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Abstract. The present study aimed to formulate atorvastatin niosome (Atrosome)
through an ultrasonic technique and to determine its contribution to the extent of wound
healing in an animal model. The optimized Atrosome formulation (Atrosome-2) was stable
at 4 °C for 3 months. Differential scanning calorimetry (DSC), ATR-Fourier transform
infrared spectroscopy (ATR-FTIR), and powder X-ray diffraction (PXRD) analysis revealed
that atorvastatin (ATR) was well encapsulated within the niosomes either in a stabilized
amorphous form or a molecularly dispersed state. Scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force microscope (AFM) confirmed the
spherical nature of the Atrosomes. The optimized formulation showed polydispersity index,
particle size, drug encapsulation efficiency (EE%), and zeta potential of 0.457 + 0.05, 196.33
+ 6.45 nm, 86.15 + 0.58 %, and — 20.73 = 0.98 mV, respectively. ATR release from the
Atrosome gel followed the first-order kinetic model and showed no cytotoxicity in the in vitro
cytotoxicity test. Cell viability (human foreskin fibroblast cell line) was nearly 99%. An
excision wound model was also applied in male Wistar rats to examine the in vivo efficacy of
the optimized formulation, followed by investigating malondialdehyde (MDA, an end-
product of lipid peroxidation), superoxide dismutase (SOD, an endogenous antioxidant),
hydroxyproline levels, and glutathione peroxidase (GPx) in skin tissue samples. MDA
significantly decreased in the Atrosome gel group after 21 days, while GPx, SOD, and
hydroxyproline levels demonstrated an increase. According to histological results, rats
receiving Atrosomes were treated effectively faster when compared to the other formulation

used.

KEY WORDS: atorvastatin; niosome; wound healing; solid-state analysis; local delivery.

1Department of Pharmaceutics, Faculty of Pharmacy, Mazandaran
University of Medical Sciences, Sari, Iran.

% Pharmaceutical Sciences Research Center, Haemoglobinopathy
Institute, Mazandaran University of Medical Sciences, Sari, Iran.

3 Department of Toxicology and Pharmacology, Faculty of Pharmacy,
Mazandaran University of Medical Sciences, Sari, Iran.

4 Pharmaceutical Sciences Research Center7, Faculty of Pharmacy,
Mazandaran University of Medical Sciences, Sari, Iran.

3 Clinical Research Development Unite of Rouhani Hospital, Babol
University of Medical Sciences, Babol, Iran.

% Cancer Research Center, Health Research Institute, Babol Univer-
sity of Medical Sciences, Babol, Iran.

" Department of Pharmacy, University of Huddersfield, Huddersfield,
HD1 3DH, UK.

8 Pharmaceutics Research Laboratory, School of Life Sciences,
University of Sussex, Brighton, BN1 9QJ, UK.

°To whom correspondence should be addressed.
(e-mail: jakbari@mazums.ac.ir; a.nokhodchi@sussex.ac.uk; )

» aaps

INTRODUCTION

Wound healing is an essentially dynamic and biological
procedure that contains four overlapping stages of hemostasis,
inflammation, proliferation, and remodeling (1). The above-
mentioned stages and their bio-physiological properties should
happen in a suitable sequence for restoring the function and form
of damaged tissues and cells (2). The regeneration process and
wound repair promptly begin following injury through the
release of various parameters including fibroblast growth factor
2, cytokines, and vascular endothelial growth factor (3). Oxida-
tive reactions and inflammatory responses also have important
contributions to wound healing (4). Some studies report that
tissue injury heavily relies on calcium (5), which may have a
noticeable contribution to wound healing while affecting the
extracellular matrix secretion and F-actin organization in colla-
gen bundles via fibroblasts at the wound area (6). Various
modalities have been evaluated by different clinical and
experimental studies to treat topical wounds such as antibiotics,
sugar, phytotherapy, and honey. Data from human and animal
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studies reveal that the wound-healing process can be accelerated
by statins, particularly ATR (7). Additionally, statins have
diverse pleiotropic effects on improving wound healing. The
main hurdle when utilizing ATR is that the oral administration is
restricted due to its lower aqueous solubility, low bioavailability,
and various side effects. Thus, it is critical to discover an
alternative administrative route for ATR. The transdermal
delivery of ATR is one of the viable and best alternatives since
it has numerous advantages (8). Nevertheless, the penetration
level into the skin highly relies on the physicochemical charac-
teristics of the chemicals of the vehicle such as the polarity of the
solvent, type of vehicle, and particle size (9). With a partition
coefficient (logP) of 6.36, a melting point of 176 "C, and a
molecular weight of 558.64 g/mol, ATR is an attractive molecule
for topical delivery (10). It has been indicated that cosolvents
including ethanol and propylene glycol (PG) have improved the
solubility of the drugs and thus can be regarded as penetration
enhancers. PG can further enter the skin and transmit lipophilic
materials via the solvent drag mechanism (9). Based on specific
conditions, epidermis penetration via organic chemicals is
considered undesirable and must be repressed in conditions
where systemic absorption is unnecessary and the side effects of
the drug increase due to systemic absorption (11).

Colloidal drug carriers with a surfactant base including
niosomes are considered as an operative preparation for
transporting higher amounts of drugs through the cutaneous
and releasing at a controlled rate during systemic absorption
(12). Niosomes are nontoxic and have typically lower
production costs and good stability (13). Aghajani et al. have
reported niosomes to have beneficial effects in wound healing
in an animal model (14). In another study, Farmoudeh et al.
found methylene blue-loaded noisome vesicles exhibited a
good healing effect on wounds and skin damage (15).

