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Abstract: Tissue repair and wound healing are complex processes that involve inflammation,
granulation, and remodeling of the tissue. The potential of various statins including atorvastatin
(ATR) to improve the wound healing effect was established. The aim of this study was to formulate
and evaluate the efficacy of topical application of ATR-based nanoemulgel on wound healing.
The prepared formulations (ATR gel, ATR emulgel, and ATR nanoemulgel) were evaluated for
their physical appearance, rheological behavior, in vitro drug release and ex vivo drug permeation.
The in vivo wound healing effect was evaluated in wound-induced rats. The prepared ATR gel
formulations showed good physical properties and were comparable. The release profiles of drugs
from gel, emulgel, and nanoemulgel were distinct. Skin permeation potential of ATR was significantly
(p < 0.05) enhanced when formulated into nanoemulgel. In vivo wound healing studies showed that
ATR nanoemulgel exhibited the highest percent wound contraction. Histopathological assessment
showed marked improvement in the skin histological architecture after 21 days of ATR nanoemulgel
treatment. In conclusion, the data demonstrated here signify the prospective of ATR nanoemulgel as
an innovative therapeutic approach in wound healing.

Keywords: nanoemulgel; atorvastatin; wound healing

1. Introduction

Wound healing is a dynamic and complex biological process which requires orchestration of
different cellular processes to help damaged skin restores its normal function and structure [1]. The
healing process of the open wounds includes interdependent and overlapping stages of hemostasis,
inflammation, proliferation, revascularization, and remodeling [2]. These phases must occur in
an integrated sequence and in optimal intensity to properly allow wound healing [3]. Therefore,
developing new treatment modalities for wound healing is highly required; especially as current
medical therapies for wound care are limited.
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Statins are anti-hyperlipidemic agents that are widely used in patients to prevent cardiovascular
events [4]. Recently, statins have shown efficacy in the treatment of a wide variety of dermatologic
disorders, such as urticaria [5], psoriasis [6], and acne [7]. Because of their diverse pleiotropic effects,
statins have been also suggested to be useful in wound healing as they can modulate cellular processes
including inflammation, apoptosis, and proliferation [8]. Besides, they are reported to decrease
oxidative stress and improve endothelial as well as microvascular functions which may have a role
in accelerating and enhancing healing processes [9,10]. Indeed, various studies have evaluated the
healing efficacy of different statins, including simvastatin, atorvastatin (ATR), and pravastatin, on
various skin wounds [8,11,12]. The most consistent results in wound healing came with ATR—a
second-generation synthetic statin—which was shown to have specific properties such as long half-life,
active metabolites, lipophilicity, and high protein binding [13,14].

Due to the multiple side effects of oral statins, including myopathy and liver toxicity [15], topical drug
delivery system is suggested to be a reasonable alternative to oral statin in wound healing, as it provides
better drug delivery with prolonged action and less side effects [16]. Transdermal drug delivery systems
include transdermal patches, gels, and emulgels [17-19]. Recently, nanoemulgel—a novel approach
for topical delivery of hydrophobic drugs—has been reported to have several favorable properties
including improved physical stability, non-toxicity, and a non-irritant nature [10,20]. Apart from these
properties, it exhibits a dual release control system—hydrogel and nanoemulsion—and has nano-sized
particles which allow rapid permeation and delivery of active pharmaceutical ingredients [10,21]. The
previously mentioned characteristics of the nanoemulgel provide improved drug efficacy compared
to other traditional formulations in treatment of various skin diseases as well as bacterial and fungal
infections [21-23]. The present study was conducted to develop different topical formulations of ATR
using gel, emulgel, and nanoemulgel systems. Additionally, the study aimed to evaluate the wound
healing efficacy of ATR nanoemulgel compared to other gel formulations on excision wound-induced rats.

2. Materials and Methods

2.1. Materials

Calcium salt of ATR and sodium salt of carboxymethyl cellulose (CMC) were gift samples from
Saudi Pharmaceutical Industries & Medical Appliances Corporation ((SPIMACO), Riyadh, Saudi
Arabia). Tween 80 and propylene glycol were purchased from Sigma-Aldrich Corp. (St. Louis, MO,
USA). All other chemicals and solvents were of high analytical grade and were obtained from El-Nasr
Pharmaceutical Chemicals Co. (Qaliubiya, Egypt).

