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Nanosponges are a new and exciting way to improve how drugs are delivered through 

the skin. Compared to traditional methods, they offer some big benefits—better skin 

penetration, longer-lasting stability, and the ability to release drugs over time. In this 

review, we look at how nanosponges are made, how they work to trap and release drugs, 

and how they are being used in treatments for skin conditions, wound healing, and even 

in cosmetics. They have shown great promise for treating issues like acne, psoriasis, and 

infections by delivering medicine directly to the affected area, reducing side effects, and 

making it easier for patients to stick to their treatment. Studies comparing nanosponges 

with regular treatments show they can be more effective and stay on the skin longer. 

However, there are still some challenges, like figuring out how to produce them on a 

larger scale, keeping the formulations stable, and meeting regulatory standards. In the 

future, we could see nanosponges used in personalized medicine, smarter drug delivery 

systems, and combination treatments. This review aims to give a clear picture of where 

nanosponge-based therapies stand today and what the future may hold for improving 

how drugs are delivered through the skin. 
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INTRODUCTION 

1.1 Overview of Topical Drug Delivery Systems 

Topical drug delivery systems are designed to 

apply medications directly to the skin or mucous 

membranes, offering several appealing advantages 

for treating localized conditions. One of the main 

benefits is that they are non-invasive, eliminating 

the need for injections or oral medications. This 

makes them more convenient and comfortable, 

especially for people who have trouble swallowing 

pills or are anxious about invasive treatments. 

Topical formulations focus the medication exactly 

where it's needed, reducing the risk of side effects 

elsewhere in the body. Another big advantage of 

topical drug delivery is how easy they are to use. 

Patients can apply creams, gels, patches, or 

https://www.ijpsjournal.com/
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ointments on their own, which helps them stick to 

their treatment plan. The simplicity and comfort of 

these methods often lead to better patient 

satisfaction and long-term compliance, especially 

for chronic conditions like psoriasis or eczema. 

However, despite these positives, there are some 

challenges with topical drug delivery. One major 

issue is that many drugs struggle to penetrate the 

skin effectively. The skin’s outermost layer, the 

stratum corneum, acts as a strong barrier that can 

prevent the medication from reaching deeper layers 

where it’s most needed. This is particularly 

problematic for larger molecules or drugs that don’t 

dissolve well. 

Another challenge is the stability of topical 

medications. Many ingredients in these 

formulations can break down when exposed to 

light, air, or heat, which shortens their shelf life and 

reduces their effectiveness. Additionally, 

traditional topical systems don’t always offer 

controlled release, leading to fluctuating drug 

levels at the application site. This can either result 

in not enough medication or too much, which can 

cause irritation or other side effects. To improve the 

effectiveness of topical treatments, there is a need 

for more advanced delivery systems that can 

address these issues [1]. 

Table 1: providing a clear comparison of the advantages and disadvantages of conventional systems, 

enhancing the understanding of the need for improved methods like nanosponges in topical delivery [2].

Aspect Benefits Limitations 
Non-Invasive - No need for injections 

or invasive procedures. 
- Some patients may prefer 

injections for faster 

results. 
Localized 

Effect 
- Direct delivery to the 

target area minimizes 

systemic exposure. 

- Limited penetration 

depth may not reach 

deeper tissues. 
Ease of Use - User-friendly and 

convenient for self-

administration. 

- Requires patient 

compliance for effective 

use. 
Reduced Side 

Effects 
- Lower risk of 

systemic side effects 

compared to oral 

administration. 

- Potential for local 

irritation or allergic 

reactions. 

Flexibility in 

Formulation 
- Various formulation 

options (creams, gels, 

ointments) for different 

needs. 

- Formulation stability 

issues can affect efficacy. 

Rapid Onset of 

Action 
- Quick absorption can 

provide rapid relief for 

local conditions. 

- Variability in absorption 

rates can lead to 

inconsistent effects. 
Minimal First-

Pass 

Metabolism 

- Bypasses the 

gastrointestinal tract, 

avoiding first-pass 

metabolism. 

- Limited bioavailability 

for certain drugs. 

Targeted 

Therapy 
- Ability to deliver 

specific drugs for 

localized conditions 

(e.g., skin disorders). 

- Difficulties in targeting 

deeper tissues or systemic 

conditions. 
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1.2 Introduction to Nanosponges 

Nanosponges are a promising new solution to 

overcome the limitations of traditional topical drug 

delivery methods. These tiny, porous particles can 

encapsulate drugs, improving their stability and 

allowing for controlled release. Thanks to their 

high surface area and porous structure, 

nanosponges can hold a large amount of drug 

molecules and release them slowly over time, 

providing a more consistent therapeutic effect. 

