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Abstract

:

This research aimed to develop and evaluate a novel multi-ethosome (ME) system for the dermal delivery of terbinafine hydrochloride (TH) as a new approach to fungal infection treatment. TH-loaded MEs were successfully prepared using cinnamaldehyde as a penetration enhancer. Mean diameter of ME was found as ~100 nm with monodispersed size distribution. Drug entrapment efficiency reached up to 86% ± 1.4%. MEs exhibited excellent colloid stability and no drug leakage after 2 months of storage. In contrast to a commercial Lamisil® cream, ME significantly improved the targeting efficiency by increasing the fluidity of stratum corneum layer, revealed by attenuated total reflection Fourier transformed infrared spectroscopy (ATR-FTIR). The dermal targeting effect was visualized using confocal microscopy. Moreover, skin irritation and allergy tests showed that ME was not irritating to the skin. The improved antifungal activity of ME was proved in vitro on Candida albicans strains by minimal inhibitory concentration (MIC) assay. This study paves the way towards design of MEs for dermal fungal infection treatment.
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1. Introduction


Terbinafine hydrochloride (TH) is a synthetic allylamine derivative with antifungal activity, mainly used to treat topically superficial skin infections, such as tinea corporis, tinea pedis, and Candida species infections [1]. Generally, when administrated orally, TH causes systemic side effects, including liver toxicity and gastrointestinal complications [2]. TH creams and gels are developed clinically for superficial skin infections, because TH accumulates mainly in superficial skin and adipose tissue [3] due to its high lipophilicity. Unfortunately, it is poorly permeable across the stratum corneum (SC) to reach the lesion [4], and therefore it lacks efficacy in dermal fungal infections. Clinically, it is required to increase the administered doses (e.g., three times a day for more than 6 weeks), which usually lead to side effects (such as skin keratinization) and drug resistance. Therefore, the development of a targeting drug delivery system to improve the drug efficiency is urgently required, which would reduce the side effects. This study aimed to develop and evaluate a novel nanoparticulate system for dermal delivery of TH as a new approach to fungal infection treatment.



Nanotechnology has revolutionized drug delivery in particular by achieving drug targeting and transcytosis of drugs across biological barriers. It has been reported that some nanoparticles like liposomes enable effective delivery of encapsulated molecules to target lesion sites, thus minimizing systemic toxicity [5]. More recently, ethosome, a modification of liposomes by addition of ethanol, attracts increasing interest in transdermal administration. As shown in Figure 1, classical ethosome (CE) contains ethanol in both the aqueous inner phase and the lipid bilayer, leading to the deformability of the formulation. Advantageously, CE showed better skin permeation compared with liposomes [6]. This is mainly due to the ethanol it contains, which could interfere with the orderly SC arrangement, contributing to better drug penetration across the SC barrier. Binary ethosome (BE) further enhances these properties by addition of other alcohols (such as propylene glycol (PG)), which is favorable to increase the drug solubility, improve the drug entrapment efficiency and stability of the formulation [7]. On the other hand, transethosome (TE) contains edge activator (e.g., surfactants) and/or penetration enhancers [8] to increase the drug penetration by modifying the drug thermodynamic activity, and helping to solubilize it in the SC lipids. These advantages allow ethosome to find useful applications in the dermal targeting drug delivery system [9]. However, there are still rare of examples used clinically [10] due to the low yield, and skin irritation or dermatitis. In this study, we propose a multi-ethosome (ME) combining the advantage of both BE and TE. Recently, a novel nanovesicle “Flexosome” was described for enhanced transdermal drug delivery where different edge activator combinations (Tween 80, Span 85, hexadecyl trimethyl ammonium bromide, sodium deoxycholate, etc.) were used. Cholesterol was added in the phospholipids to improve the rigidity and stability of the formulation [11]. According to its composition, this flexosome is actually a specific type of TE. To the best of our knowledge, we report here for the first time a ME composed of phospholipids, ethanol, PG, edge activator (Tween 80), and a penetration enhancer (cinnamaldehyde (CA)). CA is a natural penetration enhancer obtained from cinnamon, and interestingly, it possesses antifungal property [12]. We bring the proof of concept that the ME has expected advantages over the BE and TE.



