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Abstract: Alopecia areata is a scarless, localized hair loss disorder that is typically treated with
topical formulations that ultimately only further irritate the condition. Hence, the goal of this study
was to develop a nanoemulsion with a base of garlic oil (GO) and apple cider vinegar (APCV)
and loaded with minoxidil (MX) in order to enhance drug solubilization and permeation through
skin. A distance coordinate exchange quadratic mixture design was used to optimize the proposed
nanoemulsion. Span 20 and Tween 20 mixtures were used as the surfactant, and Transcutol was used
as the co-surfactant. The developed formulations were characterized for their droplet size, minoxidil
steady-state flux (MX Jss) and minimum inhibitory concentration (MIC) against Propionibacterium
acnes. The optimized MX-GO-APCV nanoemulsion had a droplet size of 110 nm, MX Jss of 3 pg/cm?
h, and MIC of 0.275 ug/mL. The optimized formulation acquired the highest ex vivo skin permeation
parameters compared to MX aqueous dispersion, and varying formulations lacked one or more
components of the proposed nanoemulsion. GO and APCV in the optimized formulation had a
synergistic, enhancing activity on the MX permeation across the skin membrane, and the percent
permeated increased from 12.7% to 41.6%. Finally, the MX-GO-APCV nanoemulsion followed the
Korsmeyer-Peppas model of diffusion, and the value of the release exponent (n) obtained for the
formulations was found to be 1.0124, implying that the MX permeation followed Super case II
transport. These results demonstrate that the MX-GO-APCV nanoemulsion formulation could be
useful in promoting MX activity in treating alopecia areata.
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1. Introduction

Alopecia areata is an ailment identified by impermanent, nonscarring hair loss in
which the hair follicles are preserved [1]. In such a disorder, hair loss varies from well-
defined spots to prevalent or total hair loss, which could influence all hairy parts of the
body [2]. The most common type of alopecia areata is the inchoate alopecia areata that
affects the scalp. About 2% of the general population suffers from alopecia areata at
some point in the course of their lives, which often affects their self-esteem. resulting in
disaffection and even depression [3]. Historically speaking, variable assumptions were
assigned as triggers for alopecia areata. Immune disorders were considered the major
cause of the disease during the past fifty years [4]. However, other reasons for alopecia
areata, such as physical or emotional trauma, intoxication with thallium acetate, thyroid
gland disorders, and microbial infections were also identified [5].

Propionibacterium acnes is a Gram-positive anaerobic commensal that lives on human
skin and is implicated in acne and alopecia areata pathogenesis [6]. Curiously, when
P. acnes feeds upon sebaceous glands, it produces porphyrins. These porphyrins are
subsequently activated by UV radiation and release reactive oxygen species (ROS) [7].
ROSs are unstable oxygen-containing molecules, so they instantly engage with other
nearby molecules. Such action of ROSs could lead to some unfortunate events, such as
enzymatic destabilization and/or cellular degradation ending up with inflammation [8].
Intriguingly, porphyrins released in the sebaceous canals play a key role in the hair loss
process by inducing chronic inflammation, which could participate in the chain of events
leading to hair loss [9].

Minoxidil (MX) was originally developed as an antihypertensive drug; however,
coincidently, practitioners observed an abnormal hair growth and generalized hirsutism
during treatment, especially in bald patients [10]. Such a discovery led to the use of MX in
topical treatment of different types of alopecia [11]. The proposed mechanism of action
for this kind of treatment is thought to be through its vasodilating effect, which promotes
blood flow to hair follicles and results in dermal papilla cell proliferation [12]. Nevertheless,
MX also produces several negative effects (e.g., redness, inflammation, and itching) that
restrict its long-term use, especially when it requires a dose twice a day [13]. Moreover,
because MX has poor solubility and limited skin permeability, most of its commercial
formulations are dissolved using varying proportions of different organic solvents (e.g.,
ethanol and propylene glycol (PG)) that dissolve MX at levels that result in sufficient hair
growth [14]. Unfortunately, these organic solvents can impart unwanted effects, such as
contact dermatitis, burning sensations, or scalp dryness [15]. Such drawbacks of marketed
formulations containing MX necessitates scrutinizing new drug delivery systems and
incorporating MX with other agents in order to administer MX with minimal side effects.