Nanosponges are typically made from 

biocompatible materials like cyclodextrins or 

polymers, which are engineered into a sponge-like 

matrix with nanoscale cavities. These tiny cavities 

can trap and carry both water- and fat-soluble 

drugs, making nanosponges versatile enough to 

handle a wide variety of medications. Their unique 

design allows for the gradual release of the drug 

right where it’s applied, addressing the common 

challenge of controlling drug delivery that 

traditional topical formulations face. 

One of the main reasons nanosponges are well-

suited for topical drug delivery is their ability to 

improve skin penetration. Their small size and 

surface characteristics enable them to reach deeper 

layers of the skin compared to conventional 

methods. Plus, they can protect the drug from 

breaking down before it reaches the target area, 

improving its bioavailability. The porous nature of 

nanosponges also helps retain the drug in the skin 

longer, prolonging the therapeutic effect and 

reducing the need for frequent applications, while 

also minimizing potential side effects throughout 

the rest of the body. In summary, nanosponges offer 

a flexible and effective solution for topical drug 

delivery, addressing key challenges like poor 

penetration, drug instability, and uncontrolled 

release. This technology has the potential to 

transform how we treat various skin conditions by 

improving the delivery and effectiveness of 

medications [3]. 

Figure 1: Cross-section of a nanosponge 

1.3 Objective and Importance of the Review 

The main goal of this review is to offer a detailed 

exploration of how nanosponges can be used in 

topical drug delivery. It will cover the important 

aspects of nanosponge technology, such as their 

structure, how they work, how they are formulated, 

and their applications in treating various skin and 

cosmetic conditions. Nanosponges show great 

potential in addressing common issues with topical 

treatments, like poor skin absorption, instability of 

active ingredients, and the lack of controlled 

release. 

This review will explain how nanosponges help 

improve drug stability and extend the duration of 

their therapeutic effects, particularly by protecting 

active ingredients from environmental factors that 

could degrade them. It will also examine how 

nanosponges load and release drugs, showing how 

they can be designed to provide a controlled, 

sustained release, which enhances the overall 

effectiveness of treatments. Additionally, the 

review will look at how nanosponge-based 

formulations are being used in clinical settings to 

treat skin conditions like acne, psoriasis, fungal 

infections, and wounds. By comparing 
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nanosponges with traditional drug delivery 

methods, it will highlight the benefits they offer in 

improving drug delivery and patient outcomes. 

Importantly, the review will also explore the future 

possibilities for nanosponges in topical drug 

delivery, especially in areas like personalized 

medicine, smart delivery systems, and combination 

therapies. It will consider how nanosponges can be 

designed to release drugs in response to specific 

triggers, like changes in pH or temperature, 

opening up new possibilities for targeted 

treatments. In conclusion, this review aims to 

provide a thorough overview of the current and 

future potential of nanosponges in topical drug 

delivery, with the hope of guiding further research 

and innovation in this exciting field. By addressing 

the limitations of traditional topical systems, 

nanosponges have the potential to greatly improve 

treatment effectiveness, patient adherence, and 

overall outcomes in skin care [4]. 

2. Structure and Composition of Nanosponges 

2.1 Nanosponges Design and Materials 

Nanosponges are unique in their design, featuring a 

porous, spherical structure that allows them to trap 

a wide range of therapeutic agents within their 

internal cavities. Thanks to their nanoscale size and 

high surface area, nanosponges can hold a large 

amount of drugs and provide efficient control over 

drug release. The key architectural feature is their 

network of interconnected pores, which can be fine-

tuned in terms of size and density to achieve 

specific drug release patterns. This porous structure 

not only helps in capturing the drug but also 

protects it from environmental factors like light, 

oxygen, and moisture, thus enhancing the drug's 

stability [5, 6]. Nanosponges are usually made from 

biocompatible materials like cyclodextrins and 

polymers. Cyclodextrins, which are cyclic 

oligosaccharides, have a hydrophobic inner cavity 

that can house water-insoluble drugs, while their 

hydrophilic outer layer allows them to interact with 

water. This makes cyclodextrin-based nanosponges 

especially useful in topical formulations, as they 

can improve both the solubility of drugs and their 

ability to penetrate the skin [5]. Polymers such as 

polyester, polyvinyl alcohol, and polycaprolactone 

are also commonly used to make nanosponges. 