Although there are several studies have assessed niosomal
formulation on wound healing (14, 16), none of them has
obtained the niosomal formulation via green technology.
Therefore, in the current research, the wound healing of the
topical gel of Atrosome obtained through a green technology
was assessed in rats (no organic solvent involved in the
preparation of the formulations). ATR-loaded niosomes were
thus developed as a wound-healing agent via the ultrasonic
method for local delivery as a substitution to traditional vehicles.
Moreover, the effects of the cholesterol ratio were investigated,
including the surfactant ratio (w/w) for achieving noisomes with
the optimal level of pharmacological response.

MATERIALS AND METHODS

Materials

Atorvastatin calcium (ATR) was purchased from Hakim
Pharmaceuticals (Tehran, Iran). Tween 80 and span 80 were
obtained from Merck, Germany. Cholesterol was obtained
from Solarbio, China.

Preparation of ATR-Niosome (Atrosome)

Ultrasonic processing was used to prepare the ATR loaded
niosomes (Atrosome) (17). ATR, cholesterol, span 80, and
tween 80 were mixed in a glass vial by magnetic stirring (2,000
rpm) at 70 "C (detail of the composition for each Atrosome
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formulation was listed in Table I). The aqueous phase (water),
which had been heated on a hot plate and reached 70 °C, was
then added to the other components to create a “pre-niosome”
using a hot plate magnetic stirrer. Using a probe sonicator, the
blend was sonicated with an amplitude of 20% for 3 min
(Bandelin, 3100, Germany) followed by submerging the
preparation in an ice bath to achieve Atrosome (Table I).

Preparation of Niosomal and ATR Simple Gel

Carbopol 941 (0.75%) gel was obtained by dispersing
carbopol in the ATR-niosome (containing 200 mg ATR/20 mL)
with preserved water and maintained overnight (12 h). The
formulation was then combined and neutralized with dropwise
triethanolamine under a propeller homogenizer at 400 rpm to
get a suitable gel form. Moreover, ATR (200 mg) was mixed
with carbopol 941 dispersion (0.75%) under the propeller
homogenizer at 400 rpm to produce the ATR simple gel.

Determination of Particle Size, PDI, and Zeta Potential

Zetasizer Nano ZS system (Malvern Instruments,
Worcestershire, UK) was used to determine the particle size,
polydispersity index (PDI) and zeta potential of the obtained
particles via using the dynamic light scattering (DLS)
technique with an angle of 90° at the ambient temperature
(25 °C). For each formulation, three separate specimens were
obtained, and each sample was repeated three times at room
temperature (25 °C) without any dilution (8).

Entrapment Efficiency

The centrifugation technique was used to evaluate the
quantity of the encapsulated ATR in the niosomal vesicles.
Centrifugation of the niosomal dispersions was performed at
18,000 rpm for 30 min at 4 'C (SIGMA 3-30KS refrigerated
centrifuge, Germany) (15). The supernatant layer was filtered
(pore size of 0.22 pm) and diluted 100 times, followed by ATR
determination in the filtered solution (free drug) using Knauer
HPLC. The mobile phase for the HPLC comprised of 30:70 (v/v)
combination of water (pH: 3.0 adjusted with 80% phosphoric
acid) and methanol. A flow rate of 1.0 mL/min and an XDB-C18
column was used with UV detection at 238 nm. All experiments
were conducted at 25 °C. The volume of sample injection and
time of sample elution was 20 pL and 30 min, respectively.

Equation 1 was employed to calculate drug entrapment
efficiency (EE %) (18).

wheigt of initial drug—wheigt of free drug o

EE% =
wheigt of initial drug

100 (1)

Differential Scanning Calorimetry (DSC)

The melting performance of ~ 5 mg of the optimized
ATR-niosome particles (Atrosome-2), compared with bulk
lipid and parent drug ATR using DSC pyris 6 (PerkinElmer,
USA). The particles were sealed into a standard aluminum
pan and determined under nitrogen by applying an empty
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pan as the reference and heated from 30 to 300 "C with a

(=N <t . ° .
— g n g g = heating rate of 10 C/min (8).
B H H A AT
g KE9RE
5 Sege ATR-FTIR Spectroscopy

The optimized formulation of ATR-niosome (Atrosome-2)
was lyophilized for 30 h at — 80 ‘C under 0.1 mbar at — 50 "C

R ag i?, (Marin Christ, Osterode, Germany). The ATR, freeze-dried
— TS & Atrosome-2, cholesterol, tween 80, and span 80 were analyzed
E ARS &S to determine potential molecular interactions using an ATR-
& rcﬁ % 3‘ % % FTIR spectrophotometer (Agilent CARY 630 ATR-FTIR). An
average of 32 scans was represented by each ATR-FTIR
spectrum at a resolution of 4 cm ', and the recorded ATR-
FTIR spectra were in the range of 4,000-400 cm ™' (19).
cren o Powder X-Ray Diffractometer (PXRD) Analysis
. EEERE PXRD
A LELER (Bruker D8, Germany) was employed to study
A eeeee the solid-state of ATR and cholesterol, as well as changes in
the solid-state of the lyophilized niosome (Atrosome-2). The
instrument was run at 40 kV and 30 mA. The samples were
exposed to Cu Ka radiation of 1.5406 A and scanned at a 26
R 2L of 5-50°, with a step size of 0.040° and a step time of 1 s (8).
38 5233 : -
E 3 IS8 Rheological Characterization of Atrosome Gel
7] — = NN
The viscosity of the provided ATR niosomal gel was
assessed by S-93 spindle on the Brookfield viscometer (DV-1I
53 - e e Pro Viscometer, Middleboro, MA), and the viscosity of the
:g i\o, 2 § ° § £ g sample was measured at different speeds between 0.5 and

100 rpm at (25 + 1.0 "C) to measure the subsequent viscosity (20).
In vitro Drug Release

In vitro release evaluation immersion cells, along with
acetate cellulose membrane (MWCO 12 kDa), were used for
in vitro drug-releasing testing (9). Following closing the cells
by a cap, the specimens were located in the cells while the
acetate cellulose membrane was put on the cells. Then, the
cells were placed in the USP dissolution apparatus No. II with