In this study, TH-loaded MEs with homogeneous sizes of ~100 nm were successfully prepared via a cold method. High drug entrapment efficiency (EE) reached up to 86%. MEs possessed excellent colloid stability with no drug leakage after 2 months storage. In contrast to a commercial Lamisil® cream, ME exhibited the targeting property by increasing the fluidity of SC layer. Rhodamine-labeled MEs were successfully prepared for confocal microscopy to visualize ME penetration across the SC layer. Moreover, ME was found biocompatible, which was not irritating to the skin, confirmed by irritation and allergy tests. Finally, the antifungal activity of ME was tested in vitro on Candida albicans strains.




2. Materials and Methods


2.1. Materials


2.1.1. Chemicals


TH (99.9%) and CA were kindly provided from National Institutes for Food and Drug Control (Beijing, China). Egg Yolk Lecithin (PEL, PL-100M) was obtained from Shanghai Advanced Vehicle Technology Pharmaceutical L.T.D. (Shanghai, China). Ethanol (Roswell Park Memorial Institute-1640 (RPMI-1640)), PG, phosphate buffer saline (PBS), and Tween 80 were purchased from Fisher Scientific (Loughborough, UK). Sabouraud Dextrose Agar and Sabouraud Dextrose Broth were received from Hopebio (Qingdao, China). Rhodamine B (Rh B) and Sephadex® G-50 were supplied by Sigma Aldrich (Steinheim, Germany). Lamisil® 1% cream was purchased from Novartis (Shanghai, China). All the chemicals were of analytical grade.




2.1.2. Animals


Male Sprague–Dawley (SD) rats (200 ± 20 g) and rabbits (2.5 ± 0.5 kg) were obtained from the Laboratory Animal Research Center of Zhejiang Chinese Medical University. All of the animals were housed in animal facilities at 25 ± 2 °C and relative humidity 50% ± 2%, under a 12:12 h light and dark cycle. Food and water are allowed ad libitum for rats and rabbits.





2.2. TH Solubility Determination


The solubility of TH in different surfactant mediums was evaluated to satisfy the sink conditions [13]. Briefly, excessive TH was added to 10 mL of different medium at 37.0 ± 0.5 °C, the suspensions were under vigorously shaking for 48 h. The suspension was centrifuged at 1500× g and the pellet was discarded. The TH content in the supernatant was measured by an UV spectrophotometer at 283 nm. The experiments were performed in triplicate.




2.3. Preparation of Vesiclular Systems


Three different ME formulations loaded with TH (detailed in Table 1, ME-1, 2, and 3) were prepared by adjusting a cold method to that of Touitou et al. [14]. Briefly, TH (0.5%, w/v), PEL (2%, w/v), Tween 80 (5%, w/v), and CA (in the range of 0.1% to 0.5%, w/v) were dissolved in 32.5 mL of ethanol and PG mixture (7:3, v/v) in a closed vessel by stirring at 850 rpm. Then, 67.5 mL of PBS (pH 7.8) was slowly added to the vessel by peristaltic pump and maintained at 30 ± 1 °C for 15 min. Eventually, it was extruded through a membrane filter (100 nm, Minisart, Sartorius Stedim, Gottingen, Germany) to obtain ME formulations.



To study the effect of CA and PG, TH-loaded binary ethosome (BE) and TH-loaded transethosome (TE) were prepared as listed in Table 1. As control, TH-loaded classical ethosome formulation (CE) was prepared in the same procedure except that neither PG nor CA were added. All the formulations were stored at 4 °C environment for further investigation.



Rh B-labeled formulations were prepared for visualization by adding 50 mg of Rh B in the ethanol phase using the same protocol as described.




2.4. Characterization of Formulations


2.4.1. Hydrodynamic Diameter and Zeta Potential


The hydrodynamic diameter, polydispersity index (PDI), and zeta potential (zeta) of prepared vesicular formulations were assessed using a Nano-ZetaSizer (ZS90, Malvern, UK) with dynamic and electrophoretic light scattering [15]. Measurements were performed in triplicate from three independent samples at 25 °C.




2.4.2. Transmission Electron Microscopy (TEM)


The morphology of the formulation was characterized by TEM. The samples were added onto a carbon film and negatively stained by phosphomolybdic acid, then dried at room temperature for 1 h [16]. Images were captured by H7650 transmission electron microscope (HITACHI, Tokyo, Japan) at an acceleration voltage of 80 kV.




2.4.3. Drug Entrapment Efficiency (EE)


The EE of the ME formulas were determined by separating the unencapsulated drug from vesicles by microcolumn centrifugation [17]. Briefly, TH-loaded formulations were evenly added to the columns (Sephadex® G-50), and then centrifuged at 1600× g for 3 min. After elution and centrifugation for three times, the clear supernatant was collected and ruptured with methanol to recover the unencapsulated drug. Finally, TH amount was quantified by recording the absorbance at 283 nm. The EE% was calculated as Equation (1):


EE% = Went/Wtol × 100%



(1)




where Wtol is the total amount of TH and Went is the amount of TH entrapped in the formulations.




