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Abstract


Background: Terbinafine hydrochloride (TEB) is a broad-spectrum antifungal medication commonly used to treat fungal infections of the skin. This study designed a hydrogel patch assisted by an iontophoresis system to enhance the transdermal permeability of TEB, enabling deeper penetration into the skin layers. Methods: The influences of current intensity, pH levels, and drug concentration on the TEB hydrogel patch’s permeability were explored using an adaptive ion electroosmosis system. The pharmacokinetic profile, facilitated by iontophoresis for transdermal permeation, was analyzed through the application of microdialysis technology. Scanning electron microscopy and transmission electron microscopy were employed to assess the impact of ion electroosmotic systems on skin integrity. Results: The cumulative drug accumulation within 8 h of the TEB hydrogel patches, assisted by iontophoresis, was 2.9 and 7.9 times higher than without iontophoresis assistance and TEB cream in the control group, respectively. TEB hydrogel patches assisted by iontophoresis can significantly increase the permeability of TEB, and the AUC(0–8 h) was 3.4 and 5.4 times higher, while the Cmax was 4.2 and 7.3 times higher than the TEB hydrogel patches without iontophoresis, respectively. This system has no significant impact on deep-layer cells. Conclusions: This system may offer a safe and effective clinical strategy for the local treatment of deep antifungal infections.
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1. Introduction


Terbinafine hydrochloride (TEB) (Figure 1A) is an allylamine antifungal agent used for the treatment of various infectious diseases, such as onychomycosis, tinea corporis, and tinea cruris, through inhibiting squalene epoxidase and interfering with ergosterol synthesis [1,2]. However, with continuous research in clinical pharmacy, the oral administration of terbinafine has induced many adverse reactions, including drug interactions, hepatotoxicity, gastrointestinal, and systemic side effects [3,4,5]. Fortunately, local administration can improve patient compliance, such as targeted therapy, sustained release, and prolonged drug action time. Moreover, it can overcome various limitations and side effects associated with oral administration. Therefore, the local administration of terbinafine has become a primary focus in pharmaceutical formulation development [6,7,8]. However, its inadequate transdermal permeability poses challenges in achieving effective therapeutic concentrations at the site of local treatment. Addressing this issue requires further research and intervention to enhance the efficacy of TEB in local antifungal therapy [9,10,11]. Moreover, more research needs to be explored to understand how to improve the local delivery mechanism of TEB, enhance its permeability, and ensure that the drug is continuously released at the treatment site [12,13,14]. These efforts may help to overcome the limitations of TEB treatment and thereby improve the effectiveness of antifungal therapy.



Terbinafine is currently available in free base and hydrochloride formulations [15], as well as topical preparations, including creams, gels, and sprays. TEB is commonly administered as terbinafine hydrochloride in clinics, with the molecular formula C21H26ClN and the molecular weight (MW) of 327.9 g/mol. Its melting point is 204–208 °C, and it has an oil–water partition coefficient (LogP) of 3.3. TEB•HCl is a white powder, easily soluble in solvents like methanol, dichloromethane, and ethanol, and has a slightly lower solubility in water [16]. However, the limited local concentration of terbinafine poses a significant obstacle in effectively treating deep-skin fungal infections [15]. In order to address this challenge, researchers have proposed various strategies. One approach involves the use of liposomes as carriers to enhance skin permeability, encapsulation efficiency, and drug stability [17]. Another promising avenue of exploration is the utilization of nanovesicles as potential carriers [18]. However, these approaches often entail complex preparation processes, have limited stability, and rely on passive drug transport, leading to variable therapeutic effects among individuals.



Due to the barrier function of the stratum corneum, skin administration is often limited, which impedes the passage of most drug molecules, allowing only a few with specific physicochemical properties to penetrate the skin [19]. Iontophoresis is a technique that enhances the transdermal delivery of compounds by applying a safe and small electric current, primarily used for the delivery of large and charged molecules [20,21]. It is an active non-invasive drug delivery technology that facilitates the transport of charged and neutral molecules into and across biological membranes [22,23]. The preparation of drugs into suitable formulations and their compatibility with iontophoresis can enhance the transdermal permeation and therapeutic efficacy of the drugs [24,25]. By adjusting the pH, terbinafine can be transformed into an ionic drug. Currently, there are no relevant products or reports on TEB hydrogel patches that are assisted by iontophoresis systems.



This study aims to develop terbinafine into hydrogel patches (Figure 1B) and adapt terbinafine hydrogel patches to an iontophoresis device to increase the skin drug concentration of terbinafine. Hydrogel patches have the advantages of high drug loading, precise dosing, and broad applicability, and they exhibit good compatibility with human skin. The back of the hydrogel patch is covered with a conductive backing layer, which prevents reductions in the effective drug dosage due to friction from clothing or other external factors. It is expected that this approach will significantly improve the local therapeutic concentration of the drug.




2. Results and Discussion


2.1. Establishment and Verification of TEB HPLC Methodology


Specificity: The chromatograms of the blank mobile phase solution, blank 20% PEG400-20 mM NaH2PO4 transdermal receiving solution, and TEB reference solution (prepared with NS and 20% PEG400-20 mM NaH2PO4 solution) are shown in Figure 2A–D. The chromatograms confirmed that the mobile phase solvent and the transdermal receiving solution did not interfere with terbinafine detection under the specified chromatographic conditions [26]. This indicated that the method employed was highly specific and fulfilled the requirements for sample detection.



Linear range: A TEB reference solution was diluted step by step into a control solution with concentrations of 50, 25, 12.5, 6.25, 0.625, 0.125, and 0.025 μg·mL−1, respectively, and the peak area was recorded using HPLC. The peak area (A) was used for the linear regression of TEB concentration (C), and the regression equation, correlation coefficient, and linear graph were recorded. As shown in Figure 2E, regression equation A = 26864C + 6874.7 and regression coefficient R2 = 1.0, indicating a good linear relationship between TEB concentration and peak area in this concentration range.