Tween80
(%w/w)
1.25

1.25

1.25

1.25

1.25

Table I Composition and Properties of Various ATR Niosomes (Atrosome) (n = 3, Mean + SD)
Span80
(%w/iw)

44444 each vessel comprising of 900 mL of ethanol: water (50:50).
T After removing 5 mL of the dissolution medium at different
time intervals, the samples were filtered using a 0.22-um filter
and analyzed using HPLC (refer to entrapment efficiency
S section). It should be noted that following each sampling
2% time, 5 mL of ethanol: water (50:50) was added to the vessel
<z "o N and the volume of the dissolution medium was maintained.
5 |S&83-2
Kinetic Treatment of the Release Data
The obtained release data from various formulations
were fitted to various kinetic models, namely, zero-order,
7z first-order, Higuchi, and Korsmeyer-Peppas models.
X =
g2 e Zero—order model M, = My + Kot (2)
First-order model logC = logCo— ot 3
irst-order model logC = logCo— 577 (3)
£ FERRR Higuchi model M, =k (% )
s |Es:g: "
E £88¢8¢ Korsmeyer—Peppas model L=k, t" (5)
= <<<<< Mo
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In which, My, M, and M, are the amounts of ATR
released initially, at time ¢ and at time oo, respectively.
Further, Cy and C denote the initial quantities of ATR and
at time ¢, respectively. Likewise, K,, Ki, k, and k, are
considered constants. The value of n was analyzed as the
diffusion exponent for investigating the ATR drug release
mechanism from each specimen matrices (15).

Scanning Electron Microscopy (SEM)

SEM (FE-SEM TESCAN MIRA3, Czech) was employed to
evaluate the morphology of the optimal niosomes (Atrosomes-2).
A drop of the sample was placed over a carbon-coated copper
grid, and then the sample was air-dried, followed by sputter-
coating with gold to make the samples conductive. The images
were captured 20 kV accelerating voltage (8).

Atomic Force Microscopy (AFM)

In this experiment, the shape and morphology of the
optimal niosomes (Atrosomes-2) were assessed by JPK-AFM
(JPK Instruments AG, Berlin, Germany). The samples were
diluted 500 times and dropped on the lame and then dried at
room temperature (25 °C). Following choosing the contact
mode, the photos were taken by repulsive forces (8).

Transmission Electron Microscope (TEM) Analysis

The morphology of Atrosome-2 was examined by a
TEM microscope (Philips CM 120 KV, Amsterdam:
The Netherlands). A few drops of Atrosome-2 were placed
over copper grids coated with carbon. Next, the Atrosome
was negatively stained for 30 s by a 2% (v/v) phosphotungstic
acid solution. Ultimately, the solvent was evaporated at 25 °C
for 24 h before the TEM images were captured (21).

Stability Studies

The stability of the Atrosome-2 was evaluated at 4 and
25 °C for up to three months. Physical stability was
monitored, and the effects of temperature and time on the
size, ZP, EE%, and PDI, as well as the changes in the color of
the formulation and the creation of precipitate aggregation or
lipid ingredients were monitored (22).

MTT Assay

Human foreskin fibroblast (HFF) cells were employed
in vitro (provided by the National Cell Bank, Pasteur Institute
of Iran, Tehran, Iran) to analyze the cytotoxicity of the ATR,
blank noisome, and Atrosome-2 formulations. The cells were
then seeded in the bottom of microplates (Nunclon) for 24 h with
the density of 105 cells/wells and 96 wells with Atrosome-2, blank
niosome, and ATR (0.5, 1, 1.5, 2, and 2.5 uM) or the vehicle
control. They were then washed with phosphate-buffered saline
after the compound removal. Additionally, colorimetry forma-
zan (MTT) was employed to evaluate cell viability. Cell
incubation and MTT (0.5 mg/mL) were conducted at 37 °C for
4 h. After discarding the supernatant, the sediment was dissolved
in dimethyl sulfoxide (100 pL) comprising formazan crystals. The
plates were agitated for 20 min, and the optical density was
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determined using the multi-walled spectrophotometer at 560 nm.
Various concentrations (i.e.,0.5,1,1.5,2, and 2.5 uM) were tested
in triplicate with other six controls (the cells in the medium), and
finally, the viability of the cells was calculated using Eq. 6:

(OD sample—OD blank)
(OD control-OD blank)

Viability (%) = x 100 (6)
where OD control and OD sample denote the optical density
(control) and the optical density (sample) at 560 nm (17),
respectively.

Animal Models

Male Wistar rats (200-250 g in weight) were provided
from the laboratory animal center of Mazandaran University
of Medical Science (MAZUMS), Mazandaran, Iran. The
animals were separately kept at a constant temperature (22
°C) and 12 h light/dark cycles and had free access to food and
water. The protocol of the study was approved by the Ethics
Committee of Mazandaran University of Medical Sciences
(the ethical code of IR.MAZUMS.REC.1399.7096).

Full-Thickness Wound Model

Temporary anesthesia was induced by injecting xylazine (20
mg/kg) and ketamine (100 mg/kg) intraperitoneally. After shaving
the dorsal hairs, ethanol (70% ) was used to clean the skin followed
by cutting the skin in a diameter of 2 cm in order to perform full-
thickness surgical excisions on the dorsal trunk skin of the rats. The
rats were randomly assigned to five groups of nine after the
surgery. The animals were classified in group I (Atrosome-2 gel;
1%wi/w), group II (ATR simple gel; 1% w/w), and group III (blank
niosome gel). In addition, groups IV and V represented the
positive control groups receiving phenytoin cream and the
negative control group receiving the simple gel respectively.
Phenytoin cream was selected as a positive control as it has been
used as a wound healing product for many years (23, 24).
Furthermore, this product was available on the market as a wound
healing product. One gram of gel formulations was topically
applied to each group once per day for up to 3 weeks (15).