Garlic (Allium sativum) is an ancient plant, originally cultivated and used in Asia more
than 600 years ago [16]. Garlic essential oil (GO) is rich in sulfuric compounds that have
been reported to have several beneficial medicinal effects, including hypotensive, antitumor,
antimicrobial, immunomodulatory, and even hair growth effects [17,18]. The anti-microbial
properties of GO help kill fungi and bacteria that could damage the scalp and suppress
hair growth. Additionally, raw garlic is rich in vitamin C, which enhances hair-growth and
promotes collagen production [19]. Furthermore, GO’s selenium content improves blood
circulation to hair follicles for ultimate nourishment [20].

Apple cider vinegar (APCV) is an amber-colored vinegar obtained from apples [21].
Chemically, APCV is described as a diluted aqueous solution of ethanoic acid that is created
through alcoholic and acidic fermentation using acetobacter [22]. APCV works as a natural
antifungal agent that may inhibit the growth of the dandruff-causing fungus, Malassezia
furfur, therefore decreasing or diminishing dandruff [23]. APCV is considered an economic
hair shampoo and conditioner, because it (1) can help expel most residues from any other
hair products that might be found on the scalp and hair shafts; and (2) it can condition hair
making it softer, silkier, and shinier. Such benefits might be attributed to APCV’s acetic
acid content [24].
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Nano-particulate systems are newly emerging drug delivery systems that are widely
investigated, either for topical or systemic application [25-28]. Nanoemulsions are rec-
ognized as clear, meta-stable mixtures of two immiscible liquids (mainly water and oil)
firmed by a surfactant/cosurfactant interfacial film [29]. Nanoemulsions display several
merits over some other dosage forms as: (1) a higher absorption rate with lower variation
in absorption; (2) anti-oxidant and hydrolysis protection effects; (3) delivery of lipophilic
and hydrophilic drugs; (4) enhanced water solubility for poorly soluble agents; (5) boosted
bioavailability; (6) minimized required doses and side effects; (7) no toxicity or irritation
observed when used on skin or mucosal membranes; (8) controlled drug release; and
(9) better ex vivo permeation [30]. Some of those merits are due to the globular size that
locate in nanosize range, others due to the presence of surfactant within the formula, and
other could be due to the specific actions related to the incorporated oil type within the
prepared nanoemulsion.

Several research groups have investigated the nanoemulsions of essential oils and their
beneficial outstanding results [31,32]. Statistical experimental designs were established
to obtain the greatest amount of information while also employing the fewest number
of experiments, identifying the interactions between variables, and explaining the rea-
sons behind any experimental errors [33]. An extra benefit of using these designs is that
they demand careful elaboration and adhering to statistical laws. This stringency forces
researchers to be precise in determining the experimental objectives and methodologies
needed to achieve those objectives. Moreover, the design can predict the optimum for-
mulation behavior and how to scale it up [34]. Statistical designs are an economic way of
researching, because they often provide the best solution for the formulation [35].

Based on the aforementioned information, the purpose of this study was to improve
treatment for alopecia areata by (1) implementing statistical experimental designs, and
(2) by applying the hair-growth-promoting and -protecting effects of GO and APCV to
enhance the solubility and permeation of MX by incorporating it into a nanoemulsion
utilizing GO as the oil phase and APCV as the aqueous phase.

2. Materials and Methods
2.1. Materials

Garlic oil was donated by the Verywell Health Company (New York, NY, USA).
Tween 20 and Span 20 were purchased from the BASF SE Chemicals Company (Lud-
wigshafen, Germany). Apple cider vinegar was procured from Jiangxi Origin Aromatics
Co., Ltd. (Xi’an, China). Minoxidil was gifted by Qingdao Sigma Chemical Co., Ltd.
(Qingdao, China). Transcutol was donated by Gattefosse (Saint-Priest, France). Methanol,
acetonitrile, and phosphate HPLC-grade buffers were purchased from Sigma Aldrich (St.
Louis, MO, USA).

2.2. Estimation of Required Hydrophilic Lipophilic Balance (RHLB) for Garlic Oil in Apple
Cider Vinegar

The reported RHLB for GO in water is 14 [36]. Different ratios (i.e., 0.57:0.43, 0.52:0.48,
0.45:0.55, 0.39:0.61, 0.33:0.67, 0.27:0.73, 0.20:0.8, 0.14:0.86, and 0.085:0.915) of Span 20 and
Tween 20 respectively were used to obtain the optimal RHLB of the surfactant mixture
(ranging from 12 to 16) to disperse GO (oil phase) in APCV (aqueous phase) for nanoemul-
sion formulation as follows:

