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Abstract

Modern drug carrier technologies, such as microemulsions with small droplet sizes and high surface areas, improve the
ability of low water solubility active ingredients to permeate and localize. The goal of this study was to create microemul-
sion formulations for wound healing that contained both fusidic acid (FA), an antibacterial agent, and benzocaine (BNZ),
a local anesthetic. Studies on characterization were carried out, including viscosity, droplet size, and zeta potential. The
drug-loaded microemulsion had a stable structure with —3.014 +1.265 mV of zeta potential and 19.388 +0.480 nm of
droplet size. In both in vitro release and ex vivo permeability studies, the microemulsion was compared with Fucidin
cream and oily BNZ solution. According to the drug release studies, BNZ release from the microemulsion and the
BNZ solution showed a similar profile (p > 0.05), while FA release from the microemulsion had a higher drug release
compared to Fucidin cream (p <0.001). The microemulsion presented lower drug permeation (p > 0.05) for both active
ingredients, on the other hand, provided higher drug accumulation compared to the control preparations. Moreover,
according to the results of in vitro wound healing activity, the microemulsion indicated a dose-dependent wound heal-
ing potential with the highest wound healing activity at the highest concentrations. To the best of our knowledge, this
developed BNZ- and FA-loaded microemulsion would be a promising candidate to create new opportunities for wound
healing thanks to present the active ingredients, which have low water solubility, in a single formulation and achieved
higher accumulation than control preparations.
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Introduction

Active components called local anesthetics block the flow
of sodium ions and the transmission of nerve impulses,
therefore reducing pain [1]. Benzocaine (BNZ), which has
poor water solubility, is one of the most widely used local
anesthetics [2]. Because of its brief duration of analgesia,
BNZ may have systemic adverse effects, including the
production of methemoglobin at its high plasma concen-
trations [3]. BNZ (1-20%) is topically applied to the skin
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or mucosa to reduce the feeling of pain in the treatment
of dental infections, wounds, and burns in many dosage
forms, including cream, ointment, gel, solution, and spray
[4-8]. However, the onset of action of local anesthetics
such as BNZ varies between 30 min and 2 h [5]. Novel
drug carrier systems are needed to shorten the onset of
action and improve their effectiveness.
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Fusidic acid (FA), synthesized by a fungus called
Fusidium coccineum, is a low water-soluble steroidal anti-
biotic used orally, topically, and parenterally [9, 10]. FA,
which is effective against strains such as Gram-positive
Cocci, Staphylococcus aureus, and Staphylococcus epider-
midis inhibits bacterial protein synthesis by preventing the
polymerization of terminal amino acid [11]. FA’s broad
systemic distribution and absorption to numerous body
organs as a result of oral and parenteral treatment cause
a number of adverse effects, including rhabdomyolysis,
diarrhea, and hepatotoxicity, which decreases the drug’s
effectiveness on the skin [12]. Conversely, topical admin-
istration of FA was reported to ensure positive results for
the treatment of wound [13]. To this end, in recent years,
many drug carrier systems of FA such as in situ gel [14],
microemulsion [15], liposome [11], and nanocrystal [16]
were developed for use in the topical wound treatment.

Wounds that cause deterioration in the structure and
function of the skin for various reasons negatively affect the
social and financial lives of millions of people in the form
of acute and chronic wounds [17, 18]. Acute wounds arise
in the form of superficial damage due to a surgical incision,
abrasion-related trauma, burns, etc., while chronic wounds
form because of the triggering of physiological diseases such
as diabetes. Chronic wounds create a more favorable envi-
ronment for bacterial infections. On the other hand, failure
to treat acute wounds quickly and properly leads to chronic
wounds [19]. For this reason, effective treatment of wounds
critically affects the duration of treatment and patient com-
pliance. In the pharmacological treatment of wounds, active
ingredients with different pharmacological effects such as
antimicrobials, antibiotics, analgesics, and anesthetics are
used topically either alone or in combination to reduce pain
and prevent infection [20-24].

Topical delivery is the process of administering a medica-
tion to the targeted area of the skin to provide a local effect
[25]. Semi-solid preparations are used for this purpose; how-
ever, due to the complex structure of the skin, these conven-
tional drug delivery systems may be insufficient, especially
for the administration of hydrophobic substances to the skin
[19]. In this respect, microemulsions, which are one of the
modern drug carrier systems, become very attractive in
recent years [26, 27]. Microemulsion, first described by Hoar
and Schulman in the 1940s, is thermodynamically stable and
single optically isotropic systems [28]. They come to the
forefront with their advantages such as being easily prepared
by titration method using oil, water, surfactant, and cosur-
factant, and having a low viscosity and a high drug perme-
ability [29, 30]. Microemulsions not only increase the pene-
tration ability of the drug but also allow the drug to enter the
skin/tissue more quickly [31, 32] They help lessen the sys-
temic negative effects of medications thanks to their ability
to be localized in the tissue [33]. Moreover, microemulsions
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offer an important opportunity for the topical application of
active ingredients with a low water solubility [34]. Thanks to
these unique advantages, the application of microemulsions
containing active ingredients presented very effective results
for wound healing [13, 15, 20, 35].