These polymers can be customized for specific 

characteristics like biodegradability, strength, and 

porosity depending on the application. Various 

methods, including emulsion solvent evaporation, 

melt sonication, and cross-linking, are used to 

produce nanosponges, with each technique 

influencing the final properties like size, porosity, 

and how much drug they can carry [6]. 

2.2 Types of Nanosponges 

Nanosponges can be categorized based on their 

composition and whether they are biodegradable or 

non-biodegradable. Biodegradable nanosponges 

are designed to break down naturally in the body, 

leaving behind non-toxic substances. These are 

especially useful for controlled drug release, as the 

gradual degradation of the nanosponge can be 

programmed to release the medication over a 

longer time. For instance, biodegradable 

nanosponges made from polyesters are often used 

in wound healing, delivering a steady flow of 

therapeutic agents like antibiotics over an extended 

period. In contrast, non-biodegradable 

nanosponges are ideal for situations where long-

term stability is necessary. Made from materials 

that don’t easily degrade, these nanosponges ensure 

the drug stays encapsulated and available at the 

application site for longer durations, making them 

well-suited for treating chronic skin conditions 

where extended therapy is essential. Among the 

various types of nanosponges, those made from 

cyclodextrins are the most researched and widely 

used in drug delivery systems. Cyclodextrins have 

a unique toroidal (doughnut-shaped) structure that 

provides a perfect cavity for holding hydrophobic 

drugs. These nanosponges help improve drug 

solubility and increase penetration through the 

skin’s outer layer (stratum corneum), making them 
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effective for topical treatments. Polymeric 

nanosponges, another common type, offer 

adjustable features such as porosity, size, and how 

quickly they degrade, making them highly 

adaptable carriers for a range of drugs [7]. 

Table 2: provide a clear comparison of the different types of nanosponges, their properties, advantages, 

disadvantages, and specific applications in various fields [8-12]. 

Type of 

Nanosponge 
Biodegradable 

Nanosponges 
Non-Biodegradable 

Nanosponges 
Definition Made from materials 

that can be broken down 

by biological processes. 

Made from materials that do 

not break down in biological 

environments. 
Common 

Materials 
- Natural polymers (e.g., 

gelatin, chitosan)  

- Biodegradable 

synthetic polymers (e.g., 

PLGA) 

- Synthetic polymers (e.g., 

polystyrene, polyethylene 

glycol)  

- Cyclodextrin-based 

nanosponges 
Advantages - Reduced long-term 

environmental impact  

- Lower risk of 

accumulation in the 

body 

- Stability and durability in 

harsh conditions  

- Extended-release 

capabilities 

Disadvantages - Potentially shorter 

shelf life  

- Limited mechanical 

strength 

- Risk of accumulation and 

biocompatibility concerns  

- Long-term safety issues 

Specific 

Applications 
- Wound Healing: 

Enhanced healing with 

sustained release of 

growth factors [8].  

- Anticancer Therapy: 

Targeted delivery of 

chemotherapeutic agents 
[9].  

- Cosmetics: Anti-aging 

formulations with 

bioactive compounds [12]. 

- Dermatological 

Treatments: Delivery of 

corticosteroids or antifungals 
[10].   

- Chronic Conditions: 

Sustained release 

formulations for chronic skin 

diseases [11].  

- Cosmetic Applications: 

Stabilization of active 

ingredients in sunscreens and 

moisturizers [8]. 

This section offers a thorough comparison of the 

different types of nanosponges, focusing on the 

materials they are made from and their various uses 

in topical drug delivery. Special attention will be 

given to how choosing the right material is key to 

maximizing the effectiveness of nanosponge-based 

formulations. 

3. Mechanism of Action in Topical Delivery 

3.1 Drug Encapsulation and Release 

Mechanisms 

The effectiveness of nanosponges in topical drug 

delivery mainly depends on how they encapsulate 

and release drugs. The two key methods for loading 

drugs into nanosponges are adsorption and covalent 

bonding. 

• Drug Loading via Adsorption: This method 

involves drug molecules attaching themselves 

to the surface of the nanosponges. Because 

nanosponges have a porous structure, they can 

hold a lot of drug, as the molecules can fit into 

the tiny openings and stick to the internal 
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surfaces. This type of loading is often 

reversible, meaning that the drug can gradually 

be released over time as the nanosponges 

interact with their surroundings. Several 

factors affect the adsorption process, including 

the surface area of the nanosponges, the 

molecular weight of the drug, and how well the 

drug interacts with the sponge material [11]. 

