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ABSTRACT:

Background: Onychomycosis is a chronic fungal infection of the nails that is difficult to
treat in which the dense keratinised nail plate restricts drug permeation.

Objective: To develop, optimise ciclopirox olamine (CPO) loaded spanlastic (SP) nanogel
formulations and investigate the potential of microneedle (MN) pre-treatment to enhance
CPO permeation into the nail as a topical approach for the treatment of onychomycosis.

Methods: The formulations were designed and optimised using a Box—Behnken
experimental design. SPs were prepared using different concentrations of Span 60 and
Tween 80. The optimised SP formulation was characterised and subsequently
incorporated into Carbopol 934P gel bases to prepare SP nanogels, which were evaluated
to select the optimum formulation. Ex »ivo permeation studies using sheep hooves and
human fingernails were conducted to determine the amounts of CPO permeated through
and deposited within the nail from the optimum SP nanogel, with and without MN pre-

treatment.

Results: The optimised SP formulation exhibited an appropriate vesicle size, PDI, and
entrapment efficiency, with enhanced antifungal activity. The optimum SP nanogel
showed suitable vesicle size, PDI, viscosity, drug content, and drug release characteristics.
The ex vivo permeation study demonstrated greater CPO deposition from the SP nanogel
than from the plain gel, with 1.54-fold and 1.73-fold increases in deposition in sheep
hooves and human fingernails, respectively. Furthermore, MN pen pre-treatment
markedly enhanced CPO deposition, resulting in 76% and 55% increases in sheep hooves
and human fingernails, respectively, compared with the corresponding formulations

without MN pre-treatment.

Conclusion: The combination of SP nanogel formulation with MNs represents a
promising strategy for enhancing transungual drug delivery for the topical treatment of

onychomycosis.

1. INTRODUCTION

The human nail is the largest and most complicated skin appendage. It is a unique keratinous structure that is important for
protection and feeling [1]. The nail plate, which is the main barrier, has different layers that make it firm, flexible, and stick to
the nail bed [2-4]. This dense structure is composed of sulphur matrix proteins and strong keratins, which make it very difficult
to penetrate. Onychomycosis is the predominant nail infection globally; it alters the hue of the nail plate, increases its thickness,
and leads to its deterioration [5, 6]. Previously thought to be caused by dermatophytes, new research shows that non-
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dermatophyte moulds and mixed infections play a major role, especially in warmer areas [6]. Distal subungual onychomycosis
is the most prevalent clinical manifestation, distinguished by onycholysis, subungual hyperkeratosis, and discolouration [4, 7,
8].

The problems associated with systemic treatment, such as oral terbinafine, itraconazole, and fluconazole, are significant.
Systemic therapy is constrained by elevated dosages, extended treatment durations, considerable adverse effects, medication
interactions, and contraindications [9, 10]. While the topical therapy is severely hindered by the formidable barrier properties
of the nail plate. Drug permeation is critically limited by molecular size, lipophilicity, vehicle pH, and hydration state [11].
Chemical enhancers such as urea, thioglycolic acid, and keratolytics can break up keratin bonds and make the skin more hydrated
[12, 13]. Physical methods such as abrasion, microneedling, and avulsion can also break down this barrier [14, 15]. However, it
is still challenging to obtain therapeutic concentrations at the site of infection. Ciclopirox olamine (CPO) is a hydroxypyridone
derivative available worldwide in several formulations for the treatment of superficial fungal and yeast infections, vaginal
candidiasis, seborrhoeic dermatitis, and onychomycosis. It demonstrates improved properties in its affinity for keratin and its
capacity to penetrate nails. It has shown superior efficacy and safety relative to another commercially available formulation in

the treatment of onychomycosis [106].

CPO has exhibited both fungicidal and fungistatic properties towards various pathogenic organisms, including dermatophytes
such as Trichophyton, Microsporum, and Epidermophyton genera [17]. The antifungal effectiveness of CPO can be attributed

to the modification of cell permeability and to its ability to chelate intracellular metals, such as iron

[16, 18]. CPO is currently available in many formulations, such as creams, gels, suspensions, solutions, lotions, nail lacquers,
and shampoos [19, 20].

Nanocarriers represent an advanced approach to passing across the nail barrier. One of these technologies is spanlastics (SPs),
which are highly flexible vesicles based on non-ionic surfactants and edge activators, signifying a notable breakthrough [21-23].
These elastic vesicles work as a drug delivery system, which moves through spaces between cells and through biological
membranes. The distinctive structure of SPs, arising from less interfacial tension and bilayer breakdown, imparts enhanced
deformability relative to liposomes or niosomes [24]. SPs exhibit increased permeability, enhanced stability, reduced cost, and
variety in administration routes, including topical and transungual delivery [22, 24-26]. Thus, the aim of this study was to
develop, optimise a CPO-loaded SP nanogel and investigate its ability to enhance drug permeation and deposition within the
nail plate, with and without MN pre-treatment. This approach may provide a promising platform for overcoming the highly

restrictive nail barrier and improving topical antifungal drug delivery for the treatment of onychomycosis.
2. MATERIALS AND METHODS
2.1. Materials

CPO was purchased from Bide Pharma, China. Span 60 and Tween 80 were ordered from Thomas Baker Chemicals, India. All

other chemicals and solvents were of analytical grade.
2.2. Experimental Design

Design-Expert® version 13 (Stat-Ease, Inc. USA) was used to generate and analyse the experimental design for formulation
optimisation. The Box-Behnken model, a response surface methodology (RSM) design, was selected because of its efficiency
and the requirement of fewer experimental runs than other models. As shown in Table 1, this model was used to evaluate the
effects of independent variables, specifically (X1) surfactant “Span 60” concentration, (X2) edge activator concentration
“Tween 807, and (X3) sonication time and their combination on three responses. The measured responses include (Y1) vesicle
size (VS), (Y2) polydispersity index (PDI), and (Y3) entrapment efficiency (EE%). Each independent variable was investigated
at three coded levels (+1, 0, -1), corresponding to the low, centre, and high levels, respectively. For three independent variables,
the Box-Behnken design generated 15 experimental runs, consisting of 12 edge points and three replicated centre points to
estimate the pure experimental error and evaluate model adequacy. Accordingly, the experimental design consisted of 15
formulation runs, as presented in Table 2.
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Table 1. Independent variables and responses used in Box-Behnken design for the formulation trials.