Precision and accuracy: Intra-day and inter-day precision were evaluated using reference solutions with TEB concentrations of 25.0, 12.5, and 6.25 μg·mL−1. The results demonstrated excellent precision and accuracy, as evidenced by the relative standard deviation (RSD) values below 2% (Table 1). These findings met the requirements for sample analysis.



Detection limit and quantitation limit: After processing and analyzing the HPLC data, it was found that when the TEB concentration was approximately 0.02635 μg·mL−1, the S/N ratio reached 3. Similarly, when the concentration was around 0.13175 μg·mL−1, the S/N ratio was approximately 10. Based on these results, the detection limit for TEB was set at 0.02635 μg·mL−1, while the quantitation limit was determined to be 0.13175 μg·mL−1.




2.2. Solubility of TEB in Different Media


The solubility results are presented in Table 2. TEB exhibited a solubility of 6.32 mg·mL−1 in water and 5.05 mg·mL−1 in glycerol, indicating good solubility and facilitating the preparation of the hydrogel patches. While the solubility in the normal saline (NS) solution was lower than that in water, it was still sufficient to maintain the leaky state under physiological conditions. Moreover, it was noteworthy that the solubility of TEB was closely linked to pH, with higher pH values resulting in increased solubility.




2.3. Preparation and Optimization of TEB Hydrogel Patches


A three-factor and two-level factor design was employed to optimize the formulation of the TEB hydrogel patches, with initial adhesion, moisture retention, and body sensation scores used as evaluation criteria. As shown in Table 3, the results revealed that Prescription ② achieved the highest overall score. This prescription consisted of 0.625 g PVP K90, 2.0 g sodium polyacrylate/aluminum glycolate, and 0.5 g gelatin. It was important to note that when the sodium polyacrylate/aluminum glyoxyl content was too high (as in Prescription ⑧), the adhesive consistency became excessive, making it difficult to prepare the patches [27].




2.4. The Effect of Different Factors Influencing the Iontophoresis-Assisted Transdermal Permeation of TEB In Vitro


In the in vitro skin penetration experiment (Figure 3A), cumulative permeability (Q) and time (t) were fitted using a logarithmic function, and the permeability curves demonstrated good consistency, with regression coefficients (R2) close to 1 [28]. To investigate the effect of different current densities on the transdermal penetration of TEB, the iontophoresis system current density was adjusted to 0.1, 0.2, 0.3, and 0.4 mA·cm−2. The results showed that as the current density increased from 0.1 to 0.3 mA·cm−2, both the cumulative permeability per unit area (Q8h) and the penetration rate (Jss) in 8 h demonstrated a gradual increase (Figure 3B and Table 4). However, when the current density increased from 0.3 to 0.4 mA·cm−2, the increase in Q8h was not significant. Moreover, the higher current density had a damaging effect on the skin. Therefore, the optimal current density was determined to be 0.3 mA·cm−2.



TEB hydrogel patches with substrate pH values of 4.0, 5.4, 6.8, and 7.4 were prepared and subjected to ionic electroosmosis at a current density of 0.3 mA·cm−2. The results demonstrated that TEB had better a transdermal permeability at lower substrate pH values (Figure 3C). However, TEB could hardly penetrate the skin at higher pH levels. This could be due to the fact that TEB existed as an ionized form under acidic conditions, allowing it to pass through the skin via electroosmosis. Under alkaline conditions, TEB molecules were predominantly in a non-ionized form, resulting in weaker electrode attraction. Since the minimum pH that human skin can tolerate is approximately 4.0, the pH of the TEB hydrogel patch matrix was set to 4.0 [29,30].



Additionally, three TEB hydrogel patches were prepared with drug concentrations of 2, 4, and 8 mg·10 cm−2, respectively. When the drug content was 4 mg·10 cm−2, the transdermal state of the drug reached saturation (Figure 3D). Therefore, the optimal parameters for the TEB hydrogel patch ion electroosmotic system were determined as follows: current density of 0.3 mA·cm−2, substrate pH of 4.0, and drug concentration of 4 mg·10cm−2. The TEB hydrogel patch system with iontophoresis was compared with a commercial cream under optimal conditions using a skin penetration test. The results (Figure 3E and Table 4) showed low Q8h and Jss values for the TEB cream and TEB hydrogel patches without current loading. However, when a current was applied to the TEB hydrogel patches (0.3 mA·cm−2), the permeability of TEB significantly increased. The Q8h and Jss values were measured as 13.32 ± 4.74 μg·cm−2 and 3.98 μg·cm−2·h−1, respectively. The antifungal efficacy of TEB depends on the drug concentration in the affected skin site, and specifically the amount of drug retained in the skin [31,32,33]. The higher the drug retention, the greater the efficacy. The drug skin retention in the iontophoresis group was significantly higher than that in the commercially available cream and non-iontophoresis group (Figure 3F) at 8 h after administration. This indicated that the iontophoresis system can significantly promote the entry of TEB into skin tissue.




2.5. Percutaneous Pharmacokinetics with Microdialysis in Rat Skin


Microdialysis, a novel biological sampling technique, offers various advantages, including continuous sampling, dynamic observation, quantitative analysis, a small sample size, and minimal tissue damage [34,35]. In the in vitro microdialysis recovery experiment (Figure 4A,B), the results indicated no significant difference in probe recovery among three TEB solutions with different concentrations (1.0, 10.0, and 20.0 μg·mL−1) at the same flow rate (p > 0.05) (Figure 4C). However, the flow rate had a significant impact on the recovery rate of the probe. As the flow rate increased from 1.0 to 3.0 μL·min−1, the recovery rate decreased from 66.9% to 36.2%, possibly due to a more efficient material exchange between the probe and the solution at lower flow rates. Similarly, the recovery rate of TEB microdialysis was closely related to the flow rate, and the recovery rate remained almost unchanged within the concentration range of 1 to 20.0 μg·mL−1 (Figure 4D). Therefore, a flow rate of 1.0–3.0 μL·min−1 should be chosen to maximize the recovery rate of TEB while still meeting detection requirements.