2.2. Preparation of Topical ATR Formulations

2.2.1. Preparation of Gel

Aqueous polymeric gel base was prepared by adding Na-CMC (1% w/w) in water (up to 50 mL)
and stirring continuously on a magnetic stirrer (Jeio Tech TM-14SB, Medline Scientific, Oxfordshire,
UK) until the gel was formed. Then required amount of ATR (2.5% w/w) was added slowly to the
polymeric gel under constant stirring to get a homogenous dispersion.

2.2.2. Preparation of Emulgel

Primary emulsion was prepared by adding the required amount of the drug in 12.5 mL of the
liquid paraffin-containing Tween 80 (1 mL; emulsifier) and propylene glycol (1 mL; coemulsifier)
and vortexed (2000 rpm for 5 min). Water (20 mL) was slowly added to the previous mixture, while
vortexing for 10 min. The polymeric gel base was prepared in the remaining water. The drug-loaded
emulsion was slowly added to the polymeric gel base and then mixed with a mixer (Heidolph RZR 1,
Heidolph Instruments, Schwabach, Germany) for 5 min until a homogenous emulgel was obtained [24].
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2.2.3. Preparation of Nanoemulgel

Primary emulsion containing ATR was formulated as in the emulgel preparation, followed by
homogenization (T 25 digital Ultra-Turrax, IKA, Staufen, Germany) for 5 min at 10,000 rpm and then
sonication (XL-2000, Qsonica, Newtown, CT, USA) for 10 min to produce nanoemulsion. The polymeric
gel base was prepared in the remaining water. The drug-loaded nanoemulsion was slowly added to
the polymeric gel base and then mixed with a mixer for 10 min until a homogenous nanoemulgel was
obtained. Compositions of various gel formulations are summarized in Table 1.

Table 1. Compositions of gel, emulgel, and nanoemulgel of 2.5% (w/w) atorvastatin.

Carboxymethyl Liquid Propylene

Formulation At((())/rv;jzz)tln Cellulose Paraffin T“(’:f:)so Glycol Wat::;lg)p To
’ (% w/w) (mL) (mL)
Gel 2.5 1 - - - 50
Emulgel 2.5 1 12.5 1 1 50
Nanoemulgel 2.5 1 12.5 1 1 50

2.3. Physical Examination

The prepared gels were inspected visually for their color, appearance, and homogeneity. The pH
of the gel formulations was tested at room temperature (MW802, Milwaukee Instruments, Szeged,
Hungary).

2.3.1. Spreadability Test

Spreadability of the gel formulations determines their bioavailability efficiency as it shows the extent
of area to which the formulation could readily spread on application to skin or the affected part. The
spreadability value of different gel formulations was determined by measuring the spreading diameter of
1 g of gel between two horizontal glass plates (25 cm X 25 cm) under certain load after 1 min [25].

2.3.2. Rheological Studies

The viscosity of the gel formulations was tested at room temperature during handling and storage.
Viscosity of the different gels was determined using DV-II+PRO viscometer (Brookfield, Middleboro,
MA, USA). The dynamic viscosity measurements were made using spindle R5 rotated at 0.5 rpm.
Samples of the gels were allowed to settle over 30 min at the assay temperature (25 + 1 °C) before the
measurements were taken.

2.3.3. Particle Characterization

Ten microliters of different gel preparations were diluted with 3 mL of distilled water and
the particle size and polydispersity index were measured by Zetasizer Nano (Malvern Panalytical,
Worcestershire, UK). The morphology of the nanoemulgel particles was investigated with a scanning
electron microscope (JEOL JSM-5510LV, Tokyo, Japan). The nanoemulgel was diluted with water (1:10).
One drop of the diluted sample was mounted on a stub covered with double adhesive tape and coated
with gold after drying for visualization.

