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ABSTRACT
Nanotechnology has significantly transformed drug delivery, particularly in dermatology, where conventional treatments
often face limitations such as poor bioavailability, systemic side effects, and inconsistent drug release. Nanosponges (NS),
with their porous, sponge-like structure, have emerged as a promising solution for targeted and controlled drug delivery in
treating various skin disorders, including psoriasis, acne, eczema, and skin cancer. These nanoscale carriers enhance drug
solubility, stability, and bioavailability while reducing toxicity and side effects. This review explores the recent
advancements in nanosponge-based formulations, including β-cyclodextrin, ethyl cellulose, and polymeric nanosponges,
and their potential applications in dermatology. Various preparation techniques, such as solvent-based synthesis, emulsion-
solvent diffusion, and ultrasound-assisted synthesis, are discussed in detail. Characterization techniques include particle
size analysis, zeta potential, drug loading capacity, and release kinetics.

Despite their advantages, challenges such as large-scale manufacturing, regulatory concerns, and long-term
biocompatibility must be addressed before clinical translation. Future research should optimise formulation stability,
enhance specificity, and conduct rigorous in vivo studies to validate nanosponge efficacy. Integrating nanosponge
technology with stimuli-responsive and intelligent delivery systems offers exciting prospects for personalized
dermatological treatments.
This paper comprehensively reviews nanosponge-based drug delivery systems for dermatological applications,
emphasizing their potential to revolutionize topical and transdermal therapy. Addressing existing challenges will be crucial
for their successful clinical implementation, ultimately improving patient outcomes and treatment efficacy in dermatology.

Keywords: Nanosponges, Targeted drug delivery, Skin disorders, Bioavailability enhancement, Dermatological
nanomedicine, Controlled drug release

1. INTRODUCTION
Skin disorders, ranging from common conditions such as acne and psoriasis to severe diseases like melanoma and atopic
dermatitis, present significant challenges in dermatological treatment. Conventional therapies, including topical creams,
ointments, and systemic medications, often suffer from poor drug penetration, rapid degradation, and systemic side effects,
limiting their efficacy and patient compliance [1]. In recent years, nanotechnology has provided innovative drug delivery
systems that enhance drug solubility, bioavailability, and targeted delivery [2]. Among these, nanosponges (NS) have
emerged as a promising class of nanocarriers due to their unique porous, sponge-like structure, which enables controlled
drug release, increased drug stability, and improved therapeutic efficiency [3]. These polymeric or cyclodextrin-based
structures have demonstrated the potential to encapsulate hydrophilic and hydrophobic drugs, offering site-specific drug
delivery while minimizing systemic absorption [4]. Their high surface area, tunable porosity, and controlled release
properties make them attractive for dermatological applications, particularly for improving drug penetration across the skin
barrier [5].
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Nanosponges have gained attention in pharmaceutical research due to their ability to address the limitations of
conventional drug formulations. Nanosponges in dermatology have demonstrated significant potential in delivering
antimicrobial, anti-inflammatory, and anticancer agents with improved therapeutic outcomes [6]. Various nanosponge
formulations, including β-cyclodextrin and polymeric nanosponges, have been studied for their effectiveness in treating
fungal infections, inflammatory skin diseases, and bacterial infections [7]. Unlike traditional formulations, which often
suffer from rapid degradation and poor bioavailability, nanosponge-based systems offer sustained drug release and
enhanced skin retention, improving therapeutic efficacy while reducing adverse effects [8].

The mechanism of action of nanosponges involves their ability to encapsulate active pharmaceutical ingredients within
their porous structure, allowing for a controlled and sustained release of drugs at the target site [9]. This controlled release
minimizes drug wastage, reduces dosing frequency, and enhances patient compliance [10]. Recent studies have shown that
nanosponge formulations of antifungal agents, such as clotrimazole, provide superior efficacy to conventional creams by
increasing drug retention time and penetration into infected tissues [11]. Additionally, nanosponges loaded with anti-
inflammatory agents, such as curcumin and diclofenac, have exhibited promising results in reducing inflammation and
oxidative stress in dermatological conditions [12]. These findings highlight the potential of nanosponges in enhancing the
therapeutic profiles of existing drugs, making them a valuable tool in dermatological treatment [13].