According to the subcutaneous pharmacokinetic data in SD rats (Figure 4E, Table 5), the TEB hydrogel patches with iontophoresis significantly enhanced the transdermal absorption of TEB. Their AUC0–8 h (area under the concentration–time curve from 0 to 8 h) and Cmax (maximum concentration) were much higher than those of the TEB patches without iontophoresis and of the TEB cream group. The AUC0–8 h was 3.4 and 5.4 times higher, and the Cmax was 4.2 and 7.3 times higher, respectively (Table 5). Additionally, the TEB hydrogel patches with iontophoresis could maintain a high subcutaneous drug concentration even after 8 h of administration, demonstrating its sustained-release properties.




2.6. Effect of Iontophoresis on Skin Microstructure


The stimulation effect of the TEB hydrogel patches with the iontophoresis system on skin epidermal cells was observed using the SEM. The results revealed that after 8 h of administration, residual hair, textured folds, and dander on the rat skin surface were clearly visible under the SEM (Figure 5A–D). The skin treated with iontophoresis exhibited a hydration effect (Figure 5C), which could be the reason for the enhanced transdermal drug absorption by iontophoresis [21,36,37]. All skin structures appeared intact without surface cell damage or tissue swelling, indicating the good skin safety of the hydrogel patch assisted with iontophoresis [38]. There was no significant cuticle exfoliation on the skin in the TEB hydrogel patches group, the TEB hydrogel patches with iontophoresis group, or the cream group (Figure 5E–H). Additionally, no significant expansion of the space between the cuticle and the dermis was observed.





3. Conclusions


In this study, a TEB hydrogel patch was designed and optimized based on its properties and moisturizing capabilities. The quality of the hydrogel patches was assessed through appearance, drug content, adhesion, and other parameters. Furthermore, an iontophoresis system was incorporated to enhance the skin penetration of the drug. Compared to commercially available TEB creams and gels, the hydrogel patches offered advantages such as prolonged drug administration, increased skin affinity, and higher moisture content. The iontophoresis system further improved the drug’s retention in the skin, which was confirmed by microdialysis in vivo. These results provided valuable experimental data and a theoretical foundation for future research on this type of drug. Further investigations will explore the pharmacodynamics of the hydrogel patches to provide more extensive data for clinical research. It is anticipated that this study will enhance the local efficacy of the drug and provide new insights for the development of novel dosage forms for treating deep-skin fungal infections.




4. Materials and Methods


4.1. Rats and Reagents


Female SD rats, 200 ± 50 g, were sourced from the Laboratory Animal Center of Zhejiang Province (Hangzhou, China). They were accompanied by a production license with the number SCXK (Zhejiang 2019-0002), as well as a use license with the number SYXK (Zhejiang 2019-0011).



Terbinafine hydrochloride (purity: 99.0%, Macklin (Shanghai, China), #C12641041), Methanol (Chengdu Kelong (Chengdu, China), #2021121301), glacial acetic acid (Chengdu Kelong, #2021031601), Triethylamine (Aladdin, China, #11309090), sodium polyacrylate (Showa Denko, #161870A, Tokyo, Japan), gelatin (Rousselot (Ghent, Belgium), #1456799), Povidone K90 (IPS, America, #03600162502), glycerin (Macklin, China, #C10087952), aluminum glyoxyl (Macklin, China, #C12871941), and EDTA-2Na (Chengdu Kelong, China, #2021032201) were also obtained.




4.2. Establishment and Verification of TEB HPLC Analysis Method


Following the Chinese pharmacopeia (2020) and the characteristics of transdermal drug delivery preparations, this study improved the high-performance liquid chromatography (HPLC) method for TEB detection. The chromatographic conditions were as follows. Column: Diamonsil-C18 (4.6 mm × 250 mm, 5 μm), injection volume: 20 μL, column temperature: 30 °C, mobile phase: methanol–water (0.2% triethylamine and 1% acetic acid) = 7:3, detection wavelength: 282 nm, and detection time: 10 min. To ensure the scientific validity and accuracy of the experimental research, the specificity, linearity, precision, accuracy, detection limit, and quantitation limit of this method were validated.




4.3. Solubility Measurement of TEB in Different Media


The solubility of TEB in different solution media was determined using the saturated solution method. Excess TEB was added to various media and shaken overnight at 25 °C, and then the saturated solution was filtered, diluted, and subsequently injected into HPLC for detection.




4.4. Preparation of Hydrogel Patch


The TEB gel patches were prepared using a two-phase mixing method. In total, 10 g of glycerol was weighed into beakers, and the corresponding amounts of sodium polyacrylate, aluminum glycerolate, and 0.0125 g EDTA-2Na were slowly added and stirred to obtain the glycerol phase. In another beaker, 50 mL phosphate-buffered solution (20 mM) was combined with the prescribed amounts of gelatin and PVP K90, which was heated and stirred to achieve complete swelling. After cooling, 0.125 g tartaric acid was added, followed by 0.1 g TEB, which was stirred evenly into the matrix. The glycerol phase was then slowly added to the water phase and stirred at a speed of 300 r·min−1. The mixture was centrifuged at 5000 r·min−1 for 15 min to remove any bubbles, coated onto a non-woven backing, and dried at 50 °C. The final product, a hydrogel patch, was obtained by applying an anti-cohesion layer to the coated surface (Figure 6).




4.5. Optimization of TEB Hydrogel Patch


In this study, we conducted a preliminary screening and identified sodium polyacrylate/aluminum hydroxide as the skeleton material for the hydrogel patch, glycerin as the humectant, gelatin as the excipient, PVP K90 as the adhesive, and the phosphate buffer as the solvent for pH adjustment and for increasing the conductivity of the gel patch. Based on previous experiments [39], it was determined that the contents of sodium polyacrylate/aluminum hydroxide, gelatin, and PVP K90 had the greatest impact on the hydrogel patch. To screen and optimize the prescription, a factorial design method was employed, utilizing a 3-factor 2-level test (Table 6).