Monitoring of Wound Healing

The healing procedure was monitored by imaging the
lesions at all-time points for all animals using a digital camera
after 0, 3, 5, 7, 10, 14, and 21 days. Through digital lesion-area
measurements in mm? using the software ImageJ (Version
1.45, National Institutes of Health, USA), the lesion areas
from the photos were utilized for calculating the wound
stoppage using Eq. 7 (25):

Wound Area (Day X)
Wound Area (Day 0)

Wound closed (%) = x 100 (7)

Lipid Peroxidation

For assaying malondialdehyde (MDA) as the end-
product of lipid peroxidation in tissue homogenate, a Nalondi
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lipid peroxidation (MDA) assay kit (Navand Salamat Com-
pany, Urmia, Iran) was utilized, along with the thiobarbituric
acid method (26). Briefly, three rats in each group were
slaughtered on days 7, 14, and 21. Forty milligram of skin
biopsy specimens was obtained at a distance of 2-3 mm
thereafter from the wound surrounding area. Next, the tissue
specimens were homogenized in butylated hydroxytoluene
and lysis buffer, washed with potassium chloride (1.15%), and
then cold physiological saline. The debris was removed via
centrifuging at 13,000 rpm for 3 min. The combination was
heated at 95 "C on a water bath for 45 min after combining
800 pL of 0.67% thiobarbituric acid with 200 pL of tissue
homogenate and then cooled in the ice bath for 10 min. The
sample absorbance was spectrophotometrically obtained at
550 nm. The obtained UV absorbance data of the specimens
were added from the standard curve from the MDA
concentrations in the tissue. Finally, lipid peroxidation was
normalized based on the amount of the calculated protein
from the Bradford assay and the quantity of MDA stated as
MDA nanomoles (nM) created per pg of protein.

Glutathione Peroxidase Assay

Tert-butyl-hydroperoxide was used as a substrate to
measure GPx activity. Furthermore, NADPH elimination
was controlled at 330-350 nm (27). The GPx activity was
measured by a Nagpix GPx activity assay kit (Navand
Salamat Company, Urmia, Iran). Three rats were sacrificed
from each group on days 7, 14, and 21 after which 100 mg of
skin biopsy specimens were obtained at a distance of 2-3 mm
from the wound margin. The tissue samples were rinsed with
potassium chloride (1.15%) and cold physiological saline and
then homogenized in assay buffer and finally centrifuged at
9,000 rpm for 15 min at 4 °C to remove the debris. The
homogenized samples were made based on kit instructions,
and absorption was taken at 340 nm using spectrophotometry.
The UV absorption data of the specimens were interpolated
from the standard curve for measurements in the tissue. The
enzymatic activity was normalized based on the amount of
measured protein from the Bradford assay. The activity of
glutathione peroxidase in each pg of protein was calculated
(one unit of glutathione peroxidase activity is in terms of
1 nmol of the utilized NADPH per minute).

Superoxide Dismutase (SOD) Activity

The total SOD operation of the supernatants was
examined in terms of inhibiting the pyrogallol autoxidation
based on Marklund (15). A Nasdox SOD activity assay kit
(Navand Salamat Company, Urmia, Iran) was applied to
determine the SOD activity. The blank and reaction mixtures
were made based on the manufacturer’s instructions. The
enzyme function was measured at 405 nm versus the blank
and was determined as per Eq. 8:

OD Test

SOD activity (U/ug pr) = (m

x 200 ) /ngpr  (8)

Finally, enzymatic activity was normalized based on the
amount of the calculated protein from the Bradford assay.
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Hydroxyproline Test

Hydroxyproline measurements were conducted to deter-
mine the value of the density dependence of collagen
turnover (28). The hydroxyproline level was calculated by
utilizing a hydroxyproline assay kit (Kiazist Company,
Hamedan, Iran). Briefly, 40 mg of formulations was homog-
enized by deionized water. Then, HCI 12 M incubated for 4 h
at 120 °C. The sample was then centrifuged at 12,000 rcf for
15 min. A 20 pL of supernatant was taken and followed the
kit instructions, and sample absorption was measured at
560 nm using spectrophotometry. Then, the UV absorption
data of the specimens were interpolated from the standard
curve for measurements in the tissue.

Histology

Three rats were sacrificed from each group on days 7, 14,
and 21 after the operation for enzymatic and histopathological
examinations. Surgical excision was immediately used and fixed
in a 10% formalin solution to remove tissue samples from the
wound area. These specimens were then embedded in paraffin
blocks to prepare the slices of 4-7 um. Staining with Masson’s
trichrome and hematoxylin and eosin was performed after
sectioning the samples. Next, the stained sections were observed
for any pathological alteration by a light microscope. A scoring
system was utilized as a semi-quantitative technique for compar-
ing wound healing between the groups. Seven histological factors
were assessed, including granulation tissue thickness, epidermal/
dermal regeneration, vascularity, inflammatory cells infiltration,
collagen fibers, wound margins distance, and proliferation of
fibroblast cells (29). Factors were scored from 0 to 3, and the
highest scores were related to the existence of normal structures.

Statistic Evaluation

All data were displayed as the average + standard
deviation and evaluated using SPSS 26.0 (IBM Co., USA).
The one-way analysis of variance (ANOVA) and Tukey LSD
test were applied for the statistical analysis of the defined
variables Further, one-way ANOVA multiple comparisons
and Tukey test LSD’s post-hoc test were used for wound
healing after the normalization of areas compared to day 0.
Furthermore, two-way ANOVA and Tukey LSD post hoc
tests were applied for the data assessment of enzymatic tests
and hydroxyproline content. Eventually, in the histopatholo-
gical examination, quantitative data were statistically ana-
lyzed by the nonparametric Kruskal-Wallis test (30), and
statistical significance was defined as P <0.05 (9).