• Covalent Bonding:  

Unlike adsorption, covalent bonding creates strong 

chemical bonds between the drug molecules and 

the nanosponges. This method improves the 

stability of the drug inside the nanosponges and 

allows for more controlled release. Covalent 

bonding happens through different chemical 

reactions that typically involve functional groups 

found on both the drug and the sponge material. 

This technique is especially beneficial for drugs 

that need protection from breaking down or for 

those that require a specific release pattern over 

time [11]. 

Controlled Release Mechanisms can further be 

categorized into two main processes: [13,14] 

• Diffusion:  

In this mechanism, drug molecules migrate from 

inside the nanosponges through their porous 

structure and into the surrounding medium. The 

rate at which this diffusion occurs is affected by 

several factors, including the size of the drug 

molecules, the viscosity of the surrounding 

medium, and the temperature. By adjusting the 

pore size and distribution within the nanosponges, 

it’s possible to control how quickly the 

encapsulated drug is released, enabling a sustained 

delivery over time. 

• Desorption:  

In this process, the drug molecules that were 

previously attached to the surface of the 

nanosponges gradually detach. This happens when 

the nanosponges interact with body fluids, which 

act as a solvent. By adjusting this mechanism, it’s 

possible to create a release pattern that starts with 

a quick burst of the drug, followed by a slower, 

steady release, depending on what the treatment 

requires. 

3.2 Enhancing Skin Penetration 

A key factor in the success of topical drug delivery 

systems is their capacity to improve skin 

penetration, which is crucial for reaching 

therapeutic levels of the drug in the target tissues. 

Nanosponges are particularly effective in this 

regard, as they can increase permeability through 

the stratum corneum, the skin's outermost layer. 

Several factors play a role in enhancing this 

permeability, allowing the drug to reach deeper 

skin layers where it can have the most impact [15]. 

• Increasing Permeability Through the 

Stratum Corneum:  

The stratum corneum serves as a tough barrier to 

drug penetration, largely because of its lipid-rich 

composition. Nanosponges can help overcome 

this barrier through several mechanisms. Their 

porous structure can improve the solubility of the 

encapsulated drug, increasing the concentration 

gradient across the stratum corneum, which 

drives better drug absorption. Additionally, some 

nanosponges function as penetration enhancers 

by temporarily disrupting the lipid arrangement in 

the stratum corneum, making it easier for the drug 

to diffuse through and reach deeper layers of the 

skin [16]. 

• Role of Particle Size, Surface Properties, 

and Drug Release Kinetics:  

The size of nanosponge particles is key to their 

ability to penetrate the skin effectively. Smaller 

particles are better suited to pass through the tight 

spaces between cells in the stratum corneum, 

allowing for deeper drug delivery into the skin 

layers. Additionally, the surface properties of 

nanosponges, such as their charge and 

hydrophilicity, greatly influence how well they 

can permeate the skin. By adjusting these surface 

characteristics, nanosponges can interact more 

effectively with the skin’s lipids, improving 
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adhesion and penetration. Moreover, the rate at 

which the drug is released plays a critical role in 

ensuring successful penetration. A controlled 

release system allows for a steady release of the 

drug over time, helping maintain therapeutic levels 

in the skin and reducing the need for frequent 

application [17]. Overall, the mechanisms by which 

nanosponges enable drug encapsulation, release, 

and skin penetration mark a major step forward in 

topical drug delivery technology. These 

advancements enhance the effectiveness of 

treatments by ensuring more efficient drug 

delivery and sustained therapeutic action. 

Additionally, the ability of nanosponges to 

improve skin penetration and provide controlled 

release of medications not only boosts the 

therapeutic potential of the drugs but also 

contributes to better patient compliance and 

improved treatment outcomes, particularly in the 

management of various skin conditions. 

4. Applications of Nanosponges in Topical 

Therapies 

Nanosponges have quickly become a valuable tool 

in topical treatments, providing improved drug 

delivery and therapeutic benefits for a variety of 

skin conditions. Their distinctive structure enables 

the efficient encapsulation of medications and 

controlled release over time, making them highly 

versatile for different applications in dermatology. 

These advancements offer potential for more 

effective and targeted treatments, addressing 

common challenges in topical therapies [15]. 

4.1 Dermatological Treatments 

• Acne Therapy:  

Nanosponges offer an effective solution for 

encapsulating anti-acne agents like benzoyl 

peroxide and salicylic acid, improving both their 

solubility and stability. With nanosponges, these 

drugs are released in a controlled, gradual manner, 

specifically targeting the sebaceous glands. This 

localized delivery not only boosts the treatment's 

effectiveness but also minimizes irritation to the 

surrounding skin, a common issue with traditional 

formulations. As a result, nanosponges enhance 

therapeutic outcomes while reducing the side 

effects typically associated with acne treatments. 