Furthermore, we designed an evaluation index for the TEB hydrogel patches by referring to the relevant literature on hydrogel patches and considering the characteristics of the prepared TEB hydrogel patches. The evaluation index is presented in Table 7 and served as the basis for assessing the prescription of the TEB hydrogel patches. The method used to evaluate initial adhesion was carried out according to the Chinese pharmacopeia (2020). This method determined the maximum number of standard steel balls that the patch could adhere to. The moisturizing properties of the hydrogel patch were assessed by measuring its ability to retain moisture at a certain temperature, known as moisture retention. The specific experimental method involved placing the hydrogel patch in an oven at 40 °C for 24 h, weighing it before and after, and calculating the weight change. The calculation formula for moisture retention was as follows:


Moisture retention = (1 − (initial weight − final weight)/initial weight) × 100%











The initial adhesion and moisture retention scores were combined with a quantitative weight standard score for somatosensory evaluation to calculate a comprehensive score for the patch.




4.6. Iontophoresis-Assisted Transdermal Permeation In Vitro


The SD rats were anesthetized and euthanized, and their backs were prepared by removing the hair. The skin was then carefully excised and placed on a glass plate. Then, the subcutaneous tissue and adhesions were meticulously removed. The skin was cut into 1.5 cm × 1.5 cm squares. Next, the skin squares were positioned at the opening of the diffusion cell, with the epidermis facing outward. TEB patches were applied to the rat skin’s epidermis. The hydrogel from the ion electroosmotic group was transferred to a carbon cloth electrode, which was connected to the positive electrode of the electroosmometer. The diffusion cell cover was secured using a clamp. In the receiving cell, 4 mL of a 20% PEG400-NaH2PO4 solution was added and connected to the negative electrode of the electroosmometer. The diffusion cell was maintained at a constant temperature of 32 °C, with the stirring speed set at 600 r·min−1. At designated time points (0.5, 1, 2, 4, 6, and 8 h), 1 mL samples was collected, and an equal volume of blank acceptor was added after each collection. The samples were subsequently filtered using a 0.22 μm microporous filter membrane and then injected into the HPLC for detection.



The calculation formula is as follows:


   Q n  =  (   C n  × 4   mL +   ∑   n = 1   n − 1   n − 1 × 1   mL / 0.64     cm  2   )   








where “n“ represented the specific sampling time point in a series of sequential sampling intervals, and 0.64 cm2 was the area of the diffusion cell mouth.



Subsequently, the transdermal penetration of TEB was evaluated by conducting skin penetration experiments on isolated rats to investigate the effects of current density, hydrogel patch substrate pH, and drug concentration. The transdermal penetration performance of TEB was compared with that of a commercial TEB cream as a reference.




4.7. Microdialysis and Subcutaneous Tissue Pharmacokinetics In Vivo


In vitro recovery rate: Different concentrations (1.0, 10.0, and 20.0 μg·mL−1) of TEB saline solution were placed in a double-channel beaker. A linear probe with specific dimensions (φ = 15 μm, L = 200 μm, and 20 KDa) was immersed in the TEB saline solution through one channel of the beaker, while magnetic stirrers were placed in the beaker to ensure thorough mixing. The solution in the beaker was completely exchanged with the linear probe. Subsequently, blank normal saline was injected at different flow rates (1.0, 2.0, and 3.0 μL·min−1) using a microsyringe. After allowing for a 0.5 h equilibrium period, dialysate samples were collected. Four samples were collected for each flow rate. The recovery rate of TEB microdialysis was determined by calculating the ratio between the concentration of the receiving solution and the concentration of the drug in the beaker.



In vivo recovery rate: In vivo microdialysis experiments employed the reverse method, as it was not possible to directly measure the drug concentration outside the probe in the unique in vivo environment. The SD rats were anesthetized using an intraperitoneal injection of urethane (1.25 g∙kg−1). After removing the hair at the administration site on the abdomen, the rats were placed on a thermostatic pad at 37 °C. The linear probe was implanted into the deep dermis using a guide needle, with the probe membrane remaining in the subcutaneous tissue. Terazosin hydrochloride normal saline solutions with different concentrations (1.0, 5.0, and 10.0 μg·mL−1) were perfused at different flow rates (1.0, 2.0, and 3.0 μL·min−1). Four samples were collected at each flow rate, and a 0.5 h balance period was maintained before each collection. The recovery rate was determined by calculating the ratio between the concentration of the dialysate and the concentration of the original drug.



Transcutaneous pharmacokinetic study: The microdialysis probe membrane remained in the subcutaneous tissue of the rat, while a self-made hydrogel patch (containing 1 mg·cm−2, with an administration area of 2 cm × 2 cm) was applied to the hairless abdomen of the rat, directly above the microdialysis probe. The blank normal saline solution was perfused at a flow rate of 1.0 μL·min−1. After allowing for a 0.5 h equilibrium period, one acceptor solution was collected every hour, resulting in eight samples collected at each flow rate over a total of eight hours. The subcutaneous TEB concentration correction was determined by calculating the ratio between the dialysate concentration and the recovery rate at the corresponding time points in vivo.



The corrected concentration data were analyzed using DAS 2.0 to derive relevant parameters and generate the subcutaneous drug concentration–time curve.




4.8. Effects on Skin Microstructure


Transmission electron microscopy (TEM) was employed to examine the ultrastructure influences and pathological changes in the longitudinal subcutaneous tissue. The skin from the rats was removed, fixed overnight in a 2.5% glutaraldehyde solution at a temperature of 4 °C, and then processed. After cleaning, the samples were treated with osmic acid for 1 h, followed by ethanol and isoamyl acetate treatment, drying, coating, and observation under the scanning electron microscope.