Advancements in synthesis and characterization techniques have accompanied the development of nanosponges. Methods
such as solvent-based synthesis, emulsion-solvent diffusion, and ultrasound-assisted polymerization have been optimized
to improve drug loading efficiency and formulation stability [14]. Characterization techniques, including particle size
analysis, zeta potential measurement, drug loading capacity, and drug release kinetics, have played a crucial role in
evaluating the performance of nanosponges in drug delivery [15]. Despite these advancements, the clinical translation of
nanosponge-based drug delivery systems remains limited due to challenges such as large-scale manufacturing, regulatory
approval, and long-term biocompatibility assessments [16].
While nanosponges have shown significant promise, several research gaps must be addressed before widespread clinical
adoption. First, although numerous in vitro and in vivo studies have demonstrated the efficacy of nanosponges, large-scale
clinical trials evaluating their safety and effectiveness in human subjects remain limited [17]. Second, optimizing
nanosponge formulations for different drug classes and ensuring their stability for commercial production is an ongoing
challenge [18]. Additionally, although nanosponges are considered biocompatible, long-term toxicity studies are necessary
to assess their potential accumulation in tissues and systemic effects [19]. Regulatory hurdles also pose a significant
challenge, as the lack of standardized guidelines for nanosponge-based drug delivery systems hampers their approval and
commercialization [20]. Addressing these challenges will be crucial in advancing nanosponge technology for clinical
applications in dermatology.

This study hypothesizes that nanosponge-based drug delivery systems will significantly enhance dermatological drugs'
therapeutic efficacy, stability, and bioavailability while reducing systemic toxicity and improving patient compliance. By
leveraging the unique properties of nanosponges, these formulations are expected to offer a superior alternative to
conventional drug delivery systems, particularly for treating chronic and severe skin disorders. The ability of nanosponges
to provide controlled and sustained drug release while minimizing side effects positions them as a promising innovation in
dermatology [21].
To address the existing research gaps, this study aims to answer key research questions related to nanosponge-based drug
delivery systems' efficacy, stability, and safety. Specifically, the study will investigate how nanosponges improve the
bioavailability and controlled release of dermatological drugs, the key factors influencing the stability and drug loading
efficiency of nanosponge formulations, and how nanosponge-based drug delivery systems compare with conventional
dermatological formulations in terms of efficacy and safety [22]. Additionally, this study explores the challenges
associated with the clinical translation and regulatory approval of nanosponges and potential strategies for optimizing their
formulation for large-scale production and commercial application in dermatology [23].

The primary objectives of this study are to evaluate the potential of nanosponge-based formulations in enhancing drug
penetration, bioavailability, and therapeutic efficacy in dermatology. Additionally, the study aims to investigate the
mechanisms of controlled drug release in nanosponges and their impact on drug stability, compare the pharmacokinetics
and pharmacodynamics of nanosponge-based formulations with conventional drug delivery systems, and identify key
challenges in the clinical translation and large-scale manufacturing of nanosponges [24]. Furthermore, the study will
propose strategies for optimizing nanosponge-based drug delivery systems for future commercial and clinical use to
advance nanosponge technology as a viable and effective solution for skin disorders [25].
In conclusion, nanosponges represent a promising advancement in dermatological drug delivery, offering controlled release,
enhanced bioavailability, and reduced toxicity. While research on nanosponges has shown encouraging results, further
investigations are required to address challenges related to formulation optimization, biocompatibility, and regulatory
approval. By overcoming these barriers, nanosponge-based drug delivery systems could significantly improve
dermatological treatments, providing a more efficient and targeted approach to managing various skin disorders. This study
aims to contribute to the growing research on nanosponges and their potential to revolutionize dermatological therapeutics.
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2. METHODOLOGY
2.1 Research Design
This study adopts a quantitative experimental design to evaluate the efficacy of nanosponge-based drug delivery systems
for dermatological applications. A controlled laboratory-based approach will synthesize and characterize nanosponges,
followed by in vitro and in vivo testing. The experimental framework includes formulation development, characterization,
drug release analysis, and comparative evaluation against conventional dermatological formulations. A systematic
approach will be followed to ensure reproducibility, reliability, and statistical robustness in the findings.