• Psoriasis and Eczema:  

The use of nanosponges for controlled 

corticosteroid delivery presents a major advantage 

in managing chronic inflammatory skin conditions 

like psoriasis and eczema. Encapsulating 

corticosteroids in nanosponges allows for a 

sustained, targeted release directly to the affected 

areas, which reduces systemic absorption and 

minimizes potential side effects. This approach not 

only boosts the effectiveness of the treatment but 

also improves patient compliance by reducing the 

need for frequent applications, making it a more 

convenient and safer option for long-term therapy 
[16]. 

4.2 Wound Healing Applications 

Nanosponges play a crucial role in wound 

healing by providing a conducive environment for 

tissue regeneration and repair. 

• Use in Chronic Wounds, Diabetic Ulcers, 

and Burn Treatments:  

Nanosponges can play a vital role in formulations 

for treating chronic wounds, diabetic ulcers, and 

burns. Their capability to encapsulate and 

gradually release bioactive compounds, such as 

growth factors and anti-inflammatory agents, 

helps accelerate the healing process. The sustained 

delivery of these therapeutic agents supports 

essential healing mechanisms, including cellular 

proliferation, collagen synthesis, and 

angiogenesis. This controlled release not only 

improves the wound healing process but also 

reduces the need for frequent applications, 

enhancing both efficacy and patient comfort. 

• Improved Wound Healing Through 

Sustained Delivery of Bioactives:  

The porous structure of nanosponges allows them 

to stay in contact with the wound site for an 

extended period, providing a continuous supply of 
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healing agents. This sustained delivery not only 

boosts the healing process but also helps prevent 

infections by maintaining a local reservoir of 

antimicrobial agents [17]. 

4.3 Antifungal and Antibacterial Topical 

Therapies 

Nanosponges are increasingly being explored for 

their potential in 

combating fungal and bacterial skin infections. 

• Enhanced Delivery of Antifungal Agents for 

Skin Infections:  

By encapsulating antifungal agents like 

clotrimazole and miconazole, nanosponges can 

significantly enhance the solubility and 

penetration of these medications into the skin 

layers. This targeted delivery method increases the 

local concentration of the antifungal agent, 

resulting in better therapeutic outcomes for 

treating fungal infections. 

• Bacterial Skin Infections Treatment Using 

Nanosponge-Loaded Antibiotics:  

Nanosponges are effective carriers for delivering 

antibiotics like gentamicin and ciprofloxacin to 

treat bacterial skin infections. By allowing for 

controlled release, these nanocarriers ensure that 

the antibiotics remain active over an extended 

period. This sustained antimicrobial action not 

only enhances the effectiveness of the treatment 

but also helps mitigate the risk of antibiotic 

resistance, as it maintains consistent drug levels in 

the affected area without the need for frequent 

reapplication [18]. 

4.4 Cosmetic Applications 

In addition to therapeutic uses, nanosponges have 

gained attention in the cosmetic industry, where 

they are utilized for various applications. 

• Nanosponges in Anti-Aging, Brightening, 

and Moisturizing Formulations:  

Encapsulating active ingredients like retinol and 

vitamin C in nanosponges significantly boosts 

their stability and effectiveness in cosmetic 

products. This innovative approach allows for 

controlled release, which enhances the 

bioavailability of these powerful ingredients. As a 

result, users can experience improved anti-aging 

benefits, skin brightening, and enhanced 

moisturizing effects, making their skincare routine 

more effective and impactful [19]. 

• Sunscreens:  

Nanosponges are increasingly being integrated 

into sunscreen formulations to boost UV 

protection and enhance the stability of active 

ingredients. By encapsulating UV filters, these 

nanosponges improve the photostability of the 

compounds, ensuring they remain effective against 

harmful UV radiation for a longer time. This 

innovative approach not only prolongs sun 

protection but also helps reduce skin irritation, 

providing a more comfortable experience for users 

while safeguarding their skin from sun damage [20]. 

The use of nanosponges in topical therapies marks 

a major leap forward in drug delivery. By 

overcoming some of the limitations found in 

traditional formulations—like inadequate skin 

penetration and instability—nanosponges provide 

innovative solutions that boost therapeutic 

effectiveness and improve patient adherence to 

treatment. As research progresses and reveals 

more about the capabilities of nanosponges, their 

applications in dermatological treatments, wound 

healing, infection control, and cosmetics are 

expected to grow. This expansion promises to lead 

to more effective and user-friendly topical 

therapies, ultimately benefiting patients in various 

ways. 