This study aimed to develop a formulation in which
BNZ and FA can be presented together in the treatment of
superficial wounds. The combination of these two active
substances in a conventional semi-solid formulation may
cause significant difficulties due to their poor water solubili-
ties and different physicochemical characteristics. By over-
coming these difficulties, thanks to an ideal microemulsion
with a small droplet size containing oil, water, surfactant,
and cosurfactant substances, it is possible to increase the
solubility and improve the effectiveness of the active sub-
stances without significantly changing the characteristics
of the formulation. In this project, due to the advantages of
microemulsions over conventional semi-solid formulations
and their unique advantages, BNZ- and FA-loaded micro-
emulsion was prepared. Studies were available in the litera-
ture, including our earlier work on the creation of FA and
BNZ microemulsions [15, 36, 37]. However, there was no
research or commercial product including these two active
ingredients simultaneously. The main goal of this formula-
tion was to obtain a combined pharmacological effect and
localize in the tissue for the treatment of superficial skin
injuries such as abrasion and superficial wounds such as
mild types of diabetic wounds by providing the desired
effectiveness of both faster and for a longer time. Thus, it is
possible to achieve both antibacterial and anesthetic effects
together by the microemulsion containing FA and BNZ.
This will result in both quicker healing and less discomfort
from a single formulation, increasing patient compliance
while also enhancing the medications’ efficacy through the
use of microemulsion.

Materials and Methods
Materials

BNZ (>98%) was obtained from Acros Organics (USA). FA
was kindly gifted from Berko Ilag (Turkey). Ethyl oleate,
Cremophor EL, ethanol, propylene glycol, glacial acetic
acid, acetonitrile, streptomycin solution (10.000 pg/mL),
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT), and LPS (lipopolysaccharide from Escheri-
chia coli O111:B4) were bought from Sigma (USA). Fucidin
cream was bought from Abdi Ibrahim ilac, Tiirkiye. Before
HPLC analysis, the samples were filtered using a membrane
filter (0.22 um, cellulose acetate (CA), Isolab, Germany).
L929 cell line was obtained from the American Type Cul-
ture Collection (ATCC, USA). Fetal bovine serum (FBS)
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and Dulbecco’s Modified Eagle’s Medium (DMEM) were
supplemented from Gibco, NY, USA.

Solubility Studies

The solubility of BNZ and FA in ethanol, acetonitrile, ethyl
oleate, propylene glycol, distilled water, and acetic acid
(0.1%) solvents were evaluated separately for each active
ingredient. To this end, first, 1 mL of solvent was added into
a microcentrifuge tube, and a large amount of active ingre-
dient was transferred to the tube. The mixture was shacked
in a horizontal shaker mixer (SSL2, Stuart, UK) for 24 h; if
there was no precipitate at the end of the period, some more
active ingredients were added, and the same procedures
were repeated. Subsequently, it was centrifuged in a refrig-
erated centrifuge (3—18 KS, Sigma, Germany) at+4°C and
14,000 rpm for 30 min. A sample of 0.5 mL was taken from
the supernatant and diluted using a mobile phase. The solu-
tion was filtered through a membrane filter (CA, @=25 mm)
and analyzed by an HPLC device (Agilent 1100, USA).

Preparation of Microemulsions

The formulations were prepared using ethyl oleate as an oil
phase, Cremophor EL as a surfactant, and ethanol and pro-
pylene glycol (1:1) as co-surfactants. In each phase diagram
created to determine the ideal microemulsion, the ratios of
the surfactant to cosurfactant were varied as 1:1, 2:1, 3:1, 4:1,
5:1, 1:2, 1:3, and 1:4 (w/w). These mixtures were titrated,
drop-by-drop, with distilled water while being stirred at
300 rpm and ambient temperature. After the mixtures were
equilibrated, their appearance was visually evaluated. After
the determination of the microemulsion region in the pseudo-
ternary phase diagrams created using a software program, the
lead microemulsions were selected at the required component
ratios according to the center of the region [38]. The micro-
emulsion was loaded with 2% of BNZ and 2% of FA.

Characterization of Microemulsions

The physicochemical characterization of generated micro-
emulsions, including those on droplet size, polydispersity
index (PDI), zeta potential, refractive index, electrical
conductivity, pH, and viscosity was assessed to determine
whether they were suitable for topical application. For each
sample, the experiments were run five times at ambient
temperature.

The dynamic light scattering method was used to meas-
ure the average droplet size and PDI of the microemulsions
(Nano ZS, Malvern Instruments, United Kingdom). The data
for particle size and PDI were calculated by averaging ten
measurements made with disposable cells at 173°.

Using disposable flat-folded capillary zeta cells, the
zeta potential was measured (Nano ZS, Malvern Zetasizer,
UK). The Helmholtz-Smoluchowski equation was used to
compute the zeta potential resulting from electrophoretic
mobility in an electric field of 40 V/cm. The software took
care of the procedure. A viscometer was used to measure
the formulations’ viscosities (SV-10, AND Vibro Viscom-
eter, Japan). A digital pH meter was used to determine
the formulations’ pH levels (Mettler Toledo, Switzerland).
Using a refractometer, the compositions’ refractive index
values were assessed (RX-7000 CX, Atago, Japan). To
identify the kind of microemulsion, the electrical con-
ductivity of the microemulsions was measured (Nano ZS,
Malvern Zetasizer, UK).

