


[bookmark: _Hlk195003779]Development and Assessment of Polymeric Film Forming Solution of Ciclopirox olamine for Topical Fungal Infections

ABSTRACT 
	[bookmark: _Hlk195341887]Aim: Formulation and assessment of polymeric film forming solution (PFFS) loaded with Ciclopirox olamine (CPO) for managing topical fungal infections.
Methods: PFFS was prepared using common solvent method with a range of polymers, such as Eudragit RL 100, Eudragit RS 100, PVP K30, PVP K90, HPC, HPMC K15, HPMC K4M, and PEG 400 in ethanol. The formulated PFFS was evaluated for Physicochemical properties, in vitro drug release, ex vivo permeation studies, stability studies, and antifungal assay. 
Results: The formulations have exhibited drying time of less than one minute. Most of them demonstrated uniform film formation, with an acceptable viscosity and pH within permissible limits, and with minimal outward stickiness. FT-IR (Fourier Transform Infrared Spectroscopy) and DSC (Differential Scanning Calorimetry) confirmed the absence of drug interaction. PFFS TR2 with CPO, Eudragit RL 100, and PEG 400 showed in vitro drug release of 82.27±0.05% over 12 hours with controlled release kinetics. Ex vivo studies revealed a cumulative permeation of 1341.04 µg/cm² over 24 hours with a flux of 68.31 µg/cm²/hr, characterized by anomalous diffusion (non-Fickian transport), Moreover, the TR2 formulation achieved significant antifungal efficacy, with a zone of inhibition measuring 20±0.9 mm. Complementary characterization via FT-IR (Fourier Transform Infrared Spectroscopy) and DSC (Differential Scanning Calorimetry) confirmed the absence of drug-excipient interactions.
Conclusion: The above study concludes that PFFS using Eudragit RL 100, Menthol: camphor, and PEG 400 showed enhanced antifungal activity and controlled release, suggesting it as a promising method for topical fungal treatment.
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1. INTRODUCTION
[bookmark: _Hlk193273251]Fungal infection happens often in many different situations in nature. People get these infections when a harmful fungus enters their body in numbers that the immune system cannot fight back 1. Fungal infections traditionally have been separated into two different types: systemic and surface-level their sub-types examples are Tinea pedis (caused by Trichophyton (T.) rubrum, T. interdigitale and Epidermophyton) Tinea cruris (caused by floccosum), Tinea corporis (caused by Microsporum canis) and cutaneous candidiasis(moniliasis) (caused by Candida albicans)2. Accordingly, the major antifungal medications are categorized into systemic and topical drugs: polyene antifungals, azole antifungals, allylamine antifungals, echinocandin antifungals, and others3.
Approximately twenty to twenty-five per cent of the universal population have superficial infections caused by fungal species, which interfere with daily activities, reduce quality of life, and increase medical costs. In clinical sceneries, surface-level fungal skin disorders are the most prevalent infectious disease affecting people 4. Surface-level fungal skin disorders can be treated with the antifungal agents such as Ciclopirox olamine (CPO), which is a BCS class II (low solubility, and high permeability), and it has a broad-spectrum antifungal agent with antibacterial and anti-inflammatory properties 5. CPO demonstrates by chelating polyvalent and trivalent cations such as Fe3+ and Al3+, these cations inhibit enzymes like cytochromes, which tend to disrupt cellular activities such as transference of mitochondrial electrons and energy metabolism. It validates fungistatic or fungicidal activity in contradiction of dermatophytes, yeasts, dimorphic fungi, eumycetes, and actinomycetes, while also being effective against Gram-positive and Gram-negative bacteria 2. Its anti-inflammatory action involves suppressing prostaglandin, leukotriene, 5-lipoxygenase, and cyclooxygenase synthesis in polymorphonuclear cells6. CPO exhibits a short half-life of 3.8hr as it is extensively metabolized in the liver through glucuronidations, which is further facilitated by the enzymes UDP-glucuronosyltransferase 1A1 (UGT1A1) and UGT1A9. In addition, oral CPO often causes GI irritation, Ulceration, and gastritis 7.  Thus, it is essential to investigate the creation of a different drug delivery system that can avoid first-pass metabolism to improve bioavailability, which could ultimately lower the frequency of dosing and associated gastrointestinal side effects 8. In this regard, transdermal drug delivery systems (TDDS) are recognized for providing a non-invasive method for the systemic administration of medications. Still, conventional transdermal patches possess specific disadvantages such as skin discomfort arising from their airtight design, which can obstruct sweat glands and disrupt regular skin activity. Ointments, creams, and gels, swiftly removed by clothing 9.
Conversely, PFFS provides a new and uncomplicated method for treatment that addresses the weaknesses of traditional transdermal patches. Typically, PFFS embraces the medication and the film, creating polymers mixed in an appropriate disappearing liquid, leading to continued release of medicament 10. When PFFS is applied to the skin, the liquid disappears, leaving a drug-loaded thin film on the skin’s surface. It gives many benefits when compared to regular patches, such as higher dosing consistency, lower chance of irritation, and less medicament wastage. Hence, it transforms to form drug-loaded films, which improve transdermal drug penetration, bioavailability, and remain in the same state throughout the product life-cycle 11. Thus, bearing in mind limitations linked with CPO, this study was conducted due to the lack of comprehensive research on the development and evaluation of PFFS of CPO, which has been reported till date, to the best of our knowledge.
2. MATERIAL AND METHODS
2.1 Materials
Ciclopirox olamine procured from Micro Labs, Eudragit RL 100 and Eudragit RS 100 from Evonik, PVP K30 from CDH Laboratories, and PVP K90 from Loba Chemie Pvt Ltd. Additionally, Hydroxy Propyl Cellulose and Hydroxy Propyl Methyl Cellulose (K4M and K15M) were sourced from Loba Chemie Pvt Ltd. Ethanol was obtained from Jiangsu Huaxi International Trade Co. Ltd, while Oleic Acid was acquired from Nice Chemicals. Menthol and Camphor were supplied by SD Fine Chem Limited, and PEG 400 was procured from Spectrochem Pvt. Ltd.
2.2 Methods
2.2.1 Partition coefficient
Partition coefficient of CPO was determined in 7.4 pH of phosphate buffer (PB) and n-octanol system 12. Following the sonication of 5 mL of PB with CPO (10mg) to achieve a transparent solution, an identical amount of n-octanol was introduced, and the blend was agitated periodically for 24h. After centrifuging at 3000 rpm for 10 minutes, the concentration of CPO in the aqueous phase was analysed at 222 nm using a UV spectrophotometer (UV 1900-i, Shimadzu Corporation), and the partition coefficient was determined using the corresponding formula13.

