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ABSTRACT 

Gel formulations have emerged as a critical advancement in topical 

drug delivery systems (TDDS) due to their unique properties and 

enhanced drug delivery capabilities. This review explores the 

composition, mechanisms of action, therapeutic applications, and 

future directions of gel-based TDDS. Gels, classified as hydrogels and 

organogels, offer a versatile platform for both hydrophilic and 

lipophilic drugs. They facilitate drug delivery through diffusion, 

swelling-controlled release, and bioadhesion while incorporating 

penetration enhancers to improve skin permeation. Therapeutically, gel 

formulations are widely used for dermatological treatments, pain 

management, antimicrobial applications, and hormone delivery. Future 

innovations focus on thermosensitive, nanostructured, and stimuli-

responsive gels, which promise controlled and patient-specific drug 

delivery. This paper underscores the importance of gel formulations in 

enhancing drug efficacy, patient compliance, and the potential for  

personalized medicine. 
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INTRODUCTION 

Topical drug delivery systems (TDDS) have emerged as an essential method for 

administering drugs directly to the skin or mucous membranes. These systems offer several 

advantages, including localized treatment, reduced systemic side effects, and patient 

compliance (Bhowmik et al., 2012). Among the various formulations utilized in TDDS, gels 

have gained significant attention due to their unique physicochemical properties, 

biocompatibility, and ability to enhance drug permeation (Kumar et al., 2013). This paper 

aims to review the role of gel formulations in advancing topical drug delivery systems, 

emphasizing their composition, mechanisms of action, therapeutic applications, and future 

perspectives. 

 

Skin Structure and Pathways for Gel Absorption 

The skin is a complex organ that serves as the primary barrier to external substances while 

regulating water loss and protecting against environmental insults. It consists of three main 

layers: the epidermis, dermis, and hypodermis (Menon, 2002). The outermost layer, the 

stratum corneum, is a lipid-rich barrier that poses the most significant challenge for drug 

penetration (Madison, 2003). Beneath the stratum corneum lies the viable epidermis, 

followed by the dermis, which contains blood vessels, nerves, and appendages (Lodén & 

Maibach, 2000). 

 

There are three primary pathways for drug absorption through the skin: the transcellular, 

intercellular, and appendageal routes (Benson, 2005). The transcellular pathway involves the 

direct diffusion of drugs through keratinocytes, while the intercellular route involves 

movement between skin cells through the lipid matrix (Hadgraft & Lane, 2005). The 

appendageal route utilizes hair follicles and sweat glands to facilitate drug transport, offering 

a potential pathway for larger molecules (Jacobi et al., 2007). 

 

Gel formulations are designed to overcome the skin barrier by incorporating penetration 

enhancers or utilizing nano-based carriers to improve drug diffusion through these pathways 

(Karande & Mitragotri, 2009). Their ability to adhere to the skin surface, hydrate the stratum 

corneum, and sustain drug release enhances their effectiveness for topical applications 

(Prausnitz & Langer, 2008). 
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Advantages, Disadvantages and Applications of Gel Formulations 

Advantages 

Gel formulations offer numerous advantages in topical drug delivery. They provide a non-

greasy texture that enhances patient compliance and ease of application (Gupta et al., 2010). 

Gels improve drug bioavailability through increased contact time with the skin and the ability 

to incorporate both hydrophilic and lipophilic drugs (Peppas et al., 2000). Additionally, they 

allow for controlled and sustained drug release, reducing the frequency of application and 

minimizing systemic side effects (Ahmed, 2015). Their ability to deliver drugs locally is 

beneficial for targeting skin diseases while avoiding first-pass metabolism (Mishra et al., 

2011). 

 

Disadvantages 

Despite their advantages, gel formulations also present challenges. The skin barrier limits 

drug permeation, which can result in inadequate drug delivery for certain active compounds 

(Karande & Mitragotri, 2009). Gels may undergo phase separation or degradation over time, 

affecting their stability and efficacy (Esposito et al., 2018). Furthermore, the need for 

penetration enhancers can sometimes cause skin irritation or allergic reactions (Kumar et al., 

2013). 