2.4.4. Physical Stability Studies


Stability studies of the developed formulations were performed at temperature of 4 ± 2 and 25 ± 2 °C stored in brown glass bottles. The hydrodynamic diameter and EE% were measured after 60 days storage [18].





2.5. Ex Vivo Drug Permeation and Deposition Studies


2.5.1. Franz Diffusion Cell Methods


For ex vivo drug permeation and deposition studies, the abdominal hair of SD male albino rats was shaved using an electric razor after sacrificing with excess isoflurane inhalation. The abdominal skin was surgically removed. The adhered subcutaneous tissue or fat was carefully separated with a scalpel. The integrity of skin samples was carefully checked before usage to ensure that the skin samples were suitable for subsequent experiments. Ex vivo drug permeation study was performed with the TH-loaded formulations (CE, BE, TE, and ME-2) using a Franz glass diffusion cell (SFDC 6, LOGAN, Somerset, NJ, USA). The effective permeation area of the diffusion cell and receptor cell volume were 1.13 cm2 and 5 mL, respectively. The diffusion cell was covered with a black nylon membrane to avoid evaporation and protect from light. The skin sample was mounted between the donor and receptor compartment with the SC side towards the donor chamber [19]. The receiving solution was PBS (pH = 7.4) with the addition of Tween 80 (0.01%, w/v), which was maintained at 37.0 ± 1 °C to meet the sink conditions (Figure S1). Equivalent formulations containing 5 mg TH were applied to the surface of the rat skin. Market product of TH (Lamisil® 1% cream) was used as control.



After 6, 12, and 24 h, the skin was removed from Franz diffusion cell and washed with water. The surface was dried with filter paper, and different skin layers were separated by a tape stripping method [20]. All strips (deposited in SC) and skin tissue (deposited in epidermis and dermis) were collected and kept in a centrifuge tube containing 10 mL of methanol as drug extraction solvent, followed by sonication in an ice bath for 4 min and shaking in the dark for 12 h [21]. The tissue suspension was finally centrifuged at 1500× g. The supernatant was collected and further filtered by microporous filter (0.45 μm). The content of TH in different skin layers was quantified by UV–Visible Spectrophotometer. Some related transdermal penetration parameters was calculated. Targeting efficiency was calculated to evaluate the targeting effect of the formulations.



Targeting efficiency was calculated as Equation (2):


Targeting efficiency = total amount of TH deposited in skin with

formulations/total amount of TH deposited into skin with Lamisil®



(2)







Cumulative permeability was calculated as Equation (3):


  Q =    C n  ×  V 0    ∑   i = 1   n = 1    C i  ×  V i   A   



(3)







Cn is the drug concentration measured at the nth sampling point, V0 is the volume of the receiving medium in the receiving room, Ci is the drug concentration measured at the i-th sampling point, Vi is the sampling volume, and A is the effective transmission area of the diffusion cell. Steady-state transdermal flux (Jss) was calculated by taking the cumulative transmission Q as the ordinate and the sampling time t as the abscissa, and then linear regression is performed. The slope of the straight line is the steady-state transdermal rate Jss (μg/cm2/h).




2.5.2. Visualization by Confocal Laser Scanning Microscopy (CLSM)


To visualize the deposition of the formulations in different skin regions, a Confocal Laser Scanning Microscopy (CLSM) study was performed. Rhodamine B-labeled formulations (Rh B-ME-2, Rh B-BE, and Rh B-TE) were uniformly applied to intact skin of hairless SD rats at the concentration of 0.05% with amount of 1 mL. After 1, 2, 4, and 8 h incubations, the marked area were excised with a surgical scalpel to remove subcutaneous tissues and fat and washed with distilled water [22]. A section of ~20 μm thickness was made by freezing microtome (Leica CM1950, Wetzlar, Germany). The photomicrographs of sections were observed by CLSM (Zeiss LSM880, Oberkochen, Germany) with the excitation and emission wavelengths at 488 and 532 nm, respectively.