Factors (Independent variables) Levels
(High) (Medium) (Low)
+1 0 -1
X1: Conc. of surfactant: Span 60 (mg/mlL) 60 40 20
X2: Conc. of edge activator: Tween 80 (mg/mL) 40 25 10
X3: Sonication time (min.) 5 2.5 0
Responses (Dependent variables) Desirability constraints
Y1: Vesicle size (VS) (nm) Minimize
Y2: Polydispersity index (PDI) Minimize
Y3: Entrapment efficiency (EE%) Maximize

2.3. Preparation of ciclopirox olamine spanlastics

The ethanol injection method was used to prepare SPs formulations. This method is extensively used to prepare SPs since it is
simple, cheap, and convenient [27]. First, to prepare the aqueous phase, the required amount of Tween 80 for each formula
was placed in a 25 mL beaker, and then 10 mL of deionised water was added. After that, the water phase was placed on a
magnetic stirrer that was set to 65°C and stirring at 1000 rpm. The organic phase was prepared by dissolving CPO and the
required amount of Span 60 for each formula in 5 mL of ethanol [28]. Subsequently, the organic phase was injected dropwise
into the hot aqueous phase and stirred on a magnetic stirrer at 1000 rpm for 30 minutes. After that, the mixture was sonicated
for the specified duration as per the preparation design. Finally, the product was transferred to sealed glass vials for storage at
4°C until further characterisation [21].

2.4. Characterisation of the prepared ciclopirox olamine spanlastics
2.4.1. Measurement of vesicle size and polydispersity index

Measurements of the vesicle size and PDI have been performed with the Litesizer DLS 500 instrument (Anton Paar, Austria)
through the dynamic light scattering (DLS) technique. The samples were diluted with deionised water in two steps at a ratio of
1:1000 and mixed by vortex mixer for 1 minute to ensure uniform dispersion. The measurement was conducted at a temperature

of 20°C [28].
2.4.2. Entrapment efficiency determination

The entrapment efficiency was determined using a cooling centrifuge (Hermle Z216 MK Benchmark, USA). One millilitre of
the SPs formulation was transferred to a centrifuge tube to be centrifuged at 15,000 rpm for an hour at 4°C. Upon completion
of the designated time, the supernatant containing the unentrapped (free) CPO was collected and the concentration of free
drug was determined by measuring the absorbance at 306 nm utilising a UV-visible spectrophotometer (Shimadzu UV-19001
Plus, Japan). This procedure was done in triplicate [29]. The entrapment efficiency was determined using equation 1:

EE% = (Total amount of CPO - Amount of free CPO) X100/ Total amount of CPO ............ Eq. (1)
2.4.3. Zeta potential determination

The zeta potential of the optimised SPs formulation was determined to evaluate its surface charge and predict the stability. The
measurement was performed using a Litesizer DLS 500 zeta potential analyser (Anton Paar, Austria). The sample being
examined was diluted with deionised water and then transferred into a zeta potential cuvette. The measurement was done in

triplicate, and the results were expressed as a mean £ SD [30].
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2.4.4. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed to examine the morphology and vesicular structure of the optimised
CPO SPs formulation using a JEM-1010 transmission electron microscope (JEOL Ltd., Japan). A small aliquot of the
formulation was placed onto a carbon-coated copper grid and allowed to adsorb. The excess sample was carefully removed
using filter papet, and the gtid was negatively stained with 2% (w/v) uranyl acetate for 30 minutes to enhance image contrast.
After air-drying, the samples were examined at an accelerating voltage of 120 kV and a magnification of 50,000X [30].

2.4.5. In vitro antifungal activity study

Using the agar well diffusion method, the antifungal activity of pure CPO and the optimised SPs formulation was assessed
against Trichophyton spp. On Sabourated Dextrose Agar (SDA) plates, Trichophyton spp. were cultured at 28°C for 7-10 days
to obtain sufficient fungal growth. The fungal colonies were harvested and suspended in sterile distilled water to prepare the
inoculum. The prepared inoculum was uniformly spread over the surface of freshly prepared SDA plates using a sterile cotton
swab. Using a sterile cork borer, holes were made in the centre of the agar. After that, CPO was dissolved in DMSO to prepare
a pure CPO culture solution. Three groups were evaluated: (i) pure CPO solution, (ii) blank SPs formulation (containing the
formulation components without CPO), and (iii) CPO-loaded SPs formulation. Fifty microliters (50 uL) of each sample were
carefully introduced into the respective wells. The plates were subsequently incubated at 28°C for 72 hours. Following
incubation, the antifungal activity was assessed by measuring the diameter of the inhibition zone surrounding each well using a
ruler, and the results were expressed in millimetres. All experiments were performed in triplicate, and the mean inhibition zone

diameter was calculated [31].
2.5. Preparation of spanlastic nanogel and plain gel

The SP nanogel was formulated by mixing the SP solution with Carbopol 934P gel base. First, Carbopol 934P was dispersed
gently in deionised water with constant stirring of 120 rpm for 3 hours at 25°C using a magnetic stirrer (Dragon Lab, USA). In
order to adjust the pH of the gel formulation to 7, triethanolamine was added dropwise to the gel base, and the mixture was
stirred at 100 rpm. The gel was then allowed to stand overnight to remove the entrapped air and ensure complete hydration
and neutralization of Carbopol 934P. After that, the SP solution of CPO was added to the gel base at a ratio of 1:1 with stirring
at 1000 rpm to obtain a homogeneous dispersion [32]. To investigate the influence of the gelling agent concentration, four
concentrations of the Carbopol 934P (0.25, 0.5, 0.75, 1% w/w) wete used to ptepate the SP nanogels SPNG1, SPNG2, SPNG3,
and SPNGH4, respectively. A plain gel of CPO was prepared using the same procedure for the preparation of SP nanogels. The
only difference was the use of CPO solution instead of SP of CPO when mixed with the gel base.

2.6. Characterisation of the prepared spanlastics nanogel
2.6.1. Viscosity measurement

The viscosity and rheological behaviour of the prepared SP nanogel formulations were evaluated using a Brookfield DV-E
rotational viscometer (Brookfield LVDVE, USA). Measurements were performed using spindle No. 64 at 25 * 0.5°C. The
rotational speed was initially set at 10 rpm and then gradually increased to 100 rpm to evaluate the effect of shear on the gel
viscosity. The viscosity values were recorded at each rotational speed. All measurements were performed in triplicate, and the

results were expressed as mean £ SD [29].
2.6.2. Determination of drug content

The drug content of the optimised SP nanogel formulation was determined by UV-visible spectrophotometry. Briefly, 1 g of
the nanogel was accurately weighed and dissolved in 100 mL of ethanol under continuous stirring to ensure complete extraction
of CPO. The resulting solution was filtered and its absorbance was measured at 306 nm using a UV-visible spectrophotometer
(Shimadzu UV-19001i Plus, Japan). All measurements were performed in triplicate, and the results were expressed as mean T
SD [29].

