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Introduction: Atorvastatin (ATV), a medication used to reduce cholesterol levels, possesses properties that can counteract the
damaging effects of free radicals and reduce inflammation. However, the administration of ATV orally is associated with low systemic
bioavailability due to its limited capacity to dissolve in water and significant first-pass effect. This study aimed to assess the
appropriateness of employing nano-vesicles for transdermal administration of ATV in order to enhance its anti-inflammatory effects.
Methods: ATV-loaded transethosomes (ATV-TEs) were optimized using the 3° Box-Behnken design. The ATV-TEs that were created
were evaluated for their vesicle size, encapsulation efficiency (% EE), and percent release of drug. The optimum formulation was
integrated into a hydroxypropyl methylcellulose (HPMC) emulsion-based gel (ATV-TEs emulgel) using jojoba oil. ATV-TEs emulgel
was examined for its physical characteristics, ex vivo permeability, histological, and anti-inflammatory effect in a rat model of
inflamed paw edema.

Results: The optimized transethosomes exhibited a vesicle size of 158.00 nm and an encapsulation efficiency of 80.14 + 1.42%.
Furthermore, the use of transethosomal vesicles effectively prolonged the release of ATV for a duration of 24 hours, in contrast to the
pure drug suspension. In addition, the transethosomal emulgel loaded with ATV exhibited a 3.8-fold increase in the transdermal flow of
ATV, in comparison to the pure drug suspension. ATV-TEs emulgel demonstrated a strong anti-inflammatory impact in the
carrageenan-induced paw edema model.

Discussion: This was evident from the significant reduction in paw edema, which was equivalent to the effect of the standard anti-
inflammatory medicine, Diclofenac sodium.

Conclusion: In summary, transethosomes, as a whole, might potentially serve as an effective method for delivering drugs via the skin.
This could improve the ability of ATV to reduce inflammation by increasing its absorption through the skin.

Keywords: nano-vesicles, anti-inflammatory test, emulsion-based gel, histopathological study

Introduction
The transdermal drug delivery system (TDDS) is thought to be the most effective approach to deliver medication with
a limited bioavailability. Drug administration via the transdermal route has the potential to resolve problems like hepatic first-
pass metabolism, enzymatic drug degradation, and intravenous administration pain while also improving patient compliance
with dose control when compared to oral and parenteral routes of administration. TDDS could be developed in a variety of
ways to encourage skin penetration and enable appropriate, regulated medication absorption into the bloodstream.'

Over the past three decades, a lot of research has been conducted to investigate the effectiveness of transdermal delivery
systems, such as liposomes,2 niosomes,” transfersomes,” and ethosomes,” which are vesicle carriers. Because of their reduced

International Journal of Nanomedicine 2024:19 |1415-11432 11415
Received: 8 May 2024 © 2024 Abdallah et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https:/www.dovepress.com/terms.
AT Php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 23 October 2024
Published: 7 November 2024

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-6670-3903
http://orcid.org/0009-0003-8786-250X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Abdallah et al Dove

transdermal delivery of the medication, classic liposomal systems typically generate a drug reservoir in the upper layers of the
stratum corneum, preventing drugs from penetration of skin deeper layers. Therefore, there was a need for generating advanced
nanovesicles to enhance the skin permeation and improve the therapeutic efficiency of drugs via transdermal delivery.

It has been demonstrated that ethosomes have much greater transdermal permeability and can cross the skin barrier than regular
liposomes. Ethosomes, a non-invasive nano-vesicular delivery system, can enhance medication delivery via the skin. These soft
flexible vesicular carriers contain glycols, phospholipids, and ethanol at high concentrations. Ethosomal formulations contain-
ing ethanol could have a synergistic effect that improves drug penetration through the skin lipids. Furthermore, the ethanol effect,
which increases the permeability of membranes and the fluidity of lipid molecules, enables the soft, flexible vesicles to penetrate
deeply into the skin bilayers.® High alcohol concentrations in this class of biodegradable ethosomes have caused a negative charge
formation, which has improved drug transport and bioavailability.” Because of their unique structure and high lamellarity,
ethosomes can encapsulate and disperse both lipophilic and hydrophilic drugs through the layers of the skin. Lipophilic includes -
simvastatin® and valsartan,” while hydrophilic drugs include buspirone'® and betahistine dihydrochloride.""

Moreover, the vesicular systems can be incorporated into emulsion-based gel to boost the distribution and stability of
the formulation.'> Emulgel refers to jellified emulsions, which can be either oil-in-water or water-in-oil. These emulgel
formations are achieved by including a gelling agent into the emulsion.'* Emulgel is a substance that has the ability to
function as both an emulsion and a gel. This capability allows it to work as a dual control release mechanism.'* Gel is
added to emulsion to enhance its capacity to penetrate and maintain its stability. Gels are mostly made up of synthetic or
natural cellulose polymers as HPMC. These polymers have been shown to have enough viscosity and bioadhesive
qualities as well as to be compatible with nano-vesicles to enhance drug solubility and delivery.

Statins are a widely recognized class of drugs used to decrease cholesterol levels. They work by blocking the
enzyme HMG-CoA reductase, which is involved in the production of cholesterol.'” In relation to several medical
problems, statins have demonstrated novel therapeutic efficiencies, including anti-inflammatory action as described by
Bradbury et al, an anticancer activity addressed by Hassanabad, and recently identified antifungal activity.'®"'®

Atorvastatin calcium (ATC) is a commonly prescribed medication for reducing cholesterol levels. It works by
competitively inhibiting the enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA). This medicine is used to
treat conditions such as hyperlipidemia and atherosclerosis.'® Furthermore, ATC has been found to possess direct anti-
inflammatory effects independently on its lipid lowering efficacy through the inhibition of pro-inflammatory cytokines
released by macrophages.”’ The clinical studies provided evidence that ATC has good anti-inflammatory effects by
reducing the levels of the inflammatory marker C-reactive protein (CRP) in patients.”'