5. Advantages of Nanosponges in Topical Drug 

Delivery 

Nanosponges offer a range of significant benefits in 

the field of topical drug delivery systems, 

positioning them as a game-changer for both 

therapeutic and cosmetic uses. Here’s a closer look 

at these advantages. 
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Figure: Advantages of nanosponges in topical drug delivery system 

5.1 Enhanced Drug Stability 

• Protection Against Environmental 

Factors: One of the primary benefits of using 

nanosponges is their ability to provide a 

protective environment for encapsulated 

drugs. They shield sensitive compounds from 

environmental stressors such as UV 

light, moisture, and oxidation. This protection 

is particularly important for photolabile or 

oxidizable drugs, which can lose efficacy 

when exposed to light or air. 

• Increased Shelf-Life and Stability of 

Formulations: By enhancing the stability of 

active pharmaceutical ingredients (APIs), 

nanosponges contribute to the overall shelf-life 

of formulations. This extended stability allows 

for longer storage periods without significant 

degradation, making nanosponges 

advantageous for both manufacturers and 

consumers [22]. 

5.2 Controlled and Sustained Drug Release 

• Prolonged Therapeutic Effect: Nanosponges 

enable a controlled release of drugs, allowing 

for sustained therapeutic effects over extended 

periods. This mechanism reduces the need for 

frequent dosing, which is especially beneficial 

for patients with chronic conditions requiring 

consistent medication levels. 

• Better Management of Chronic 

Conditions: The ability to provide a steady 

release of drugs can significantly improve the 

management of chronic conditions such as 

psoriasis, eczema, and other skin disorders. By 

maintaining therapeutic drug levels, 

nanosponges help mitigate flare-ups and 

improve overall treatment outcomes [23]. 

5.3 Improved Skin Penetration and Permeation 

• Enhanced Drug Absorption Across the Skin 

Barrier: The unique structure of nanosponges 

allows for better penetration through the 

stratum corneum, the outer layer of the skin. 

Their small size and high surface area facilitate 

greater interaction with skin lipids, enhancing 

the permeability of drugs. 

• More Efficient Delivery Than Conventional 

Methods: Nanosponges have demonstrated 

superior efficiency compared to traditional 

topical formulations. Their ability to increase 

skin permeability means that lower doses of 

the drug can achieve the desired therapeutic 

effect, minimizing the overall drug burden on 

the body [24]. 

5.4 Reduction in Side Effects 

• Targeted Delivery Reduces Unwanted 

Systemic Absorption: By ensuring that drugs 

are delivered directly to the site of action, 

nanosponges minimize systemic absorption, 

which can lead to side effects. This targeted 

approach is particularly advantageous for 

potent medications, as it allows for effective 

treatment with a lower risk of systemic 

exposure. 
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• Minimized Irritation from Potent 

Drugs: For drugs such as corticosteroids, 

which can cause skin irritation when used 

topically, nanosponges help mitigate these side 

effects. The controlled release of the drug 

means that high concentrations are not present 

at the skin surface for extended periods, 

reducing the risk of irritation and adverse 

reactions [25]. 

5.5 Patient Compliance and Comfort 

• Non-Greasy Formulations for Better 

Patient Satisfaction: Many patients prefer 

topical formulations that are non-greasy and 

easily absorbed. Nanosponges can be 

engineered to create lightweight, non-oily 

formulations that enhance patient comfort and 

satisfaction. This feature is particularly 

important in cosmetic applications, where user 

experience is critical. 

• Lower Frequency of Application Enhances 

Adherence: The sustained release properties 

of nanosponges mean that patients need to 

apply products less frequently. This 

convenience can lead to improved adherence 

to treatment regimens, especially in patients 

managing chronic skin conditions [26]. The 

advantages of nanosponges in topical drug 

delivery systems highlight their potential to 

revolutionize treatment approaches across 

various dermatological and cosmetic 

applications. By enhancing drug stability, 

enabling controlled release, improving skin 

penetration, reducing side effects, and 

increasing patient compliance, nanosponges 

represent a significant advancement in the 

delivery of therapeutics. As research continues 

to develop this technology, its application is 

expected to grow, offering more effective 

solutions for patients and healthcare providers 

alike. 

6. Challenges and Limitations of Nanosponges in 

Topical Drug Delivery 

Despite their promising advantages, the 

development and application of nanosponges in 

topical drug delivery face several challenges and 

limitations. These obstacles can impact the 

successful implementation of nanosponges in 

clinical and commercial settings. 