2.6.3. In vitro release study

The 7n vitro release study was performed using Franz cell diffusion apparatus with a surface area of 0.785 cm?. A cellulose nitrate
membrane with pores of 0.45 pm was utilised as a release membrane. The donor compartment of the Franz cell was loaded
with 1 g of each SP nanogel formulations SPNG1, SPNG2, SPNG3, and SPNG4. The receptor compartment was filled with
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10 mL of PBS pH 7.4, which was stirred by a Teflon-coated magnetic bar at 100 rpm and maintained at a temperature of 37 *
0.5°C throughout the experiment. Samples of 0.5 mL were withdrawn from the receptor compartment at pre-arranged intervals
of 0.5, 1, 2, 4, 8, and 12 hours. The withdrawn samples were immediately replaced with an equal volume of fresh prewarmed
PBS maintained at the same temperature to preserve sink conditions and a constant receptor volume. The concentration of
CPO released was determined using a UV-visible spectrophotometer (Shimadzu UV-1900i Plus, Japan) at 306 nm. The
cumulative percentage of drug released was plotted as a function of time. All experiments were performed in triplicate, and the
results were expressed as mean * SD [33].

2.6.4. Measurement of vesicle size, polydispersity index, and zeta potential

The vesicle size and PDI of the optimised SP nanogel formulation were determined according to the method described in
Section 2.4.1, following appropriate dilution of the nanogel with deionised water. Similatly, the zeta potential of the optimised
nanogel formulation was measured to evaluate the surface charge and colloidal stability of the incorporated SPs vesicles, as
described in Section 2.4.3.

2.6.5. Field emission Scanning Electron Microscopy (Fe-SEM)

The surface morphology of the optimised SP nanogel formulation was examined using a field emission scanning electron
microscope (FE-SEM; FEI Company, USA). A small amount of the nanogel was spread onto an aluminium specimen stub and
allowed to dry completely. The dried sample was then sputter-coated with a thin layer of gold to improve its electrical
conductivity prior to imaging. The micrographs were captured at appropriate magnifications to evaluate the surface morphology
and distribution of the incorporated SP vesicles [34].

2.6.6. Ex vivo permeation study

The ex vivo permeation of CPO from the optimised SP nanogel and the plain gel was conducted through sheep hooves and
human fingernails using Franz diffusion cell apparatus. Human nails samples were obtained from 25-35-year male volunteers,
while sheep hooves samples were collected from one year old sheep. The volunteers signed a consent form to collect and use
their fingernails in laboratory work. The hooves and nails were cleaned carefully and cut into small pieces at a size approximately
corresponding to the surface area of the Franz cells of 0.785 cm? The nails (n = 6) were mounted between the donor and
receptor compartments and fixed using a silicon adhesive. After that, the nail surface was cleaned again to remove any adhesive
residue from the fixation process. The receptor compartment was filled with PBS pH 7.4, while the donor compartment was
loaded with 1 g of the formulations equivalent to 1% of CPO. The receptor fluid was maintained at 37 £ 0.5°C and continuously
stirred at 100 rpm using a magnetic stirrer. Samples of 0.5 mL were withdrawn from the receptor fluid at predetermined time
intervals (1, 2, 4, 8, 12, and 24 hours) and immediately replaced with an equal volume of fresh prewarmed PBS to maintain a
constant receptor volume and sink conditions. After that, the samples were measured at 306 nm by a UV-visible

spectrophotometer to calculate the cumulative permeated amount of CPO.

Following completion of the permeation study, the hooves and nails were removed from the Franz cells to determine the
amount of CPO retained within the tissues. Each specimen was cut into small pieces and immersed in 10 mL of PBS (pH 7.4)
for 24 hours, followed by sonication in an ultrasonic bath (Elma, Germany) for an hour to facilitate drug extraction. The
extracted samples were subsequently analysed using the UV-visible spectrophotometer at 306 nm, and the CPO amount

retained was quantified.
2.6.7. Pre-treatment with microneedle pen device

To assess the impact of microneedling technique on the permeation of CPO from the SP nanogel and plain gel, hooves and
nail pieces (n = 6) were cleaned and hydrated by immersion in PBS pH 7.4 for 24 hours [35]. After that, they were gently blotted
dry and positioned on a flat rigid surface. Nail microporation was then performed by vertically applying a MN pen equipped
with 12 stainless-steel MNs in one pass for one minute [36]. The device was operated at a needle length of 1 mm with a
minimum vibration speed of 4000 oscillation per minute. Subsequently, the samples were mounted onto the Franz cells, and

the ex vivo permeation study was performed under the same experimental conditions described previously in Section 2.6.6 [37].
2.6.8. Stability study of spanlastic nanogel
The stability of the optimised SP nanogel formulation was evaluated over a period of 3 months. The formulation was stored in

tightly closed glass vials at 4°C, 25°C, and 40°C. At a regular monthly interval, the samples were withdrawn and tested for pH,
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vesicle size, PDI, and drug content using the methods described previously. All measurements were performed in triplicate,

and the results were expressed as mean + SD.

3. RESULTS AND DISCUSSION

3.1. Characterisation of ciclopirox olamine spanlastics

3.1.1. Measurement of the vesicle size, polydispersity index and entrapment efficiency

The results for vesicle size (VS), polydispersity index (PDI), and entrapment efficiency (EE%) of the 15 CPO loaded SP
formulations generated according to the Box-Behnken experimental design are presented in Table 2. The effects of the
formulation variables on VS, PDI, and EE% are discussed in the following sections.

Table 2. Formulations suggested by Box-Behnken model for the CPO SPs and the results of their measured responses (VS,

PDI, and EE%).