 

Applications 

Gel formulations are widely utilized in various therapeutic areas. They are used for 

dermatological treatments, including acne, psoriasis, and eczema, where localized delivery 

enhances therapeutic outcomes (Bhowmik et al., 2012). In pain management, gels deliver 

NSAIDs like diclofenac directly to affected areas, reducing systemic exposure and 

gastrointestinal risks (Kienzler et al., 2010). Antimicrobial gels treat bacterial and fungal 

infections by providing a sustained release of active agents (Gupta et al., 2011). Additionally, 

hormone replacement therapies utilize gel formulations for controlled transdermal delivery of 

estrogen and progesterone (Bulletti et al., 2010). 

 

Composition of gel formulations 

Table No. 01: Excipients used in gel Formulation and Their roles. 

Excipient Role 

Gelling agents (e.g., carbomers, 

cellulose derivatives) 

Provide viscosity and gel structure 

(Gupta et al., 2010) 

Penetration enhancers (e.g., ethanol, 

propylene glycol) 

Facilitate drug absorption through the 

skin (Karande & Mitragotri, 2009) 
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Preservatives (e.g., parabens, 

benzalkonium chloride) 

Prevent microbial contamination (Kumar 

et al., 2013) 

Humectants (e.g., glycerin, sorbitol) 
Retain moisture and prevent drying 

(Peppas et al., 2000) 

pH adjusters (e.g., citric acid, sodium 

hydroxide) 

Maintain gel stability and compatibility 

(Ahmed, 2015) 

Stabilizers (e.g., antioxidants) 
Prevent oxidation and degradation 

(Esposito et al., 2018) 

 

Table No. 02: Types of gels based on medicinal properties. 

Type of gel Medicinal properties 

Anti-inflammatory gels Deliver NSAIDs for pain relief (Kienzler et al., 2010) 

Antimicrobial gels Combat bacterial and fungal infections (Gupta et al., 2011) 

Hormonal gels Provide hormone therapy (Bulletti et al., 2010) 

Analgesic gels Localized pain relief (Ahmed, 2015) 

Antioxidant gels Deliver antioxidants for skin protection (Esposito et al., 2018) 

Moisturizing gels Hydrate skin and treat dryness (Peppas et al., 2000) 

 

Mechanisms of action in drug delivery 

Gel formulations facilitate drug delivery through several mechanisms, including diffusion, 

swelling-controlled release, and bioadhesion (Mishra et al., 2011). In diffusion-based 

systems, the drug is released as it migrates through the polymer matrix. Swelling-controlled 

systems enable drug release when the gel matrix swells upon contact with physiological 

fluids, allowing the encapsulated drug to diffuse out (Peppas & Buri, 1985). Bioadhesive gels 

improve drug retention at the application site, enhancing absorption and therapeutic efficacy 

(Smart, 2005). 

 

The ability of gels to modulate drug permeation across the skin barrier is crucial for effective 

TDDS. Penetration enhancers, such as ethanol and surfactants, are often incorporated to 

disrupt the stratum corneum, facilitating drug transport (Karande & Mitragotri, 2009). 

 

Therapeutic applications 

Gel formulations play a crucial role in modern medicine due to their unique characteristics, 

such as ease of application, enhanced drug penetration, and patient-friendly administration. 

These semi-solid systems, composed of polymers and active pharmaceutical ingredients, 

offer controlled and sustained drug release. Their versatility allows for various therapeutic 

applications, including topical, transdermal, ophthalmic, and oral delivery. As a result, gel 

formulations have become an essential component in improving patient outcomes across 

different medical conditions (Kaur et al., 2014). 
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1. Topical and Transdermal Drug Delivery 

One of the most common applications of gel formulations is in topical and transdermal drug 

delivery. These gels allow for direct drug application on the skin, offering localized treatment 

with minimal systemic absorption. For example, anti-inflammatory gels like diclofenac are 

used to manage musculoskeletal pain, while antimicrobial gels treat skin infections (Gupta et 

al., 2012). Transdermal gels, on the other hand, deliver drugs systematically through the skin. 