2.6. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)


Rabbits were anesthetized with pentobarbital sodium (25%, w/v, i.p.), and the back hair was removed by clippers, followed by drawing four squares (1 cm2). Then, 1 mL of ME-2, BE, and TE were applied evenly to the marked area. The rabbits were sacrificed after 60 min treatment to excise the treated skin. All the adipose tissues were removed for ATR-FTIR measurement. ATR-FTIR (Thermo Nicolet IS50, Madison, WI, USA) was equipped with diamond at an incident angle of 45°. Spectra were collected after 200 times scanning in the spectral range of 4000 to 1000 cm−1 [23]. Peak position was analyzed using Origin 2017 software. The skin treated with PBS was used as control.




2.7. Skin Irritation Test and Histopathological Study


The skin irritation tendency of the vesicles was evaluated by the Draize scoring method [24]. Rabbits were randomly divided into five groups of three animals each. The back of the animals was clipped free of hair. Then, 1 mL of the formulation was applied evenly to the hairless skin of the 1.25 cm2 area once daily for seven consecutive days. BE and ME-2 were applied to rabbits of group I and II, respectively. Commercially available TH cream was used for group III as control. Group IV was treated with saline as a negative control and group V with aqueous formaldehyde solution (0.7%, v/v) as a positive control. Any signs of erythema and edema in the rabbit were observed for 7 days and scored on a scale of 0–4 (Erythema scale was evaluated as 0, no erythema; 1, slight; 2, well defined; 3, moderate; 4, scar formation; Edema scale was set as 0, none; 1, slight; 2, well defined; 3, moderate; 4, severe).



After 7 days of skin irritation study, the rabbits were sacrificed. The application area was excised and fixed in 10% formalin for 12 h. The embedded tissues in paraffin were cut into sections of ~5 μm thickness. The sections were stained with hematoxylin and observed using an optical microscope (Zeiss AXIO SCOPE A1, Oberkochen, Germany) for histopathological examination [25].




2.8. In Vitro Antifungal Activity


2.8.1. Inoculum Preparation


Candida albicans (C. albicans, ATCC 60193) was incubated on Sabouraud Dextrose Aga (SDA) for 24 h at 30 °C. Then, it was transferred to Sabouraud Dextrose broth medium and incubated overnight at 37 °C with shaking (180 rpm) and diluted with sterile distilled water to 3 × 105 CFU/mL, which was counted by hemocytometer [26].




2.8.2. Minimum Inhibitory Concentration (MIC) Determination


The MIC values against C. albicans were determined in 96-well microplates using a microdilution assay [27]. Briefly, the microdilution assay was performed by diluting three selected formulations (ME-2, BE, and TH-DMSO solution) with RPMI 1640 at concentrations of 1–0.125 μL/mL. Then, 100 μL of the diluted samples and C. albicans strain were mixed in wells of 96 microtiter plates (Thermo Scientific, Madison, WI, USA). The positive control group was performed using bacterial liquid and RPMI 1640 and the negative control group using RPMI 1640. The plates were incubated for 4 days at 30 °C, OD600 (optical density) was determined with microplate reader, and the MIC was calculated.





2.9. Statistical Analysis


All the results in this study were expressed as mean ± standard deviation (SD). Statistical analysis was accessed by one-way analysis of variance (ANOVA) and compared with Fisher’s LSD post hoc test using SPSS 25.0 software (IBM Corporation, Armonk, NY, USA). p < 0.05 was considered as statistically significant.





3. Results and Discussion


3.1. Preparation and Characterization of the MEs


TH-loaded MEs were successfully prepared with mean hydrodynamic diameter in the range of 100 to 120 nm (Table 1) with monodispersed size distribution (PDI < 0.3). Interestingly, as shown in Table 1, an increasing tendency was observed for the mean hydrodynamic diamter from 103 ± 0.14 (ME-2) to 132 ± 9.7 nm (BE) and PDI from 0.21 ± 0.03 (ME-3) to 0.30 ± 0.05 nm (BE) when CA was removed in the system. This is the same case for TE formulation, where no PG was added, exhibited larger size (124 ± 6.9 nm) and increased PDI (TE). In comparison, the CE vesicles without CA and PG exhibited the biggest mean hydrodynamic diameter (152 ± 7.2 nm) with the largest PDI (0.30 ± 0.04). This indicates that the addition of CA and PG plays an important role in the particle size, including the mean hydrodynamic diameter and polydispersity. As shown in Figure 1, CA and PG could be located in the hydrophobic region of the lipid bilayer, contributing to reduced surface tension and increasing elasticity of the vesicles, thereby forming smaller particle sizes [28,29]. However, when the CA concentration further increased to 0.5%, no significant differences were shown compared to 0.3% (100 ± 8.9 and 103 ± 9.3 nm for 0.3% and 0.5%, respectively), indicating that 0.3% of CA is the best condition for this system. As a non-polar molecule, CA arranged mainly in the lipid bilayer. As the hydrophobic space was limited, lipid membrane could be saturated when more CA was added. In terms of particle size, the novel MEs are found smaller with more uniform particle size distribution. As illustrated in Figure 1, they displayed regular spherical morphology with fairly uniform particle size. The average particle size was ~100 nm, in perfect agreement with DLS analysis. The smaller size assists vesicles in penetrating across the SC to reach the targeting lesion.