The formulation of atorvastatin calcium (ATV), has many challenges that hinder the achievement of the ideal release
pattern with high bioavailability.”* It is a white powder, very slightly soluble in water (11 pg/mL), practically insoluble in
methylene chloride, and slightly soluble in ethanol (0.5 mg/mL). It is classified as a class II drug according to the
biopharmaceutical categorization system (BCS). ATV has little solubility in water and is poorly absorbed when taken orally,
with a bioavailability of around 14%, which is mostly attributed to the considerable first pass hepatic metabolism.** Various
formulation techniques have been employed to solve these challenges, including nanoparticles,”* nanolipospheres, solid
dispersion,?® co-crystallization,?” and self-emulsifying system.*®

To overcome these challenges, an appropriate approach is required to develop sustained transdermal drug delivery
systems that can effectively treat inflammation over an extended period. The main objective of this work was to develop
lipid-based nano-vesicles in a hydrogel form containing ATV, in order to improve the pharmacodynamics effectiveness
and epidermal permeability, while avoiding the disadvantages associated with oral administration.

Materials and Methods

Materials
Atorvastatin calcium was supplied by Epico.co.10th of Ramadan city, Egypt. Soy lecithin, hydroxypropyl methyl cellulose,
span 60, propylene glycol, ethanol, chloroform, and methanol were obtained from Sigma-Aldrich (St. Louis, MO, USA).
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Box-Behnken -Response Surface Methodology Design

The effect of different formulation parameters on the entrapment efficiency (%) and percentage of drug release after
8 hours (%) of the generated nano-vesicular formulation was systemically investigated using Box-Behnken design—
response surface methodology (BBD-RSM) using Design Expert® software (Ver. 11, Stat-Ease, Minneapolis, MN,
USA). Table 1 contains a list of the design’s details. Three independent variables were selected: lipid amount (A),
which ranged from 70 mg to 120 mg, surfactant concentration (B), which ranged from 0% v/v to 25% v/v and ethanol
concentration (C), which lay between 0% v/v and 30% v/v. Three factors were chosen as dependent variables:
encapsulation efficiency % (R;) and percentage of drug release after 8§ hours (Q8h, R,). Table 2 provides the values
for each variable as well as the batch codes. The ideal formula and desirable attributes were determined based on
performing 17 runs with five center points. The model’s significance was assessed using ANOVA, which also validated
the statistical analysis results. Three-dimensional surface plots and contour plots were created to link the outcomes of the
statistical study.

Formulation of Nanovesicles

Atorvastatin loaded ethosomes were generated using the methodology described by Touitou et al with some
modification.?’ The specified amount of lipid was mixed with ATV and dispersed in distilled water, and then the mixture
was heated in a water bath at 40°C till obtaining colloidal dispersion. In another container, the organic phase was
prepared by heating a mixture of ethanol and propylene glycol 40 °C in a water bath. Once both mixtures reached 40 °C,
the organic phase was then added to the aqueous phase and stirred continuously for 20 minutes using a magnetic stirrer
(Magnetic Stirrer—AREC, VELP Scientifica, Milano, Italy) R. The resulting dispersion was sealed, allowed to cool, kept
out of the light, and kept in storage at 4°C for further investigation.** ' The transethosomes (TEs) loaded with
Atorvastatin were generated by the same technique except adding specified amount of surfactant to the lipid and ATV
mixture before heating to 40 °C. The transfersomes loaded with ATV were produced using the thin-layer hydration
method.*” Briefly, the specified amounts of lipid and surfactant according to the lists described in Table 2, and ATV
(100 mg) were mixed in a round bottomed flask and then dissolved in methanol/chloroform (2:1 v/v). The mixture was
stirred at room temperature at 100 rpm until the formation of homogenous dispersion. After that, the solvent was
extracted under low pressure in a rotary evaporator at 50 °C and 100 rpm till leaving a thin coating on the flask wall. The
evaporation process was run for an additional two hours to ensure the removal of all solvents. Next, five milliliters of
PBS (pH, 7.4) were added to hydrate the lipid film with agitation for one hour until formation of transfersomes. The
obtained transfersomal dispersion was stirred for 20 minutes and was kept at 4°C, sealed hermetically until further
studies. Atorvastatin loaded liposomes were manufactured according to same methodology without using surfactant in

the lipid mixture. The composition of different nano-vesicular formulation is demonstrated in Table 2.

Table | BBD-RSM for Optimization of Nano-Vesicular Formulations Loaded with

ATV

Independent Variables Symbol | Level of Variation
Low High

Lipid amount (mg) A 70 120

Edge activator (surfactant) concentration (% v/v) B 0 25

Ethanol concentration (% v/v) C 0 30

Dependent variables Symbol Constraint

Encapsulation Efficiency EE (%) R, Maximize

The percentage of drug release after 8 hours (Q8h, %) R, Maximize
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Table 2 Different ATV-Loaded Nano-Vesicular Formulations