2.2.2 Preparation of polymeric film forming solution
[bookmark: _Hlk195204963]PFFSs were developed by using the common solvent method. The polymer was sonicated in ethanol for 30 mins 14. To the obtained clear solution, with continuous mixing on a magnetic stirrer, CPO and plasticizer were added 15. Further, the permeation enhancer was added and kept stirring for 30 mins 16. The resulting formulations, whose compositions are outlined in Table 1, were then placed in glass vials for further analysis17. 
Table 1: Components of formulated PFFS (%w/v) of Ciclopirox olamine
	Formulation code
	TR1
	TR2
	TR3
	TR4
	TR5
	TR6
	TR7
	TR8
	TR9
	TR10
	TR11
	TR12
	TR13
	TR14

	CPO
	1

	Eudragit RL 100
	5
	10
	15
	
	
	
	
	
	5
	
	
	
	10
	10

	Eudragit RS 100
	
	
	
	5
	10
	15
	
	
	10
	
	
	
	
	

	PVP K30
	
	
	
	
	
	
	10
	
	
	
	
	
	
	

	PVP K90
	
	
	
	
	
	
	
	10
	
	
	
	
	
	

	HPC
	
	
	
	
	
	
	
	
	
	10
	
	
	
	

	HPMC K4M
	
	
	
	
	
	
	
	
	
	
	5
	
	
	

	HPMC K15
	
	
	
	
	
	
	
	
	
	
	
	5
	
	

	Oleic acid
	
	
	
	
	
	
	
	
	
	
	
	
	5
	

	Menthol: Camphor
	1:1

	PEG 400 (%)*
	0.5

	Ethanol (%)*
	q.s.