Factor 1 Factor 2 Factor 3 Response 1 Response 2 | Response 3

(X1) (X2) X3) (YD (Y2) (Y3)
F Conc. of Span 60 | Conc. of Tween | Sonication time | VS (nm) PDI EE%

(mg/mlL) 80 (mg/mlL) (min.)
F1 | 20 10 2.5 100.8 0.25 83.2
F2 | 60 10 2.5 665.6 0.32 82.6
F3 | 20 40 2.5 16.4 0.21 80.4
F4 | 60 40 2.5 127.3 0.32 79.1
F5 | 40 10 0 236.7 0.27 90.0
F6 | 60 25 0 883.2 0.33 91.5
F7 | 20 25 5 28.6 0.23 90.1
F8 | 60 25 5 242.5 0.29 90.3
Fo | 20 25 0 165.3 0.27 92.7
F10 | 40 40 5 117.0 0.26 87.0
F11 | 40 10 5 219.0 0.25 86.0
F12 | 40 40 0 289.1 0.28 89.3
F13 | 40 25 2.5 148.6 0.23 91.1
F14 | 40 25 2.5 148.2 0.25 90.9
F15 | 40 25 2.5 148.0 0.24 90.1

Note: The concentration of CPO in all formulations is 20 mg/mL. The data ate expressed as mean + SD.
3.1.1.1. Effect on vesicle size

The vesicle size of SP formulations was significantly influenced by the concentration of Span 60, the concentration of Tween
80, and the sonication time. Regarding the concentration of Span 60 (Factor 1), a higher concentration of Span 60 generally
resulted in larger vesicles. For instance, formulation F2 containing 60 mg/mL of Span 60 demonstrated a vesicle size of 665.6
nm, wheteas F1 prepared with 20 mg/mL showed a size of 100.8 nm, as shown in Table 2. This increase in vesicle size can be
attributed to the higher concentration of the vesicle-forming surfactant, which promotes the formation of larger bilayer

structures and consequently increases vesicle size [38].
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While, increasing the concentration of Tween 80 (Factor 2), reduced the vesicle size, particularly at lower Span 60
concentrations. This effect is obvious when comparing F3 formulation, containing 40 mg/mL of Tween 80 with a vesicle size
of 16.48 nm, with F1 containing 10 mg/mL, which showed a size of 100.8 nm. Tween 80 acts as an edge activator which
reduces the interfacial tension and enhances vesicle flexibility leading to the formation of smaller and more deformable vesicles
[39]. However, this size-reducing effect became less pronounced at higher Span 60 concentrations, indicating an interaction
between Factors 1 and 2.

Concerning the effect of the sonication time (Factor 3), a longer sonication time of 5 minutes decreased the vesicle size owing
to the intense cavitation forces generated during sonication, which fragment larger vesicles into smaller and more uniformly
dispersed ones. For example, F7 formulation, prepared with a sonication time of 5 minutes has a vesicle size of 28.67 nm.
Whereas F9, prepared without sonication, showed a vesicle size of 165.3 nm. Sonication provides energy for homogenisation,
leading to smaller and more uniform vesicles [28]. Overall, the findings indicate that vesicle size was influenced by combined
effect of Span 60 concentration, Tween 80 concentration, and sonication duration, that need to be carefully manipulated to

obtain the optimised formulation.
3.1.1.2. Effect on polydispersity index

As can be observed in Table 2, the PDI of the SPs formulations was influenced mainly by the concentration of Span 60 (Factor
1) and the sonication time (Factor 3). Formulations prepared with low and intermediate concentrations of Span 60 (20 and 40
mg/mL) generally exhibited lower PDI values, indicating a narrower vesicle size disttibution and greater formulation
homogeneity. In contrast, increasing the amount of Span 60 to 60 mg/mL resulted in higher PDI values (> 0.30) as shown in
formulations F2, F4, and F6, suggesting the formation of a more heterogeneous vesicle population.

Sonication also played an important role in improving vesicle uniformity. Increasing the sonication time reduced the PDI values,
as demonstrated by formulations prepared with 5 minutes of sonication, owing to the cavitation forces generated during
sonication, which break down larger vesicles and produce a more homogeneous vesicle population [29]. For example,
formulation F6 (0 minute sonication) exhibited a PDI of 0.33, whereas F8 (5 minute sonication) showed a reduced PDI of 0.29.
Similarly, the PDI decreased from 0.27 in F9 to 0.23 in F7 following sonication. In contrast, the concentration of Tween 80
(Factor 2) had only a limited effect on the PDI values within the investigated concentration range, as only minor variations in
PDI were obsetved among the formulations. For example, increasing the Tween 80 concentration from 10 to 40 mg/mL (F2
and F4) resulted in identical PDI values (0.32), indicating that Tween 80 concentration had little effect on vesicle size
distribution under these experimental conditions. Overall, the PDI values (0.21-0.33) indicate that the formulations exhibited

suitable size distributions, necessary for the vesicular drug delivery systems.
3.1.1.3. Effect on entrapment efficiency

The increase in the concentration of Span 60 (Factor 1) from the lowest (20 mg/mL) to the highest concentration (60 mg/mL)
had a non-significant effect on the EE%, as observed when comparing EE% values of the formulations F1 and F2 (83.2% and
82.6%), F3 and F4 (80.4% and 79.3%), as well as F7 and F8 (90.1% and 90.3%). However, at the highest Span 60 concentration
(60 mg/mL), increasing the concentration of Tween 80 (Factor 2) from 10 mg to 40 mg/mL resulted in a reduction in EE%,
as observed when comparing formulations F2 and F4 with an EE% of (82.6% and 79.3%). This finding is in agreement with a
study reported by Sabti et al. [29] The higher concentration of Tween 80 (40 mg/mL) may increase the fluidity and deformability
of the vesicular bilayer, facilitating drug leakage from the vesicles and consequently reducing the EE% [40]. While the use of
an intermediate concentration of Tween 80 (25 mg/mL) has improved the EE%, as demonstrated by formulation F6-F9, F13-
F15, which exhibited an EE% of higher than 90%. This improvement may be attributed to an optimal balance between bilayer
flexibility and structural integrity, allowing efficient drug entrapment while maintaining vesicle stability. Sonication time (Factor
3) also influenced the EE% of the SPs formulations by interaction with the other factors. Generally, the use of the highest
sonication time (5 minutes) resulted in a lower EE% of the same formulation without sonication (zero). For instance, when
comparing I'8 and F6, F7 and FF9, 10 and F12, F11 and F5. This may be due to the leakage of CPO from the vesicles leading
to the reduction in the EE% [34]. An intermediate sonication time of (2.5 minutes) with intermediate concentrations of Span
60 (40 mg/mL), and Tween 80 (25 mg/mL) resulted in an enhancement of the EE% (> 90%) as noticed in F13-F15. This
could be attributed to improving drug distribution within the vesicles resulted from the better interaction between the three
factors. Overall, the findings indicate that the EE% was mainly influenced by the Tween 80 concentration and sonication
duration, while Span 60 concentration had no notable effect within the tested experimental parameters.
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3.1.2. Optimisation of spanlastics vesicles