Physical Stability

The physical stability of the formulations was evalu-
ated under temperature and centrifugation conditions.
The microemulsions were centrifuged at 5000 rpm and
ambient temperature for 30 min to assess whether there
was any precipitation or phase separation [39]. In addi-
tion, the microemulsions were subjected to 6 cycles of
cooling-heating conditions at 5+ 1°C and 45 +2°C. The
microemulsion, which was kept at 5 + 1°C in a refrigera-
tor for 24 h, was then kept in an oven (MMM Medcenter,
Ecocell, Germany) at 45 +2°C for 24 h. Physical changes
in the microemulsion were visually assessed at the end of
6 cycles [40].

Drug Content Uniformity

To determine the content uniformity of the microemul-
sion, 0.5 g of microemulsion was weighed in a beaker, and
100 mL of acetonitrile was transferred to the beaker. The
mixture was stirred until the microemulsion was completely
dispersed. After that, a membrane filter was used to filter
1 mL of the aliquot. The procedures were repeated in tripli-
cate for each batch, and each sample was analyzed at 210 nm
by the HPLC device.

For the quantitative determination of BNZ and FA, a
quantification method was developed and validated using
the HPLC equipped with a UV detector. A C18 column
(InertSustain C18, 150X 4.6 mm, 5 pm, GL Sciences, Japan)
was utilized for the analysis. The mobile phase consisted
of 0.1% acetic acid and acetonitrile (v/v, 30:70). While the
flow rate was 1 mL, the injection volume was 20 pL. The
column temperature was determined as 25°C and the wave-
length was 210 nm. Precision, repeatability, reproducibility,
stability, selectivity, limit of detection (LOD), and limit of
quantification (LOQ) analyses were performed to validate
the developed method [41].
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In Vitro Drug Release

Drug release studies of the microemulsions were evalu-
ated by a dialysis bag method [42]. Fucidin cream (Abdi
ibrahim, Turkey), which was a commercial product of
FA, and an oily BNZ solution were used to compare the
drug release profiles of the microemulsion. The oily BNZ
solution (2%, w/w) was prepared by dissolving BNZ in
ethyl oleate. Accurately weighed 1 g of the microemul-
sion, the BNZ solution, and the cream were individually
transferred to dialysis bags (molecular weight cut off
12-14,000 kDa, SpectraPor, Spectrum Labs, Germany).
Magnetic closure clips were used for closing the mouths
of the bags. The studies were performed at 50 rpm and
32 + 1°C. Phosphate buffer (pH 7.4) and ethanol (v/v,
70:30) were used as a release medium to ensure sink
condition. After placing the dialysis bags into beakers
containing 200 mL of the medium, 1 mL of the sample
was taken at specified times (0.5 to 24 h) and filtered
using the membrane filter (CA, @ =25 mm). As soon as
the sample was taken, the medium was completed with
the fresh medium. The studies were performed with four
replicates for each batch, and the samples were analyzed
by the HPLC device.

The release profiles of BNZ and FA from the micro-
emulsion were compared using the similarity factor (f,)
against the BNZ solution (2%) and Fucidin cream, respec-
tively. In addition, kinetic analyses were performed to
elucidate the release profiles of the active ingredients. To
this end, zero-order (Eq. 1), first-order (Eq. 2), Higuchi
(Eq. 3), Hixson-Crowell (Eq. 4) kinetics, and Korsmeyer-
Peppas (Eq. 5) models were applied. Here, M, and M
denoted the percentage or concentration of drug release
at “s” and equilibrium time, respectively. k,, k;, ky;, and
kyc represented the constants of zero order, first order,
Higuchi, and Hixson-Crowell release kinetics, respec-
tively. Also, kgp and n symbolized the constant of the
geometric and structural character, and the constant of
the release mechanism of the Korsmeyer-Peppas model,
respectively [43].

M, /M, = ky.t 4))
In(1 —M,/M_) = k,.t )
M, /M, = k;.1'/? 3)
1= (1= M,/M)" = —kyet )
M, /M, = kyp.t" )
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Ex vivo Research on Permeability and Penetration

The National Institutes of Health (NIH) rules were followed
for conducting the ex vivo study. In compliance with Istanbul
Medipol University Ethical Council regulations (approval
no: 12.06.2023-38), shaved skins harvested from Balb/c
mice were used. The microemulsion’s permeability was
evaluated by comparing it with the BNZ solution (2%) and
Fucidin cream (Abdi Ibrahim Ilag, Turkey). The experiments
were performed using a Franz diffusion cell system (8 mL of
receptor volume, 1.00 cm? of diffusion area, FDC-6 T series
transdermal system, Logan, USA) at 50 rpm for 24 h. After
filling the receptor compartment with phosphate buffer (pH
7.4): ethanol (70:30), skin from Balb/c mice was positioned
between the donor and receptor compartments and secured
with a metal clamp. To ensure that the skin surface was 32°C,
the receptor chamber was mixed at 37 +0.5°C [42, 44]. Accu-
rately weighed 1 g of the microemulsion, the cream, and the
solution were individually transferred onto the skins. At the
specified time intervals (0.5 to 24 h), a sample (0.5 mL) was
taken, and the receptor volume was completed with the fresh
medium. The samples were filtered (CA, @ =13 mm) and ana-
lyzed with the HPLC. The studies were carried out in tripli-
cate. At the end of 24 h, the amounts of the active ingredients
accumulated in the skin were determined. First, the skin was
washed with distilled water, then cut into small pieces, taken
into a tube containing ethanol, and finally vortexed for 20 min.
At the end of the process, the tubes were centrifuged at 4°C
and 5000 rpm for 30 min. The supernatant was sampled and
filtered, then analyzed by the HPLC.