* Indicates the percentage in terms of the polymer's wet weight.
2.2.3 Evaluation of the PFFS
The PFFS were assessed for the physicochemical characteristics, which are discussed below18.
2.2.4 [bookmark: _Hlk193450727]pH of the solution
The pH of the formulation was measured using a digital pH meter calibrated with pH 4, 7, and 9 buffer solutions. The meter rod was immersed in the sample, and the pH was recorded directly19.
2.2.5 [bookmark: _Hlk193450738]Viscosity of the solution
The viscosity of each formulation was measured using a Brookfield Viscometer with spindle no.18, ensuring the spindle was immersed without touching the base. Three trials were recorded to determine the torque and cps 20.
2.2.6 [bookmark: _Hlk193450747]Drying time
The formulations were poured onto the center of a glass slide using a pipette. After a certain period, a second glass slide was placed onto the first glass slide to form a sandwich. Start the timer, after some time slide the two glass slides in opposite direction if they slide easily, and film transferred to the top slide is the end point and stop the timer 21.
2.2.7 [bookmark: _Hlk193450754]Film stickiness
The solution was applied to a glass slide, cotton wool was gently rubbed over the dried film. Films were classified as high, medium, or low according to the quantity of the cotton fiber adhering to the film 22.
2.2.8 [bookmark: _Hlk193450769]Drug content
In the formulation TR2, 1 mL of the CPO PFFS was mixed with 10 mL of pH 7.4 phosphate buffer and stirred for three hours to assess the CPO content. The resulting mixture was then filtered and analyzed using a UV spectrophotometer at 222 nm, utilizing pH 7.4 phosphate buffer as the reference. The percentage of drug content was calculated using the relevant formula 23. 

2.2.9 [bookmark: _Hlk193450783]FTIR
FTIR is extensively used to investigate drug-excipient interactions. FTIR spectra were recorded using a Jasco 460 Plus FTIR spectrophotometer. Infrared-grade potassium bromide was triturated with all the samples, and set in a sample holder of diffuse reflectance and scanned under a 400 to 4000cm-1 range 24. 
2.2.10 [bookmark: _Hlk193450791]DSC
Ciclopirox olamine, eudragit RL 100, and their mixture were evaluated for the DSC analysis using a DSC 60 SHIMADZU analyzer to know the drug-excipient interactions. The sealed aluminum pans containing samples were heated from ambient temperature to 700°C at a controlled rate of 10°C per minute, which generates thermograms for analysis 25. 
2.2.11 [bookmark: _Hlk193450799]In vitro drug release
In vitro diffusion studies were conducted using vertical Franz diffusion cells; the barrier used here is dialysis membrane with a molecular weight cut-off of 12,000. This membrane was placed between the donor and receiver compartments and tightly held in place with a stainless-steel clamp. A small magnetic bead was utilized within the receiver compartment to stir the PBS (pH of 7.4) throughout the experiment's duration. At a predetermined interval, from the receptor compartment, samples of 1ml were replaced with fresh buffer. By using a UV spectrophotometer, trials were analysed 26. It was conducted in triplicate (n=3) for repeatability.
2.2.12 [bookmark: _Hlk193450808]Drug release kinetics
To assess how the drug is released over time, the in vitro drug release information was examined with various models of kinetics: Zero-order kinetics, First-order kinetics, Higuchi kinetics, Korsmeyer Peppas model, and Hixon-Crowell 27.
2.2.13 Ex vivo permeation studies
Ex vivo permeability trials were conducted by using snake-shed skin as a barrier membrane. Add 0.5 ml of PFFS onto to barrier membrane, which is placed inside the donor chamber, the film was formed. A release experiment was carried out for 24 hours; 1 ml of the sample was withdrawn and replaced with PBS (pH 7.4) at predetermined time intervals28. For reproducibility, it was carried out in triplicate (n=3).
2.2.14 [bookmark: _Hlk193450816]Antifungal assay
The antifungal assay was carried out by growing Candida albicans ATCC90028 in a potato dextrose broth for three days at 30°C under constant mixing (150 rpm) 29. A Petri dish was sterilized, and Potato Dextrose Agar (PDA) media, which had been previously inoculated with a fungal pathogen, was poured and allowed to solidify. Wells (4mm) were created using a sterile cork borer and filled with 100μL of each sample. To allow proper diffusion, the plates were refrigerated at 4°C for 30 minutes, then incubated at 30°C for 2-3 days. The zone of inhibition was then measured in millimeters 30.
2.2.15 [bookmark: _Hlk193450826]Short-term stability studies
Short-term stability was assessed over one month at room temperature. This testing evaluated how formulation quality varied over time under different environmental conditions, including pH, viscosity, film appearance, and drug content percentage 31.
3. RESULTS AND DISCUSSION
Conventional transdermal patches exhibit low absorption, as a significant portion of the drug remains unabsorbed, either on the skin's surface or within the dosage form 32. Additionally, applying, retaining, and removing these patches can be challenging. PFFS offers several advantages over conventional formulations, including ease of application over a large surface area, reduced product loss, and significant enhancement of the total absorption to about 50 to 60 percent after overcoming the challenges of dissolving it. Molecular weight and lipophilicity are key factors in skin permeation 33. Compounds with intermediate polarity (log P 1–3) effectively penetrate the epidermis. Drug CPO, having a molecular weight of 268.35g/mol with moderate lipophilicity, makes PFFS an ideal platform for delivering the dose34.