Type of Nano Run | A: PL Amount B: Edge Activator C: Ethanol R,: EE (%) R: % drug
Vesicles (mg) (% viv) Concentration Release after
(% viv) 8 hours (%)
Transfersomes® Fl 95 25 0 49.48 + 1.24 56.65 + 3.48
Transethosomes® F2 70 12.5 30 63.37 + 1.83 7231 £ 3.29
Transethosomes F3 95 12.5 15 64.45 + 1.56 53.81 +2.28
Transethosomes F4 120 12.5 30 81.22 + 2.06 59.54 + 2.59
Transethosomes F5 95 12.5 15 63.14 + 1.35 5492 + 1.34
Transfersomes Fé6 120 12.5 0 60.10 + 1.76 42.86 + |.44
Transfersomes F7 70 12.5 0 49.13 £ 1.52 46.37 + 1.07
Ethosomes*® F8 95 0 30 7185+ 1.53 57.18 + 2.64
Ethosomes F9 70 0 15 59.14 + 2.11 54.89 + 1.85
Transethosomes F10 120 25 15 67.16 = 1.05 70.81 + 2.65
Transethosomes FlIl 95 12.5 15 63.21 237 5443 + 1.79
Transethosomes Fl12 95 25 30 69.89 + 241 77.06 +2.93
Ethosomes FI3 120 0 15 73.60 + 1.18 29.58 + 2.66
Transethosomes Fl4 70 25 15 57.78 + 1.98 61.87 +2.50
Transethosomes FI5 95 12.5 15 62.88 + |.67 54.52 + 2.19
Liposomes* Flé 95 0 0 52.64 + 2.84 31.87 £ 1.71
Transethosomes F17 95 12.5 15 63.22 + 0.72 53.96 + 2.02

Notes: *Transfersomes prepared without ethanol; ®transethosomes prepared with both surfactant and ethanol; “ethosomes prepared without surfactant; “liposomes
prepared without surfactant or ethanol.

Characterization of ATV Loaded Nano-Vesicular Formulations

Particle Size Determination

The size of the optimized transethosomes containing ATV was assessed using a Nano ZS Zetasizer (Nano—ZS90,
Malvern Instruments Ltd., Malvern, Worcestershire, UK) at 25 + 1.0 °C while keeping the angle of scattering fixed at
90°. Deionized water was added to the transethosomal dispersion for dilution to the required degree of scattering
intensity.***

Transmission Electron Microscopy (TEM)

The optimal nanovesicles’ morphological characteristics were inspected utilizing a transmission electron microscope
(Joel JEM 2100, Tokyo, Japan). One undiluted formulation drop was placed on a film-coated 200-mesh copper grid. It
was then negatively stained with 2% aqueous phosphotungstic acid (PTA) solution and let to dry before observation

using a transmission electron microscope (TEM).

Percentage of encapsulation efficiency Determination

The vesicular dispersion of the generated formulations was subjected to centrifugation at 12,000 rpm using (TGL-
16 Tabletop High Speed Refrigerated Centrifuge, China) for one hour at 4°C. The concentration of Atorvastatin in
the supernatant was measured after suitable dilution with PBS (pH, 7.4) using a spectrophotometer by recording
the absorbance at 246 nm. Each measurement is conducted three times. The drug concentration encapsulated in the
manufactured nanovesicles loaded with ATV was determined by subtracting the amount of drug contained in the super-
natant from the total initial amount of Atorvastatin employed during the production. The encapsulation efficiency
of the ATV nanovesicles is determined using the following calculation:

Total ATV — Free ATV (supernatant)

%EE =
% Total ATV

%100 (1

11418 "ee= International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Abdallah et al

Investigation of in vitro Drug Release

Drug release investigations were conducted using the dialysis method. The obtained ATV loaded nano-vesicular formula-
tions were placed into a dialysis membrane bag with a molecular weight cutoff of 12—14 k Da (Sigma-Aldrich (St. Louis,
MO, USA). The dialysis membranes were soaked in PBS, pH 7.4 overnight prior to the in vitro release experiment. The bag
was securely tied at both ends. During the dialysis process, AT V-loaded nanovesicles and ATV suspension (corresponding to
5 milligrams ATV) were loaded in the dialysis bags which then sited inside a beaker filled with 150 mL of PBS and then
subjected to incubation at a temperature of 37 °C in a water bath that was set to shake at a speed of 150 rpm. The release of
atorvastatin from nano-vesicles was quantified by extracting 1 mL samples at specific time intervals (0.5, 1, 2, 3, 4, 6, 8, 12
and 24 h). The spectrophotometric determination of the released amounts of atorvastatin was performed at wavelengths of
246 nm.*> A calibration curve was constructed using atorvastatin as reference standards.

Stability Studies of the Optimized Transethosomes Loaded with ATV (ATV-TEs)

The stability of the optimized ATV-TEs formulation was assessed based on many characteristics, including encapsulation
efficiency (EE), and in vitro drug release. The study was conducted in accordance with the guiding principles of the
International Conference on Harmonization (ICH). The sample was held at two different temperatures, specifically 4 + 1 °C
and 25 £+ 1 °C, for durations of 3 months.

Formulation of ATV-TEs Emulgel

The Emulgel was made by incorporating the gelling agent, hydroxypropyl methylcellulose (HPMC, 4% w/w), into
distilled water and rotating the mixture until a uniform gel was formed. The oil phase was generated by dissolving
Tween 80 in jojoba oil. The aqueous phase (distilled water) was slowly poured into the oily phase while constantly
vortexed for 10 min till production of a white emulsion. The generated emulsion was added to the pre-formulated
gel and mixed together until a homogenous jojoba oil-based emulgel was achieved. The optimized ATV-
nanovesicle formulation equivalent to ten milligrams of ATV was combined with the produced emulgel using
magnetic stirrer until the production of ATV-nano-vesicular emulgel formulation (1%).*® Additionally, nano
vesicular gel that included ATV was manufactured by mixing the hydrogel (4% HPMC) with a specified amount
of the optimized nano-vesicles loaded with ATV until the formation of uniform gel free from any clumping.