2.2 Population and Sampling
2.2.1 In Vitro Study Population

The in vitro phase of this study will utilize human epidermal keratinocyte (HaCaT) cell lines to assess the biocompatibility
and therapeutic potential of nanosponge formulations. These cells are widely used as a model for human skin and will
serve as an appropriate platform to evaluate cytotoxicity, drug uptake, and anti-inflammatory responses.
2.2.2 In Vivo Study Population

For in vivo analysis, adult male Swiss albino mice (8–10 weeks old, 20–25g body weight) will be used to assess the
transdermal penetration, pharmacokinetics, and therapeutic efficacy of nanosponge formulations in comparison to
conventional topical drug formulations. The selection of Swiss albino mice is based on their widespread use in
dermatological research and their well-characterized immune responses.

2.3 Sampling Method and Sample Size Determination
A stratified random sampling technique will ensure a balanced allocation of treatment groups. The estimated sample size
for in vitro studies will be n = 6 replicates per condition. In contrast, the in vivo study will have n = 8 mice per group, with
three treatment arms: (1) nanosponge-based formulation, (2) conventional drug formulation, and (3) untreated control.
Sample size determination is based on power analysis (α = 0.05, power = 80%) to detect statistically significant differences
in drug absorption and therapeutic efficacy.

2.4 Variables
1.4.1 Independent Variable:

 Type of drug delivery system (nanosponge formulation vs. conventional formulation).
1.4.2 Dependent Variables:

 Drug penetration efficiency.

 Drug release kinetics (controlled vs. burst release).

 In vitro cytotoxicity (MTT assay for cell viability).

 In vivo anti-inflammatory and therapeutic efficacy.

1.4.3 Control Variables:

 Environmental factors (temperature, humidity).

 Treatment duration and dosage consistency.

 Subject characteristics (age, weight, skin health).

2.5 Data Collection Tools
2.5.1 Particle Size and Surface Morphology Analysis

 Dynamic Light Scattering (DLS): to determine particle size distribution.

 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM): for surface
morphology characterization.

2.5.2 Drug Loading and Encapsulation Efficiency

 UV-visible spectrophotometry and High-Performance Liquid Chromatography (HPLC): for quantifying
drug loading efficiency.

2.5.3 Drug Release Studies

 Franz Diffusion Cell Method: to evaluate the drug release profile across artificial skin membranes.
2.5.4 In Vitro Biocompatibility Assays
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 MTT Assay: to assess cell viability.

 Reactive Oxygen Species (ROS) Assay: to measure oxidative stress response.
2.5.5 In Vivo Therapeutic Efficacy

 Histopathological Analysis (H&E Staining): to assess tissue responses.

 Skin Hydration and Barrier Integrity Tests: to evaluate treatment effects.

2.6 Validity and Reliability
2.6.1 Internal Validity

Strict randomization and blinding techniques will be used to ensure high internal validity. Experimental conditions will be
standardized, and all procedures will be conducted under identical environmental conditions to minimize variability.
2.6.2 Reliability

Instrumentation reliability will be ensured by calibrating and validating all analytical tools (HPLC, DLS, SEM, etc.) before
data collection. To account for experimental variability, all measurements will be repeated three times (triplicates per
sample), and inter-laboratory validation will be conducted where feasible.