6.1 Formulation Challenges 

• Issues with Scaling Up Production and 

Reproducibility: One of the significant 

challenges in the use of nanosponges is the 

scalability of production methods. While 

laboratory-scale synthesis may yield high-

quality nanosponges, translating these 

processes to industrial levels can be 

problematic. Achieving consistent quality and 

performance across large batches remains a 

hurdle. Variability in particle size, surface 

characteristics, and drug encapsulation 

efficiency can affect the therapeutic outcomes, 

leading to reproducibility issues [27]. 

• Stability in Different Topical Bases 

(Creams, Gels): Nanosponges need to be 

compatible with various topical formulations, 

such as creams, gels, and ointments. Their 

stability in these bases can vary, influencing 

drug release kinetics and overall performance. 

Some formulations may lead to aggregation or 

destabilization of the nanosponges, which can 

compromise their efficacy and therapeutic 

potential. Developing nanosponges that 

maintain stability across diverse topical 

formulations is crucial for their successful 

application [28]. 

6.2 Regulatory and Approval Barriers 

• Regulatory Challenges in Approving New 

Nanosponge Formulations: The regulatory 

landscape for nanotechnology is evolving, but 

it remains complex and challenging. 

Regulatory agencies require extensive safety 

and efficacy data for novel drug delivery 

systems, including nanosponges. The lack of 

standardized protocols for testing and 
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evaluating nanosponge formulations can lead 

to delays in approval processes. Manufacturers 

must navigate this landscape carefully to 

ensure compliance with regulatory 

requirements [29]. 

• Ensuring Long-Term Safety and 

Biocompatibility: Long-term safety and 

biocompatibility are critical concerns when 

introducing new nanosponge formulations into 

the market. The potential for adverse reactions 

or toxicological effects must be thoroughly 

investigated. Biocompatibility studies need to 

assess how nanosponges interact with 

biological tissues and whether they pose risks 

over prolonged use. Establishing 

comprehensive safety profiles is essential for 

gaining regulatory approval and ensuring 

patient safety [30]. 

6.3 Cost and Accessibility 

• High Production Costs and Market 

Competition with Traditional 

Products: The production of nanosponges can 

involve sophisticated techniques and 

specialized materials, resulting in high 

manufacturing costs. This financial burden 

may hinder the widespread adoption of 

nanosponge formulations, particularly in 

regions with limited healthcare budgets. 

Furthermore, traditional topical products that 

are less expensive may dominate the market, 

making it challenging for newer nanosponge-

based therapies to gain a foothold [31]. 

• Market Competition with Traditional 

Products: The presence of established topical 

formulations and delivery systems creates a 

competitive landscape for nanosponges. 

Convincing healthcare professionals and 

patients to transition to nanosponge-based 

products requires demonstrating clear 

advantages in efficacy, safety, and patient 

compliance. Developing strong marketing 

strategies and providing substantial evidence 

of the benefits of nanosponges will be essential 

for their successful commercialization [32]. The 

challenges and limitations associated with 

nanosponges in topical drug delivery highlight 

the need for continued research and 

development in this area. Addressing 

formulation challenges, navigating regulatory 

hurdles, and overcoming cost barriers will be 

crucial for realizing the full potential of 

nanosponges. By tackling these issues, 

researchers and manufacturers can pave the 

way for innovative and effective topical 

therapies that leverage the advantages of 

nanosponges, ultimately improving patient 

care and treatment outcomes. 

7. Future Perspectives and Opportunities 

The field of nanosponges in topical drug delivery 

holds significant potential for advancement and 

innovation. The following sections outline key 

future perspectives and opportunities that could 

enhance the therapeutic applications and 

effectiveness of nanosponges. 

Table 3: provide a concise overview of the promising directions for nanosponges research along with the 

associated challenges [27-32].

Research 

Direction 

Potential Innovations Challenges 

Personalized 

Medicine 

- Development of 

customizable 

nanosponges for 

individual patient needs. 

- Biomarker-based 

tailoring of drug delivery 

systems. 

- Complexity in 

patient variability and 

formulation. 

- Extensive clinical 

trials needed for 

validation. 
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Smart 

Nanosponges 

- Stimuli-responsive 

nanosponges that release 

drugs in response to pH, 

temperature, or light. 

- Integration of advanced 

release mechanisms for 

on-demand delivery. 

- Stability of 

formulations under 

varying environmental 

conditions. 

- Regulatory hurdles 

for new technologies. 

Combination 

Therapies 

- Co-delivery of multiple 

drugs using nanosponges 

to enhance therapeutic 

effects. 