4.9. Statistical Analysis


The statistical analysis was performed by using GraphPad Software 9.0. The data were expressed as means ± standard deviations (SDs). The statistically significant differences were determined by one-way analysis of variance (ANOVA) testing. Significance was defined as p < 0.05.








Author Contributions


Conceptualization, W.G.; methodology, X.C.; investigation and formal analysis, M.L.; validation, X.S. and X.C.; writing—original draft preparation, M.L.; revised manuscript and supervision, W.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Innovation and Entrepreneurship Program for College Students (202313023007), the Zhejiang Provincial Department of Education Research Projects (Y202351943), and the Zhejiang Provincial Natural Science Foundation (TGY24H110004).




Institutional Review Board Statement


The animal study protocol was approved by the animal ethics/use committee of Hangzhou Medical College. All animal-related experiments were approved by the animal ethics/use committee of the Zhejiang Academy of Medical Sciences (number: 2023-028).




Data Availability Statement


The data are available by contacting the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Burstein, V.L.; Beccacece, I.; Guasconi, L.; Mena, C.J.; Cervi, L.; Chiapello, L.S. Skin Immunity to Dermatophytes: From Experimental Infection Models to Human Disease. Front. Immunol. 2020, 11, 605644. [Google Scholar] [CrossRef] [Scilit]

	



Pereira, F.O. A review of recent research on antifungal agents against dermatophyte biofilms. Med. Mycol. 2021, 59, 313–326. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Birnbaum, J.E. Pharmacology of the allylamines. J. Am. Acad. Dermatol. 1990, 23, 782–785. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Shear, N.H.; Villars, V.V.; Marsolais, C. Terbinafine: An oral and topical antifungal agent. Clin. Dermatol. 1991, 9, 487–495. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Carmo, A.; Rocha, M.; Pereirinha, P.; Tomé, R.; Costa, E. Antifungals: From Pharmacokinetics to Clinical Practice. Antibiotics 2023, 12, 884. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ma, Y.; Chen, X.; Guan, S. Terbinafine: Novel formulations that potentiate antifungal activities. Drugs Today 2015, 51, 197–208. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Davies-Strickleton, H.; Cook, J.; Hannam, S.; Bennett, R.; Gibbs, A.; Edwards, D.; Ridden, C.; Ridden, J.; Cook, D. Assessment of the nail penetration of antifungal agents, with different physico-chemical properties. PLoS ONE 2020, 15, e0229414. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Appelt, L.; Nenoff, P.; Uhrlaß, S.; Krüger, C.; Kühn, P.; Eichhorn, K.; Buder, S.; Beissert, S.; Abraham, S.; Aschoff, R.; et al. Terbinafine-resistant dermatophytoses and onychomycosis due to Trichophyton rubrum. Hautarzt 2021, 72, 868–877. [Google Scholar] [CrossRef] [Scilit]

	



Leung, A.K.C.; Lam, J.M.; Leong, K.F.; Hon, K.L.; Barankin, B.; Leung, A.A.M.; Wong, A.H.C. Onychomycosis: An Updated Review. Recent. Pat. Inflamm. Allergy Drug Discov. 2020, 14, 32–45. [Google Scholar]

	



Ricardo, J.W.; Lipner, S.R. Safety of current therapies for onychomycosis. Expert. Opin. Drug Saf. 2020, 19, 1395–1408. [Google Scholar] [CrossRef] [Scilit]

	



Le, T.K.; Cohen, B.A. Tinea capitis: Advances and a needed paradigm shift. Curr. Opin. Pediatr. 2021, 33, 387–391. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gou, S.; Monod, M.; Salomon, D.; Kalia, Y.N. Simultaneous Delivery of Econazole, Terbinafine and Amorolfine with Improved Cutaneous Bioavailability: A Novel Micelle-Based Antifungal “Tri-Therapy”. Pharmaceutics 2022, 14, 271. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gul, U.; Khan, M.I.; Madni, A.; Sohail, M.F.; Rehman, M.; Rasul, A.; Peltonen, L. Olive oil and clove oil-based nanoemulsion for topical delivery of terbinafine hydrochloride: In vitro and ex vivo evaluation. Drug Deliv. 2022, 29, 600–612. [Google Scholar] [CrossRef] [Scilit]

	



Nair, A.B.; Al-Dhubiab, B.E.; Shah, J.; Gorain, B.; Jacob, S.; Attimarad, M.; Sreeharsha, N.; Venugopala, K.N.; Morsy, M.A. Constant Voltage Iontophoresis Technique to Deliver Terbinafine via Transungual Delivery System: Formulation Optimization Using Box-Behnken Design and In Vitro Evaluation. Pharmaceutics 2021, 13, 1692. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hossain, A.; Sil, B.C.; Iliopoulos, F.; Lever, R.; Hadgraft, J.; Lane, M.E. Preparation, Characterisation, and Topical Delivery of Terbinafine. Pharmaceutics 2019, 11, 548. [Google Scholar] [CrossRef] [Scilit]

	



Brown, M.B.; Khengar, R.H.; Turner, R.B.; Forbes, B.; Traynor, M.J.; Evans, C.R.; Jones, S.A. Overcoming the nail barrier: A systematic investigation of ungual chemical penetration enhancement. Int. J. Pharm. 2009, 370, 61–67. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yang, Y.; Ou, R.; Guan, S.; Ye, X.; Hu, B.; Zhang, Y.; Lu, S.; Zhou, Y.; Yuan, Z.; Zhang, J.; et al. A novel drug delivery gel of terbinafine hydrochloride with high penetration for external use. Drug Deliv. 2015, 22, 1086–1093. [Google Scholar] [CrossRef] [Scilit]

	



AbdelSamie, S.M.; Kamel, A.O.; Sammour, O.A.; Ibrahim, S.M. Terbinafine hydrochloride nanovesicular gel: In vitro characterization, ex vivo permeation and clinical investigation. Eur. J. Pharm. Sci. 2016, 88, 91–100. [Google Scholar] [CrossRef] [Scilit]