Cytotoxicity Assay

The cytotoxicity experiments for formulation were con-
ducted using healthy mouse fibroblast cell line L929 which
was grown in DMEM supplemented with 10% FBS (Gibco,
NY, USA), 1% penicillin (10,000 units/mL), and streptomy-
cin (10,000 mg/mL) in an incubator that provides the cell
cultures with 5% CO, at 37°C. L929 cells were seeded in a
96-well plate in the final concentration of 1x 10° cells/mL
and incubated for 24 h. Then, the cells were treated with dif-
ferent doses of the substances (0.125-0.25-0.5-1 mg/mL).
Following 24 h of incubation, the medium was discarded,
and 100 uL of MTT solution (500 pug/mL) was applied to
each well. Post application, the cells were incubated for
another 2 h. Then, the MTT solution was discarded, and
formazan crystals were dissolved by using 100 uL of iso-
propanol [45]. Doses that indicated viability lower than 70%
when compared with the medium control group (M) were
considered cytotoxic. The optical density to determine the
cell viability was analyzed at 570 nm by an ELISA micro-
plate reader (Thermo Multiskan Spectrum, Finland) and
calculated with Eq. 6:
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Viability (%) = (Absorbanceg, e imental Group)/ (Absorbancec ) X 100 (6)

In Vitro Wound Healing Assay

The scratch wound healing assay was carried out on a
24-well-plate seeded with L.929 cell line with a concentra-
tion of 2x 10° cells/mL in culture media DMEM supple-
mented with 10% FBS and 1% Pen-Strep. The plate was
marked with three parallel lines that were evenly spaced
from one another before seeding to give a site for photo-
graphs of the wounds to be taken at various points through-
out the experiment. Then, the cells were incubated for 24 h
to maintain a 100% confluence. Subsequently, to replicate a
wound in the cultured tissue, the cells were scratched using
a cell scratcher (SPL, Life Sciences, South Korea). The wells
were then washed twice with phosphate-buffered saline
(PBS), and 500 pL of fresh media was added to each well.
The wound images of hour 0 were taken using a microscope
at 10 x (AxioCam, Zeiss, Germany). The blank and drug-
loaded formulations were separately applied to the cells in
a dose that was not cytotoxic, and the medium group (M)
was considered as a control. The wound images were taken
at different times of the experiment to determine the wound
closure. The images that were obtained in the Oth (z,) and
24th (tg,,) hours of the experiment were analyzed by Image]J
analysis software (NCBI, USA) by measuring the width of
the wound [46]. The reduction of the size of the wound area
is calculated by using the formula below (Eq. 7):

Wound healing (%) = [(Wound area at f, — Wound area at f5,,)

/Wound area at 7] X 100 @)

Statistical Analyses

All values were shown as mean and standard deviation (SD).
GraphPad Prism Software (Version 9.0.1., CA, USA) was
used to conduct the statistical analysis. Student’s ¢ test was
used to statistically evaluate the data. p <0.05 was consid-
ered statistically significant.

Results and Discussion

In this work, the microemulsion formulation containing
BNZ with a local anesthetic effect and FA with an antibac-
terial effect was developed by the titration method. The lead
microemulsion was determined by the pseudo-ternary phase
diagram. In this section, the findings obtained from charac-
terization studies, in vitro drug release studies, ex vivo pen-
etration and permeability studies, in vitro cytotoxicity, and
wound healing activity studies were presented, respectively.

Solubility Studies

The samples were analyzed by the HPLC method to deter-
mine the solubility of BNZ and FA in various solvents.
In this context, the solubility of the active ingredients in
distilled water, ethyl oleate, ethanol, and propylene glycol
used in the preparation of microemulsions, and in acetoni-
trile and acetic acid (0.1%) used as HPLC mobile phase
was determined. The results are demonstrated in Table I.
The water solubility of BNZ and FA was 0.73 + 0.04 mg/
mL and 0.0037 +0.0003 mg/mL, respectively. These values
were consistent with the studies in the literature [14, 47].
In addition, both active ingredients had high solubility in
ethanol. As a result, it was seen that the components of the
microemulsion were in the amount that could provide the
solubility of the active ingredients.

Preparation of Drug-Loaded Microemulsion

Although microemulsions can form spontaneously at appro-
priate temperatures and component ratios, low-energy pro-
cesses such as mixing or heating are generally applied to
facilitate their preparation. The titration method is the most
used in the laboratory-scale production of microemulsions.
Based on the method, a microemulsion is formed by drop-
by-drop addition of the oil or water phase to the main mix-
ture [48]. Blank microemulsions consisting of ethyl oleate,
Cremophor EL, ethanol, propylene glycol, and water were
prepared by the titration method. After determining the ideal
microemulsion, a drug-loaded microemulsion (oil/water)
was prepared with the addition of BNZ (2%) and FA (2%),
and characterization studies were performed.