Firstly, 0.15 g of GO were vortexed with 0.35 g of surfactant mixture (Smix) to prepare
the organic phase. Next, it was added to an aqueous phase (0.5 g of APCV) dropwise and
then vortexed to formulate a preliminary emulsion. The formed emulsions’ droplet size
was determined using Zetatrac by Microtrac (Montgomeryville, PA, USA) [37] to assign the
most suitable RHLB of surfactant mixture to develop a GO emulsion in APCV. Experiments
were conducted thrice.
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2.3. Pseudoternary Phase Diagram Construction

Determining the right levels of oil, surfactant, and co-surfactant is crucial for preparing
a stable and robust nanoemulsion. The pseudoternary phase diagram tool was employed
to determine the optimal nanoemulsion region for the components: GO (oil phase), surfac-
tant mixture in the ratio of 0.39:0.61, and Transcutol as the co-surfactant, using aqueous
titration procedure and the formation of nanoemulsioms was evidenced by visual inspec-
tion [31]. The total composition of the three ingredients was kept at 100% with 50 mg MX.
Several combinations were allocated to find the nanoemulsion region in the diagram.

2.4. Preparation and Optimization of the MX-Loaded GO-APCV Nanoemulsion

A distance coordinate exchange quadratic mixture design was used to inspect the
influence of varying formulation parameters on the GO-APCV nanoemulsion features,
using Design-Expert® software (version 13.0.7.0, Stat-Ease Inc., Minneapolis, MN, USA).
Three independent factors were assessed for this purpose: GO percentage in the range
of 5-18% (A); Smix (surfactant:co-surfactant, 2:1) in the range of 20-50% (B); and APCV
percentage in the range of 32-75% (C) (Table 1). Each formulation contained 50 mg MX.
The droplet size, drug steady state flux (MX Jss), and minimum effective concentration
(MIC) of nanoemulsion against P. acnes were considered the dependent variables for the
evaluation and optimization of the MX-loaded GO-APCV nanoemulsion formulations.
A total of 18 runs were developed randomly (Table 2). About 1 g of each mixture was
prepared by mixing the three components (oil, Smix, and APCV).

Table 1. Experimental plan for MX-loaded GO-APCV nanoemulsion.

Independent Dependent Variables Constraints
Variables -1 +1
GO % (A) 5 18 Droplet Size(Y7) (nm) Minimum
Smix % (B) 20 50 MXTss (Y3) (ug/ cm? h) Maximum
APCV % (C) 32 75 MIC (Y3) (ug/mL) Minimum

Table 2. RHLB and droplet sizes of GO-APCV emulsions formulated using different Tween 20/Span
20 ratios.

. . Droplet Size of Formed
RHLB Tween 20 Ratio Span 20 Ratio GO-APCV Emulsion
12 0.57 0.43 550 + 40 nm
12.5 0.52 0.48 435 + 34 nm
13 0.45 0.55 280 £ 28 nm
13.5 0.39 0.61 210 £+ 20 nm
14 0.33 0.67 295 + 27 nm
14.5 0.27 0.73 360 £+ 36 nm
15 0.20 0.80 410 £ 33 nm
15.5 0.14 0.86 470 £ 41 nm
16 0.085 0.915 580 £ 49 nm

2.5. Preparation of MX-GO-APCV Nanoemulsion

Definite proportions of the three components of MX-GO-APCV nanoemulsion namely,
GO (oil), Smix prepared from Tween 20/Span 20 mixed in the ratio 0.39/0.61 (surfactant
mixture): Transcutol (cosurfactant) in the ratio 2:1, and APCV (aqueous phase) formulations
were mixed and vortexed for 5 min. Finally, the mixtures were set aside to equilibrate for
12 h in a shaking water bath set at 100 rpm and 37 °C [30].
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2.6. Evaluation of the MX-GO-APCV Nanoemulsion
2.6.1. Determination of MX-GO-APCV Nanoemulsion Droplet Size

The average droplet size of MX-GO-APCV nanoemulsions were examined through
dynamic light scattering technique (DLS) (Zetatrac, Microtrac, Montgomeryville, PA, USA).
Initially, nanoemulsion samples were diluted with distilled water (1:10) to revoke the
multi-scattering effect, reduce the expected formulation viscosity and to provide precise
comparison between different formulations [37]. The particle size data was reported as
the Z-average mean diameter and the Zaverage particle diameter was obtained based on
distribution by number which was gathered by the software. All measurements were taken
in triplicate at ambient temperature (25 °C £ 2 °C) and an angle of 90° to the incident
beam [38].