- Synergistic effects in the 

treatment of complex skin 

conditions. 

- Compatibility issues 

between different 

drugs in formulations. 

- Stability and efficacy 

of combined 

formulations. 

7.2 Smart Nanosponges 

• Development of Stimuli-Responsive 

Nanosponges (e.g., pH, Temperature): The 

advancement of smart nanosponges that 

respond to specific stimuli presents exciting 

opportunities in drug delivery. These stimuli-

responsive systems can release drugs in 

response to changes in environmental 

conditions, such as pH, temperature, or 

specific enzymes present in the target area. 

This controlled release can enhance the 

precision of drug delivery, ensuring that 

therapeutic agents are released at the right time 

and place, thus improving treatment 

effectiveness. 

• Advanced Drug Release 

Strategies: Implementing advanced drug 

release mechanisms, such as triggered release 

based on external stimuli or specific biological 

signals, can significantly enhance the 

performance of nanosponges. These strategies 

can lead to more effective treatment regimens 

and improved patient outcomes by aligning 

drug release profiles with individual patient 

needs [34]. 

7.3 Combination Therapies with Nanosponges 

• Use in Co-Delivering Multiple Drugs for 

Complex Conditions: Nanosponges can 

facilitate the co-delivery of multiple 

therapeutic agents, allowing for combination 

therapies that target complex conditions 

requiring multifaceted treatment approaches. 

This capability can be particularly beneficial 

for dermatological conditions where multiple 

factors contribute to disease pathology. 

• Synergistic Effects in Topical Therapy: By 

combining drugs with complementary 

mechanisms of action, nanosponges can 

harness synergistic effects that enhance 

therapeutic efficacy. This approach can lead to 

better management of challenging conditions, 

such as inflammatory skin diseases or 

infections, by maximizing the benefits of each 

drug while minimizing potential side effects 
[35]. 

7.4 Advances in Fabrication Techniques 

• Novel Fabrication Methods for Improved 

Performance and Cost-

Efficiency: Continued research into 

innovative fabrication techniques will be 

essential for enhancing the performance of 

nanosponges. Methods such as 3D printing, 

electrospinning, and microfluidics may offer 

avenues for creating nanosponges with tailored 

properties, improving drug encapsulation 

efficiency and release profiles. 

• Potential for Large-Scale Production 

Improvements: As the demand for 

nanosponges grows, the development of 

scalable and cost-effective production 
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processes will become increasingly important. 

Advances in manufacturing technologies can 

facilitate the transition from laboratory-scale 

synthesis to large-scale production, ensuring 

that nanosponges can be widely available for 

clinical and commercial use [36]. The future of 

nanosponges in topical drug delivery is bright, 

with numerous opportunities for innovation 

and development. By focusing on personalized 

medicine, smart drug delivery systems, 

combination therapies, and advances in 

fabrication techniques, researchers and 

manufacturers can expand the therapeutic 

applications of nanosponges. As these 

technologies evolve, they hold the potential to 

significantly improve patient care, enhance 

treatment outcomes, and establish 

nanosponges as a key component in the future 

of topical drug delivery systems. 

8. CONCLUSION 

The application of nanosponges in topical drug 

delivery presents a transformative approach that 

addresses many limitations of conventional 

systems. Their unique properties—such as high 

surface area, porous structure, and ability to 

encapsulate diverse therapeutic agents—enable 

enhanced drug stability, controlled release, and 

improved skin penetration. These characteristics 

make nanosponges particularly beneficial in 

treating a wide range of dermatological conditions, 

including acne, psoriasis, and chronic wounds, 

while also finding utility in cosmetic formulations. 

Current trends in research emphasize the 

integration of smart nanosponges that respond to 

environmental stimuli, paving the way for more 

dynamic and personalized treatment options. The 

exploration of combination therapies utilizing 

nanosponges showcases their potential for 

synergistic effects, which can significantly enhance 

therapeutic outcomes. Additionally, advances in 

fabrication techniques are set to improve the 

scalability and cost-effectiveness of nanosponges, 

facilitating their broader adoption in clinical 

practice. As research continues to evolve, the future 

of nanosponges in dermatology and cosmetics 

looks promising. The ability to tailor treatments to 

individual patient needs, along with the potential 

for innovative drug delivery strategies, positions 

nanosponges as a pivotal technology in the 

advancement of topical therapies. By overcoming 

current challenges and leveraging emerging 

opportunities, nanosponges could substantially 

impact patient care, leading to safer, more effective, 

and patient-centred treatment options in 

dermatology and beyond. 
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