3.1 Partition Coefficient
The partition coefficient of CPO in the n-octanol/PB system was determined to be 1.089 ± 0.89, indicating its distribution between the aqueous and lipid phases (moderate lipophilicity). This balance between hydrophilicity and lipophilicity indicates effective permeation of the biological membrane, making it suitable for transdermal delivery 8. 
3.2 Evaluation of PFFS
[bookmark: _Hlk195049177]By using the common solvent method, 14 formulations were developed with seven different polymers with their varying concentrations, along with the 1:1 ratio of menthol and camphor in ethanol. The physicochemical evaluation was performed to identify PFFS formulations with the most favorable characteristics. Table 2 presents the physicochemical properties of the tested formulations 35, It was observed that formulations have shown a drying time of less than 1 minute, which varied based on polymer concentration; as concentration increases, the drying time increases. The formulations TR3, TR5, TR6, TR7, TR9, & TR10 have shown a higher viscosity and formulations TR1, TR2, TR4, TR8, TR13, & TR14 have shown a lower viscosity (table 2), these viscosity changes are due to the polymeric concentrations and grade used for the formulation 36. The solution with low viscosity is ideal for the PFFS, which were observed in formulations TR1, TR2, TR4, TR7, TR13, & TR14. The pH of the formulations TR1-TR14 ranged between 5.5-6 (Table 2), the ideal pH range for the transdermal solutions is between 4.5-6. Therefore, formulations TR1-TR14 were in the permissible limits 37. From Table 2, it was observed that formulations TR1, TR2, TR3, TR4, TR5, TR6, TR7, TR12, TR13, and TR14 have shown low-level outward stickiness, which was within a permissible limit 38. Formulations TR1, TR2, TR4, TR5, TR7, TR13, and TR14 have shown the required physicochemical characteristics and therefore have been selected for drug content estimation, followed by in vitro studies.
[bookmark: _Hlk194997758]Table 2: Physicochemical evaluation of prepared PFFS
	Formulation Code
	PFFS
	Polymeric film
	Inference

	
	
pH observed
(±SD)
	Viscosity (Cps)
	Drying time
	Outward stickiness
	Film formation
	

	TR1
	5.71±0.01
	39.45
	<1min
	Low
	Uniform
	Pass

	TR2
	5.84±0.01
	40.26
	<1min
	Low
	Uniform
	Pass

	TR3
	5.54±0.01
	45.36
	≥1min
	Low
	Uniform
	Fail

	TR4
	5.89±0.01
	36.23
	<1min
	Low
	Uniform
	Pass

	TR5
	5.78±0.01
	41.26
	<1min
	Low
	Uniform
	Pass

	TR6
	5.94±0.02
	43.54
	≥1min
	Low
	Uniform
	Fail

	TR7
	5.68±0.01
	36.21
	<1min
	Low
	Uniform
	Pass

	TR8
	5.63±0.01
	41.32
	>1min
	High
	Incomplete
	Fail

	TR9
	5.94±0.02
	69.89
	>1min
	Medium
	Uniform
	Fail

	TR10
	5.96±0.01
	54.56
	>1min
	High
	Incomplete
	Fail

	TR11
	6±0.01
	51.23
	>1min
	High
	Incomplete
	Fail

	TR12
	5.45±0.01
	46.32
	<1min
	Low
	Incomplete
	Fail

	TR13
	5.69±0.01
	38.65
	<1min
	Low
	Uniform
	Pass

	TR14
	5.88±0.01
	40.36
	<1min
	Low
	Uniform
	Pass





3.3 Drug Content
Table 3 showed that the TR2 formulation had the highest drug content (94.36%) among all selected formulations, which might be due to the polymer concentration of 10% w/v and the polymer grade utilized in the formulation (Table 1).
Table 3. Drug content estimation for the selected formulations from Table 1
	Formulation
	Drug content