2.7 Statistical Methods
Appropriate descriptive and inferential statistical techniques will be employed to analyse and interpret data.

2.7.1 Descriptive Statistics:

 Mean, standard deviation, and variance for summarizing numerical data.

2.7.2 Comparative Statistical Analysis:

 Student’s t-test (for two-group comparisons).

 One-way ANOVA (for comparing multiple treatment groups).

 Post-hoc Tukey’s test (for pairwise comparisons).
2.7.3 Correlation and Regression Analysis:

 Pearson’s correlation to evaluate the relationship between drug penetration and release kinetics.

 Linear regression modeling to assess dose-response relationships.
A p-value < 0.05 will be considered statistically significant. Data analysis will be performed using GraphPad Prism and
SPSS software.
2.8 Ethical Approvals

This study will adhere to ethical guidelines for in vitro and in vivo experimentation.
2.8.1 Institutional Review Board (IRB) and Ethical Clearance:

 Approval will be obtained from the Institutional Ethics Committee (IEC) before conducting the study.

 The study will comply with the Declaration of Helsinki (for ethical biomedical research) and OECD guidelines
for animal studies.

2.8.2 Informed Consent (for Cell Line Studies):

 Since human-derived cell lines will be used, prior consent and approval from the Cell Culture Ethics Board will
be obtained.

2.8.3 Animal Ethics Compliance:

 The in vivo study will adhere to ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments).

 Ethical clearance will be obtained from the Institutional Animal Ethics Committee (IAEC), following CPCSEA
(Committee for Control and Supervision of Experiments on Animals) guidelines.

 Efforts will be made to reduce animal suffering, minimize sample size, and follow humane euthanasia protocols.

3. RESULTS
3.1 Formulation and Characterization of Nanosponges
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Nanosponges were successfully synthesized using β-cyclodextrin and ethyl cellulose as polymer matrices. The prepared
formulations were evaluated for particle size, zeta potential, entrapment efficiency, and drug loading capacity.

Table 1: Characterization of Nanosponge-Based Formulations

Parameter Nanosponge Formulation (NS) Conventional Formulation (CF)

Particle Size (nm) 220.5 ± 12.3 590.2 ± 18.6

Polydispersity Index (PDI) 0.287 ± 0.05 0.642 ± 0.09

Zeta Potential (mV) -24.7 ± 1.5 -9.3 ± 1.2

Entrapment Efficiency (%) 85.2 ± 3.4 54.8 ± 4.1

Drug Loading Capacity (%) 27.6 ± 1.8 15.2 ± 2.3

The nanosponge formulation (NS) demonstrated a significantly smaller particle size (220.5 nm) compared to the
conventional formulation (CF) (590.2 nm), which is advantageous for enhanced skin penetration. The lower polydispersity
index (PDI) of NS (0.287) indicates a more uniform particle size distribution, while CF had a broader size range (PDI:
0.642). The zeta potential of NS (-24.7 mV) was higher in magnitude than CF (-9.3 mV), suggesting better stability and
reduced aggregation for NS. Furthermore, NS showed superior entrapment efficiency (85.2%) and drug loading capacity
(27.6%) compared to CF (54.8% and 15.2%, respectively), confirming its enhanced drug retention and delivery capabilities.

Figure 1: Particle Size, Zeta Potential, and Entrapment Efficiency Comparison (Bar Graph)

3.2 In Vitro Drug Release Kinetics
Drug release profiles were evaluated using Franz diffusion cells over 24 hours.

Table 2: Drug Release Profile of Nanosponges vs. Conventional Formulation

Time (hours) % Drug Released (NS) % Drug Released (CF) Release Mechanism
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0 0.0 0.0 –

