 Mechanisms of Action of Penetration Enhancers 

 

Penetration enhancers improve transdermal drug delivery through multiple, often overlapping mechanisms. One of 

the primary mechanisms involves disruption of the ordered lipid structure of the stratum comeum. By inserting 

themselves into the lipid bilayers, enhancers increase lipid fluidity and reduce diffusional resistance, thereby 

facilitating drug transport. 

Another important mechanism is increased drug solubility and partitioning within the skin. Enhancers may act as 

solvents or co-solvents, increasing the thermodynamic activity of the drug and promoting its movement from the 

formulation into the skin. This effect is particularly relevant for poorly soluble antifungal agents, where limited 

solubility can severely restrict permeation. 
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Some penetration enhancers function by altering the conformation of keratin within comeocytes, reducing protein 

density and creating aqueous pathways for drug diffusion. Others increase skin hydration by attracting and 

retaining water within the stratum comeum, leading to comcocytc swelling and increased permeability. 

It is important to note that these mechanisms are typically concentration-dependent and reversible. Excessive 

disruption of the skin barrier may result in irritation or dermatitis, underscoring the need for careful optimization 

of enhancer concentration and exposure duration. 

4.3 Comparative Evaluation of Chemical Penetration Enhancers 

 

Comparative studies have demonstrated that different chemical penetration enhancers vary significantly in their 

ability to enhance antifungal drug permeation. Alcohol-based enhancers often provide rapid onset of permeation 

enhancement but may cause skin dryness or irritation 

with prolonged use. Glycols offer moderate enhancement with improved tolerability, making them suitable for 

chronic application. 

Fatty acids, particularly unsaturated ones, have shown strong enhancement effects due to their ability to disrupt 

lipid packing. However, their efficacy may be influenced by formulation composition and skin type. Surfactants 

can provide substantial enhancement but require careful selection to minimize cytotoxicity and irritation. 

The choice of chemical enhancer is therefore formulation-specific and must consider factors such as drug 

physicochemical properties, polymer compatibility, intended duration of therapy, and patient population. 

Comparative evaluation using in vitro and ex vivo skin permeation studies is essential to identify the most 

effective and safe enhancer for a given transdermal gel. 

4.4 Natural Penetration Enhancers: Emerging Trends 

Natural penetration enhancers have emerged as promising alternatives to synthetic agents, particularly in 

formulations intended for long-term or repeated use. Terpenes such as limonene, menthol, and cineole have 

demonstrated significant permeation-enhancing effects through lipid disruption and increased drug partitioning. 

Their pleasant aroma and additional therapeutic properties, such as anti-inflammatory or antimicrobial activity, 

further enhance their appeal. Essential oils derived from plants have also been explored as multifunctional 

enhancers, combining permeation enhancement with intrinsic antifungal activity. Phospholipids and lecithin-

based systems may improve permeation by interacting with skin lipids and forming mixed micellar structures 

that facilitate drug transport. Despite their advantages, natural enhancers may exhibit variability in 
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composition and potency, depending on source and extraction method. Standardization and quality control 

are therefore critical to ensure reproducible formulation performance. 

4.5 Safety and Skin Irritation Considerations 

 

Safety evaluation is a fundamental aspect of penetration enhancer selection. While enhanced permeation is 

desirable, excessive barrier disruption can compromise skin integrity and increase susceptibility to irritation, 

sensitization, or secondary infections. Therefore, enhancers should ideally produce reversible changes in skin 

permeability without inducing long-term damage. 

Skin irritation studies, including patch testing and histopathological evaluation, are commonly employed to assess 

formulation safety. The concentration of penetration enhancers must be carefully optimized to balance permeation 

efficacy with tolerability. Combination strategies, where multiple enhancers are used at lower individual 

concentrations, may offer synergistic enhancement with reduced irritation potential. 

 
Lipid Bilayer Disruption Alteration of Protein Conformation 

 
 
 
 
 
 

 

Chemical 
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Enhancement of Drug Partitioning 

 

 
Increase in Skin Hydration 
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Enhancer 
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Figure 3. Mechanisms of action of chemical and natural penetration enhancers on the stratum corneum lipid matrix. 

In summary, penetration enhancers are indispensable components of transdermal antifungal gels, enabling 

effective drug transport across the skin barrier. Both chemical and natural enhancers offer distinct benefits 

and challenges, and their comparative evaluation is essential for rational formulation design. A clear understanding 

of enhancer mechanisms, safety profiles, and formulation compatibility is crucial for the development of clinically 

effective and patient-friendly transdermal antifungal therapies. 
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5. Evaluation of Transdermal Antifungal Gels 

 

Comprehensive evaluation of transdermal antifungal gels is essential to establish their quality, performance, 

safety, and therapeutic potential. Evaluation strategies typically encompass in vitro, ex vivo, and in vivo studies, 

each providing complementary insights into formulation behavior and clinical relevance. A systematic assessment 

framework allows meaningful comparison among formulations incorporating different polymers and penetration 

enhancers and supports rational optimization prior to clinical translation. 