The ternary phase diagram showing the ideal microemul-
sion with a ratio of 1:1 (cosurfactant:surfactant) is presented
in Fig. 1, and the component amounts of the content of this
formulation are given in Table II. Ethyl oleate, used as the
oil phase in this study, is an ester of oleic acid and has the
potential to increase the solubility of substances with a low

Table 1 Solubility of Benzocaine and Fusidic Acid in Different Sol-
vents (mean+SD, n=3)

Solvents Benzocaine (mg/mL) Fusidic acid (mg/mL)
Distilled water 0.73+£0.04 0.0037 £0.0003
Acetic acid (0.1%) 1.06+0.08 0.0039 +£0.0002
Ethyl oleate 22.59+1.03 1.01+£0.05
Propylene glycol 29.84+1.10 85.65+6.12
Ethanol 199.16+9.94 378.48 +18.00
Acetonitrile 385.94+15.74 10.72+0.45
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Fig. 1 The pseudo-ternary
phase diagram of microemul-
sion formulation composed of
ethyl oleate, Cremophor EL,
ethanol, and propylene glycol
(1:1)

Ethyl oleate
100 0

70

40
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20
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/\
0 " 7 \/ \/ V v v v 100
100 S0 80 70 60 50 40 30 20 10 0
Water CreEL/Ethanol-propylene glycol

water solubility and expand the microemulsion area [49].
It was also reported that ethyl oleate acted as a penetration
enhancer to increase skin permeability [50]. Ethanol and
propylene glycol are cosurfactants that enable the forma-
tion of microemulsions with both solubility and penetration-
enhancing properties [42]. Cremophor EL is a surfactant,
compatible with ethyl oleate, and has strong emulsifying
properties due to its high content of ethylene oxide. With
an HLB value of 12—14, this surfactant can form oil/water
(O/W) emulsions [51].

Characterization of Microemulsion
The results of the characterization studies are shown in

Table III. The pH of the blank formulation was close to neu-
tral, and the pH of the drug-loaded formulation was found to

Table Il Composition of Lead Microemulsion Formulation

Components (%) Microemulsion
Ethyl oleate 11.55
Cremophor EL 32.50
Ethanol 16.25
Propylene glycol 16.25

Water 23.45
Microemulsion region 684.570

Surfactant:cosurfactant ratio=1:1

@ Springer

be approximately 6.4 (p <0.0001). The addition of BNZ and
FA decreased the pH due to the weak acid character of these
substances [52, 53]. Skin pH is in a wide range between 4
and 7, and although it is reported in the literature to vary, it
is generally accepted as slightly acidic [54]. Also, previous
studies have shown that acidic or closer to the skin pH values
were more convenient for wound healing [55]. It can be said
that the pH of the drug-loaded formulation was close to the
skin pH and therefore suitable for wound healing.

Due to the viscosity of the drug-loaded microemulsion
being 338.400 +2.074 mPa.s, the formulation was suitable
for topical application. Incorporation of a high amount of the
drugs was found to cause a statistically significant change
in the viscosity without affecting the stable structure of the

Table Il Characterization of the Developed Blank and Drug-Loaded
Microemulsion Formulations (mean+ SD, n=35)

Parameters Blank ME* Loaded ME*
Droplet size (nm) 23.076 £0.285 19.388 +0.480
Polydispersity index 0.097+0.016 0.054+£0.011
Zeta potential (mV) —3.274+0.313 —3.014+1.265
Refractive index 1.4173 £0.0003 1.4266 +0.0003
Conductivity (mS/cm) 0.427+0.015 0.386+0.007
Viscosity (mPa.s) 500.800 +2.490 338.400+2.074
pH 7.398+0.058 6.440+0.016

*ME, microemulsion
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formulation (p <0.0001). Badawi et al. [56] reported that
the addition of increasing concentrations of salicylic acid
significantly reduced the viscosity of the microemulsion-
based gel.

The conductivities of blank and drug-loaded microemul-
sions were 0.427 +0.015 and 0.386 + 0.007 mS/cm, respec-
tively. The oil phase is mostly electrolyte-free [57], and
approx. 11% of this formulation was oil. According to the
obtained results, the conductivity values indicated that the
outer phase of the microemulsion was water. The refractive
index of blank and drug-loaded formulations was very close
to each other and was found to be between approx. 1.42 and
1.43 (p>0.05). The refractive index is one of the parameters
used to evaluate the stability of the formulation. This param-
eter, which is also evaluated as the degree of refraction of
light, generally shows a refractive index (1.333) close to pure
water in microemulsions [39, 58, 59]. The results showed
that the formulations were clear and transparent, consistent
with visual evaluation.

The zeta potential, which is an insight into the stabil-
ity of a colloidal system, enables the determination of
the practical surface charge of a formulation. The zeta
potential of the drug-loaded formulation was found to
be —3.014+1.265 mV. The use of non-ionic surfactant
reduces the magnitude of the zeta potential as a result of
the decrease in the surface charge of the droplets [59]. For
the stability of disperse systems, it is aimed that the zeta
potential is greater than+ 30 mV or less than —30 mV [60],
but thermodynamically stable microemulsions are stable
even if the zeta potential is quite close to zero [61-63]. In
addition, the high negative surface charge (close to zero)
means that the formulation is stable, and aggregation will
not occur [64]. Similarly, Goindi et al. [65] stated that the
fact that the zeta potential of microemulsions is close to
zero makes the formulations more stable. Tang et al. [51]
showed that the resveratrol microemulsions prepared using
Cremophor RH 40 were stable with zeta potential values
of -2.18 and — 3.25 mV. Monton et al. [66] stated that the
zeta potential values of the microemulsions they developed,
ranging from —1.09 to+0.21 mV, were caused by Tween
80, a non-ionic surfactant. In another study, the researchers
who developed the microemulsion of clopidogrel found the
zeta potential of the formulation to be — 6.34 and — 3.02 mV.
According to the results of 6-month stability studies, it was
observed that microemulsions are stable with no changes
in droplet size, transmittance (%), and physical appearance
[63]. As a consequence, the formulations were stable when
assessed in the context of the literature.