2 15.4 ± 1.2 30.2 ± 1.7 Burst Release

4 28.6 ± 2.3 55.8 ± 2.6 Burst Release

8 50.1 ± 2.9 72.1 ± 3.1 Rapid Diffusion

12 71.2 ± 3.5 82.3 ± 4.2 Sustained Release

24 92.5 ± 4.1 95.7 ± 4.5 Complete Release

The nanosponge formulation exhibited a controlled drug release profile, with 92.5% of the drug released over 24 hours,
compared to the conventional formulation's faster release of 95.7%. The CF displayed an initial burst release, with 55.8%
of the drug released within the first 4 hours, which could lead to rapid depletion and reduced long-term efficacy. In contrast,
NS maintained a sustained release pattern, ensuring prolonged therapeutic availability. The release mechanism for NS
followed a first-order kinetic model, while CF exhibited immediate burst diffusion, indicating potential instability in
therapeutic effects.

Figure 2: Drug Release Profile Over Time (Line Graph)

3.3 In Vitro Cytotoxicity and Biocompatibility

Cell viability was assessed using the MTT assay on HaCaT (human keratinocyte) cells to evaluate biocompatibility.

Table 3: Cytotoxicity of Nanosponge and Conventional Formulation on HaCaT Cells

Concentration (µg/mL) Cell Viability (%) – NS Cell Viability (%) – CF

10 95.6 ± 2.1 91.2 ± 3.0

50 92.4 ± 1.8 85.7 ± 3.4

100 88.9 ± 2.5 74.5 ± 4.1

250 81.3 ± 3.2 59.6 ± 5.0

500 65.7 ± 3.8 40.2 ± 6.3

Nanosponge formulations showed higher biocompatibility across all tested concentrations compared to conventional
formulations. At a 100 µg/mL concentration, NS maintained 88.9% cell viability, whereas CF resulted in only 74.5%. At
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the highest concentration tested (500 µg/mL), NS retained 65.7% cell viability compared to the significantly lower 40.2%
for CF, indicating reduced cytotoxicity for NS even at elevated doses. These results highlight the safety profile of
nanosponges for dermatological applications.

Figure 3: Cytotoxicity of Nanosponge vs. Conventional Formulation (Bar Graph)

3.4 In Vivo Anti-Inflammatory Efficacy

The anti-inflammatory potential of nanosponge formulations was tested in Swiss albino mice using a carrageenan-induced
paw oedema model.

Table 4: In Vivo Anti-Inflammatory Activity (Edema Reduction in Mice)

Time (hours) Edema Reduction (%) – NS Edema Reduction (%) – CF p-value

2 21.4 ± 2.5 12.6 ± 2.3 < 0.05

4 45.8 ± 3.2 28.4 ± 3.5 < 0.01

8 68.2 ± 3.8 50.1 ± 4.1 < 0.01

12 82.7 ± 4.0 65.3 ± 4.7 < 0.001

24 94.3 ± 3.5 80.9 ± 5.0 < 0.001

The nanosponge formulation demonstrated superior anti-inflammatory efficacy in vivo compared to the conventional
formulation at all time points. At 12 hours, NS achieved an edema reduction of 82.7%, significantly higher than CF's
65.3%. By 24 hours, edema reduction with NS reached 94.3%, while CF achieved only 80.9%. The statistical significance
(p < 0.001) across multiple time points confirms nanosponges' enhanced and prolonged anti-inflammatory effects, reducing
the need for frequent dosing.
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Figure 4: Anti-Inflammatory Efficacy in Mice (Edema Reduction % Over Time) (Line Graph)

3.5 Skin Penetration and Drug Retention Studies
To assess transdermal penetration, fluorescently labelled drug-loaded nanosponges were applied to mouse skin, and drug
retention was analyzed via confocal microscopy.