2.4. In Vitro Drug Release Study

In vitro release of ATR from different preparations was determined by a simple dialysis method
using a dissolution-dialysis apparatus, the cell of which was developed in our laboratory. The
dissolution cell consisted of a hollow glass cylinder (length of 15 cm and internal diameter of 2.9 cm).
The backing membrane reservoirs of gels (donor) were attached to the glass tubes at the end of the
internal diameter of 2.9 cm and covered with semipermeable membranes with the aid of rubber bands.
The tubes were attached to the dissolution apparatus. Weighed quantity of gels (250 mg) equivalent to
6.25 mg of ATR was taken in the tube and then the tubes were allowed to stir at 50 rpm in 300 mL
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phosphate buffer (pH 7.4) maintained at 37 + 0.5 °C. This volume provided complete sink conditions
for the drug. About 2 mL samples were withdrawn at specified time intervals (0.5, 1, 2, 3, 4, 5, and
6 h) and replaced with equal volumes of fresh buffer solution to keep the volume constant during the
experiment. Samples were analyzed spectrophotometrically (Jenway 6305 spectrophotometer, Jenway,
Staffordshire, UK) at 241 nm [24]. The drug release profile was used to determine the correlation
coefficient (r2) and release kinetics of gel formulations using various mathematical models [26]:

Zero order model Q = Qg + kt;

First order model Q = Q, x ¢¥;
Higuchi model Q = k x t%5;
Korsmeyer-Peppas model Q = k x t";

o n oop

where Q represents quantity of drug released in time t, Qy represents value of Q at zero time, k
represents the rate constant and # represents the diffusional exponent. The model which showed the
highest correlation coefficient (r?) value for the drug release data was considered as the best fit.

2.5. Preliminary Stability Testing

The prepared formulations were kept in tightly closed plastic jars and stored at a relative humidity
of 60% and temperature of 4 °C over a period of 6 months. The physical characteristics as well as
in vitro release data of ATR from the stored formulations were evaluated.

2.6. Ex Vivo Evaluation of ATR Release (Permeation Study)

2.6.1. Preparation of Rat Skin

Rat skin was used in ex vivo permeation studies due to various advantages like its availability,
ease of handling, small size, low cost, and structural similarity to the human skin [27]. Though more
permeable than human skin, the influence of physicochemical properties on skin transport can be
effectively determined using the rat skin [28].

Wistar rats (250-300 g) were obtained from the animal breeding center, College of Science, King
Faisal University. Hair was removed from the abdominal skin using an electric clipper. After sacrifice,
rats were fixed and a full-thickness of rat skin was excised from the abdominal region. The adipose
tissue was removed and the excised skin was hydrated using phosphate buffer (pH 7.4; containing
0.02% sodium azide as a preservative) at 4 °C overnight [24].

2.6.2. Permeation of ATR from Different Formulations

The ex vivo permeation of ATR from different preparations was determined using previously
described diffusion cells [29]. The skin membranes were mounted in the diffusion cell, where the
stratum corneum side faced the donor (drug-loaded system) and the dermal side faced the receptor
compartment which contained 100 mL phosphate buffer (pH 7.4) and 0.02% sodium azide at 37 + 0.5 °C.
Then, 0.2 g of each tested formulations were placed separately into membrane holders and fixed to the
glass tubes; skin membranes were used to cover the preparations with the stratum corneum side face.
The tubes were attached to the dissolution apparatus with Parafilm (Bemis, Oshkosh, WI, USA) to
avoid water evaporation, then they were allowed to stir at 100 rpm. At 0.5, 1, 2, 3,4, 5, and 6 h after
starting the experiment, 1 mL aliquots were sampled from the receptor compartment with the fresh
buffer replacement. Samples were analyzed spectrophotometrically (Jenway 6305 spectrophotometer,
Jenway, Staffordshire, UK) at 241 nm. Samples collected from permeation of drug-free systems were
used as a blank [30]. Ex vivo permeation parameters including steady state transdermal flux (SSTF), lag
time, and enhancement ratio (ER) for percutaneous absorption of ATR across rat skin were estimated
for different formulations.

SSTF = amount of permeated drug/(area x time);
ER = SSTF from test/SSTF from control.
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2.7. In Vivo Evaluation of Wound Healing Efficiency

2.7.1. Experimental Design

The study was conducted on adult male Wistar rats of 200250 g. Animals were housed under
a specific pathogen-free condition with a 12-h day/night cycle and 25 + 1 °C temperature. Besides,
they were fed standard pellet chow and permitted free access to tap water. The ex vivo and in vivo
experiments were approved (273/9/2019; dated August 9, 2019) by the Research Ethics Committee,
Faculty of Medicine, Minia University, Egypt and were performed in accordance with the animal
research ethical standards of the Research Ethics Committee, King Faisal University and in compliance
with the guidelines of the National Committee of Bioethics (NCBE), KACST, Saudi Arabia.