The zeta of the nanoparticulate systems is an important factor that affects vesicle stability as well as interaction with the skin [30]. All the formulations prepared had a negative zeta ranging from −5.40 to −13.02 mV (Table 1). Repulsive forces between negatively charged vesicles contributed to improving the formulation stability. MEs systems showed similar zeta with TE formulations, but their absolute values were much higher than BE formulations, indicating better colloid stability.



Furthermore, the drug loading capacity was evaluated by calculating the drug EE. The EE reached up to 86% ± 1.7% for the novel ME formulation (ME-2) despite of their smaller particle size. This is significantly higher than EE of the CE system (60.9% ± 1.9%), BE system (65.9% ± 1.9%), and TE system (78.9% ± 2.4%). The rigid strength of CE is limited by its drug loading capacity. The addition of PG could increase the TH solubilty, and, at the same time, it helped to reduce the volatilization of ethanol, making the outer membrane of the vesicles more stable. Moreover, PG was able to reduce the fluidity of lipids to ethanol, leading to decreased drug leakage from vesicles. Surpringly, the TE exhibited even higher EE then BE, which further improved by addition of PG.



In a nutshell, the optimized ME formulation (ME-2) was found to be the most promising TH delivery system considering the particle size, surface charge, and drug loading capacity. Therefore, ME-2 was selected to represent ME for all the following investigations.




3.2. Stability Investigation


Physicochemical stability studies were carried out at 4 °C and room temperature (25 °C ) for 60 days. As presented in Figure 2, CE underwent a significant increase in particle size (from 152 to 169 nm) and dramatic drug leakage (EE decreased from 60.9% to 53.5%) during storage at 4 °C. This phenomenon became more obvious when stored at 25 °C. BE vesicles could keep the drug payload at 4 °C, due to the addition of PG. However, the colloid stability was not improved compared to the CE. On the contrary, TE exhibited great colloid stability at 4 °C, but unfortunately drug migration was observed during storage at both 4 and 25 °C. Remarkabley, ME displayed both excellent colloid stability and no significant drug leakage was observed after 60 days storage at both 4 and 25 °C. These results indicate that the addition of both PG and CA significantly improve the colloid stability and prevent drug leakage.




3.3. Skin Permeation and Deposition Studies


To assess the effects of skin penetration and targeting properties of the selected formulations (ME, TE, BE, and CE), an ex vivo study was performed using a Franz diffusion cell method. The commercial cream Lamisil® was used as control. Steady-state transdermal flux (Jss) was calculated to directly compare the permeation rate differences across the formulations. It was found that Jss of Lamisil® cream was 0.587 (μg·cm−1·h−1); however, the Jss values of all the tested ethosomes (CE, BE, TE, and ME) was too low to be detected. The cumulative permeability in 24 h (Q24h) of the Lamisil® cream was found as 6.47 ± 1.02 μg·cm−2; by contrast, the Q24h of all the ethosome-based formulations was below the determination limit (50 ng/mL). It can be clearly seen from the results that ethosome (CE, BE, TE, and ME)-based vesicles help to remain the drug in the deep skin, but the drug cannot easily penetrate into the receiving pool.



As shown in Figure 3, the TH amount in both the SC and epidermis/dermis layer increased with longer deposition time. The maximal value was reached at 24 h. In the case of Lamisil®, the TH amount in the SC and epidermis/dermis layer after 24 h deposition reached 9.9% ± 0.9% and 5.6% ± 1.1%, respectively. This indicates that the cream Lamisil® poorly penetrated across SC, with only 5.6% ± 1.1% of TH reach the deeper skin. Compared with Lamisil®, all the ethosomes formulations had significant higher TH content in epidermis/dermis layer, suggesting much stronger penetrating capacity of ethosomes formulations. In the case of CE, the TH amount in epidermis/dermis layer increased to 8.8% ± 1.2%. This value was further improved by addition of PG (12.3% ± 1.2% for BE) or CA (10.1% ± 1.3% for TE). Remarkably, when the ME was applied, a much higher deeper skin deposition amount reached up to 18.2% ± 1.3%, which was 3.3 times higher than that of the commercially available cream. This clearly shows the synergistic effect of the addition of both PG and CA in the vesicles.