Numerical optimisation was employed to predict the optimum formulation parameters for CPO SPs vesicles, targeting
minimised VS and PDI alongside maximised EE% aiming to achieve a desirability value approaching 1. Based on the response
surface analysis evaluating the impact of independent variables on the measured responses, the Design-Expert software
generated several potential solutions. Among these, Solution 1 achieved the highest overall desirability value of 0.921 as shown
in Figure 2A. The predicted optimised formulation consisted of 20 mg of Span 60, 25 mg of Tween 80, with a sonication time
of 1.8-minute as illustrated in Figure 2B. This formulation was subsequently prepared and experimentally validated as the
optimised formulation for further characterisation and evaluation.

To assess the predictive ability of the Box-Behnken model, the percentage error was determined by comparing the predicted
values of the VS, PDI, and EE% generated by the model with actual experimental values of the optimised formulation. As
shown in Table 3, the results of the percentage error for all responses were below 5%, indicating the good agreement between
the predicted and experimental values. This confirms the adequate reliability of the Box-Behnken model for optimisation of
the SP formulations.

Table 3. The values and the error % of the variables (VS, PDI, and EE%) for the predicted and actual optimised

formulation. Actual values were measured in triplicate and presented as the mean £ SD.

Variable | Predicted values | Actual values | % Etror

\A 149.38 145.63 £ 6.51 | 2.51
PDI 0.24 0.25 £ 0.02 4.16
EE% 92.62 91.51 £0.33 1.19

3.1.3. Measurement of zeta potential

The zeta potential of the optimised CPO SP formulation was determined to evaluate its stability. The measured value was —20.9
* 1.3 mV; this result indicates a moderate stability of the nanosystem. In general, zeta potential values of approximately 20—30
mV are considered sufficient to provide moderate electrostatic stabilisation, thereby reducing the tendency of vesicles to
aggregate. The observed negative surface charge is likely due to the adsorption of hydroxyl ions from the aqueous medium and
the orientation of oxygen-containing groups at the vesicle surface. In addition, CPO is weakly acidic drug and the ionisation
behaviour at the formulation pH may also contribute to the overall surface charge. These findings are consistent with previous
studies on SPs which reported zeta potential ranging from —15 to —30 mV, depending on surfactant composition of the vesicles
[40]. Similarly, Tween 80 based nanovesicles exhibited zeta potential of around —22 mV which is in good agreement with the
present findings. Therefore, the obtained zeta potential value suggests adequate stability of the SP vesicles and is expected to

remain well dispersed without significant aggregation during storage period.
3.1.4. Transmission Electron Microscopy (TEM)

As shown in Figure 3, the vesicles were predominantly spherical to near-spherical in shape. A small proportion of vesicles
exhibited slight deformation and localised aggregation, which are commonly observed in TEM analyses of nanovesicular
systems. These morphological variations are most likely attributable to sample preparation procedures, including dehydration,
air-drying, and negative staining, which may induce vesicle shrinkage, flattening, partial collapse, or overlap between adjacent
vesicles during solvent evaporation. Consequently, the observed aggregates are considered preparation-induced artifacts rather
than evidence of poor colloidal stability. Similar spherical or near-spherical vesicles with occasional deformation or aggregation
resulting from sample preparation have been reported previously for SPs formulations [21, 41].

3.1.5. In vitro antifungal activity study

The agar well diffusion assay demonstrated significant differences in the antifungal activities of the tested formulations. As
shown in Figure 4, the optimised CPO SP formulation exhibited the largest zone of inhibition (ZOI) (35 £ 0.25 mm), which
was significantly greater than that produced by CPO dissolved in DMSO (31 £ 0.35 mm). In contrast, the blank SP formulation
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produced no detectable inhibition zone, confirming that the antifungal activity was solely attributable to CPO rather than the
SP carrier. These findings are in agreement with those reported by Ansari et al. [23].

The significantly larger inhibitory zone of CPO SPs may be due to many reasons, including the ability of SPs to enhance the
solubility and improve the aqueous dispersibility of CPO, resulting in improved diffusion through the agar medium. In addition,
the deformable vesicular structure of the SPs increases the available surface area of the drug and promotes closer interaction
with fungal cells, thereby enhancing antifungal efficacy. Conversely, although CPO dissolved in DMSO exhibited considerable
antifungal activity, it lacks the drug delivery advantages offered by the SPs carrier. The relatively large inhibition zone observed
for the DMSO solution may be explained by the excellent solvent properties of DMSO, which facilitate drug dissolution and
diffusion within the agar matrix. Furthermore, DMSO may exhibit a modest intrinsic antifungal activity [42]. Numerous studies

demonstrated the improvement in the antifungal activity of drugs following encapsulation in nanocarrier systems [43].
3.2. Characterisation of the prepared spanlastic nanogel
3.2.1. Viscosity measurement

The viscosity values of the SP nanogel formulations (SPNG1, SPNG2, SPNG3, and SPNG4) containing different
concentrations of Carbopol 934P (0.25%, 0.5%, 0.75%, and 1%) respectively, are shown in Table 4. It was observed that the
viscosity steadily increased with elevated polymer concentration (from 0.25% to 1%) at all tested rotational speeds. This may
be due to the formation of a denser polymeric network within the gel matrix. This increase is attributed to the greater number
of hydrated polymer chains and enhanced intermolecular hydrogen bonding and chain entanglement, which increase the
resistance of the gel to flow. Other studies have also reported the rise in value of viscosity measured with the increase in
Carbopol concentration[44]. All formulations exhibited a decrease in viscosity with increasing rotational speed, indicating
pseudoplastic (shear-thinning) non-Newtonian behaviour, which is characteristic of Carbopol-based hydrogels, where the
intermolecular entanglements reduced under shear. Such rheological behaviour is advantageous for topical and transungual
formulations because it facilitates easy spreading during application while allowing the formulation to recover its high viscosity

after shear removal, thereby improving retention at the application site [45].