Evaluation of the Nanovesicular Emulgel Loaded with Atorvastatin (ATV-TEs)

The ATV nano-vesicular emulgel was assessed for many properties including homogeneity, drug content, pH, spreadability,
viscosity, drug release, and ex vivo permeation studies. The prepared nano-vesicular emulgel formulation was inspected
visually for their color, appearance, grittiness, consistency and phase separation.®” The spreadability of ATV nano-vesicular
emulgel was assessed by sandwiching half a gram of the produced formulation between two transparent circular glass slides.
The spreading was achieved by letting them sit for 5 minutes after putting a weight of about one kilogram on the upper side.*®
The circle’s diameter was measured to determine its spreadability. The generated nano-vesicular emulgel was dispersed in
twenty milliliters of distilled water, and then the pH value was determined using a digital pH meter (PCT-407, Taipei City,
Taiwan).*>** The measurement was conducted three times, and the mean value plus standard deviation were computed. The
viscosity of the generated AT V-TEs emulgel was determined using a Brookfield viscometer (Model DV-II, USA) with spindle
number 06 rotating at a speed of 10 rpm at 25 °C.*® The Atorvastatin content in ATV-TEs emulgel was determined by adding
0.5 g of the prepared formulation (equal to 5 mg of medication) to a clean 100 mL volumetric flask and filling it with methanol.
The mixture was stirred for 2 hours and then let to stand for 24 hours.*! The solution was filtered, and the samples were
examined utilizing spectrophotometry at 246 nm.

In vitro Release Investigation
The in-vitro release of ATV nano-vesicular emulgel and gel compared to ATV nanovesicles and ATV suspension was
evaluated utilizing the same procedures shown in section 2.5.
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Ex-Vivo Investigation

Animal

About twenty male rats weighing around 200-220 g were used. The animals’ housing conditions were alternated between
light and dark cycles every 12 hours, with a constant temperature of 25 + 2°C. The experiments were done in accordance
with the rules and guidelines of the Research Ethics Committee (REC) of Ha’il University No (H-2023-386 on 23/10/2023).

Skin Permeation Study

The experiment involved testing the ATV nano-vesicular emulgel, gel, nano-vesicles and drug suspension using cell
diffusion apparatus via hairless rat skin. Prior to conducting the experiment, the abdomen skin of the rat was purified of
fatty tissues, and then washed with phosphate-buffered saline (pH 7.4). The skin samples were placed between the
receptor and donor compartments of a diffusion cell, with the dermis faced the receptor medium and the stratum corneum
exposed to the donor cell. A weighted quantity of ATV-TEs, ATV-TEs gel, and ATV-TEs emulgel (500 mg) equivalent to
(5 mg) of ATV was placed in the donor compartment. The receptor compartment was filled with phosphate-buffered
saline (pH 7.4) that was maintained at a temperature of 37 + 1 °C and swirled at a speed of 100 rpm. At predetermined
time intervals spanning 12 hours, 1 mL samples were extracted from the receptor media and replaced with an equivalent
volume of new medium. The concentration of Atorvastatin in each sample was determined using spectrophotometry at
a wavelength of 246 nm. A graph was created to show the quantity of ATV that passed through rat skin per unit area (in
pg/ecm?) as a function of time (in hours). The steady state flux (Jss) was determined by analyzing the slope of the linear
section of the graph showing the cumulative amount of ATV penetrated per unit area (ug/cm?) over time (h).*' The
enhancement ratio (ER) was also calculated by measuring the ratio of JSS from the tested sample to JSS from the control.

Ex vivo Skin Deposition Study

Skin retention study aimed to assess the ability of vesicular carriers to keep the encapsulated medication within the skin,
in comparison to a drug suspension. The study was conducted using optimized transethosomes, ATV-TEs gel, ATV-TEs
emulgel, and pure drug suspension to determine the ATV concentration in the skin at the end of ex vivo permeation
study. After 12 hours, the skin attached to the diffusion cell was removed and the skin surface was washed three times
with warm phosphate buffer. The drug retention in the skin was evaluated by cutting the cleansed skin into small parts,
smashing it fully in a beaker, and then adding ten milliliters of methanol. The beaker was agitated using a water shaker
bath at 37 degrees Celsius for two hours to fully extract the drug.** The ATV content in the filtrate was measured using
UV spectroscopy after appropriate dilution.

Histopathological Evaluation of the Transethosomal Formulation

Three abdominal same sized rat skin samples were analyzed. The first sample was served as negative control and was
treated with 0.9% (w/v) sodium chloride solution. The second sample was treated with the conventional gel (ATV-TEs
gel) and the third sample was treated with the optimized AT V-loaded transethosomal emulgel (ATV-TEs emulgel). The
skin samples were subjected to washing process using phosphate buffer (pH 7.4), then immersed overnight in ten percent
neutral formalin. Subsequently, the skin samples were dehydrated with ethanol after being cut vertically, and then
embedded in paraffin blocks. The microtome-taken fine slices were stained with hematoxylin and eosin (H & E). The
stained sections were observed using a microscope with a 25-x magnification.*?