Targeting efficiency is a parameter used to assess skin targeting properties of topical formulations [31]. The results in Figure 3C showed the targeting efficiency of the selected ethosomes vesicles after 24 h deposition. It was found that CE possessed a targeting efficiency value of 1.32, which was further improved by BE (1.51) or TE (1.50). However, the highest targeting efficiency up to 2.09 was obtained with ME. It clearly indicates that ME can efficiently promote drug penetration and target to the epidermal dermis, forming a drug reservoir to release the drug. This is a very promising strategy to improve the drug efficiency and therefore decrease the risk of side effects.



The ethosomal formulation can fluidize the skin lipid membrane and accordingly enhance drug deposition [32]. Ethanol and propylene glycol can reduce the phase transition temperature of SC [33]. At the same time, the ethosomal formulation acts as a deformable vesicle, and the added Tween-80 acts as an edge activator, which increases its deformability and easily penetrates the gaps of the SC to reach deeper skin. When phospholipids interact with SC, the drug is released to form a micro-drug reservoir [34].




3.4. Tracking the Fluorescently-Labeled Vesicles in the Rat Skin Layers Using CLSM


The selected ME as well as CE and BE were loaded with a fluorescent dye (Rh B), instead of the drug. This enables the tracking of vesicles and their distributions in different skin layers. All experimental conditions (including the concentration of the vesicles and the dose of the fluorescent dye in vesicles) were kept constant for precise comparison.



The distribution of Rh B-loaded vesicles within the rat skin layers after different application time are represented in Figure 4. It is observed that the fluorescence intensity appeared mainly in the SC layer associated with a discrete localization in the epidermis and the dermis, for all formulations within the first 2 h of application. As the duration of action increases, the fluorescence intensity also increases, indicating that vesicle penetration was a time-dependent process. In case of CE and BE, Rh B accumulated onto the skin surface (e.g., SC) in 4 h, thus indicating the limited penetration to deeper layers. Interestingly, it is clearly seen that, when treated with ME, the fluorescence intensity in the deeper skin was higher than that of the control (CE and BE) and the red band was much more pronounced. It suggestes that the addition of CA significantly improved the penetration across SC into the epidermis and the dermis layer. After 8 h of treatment, significant fluorescence intensity is observed in the epidermis and the dermis when treated with CE, however this signal was very weak. In contrast, much higher signal was observed when treated with BE, reflecting the enhanced permeation. This is possibly because of the high elasticity and flexibility of BE, attributed to the presence of PG. Moreover, it is illustrated that the hair follicles had a higher fluorescence intensity than other area, proving that some drugs/ethosomes enter the skin possibly through the skin appendage pathway. As expected, the highest fluorescence intensity was found when treated with ME, where both PG and CA were present, further confirming the necessity of the added CA. These resultes are consistent with the ex vivo permeation experiment and further confirm the targeting effect of ME.




3.5. ATR-FTIR


ATR-FTIR is a powerful non-destructive technique used to explore the mechanisms of ethosome transdermal permeation, by characterizing the SC spectral information at the molecular level. The main absorption peaks of the skin were shown in Figure 5A. The peaks between 3000 and 3600 cm−1 are attributed to O–H and N–H stretches from protein, water, and lipid in the skin. In particular, CH2 asymmetric (~2921 cm−1) and CH2 symmetric stretching vibration (~2853 cm−1) correspond to SC intercellular lipids [35]. It is of great interest to study the CH2 stretching vibration, which indicates a change in the SC lipids. Analyses of these bands allows further understanding of the change in the skin structure. After the treatment with different ethosomes, the wavenumber of CH2 symmetric and asymmetric stretching were shown in Figure 5B,C. A significant blue shift (higher wavenumber value) was observed for ME group compared with the control samples (2853.82 and 2853.13 cm−1 for ME group and control, repectively), indicating a lipid order–disorder transition. This transition also contributes to an increase of the SC lipids fluidity, which potentially increase the skin penetration of TH [36]. Moreover, after treatment with ME, the absorption intensity of the C–H symmetric and asymmetric stretching vibration was significantly weakened. However, no significant differences were found for the groups treated with TE, BE, and PBS (control), indicating that both PG and CA are required for this formulation to affect the structure of the SC layer.