Table 4. Viscosity results of different concentrations of CPO SP nanogels.

Viscosity (cp) | Viscosity (cp) | Viscosity (cp) | Viscosity (cp)
Rotational speed

SPNG1 SPNG2 SPNG3 SPNG4
10 5400 £ 0.152 19710 £ 0.224 | 20595 £ 0.244 | 21860 % 0.545
12 4720 = 0.251 18150 £ 0.632 | 18220 £ 0.155 | 19840 £ 0.618
20 3550 % 0.387 12422 £0.922 | 15670 £ 0.309 | 17430 % 0.885
30 3020 £0.613 | 9180 = 0.543 11490 £ 0.604 | 14880 £ 0.332
50 2890 * 0.541 6150 £0.492 | 7600 £ 0.312 | 9040 * 0.435
60 2235+ 0.529 | 5249 £0.223 5900 £ 0.498 | 6330 £ 0.715
100 1950 £ 0.351 3533 £0.294 | 3920 £ 0.445 | 5419 £ 0.255

3.2.2. Determination of drug content

The results of the measurement of drug content percentage of CPO in SP nanogel formulations SPNG1, SPNG2, SPNG3, and
SPNG4 was (99.1 £ 0.2%, 97.3 £ 0.55%, 93.2 £ 1.1%, and 91.3 *+ 0.4%), respectively. The high drug content values obtained
for all formulations indicate an effective and uniform distribution of the drug in the gel matrix. However, there was a minor
reduction in drug content as Carbopol 934P concentration increases, particularly in formulations containing 0.75% and 1%
w/w polymer. This may be attributed to the higher viscosity and denser polymer network formed at elevated Carbopol
concentrations, which can hinder the homogeneous dispersion of the SP vesicles and reduce the efficiency of drug extraction
during analysis. Nevertheless, all formulations exhibited drug contents above 90%, indicating satisfactory drug loading and
minimal drug loss during the preparation process [43, 40].
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3.2.3. In vitro release study

The in vitro release profiles of CPO SPs nanogel formulations (SPNG1, SPNG2, SPNG3, and SPNG4) over 12 hours are
illustrated in Figure 5. An inverse relationship was observed between the concentration of Carbopol 934P and the cumulative
drug release percentage. Formulation SPNG1, containing 0.25% w/w Carbopol 934P, exhibited the highest cumulative drug
release (80.37 £ 1.65%) after 12 hours, whereas SPNG4, containing 1.0% w/w Carbopol 934P, showed the lowest cumulative
release (32.5 £ 2.54%). These findings indicate that increasing the polymer concentration effectively retarded the release of
CPO from the nanogel matrix. The reduction in drug release with increasing Carbopol 934P concentration can be attributed to
the formation of a denser and more viscous three-dimensional polymeric network, which increases the diffusional resistance
encountered by drug molecules. Carbopol 934P is a cross-linked polyacrylic acid polymer that exhibits high viscosity and forms
a dense gel network. As the concentration of Carbopol 934P increases, both the gel viscosity and the diffusional barrier become
more pronounced, which impedes drug release. Elevated polymer concentration results in dense polymeric entanglements,
thereby reducing drug diffusion from the nanogel matrix [51]. Among the investigated formulations, SPNG1 demonstrated the
most favourable release profile, providing prolonged drug release over the 12 hours experimental period while maintaining
higher cumulative release than the formulations containing higher polymer concentrations. Therefore, SPNG1 was selected as

the optimum nanogel formulation for subsequent investigations.
3.2.4. Measurement of the vesicle size, polydispersity index, and zeta potential

The optimum SP nanogel formulation (SPNG1) showed an average vesicle size of 241.4 * 1.13 nm as demonstrated in Figure
6A. This value was higher than the vesicle size of the optimised SPs formulation, which exhibited a vesicle size of 145.3 & 2.66
nm. This increase in the vesicle size of the SP nanogel following the use of Carbopol 934P as a gelling agent can be attributed
to the increase in the hydrodynamic diameter resulting from the adsorption or association of hydrated polymer chains around
the SP vesicles [47, 48].

The PDI value of the optimised SPs formulation was 0.276 £ 0.02, whereas the corresponding nanogel (SPNG1) showed a
slightly lower PDI of 0.270 * 0.01. This indicates that the incorporation of the SP vesicles into the Carbopol gel did not
adversely affect their size distribution and suggests that the vesicles remained uniformly dispersed within the gel matrix. The
gel matrix may prevent particle aggregation, leading to a more homogeneous dispersion. The polymer network could restrict
the movement of vesicles in the formulation and result in reducing size variability in DLS measurements [32].

The zeta potential of the CPO SPs nanogel formulation (SPNG1) was measured to evaluate its stability. As shown in Figure
6B, the formulation exhibited a zeta potential of —29.8 * 0.85 mV. This indicates good colloidal stability and a more negative
surface charge than the original CPO SPs of —20.9 * 1.2 mV. The increase in the absolute magnitude of the negative zeta
potential following gel incorporation may be due to an increase in the negative charge density because of the presence of
Catrbopol 934P that ionises in water and contributes additional carboxylate (—COO7) groups [49].The enhanced negative
surface charge, together with the steric stabilisation provided by the nonionic surfactant Tween 80, contributes to reducing
vesicle aggregation and maintaining good colloidal stability. In addition, the three-dimensional Carbopol gel network restricts
vesicle mobility, further improving the physical stability of the formulation. Similar zeta potential values ranging from —20 to
—35 mV have been reported for Carbopol-based nanogel formulations, confirming that the obtained value is consistent with a

physically stable nanosystem suitable for topical drug delivery [50].
3.2.5. Field Emission Scanning Electron Microscopy (Fe-SEM)

The Fe-SEM examination of the optimised formulation (SPNG1) showed spherical to ovoid vesicles with smooth surfaces as
illustrated in Figure 7. The vesicles appeared well dispersed, with no obvious evidence of extensive aggregation, suggesting that
incorporation of the SP vesicles into the Carbopol gel maintained good physical stability. These results are in agreement with
previous findings from similar research on SPs nanovesicles, which also documented the spherical shape and uniform size
distribution of SPs [52].