The rats were anesthetized using an intraperitoneal injection of ketamine hydrochloride (50 mg/kg)
and xylazine (10 mg/kg). After anesthesia, the dorsal region was shaved and then sterilized using an
alcohol swab. Using an autoclave-sterilized razor-sharp metal punch, a full-thickness wound of 1-cm
diameter was performed in the back of each animal. The location of the wound prevented the rats from
accessing the wounds and reopening them. Animals then were randomly divided into three groups
(n = 6) and were individually caged. Group 1 received ATR gel, group 2 received ATR emulgel, and
group 3 received ATR nanoemulgel. All gel preparations were applied topically on the wound area on
a daily basis from the day of creation of the excision wound for the entire experiment time. Wounds
were left air-exposed and wound healing ratio was evaluated on days 0, 7, 14, and 21 of the experiment.

2.7.2. Quantification of Wound Area

On days 0, 7, 14, and 21 of the experiment, lesions were photographed with a digital camera.
Lesion area at the pre-identified times was measured digitally using the software Image]J, version 1.45
(freeware; rsbweb.nih.gov/ij; Bethesda, MD, USA). The lesion areas obtained from the pictures were
used to calculate percentage wound area.

2.8. Skin Irritation Studies

Adult male Wistar rats weighing 200-250 g were used for skin irritation testing. The animals
were maintained under standard conditions, fed standard pellet chow, and permitted free access to
tap water. Each tested formulation was applied on the hair-free skin of rats by uniform spreading
over an area of 4 cm? on their backs. The skin surface was observed for any sensitivity reaction such
as erythema (redness) or edema after 24, 48, and 72 h of the formulation application. The observed
sensitivity reaction was scored either 0, 1, 2, or 3 for no reaction, slight erythema, moderate and patchy
erythema, and severe erythema with or without edema, respectively [31].

2.9. Histologic Evaluations

On days 0 and 21 after lesion induction, animals were anesthetized and then fixed to the operating
table. The wound and its surrounding healthy skin including fascia muscles was excised. The samples
were fixed with 10% neutral buffered formalin then embedded in paraffin, sliced into 4-um-thick
sections using a microtome, and stained with hematoxylin-eosin (H&E). Using light microscopy, the
specimens were assessed by an independent investigator for the severity of histopathologic changes
and healing status. Wound healing was assessed according to Hazrati scoring of four histological
parameters including re-epithelialization, granulation tissue, inflammatory cells, and angiogenesis.
The total healing score in each case was calculated by adding the scores of individual criteria, with
lower scores indicating poorer wound healing. Healing status was graded as good (16-20), fair (11-15),
and poor (5-10) [32].
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2.10. Statistical Analysis

Results were expressed as mean + SD. Statistically significant differences between groups were
detected through one-way ANOVA followed by Tukey’s post-analysis test for group comparisons.
Statistical analysis was performed using GraphPad Prism software version 5.00 (San Diego, CA, USA).
The level of p < 0.05 was considered statistically significant for all tests.

3. Results

3.1. Physical Examination

Table 2 displayed the physical properties of different prepared formulations. The pH values
(7.6-7.8) of gel formulations were comparable and were not likely to cause any irritations to the skin
after application. All gel formulations showed good homogeneity. The physical appearance of the
tested formulations was white opaque. Data showed spreadability values of 66 + 0.88, 54 + 0.95, and
51 + 0.66 mm for fresh ATR gel, emulgel, and nanoemulgel formulations, respectively. The results
showed that nanoemulgel formulation of ATR was more viscous (85,900 + 2050 cp) (p < 0.05) as
compared with the gel formulation (58,500 + 450 cp). Furthermore, the viscosity of nanoemulgel was
significantly lower than emulgel (97,250 + 1150 cp). The particle size determination showed a good
distribution with polydispersity index value less than 0.3 for both ATR emulgel and nanoemulgel
preparations with spherical particle sizes of 3082 nm and 148 nm, respectively (Figure 1).

