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Purpose: Acne is a serious disfiguring follicular sebaceous gland disorder that negatively affects patients’ quality of life and self-
image. Chloramphenicol (CAM) is effective against Propionibacterium acnes and Staphylococcus aureus which cause acne, often used
as a hospital preparation for acne treatment. However, because of its toxicity and poor water solubility, its use has been restricted. To
overcome these limitations, the study focused on developing CAM-loaded binary ethosomes (CAM-BE) and incorporating them into
a hydrogel system for transdermal delivery.

Methods: CAM-BE were prepared and characterized. Following incorporation of the selected formulation into the hydrogel, the
formulation’s skin-interaction was evaluated using attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy and
confocal laser scanning microscopy (CLSM). Furthermore, a rat ear acne model was used to evaluate the formulation’s in vivo anti-
inflammatory efficacy and ex vivo skin permeability.

Results: The optimal formulation contained ethanol/propylene glycol ratios of 3:7 (w/w), exhibited particle size was 97.68 + 4.9 nm,
zeta-potential was —23.5 £ 1.3 mV, and encapsulation efficiency was 60.36 + 2.12%. The BE hydrogel that was created showed
persistent drug release. Additionally, it demonstrated an enhanced flow of 4.374 + 0.12 pg/cm?/hour, permeability coefficient was 3.65
+0.09 em/hx10>, and apparent skin deposition was 17.77 + 1.13 pg/cm?. CLSM and ATR-FTIR confirm that loading CAM into
a binary ethosomes enables drugs to pass more easily through the stratum corneum. In vivo testing and histopathological analysis
demonstrated that the CAM-BE hydrogel significantly inhibited swelling in the rat auricle, compared to both the free CAM hydrogel
and adapalene hydrogel.

Conclusion: With their strong anti-inflammatory properties and improved skin penetration, binary ethosomes could be a viable new
CAM delivery method. The new formulation was therefore seen as quite promising.
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Introduction

Acne, a commonly encountered dermatological condition, exhibits a prevalence rate of 27% in women and 34% in
men."? This chronic inflammatory disorder primarily affects the pilosebaceous units, comprising the follicular canal, the
emerging hair, and a conglomerate of sebaceous glands encompassing the follicular aperture.® Primarily localized on the
face and back, it may result in scarring and impact on the psychological well-being of patients. Excessive androgen
secretion and the colonization of Propionibacterium acnes (P. acnes) have been implicated as the primary etiological
factors contributing to the development of acne.* Antibiotics are routinely recommended for treating acne, primarily

owing to their anti-inflammatory properties, resulting in clinical improvement of the disease. Among the most commonly
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used antibiotics, a broad-spectrum bacteriostatic antibiotic with strong antibacterial properties, CAM 1is especially
effective against Propionibacterium acnes (P. acnes), and Staphylococcus epidermidis. Due to its targeted bactericidal
effects, CAM is often employed to treat acne vulgaris.’

CAM is derived from the bacterium Streptomyces venezuelae, the most significant adverse effect associated with
intravenous and oral administration of CAM is bone marrow toxicity.” This severe toxicity has limited its clinical use,
thereby helping to preserve its antimicrobial efficacy, and oral antibiotics often lead to gastrointestinal disturbances.’
Topical application of antibacterials offers distinct advantages in the treatment of locally invasive infections,
primarily due to its ability to bypass systemic toxicity and enable rapid, targeted delivery to the site of infection.
However, CAM encounters challenges such as poor solubility and low transdermal penetration efficiency,” preventing
it from achieving its therapeutic effects by passing through the stratum corneum barrier of the skin. Various
formulation techniques have been investigated to improve CAM’s intradermal administration, encompassing
hydrogels,8 nanoemulsions,9 microneedles,10 liposomes,11 nanoparticles,12 among others. Lipid-based systems
emerge as particularly promising candidates for facilitating transdermal delivery owing to their inherent biocompat-
ibility and facile integration with skin lipids.'* Notably, significant attention has been directed towards the application
of liposomes in transdermal drug delivery. Ethosomes (ES) are modified liposomes developed by Touitou et al,'®
which are lipid-based vesicles used for drug delivery, and contrast phospholipids, a high proportion of ethanol
(20—45%), and water. Binary ethosomes (BE) are a specific type of ethosomes that contain an additional alcohol
added to the formulation. This addition offers several advantages over conventional liposomes. BE has smaller
particle sizes, higher encapsulation rates, larger drug loading capacities, increased deformability, and improved

stability compared to liposomes. However, the high ethanol concentration in ethosomes can lead to stability issues
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due to their volatility. Various propylene glycols (PGs) were added to the ethosomes formulation in current experi-
ments to address this concern. By incorporating PG into ethosomes, the required amount of ethanol can be reduced,
thereby improving stability and minimizing skin irritation. Because it increases the medication’s permeability via the
skin, this synergistic combination of PG and ethosomes is essential for enhancing transdermal drug absorption,
leading to improved drug delivery. Consequently, this approach may increase the bioavailability and therapeutic
efficacy of the drug while mitigating skin irritation.'”

In this study, we first proposed the encapsulation of chloramphenicol into binary ethosomes. The prescription was
optimized and characterized using the Design Expert 10.0 software and loaded into a hydrogel to examine the penetration
and the sustained release. Finally, the selected formulation’s in vivo efficacy was assessed using P. acnes induced rat ear
acne model, and its performance was compared against that of a free CAM hydrogel (CAM gel) and an adapalene

hydrogel, which served as a reference anti-acne agent.