	



Wiedersberg, S.; Guy, R.H. Transdermal drug delivery: 30+ years of war and still fighting! J. Control Release 2014, 190, 150–156. [Google Scholar] [CrossRef] [Scilit]

	



Panchagnula, R.; Pillai, O.; Nair, V.B.; Ramarao, P. Transdermal iontophoresis revisited. Curr. Opin. Chem. Biol. 2000, 4, 468–473. [Google Scholar] [CrossRef] [Scilit]

	



Lee, J.; Kwon, K.; Kim, M.; Min, J.; Hwang, N.S.; Kim, W.S. Transdermal iontophoresis patch with reverse electrodialysis. Drug Deliv. 2017, 24, 701–706. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gratieri, T.; Santer, V.; Kalia, Y.N. Basic principles and current status of transcorneal and transscleral iontophoresis. Expert. Opin. Drug Deliv. 2017, 14, 1091–1102. [Google Scholar] [CrossRef] [Scilit]

	



Bakshi, P.; Vora, D.; Hemmady, K.; Banga, A.K. Iontophoretic skin delivery systems: Success and failures. Int. J. Pharm. 2020, 586, 119584. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lvovich, V.F.; Matthews, E.; Riga, A.T.; Kaza, L. AC electrokinetic platform for iontophoretic transdermal drug delivery. J. Control Release 2010, 145, 134–140. [Google Scholar] [CrossRef] [Scilit]

	



Sachdeva, V.; Siddoju, S.; Yu, Y.Y.; Kim, H.D.; Friden, P.M.; Banga, A.K. Transdermal iontophoretic delivery of terbinafine hydrochloride: Quantitation of drug levels in stratum corneum and underlying skin. Int. J. Pharm. 2010, 388, 24–31. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Mrštná, K.; Matoušová, K.; Matouš, P.; Matysová, L.; Švec, F.; Šnejdrová, E.; Krčmová, L.K. Analysis of terbinafine in PLGA-based drug delivery systems by a fast and sensitive UHPLC-DAD method. Anal. Methods 2023, 15, 2823–2832. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Preuss, C.V.; Kalava, A.; King, K.C. Prescription of Controlled Substances: Benefits and Risks; StatPearls Publishing LLC.: St. Petersburg, FA, USA, 2023. [Google Scholar]

	



Liang, Y.; Duan, M.; Yi, W.; Zhang, T.; Wang, Y.; Wu, Z.; Tang, H. Ion-pair compounds of diacerein for enhancing skin permeability in vitro: The compatibility-permeability relationship of counter ion and diacerein. Drug Deliv. 2022, 29, 499–505. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jiang, C.; Ma, R.; Jiang, X.; Fang, R.; Ye, J. A transfersomes hydrogel patch for cutaneous delivery of propranolol hydrochloride: Formulation, in vitro, ex vivo and in vivo studies. J. Liposome Res. 2023, 33, 258–267. [Google Scholar] [CrossRef] [Scilit]

	



Naser, Y.A.; Tekko, I.A.; Vora, L.K.; Peng, K.; Anjani, Q.K.; Greer, B.; Elliott, C.; McCarthy, H.O.; Donnelly, R.F. Hydrogel-forming microarray patches with solid dispersion reservoirs for transdermal long-acting microdepot delivery of a hydrophobic drug. J. Control. Release 2023, 356, 416–433. [Google Scholar] [CrossRef] [Scilit]

	



Baveja, S.; Vashisht, D.; Kothari, R.; Venugopal, R.; Kumar Joshi, R. Comparative evaluation of the efficacy of itraconazole with terbinafine cream versus itraconazole with sertaconazole cream in dermatophytosis: A within person pilot study. Med. J. Armed Forces India 2023, 79, 526–530. [Google Scholar] [CrossRef] [Scilit]

	



Fink, S.; Burmester, A.; Hipler, U.C.; Neumeister, C.; Götz, M.R.; Wiegand, C. Efficacy of antifungal agents against fungal spores: An in vitro study using microplate laser nephelometry and an artificially infected 3D skin model. Microbiologyopen 2022, 11, e1257. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Su, H.; Jiang, W.; Verweij, P.E.; Li, L.; Zhu, J.; Han, J.; Zhu, M.; Deng, S. The in vitro Activity of Echinocandins Against Clinical Trichophyton rubrum Isolates and Review of the Susceptibility of T. rubrum to Echinocandins Worldwide. Infect. Drug Resist. 2023, 16, 5395–5403. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hermans, E.; Devreese, M.; Zeitlinger, M.; Dhont, E.; Verougstraete, N.; Colman, R.; Walle, J.V.; De Paepe, P.; De Cock, P.A. Microdialysis as a safe and feasible method to study target-site piperacillin-tazobactam disposition in septic piglets and children. Int. J. Antimicrob. Agents 2023, 62, 106970. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Joukhadar, C.; Müller, M. Microdialysis: Current applications in clinical pharmacokinetic studies and its potential role in the future. Clin. Pharmacokinet. 2005, 44, 895–913. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Li, Y.; Yang, J.; Zheng, Y.; Ye, R.; Liu, B.; Huang, Y.; Zhou, W.; Jiang, L. Iontophoresis-driven porous microneedle array patch for active transdermal drug delivery. Acta Biomater. 2021, 121, 349–358. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zheng, Y.; Ye, R.; Gong, X.; Yang, J.; Liu, B.; Xu, Y.; Nie, G.; Xie, X.; Jiang, L. Iontophoresis-driven microneedle patch for the active transdermal delivery of vaccine macromolecules. Microsyst. Nanoeng. 2023, 9, 35. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Riviere, J.E.; Papich, M.G. Potential and problems of developing transdermal patches for veterinary applications. Adv. Drug Deliv. Rev. 2001, 50, 175–203. [Google Scholar] [CrossRef] [Scilit]