In vivo Anti-Inflammatory Efficiency

Experimental Design

The anti-inflammatory efficiency of ATV was evaluated using carrageenan-induced paw inflammation in rats. Edema was
created in the rats’ left hind paw by subcutaneous injecting of 1% (w/v) carrageenan solution in normal saline. The ATV-TEs
gel, ATV-TEs emulgel, and marketed (Diclofenac gel) formulations were administered 30 minutes before carrageenan
injection. The paw measured was measured at 0.5, 1, 2, 3, 4, 5, 6 and 8 hours intervals using digital caliper.24 Rats were
randomly divided into 5 groups, with each group containing 5 animals.
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Group I was related to the control group, which was subjected to inflammation only without treatment. Group II
received ATV-TEs gel topically at a dose of 10 mg/kg.** Group III received ATV-TEs emulgel topically at a dose of
10 mg/kg. Group IV received topical marketed formulation (Diclofenac gel). The percentage of inhibition of paw edema
in the drug-treated group was compared to the carrageenan control group and computed using a specific formula.

Paw edema thicness(control) — Paw edema thicness(test)

% Edema inhibition = x 100 2)

Paw edema thickness(control)

Statistical Analysis

All experiments were conducted at least three times. The results are presented as the mean =+ standard deviation. A one-
way ANOVA was conducted, followed by a pairwise comparison post-hoc test when necessary. A p-value less than 0.05
is considered statistically significant.

Results and Discussion
Analysis of Data by BBD

According to the data in Table S1, the ANOVA analysis revealed that, the quadratic model had significant statistical
impact, as indicated by high F-values and low p-values (<0.0001), suggesting a low probability of random variation in
these F-values. Furthermore, the R* values, which quantify the extent of variance around the averages provided by the
models, were near one, thereby confirming the strong correlation between the actual and projected values (Figure S1).*'
Furthermore, there was a strong correlation between the predicted and adjusted R? values. The design software suggests
that the low difference between them (<0.2) indicates this. In addition, the plots of externally studentized residuals versus
runs indicated that the points were randomly distributed within the control boundaries, providing evidence of low error
probabilities and strong model attractiveness and fitness (Figure S2).

Impact of Independent Variables on the Evaluated Responses

Impact of the Independent Factors on EE%

The percentage of encapsulation efficiency (EE%) in all 17 ATV formulations ranges from 49.13 + 1.52% (F7) to 8§1.22 +
2.06% (F4). Equation (1) of the quadratic model in addition to surface and contour plots (Figure S3) demonstrated
a positive correlation between both lipid and ethanol concentration and the percentage of encapsulation efficiency (%
EE). In contrast, surfactant concentration had a negative effect on the percentage of encapsulation efficiency of ATV-
loaded nano-vesicular formulations. As the lipid content increased, an increase in percentage EE was noted (Figure 1a).
The percentage of EE% increased from 63.37 = 1.83% to 81.22 + 2.06% in formulations F2 and F4, respectively, when
the content of phospholipid was increased from 70 to 120 mg at constant level of surfactant and ethanol. The increase in
EE percentage (% EE) was attributed to the elevation in phospholipid concentration, which can be attributed to the
lipophilic properties of ATV. Lipophilic drugs tend to have a higher affinity for the lipophilic core of the nano-vesicular
formulations. There was a negative relationship observed between surfactant and the percentage of EE (Figure 1b). The
percentage of encapsulation efficiency (% EE) was determined to be 52.64 + 2.84%, 59.14 + 2.11%, 71.85 + 1.53%, and
73.60 £ 1.18% in F16 (liposomes), and ethosomal formulations (F9, F8, and F13), respectively, which contained 0% of
surfactant. The percentage of EE was decreased to 49.48 + 1.24%, 57.78 £ 1.98%, 69.89 =+ 2.41%, and 67.16 = 1.05% in
F1 (transfersomes), and transethosomal formulations (F14, F12, and F10), respectively, as the concentration of surfactant
increased to 25% w/w. This is because the surfactant employed in the formulations may be more effectively integrated
into the lipid bilayer, leading to increasing the fluidity and formation of more permeable membrane and thereby
decreasing the EE%.** Adding surfactant at higher concentrations can also result in the formation of mixed micelles,
which can explain the observed decrease in the EE%.

On the other hand, ethanol exhibited a direct impact on the percentage of encapsulation efficiency of AT V-loaded nano-
vesicular formulations. Figure 1c demonstrates that ethanol positively influenced the encapsulation of ATV in the nano-
vesicular formulations. An elevation in the EE% was noticed by raising the ethanol content. Transfersomes (F7) containing
0% ethanol had an EE% of 49.13 + 1.52%, while transethosomes (F2) with 30% ethanol had an EE% of 63.37 + 1.83%.
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Formulation (F1, transfersomes) with 0% ethanol had an EE% of 49.48 + 1.24%, while formulation (F12) with 30% ethanol
had an EE% of 69.89 + 2.41%. Formulations F16 (liposomes) and F8 (ethosomes) showed comparable results, as seen in
Table 2. The obtained results could be attributed to the enhanced solubility of ATV in the polar surface of transethosomes by
increasing ethanol concentration, which may be due to its co-solvent action.*> Consequently, a greater quantity of ATV could
have been retained in the aqueous core of the nano-vesicles.