The droplet size of microemulsions is generally aimed
to be between 10 and 140 nm [67]. The droplet size of the
blank and drug-loaded formulations was 23.076 +0.285
and 19.388 +0.480 nm, respectively. Therefore, the droplet

size of the microemulsions was appropriate. It was deter-
mined that drug loading decreased the mean droplet size
(p<0.001). This result supports similar studies that detected
that following drug loading, the droplet size reduced [68,
69]. This finding can be related to the functional groups
of active substances. Active substances that disperse into
the emulsifying layer or oil layer can interact with these
components of the microemulsion through hydrogen bond-
ing, resulting in a decrease in the mean droplet size [69]. It
was stated that, thanks to this small droplet size obtained,
the active ingredients could reach the lower layers of the
skin/tissue with an increase in surface area, and thus, their
pharmacological effectiveness would be increased with
higher absorption. At the same time, the small droplet size
resists gravity and contributes to the stability of the for-
mulation [70]. The PDI of the blank and the drug-loaded
microemulsion was found to be less than 0.1. PDI, which
gives information about droplet size distribution, is graded
between 0 and 1 [71]. A PDI value less than 0.1 means that
the formulation with a very narrow distribution of droplet
size is homogeneous and monodispersed [72]. The obtained
findings indicated that the formulation had a homogeneous
distribution.

Physical Stability

Microemulsions are thermodynamically stable and spontane-
ously formed colloidal systems with a long shelf life [73, 74].
The better stability of microemulsions compared to vesicular
systems such as conventional liposomes makes them an alter-
native carrier system for many active ingredients, which are
applied topically [75]. The physical stability of microemul-
sions was evaluated visually by applying stress conditions
such as centrifugation and temperature. As a result of the
high centrifugal force applied, no sedimentation or floccula-
tion was observed. On the one hand, in the heating—cooling
studies, when the blank microemulsion was kept at 5°C, its
homogenization began to deteriorate, and a slightly cloudy
whiteness began to occur. On the other hand, it was deter-
mined that this situation was not seen in the samples stored
at 45°C and room temperature, and when the sample stored
at 5°C was kept at ambient temperature, this situation dis-
appeared, and the formulation was homogeneous again. No
physical changes, sedimentation, flocculation, or phase sepa-
ration were observed in the drug-loaded microemulsion. This
change of the blank microemulsion at 5°C was thought to be
due to Cremophor EL. The melting point of Cremophor EL is
approx. 19-20°C [76]. The microemulsion was homogeneous
at room temperature, but slightly cloudy when refrigerated.
However, since such a situation was not observed in the drug-
loaded microemulsion, it was stable.
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Drug Content Uniformity

The content uniformity results of the drug-loaded microe-
mulsion were 99.40 +1.62% and 99.53 +0.97% for BNZ and
FA, respectively. The microemulsion had high drug loading
capacity, and the low standard deviations indicated that they
were homogeneous.

In Vitro Drug Release Studies and Release Kinetics

The release characteristics of active ingredients from the devel-
oped microemulsion were compared with the BNZ solution
and Fucidin cream. Since there was no commercial product
containing 2% of BNZ in the market, an oily solution of BNZ
was prepared by dissolving BNZ (2%, w/w) in ethyl oleate.
The drug release profiles are presented in Fig. 2. According to
the findings of the dialysis bag method drug release studies,
BNZ was released from the solution and the microemulsion
at 98.30+£0.65% and 97.71 +1.03%, respectively, after 24 h,
while FA was released from Fucidin cream and the microemul-
sion at 19.54 +1.89% and 67.83 +6.32%, respectively. The FA
release from the microemulsion was increasingly higher than
Fucidin cream (p <0.001). In contrast, there was no statisti-
cally significant difference in BNZ release between the BNZ
solution and the microemulsion (p > 0.05).

The similarity factor (f,) is calculated in the evaluation
of the similarity of the release profiles of the drug delivery
systems. The release profiles of the active ingredients in the
microemulsion and the release profile of BNZ solution (2%)
and Fucidin cream were discussed separately in terms of

similarity. As a result, f, <50 means dissimilar, while f, > 50
is similar [77]. The similarity of the BNZ release profiles of
the microemulsion and the BNZ solution was 58.09 (similar),
while the similarity of the release of FA from the microemul-
sion and Fucidin cream was found to be 36.58 (dissimilar).
It was expected that the release of oil-soluble BNZ from an
oily solution and the release from the microemulsion would
be similar. However, the percentage of release of FA from
Fucidin cream after 24 h was found to be quite low. FA release
increased by approximately three times as a result of the cre-
ated microemulsion. Many studies have shown that the drug
release of hydrophobic drugs from microemulsions or micro-
emulsion-based gels occurred faster or at higher levels than
oil-based semi-solid formulations [78—81]. At the same time,
microemulsions can provide controlled and prolonged release.
In a study by Okur et al. [15], a microemulsion-based gel
formulation of FA was prepared for the treatment of wound
healing. According to the findings of drug release tests, the
formulation showed a prolonged release because it was micro-
emulsion-based. Consequently, our findings were compatible
with previous research.