5.1 In Vitro Evaluation 

 

In vitro evaluation serves as the initial screening step for transdermal gel formulations. These studies primarily 

focus on drug release behavior, physicochemical stability, and formulation consistency. In vitro drug release 

studies are commonly conducted using diffusion cells, where the gel is applied to a synthetic or semi-permeable 

membrane separating donor and receptor compartments. The cumulative amount of drug released over time is 

quantified, enabling comparison of release kinetics among formulations. 

Release data are often analyzed using mathematical models to elucidate the mechanism of drug release, such as 

diffusion-controlled or erosion-mediated processes. Consistent and predictable release profiles are considered 

desirable for transdermal antifungal therapy, as they support sustained drug availability at the site of action. In 

addition to release testing, in vitro evaluations include assessments of pH stability, viscosity changes over time, 

and drug content uniformity to ensure formulation robustness. 

5.2 Ex Vivo Skin Permeation Studies 

 
Ex vivo skin permeation studies represent a critical bridge between in vitro testing and in vivo evaluation. These 

studies employ excised animal or human skin mounted on diffusion cells to simulate realistic skin barrier 

conditions. The primary objective is to quantify drug permeation across the skin and to assess the impact of 

different penetration enhancers on transdermal flux and skin retention. 

Parameters such as cumulative drug permeation, steady-state flux, permeability coefficient, and lag time are 

calculated to compare formulation performance. Skin deposition studies further provide insight into drug 

retention within different skin layers, which is particularly relevant for antifungal therapy targeting dermal and 

subdermal infections. Comparative ex vivo studies have consistently demonstrated that formulations incorporating 

optimized penetration enhancers achieve significantly higher permeation and retention than enhancer-free gels. 

Ex vivo studies also facilitate preliminary safety assessment by enabling histological examination of treated skin 
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to detect structural alterations or signs of irritation. These findings help in selecting enhancer concentrations that 

balance efficacy with skin integrity. 

5.3 ln Vivo Evaluation and Pharmacodynamic Assessment 

 
In vivo studies are indispensable for confirming the therapeutic relevance of transdermal antifungal gels. These 

evaluations typically involve animal models of cutaneous fungal infection, where formulation efficacy is assessed 

based on clinical, microbiological, and histopathological outcomes. Reduction in lesion size, fungal burden, and 

inflammatory markers are commonly used indicators of therapeutic success. 

In vivo pharmacodynamic studies also provide information on the onset and duration of antifungal action, 

enabling comparison between transdermal gels and conventional topical or systemic therapies. Sustained 

antifungal activity with reduced dosing frequency is a key advantage observed with transdermal gel systems. 

Additionally, systemic exposure may be 

evaluated to assess the extent of transdermal absorption and the potential for systemic side effects. 

Skin irritation and sensitization studies form an integral component of in vivo evaluation. Repeated application 

studies help determine formulation tolerability during prolonged use, which is particularly important for chronic 

or recurrent fungal infections. 

6. Therapeutic Implications, Challenges, and Future Perspectives 

 

The development of antifungal-loaded transdermal gels incorporating penetration enhancers carries significant 

therapeutic implications. By enabling controlled and sustained drug delivery across the skin, these systems have 

the potential to improve treatment outcomes, reduce recurrence rates, and enhance patient compliance. 

Transdermal gels may also offer an alternative for patients who are unable to tolerate systemic antifungal therapy 

or who require localized treatment with minimal systemic exposure. 

Despite these advantages, several challenges remain. Variability in skin permeability among individuals, 

differences in infection severity, and long-term safety concerns associated with penetration enhancers can 

complicate formulation development and clinical translation. Regulatory considerations also pose 

challenges, particularly with respect to the approval of novel penetration enhancers and the demonstration of 

bioequivalence with existing therapies. Future research is expected to focus on the rational design of 

multifunctional transdermal gels that combine penetration enhancement with additional therapeutic benefits, 

such as anti-inflammatory or moisturizing effects. Advances in skin modeling, imaging techniques, and 
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computational tools may further improve the prediction of in vivo performance based on in vitro and ex vivo 

data. The integration of nanocarriers within gel matrices represents another promising direction, offering 

opportunities for targeted delivery and enhanced skin retention. 

7. Conclusion 

 

Transdermal antifungal gels represent a promising and versatile drug delivery platform capable of addressing the 

limitations of conventional topical and systemic therapies. The strategic incorporation of penetration enhancers 

plays a pivotal role in overcoming the skin barrier and enhancing drug permeation and therapeutic efficacy. 

Through careful selection of polymers, excipients, and enhancers, formulation scientists can design gels that 

achieve sustained antifungal activity while maintaining skin safety and patient acceptability. This review has 

provided a comprehensive overview of formulation strategies, skin permeation mechanisms, penetration enhancer 

classifications, and evaluation methodologies relevant to antifungal transdermal gels. Comparative insights into 

chemical and natural penetration enhancers highlight the importance of balancing efficacy with tolerability. 

Continued research and innovation in this field are expected to further expand the clinical utility of transdermal 

antifungal delivery systems and contribute to improved management of fungal infections. 
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