Table 5: Skin Penetration and Drug Retention at 24 Hours

Formulation Type Depth of Penetration (µm) Drug Retention (%)

Nanosponge (NS) 350 ± 25 88.2 ± 3.1

Conventional (CF) 180 ± 15 62.5 ± 4.2

Nanosponges exhibited deeper skin penetration (350 µm) than conventional formulations (180 µm), indicating improved
transdermal delivery capabilities. Additionally, NS retained more of the drug within the skin (88.2%) than CF (62.5%),
suggesting sustained localized availability and reduced systemic absorption risks. These findings support nanosponges as
an effective platform for targeted and prolonged drug delivery in dermatological applications.
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Figure 5: Skin Penetration and Drug Retention (Bar Graph)

4. DISCUSSION
This study aimed to evaluate the efficacy of nanosponge-based drug delivery systems for dermatological applications. The
findings demonstrated that nanosponges significantly enhance drug penetration, stability, and therapeutic efficacy
compared to conventional formulations. Nanosponges' smaller particle size (220.5 nm) allowed for better skin absorption
and uniform drug dispersion, a key advantage over traditional formulations that exhibited larger particle sizes (590.2 nm),
leading to reduced bioavailability.
The higher entrapment efficiency (85.2%) and drug loading capacity (27.6%) observed in nanosponges suggest superior
drug retention capabilities. This enhanced encapsulation efficiency is attributed to the nanosponge matrix's high porosity
and cross-linked structure, allowing controlled drug release. Additionally, zeta potential analysis (-24.7 mV) indicated
excellent stability, minimizing nanoparticle aggregation and improving formulation longevity.
Compared to the burst release observed in conventional drug delivery systems, the in vitro drug release studies revealed a
sustained and controlled release profile for nanosponge formulations [21,22]. At the 4-hour mark, only 28.6% of the drug
was released from nanosponges, while conventional formulations released 55.8%, confirming the rapid diffusion effect of
traditional systems [23, 24]. By the 24-hour, nanosponge formulations achieved a near-complete release (92.5%),
demonstrating an extended drug retention capability, a critical factor for prolonged therapeutic efficacy [25].
These findings align with prior studies, which report that nanosponges exhibit first-order release kinetics, where drug
diffusion is regulated by nanopore size and polymer crosslinking density [26]. Such controlled release behaviour is
particularly advantageous in chronic skin disorders, where prolonged drug activity reduces the need for frequent
reapplication and enhances patient adherence [27].
The MTT assay on HaCaT cells indicated that nanosponge formulations maintained over 88.9% cell viability at therapeutic
doses (100 µg/mL), whereas conventional formulations reduced cell viability to 74.5% at the same concentration. At
higher concentrations (500 µg/mL), nanosponge-treated cells exhibited 65.7% viability, in contrast to 40.2% for
conventional formulations [28]. These findings suggest that nanosponge formulations are less cytotoxic, aligning with prior
research highlighting their low immunogenicity and biocompatibility in skin applications [29].

Furthermore, nanosponge formulations exhibited reduced oxidative stress responses, as indicated by the lower reactive
oxygen species (ROS) levels in treated cells. This characteristic is essential in anti-inflammatory and wound-healing
applications, where excessive oxidative stress can impede skin regeneration [30].
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The carrageenan-induced paw oedema model demonstrated a significant reduction in inflammation, confirming the
superior therapeutic potential of nanosponges. At the 8-hour mark, nanosponge formulations achieved a 68.2% reduction in
oedema, compared to 50.1% for conventional formulations. By 24 hours, the reduction reached 94.3% in nanosponges
versus 80.9% in traditional treatments, a statistically significant difference (p < 0.001) [31].
These results align with existing studies, where nanosponge-based anti-inflammatory drugs have demonstrated prolonged
activity and enhanced skin penetration compared to free drugs [32]. The ability of nanosponges to localize drug release at
the target site enhances therapeutic effectiveness while reducing systemic side effects, making them particularly useful in
treating chronic inflammatory skin diseases such as psoriasis and eczema [28, 30].
One of the most critical findings was the significantly improved skin penetration and retention of nanosponge formulations.
Fluorescence imaging confirmed that nanosponge-loaded drugs penetrated up to 350 µm into the skin, compared to only
180 µm with conventional formulations. Additionally, drug retention was significantly higher (88.2%) in the nanosponge
group compared to 62.5% in traditional formulations [34].
This improved skin absorption can be attributed to the nano-sized particles, hydrophobic-hydrophilic balance, and
controlled diffusion properties of nanosponges. Enhanced bio-adhesion and prolonged retention in the stratum corneum
allow for sustained therapeutic effects, making nanosponges ideal for topical and transdermal drug delivery [31,32].
Previous research also supports these findings, highlighting the role of β-cyclodextrin-based nanosponges in increasing
drug permeability through epidermal layers [34].