RESULTS AND DISCUSSION

Properties of Manufactured Niosomes

ATR-loaded niosomes were successfully manufactured
using the ultra-sonication technique. Various cholesterol to
nonionic surfactant ratios were utilized (a binary mixture of
span 80 and tween 80) (1:10, 1:5, 3:10, 2:5, 1:2 w/w) for
optimizing the niosomal formulations of ATR. Table I presents
the niosome compositions and their features. Based on the
results, the smallest particle size of niosomes was observed for
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Atrosome-1 (144.7 + 13.6 nm; ratio of cholesterol: surfactant
1:10), and the largest particle size was obtained for Atrosome-5
(351.867 + 22.414 nm; ratio of cholesterol: surfactants from 1:2).
In other words, the vesicle diameter increased by increasing the
quantity of cholesterol content from 0.25 to 1.25%. According to
Tajbakhsh et al., higher cholesterol contents in niosomes can
increase the diameter of niosomes (31).

The percentage of the trapped ATR in the niosome
structure varied from 80.96 = 1.65 to 87.18 + 0.14% (P <
0.0001, Table I). It is indicated that cholesterol affects the
membrane permeation and EE% leading to an alteration in
the permeability of the niosomes (32). Likewise, Mokhtar
et al. have studied the effect of preparation parameters such
as cholesterol content in flurbiprofen niosomes on niosomes
properties and have reported that EE% can be optimized by
raising the cholesterol, namely, the ratio of surfactants (33).

Table I indicates a slight reduction in the zeta potential of
ATR-niosomes when cholesterol is incorporated in the formula-
tion, but this reduction is however not significant (P > 0.05). ATR
niosomal formulations are favored since they present more
stability over mixing and storing with water with the highest zeta
potential. This is caused by the electrostatic stabilizing of the
formulation (34). The nonionic surfactants interestingly present
an unexpectedly negative zeta potential around colloidal parti-
cles owing to the dipole nature of the ethoxy groups of nonionic
surfactants (35). Radmard et al. assessed the impacts of
formulation variables including the cholesterol content of arbutin
niosomes and found that zeta potential did not change by
increasing the cholesterol content (17).

Generally, the value of the PDI could be within 0-1.
The superior formulations with an excellent homogenous
dispersion should present values closer to zero (36). As
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shown in Table I, the values of the PDI varied between
0.45 + 0.06 and 0.98 + 0.03 (P < 0.0001). Generally, PDI >
0.7 reveals a wide distribution of particle size (8). Based
on the findings (Table I), the smallest value of the PDI
(0.445 + 0.056) was related to the formulations possessing
0.25% cholesterol (Atrosome-1), whereas the highest PDI
value (0.98 + 0.03) belonged to the niosome containing
the highest cholesterol concentration (Atrosome-5). Addi-
tionally, fewer negative charges can be caused by the
presence of further cholesterol molecules in niosomes by
increasing the agglomeration tendency which leads to
higher PDI. This is consistent with the results reported
by Radmard et al. (17). Compared with other methods,
the present method uses no organic solvent for preparing
the niosomes. Moreover, the obtained niosomes can be
simply combined with the gel base for obtaining an end-
product.

Ideal NPs should possess narrower distribution, lower
particle size, high EE %, and high zeta potential. Nonetheless,
creating nanoparticles fulfilling all the above-mentioned
needs is very challenging. Thus, Atrosome-2 was chosen for
further studies since it represented an appropriate percentage
of drug entrapment (86.16 + 0.59 %), the high zeta potential
(= 20.73 + 0.98 mV) with a PDI of 0.46 + 0.05, and relatively
small particle sizes (196.33 + 6.45 nm).

Differential Scanning Calorimetry

DSC was conducted on the optimized formulation
(Atrosome-2), cholesterol, and plain ATR (Figure 1). The
DSC traces for cholesterol represented an endothermic
sharp peak at 149.26 °C consistent with its melting point

148.25
\’L Atrosome 2
~149.26
\/\ Cholesterol
165.98
244.41
\ 120.15
~~_ ATR
0 100 200 300

temp ('C)

Fig. 1 DSC traces of ATR (atorvastatin), cholesterol, and the optimized Atrosome-2 (atorvastatin-

niosome)
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(9). DSC traces of plain ATR present three events in the
range of 80.87-137.17 °C, 137.17-176.85 °C, and 195.19-
289.24 °C. The events are associated with loss of water
(80.87-137.17 °C), melting point (165.98 °C), and degra-
dation (195.19-289.24 °C) of the ATR (8). The compar-
ison of the DSC traces of cholesterol and ATR with the
DSC traces of Atrosome-2 demonstrated a single endo-
thermic peak near the cholesterol melting peak, while the
endothermic peak for the melting of ATR is absent,
indicating that ATR in niosome formulations could be in
a molecular state. Furthermore, the absence of a diagnos-
tic peak of ATR in the formulation could be the result of
the dissolution or miscibility of the ATR in the molten
cholesterol. Additionally, the shift in cholesterol peak
could be owing to the existence of surfactants (i.e., tween
80 and span 80) in niosome formulations, facilitating the
miscibility of cholesterol with the surfactants in niosome.