Hormonal replacement therapy (HRT) using estrogen gels and pain management using 

lidocaine gels are well-known examples (Sitruk-Ware & Nath, 2010; Prausnitz & Langer, 

2008). 

 

2. Ophthalmic Gel Applications 

In ophthalmology, gel formulations are used to deliver drugs to the eye with prolonged 

retention and sustained drug release. They improve therapeutic efficacy by increasing the 

contact time of the drug with the ocular surface. For example, carbomer-based gels are used 

to treat dry eyes, providing long-lasting lubrication (Gaudana et al., 2010). Furthermore, 

corticosteroid-containing gels are used to reduce inflammation following eye surgery, 

enhancing post-operative recovery (Kaur & Smitha, 2002). 

 

3. Vaginal and Rectal Therapeutic Uses 

Gels are also extensively used for vaginal and rectal drug delivery. These formulations offer 

effective localized treatment while minimizing systemic side effects. In vaginal applications, 

contraceptive gels are used to prevent pregnancy, while antimicrobial gels help protect 

against sexually transmitted infections (Turok et al., 2018; Friend et al., 2013). In rectal 

therapy, gels containing analgesics and anti-inflammatory agents provide relief from 

conditions like hemorrhoids and rectal inflammation. 

 

4. Role of Gels in Wound Healing and Burns 

Gel formulations play a vital role in wound healing and burn management. Hydrogels create 

a moist environment that promotes tissue regeneration and reduces healing time. These gels 

are especially useful for managing chronic wounds, diabetic ulcers, and burn injuries 

(Boateng et al., 2008). Antibacterial gels, such as those containing silver sulfadiazine, prevent 

infection in burn wounds and enhance the healing process (Fox, 2013). The ability to deliver 

therapeutic agents directly to the injury site makes gels a preferred choice in wound care. 
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5. Oral and Dental Therapeutic Gels 

In dental and oral health care, gel formulations offer targeted treatment for conditions like 

oral mucositis, periodontal disease, and dental caries. Bioadhesive gels provide prolonged 

contact time with the oral mucosa, improving drug efficacy. For example, analgesic gels are 

used to relieve pain in patients with oral mucositis caused by chemotherapy (Epstein et al., 

2007). Dental gels containing fluoride and antimicrobial agents prevent tooth decay and 

promote oral hygiene (Gupta et al., 2013). 

 

6. Future Perspectives and Conclusion 

Gel formulations continue to evolve, offering innovative therapeutic solutions across various 

medical fields. Their ability to provide controlled drug release, improve patient compliance, 

and deliver drugs to targeted areas makes them indispensable in modern therapeutics. Future 

advancements are expected to include smart gels with responsive drug release mechanisms 

and bioactive gels for regenerative medicine. As research progresses, the therapeutic potential 

of gel formulations will likely expand, improving patient care and clinical outcomes (Rother 

et al., 2007; Klinge et al., 2013). 

 

Future Perspectives and Innovations 

The future of gel-based TDDS lies in developing advanced formulations that offer controlled, 

sustained, and targeted drug delivery. Innovations such as thermosensitive gels, which 

transition from sol to gel upon application, enhance drug retention and bioavailability (Qiu & 

Park, 2001). Nanostructured gels, incorporating nanoparticles or liposomes, enable the 

delivery of hydrophobic drugs and improve skin penetration (Sharma et al., 2016). 

 

Furthermore, the incorporation of stimuli-responsive polymers allows for on-demand drug 

release in response to environmental triggers like pH, temperature, or light (Gaharwar et al., 

2014). These advancements could pave the way for personalized medicine through patient-

specific drug delivery systems (Pawar & Edgar, 2012). 

 

CONCLUSION 

Gel formulations play a pivotal role in advancing topical drug delivery systems by enhancing 

drug solubility, improving skin permeation, and allowing controlled release. Their versatility 

in composition and mechanism makes them ideal for a broad range of therapeutic 

applications. Future research should focus on innovative gel-based systems to improve 

patient outcomes and expand the possibilities of personalized topical therapy. 
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