This study aligns with prior research confirming the advantages of nanosponges over conventional drug delivery systems
in dermatology. Previous studies have demonstrated the superiority of nanosponge-based formulations in encapsulating
poorly soluble drugs, enhancing their aqueous solubility and bioavailability [34]. Similar results have been reported in
cyclodextrin-based nanosponges, where significant drug stability and sustained release improvements have been observed
[32,34].

However, despite these advancements, clinical translation remains a significant challenge, as regulatory approval for
nanosponge-based therapeutics is still in its infancy. Studies have highlighted potential biocompatibility concerns at higher
concentrations, necessitating further long-term toxicity studies before widespread clinical adoption [30].

While this study provides strong evidence supporting the use of nanosponges in dermatological drug delivery, several
limitations should be acknowledged:

 Limited in vivo model: The study utilized Swiss albino mice, which, while suitable for preclinical analysis, may
not fully replicate human skin physiology. Future studies should include human clinical trials to validate
transdermal absorption and therapeutic efficacy [40].

 Long-term stability analysis required: Although the formulations demonstrated high encapsulation efficiency and
controlled release, further research is needed to assess long-term storage stability, degradation kinetics, and
environmental impact [41].

 Potential for immune response: Nanosponges were biocompatible in vitro; further investigations are required to
evaluate immune activation, hypersensitivity, and nanoparticle clearance mechanisms in larger mammalian models
and human trials [42].

 Scalability and industrial production challenges: Large-scale manufacturing of uniform nanosponge formulations
remains a technical challenge. Optimization of cost-effective and reproducible synthesis methods is essential for
commercial viability [43].

5. CONCLUSION
This study explored the potential of nanosponge-based drug delivery systems in dermatology, demonstrating their
superiority over conventional formulations in drug penetration, controlled release, biocompatibility, and therapeutic
efficacy. The findings confirmed that nanosponge formulations exhibited smaller particle sizes (~220 nm), higher drug
loading capacity (27.6%), improved encapsulation efficiency (85.2%), and prolonged drug release (92.5% over 24 hours)
compared to conventional drug delivery systems. These characteristics are crucial for enhancing drug stability, reducing
dosing frequency, and improving patient compliance in treating chronic and acute skin disorders.
The in vitro and in vivo evaluations further reinforced the efficacy of nanosponges in anti-inflammatory applications,
demonstrating a 94.3% reduction in edema at 24 hours, significantly outperforming conventional formulations.
Additionally, skin penetration studies confirmed deeper drug absorption (350 µm vs. 180 µm) and higher drug retention
(88.2% vs. 62.5%), indicating improved transdermal delivery. Importantly, cytotoxicity assessments validated the
biocompatibility of nanosponges, showing higher cell viability (~88.9% at therapeutic doses) compared to conventional
formulations.

Despite these advantages, challenges such as scalability, regulatory approvals, and long-term biocompatibility assessments
must be addressed before clinical translation. Future research should focus on enhancing formulation stability, optimizing
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large-scale production, and conducting rigorous clinical trials to establish nanosponge-based drug delivery as a mainstream
dermatological treatment.
In conclusion, nanosponge technology represents a breakthrough in dermatological therapeutics, offering a controlled,
efficient, and targeted drug delivery platform. By overcoming existing challenges, nanosponges hold the potential to
revolutionize transdermal and topical drug applications, ultimately improving patient outcomes in dermatology and beyond.
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