	TR1
	81.45

	TR2
	94.36

	TR4
	89.36

	TR5
	84.25

	TR7
	87.60

	TR13
	87.60

	TR14
	85.41


3.4 FTIR
Figure 1 shows that the infrared spectrum exhibited characteristic peaks at 3639 cm⁻¹ (O–H stretching), 2923 cm⁻¹ (C–H stretching), 1860 cm⁻¹ (C=C stretching), and 1436 cm⁻¹ (C–C vibrations). These characteristic peaks were observed in both the PM and CPO, which shows that there was no evidence of chemical interactions between the drug and excipient.
[image: ] 
Figure 1: Representing the FTIR spectra of CPO and PM (Physical mixture)
3.5 DSC
Differential Scanning Calorimetry (DSC 60 SHIMADZU) was utilized to analyze the interaction between Ciclopirox olamine and excipients. The DSC thermograms of CPO, and the physical mixture were recorded and studied. From Figure 2, A1 showed an endothermic peak at 155°C, which confirmed the crystalline nature of Ciclopirox olamine 39,40. A2 had confirmed that there were no interactions between the drug and excipients.
[image: ]
Figure 2: A1-DSC curve of CPO, A2-DSC curve of PM
3.6 In Vitro Drug Release Study
An in vitro drug release study was performed in a Franz diffusion cell using PBS pH 7.4 for 12 hours41. Figure 3 indicates that, among the formulations mentioned above, formulation TR2 had shown the highest drug release 83.17% within 12 hours compared to other formulations, which is due to polymer concentration and grade (Table 1). 

Figure 3: Graphical representation of in vitro drug release

3.7 Drug Release Kinetics
Based on the in vitro studies, the TR2 formulation has shown the highest drug release, which is further evaluated for various kinetic models, such as the Zero-order, first-order, Korsmeyer Peppas, Higuchi, and Hixon Crowell models42. Results are presented in Table 4, among the release kinetic models, the Korsmeyer peppas model with R2 value 0.9913 was the closest match to the 1 with n =0.86, which indicates it follows non-Fickian diffusion with anomalous transport.
Table  4: Regression coefficient values for Zero-order, First-order, Higuchi, Korsmeyer Peppas, Hixon Crowell release kinetic models
	Kinetic model
	Regression coefficient value

	Zero order
	0.9804

	First order
	0.908

	Higuchi
	0.776

	Korsmeyer peppas model
	0.9913

	Hixon crowell
	0.97


3.8 Ex Vivo Permeation Studies
Ex vivo studies were done using snake shed skin in a Franz diffusion cell. In the study, TR2 formulation had shown a 1341.046µg/cm2 in 24hr with a flux value of 68.31 µg/cm2 /hr which is 57% higher permeation as compared to the pure drug (TR14 formulation): which had shown 853.318 µg/cm2 in 24hr with a flux value of 45.231 µg/cm2/hr see figure 4. The eutectic mixture facilitated lipid leaching, which enhanced the drug permeation by both intracellular and transcellular drug delivery 43.
 
Figure 4: Graphical representation of Ex vivo permeation of CPO from the formulations TR2 and TR14
3.9 Antifungal Assay
The antifungal activity of the formulation was tested against Candida albicans, measuring the zone of inhibition (ZOI) in millimeters (mm) 44. In comparison with the pure drug and marketed cream, the results of the final selected formulation TR2 exhibited a ZOI of 20 mm, the marketed cream 18 mm, and the pure drug 22 mm, as shown in Figure 5. Due to the presence of 10% Eudragit RL 100, the TR2 formulation demonstrated higher ZOI as compared to the marketed cream. 
[image: ][image: ]
Figure 5: Antifungal activity of D-Ciclopirox olamine, P-Formulation TR2 of PFFS and M-Marketed cream
3.10 Short-Term Stability Studies
The stability assessment of the selected formulation TR2 was conducted over 30 days. After a month, various evaluations were performed, including viscosity, pH, drug content, film appearance, outward stickiness, and in vitro drug release45, and the values are tabulated in Table 5. These values give us an idea that there are no chemical changes or interactions that occurred during the trial period.
Table 5: Representing data of short-term stability before and after the trial period
	Test parameter
	Initial
	After 30 days

	Viscosity
	40.26Cps
	39.36Cps

	pH
	5.84
	5.69

	Drug content
	94.36
	92.65

	Film appearance
	Uniform
	Uniform

	Outward stickiness
	Low
	Low

	Drying time
	<1 min
	<1 min

	In vitro drug release
	83.17%
	81.26%



4. CONCLUSION
CPO loaded polymeric film forming solutions were developed and characterized in this study. The PFFS were developed using various polymers and investigated for physicochemical evaluations. Selected formulations were subjected to drug release studies, where formulation TR2 showed an 83.17 percent controlled release drug profile. Based upon this, the TR2 and TR14 formulations were selected for the permeation studies. TR2 has demonstrated 57 percent higher permeation compared to TR14, with an anomalous transport mechanism and non-Fickian diffusion behavior. Further, it is subjected to antifungal activity, where it has demonstrated a 20±0.9 mm zone of inhibition against Candida albicans in comparison with the marketed formulation. The activity indicates effective management of antifungal growth. Therefore, it could be useful for transdermal delivery of CPO. Further studies should be conducted to support its efficacy claims by an extended period of pharmacokinetics and pharmacodynamics in animals.
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