R; = 63.38 4+ 6.58A — 1.62B + 9.37C — 1.27 AB + 1.72AC + 0.2970BC + 1.76 A% — 0.7226 B> — 1.69C> (3)

Impact of the Independent Factors on in vitro Drug Release
The drug release pattern is a crucial indicator for predicting drug performance in vivo. The percentage of drug release after
8 hours (Q8h) in all 17 ATV formulations ranges from 29.58 + 2.66% to 77.06 + 2.93% as shown in Table 2 and was
influenced by numerous manufacturing factors. Equation (2) of the quadratic model demonstrates a positive correlation
between the two independent factors (B, C) while showing a negative correlation between lipid concentration (A) and the
percentage of drug release after 8 hours (Q8h). Figure 1d displayed an inverse correlation between the lipid quantity and
Q8h. The average Q8h of transethosomes generated with 70 mg of lipid (F2; 72.31 + 3.29%) was considerably greater than
transethosomes prepared with 120 mg of lipid (F4; 59.54 + 2.59%) at the same level of surfactant and ethanol. The
decreased Q8h values with increasing lipid concentration could be due to the elevated rigidity of the created nano-vesicles
and the development of thicker frameworks resulting from the increase in phospholipid quantities.*®

There was a positive correlation observed between surfactant concentration and the percentage of drug release after
eight hours (Q8h) (Figure le). The percentage of ATV released from F9 (ethosomes), containing 70 mg phospholipid,
15% (v/v) ethanol and 0% (v/v) surfactant (54.89 + 1.85%), was lower than that released from F14 (transethosomes),
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composed 70 mg phospholipid, 15% (v/v) ethanol and 25% (v/v) surfactant (61.87 & 2.50%). The enhanced drug release
observed at higher surfactant concentration may be due to the less structured and more permeable lipid bilayers of
vesicles, which facilitated drug release.*”*® Another explanation for our findings is that at a high concentration of
surfactant, the drug encapsulation efficiency decreases, causing disruption of the vesicles’ lipid membranes. This leads to
the membranes becoming less ordered and more leaky, resulting in the leakage of the encapsulated drug.*’ Additionally,
the higher concentration of ethanol resulted in a faster percentage of drug release (Figure 1f). As indicated by Table 2, F6
that had 120 mg lipid, 0% (v/v) ethanol and 12.5% (v/v) surfactant showed drug release (42.86 + 1.44%) after eight
hours, whereas F4, which contained 70 mg phospholipid, 30% (v/v) ethanol and 12.5% (v/v) surfactant showed higher
drug release (59.54 £ 2.59). The increased concentration of ethanol may be the cause of the increased flexibility and
fluidity observed in the lipid bilayers of nano-vesicular formulations. Moreover, ethanol could disturb the lipid bilayers of

the vesicles, allowing the drug to diffuse across membranes more easily.’%!

R, = 54.33 — 4.08A + 11.61B + 11.04C + 8.56AB — 2.32AC — 1.22BC — 0.2314 A2+ 0.1899 B> + 1.17 C*  (4)

Optimization of Atorvastatin Loaded Nano-Vesicular Formulations

The experimental design was used to select the optimized ATV-nanovesicles based on the desirability criterion. The
optimization goals are to maximize EE% and Q8h. Figure 2a and b shows contour plots illustrating the desirability and
graphical optimization of the formulation design space. The optimized nano-vesicular formulation (transethosomes)
loaded with ATV was composed of 120 mg lipid, 23.7% (v/v) surfactant and 30% (v/v) ethanol, with a desirability value
of 0.952. The experimental trial yielded predicted responses of 78.23%, 77.06%, for EE % and Q8h, respectively
(Figure 3), while the actual values were 80.14 £+ 1.42%, and 76.03 £+ 1.94%.

(a) 25 Desirability 30 Desirability 30 Desirability
2
20 | 24 24
E z z
S 15 | 318 218
5 = =
5 c c
8 10 | 812 812
5 i w
o 5| 6 6
9 T T T T 0 . 0 B
70 80 90 100 110 120 70 80 90 100 110 120 0 5 10 15 20 25
A: PL (mg) A: PL (mg) B: Surfactant (%v/v)
(b) 29 Overlay Plot 30 Overlay Plot 30 Overlay Plot
R1 (EE%): 78225 R1 (EE%): 782281
R1 (EE%): 782275 R2 (Q8h): 77.062 R2 (Q8h): 77.0598
20 | R2 (Q8h): 77.0621 24 | X1 120 24 | X1 237111

= X1 120 R X2 30 R X2 30

s X2 237111 > >
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m 5 1 6 | 6 ] Eons5)
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Figure 2 Design optimization model concerning independent variables and dependent responses; (a) desirability and, (b) graphical optimization contour plot.
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70 120 0 25
APL (mg) = 120 B:Surfactant (%v/v) = 237111
0 30 49,1294 81.2225
C:Ethanol (%v/v) = 30 R1 (EE%) = 78.2296

Desirability = 0.952
Solution 1 out of 56

R2 (Q8h) = 77.0646

Figure 3 The components of the optimum formulation and its predicted responses according to Box Behnken Design.

Characterization of the Optimized ATV Loaded Transethosomes (ATV-TEs)

Particle Size and Surface Morphology

The optimum ATV transethosomal formulation was assessed for particle size, and polydispersity index (PDI). The optimized
formulation had a vesicular size of 158.00 nm. Polydispersity index (PDI) indicates the consistent size distribution of the
transethosomal vesicles. A lower PDI score indicates a greater degree of homogeneity between the particles. The optimum
ATV transethosomal formulation had a PDI value of 0.363 (Figure 4a), which is below 0.5, suggesting a uniform size

(a) Size (d.nm): % Intensity: St Dev (d.n...
Z-Average (d.nm): 158.0 Peak 1: 185.9 95.4 90.59
Pdl: 0.363 Peak 2: 5037 46 591.3
Intercept: 0.923 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity

Intensity (Percent)

0.1 4] 10 100 1000 10000
Size (d.nm)

Figure 4 Particle size (a) and TEM image (b) of the optimized ATV-TEs.
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distribution.>* Transmission electron microscopy (TEM) was utilized to analyze the structure of the produced system. The
TEM micrograph of the optimized ATV-TEs revealed non-aggregated and spherical vesicles with a smooth surface and
narrow size distribution, as shown in Figure 4b. The obtained figure indicates that the vesicles’ diameter noticed in the
micrograph was within the nano-scale range and aligned with the measurement obtained from the vesicle size analyzer.