‘m“v‘r.- Nen Al

W " ‘{'
ul nl | '1*11 1!)" '

| et 1 1 1649

1435
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ATR-FTIR Spectroscopic Studies

The infrared spectra of ATR, cholesterol, tween 80, span
80, and Atrosome-2 are obtained and shown in Figure 2. ATR
showed distinctive bands at 3668 cm ' and 3249 cm™' (O-H
stretching), 2972 cm™ ' (N-H stretching), 1649 cm™* (C=0 of
amide stretching), 1435 cm ' (C-F stretching), 1317 cm ™' (C-O
stretching), 1215 cm™' (C-N stretching), and 690 cm ' due to
aromatic out-of-plane bend (8). Cholesterol represented peaks
at 3423 cm ! (O-H stretching), 3000-2850 cm ' (CH- of CH,
and CHj3 groups and, asymmetric and symmetric stretching),
1465-1457 cm ! (C-H bending), and 1055 cm ™' (C-O
stretching). tween 80 demonstrated peaks at 3436 cm ' (O-H
stretching), 2922 cm™' (-CH,— asymmetric stretching), 2858
ecm ! (-CH,— symmetric stretching), and 1736 cm* (C=O
stretching, ester group), and 1093 cm ' (C-O stretching). Span
80 revealed peaks at 3427 cm ™! (O-H stretching), 2925 cm ' (-

Atrosome-2

Cholesterol
[ ~—"

3423

[ —

2931

Span 80

= Tween &0

2922

s%

—T —TT
1000 2000

—1
4000

Wavenumber (cm")

Fig. 2 FT-IR spectra of ATR (atorvastatin), cholesterol, tween 80, span 80, and the optimized Atrosome-2 (atorvastatin-

niosome)
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CH,-asymmetric stretching), 2854 cm ™' (-CH,— symmetric
stretching), 1742 cm ' (C=O stretching), 1680-1600 cm ' (C=C
stretching), 1461 cm™' (C-H bending), and 1174 cm™ (C-O
bending) (8). FT-IR results proved that there were no chemical
interactions between the drug and other components used in the
preparation of the niosomes.

Powder X-Ray Diffractometer

The PXRD patterns of ATR, cholesterol, and Atrosome-
2 are depicted in Figure 3. ATR revealed several diagnostic
peaks at 26: 9.50°, 12.40°, 17.50°, 19.55°, 21.70°, 22.80°, and
23.80° (8). The cholesterol represented the peaks at 26 of
5.30°, 10.60°,13.15°, 15.55°, 17.05°, 18.20°, 19.45°, 23.55°,
26.20°, 37.15°, and 42.40° (17). These sharp peaks for ATR
and cholesterol indicated the highly crystalline nature of the
two chemicals. Although cholesterol peaks experienced no
shifts in Atrosome-2, it reduced in intensity in comparison
with the pure lipid owing to the existence of cholesterol and
ATR between the membrane sections of the niosome,
thereby altering the cholesterol’s crystallinity. The diagnostic
peaks for ATR were absent in Atrosome-2 which indicates
that ATR is dispersed molecularly or is in an amorphous state
within the niosome. This finding is in good agreement with
FTIR and DSC analysis.

Rheological Characterization of Atrosome Gel

Rheological attributes of lipid NPs have a deep influence
on their capability for topical usage. The Atrosome gel

17.05

18.10
2125

23.45
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rheogram is represented in Figure 4, and it shows non-
Newtonian flow patterns with no constant viscosity. The flow
pattern of Atrosome gels was further recognized by the shear-
thinning property with varied thixotropy since the viscosity of
the gel decreased by enhancing the rate of the shear. The
combined thixotropy and shear thinning performance are
ideal properties for topical preparations as the formulation
can be taken out of the container by squeezing the container
and the formulation becomes high viscose after the applica-
tion to avoid moving away from the site of application (20).

In vitro Drug Release Study

Figure 5 illustrates the in vitro drug release profile of
ATR niosomal gel and ATR simple gel. The first-order
release model represented the best fit (RSQ = 0.9969) for
the niosomal ATR formulation followed closely by
Korsmeyer-Peppas (RSQ = 0.9964). In the Korsmeyer-
Peppas kinetical model, #n is the release exponent implying
the mechanism of the drug release. The n value of the
optimized niosomal formulation was in the range of 0.43-
0.85, demonstrating that the drug release was based on
the non-Fickian (anomalous diffusion) mechanism which
includes erosion and diffusion (37). The drug release from
vesicles is more likely to occur via the diffusion procedure
because of the appropriate data adaptation in the models
mentioned above. Figure 5 shows that the drug release
from the Atrosome-2 gel formulation (70.91 + 4.18%)
after 24 h was faster than the drug release from the
simple ATR gel formulation (48.2 + 5.59%) (P < 0.001).

Atrosome-2
42.40

5.30
\
15:55 17.05
18.20
13.15
10.60 19.45
23.55 2620 ChOleSterOI
3715 4240
T T T T
0 20 40

2-Theta
Fig. 3 XRD of ATR (atorvastatin), choesterol, and the optimized Atrosome-2 (atorvastatin-

niosome)
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Fig. 4 Viscosity of Atrosome-2 (atorvastatin-niosome) at 25 + 1 °C

These findings revealed that niosomes can increase the
dissolution rate of ATR. Some of the studies are in
agreement with the current study; Akbari et al. found
that, generally, an increase in the concentration of
cholesterol resulted in an increase in the dissolution rate
of curcumin from noisome formulations. Niosome formu-
lations with the highest amount of cholesterol showed the
fastest dissolution and niosome formulations without
cholesterol showed the slowest dissolution. Comparing
niosome formulations with the control showed that the
incorporation of curcumin in niosome formulation can
enhance the dissolution of curcumin (9).