2.6.2. Ex Vivo Skin Permeation Study of MX-GO-APCV Nanoemulsion

Ex vivo permeation studies were accomplished employing Microette Plus Hanson
Automated Vertical Diffusion Cells (Hanson Research, Chatsworth, CA, USA) according to
a previously described procedure [26]. The receptor compartment contained phosphate
buffer saline (PBS, pH 5.8) as the receptor milieu and was maintained at 32 °C 4+ 0.5 °C
with a stirring rate of 400 rpm. The permeation membrane was obtained from male
Wistar rats whose abdominal regions were shaved by electric clippers, and whose skin
was removed (3 x 3 cm?) and cleared from subcutaneous fats. Donor chamber contained
4 mL of emulsion equivalent to 14 mg of MX and the receiver chamber contained 10 mL
of receptor media, while the surface area for permeation was 2.5 cm?. The animals were
provided by the Cairo Agriculture Center for Experimental Animals, Cairo, Egypt. Ethical
approval for this study was obtained from The Research Ethics Committee of the ACM
Center for Clinical Laboratories, Cairo, Egypt, following the Helsinki agreement protocol
and the Guiding Principle in Care and Use of Animals (DHEW publication NIH 80-23),
approval No. (293-07-21) at July 2021. A magnifier was used to examine the integrity of the
excised skin. Next, the skin was soaked in PBS (pH 5.8) for 3 h, after which the prepared
skin was inserted between the donor and receptor compartments of the cells. Permeation of
MX-GO-APCV nanoemulsions was assessed, and MX amounts permeated across the skin
were evaluated using RP-HPLC, according to previously published, validated methods on
an ODS C18 column (25 cm x 4.6 mm, 5 p particle size) using a mobile phase composed of
methanol:water (70:30 v/v) in addition to 0.5 % triethylamine (TEA). The pH was adjusted
to 6.38 with orthophosphoric acid (OPA). The flow rate was 1 mL/min, and eluents were
detected by a UV detector at 210 nm. The percentage of MX permeated at each sampling
time was determined, and the steady state flux (Jss) for each sample was obtained as
follows [39]:

Jss =dQ/dt @

where Q (ug/cm?) is the cumulative amount permeated through the unit area of the
membrane surface. Measurements were made in triplicate.

2.6.3. Assessment of MIC of the Prepared MX-GO-APCV Nanoemulsion against P. acnes

P. acnes, was obtained from the Agricultural Research Service (NRRL, Peoria, IL, USA).
Prior to the assay, the bacterium was incubated in Mueller Hinton broth (Mast Group
Ltd., Merseyside, UK) at 37 °C for 72 h under anaerobic conditions [40]. A 96-well mi-
croplate assay was used to determine the antibacterial activity of nanoemulsion samples
against P. acnes according to a previously described method [41] with minor modifica-
tions. The bacterium culture obtained after 72 h was dispersed in Mueller Hinton broth,
and the dispersion was curbed to 0.5 McFarland turbidity standard. All samples were
then dissolved in 5% dimethyl sulfoxide (DMSO) and subsequently diluted with the
used broth, up to a concentration of 100 ng/mL. Further, 100 puL of each sample was
poured into the 96-well plate. The same procedure was adopted with the positive control
(100 pg/mL erythromycin) and with the negative control (5% DMSO). Next, 100 pL of
bacterial suspension was added to each well. The minimum inhibitory concentrations (i.e.,
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the lowest concentration of the sample at which the microorganism demonstrates no visible
growth) for the tested samples and the positive control were determined. Twofold serial
dilutions were performed by adding culture broth to obtain concentrations within the range
of 0.5 to 50 ug/mL of the tested sample, while (for the positive control), dilutions from 0.003
to 100 ng/mL were used during the MIC determination. The test was performed thrice.

2.7. Optimization of the MX-GO-APCV Nanoemulsion

Design—Expert® software (Stat-Ease, Inc., 2021 E. Hennepin Avenue, Ste 480, Min-
neapolis, MN 55413-2726, USA) was adopted to select the optimized nanoemulsion formu-
lation by means of the desirability function. The purpose of the optimization process was
to select a formulation with the minimum droplet size and MIC and the maximum MX Jss.
The solution with the desirability value closest to 1 was chosen. To ensure model valid-
ity, the selected nanoemulsion formulation was developed, characterized, and ultimately
compared to the responses valued expected by the software.

2.8. Preparation and Evaluation of the Optimized MX-GO-APCV Nanoemulsion

The optimized MX-GO-APCV nanoemulsion composed of 0.180% GO, 0.500% Smix,
and 0.320% of APCV was prepared and evaluated for globule size, Jss, and MIC as previ-
ously described. In addition, the optimized MX-GO-APCV nanoemulsion was evaluated
for stability, permeation parameters, and kinetic modeling as follows.