Table 2. Physical examinations of the fresh formulations and following 6 months storage at a relative
humidity of 60% and temperature of 4 °C.

Properties ATR Gel ATR Emulgel ATR Nanoemulgel
Col Fresh White, Opaque White, Opaque White, Opaque
olor Stored White, Opaque White, Opaque White, Opaque
Homogeneit Fresh Homogenous Homogenous Homogenous
8 y Stored Homogenous Homogenous Homogenous
Spreadability Fresh 66 + 0.88 54 +0952 51 +0.66 2
(mm) Stored 61 +0.60 52 +0.55? 49+025%
Viscosity Fresh 58,500 + 450 97,250 £ 1150 2 85,900 + 2050 P
(cp) Stored 61,350 + 850 101,550 + 2250 # 97,500 + 3150 P

Values are expressed as mean + standard deviation (SD) and were analyzed by one-way ANOVA followed by Tukey’s
multiple comparisons test. *® p < 0.05 compared to ATR gel and ATR emulgel, respectively. ATR: atorvastatin.
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Figure 1. Size distribution and surface morphology. Upper panel: atorvastatin nanoemulgel. Middle
panel: atorvastatin emulgel. Lower panel: scanning electron microscopic image of nanoemulgel.

3.2. In Vitro Release of the Drug

It was observed that the percentage of the drug released from CMC gel was higher when compared
to emulgel and nanoemulgel formulations (Figure 2). About 65% of ATR was released from CMC gel
across the semipermeable cellulose membranes after 6 h, while only 55% and 44% of the drug was
released at the same time from CMC nanoemulgel and emulgel, respectively. Consequently, rank order
of the various gel formulations based on their maximum drug release is ATR gel > ATR nanoemulgel >
ATR emulgel. It is evident from Table 3 that the release kinetics of ATR from all gel formulations fitted
into the Higuchi diffusion model. Therefore, the predominant mechanism for ATR release from these
gels is diffusion.

80+

% ATR nanoemulgel
-4 ATR emulgel
& ATRgel

Cumulative drug release (%)

Time (h)

Figure 2. Release of atorvastatin (ATR) from different gel formulations across semipermeable membrane
into phosphate buffer (pH 7.4) at 37 °C. Values are expressed as mean + standard deviation (SD)

and were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test. # p < 0.05
compared to ATR gel.
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Table 3. Release kinetics of different atorvastatin (ATR) formulations.

Mathematical Models ATR Gel ATR Emulgel ATR Nanoemulgel
Zero order 0.943 0.989 0.979
First order 0.879 0.901 0.906
Higuchi 0.983 0.994 0.995
Korsmeyer-Peppas 0.975 0.988 0.989

3.3. Stability Study of ATR-Loaded Formulations

Under each storage condition of 60% relative humidity and 4 °C temperature for a period of
6 months, ATR release and the physical characteristics of all investigated formulations were evaluated.
The results showed that there was no evident change in the color, appearance, spreading, or viscosity
after subjecting the tested formulations to stability studies (Table 2). In addition, no significant
change was observed in drug release for the stored formulations compared to their comparable fresh
preparations (data are not shown).

3.4. Ex Vivo Study (Permeation Study)

Figure 3 shows the order of ATR permeation through the excised rat skin from gel, emulgel, and
nanoemulgel ATR formulations compared to ATR solution that was used as a control formulation.
Tested formulation showed a rank order of ATR permeation as the following: ATR nanoemulgel > ATR
emulgel > ATR gel > ATR solution. It is also evident from Figure 3 that the cumulative amount of ATR
permeated (ug/cm?) was significantly higher (p < 0.05) in ATR nanoemulgel after 2 h, as compared
to ATR emulgel, gel, and solution. Data of the present study revealed that gel formulation of ATR
could significantly enhance its permeability by 1.55 fold compared to ATR solution. Additionally, the
SSTF of ATR from ATR gel was significantly higher than SSTF value of ATR solution (51.89 + 1.71 vs.
34.39 £ 1.18 ug/cmz-h, respectively) (Table 4). CMC emulgel formulation could significantly (p < 0.05)
enhance skin permeation parameters of ATR compared to CMC gel formulation. Results showed that
SSTF value of ATR emulgel was 76.11 + 3.47 pg/cm?h with 2.45-fold enhancement ratio and short
lag time of 6.94 + 1.77 min. Moreover, ATR nanoemulgel showed the highest enhancement ratio
of drug permeability (2.92 fold) with the highest SSTF value of 95.39 + 1.55 pg/cm?-h, compared to
ATR solution. On the other hand, ATR nanoemulgel exhibited the shortest lag time (3.31 + 1.33 min)
compared to all formulations under investigation.