	



Jiang, C.; Jiang, X.; Wang, X.; Shen, J.; Zhang, M.; Jiang, L.; Ma, R.; Gan, T.; Gong, Y.; Ye, J.; et al. Transdermal iontophoresis delivery system for terazosin hydrochloride: An in vitro and in vivo study. Drug Deliv. 2021, 28, 454–462. [Google Scholar] [CrossRef] [Scilit]








[image: Gels 10 00456 g001] 





Figure 1. Chemical structure of terbinafine hydrochloride (A) and terbinafine hydrochloride hydrogel patch (B). 
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Figure 2. HPLC chromatogram for specificity investigation. (A) Blank mobile phase (methanol–water (0.2% triethylamine and 1% acetic acid) = 7:3). (B) 20% PEG 400-20 mM NaH2PO4. (C) Reference substance of TEB (6.25 μg/mL, Dissolve in NS). (D) Reference substance of TEB (5.85 μg/mL, Dissolve in 20% PEG 400-20 mM NaH2PO4). (E) Standard curve of TEB transdermal receiver solution. 
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Figure 3. The effect of different factors influencing the iontophoresis-assisted transdermal permeation of TEB in vitro. (A) Schematic diagram of iontophoresis transdermal delivery in vitro. (B) The effect of current density on the iontophoresis penetration of TEB hydrogel patches (n = 4). (C) The effect of pH on the iontophoresis penetration of TEB hydrogel patches (n = 4). (D) The effect of drug concentration on the iontophoresis penetration of TEB hydrogel patches (n = 4). (E) A comparison of different TEB formulations of percutaneous penetration (n = 4). (F) The skin retention of different TEB formulations. * p < 0.05, as compared with the group of TEB hydrogel patches without iontophoresis; ## p < 0.01, as compared with the TEB cream group. 
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Figure 4. Microdialysis recovery rate of TEB in vitro and in vivo, and percutaneous pharmacokinetics. (A) Schematic diagram of microdialysis recovery rate in vitro. (B) Schematic diagram of iontophoresis transdermal delivery and microdialysis in vitro. (C) The effect of different flow rates and TEB concentrations on the recoveries of probes in vitro (retrodialysis, n = 4). (D) The effect of different flow rates and TEB concentrations on the recoveries of probes in vivo (retrodialysis, n = 4). (E) Percutaneous pharmacokinetics of different TEB formulations (n = 6). 
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Figure 5. The effect of iontophoresis on the skin microstructure. (A–D) The ultrastructural damage of the epidermis under a scanning electron microscope (SEM) ((A) skin of normal rats (control); (B) the skin of rats with a TEB hydrogel patch; (C) skin of rats with a TEB hydrogel patch under iontophoresis; (D) skin of rats with the TEB cream); (E–H) deeper damage to skin cells under a transmission electronic microscope (TEM) ((E) skin of normal rats (control); (F) skin of rats with a TEB hydrogel patch; (G) skin of rats with a TEB hydrogel patch under iontophoresis; (H) skin of rats with the TEB cream). 
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Figure 6. The preparation process of a TEB hydrogel patch. 
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Table 1. Precision and accuracy.






Table 1. Precision and accuracy.





	
Concentration Spiked (μg/mL)

	
Concentration Measured (μg/mL)

	
Accuracy/%

	
RSD/%






	
Intra-day (n = 6)




	
6.25

	
6.150 ± 0.020

	
100.582 ± 0.773

	
0.773




	
12.50

	
12.894 ± 0.200

	
103.150 ± 1.548

	
1.548




	
25.00

	
25.149 ± 0.020

	
98.397 ± 1.002

	
1.002




	
Inter-assay (n = 6)




	
6.25

	
6.204 ± 0.119

	
99.270 ± 1.896

	
1.910




	
12.50

	
3.067 ± 0.067

	
103.873 ± 1.380

	
1.328




	
25.00

	
78.910 ± 0.415

	
100.848 ± 0.735

	
0.728











 





Table 2. The solubility of TEB in different solvents (25 °C).
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	Solvent
	Solubility (mg/mL)
	Solvent
	Solubility (mg/mL)





	H2O
	6.32
	NS
	1.56



	1,2-PG
	29.82
	Glycerol
	5.05



	PBS (pH 4.07)
	6.13
	20%PEG400-PBS (pH 4.07)
	21.72



	PBS (pH 7.11)
	4.32
	20%PEG400-PBS (pH 7.11)
	10.96










 





Table 3. Prescription dosage screening results (points).






Table 3. Prescription dosage screening results (points).





	
Prescription

	
Initial Adhesion

	
Moisture Retention

	
Somatosensory Evaluation

	
Comprehensive Score




	
Appearance

	
Consistency

	
Suppleness

	
Skin Follows Character

	
Skin Retention






	
①

	
10

	
10

	
9

	
8

	
9

	
9

	
10

	
65




	
②

	
15

	
30

	
9

	
9

	
7

	
6

	
8

	
84




	
③

	
15

	
20

	
5

	
4

	
7

	
7

	
8

	
66




	
④

	
15

	
10

	
2

	
4

	
8

	
4

	
8

	
51




	
⑤

	
15

	
20

	
9

	
9

	
7

	
8

	
8

	
76




	
⑥

	
10

	
20

	
2

	
0

	
7

	
4

	
8

	
51




	
⑦

	
10

	
10

	
5

	
7

	
7

	
6

	
8

	
53




	
⑧

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0











 





Table 4. TEB permeability parameters under different factors.






Table 4. TEB permeability parameters under different factors.