The peaks at 1634 and 1541 cm−1 are related to the C–O stretching (amide I) stretching and C–N stretching (amide II) linkage of the helical secondary structure in epidermal keratin, respectively. No significant differences were observed for amide I and amide II bands with and without the ethosome treatment (Figure S2), indicating that the keratin in SC was not hydrolyzed and the integrity of SC was maintained [37].



Therefore, the ATR-FTIR spectra reveal that after ME treatment the lipid fluidity of the SC barrier was increased, which is favorable to enhance the transdermal permeation of TH, but the integrity of the SC was not altered.




3.6. Skin Irritation Study and Histological Observation


Skin irritation and toxicity assay of a topical formulation is crucial because of the potential adverse effects [37]. In this study, erythema and edema scores were evaluated to assess their skin irritation. As shown in Table 2, the scores of different formulations were listed. Formalin (0.8%) was used as positive control, showing erythema and edema scores of 2.75 ± 0.50 and 2.25 ± 0.57, respectively. PBS was used as negative control. The commercial Lamisil® exhibited slightly skin irradiation with erythema and edema scores of 1.75 ± 0.50 and 1.25 ± 0.50, respectively. Remarkably, both BE and ME formulations displayed much less erythema and edema (all the scores ≤ 0.75), indicating non-irritating property.



To evaluate the biocompatibility of the ME formulation to the skin, we performed the histopathological characterization of the skin after treated with ME formulations. The commercial cream Lamisil® was evaluated in the same manner. As shown in Figure 6A, when the skin was treated with PBS, there was a complete SC layer located at the topmost layer of the epidermis, and the boundary between the epidermis and the dermis was clear. No infiltration of inflammatory cells were observed in the dermis, and the skin appendages were normal. After administration with BE and ME vesicles, there was no significant difference in SC integrity as compared to the control (Figure 6). No evidence for the presence of inflammatory cells was found. The phospholipid in BE and ME is a lipophilic component, which is not destructive to the skin. Owing to the good elasticity of ME and the penetration enhancer (CA) it contains, it can efficiently penetrate cross the skin barrier, targeting to the demis area. However, it did not damage the integrity of the SC.




3.7. Antifungal Activity


The antifungal activity of BE and ME was tested on C. albicans strains by the determination of minimum inhibitory concentration (MIC). TH dissolved in DMSO was used as control. The results reveal that the TH has antifungal activity with MIC50 of 0.25 µg/mL (Table 3). This activity was significantly improved when TH was loaded in BE (MIC50 of 0.0625 µg/mL, p < 0.05 for TH-DMSO and BE). This is possibly due to the better interaction of the vesicles (phospholipid) with the fungal membrane. Remarkably, with the addition of CA, ME displayed significantly smaller MIC50 in comparison with BE, indicating that CA could efficiently enhance the TH penetration cross the fungal membrane (p < 0.05 for BE and ME).



These results clearly indicated that BE containing CA could significantly improve the in vitro antifungal effect on C. albicans. In other words, lower drug doses will be required for C. albicans treatment when TH is encapsulated in ME, which could improve patient compliance, decrease the incidence and severity of side effects, and lead to better therapeutic outcome.



Compared to the literature reporting on TH containing nanoparticles, especially liposomes [38], ethosomes [39], sonicated ethosomes [40], binary ethosomes [6], and transfersomes [41], the main advantage of the novel MS is that for the first time a functional (antifungal) element CA was added in the system, which helps both the formation of the nanovesicles and, at the same time, synergistically contributes to the antifungal activity.