600

IS
S
2

¥ ATR nanoemulgel

—+— ATR emulgel

(nglem?)

-= ATR gel

-e- ATR solution

Cumulative amount of drug permeated
N
(=]
=]
T

o

30 60 120 180 240 300 360

Time (min)
Figure 3. Permeation profiles of atorvastatin (ATR) through the excised rat skin from different gel
formulations compared to solution (control). Values are expressed as mean + standard deviation (SD)
and were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test. **< p < 0.05
compared to ATR solution, ATR gel, and ATR emulgel, respectively.
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Table 4. Ex vivo skin permeation parameters of different atorvastatin (ATR) formulations.

Time ATR Sol ATR Gel ATR Emulgel ATR Nanoemulgel
SSTF (ug/cm?-h) 34.39 +1.18 51.89+1.71% 76.11 + 3.47 &b 95.39 + 1.55 b
Lag time (min) 24.59 + 5.48 21.08 +4.53 6.94 + 1.77 2P 3.31+1.332P
ER (folds) 1.00 1551 2.452b 2.92 abc

Values are expressed as mean + standard deviation (SD) and were analyzed by one-way ANOVA followed by
Tukey’s multiple comparisons test. **¢ p < 0.05 compared to ATR sol, ATR gel, and ATR emulgel, respectively. Sol,
solution; SSTE, steady state transdermal flux; ER, enhancement ratio.

3.5. In Vivo Wound Healing Efficiency

Macroscopic evaluation was performed to monitor wound healing through photographs. Figure 4
(upper panel) shows representative pictures of the regression of the wound area throughout the
experiment. The wound area, calculated as a percentage of the initial wound area, was determined for
all animal groups (Figure 4; lower panel). On days 14 and 21 of the experiment, it was observed that
rats that received ATR nanoemulgel showed a significant reduction in wound area compared to other
groups that received either ATR gel or emulgel.

0 day 7 day 14 day 21 day

ATR gel

ATR emulgel

4 ‘ “\\"\
ATR nanoemulgel -“ ‘%?;‘ " \
< "VO e

1004

Ml ATR gel
EA ATR emulgel
1 ATR nanoemuligel

804

60+

Ed ab

Day 0 Day 7 Day 14 Day 21

Wound area
(% original size)

Figure 4. Upper panel: Macroscopic wound closure in rats that received topical atorvastatin (ATR)
gel, ATR emulgel, and ATR nanoemulgel. Representative pictures showing the time course of wound
healing in rats on days 0, 7, 14, and 21. Lower panel: Graphical presentation of changes in wound
area in rats received topical ATR gel, ATR emulgel, and ATR nanoemulgel. Changes in wound area
are expressed as a percentage of the initial wound area. Values represent mean + standard deviation
(SD) of six animals per group and were analyzed by one-way ANOVA followed by Tukey’s multiple
comparisons test. *° p < 0.05 compared to ATR gel and ATR emulgel, respectively, at the same day.

3.6. Skin Irritation Testing
All tested formulations showed a sensitivity reaction of score 0 upon their application on the

hair-free skin of rats” backs. The applied area was observed for 3 days and no erythema, edema, or
irritation were recorded during the whole period of study.
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3.7. Histopathological Assessment

Before treatment with ATR gel, the wound area showed severe congestion, hemorrhage, and
inflammatory cells’ infiltration, with absence of epithelium and normal collagen disposition (Figure 5a,
upper panel). After 21 days of ATR gel treatment, a smaller number of inflammatory cells was observed
with partial epithelialization (Figure 5b, upper panel). The rat group that received ATR gel showed
poor healing with a healing score of 7.8 + 1.9 (Figure 5, lower panel). After 21 days of ATR emulgel
treatment, the wound area exhibited complete epithelization with the formation of a thin keratin layer.
Granulation and fibrous connective tissues were also observed in underlying dermal layer (Figure 5c,
upper panel). Healing status after ATR emulgel was fair and showed a healing score of 13.2 + 1.4
(Figure 5, lower panel). Figure 5d (upper panel) shows a marked improvement in the skin histological
architecture with good healing status after 21 days of ATR nanoemulgel treatment. No indication for
the presence of wound in this area is due to epithelialization of the epidermis of skin. The wound area
showed a high healing score of 18 + 1.5 (Figure 5 lower panel). The epidermis was normal and the
dermis contained normal skin appendages.