The release kinetics of active ingredients from the micro-
emulsion were investigated using model-dependent kinet-
ics. The results are shown in Table IV. The kinetic model
with the highest correlation coefficient (+?) obtained from
the kinetic equations was accepted as the most appropriate
model. While the highest > was found with Higuchi kinetic
(0.8966) for BNZ, the highest 7* values were obtained using
Higuchi (0.9403) and zero-order (0.9893) kinetics for FA.
The zero-order kinetic model is defined as the drug release

Fig.2 In vitro drug release pro- --@--  Benzocaine sol. (2%) =v—  Fucidin cream
files Of the drug—logded miero- —®- Mikroemulsion (Benzocaine) —a = Mikroemulsion (Fusidic acid)
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(2%), and Fucidin cream 100
(n=4; *p<0.05, *p<0.01, _____ﬂ___g,_..f--—-—-"'
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Table IV The Results of Release

SN ; Zero-order (1) First-order (r2) Higuchi (@) Hixson- Korsmeyer-
K1net1c§ qf Beqzocame— Crowell (%) Peppas
and Fusidic Acid-Loaded n ()
Microemulsion
Benzocaine 0.7033 0.5054 0.8966 0.5778 0.8170 0.9993
Fusidic acid 0.9893 0.7637 0.9403 0.8825 1.0091 0.9782

independent of the concentration, while the Higuchi model
is expressed as the square root of the time-dependent pro-
cess based on Fickian diffusion [78, 82]. In the Korsmeyer-
Peppas model, the r values for BNZ and FA were 0.9993
and 0.9782, respectively, while n values were determined
as 0.8170 and 1.0091, respectively. The Korsmeyer-Peppas
model is applied for data up to 60% of drug release, and the
release mechanism is evaluated with “n value” (diffusion
exponent: the slope of the line) [83]. n<0.5 indicates Fick-
ian diffusion controlled release (non-steady); 0.5 <n<1.0
is non-Fickian diffusion or anomalous, and n>1 is case 11
(zero order) [84, 85]. In non-Fickian diffusion, the release of
active ingredients from the formulation happens as a com-
bination of controlled release through erosion and diffusion
[86]. According to these results, the release of BNZ from
the microemulsion occurred by non-Fickian diffusion, case
II transport mechanism. In addition, it was proven by the
Korsmeyer-Peppas model that the release of FA from the
microemulsion was time-independent.

Ex Vivo Research on Permeability and Penetration

Topical treatment and topical formulations come to the fore
in wound treatment compared to systemic treatment [87].

ns ns

10

Cumulative drug permation
through the mice skin (%)

Amount of drug accumulated

To evaluate the effectiveness of topical formulations (micro-
emulsion, nanoparticle, nanocrystal, gel, etc.) from this point
of view, ex vivo research can be carried out using biological
membranes, mice, rat, and goat skins [14, 16, 21, 88, 89].
One of the most important advantages of topically applied
microemulsions is their good penetration and localization
ability into the skin and tissue [74]. Although they penetrate
the lower layers of the skin, the entry to the systemic circula-
tion is limited. This is a very valuable advantage for formu-
lations that are desired to have a local effect. In our project,
it was aimed that the prepared microemulsion formulation
had a local effect. For this purpose, the permeability of the
microemulsion using Balb/c mice skin by the Franz diffu-
sion cell system was compared with the commercial product
(Fucidin cream) and the oily solution of BNZ. The results
of the permeability studies are shown in Fig. 3. According
to the results of the studies carried out for 24 h, the solution
and the marketed cream showed a cumulative permeability
of 6.78% (BNZ) and 1.54% (FA), respectively, while the
permeability of the developed microemulsion was found to
be 3.57% and 0.28% for BNZ and FA, respectively. At the
end of the study, the amount of drug accumulated in the skin
was detected after the skin was cut and treated with a suit-
able solvent. The microemulsion provided approx. 1.6-fold
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Fig.3 Results of ex vivo permeation and penetration studies by Franz diffusion cell. a Cumulative drug permeation through the mice skin b

Amount of drug accumulated in the skin (n=3, *p <0.05)
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Fig.4 Effects of different
concentrations (mg/mL) of 1004 —
formulations on cell viability on o
1929 cell line (%). M, medium <
(control group). Results g‘
represent the mean + SD of =
three independent experiments g 50+
repeated at 3 weeks 2

-]
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M 0.125 0.25 0.5 1 0.125 0.25 0.5 1
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and fourfold greater skin accumulation for BNZ and FA,
respectively, compared to the preparations (Fig. 3). These
results indicated that the microemulsion could penetrate the
skin and tissue better and reach systemic circulation less.
Aksu et al. [14] developed in situ gels of FA for the treat-
ment of burn wounds. According to ex vivo permeation stud-
ies, the amount of active ingredient both passing through the
skin and accumulating in the skin was found to be less than
1%. These low permeation values were associated with the
poor solubility of FA in water, the partition coefficient of
FA, and the viscosity of the gel. In another study, Almostafa
et al. [90] prepared nanoemulgel of FA using surfactants
and penetration-enhancing agents such as Transcutol P and
Tween 80. It was found that the developed formulation had