4. Conclusions


In this study, TH-loaded MEs with homogeneous particle sizes of ~100 nm were successfully prepared via a cold method. High TH entrapment efficiency reached up to 86%. By addition of both PG and CA, MEs possessed excellent colloid stability with no drug leakage during 2 months storage. Ex vivo permeability and deposition studies showed that ME exhibited the targeting property, as compared to a commercial Lamisil® cream as well as the prepared BE and TE. Confocal microscopic investigation further confirms this targeting effect by visualizing how Rhodamine-labeled MEs penetrate across SC into the epidermis and the dermis layer. Moreover, ME was found biocompatible, confirmed by irritation and allergy tests. Finally, the antibacterial activity of ME was tested on C. albicans strains by the determination of MIC, showing significantly reduced MIC values in contrast to TH drug solution and BE formulations. This study paves the way towards design of dermal targeting ME for fungal/bacterial infection treatment.
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Figure 1. Schematic representation of ethosomes and transmission electron microscopy (TEM) images of multi-ethosomes. 
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Figure 2. Stability investigation of the formulations after 60 days storage. (A) Particle size of different formulations before (blue) and after 60-day storage at 4 (red) or 25 °C (green); (B) EE of different formulations before (blue) and after 60-day storage at 4 (red) or 25 °C (green). Data are shown as the mean ± SD (n = 3). * P < 0.05, ** P < 0.01. 
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Figure 3. The amount of TH in different layers of rat skin after deposition at 6 h (blue), 12 h (red), and 24 h (green) (n = 6). (A) TH deposition in the SC layer; (B) TH deposition in the epidermis/dermis; (C) Targeting efficiency of different formulations. Data are shown as the mean ± SD (n = 6). 
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Figure 4. Confocal Laser Scanning Microscopy (CLSM) images of vertical section of rat skin incubated with Rh B labeled formulations at 1, 2, 4, and 8 h post-treatment. 






Figure 4. Confocal Laser Scanning Microscopy (CLSM) images of vertical section of rat skin incubated with Rh B labeled formulations at 1, 2, 4, and 8 h post-treatment.



[image: Coatings 10 00304 g004]







[image: Coatings 10 00304 g005 550] 





Figure 5. ATR-FTIR investigation. (A) ATR-FTIR transmission spectra of rabbit skin treated with TE (red), BE (blue), ME (green), and saline (black, as control). (B,C) Wavenumbers of symmetric and asymmetric methylene stretching of SC lipids. Mean ± SD, n = 4; * Statistically significant difference compared to the respective control at p < 0.05. 
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Figure 6. Histological micrograph of rat skin after treatment with: (A) BE; (B) ME; (C) Lamisil® cream; and (D) PBS. (The upper layer in the picture represents SC. Scale bar: 200 µm.). 
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Table 1. Composition of the different ethosome formulations and their physico-chemical properties, as well as the drug entrapment efficiency.
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	Formulation
	CA

(%, w/v)
	PGa

(%, v/v)
	Size (nm)
	PDI
	Zeta (mv)
	EE (%)





	ME-1
	0.1
	30
	120 ± 8.2
	0.28 ± 0.08
	−7.01 ± 1.29
	77.6 ± 3.0



	ME-2
	0.3
	30
	103 ± 9.3
	0.22 ± 0.05
	−11.95 ± 1.42
	86.4 ± 1.7



	ME-3
	0.5
	30
	100 ± 8.9
	0.21 ± 0.03
	−13.02 ± 1.21
	76.3 ± 1.8



	BE
	0
	30
	132 ± 9.7
	0.30 ± 0.05
	−5.40 ± 1.83
	65.9 ± 1.9



	TE
	0.3
	0
	124 ± 6.9
	0.28 ± 0.06
	−10.11 ± 1.29
	78.9 ± 2.4



	CE
	0
	0
	152 ± 7.2
	0.30 ± 0.04
	−10.91 ± 2.63
	60.9 ± 1.9







Note: a: the percentage of PG in ethanol phase, which corresponding to ethanol and PG mixture (7:3, v/v). Data are shown as the mean ± SD (n = 3).
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Table 2. Score for skin irritation study on rabbit calculated after 7 days.
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Groups

	
Score ± SD






	
BE (group I)

	
Erythema

	
0.50 ± 0.57




	
Edema

	
0.50 ± 0.57




	
ME (group II)

	
Erythema

	
0.75 ± 0.50




	
Edema

	
0.50 ± 0.57




	
Lamisil® (groupIII)

	
Erythema

	
1.75 ± 0.50




	
Edema

	
1.25 ± 0.50




	
PBS (group IV)

	
Erythema

	
0.00 ± 0.00




	
Edema

	
0.00 ± 0.00




	
Formaline (group V)

	
Erythema

	
2.75 ± 0.50




	
Edema

	
2.25 ± 0.50
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Table 3. In vitro antifungal activity of TH, TH-loaded BE, and ME on C. albicans determined by MIC.
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	Antifungal Agent
	MIC Range, µg/mL
	MIC50 (µg/mL)
	MIC90 (µg/mL)





	TH-DMSO
	0.125–1
	0.25
	1



	BE
	0.0312–0.25
	0.0625 *
	0.25 *



	ME
	0.0156–0.125
	0.0313 **
	0.0625 **







Note: MIC50, MIC90: 50% and 90% of fungi are inhibited respectively. * P < 0.05, ** P < 0.01.
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