3.2.6. Ex vivo permeation study

As previously mentioned, the ex vivo permeation was carried out using both sheep hooves and healthy human fingernails to
compare the permeation of the optimum SPs nanogel formulation (SPNG1) with the corresponding plain gel. Healthy nail
plates were selected because previous studies have reported that the permeability of healthy nails is comparable to that of fungal-
infected nails, making healthy nails a suitable and widely accepted model for ex »ivo transungual permeation studies [53].
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3.2.6.1. Permeation study using sheep hooves

Sheep hooves are widely accepted as a practical ex vivo model for the initial evaluation of transungual drug delivery due to their
structural similarities (keratinised tissue) and greater availability than human nails [54, 55]. Although structural differences
between sheep hooves and human nails may influence the extent of drug permeation, sheep hooves remain a well-established
model for comparative formulation studies. As illustrated in Figure 8A, the optimum SP nanogel formulation (SPNGT1) showed
significantly greater drug deposition within the sheep hooves than the corresponding plain gel (450.5 £ 4.09 versus 292.01 +
1.75 pg/cm?, respectively; P < 0.001), representing approximately a 1.54-fold increase in drug deposition. Likewise, the
cumulative amount of CPO permeated into the receptor fluid after 24 hours was significantly higher for the SP nanogel (161.73
+ 2.01 pg/cm?) than for the plain gel (112.10 + 0.93 ng/cm?) (P < 0.001). The supetior transungual delivery accomplished by
the SP nanogel may be due to their highly deformable nature, which increases their interaction with keratin and enables drug
diffusion through the tissue.

3.2.6.2. Permeation study using human nails

According to the permeation study results, the optimum SP nanogel formulation (SPNGT1) showed a higher permeation and
deposition within the human fingernails than the corresponding plain gel. As shown in Figure 8B, the amount of CPO retained
within the nails after 24 hours was 269.1 £ 0.95 ng/cm? for the SP nanogel compared with 155.3 + 2.05 pug/cm? for the plain
gel, representing approximately a 1.73-fold increase in drug deposition (P < 0.001). In addition, the cumulative amount of drug
permeated into the receptor fluid after 24 hours was significantly higher for the SP nanogel (37.8 + 1.12 pg/cm?) than for the
plain gel (24.34 £ 1.09 pg/cm?) (P < 0.001).

The greater drug deposition achieved by the SPNGT1 formulation is important for the treatment of onychomycosis, since
dermatophytes colonize the nail plate and the underlying nail bed. Thus, increasing drug retention within the nail is regarded
more critical than achieving higher systemic permeation. The high level of drug deposition observed for the SP nanogel is
expected to maintain prolonged local drug availability within the nail tissue, thereby supporting sustained antifungal activity [50,
57.

The superiority of SP nanogel in improving transungual drug delivery may be attributed to several mechanisms. First, the non-
ionic surfactants (Span 60 and Tween 80) act as permeation enhancers by increasing hydration of the keratinised nail plate and
facilitating drug diffusion through the compact keratin network [58, 59]. Second, the nanosized and highly deformable SP
vesicles can adapt their shape and traverse the aqueous pathways within the hydrated keratin tissue more efficiently than do the
plain gel. In addition, the vesicles may adsorb onto the nail surface and function as localised drug reservoirs, providing
continuous release of CPO directly at the site of permeation. Together, these mechanisms resulted in significantly greater drug

deposition and permeation than those attained with the plain gel.
3.2.7. Pre-treatment with MN pen device

Microneedle-assisted transungual drug delivery systems utilises arrays of microscopic needles to create micropores in the nail
plate. Thus, reducing the barrier function of the highly keratinised tissue without reaching pain receptors [59]. Furthermore,
the formation of numerous micropores increases the effective surface area available for drug transport, thereby facilitating
diffusion through the keratin matrix [76]. Consequently, this minimally invasive technique enhances drug permeation while
remaining painless. The pre-treatment of the sheep hooves or human nails with the MN pen device has shown a synergistic
effect and significantly increased permeation and deposition of CPO from both SP nanogel and the plain gel, as shown in

Figure 9.

As shown in Figure 9, MN pre-treatment showed a significant increase in the CPO amount deposited in both samples. In sheep
hooves, drug deposition increased from 450.5 + 4.09 to 791.03 £ 1.95 pg/cm? (76% increase) for the SP nanogel and from
292.01 £ 1.75 to 385.6 + 9.25 pug/cm? (32% increase) for the plain gel. Likewise, in human nails, the drug deposition from the
SPs nanogel incteased from 269.1 + 0.95 to 417.0  2.55 ng/cm? (55% increase), wheteas the plain gel increased from 155.3 £
2.05t0 176.16 * 6.05 pg/cm? (13% increase).

Regarding the permeation of CPO into the receptor fluid, notable increase also observed. In sheep hooves, receptor-fluid
permeation increased from 161.73 + 2.01 to 210.32 + 1.17 pg/cm? (30% increase) for the SP nanogel, and from 112.10 £ 0.93
to 139.72 + 0.06 pg/cm? (24.6% increase) for the plain gel. MN pre-treatment of the human nails increased CPO permeation
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from 37.8 + 1.12 to 45.79 £ 0.08 ug/cm? (22% increase) for the SP nanogel, and from 24.34 £ 1.09 to 28.55 £ 0.35 pg/cm?
(17.3% increase) for the plain gel.

The significant enhancement of the MN pen device detected with the SP nanogel indicates a synergistic action between MN-
assisted microporation and the SP nanovesicles. While the MN pen physically reduces the diffusional resistance of the
keratinized barrier of the nail by creating microchannels, the highly deformable SPs easily penetrate these newly formed
pathways and subsequently diffuse more efficiently through the hydrated keratin matrix. In addition, the nanosized vesicles
maintain CPO in a finely dispersed state and facilitate its partitioning into the nail tissue, resulting in greater drug deposition
and permeation than those achieved with the conventional plain gel. These complementary mechanisms explain the supetior
performance of the combined MN-SP nanogel approach [60, 61].

Transungual drug delivery was observed to be higher in sheep hooves than in human nails following MN pre-treatment. These
differences may be due to the structural properties of sheep hooves, including their lower keratin density, higher lipid content,
and greater water absorption capacity compared with human nails. Increased hydration promotes swelling of the keratin
network and enlargement of aqueous diffusion pathways, thereby facilitating drug transport. Although the absolute permeation
values differed between the two models (hooves and nails), the same enhancement pattern was consistently observed,
demonstrating that the synergistic effect of MN-assisted microporation and SP nanovesicles is independent of the keratin
substrate. Finally, the noticeable increase in drug deposition within the nail plate is particularly relevant for the treatment of
onychomycosis, where fungi reside primarily within the keratinized tissue. Therefore, combining MN-assisted microporation
with CPO-loaded SP nanogel has the potential to increase local drug availability and may shorten treatment duration compared

with conventional topical therapy.
3.2.8. Stability study of spanlastics nanogel

The stability of CPO SP nanogel formulation (SPNGT1) was evaluated over a period of three months at 4°C, 25°C, and 40°C
by monitoring vesicle size, PDI, pH, and drug content. The results are presented in Table 5.