2.9. Stability Index Determination

Heat-cool stability testing was first performed to the formulation; it was kept for 48 h
at 4 °C, followed by 48 h at 40 °C temperature. The cycle was repeated thrice, and then
formulation was tested visually for any signs of instability.

Secondly, a freeze—-thaw accelerated stability study was performed using varying
temperature values to prove the thermodynamic stability of the optimized MX-GO-APCV
nanoemulsion. Through the course of the study, the droplet size was determined, and then
the samples were subjected to three consecutive freeze—thaw cycles (freezing at —25 °C
for approximately 24 h and thawing at +25 °C for another 24 h). The droplet size was
measured after each consecutive cycle. The stability index was assigned adopting the
following equation [31]:

Stability index = ([Initial size — Change in size]/Initial size) x 100 2)

Observation on Phase Separation

Each formulation was centrifuged at 5000 rpm for 30 min at room temperature (25 °C)
and observed for phase separation.

2.10. Analysis of Permeation Parameters and Kinetic Modeling

The release pattern of MX was determined according to the relation of the cumulative
amount of MX permeated (Q) per unit area as a function of time. Steady-state flux (Jss),
permeability coefficient (Pc), and diffusion coefficient (D) were calculated as previously
reported. In addition, the obtained permeation data were fitted into different kinetic
models: zero, first, Higuchi, Hixson—Crowell, and Baker-Lonsdale models. Linearity and
correlation coefficient (r) were evaluated.

3. Results and Discussion
3.1. Estimation of Required Hydrophilic Lipophilic Balance (RHLB) for GO in APCV

As seen in Table 2, the smallest globule size of GO-APCV emulsion (210 & 20 nm) was
obtained by using a Tween 20/Span 20 mixture in the ratio 0.39:0.61. Therefore, the RHLB
for GO in APCYV is 13.5, because it is the RHLB corresponding to the lowest droplet size.
Consequently, the Tween 20/Span 20 mixture in the ratio 0.39:0.61 was used for further
studies in formulating the GO-APCV emulsion.
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Notably, the nanoemulsion region indicated that GO may be used in the range of
8-18%, while the level of surfactant mixture ranged from 40% to 70% and the level of
Transcutol ranged from 20% to 40% as observed in Figure 1. Therefore, a mixture of
surfactant and cosurfactant (Smix) will be used in formulating the nanoemulsion by a ratio
2:1 surfactant to cosurfactant (Smix ratio will be 2:1).

Garlic Oil

10 2@ :mb 4& 50 sub 70 80 gub 100o Transcutol

Cosurfactant Level

Surfactant Miﬁ".f;

Figure 1. The pseudoternary phase diagram of GO, Smix, and Transcutol co-surfactant.

3.2. Evaluation of the MX-GO-APCV Nanoemulsion
3.2.1. Determination of MX-GO-APCV Nanoemulsion Droplet Size

Droplet size of the investigated nanoemulsions oscillated between 104 and 300 nm, as
summarized in Table 3, with PDI values from 0.09 to 0.31. These values reveal the favorable
stability, homogeneity, and size distribution of the prepared MX-GO-APCV nanoemulsions.

A quadratic model of polynomial analysis revealed the highest significant mean
squared value exceeding the residual error (p < 0.0084), so it was adopted for droplet size
data analysis. The investigated statistical design disclosed the adopted model’s capacity to
assess the significant effect of garlic % (A), Smix % (B), and APCV % (C) on MX-GO-APCV
nanoemulsions’ droplet size. The specified model acquired an adjusted R? value of 0.7921,
which was in line with an expected R? of 0.7184. ANOVA analysis of the obtained data
revealed the following equation:

Droplet size = —2.316 x 10°%°A — 11,310.02B + 146.50C + 4.475 x 10%AB + 4.374 x 10°°AC + 22,973.84BC + 3.350 x
109 AB(A — B) + 3.078 x 10%AC(A — C) + 22,757.47BC(B — C) — 1.110 x 107 A2BC — 2.963 x 10 AB2C — 3.067 x 3)
109 ABC? + 1.323 x 109°AB(A — B)? + 1.024 x 10%AC(A — C)? + 14,427.31BC(B — C)2

Figure 2 shows the contour and 3D-surface plots that revealed the effect of the factors
on MX-GO-APCV nanoemulsions’ droplet size, which elucidated that the nanoemulsions’
droplet size was at its lowest levels when the three factors were in their median levels.
This is an expected result since the factors are inversely proportional to each other.
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Table 3. Distance coordinate exchange quadratic mixture design responses of MX-GO-APCV nanoemulsions.