- - ®
= S ]
1 1 1

cumulative percentage of drug released (%)

>

Morphology and Size

The particle size and morphology of NPs were evaluated
by SEM, AFM, and TEM. The obtained images for
Atrosome-2 (the optimized formulation) by SEM
(Figure 6a) and AFM (Figure 6b) revealed that the particles
are spherical in shape (SEM image) without any aggregation
(AFM image) (8). Based on the TEM images, NPs had nearly
uniform spherical shapes with an average size of 180-200 nm
(Figure 6c¢). As shown in the images, there is no aggregation
since DLS indicates that the hydrodynamic diameters are
based on the intensity and mean particle sizes, whereas TEM

= Atrosome-2 gel

< ATR simple gel

0 10

20

time (h)
Fig. 5 In vitro drug release profile of Atrosome-2, and ATR simple gel
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Fig. 6 a SEM, b AFM, ¢ TEM micrographs of Atrosome-2
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Table II Stability Information of the Atrosome-2 Dispersion Followed by Storage for 3 months

Storage condition time Particle size (nm) PDI ZP (mv) EE (%)

Initial - 196.3+6.5 0.46+0.05 —20.73+0.98 86.15+0.58
2-8 °C 3 months 207.5+£9.5 0.51+0.04 —19.11+£0.42 84.41+2.72
At room temperature (25 °C) 236.9+15.7 0.67+0.06 — 18.05+0.58 79.02+2.52

acts on dry specimens under ultra-high vacuum circumstances
(38). Tt is noteworthy that the light scattering technique
assesses the hydrodynamic radius of the particle, including
particle size and related solvent layers. In addition, such
dynamic measurement heavily depends on the dispersion
behaviors or particle aggregation in the solutions (39).

Stability Studies

Stability was conducted based on zeta potential, entrap-
ment efficiency, particle size, and PDI for three months at 2-8
and 25 °C (Table II). The results indicated that Atrosomes
kept at both temperatures were within the same colloidal
nanometer range, namely, less than 550 nm (40). Atrosomes
kept at 25 °C showed an increment in the PDI (wider
distribution as a result of particle growth) and a reduction
in EE% and zeta potential. No pronounced alterations were
found for Atrosomes kept at 2-8 °C in terms of the properties
mentioned above, confirming that 2-8 °C could be a suitable
storage temperature for Atrosomes.
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In Vitro Cell Viability Study

MTT assay is a test that is based on absorbance and is
used for determining the metabolic activity of living cells. To
analyze the Atrosome’s effects on cell viability, the human
foreskin fibroblast cell line was incubated with various
concentrations of blank noisome, free ATR, and ATR-
trapped niosomes at 0.5-2.5 uM for 24 h (Figure 7). At equal
concentrations (0.5-2.5 uM), no noticeable decrease was
observed in the vitality of the cells over 24 h when blank
niosomes and Atrosomes were used (P > 0.05). Based on the
obtained data, 98.1 and 99.7% of the cells survived after
treatment with blank niosomes and Atrosomes (2.5 uM) for
24 h, respectively. The survival cell in the case of ATR was
79.9%. The findings revealed that ATR had cytotoxicity
effects on the HFF normal cell line, while Atrosome
presented no cytotoxicity effects, which is in agreement with
the results of Celik et al., who demonstrated an increase in
cytotoxicity in human neuroblastoma cell lines (SHSY-5Y) in
terms of various ATR concentrations (41). The surface charge
of the nanoparticles (NPs) led to greater reactivity with cells

% v

L)
AN A

concentration (uM)

Fig. 7 Viability of cell at various concentrations ATR, blank niosome, and Atrosome -2 (data are

mean + SD, n = 8)



81 Page 12 of 16

and protein. Nonetheless, the potential values of NPs
decreased by loading ATR possibly owing to the uniform
distribution of cholesterol and free ATR in the potential
diffusion layer or the water phase, resulting in lower toxicity
and decreased charge density around the particle (31).

In Vivo Wound Healing Examination

The optimized Atrosome formulation was transformed
into the gel base and was topically used for in vivo wound
healing evaluations. Figure 8a depicts the images generated
of the wound area regression over the testing time period.
The determined wound area as the primary wound area
percentage was defined for all animal groups (Figure 8b).
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Based on the obtained data, a significant difference was
observed within the subjects across the time in the wound
closure (P < 0.001). Furthermore, animals receiving different
treatments displayed different levels of wound area (P <
0.001). Additionally, Atrosome was associated with a more
rapid reduction in the wound area in comparison to the ATR
simple gel (mean difference: 37.05 mm? P < 0.001), blank
niosome gel (mean difference:71.85 mm?, P < 0.001), and
phenytoin cream (mean difference:45.99 mm?, P > 0.001). In
a previous study performed by Morsy et al. (42), topical
treatment with ATR nanoemulgel enhanced tissue recovery
in the acute injuries of healthy rats compared with the ATR
gel (P < 0.05). Based on the histological assessment of the
wounds, Adami et al. reported that statin-treated animals

day 7 day 10  day 14 day 21
© o s -
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Fig. 8 Photographic representation of wound healing process in excision wound model from different experimental

groups at 0, 3, 5, 7, 10, 14, and 21 days of post wounding
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presented an improvement in the reepithelialization proce-
dure while reducing the formation of inflammatory infiltrates
and granulomas. The previous evidence revealed the pleio-
tropic impacts of statins on injuries in diabetic patients and
healthy animals, although the mechanisms are not fully
comprehended by these effects (43).

Lipid Peroxidation Status of Wound Tissue

The MDA levels in the tissue homogenate of cutaneous
specimens were assessed to define the scope of lipid
peroxidation (Figure 9a). The results of two-way ANOVA
revealed that both formulation (P < 0.001) and time (P <
0.001) significantly influenced the levels of MDA. Addition-
ally, an interaction was found between time and formulation
(P < 0.001). Accordingly, multiple comparisons of different
groups indicated lower MDA levels in Atrosome compared
to the ATR simple gel (mean difference: 109.62 nmol/pg pr, P
< 0.001), blank niosome gel (mean difference: 191.41 nmol/pg
pr, P < 0.001), and phenytoin cream (mean difference: 53.87
nmol/ug pr, P > 0.001). It has been reported that doxorubicin
niosomes reduced oxidative stress and lipid peroxidation
compared with the free drug, leading to an increase in
MDA levels (44).
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Glutathione Peroxidase Activity in Wound Tissue