259
[ Before treatment (day 0)
20 El ATR Gel (day 21)
S E3 ATR emulgel (day 21)
& 159 ATR nanoemulgel (day 21)
E’ 10
S| —
=
5-
c T ]

Figure 5. Upper panel: Photomicrographs of the rat skin tissue. (a) Wound area before treatment at day
0. Absence of epithelization in the epidermal layer (black arrow). Dermal layer shows loss of normal
arrangement of collagen fibers (blue arrow). Severe congestion (green arrows), hemorrhage (yellow arrow),
and inflammatory cell infiltrations (black circle) are observed. (b) Atorvastatin (ATR) gel-treated group
at day 21. Partial epithelialization (black arrow) is exhibited. Dermal layer has granulation tissue (blue
arrow) with vascular congestion and hemorrhage (yellow arrows) and mild inflammatory cell infiltrations
(black circles). (c) ATR emulgel-treated group at day 21 has complete epithelization with formation of thin
keratin layer (black arrow). The underlying dermal layer shows vascular granulation tissues in addition
to fibrous connective tissues (green arrow) and inflammatory cell infiltrations (black circle). (d) ATR
nanoemulgel-treated group at day 21. Complete epithelization of the epidermis (black arrows) with
presence of skin hair follicles (blue arrow) and sebaceous glands (green arrow) are exhibited. There are
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few inflammatory cell infiltrations (black circle). (H&E x200 um and inset x50 pm). Lower panel:
A semi-quantitative analysis of healing status in rats at day 0 before the treatment and after 21 days of
receiving topical ATR gel, ATR emulgel, and ATR nanoemulgel. Healing status is assessed according
to healing score. Values are expressed as mean + as mean + standard deviation (SD) of five readings
and were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test. **< p < 0.05
compared to non-treated, ATR gel-treated, and ATR emulgel-treated groups, respectively.

4. Discussion

For wound healing purposes, several studies have shown the effectiveness of ATR in restoring
endothelial function and accelerating tissue repair of a skin lesion in both animal and human
studies [8,33]. However, the low solubility and bioavailability of ATR [34,35] may limit its maximal
benefits in wound healing. In this regard, this study was designed to evaluate the effectiveness of
alternative topical preparations of ATR in wound healing using nanoemulgel in comparison to other
conventional ATR preparations of gel and emulgel.

Owing to their high aqueous component, gels as a dosage form generally allow a greater dissolution
of the drug and permits easy migration of it through a vehicle [36]. Indeed, the results of the present
study showed that ATR gel exhibited the highest release of the drug during the in vitro release study.
On the contrary, ATR emulgel and nanoemulgel showed significantly (p < 0.05) low release of the
drug during the same study. This result can be explained by the higher viscosity of emulgel and
nanoemulgel as compared to ATR gel formulation. The higher viscosity of the vehicle was associated
with increased resistance to the drug molecules’” mobility and diffusion [37]. Additionally, the low
release rate of ATR from the emulgel and nanoemulgel could be attributed to the low water content
of the solvent mixtures and incorporation of liquid paraffin oil [38]. On the other hand, both ATR
emulgel and nanoemulgel showed high permeation compared to ATR gel in ex vivo permeation study.
The enhanced permeation effect of ATR from emulgel and nanoemulgel could be attributed to their
surfactant contents that act as permeability enhancers in addition to the colloidal properties.

The higher viscosity of ATR emulgel and nanoemulgel can also markedly affect the spreadability
value of the formulation. The study of Majithiya et al. showed that the greater the viscosity is, the
lesser the spreadability and greater the retention of emulgel on the skin are [39]. This explanation was
supported by our results that showed lower spreadability values of ATR emulgel and nanoemulgel
compared to that of ATR gel.