Component 1 Component 2 Component 3 Y, Y> Y3
Globule Size MX Jss MIC
Run A: %GO B: %Smix C: %APCV PDI
(nm) (ug/cm? h) (ug/mL)
1 0.0756 0.2392 0.685 270 1.5 0.854 0.12
2 0.05 0.4436 0.5063 104 29 1.124 0.17
3 0.18 0.3603 0.4596 120 2.4 0.203 0.23
4 0.18 0.4305 0.3894 154 2.8 0.266 0.3
5 0.18 0.3078 0.5121 253 21 0.261 0.19
6 0.1369 0.2 0.663 300 1.1 0.318 0.22
7 0.05 0.2 0.75 147 1.3 1.075 0.25
8 0.05 0.3637 0.5862 115 2.4 1.101 0.18
9 0.1173 0.4291 0.4535 169 2.8 0.552 0.09
10 0.18 0.5 0.32 114 3 0.282 0.31
11 0.0925 0.5 0.4074 105 3.1 0.702 0.3
12 0.18 0.5 0.32 110 3 0.281 0.26
13 0.05 0.3028 0.6471 141 2 1.083 0.11
14 0.0925 0.5 0.4074 106 3.1 0.702 0.13
15 0.18 0.2537 0.5662 280 1.7 0.206 0.29
16 0.05 0.2 0.75 146 1.3 1.074 0.21
17 0.115 0.35 0.535 216 2.3 0.563 0.25
18 0.1127 0.2936 0.5936 253 1.9 0.622 0.3

3.2.2. Ex Vivo Skin Permeation Study of MX-GO-APCV Nanoemulsion

Steady state flux of MX (MX Jss) of the studied nanoemulsions through skin exhibited
values between 1.3 and 3.1 pg/ c¢m? h, as summarized in Table 3.

A special quartic model of polynomial analysis articulated the highest significant
mean squared value exceeding the residual error (p < 0.0002), so it was adopted for MX Jss
data analysis. The explored experimental design revealed the statistical model’s capacity
to evaluate the significant effect of garlic % (A), Smix % (B), and APCV % (C) on MX Jss
of MX-GO-APCV nanoemulsions. The allocated model gained an adjusted R? value of
0.9992, which was in close agreement with an expected R? of 0.9984. ANOVA analysis of
the obtained data revealed the following equation:

MX Jss = +8.31A + 3.76B + 1.30C — 10.14AB — 10.01AC + 0.7290BC — 29.18A?BC + 20.19AB?C + 14.32ABC?  (4)

Figure 2 shows the contour and 3D-surface plots that revealed the factors’ effect on
MX-GO-APCV nanoemulsions MX Jss, which clarifies that the Smix % (B) was the factor
with the main effect on MX Jss. The figures demonstrate that increasing Smix % resulted
in a higher MX Jss. Such a result can be understood in the light of the Smix effect on
MX-GO-APCV nanoemulsions’ droplet size, as it is expected that the higher the Smix %,
the lower the droplet size of nanoemulsions. Therefore, a larger surface area will be offered
for higher flux to take place. Moreover, the surfactants and co-surfactant comprising the
Smix are thought to have a skin permeation-enhancing effect. Non-ionic surfactants usually
play their role as penetration enhancers through different mechanisms. Of these, the ability
to permeate through the intercellular space in stratum corneum, enhancing its fluidity and
solubilizing and extracting lipid components. Furthermore, surfactants can penetrate the
intercellular matrix and interact and engage with keratin filaments leading to corneocyte
disruption. Several research groups reported similar findings [42,43].
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Figure 2. Statistical design plots for the droplet size, MX Jss, and MIC of MX-GO-APCV nanoemul-
sions: (A) contour plot for droplet size, (B) response surface plot for droplet size, (C) contour plot for
MX Jss, (D) response surface plot for MX Jss, (E) contour plot for MIC, and (F) response surface plot
for MIC.

3.2.3. Assessment of MIC of the Prepared MX-GO-APCV Nanoemulsion against P. acnes

MIC of the developed nanoemulsion against P. acnes fluctuated between 0.203 and
1.124 pg/mL, as summarized in Table 3.