Figure 9b shows the effect of GPx activity in the skin
samples of the various groups. Time (P < 0.001) and
formulation (P < 0.001) significantly affected GPx levels.
Furthermore, there was a relationship between formulation
and time with respect to the Gpx level (P < 0.001). Multiple
comparisons of different groups revealed higher levels of GPx
in the Atrosome compared to the ATR simple gel (mean
difference: 0.005 nmol/pg pr, P < 0.001) and blank niosome
gel (mean difference: 0.008 nmol/pg pr, P < 0.001). Mean-
while, no difference was found between the Atrosome and
the phenytoin cream (mean difference: 0.0002 nmol/pg pr, P
= 1). Similar findings were described by Younis et al. (45),
indicating that AgNP treatment significantly increased the
level of antioxidant enzymes (i.e., SOD and GPx) in
comparison with silver ointment (P < 0.001).

Superoxide Dismutase Activity in Wound Tissue

Figure 9c shows the effect of SOD activity in the skin
specimens of the various groups used in the study. The results of
the two-way ANOVA revealed that both formulation (P <
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Fig. 9 Effect of ATR simple gel, Atrosome-2 gel, blank niosome gel, simple gel, and phenytoin cream on a MDA (lipid peroxidation product);
b GPx; ¢ SOD; and d hydroxyproline content and in excision wound model
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0.001) and time (P < 0.001) significantly influenced the SOD
levels. Furthermore, two-way ANOVA showed that there was
an interaction between formulation and time (P < 0.001).
Accordingly, multiple comparisons of different groups repre-
sented higher levels of SOD in the Atrosome compared to the
ATR simple gel (mean difference: 0.276 U/ug pr, P < 0.001) and
blank niosome gel (mean difference: 0.426 U/ug pr, P < 0.001).
Likewise, no differences were observed between the Atrosome
and the phenytoin cream (mean difference: 0.053 U/pg pr, P =
0.7). Similar findings were discovered by Farmoudeh et al. on
methylene blue niosome, implying that the niosomal form of the
drug caused an increase in SOD levels in comparison with
methylene blue solution (15).

Hydroxyproline Production in Wound Tissue

Collagen is the principal extracellular protein in the skin
tissue, and hydroxyproline is considered as the main element of
collagen, making it an excellent biochemical marker for collagen
content within the tissue. Therefore, the level of hydroxyproline is
frequently applied as a positive marker of wound healing, since
the intensification of the hydroxyproline amount can indicate any
change of collagen synthesis reflecting the wound healing process
in the damaged tissues (46). The hydroxyproline content in the
skin specimens of groups is represented in Figure 9d. Based on
the results of the two-way ANOVA, both formulation (P < 0.001)
and time (P < 0.001) significantly affected the levels of
hydroxyproline. Furthermore, there was an interaction between
time and formulation (P < 0.001). Accordingly, multiple compar-
isons of hydroxyproline levels in the different groups showed
higher levels in Atrosome compared to the ATR simple gel
(mean difference:6.77 ug, P < 0.001) and blank niosome gel group
(mean difference: 12.83 pg, P < 0.001). There were no differences
between the Atrosome and the phenytoin cream (mean differ-
ence: 0.7 ug, P=0.9). The results of a previous study revealed that

ATR simple gel
Atrosome-2 gel

H&E

MT
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epithelialization, elasticity, and hydroxyproline content increased
in animals treated with AgNPs compared to silver ointment
owing to the strengthening effects and maturation effect of
collagen fibers produced in the granulation tissue (45).

Histopathology

The histological features of the skin tissue specimens of
different treatment groups on day 21 after the surgery are
depicted in Figure 10. Histopathological examinations with
Masson’s trichrome (MT) and hematoxylin and eosin (H&E)
were conducted to evaluate the mentioned criteria in
histology section of the methodology section. Histological
manifestations were examined. The sum of the scores in each
slide was then compared across the groups using the Kruskal-
Wallis test. Atrosome was better than ATR simple gel (P <
0.05) and blank niosome gel (P < 0.001). No difference was
observed between the Atrosome and the phenytoin cream (P
= 0.3). Similarly, Toker et al. have shown that the topical
administration of atorvastatin increased endothelial cell
regeneration and angiogenesis in the wound healing of
diabetic rats (47). Additionally, the results of another study
revealed that granulation tissue thickness increased in ani-
mals treated with the hydrogel matrix loaded with simvastatin
microparticles compared to simvastatin (48).

CONCLUSION

The current study dealt with incorporating the atorva-
statin (ATR) (a hydrophobic drug) into niosomes made by
combining cholesterol and nonionic surfactants. According to
solid-state investigations, ATR in the niosome was in an
amorphous state, and the interaction between ATR and other
excipients used in the preparation of the niosomes was ruled
out. The optimized niosomal topical preparation (Atrosome-
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Fig. 10 Histological features of hematoxylin and eosin (H&E) and Masson’s trichrome (MT) of cutaneous
tissue specimen of various treatment groups on day 21 after surgery
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2) presented EE%, size of the particles, the PDI, and zeta
potential of 86.16 = 0.59 %, 196 + 6 nm, 0.46 + 0.05, and —
20.73 + 0.98 mV, respectively. In the MTT assay, no
cytotoxicity was found for the enhanced Atrosome because
of the higher percentage of cell viability (about 99%).
According to macroscopic, pathological, and biochemical
investigations of surgical wounds, the healing rate in the
Atrosome group was greater than in other groups. Hence, the
ATR niosomal gel demonstrated the maximum wound
healing power with complete epithelization and wound
closure within 21 days. Thus, the present study could present
a novel method for effective wound healing using the topical
application of an ATR niosomal gel. The current formulated
niosomal form of ATR was only examined on rats, but to
prove this clinically, further clinical studies are required.
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