Stability Study of ATV-TEs

One of the most important factors that determines the effectiveness of the colloidal dispersions is their stability. The
stability of the optimized ATV-TEs was assessed after 1 and 3 months of storage at temperatures of 4 = 1 °C and 25 £+ 1
°C. These findings are demonstrated in Figure S4. Our results indicated that there were no statistically significant
differences (p < 0.05) between the fresh formulation and the formulation after storage. This provides strong evidence that
the formulation is stable and confirms the effectiveness of transethosomes as a nano-carrier.

Characterization of the ATV Transethosomal Emulgel

The created ATV-TEs emulgel was uniform in consistency and had a good homogeneous texture. The appearance of the
transethosomal gel was observed to be translucent, whitish in color, none gritty without coarse particles and phase
separation. The pH of the prepared ATV-TEs emulgel was 6.23 £ 0.25, falling within the normal pH range for topical
formulations, suggesting that it will be safe when applied to the skin without any risk of skin irritation.>® As a result, the
pH value reported from the transethosomal emulgel was determined to be appropriate, as the formulation is intended for
dermal administration. The spreadability value of the transethosomal emulgel was 57.33 + 2.31 mm, which demonstrates
that the product can be easily spread on the skin surface with minimal effort. The viscosity of the ATV-TEs emulgel was
measured to be 90533.33+ 1350 cP. The therapeutic efficacy of any pharmaceutical dosage form is directly impacted by
the homogeneity of the drug content, which can be measured by the percentage assay of the drug. '” The drug content of
the ATV-TEs gel was measured to be 97.93 + 2.64%, indicating good content uniformity, and they were within the range
of 90 to 110% as specified by the US Pharmacopeia. Therefore, the drug loss during the formulation development was
found to be insignificant based on this result. For semisolid formulations, viscosity is an important factor since it makes
the formulation easier to apply topically and mainly affects the drug’s release and diffusion from its carrier.>*

In vitro Release Investigation

Figure 5 displays the in vitro release patterns of Atorvastatin from different generated formulations using phosphate
buffer. Approximately 96.78% + 3.41 of ATV was liberated from the free drug suspension within nearly 8 hours. The
percentage of ATV released after 8 hours was 76.03 + 1.94%, 51.47+ 3.23%, and 42.82 + 1.69 for transfersomes,
transethosomal gel and for transethosomal emulgel, respectively. The generated nano-vesicular formulations yielded
significantly lower amounts of ATV compared to the free drug. One possible explanation for the greater ATV release rate
from the drug suspension compared to different transethosomal formulations is that the hydrophobic drug, Atorvastatin
binds more strongly to the hydrophobic portion of transfersomes, which slows down the drug release. The addition of
a gelling agent, which enhances the thickness of the formulations, can lead to a decrease in the release of Atorvastatin
from transethosomal gel and emulgel formulations compared to transethosomes due to increased viscosity. The
Atorvastatin release percentage from ATV-TEs gel was significantly greater than the release percentage from ATV-TEs
emulgel. The gel formulation has a high-water content, facilitating the drug’s diffusion into the release medium.* The
lower release of Atorvastatin from ATV-TEs emulgel compared to the ATV-TEs gel formulation was due to the increased
viscosity of the emulgel, hindering the effective diffusion of the medication. Furthermore, the decrease in water content
and the addition of jojoba oil may account for the decreased drug release.’® These findings were consistent with Manian
et al, who concluded that, the release rate of Diclofenac sodium gel was found to be significantly higher than that of

Diclofenac sodium emulgel.>®

Ex vivo Permeation Study
Both ATV-TEs gel and ATV-TEs emulgel exhibited considerably lower amount of drug permeated at the end of 24 hours through
skin (300.75 + 14.89 pg/cm® and 497.03 + 33.71 pg/cm?), respectively, compared to ATV-TEs dispersion (618.43 % 27.69)
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(p <0.05). The relatively lower permeation of ATV from both ATV-TEs gel and ATV-TEs emulgel compared to TEs dispersion
could be related to the elevated viscosity of ATV-TEs gel and ATV-TEs emulgel, which interfered with the drug’s diffusion into
the release media.>* Additionally, transethosomal dispersion, ATV-TEs gel and ATV-TEs emulgel exhibited significantly greater

ATV penetration in terms of both rate and extent compared to the free drug suspension, as shown in Figure 6. The flux (J) values
were determined and the findings indicated a significant difference (p <0.05) between TEs dispersion (51.12 £ 1.64 pg/cm? h),
ATV-TEs emulgel formula (41.78 +2.56 pg/cm® h) and ATV-TEs gel formula (24.46 + 1.82 pg/em? h) compared to free drug
suspension (11.02 + 1.45 pg/em? h). The values of enhancement ratio for TEs dispersion, ATV-TEs emulgel and ATV-TEs gel
were 4.7, 3.8 and 2.2, respectively, indicating a notable increase in ATV penetration through the skin. The relatively higher ATV
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permeation from transethosomal formulations could be due to the synergistic impact of nano-sized vesicles and vesicle elasticity
influenced by the presence of surfactant and ethanol.”” Moreover, the incorporation of jojoba oil during formulation of ATV-TEs

emulgel could enhance the skin permeability as a result of penetration enhancer effect of jojoba oil.*®