Fig.5 The effect of the control
group, blank and drug-loaded
microemulsions on wound
healing scratch assay on 24th
h (n=23). M, medium (control

group) M

Blank

Microemulsion

Drug loaded
Microemulsion

@ Springer

Drug loaded formulation (mg/mL)

penetration-enhancing properties due to its nanoemulsion-
based, thus had higher permeability than both the classi-
cal gel and FA solution. In our previous study conducted in
2017 [36], it was concluded that BNZ-loaded microemul-
sion and microemulsion-based gels achieved both higher
permeation and penetration values than BNZ solution. The
microemulsion and the microemulsion-based gels showed a
higher drug accumulation with 9.3% and 5.3-7.9%, respec-
tively. While the microemulsion showed higher permeation
ability than the microemulsion-based gel, this result was due
to the lower viscosity of the microemulsions, although the
formulations contained the same penetration enhancers in
the same amount. In another study, microemulsions contain-
ing indomethacin and BNZ were simultaneously developed

0t Hour

24t Hour
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Table V The Effect of Formulations on Wound Healing Scratch
Assay at 24th Hour (mean +SD, n=3). M, medium (control group)

1 mg/mL
Wound healing (%) M 78.07+£3.21
Blank microemulsion 89.61+6.52
Drug-loaded micro-  91.46 +4.50

emulsion

by El Maghraby et al. [4] showed 10- and 7-times higher
flux values, respectively, than the solutions of these active
ingredients. As a result, it was seen that microemulsion and
nanoemulsion-based formulations, which offer advantages
such as high surface area, low surface tension, high solubil-
ity, and high drug loading capacity, thanks to their small
droplet size, would increase the effectiveness of the treat-
ment of wound with the accumulation and permeation of
these two drugs, which have low water solubility and poor
permeability, and our findings were compatible with the
aforementioned literature.

Cytotoxicity Assay

The effect of 24-h exposure to four different doses of the
control group, blank, and drug-loaded formulations on L.929
cell lines was determined, and the detected viability was
above 70%. Therefore, the formulation was considered not
cytotoxic (Fig. 4). In vitro cytotoxicity studies indicated that
the formulation could be safely used for wound healing.

In Vitro Wound Healing Activity

Wound healing is a quite complex process that comprises
cellular changes such as inflammation, angiogenesis, re-
epithelialization, and granulation tissue formation. In the
beginning stages of wound healing, fibroblasts, the most
common cells in skin tissue, actively proliferate and encour-
age the production of new extracellular matrix and thick
actin myofibroblasts [91]. Since the migration and prolifera-
tion abilities of fibroblasts play an important role in wound
healing, .929 fibroblast cells were used as an in vitro model
to investigate the wound healing ability of many substances
or formulations [92-94]. To this end, the scratch assay, an
easy, low-cost, and well-developed method of cell migration
to other methods [95], was applied to shed light on in vivo
wound healing in this study. Different concentrations of the
formulations were used to determine the rate of change in
the mitigation of L.929 in comparison to the control group
consisting of the untreated culture medium (M). The cel-
lular proliferation and mitigation were photographed at 0
and 24 h. The results are shown in Fig. 5 and Table V. The
average rates of cellular proliferation of the medium were

determined as 78.07 +£3.21% at the 24th h. In the wound
healing assay, the microemulsion indicated a dose-depend-
ent wound healing potential with the highest wound healing
activity at the highest concentrations. However, a literature
search regarding BNZ as a wound healing agent did not yield
significant results. Previous studies on FA indicate that it has
been previously used as a treatment for skin infections topi-
cally [15]. The combination of FA and BNZ could yield an
alternative remedy in approaches to wound healing.

Conclusion

It was successfully obtained BNZ and FA-loaded micro-
emulsion consisting of ethyl oleate, Cremophor EL, propyl-
ene glycol, and ethanol with a high emulsion area (684.570).
The microemulsion had a stable structure with a low PDI,
small droplet size, low zeta potential value, and a viscosity
value of 338 mPa.s and was suitable for topical applica-
tion. In in vitro release studies, BNZ release from the ethyl
oleate-based BNZ solution and the microemulsion showed
a similar release profile, while the microemulsion achieved
a higher release percentage for FA than Fucidin cream. As
aresult of permeability studies, a higher drug accumulation
in the skin was provided for both FA (430.10 +147.31 ug/
cm?) and BNZ (620.22 + 166.43 ug/cm?) compared to the
control preparations (Fucidin cream-129.67 +60.01 pg/cm?
and BNZ solution-391.50 + 57.28 ug/cm?). Moreover, it was
shown with an in vitro wound healing assay that the micro-
emulsion indicated a dose-dependent wound healing poten-
tial with the highest wound healing activity at the highest
concentrations. The microemulsion containing FA and BNZ,
prepared for use in wound healing, is an alternative to oily
FA cream, and it is not only antibacterial but the anesthetic
effect to be obtained, thanks to BNZ, as a result of decreas-
ing the sensation of pain, will increase patient compliance.
Therefore, the healing process is expected to be faster and
more effective, thanks to the unique opportunities offered
by the microemulsion. Additionally, this study enlightens
the combine usage of wound healing active ingredients in a
single microemulsion system for treatment.
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