At 4°C storage for a period of three months, the vesicle size was gradually increased from 248.5 + 0.95 nm to 298.5 + 2.45 nm,
this increase indicates a limited aggregation of vesicles. The reduced growth rate of the vesicles with decreased molecular
mobility and inhibited coalescence under refrigerated conditions. At a storage temperature of 25°C, a notable increase in size
was recorded, reaching 466.2 *+ 1.45 nm after three months, suggesting a reduction in stability at ambient temperature. The
highest increase in the vesicle size occutred at 40°C, where it reached 2247.0 + 7.45 nm, indicating extensive vesicle aggregation
and/or fusion induced by higher temperature. Higher temperatures increase bilayer fluidity and vesicle mobility, thereby
promoting collisions between vesicles and reducing the physical stability of the nanosystem [59].

The PDI of a freshly prepared nanogel was 0.270 £ 0.01, indicating a homogeneous size distribution, which is advantageous
for consistent drug delivery. Following the storage at 4°C and 25°C for three months, the PDI values remained low (0.268 £
0.04, and 0.232 £ 0.02, respectively), indicating maintained homogeneity despite droplet enlargement. This elucidates that
aggregation occurred without high effect on the size variation. At 40°C, the PDI increased to 0.350 £ 0.01. This reflects the

development of a larger size distribution due to increased aggregation at elevated temperature.

The pH of the nanogel remained relatively stable throughout the storage period, increasing only slightly from 7.40 £ 0.02 to
7.68 £ 0.03 after three months at 40°C. This is important for preserving nail compatibility and drug stability, as CPO deteriorates

under excessively acidic or alkaline conditions [56].

The drug content values of the CPO SP nanogel decreasing only slightly from 99.1 & 0.20% in the freshly prepared formulation
to 96.9 = 1.21% after three months at 40°C. The slight loss in drug content (< 3%) indicates good chemical stability of CPO
within the SP nanogel. The small decrease in drug content at high temperatures may be attributed to minor drug leakage from
the vesicles and/or gradual thermal degradation during storage [62)].

Table 5. Results of the stability study of CPO SP nanogel. The data are presented as mean * SD (n = 3).

Temp. | Time (month) Vesicle size (nm) | PDI pH Drug content %
0 2414+ 113 0.270 £ 0.01 | 7.40 £0.02 | 99.1 £ 0.20
4°C 1 248.5+0.95 0.237 £0.03 | 7.43£0.02 | 99.1 £ 0.39
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2 284.1 £ 4.50 0.242 £ 0.01 | 7.51 £0.01 | 98.9 £ 0.55
3 298.5 £ 2.45 0.268 £ 0.04 | 7.62 £ 0.01 | 98.6 £ 0.45
1 302.7 £ 2.08 0.208 £ 0.03 | 7.63 £0.02 | 99.0 £ 0.22
25°C 2 4272+ 1.75 0.230 £ 0.03 | 7.62 £0.01 | 98.7 £ 1.46
3 466.2 + 1.45 0.232 £ 0.02 | 7.65 £ 0.03 | 97.9 £ 0.62
1 798.0 £ 5.05 0.366 £ 0.03 | 7.64 £ 0.04 | 98.1 £0.15
40°C
2 1471.5 £ 2.55 0.370 £ 0.01 | 7.65 £ 0.02 | 97.8 £0.29
3 2247.0 £ 7.45 0.350 £ 0.01 | 7.68 £ 0.03 | 96.9 £ 1.21

4. CONCLUSIONS

The current work successfully developed and optimised an innovative topical SPs formulation of the antifungal agent CPO
using a Box—Behnken experimental design. The optimised formulation exhibited nanosized vesicles with high drug entrapment
efficiency and enhanced antifungal activity compared with the free drug formulation. The SPs were then successfully
incorporated into a Carbopol-based gel which showed suitable viscosity, drug content, drug release, and stability under
refrigerated storage. Ex vivo permeation studies using both sheep hooves and human fingernails demonstrated that the SP
nanogel significantly increased drug permeation and drug deposition within the hooves and nails compared with the
corresponding plain gel. Pre-treatment with a MN pen device further enhanced transungual drug delivery, demonstrating a
synergistic effect between MN-assisted nail microporation and the highly deformable SP nanovesicles. The combined approach
produced the greatest drug deposition within the nail plate, which is beneficial for the topical treatment of onychomycosis,
where sustained drug retention within the nail is essential for therapeutic efficacy. Overall, the developed SP nanogel, particularly
when combined with MNs, provides a promising strategy for improving topical antifungal therapy and overcoming the barrier
properties of the nail plate. Nevertheless, further 7 vivo studies are required to confirm the therapeutic efficacy and clinical

applicability of this novel transungual drug delivery system.
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Figure 1. 3D surface plot representing the effect of independent variables (Conc. of Span 60, Conc. of Tween 80, and

sonication time) on the VS, PDI, and EE%.
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Figure 2. (A) The bar graph for the desirability of the optimisation process, (B) A graph for the optimised variable levels and
predicted responses of the optimised CPO SP formulation.
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Figure 4. Images of the inhibition zones of (A) SPs of CPO, (B) Solution of CPO in DMSO, and (C) Control solution.
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Figure 5. The accumulative release percentages of CPO SP nanogel formulations SPNG1, SPNG2, SPNG3, and SPNG4.
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Figure 6. (A) Vesicle size distribution, and (B) Zeta potential distribution of the optimised SP nanogel formulation (SPNGT1).

Figure 7. The Fe-SEM image of the optimised SP nanogel formulation (SPNGT1).
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Figure 8. The amount of CPO (ug/cm?) from the SP nanogel and plain gel in receptor fluid and deposited amount in (A)
Sheep hooves, and (B) Human nails. Data is presented as the mean £ SD (n = 6).
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Figure 9. Effect of MNs on drug permeation and deposition from the SP nanogel and plain gel in (A) sheep hooves, and (B)
human nails. Data is presented as the mean = SD (n - 6).
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