Ex vivo Skin Deposition Study

Figure 7 displays the amount of ATV depositing in the skin layers following the ex vivo permeation study. Transethosomal
formulations demonstrated a significant increase in ATV deposition into the skin. The quantities of ATV deposited from
different transethosomal formulations into skin layers were determined to be 1476.15 + 29.66 ng, 877.75 + 35.42 pg, and
1118.88 +45.23 ug for transethosomes, AT V-TEs gel, and ATV-TEs emulgel, respectively, compared to 664.09 +40.94 ng, for
pure ATV suspension. Our findings may be related to the permeability enhancing properties of the transethosomal compo-
nents, particularly the surfactants and ethanol.**** Additionally, the significantly higher deposition of ATV into skin layers is
attributed to the great deformability of ATV transethosomal formulations, allowing them to pass across the para-cellular gap of
skin tissues. Greater ATV penetration into the skin layers could indicate a potential increase in transdermal flux. The increased
deposition of the transethosomes in the skin allowed them to operate as a reservoir, resulting in a prolonged release of ATV in
the deep layers of the skin between administrations. Our study demonstrated that inclusion of surfactant, ethanol, and
phospholipid in the ATV-TEs significantly enhanced the penetration of ATV and its deposition in the skin by fold for
transethosomes, ATV-TEs gel, and ATV-TEs emulgel, respectively, compared to drug suspension.

Histopathological Study

Histopathological investigations were done to evaluate the safety of the drug-loaded transethosomal formulations
following topical application. Skin samples treated with both ATV-TEs emulgel and ATV-TEs gel were compared to
skin sample treated with normal saline solution (Figure 8). The skin samples treated with normal saline displayed
a clearly defined structure consisting of the epidermis, dermis, and subcutaneous layers. Additionally, it exhibited normal
skin appendages and vascularity, as depicted in Figure 8A. Additionally, no indications of inflammation or irritation were
observed in the stained skin samples treated with either optimized ATV-TEs emulgel (Figure 8B) or the ATV-TEs gel
(Figure 8C). Moreover, there were no changes in the skin’s structure when either the ATV-TEs emulgel or ATV-TEs gel
was applied topically. The results strongly confirm the safety and tolerability of the studied formulations.®'
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Figure 7 Amount of ATV retained in the skin following 24 hours of ex vivo permeation experiment. Values are expressed as mean * (SD).
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A

Figure 8 Histopathological investigation of (A) negative control; (B) skin section subjected to ATV-TEs gel; and (C) skin section subjected to ATV-TEs emulgel.

Anti-Inflammatory Efficiency of ATV- TEs Emulgel

The carrageenan-induced rat hind paw method was utilized to evaluate the anti-inflammatory efficiencies of ATV-TEs gel and
ATV-TEs emulgel in comparison to the marketed gel formulation (Diclofenac Gel). The reduction in rat hind paw swelling was
employed as a measure of anti-inflammatory efficacy. Figure 9 illustrates the variations in the size of rat hind paw edema caused by
carrageenan injection in comparison to non-treated control group. It was observed that carrageenan injection into rat hind paws of
control group caused noticeable swelling, reaching its highest point after 4 hours and then slowly declining. Rats pretreated with
ATV-TEs gel, ATV-TEs emulgel and marketed formulation showed significant reduction in paw edema compared to control
animals (p < 0.05). The maximum edema inhibition percentage following topical application of ATV-TEs gel was 39.48 + 5.78%
after four hours, 60.29 £ 7.36% after six hours following topical application of ATV-TEs Emulgel, and 66.46 = 6.41% after four
hours following topical application of marketed formulation. Animals treated with ATV-TEs emulgel showed significant

=o=Control Group
=0=ATV-TEs Gel
B =0=ATV-TEs Emulgel

=o-—Marketed formulation

Mean Paw edema (mm)
S == N W A U &N O X

1 2 3 4 5 6 7 8
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Figure 9 Influence of different ATV preparations on rats mean hind paw edema.
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reduction in edema size compared to group treated with ATV-TEs gel (p < 0.05). The ATV-TEs emulgel showed the greatest
potential for anti-inflammatory effects. The study offers valuable insights on how the combination of jojoba oil and ATV in
transethosomal emulgel could boost the effectiveness and permeability of topical formulations, indicating a synergistic interaction
between the two components. The improved transdermal permeability of ATV TEs and compared to plain ATV contribute to the
superior and persistent anti-inflammatory action of ATV-TEs emulgel (p > 0.05). Remarkably, the anti-inflammatory efficacy of
ATV-TEs emulgel was equivalent to that of the conventional anti-inflammatory medication (Diclofenac sodium) (p > 0.05).

Conclusions

Our study examined the effectiveness of transethosomes in delivering Atorvastatin, via the skin. The study utilized a response
surface approach, specifically a 3° Box-Behnken design, to develop and improve transethosomes loaded with
Atorvastatin (ATV-TEs). The optimized transethosomal system exhibited nano-sized vesicles with a smooth spherical form,
an acceptable vesicle size, and prolonged drug release for 24 hours. In addition, the incorporation of the optimized vesicles into
emulsion-based gel led to the preparation of ATV-TEs emulgel, which exhibited satisfactory physical characteristics in terms
of pH, viscosity, and spreadability. Additionally, they significantly enhanced the permeability of ATV across the skin.
Furthermore, ATV-TEs emulgel demonstrated an intense anti-inflammatory effect using the carrageenan-induced paw
edema model. This was evident from the significant reduction in rat paw volume, which was equivalent to the effect of the
standard anti-inflammatory drug, Diclofenac sodium. These findings suggest that ATV-TEs emulgel has the potential to reduce
swelling. In conclusion, our data indicate that transethosomes might be considered an effective technique for delivering ATV
through the skin, enhancing the effectiveness of the medication for inflammation treatment.
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