	
Groups

	
Levels

	
Permeation Curves

	
Jss (μg/cm2/h)

	
R2






	
Current density

	
0.1 mA/cm2

	
Q = 1.2860 ln(t) + 1.5432

	
1.2860

	
0.9636




	
0.2 mA/cm2

	
Q = 2.7456 ln(t) + 2.6592

	
2.7456

	
0.9925




	
0.3 mA/cm2

	
Q = 3.9801 ln(t) + 4.6427

	
3.9801

	
0.9912




	
0.4 mA/cm2

	
Q = 4.6512 ln(t) + 4.8027

	
4.6512

	
0.9826




	
pH

	
4.0

	
Q = 3.9801 ln(t) + 4.6427

	
3.9801

	
0.9912




	
5.4

	
Q = 3.3482 ln(t) + 2.7962

	
3.3482

	
0.9665




	
6.8

	
Q = 1.7321 ln(t) + 2.333

	
1.7321

	
0.9969




	
7.4

	
Q = 0.1073 ln(t) + 1.3944

	
0.1073

	
0.0939




	
Drug concentration

	
2 mg/10 cm2

	
Q = 2.7969 ln(t) + 2.9826

	
2.7969

	
0.9967




	
4 mg/10 cm2

	
Q = 3.9801 ln(t) + 4.6427

	
3.9801

	
0.9912




	
8 mg/10 cm2

	
Q = 4.3620 ln(t) + 5.3298

	
4.362l

	
0.9962




	
Drug formulations

	
TEB hydrogel patch with iontophoresis

	
Q = 3.9801 ln(t) + 4.6427

	
3.9801

	
0.9912




	
TEB hydrogel patch without iontophoresis

	
Q = 1.4766 ln(t) + 1.6178

	
1.4766

	
0.9832




	
TEB cream

	
Q = 0.4523 ln(t) + 0.7597

	
0.4523

	
0.9965











 





Table 5. Main pharmacokinetic parameters of TEB after transdermal administration. (n = 6).
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	Parameters
	TEB Hydrogel Patch with Iontophoresis
	TEB Hydrogel Patch without Iontophoresis
	TEB Cream





	AUC(0–8 h) (mg/L·h)
	60.99 ± 7.18 **##
	17.71 ± 2.35
	11.26 ± 1.71



	MRT(0–8 h) (h)
	6.37 ± 0.23
	5.84 ± 0.30
	5.55 ± 0.36



	Tmax (h)
	7.5 ± 0.89
	7.00 ± 1.23
	6.33 ± 2.32



	Cmax (mg/L)
	18.07 ± 1.81 **##
	4.33 ± 0.80
	2.46 ± 0.39







Note: ** p < 0.01, as compared with the TEB hydrogel patch without iontophoresis group; ## p < 0.01, as compared with the TEB cream group.













 





Table 6. 3-factor 2-level table.
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	Prescription
	A: PVP K90
	B: Sodium Polyacrylate/

Aluminum Glycerol
	C: Gelatin





	①
	0.625 g
	2.0 g/0.1 g
	0.5 g



	②
	0.625 g
	2.0 g/0.1 g
	1.0 g



	③
	0.625 g
	3.0 g/0.15 g
	0.5 g



	④
	0.625 g
	3.0 g/0.15 g
	1.0 g



	⑤
	1.0 g
	2.0 g/0.1 g
	0.5 g



	⑥
	1.0 g
	3.0 g/0.15 g
	0.5 g



	⑦
	1.0 g
	2.0 g/0.1 g
	1.0 g



	⑧
	1.0 g
	3.0 g/0.15 g
	1.0 g










 





Table 7. Evaluation indicators of a comprehensive score for the patch.






Table 7. Evaluation indicators of a comprehensive score for the patch.





	
Index Weight Score

	
Evaluation Criteria

	
Score






	
Initial adhesion (20 points)

	
Ball number ≤6

	
0 points




	
Ball number 7–8

	
10 points




	
Ball number 9–11

	
15 points




	
Ball number ≥12

	
20 points




	
Moisture retention (30 points)

	
0~40%

	
0 points




	
41~60%

	
10 points




	
61~80%

	
20 points




	
81~90%

	
30 points




	
Somatosensory evaluation

	
Appearance (10 points)

	
The color of the hydrogel patch is uniform, and the patch is evenly distributed throughout. The surface of the patch is flat, and the thickness is consistent, with no clumps or noticeable bubbles present.

	
10 points




	
The color of the hydrogel patch is uniform, and the distribution of the patch is more even compared to before. The surface of the patch shows minimal fluctuations, but there are a few small bubbles present.

	
5–9 points




	
The color of the hydrogel patch appears uneven, and the distribution of the patch is not uniform. There is a significant difference in thickness across the patch, and the surface of the patch may appear raised or depressed in certain areas. Additionally, there are noticeable bubbles present on the surface of the patch.

	
1–4 points




	
Poor color, a large number of clumps, more bubbles, and so dense that the patch connot even be formed.

	
0 points




	
Depth (10 points)

	
The glycerin phase and water phase are easy to mix, and the final patch can be stirred for 10 min; the final patch was difficult to stir, and then could not even be stirred. The score was divided into three grades (0~4, 4~8, and 9~10) according to the consistency.




	
Flexibility (10 points)

	
It is easy to coat evenly. After pressing the patch surface by hand, the patch will recover and be flat, and there will be no creases when folding the patch repeatedly. The scoring grade is divided into three levels (0~4, 4~8, and 9~10) according to the above.




	
Skin followability (10 points)

	
Apply the patch to the skin of the arm and wave the arm one to three times.

	
0–3 points




	
Apply the patch to the skin of the arm and wave the arm four to nine times.

	
4–9 points




	
Apply the patch to the skin of your arm and wave your arm 10 times.

	
10 points




	
Skin residue (10 points)

	
The patch cannot be removed from the skin intact.

	
0 points




	
The patch can be removed from the skin, leaving a large amount of residue on the surface of the skin.

	
1–3 points




	
The patch can be completely removed from the skin, and the skin surface is slightly sticky with no visible residue, or the surface is sticky with some residue.

	
5–9 points




	
The patch can be completely removed from the skin, and the skin surface is not sticky and residual.

	
10 points
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