The quadratic model of polynomial analysis was the statistical model that showed
the most significant mean squared value exceeding the residual error (p < 0.0001). There-
fore, this model was used to analyze MIC data. The applied experimental design ex-
plained the independent variables’ effect on MIC values of MX-GO-APCV nanoemulsions.
The determined model had a predicted R? value of 0.9889, which was in close accordance
with adjusted R? of 0.9931. ANOVA analysis of obtained data revealed the following
equation:

—762.16A — 7.84B + 1.07C + 1501.49AB + 1426.38AC + 18.17BC + 1173.76 AB(A — B)
+981.86AC(A — C) 4 17.99BC(B — C) — 3763.51A?BC — 974.63AB>C — 1032.63ABC? (5)

+526.15AB(A — B)? +311.22AC(A — C)? + 10.93BC(B — C)?

Figure 2 shows the contour and 3D-surface plots that revealed the effect of the factors
on MX-GO-APCV nanoemulsions” MIC. It was observed that GO % and Smix % exhibited
the most prominent effects on MIC response. These findings could be justified based on
the composition of GO and the unique properties of Smix components. The outstanding
antimicrobial effect of GO was attributed to its different sulfides content, which is capable
of destroying the bacterial cell wall by interfering with the sulfhydryl groups of bacterial
cells’ proteins to yield mixed disulfides. Previous research outcomes supported these
findings [44]. Additionally, the allyl group(s) that is abundant in GO, plays a substantial
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role in recognizing the antibacterial action of GO [45]. The effect of Smix in decreasing MIC
values could be attributed to its membrane-fluidizing activity. It is possible that the non-
ionic surfactants could interfere with the phospholipid hydrocarbon present in bacterial
cell walls, therefore leading to increased membrane fluidity and eventually cell lysis.

3.3. Optimization of MX-GO-APCV Nanoemulsion Formulations

Optimizing an experimental procedure usually involves identify the independent
variables’ levels that are most suitable for producing pharmaceutical products with the
optimal desired responses [19]. Therefore, the global desirability function (D) was applied
to optimize the data obtained from the statistical design generated by Design-Expert®
software. The studied responses were set to certain limits (droplet size, MIC to minimum,
and MX Jss to a maximum) to construct an overlay graph and optimize the studied
factors. A desirability value of 0.941 for responses in the desirability plot was obtained.
The optimum formulation consisted of 0.180% of GO, 0.500% of Smix, and 0.320% of
APCV. The manufactured optimized formulation had a droplet size of 110 nm, MX Jss of
3 ng/cm?-h and MIC of 0.275 ug/mL. Figure 3 illustrates the desirability ramp that clarifies
the optimal levels for investigated factors and expected values of the dependent variables
of the optimum formulation. No major differences were observed upon comparing the
experimental and predicted values of the optimized formulation’s responses (p > 0.05),
which affirms the precision and validity of the generated equations (see Table 4).

= S AR N

fiy = 0941
B ion 2 out of 9

Desirability

Sze Distribution by Number

Number (Percent)

Size (d.nm)

T T T
0.000 0.250 0.500 0.750 1.000
Solution 2 out of 9

Figure 3. Bar chart, desirability ramp, and DLS distribution for the optimization process.
The desirability ramp illustrates the levels of study factors and expected values for the dependent
variables of the optimized OEO-SNED (A). The bar chart illustrates the values of desirability for the
conjugated responses (B). The DLS distribution indicated droplet size for the optimized formula (C).
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Table 4. Actual and experimental values of the optimized nanoemulsion formulation.
. o o o Droplet Size MX Jss MIC o s
Solution GO % Smix % APCV % (nm) (ug/em? h) (ug/mL) Desirability
Predicated value 0.180 0.500 0.320 112 3.001 0.281 0.941
Experimental value 0.180 0.500 0.320 110 3 0.275 0.941

Interestingly, Factors A and B (i.e., GO % and Smix %, respectively) were set at their
highest levels in optimum formulation, while factor C (APCV %) was set at its lowest
level. This result is favorable because it is advantageous to have GO % in its maximum
concentration due to GO’s various beneficial effects in decreasing the MIC required for
resisting the bacterial infections, enhancing MX permeation, and nourishing hair shafts.
Similar interpretations were found in other literature [46]. Moreover, it is desirable to have
Smix in its highest level because it exerts a prominent effect on nanoemulsion droplet size,
causing it to decrease to the required nano-level. Such reduction in droplet size allows
for greater permeation of the drug to occur, because it offers a larger surface area for the
diffusion process through the skin [47]. Additionally, higher ratios of Smix provide greater
protection against microbial infection, as was previously described and interpreted by
other researchers [48].

3.4. Evaluation of the Optimized Formulation
3.4.1. Determination of Stability Index

No change in formulation consistency was observed following the heat—cool test.
The stability index is a parameter of utmost importance in exploring the stability of na-
noemulsions. The high value of stability index obtained (96%) for optimized formulation
indicates that the developed optimal nanoemulsion acquired reasonable stability and that
the optimal levels specified by the design were able to form a quality, stable nanoemul-
sion [31]. No phase separation was observed upon centrifugation of optimized sample.