Emulgel has merits of both gel and emulsion; it behaves as a reservoir of drugs as emulsion
droplets allow encapsulation of hydrophobic drugs and hasten its skin permeation [40]. Nanoemulgel
is prepared by developing nanoemulsion with droplet size range <200 nm to be incorporated into a
hydrogel matrix [41,42]. In the present study, ATR is formulated as oil-in-water (o/w) nanoemulsion in
a gel phase with average particle size of 148 nm.

The current data showed that both ATR emulgel and nanoemulgel exhibited greater permeation
through the rat skin compared to ATR gel. This could be attributed to the nonionic surfactant (Tween
80) interaction with rat skin lipids, which could increase the fluidity of skin membranes resulting in an
enhancing drug diffusion rate across skin layers [43]. However, compared to ATR emulgel, results
showed that ATR nanoemulgel had better permeation. One possible reason that could have an effect
on the enhanced permeation of ATR nanoemulgel is the nano droplets of nanoemulsion, which gave
the highest surface area for ATR permeation and for releasing a high drug concentration on the affected
area [44].

Additionally, the reduced lag time to drug permeation reported in ATR nanoemulgel may be
attributed to the mucoadhesive property of hydrogel. The mucoadhesive properties of hydrogel have
a pivotal role in increasing the contact period of the drug over the skin [45]; better contact with the
skin allows the effect to appear sooner, resulting in short lag times.

On contrary to the results of the ex vivo permeation study, the rank order of maximum drug release
in the in vitro study was ATR gel > ATR nanoemulgel > ATR emulgel. The discrepancy in the rank
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order of drug release in ex vivo and in vitro studies may be attributed to the different characteristics of
cellophane membrane and animal skin [46].

Stability studies of the investigated ATR formulations concluded that the drug does not undergo
degradation in storage. Additionally, no adverse effects were observed in animal skin treated with
ATR gel, emulgel, or nanoemulgel. These results indicated that the investigated ATR gel, emulgel,
and nanoemulgel have good formulation and skin tolerability, which are advantageous in increasing
patient acceptability to the treatment. Consequently, the investigated formulations are eligible for
further in vivo investigations.

Besides their anti-inflammatory effect, statins can modulate cellular processes, such as apoptosis,
proliferation, and migration, which makes them promising therapy for wound healing [12,16]. Indeed,
several studies have tested the effectiveness of statins in the treatment of skin diseases and wounds
using ATR of different formulations and different routes of administration including oral gavage,
intraperitoneal injection, and topical application [8,38,47]. However, the current study is the first
study to explore the effectiveness of ATR in wound healing using nanoemulgel as a novel technique
for topical drug delivery, compared to other conventional topical preparations, namely gel and
emulgel. Data of the present in vivo study illustrated that the ATR nanoemulgel-treated group
exhibited a significant decrease in wound area during the experiment period compared to both ATR
gel- and ATR emulgel-treated groups. This greater wound contraction may be ascribed to the dual
effect of the drug and nanoemulgel system which allows better delivery of hydrophobic drugs [48].
Due to its good adhesion properties, studies showed that the nanoemulgel system exhibits a larger
concentration gradient across the skin, which leads to better skin penetration and consequently good
healing properties [45,49]. Further, ATR nanoemulgel-treated rats showed marked improvement in
pathological changes of the wound tissue as compared to other treatment groups. Results from H&E
stained skin sections of the ATR nanoemulgel-treated group revealed complete epithelial regeneration
and a well-structured layer that covered the entire area of the wound. By the end of the experiment, it
was noticed that treatment with ATR nanoemulgel provided almost complete wound closure and that
the wound area was completely covered with hair.

The major concern in the treatment of chronic wounds is the lack of effective therapeutic options
for clinical use. The gel-based formulations including emulgel may also face issues such as short
residence time in the application site. However, the nanoemulgel formulation with greater retention in
the affected area can release the drug steadily and could subsequently help in bathing the skin surface
for an extended period, which in turn can accelerate wound healing.

5. Conclusions

Taking all of the above into account, it can be concluded that ATR nanoemulgel showed the highest
wound healing power with complete wound closure and epithelization within 21 days. Therefore, the
current study may provide an innovative approach for efficient wound healing using ATR nanoemulgel
topical application. Further experimental and clinical studies are needed to confirm the results of the
present study.
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