3.4.2. Analysis of Permeation Parameters of Optimum Formulation

The ex vivo permeation results indicate that incorporating MX into nanoemulsion
drug delivery systems enhances the drug’s permeation by at least 2.12-fold compared to
the drug in aqueous dispersion, such an outcome clarifies that the nanoemulsions play a
substantial role in amplifying MX permeation through skin. GO (which was used within
the nanoemulsion formulation as an oil phase) enhanced the MX permeation and steady
state flux in contrast to the optimum formulation, which contained no GO. This result could
be due to the permeability-enhancing action of the oil brought about by changing and
manipulating stratum corneum features, either by increasing MX solubility and partitioning
through skin or by enhancing membranes’ fluidity, as has previously been reported in
literature [49].

Moreover, the presence of APCV within the nanoemulsion as an aqueous phase
enhanced the MX permeation and steady state flux compared to the optimum formula-
tion prepared without APCV. This result presented in Table 5, indicates that APCV has
penetrating-enhancing abilities, but less than that of GO. Collectively, the presence of GO
and APCV within the optimized nanoemulsion formulation has a synergistic-enhancing
activity on the MX permeation across the skin membrane, and the percent permeated
increased from 12.7% to 41.6%.
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Table 5. Ex vivo permeation results of optimized formulation.

Optimized Formulation

Optimized Formulation

Permeation Parameters Fgf::::ﬁ;f:n Prepared with Oleic Acid Prepared with Distilled l\;ll)fsAg:l;‘:;S
Instead of GO Water Instead of APCV P
Cumulative (i?;’;‘;g)?frmeated' Q 2315 + 243 1511 + 112 1894 + 192 711 + 87
Cumulative percentage permeated 41.6% 27.2% 34.1% 12.7%
Steady state flux, Jss, (ug/cm?-h) P 34015 214011 244021 1.11 +£0.12
Permeability coefficient, P, (cm/h) ¢ 2.142 x 1074 15 x 107* 1.714 x 1074 0.785 x 1074
Diffusion coefficient, D, (cm?/h) 4 8.11 x 107° 5.93 x 1078 6.71 x 1072 5.66 x 1078
Enhancement factor (EF) © 3.25 2.12 2.66 -

N.B. 2: Q = the cumulative amount permeated through the unit area of the membrane surface; : Jss = Calculated from slop of curve plotted
between Q and time; ©: P = Mx Jss/original concentration; d: D = Calculated from the slop of curve plotted between Q and square root of

time; ©: EF: Q of studied formulations/Q of drug suspension.

3.4.3. Kinetic Analysis of the Permeation Data

The model that best fits the permeation data is selected based upon the correlation
coefficient (R) value in various models. The model that gives a high R value is considered
to be the best fit of the permeation data. It was observed that optimized nanoemulsions
followed Hixson-Crowell release kinetics (0.9802), which this model explains, whether the
permeation pattern follows Fickian diffusion or not (which can only be judged on the basis
of the value of n where n is estimated from linear regression). It was observed that the
MX-GO-APCV nanoemulsion followed the Korsmeyer-Peppas model, and the value of
release exponent (n) obtained for the formulations was found to be n = 1.0124, which is
higher than 0.89. This result implies that the permeation of MX from the system follows
super case II transport.

4. Conclusions

MX was successfully incorporated into a nanoemulsion with satisfying properties.
A pseudoternary phase diagram was adopted to assign the concentrations of GO, surfac-
tants, and co-surfactant mixtures to determine the most convenient nanoemulsion regions
to develop the required drug delivery system. The droplet size of the manufactured na-
noemulsions oscillated between 104 and 280 nm with proper homogeneity. MX Jss and
MIC of developed formulations fluctuated between 3 and 3.1 pig/cm? h and from 0.203 to
1.124 pg/mL, respectively. Additionally, optimized formulation acquired a reasonable sta-
bility (96%). Furthermore, the optimized MX-GO-APCV nanoemulsion showed enhanced
ex vivo permeation parameters compared to varying formulations. Finally, the optimum
formulation followed the Korsmeyer-Peppas model in the permeation study, implying
that the permeation of MX from the system follows super case II transport. Thus, this
study clarifies that an MX-GO-APCV nanoemulsion could be an effective nanoplatform
that would provide good permeation of MX and maximize its beneficial effects in treating
alopecia areata.
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