Materials and Methods

Materials

Chloramphenicol (CAM (98%, purity)), Soya phosphatidylcholine (SPC (98%, purity)), and Carbomer 940 were
purchased from Shanghai Macklin Biological Technology Co., Ltd. (Shanghai, China). Tween 80, ethanol, and propylene
glycol were purchased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). Soybean phosphatidylcholine (SPC,
Lipoid S100) was purchased from Shanxi Xintianyu Biology Technology Co., Ltd (Shanxi, China). Phosphotungstic acid
was obtained from Beijing Kulaibo Technology Co., Ltd. (Beijing, China). Sodium hydroxide was from Tianjin Yongda
Chemical Reagent Co., Ltd. (Tianjin, China). Potassium dihydrogen phosphate was obtained from Tianjin Kermel
Chemical Reagent Co., Ltd. (Tianjin, China). Phosphate buffered saline (PBS) was from Shanghai Shengsi Biological
Technology Co., Ltd. (Shanghai, China). Distilled water (dH,O) was used in all experiments. The methanol used was
chromatographic grade, and other reagents were of analytical grade.

Animals

The Ethical Committee for the Experimental Use of Animals at Qiqihar Medical University authorized all of the tests,
which were conducted in accordance with the National Institutes of Health’s guidelines for the care and use of laboratory
animals. The Experimental Animal Center of Qiqihar Medical University (Qiqgihar, China) provided the 180-220
g Sprague-Dawley (SD) rats. The animals were housed in climate-controlled environments with free access to food
and water, a 12-h light/dark cycle, and temperatures between 22°C and 26°C and 40% and 70% humidity (approval No.
QMU-AECC-2022-128).

Preparation of CAM-BE

Experimental Design

A Box-Behnken design, utilizing Design-Expert® software (version 10, USA), was employed to optimize the preparation
of various CAM-BE formulations, as outlined in Table 1. The factors under investigation included the concentration of
ethanol (25-35%) coded as A, CAM dosage (2.5-7.5 mg) as B, and ethanol/PG ratio (20—40%) coded as C. The
evaluation indexes were %entrapment efficiency (%EE) coded as R; and drug loading capacity (%DL) coded as R..

Preparation of CAM-BE Formulations

The infusion-ultrasound prepared different CAM-BE formulae. Appropriate amounts of CAM and SPC were dissolved in
ethanol and PG to form the alcohol phase, which was then added to a glass flask. A 0.1% Tween-80 solution was
prepared in dH,O to constitute the water phase. The water bath was maintained at 30 + 5°C using an RCT basic
thermostatic magnetic stirrer (Yuhua, China). Under constant magnetic stirring, the water phase was progressively added
to the alcohol phase, and the hydration process was let to run for 30 minutes, Subsequently, the prepared formula was
sonicated to eliminate any precipitated CAM. The resulting mixture was passed through polycarbonate membrane filters
with a pore size of 220 nm, a process repeated thrice. Finally, the CAM-BE was sealed and stored before any additional
processing, at 4°C.
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Table | Composition and Responses of Different CAM-BE
Formulations According to a Box-Behnken Design

Formulae Code | A (%) | B (mg) | C (%) | EE (%) | DL (%)
Fl 35 7.5 3 49.15 3.686
F2 30 3 60.28 3.014
F3 25 4 50.58 2.529
F4 25 2 51.83 2.592
F5 30 2.5 2 44.27 1.107
Fé 30 2.5 4 41.56 1.039
F7 35 2.5 3 47.99 1.199
F8 30 3 61.25 3.062
F9 30 3 63.53 3.176
FI0 30 7.5 4 48.36 3.627
FIl 30 7.5 2 41.57 3.118
Fi2 35 2 54.88 2.744
FI3 30 3 59.34 2.967
Fl4 35 4 50.53 2.527
FI5 25 7.5 3 49.95 3.746
Flé 30 5 3 62.48 3.124
FI7 25 2.5 3 44.59 I.115

Notes: A, concentration of ethanol; B, CAM dosage; C, ethanol/PG ratio; R, %EE;
Ry, %DL.

In vitro Characterization of CAM-BE

Optimization and Experimental Model Validation

Data for each response were analyzed using the ANOVA test at a significance level of p < 0.05 using Design-Expert®™
software. The software automatically selects the optimal model based on the data and generates statistically validated
polynomial equations. These equations are essential for comprehending each response, particularly the sign and
magnitude of the coefficients (a negative coefficient suggests antagonism, while a positive coefficient indicates syner-
gistic effects). Furthermore, 3D response surface plots are produced using Design-Expert® software, which visually
represents the connections between every factor and the associated reaction.

In this work, the criteria for choosing the best formulation were based on maximizing both R; and R,. The desirability
index (Di), which evaluates the degree of pleasure of each response based on the combination of independent variables,
was used to optimize the data for each response. The model was considered validated if the average observed value from
the optimal formulation fell within the prediction interval of the confirmation node.

Particle Size, Zeta Potential, and Polydispersity Index (PDI)

The size characterization, zeta potential, and PDI of the BE were assessed using a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd., Malvern, UK). Before size, zeta potential, and PDI analyses, the samples were appropriately
diluted at a ratio of 1:10 (v/v) with dH,O. To guarantee precision and repeatability, every measurement was carried out
three times.

Drug-Encapsulation Efficiency and Drug-Loading Percentage

Sample dilution was used to generate the CAM-BE formulation, and high-performance liquid chromatography (HPLC;
Lunanruihong, Shandong, China) was used for analysis. An ultrafiltration technique was used to measure the encapsula-
tion efficiency (EE).'® In particular, the BE and free CAM were separated using an Eppendorf ultra-centrifugal filter unit
(Millipore 10k, USA). In short, the filter unit was filled with 500 pL of BE solution and cooled using centrifugation
(Eppendorf, UK) at 4°C and 6000 rpm for 15 minutes to facilitate the separation. The CAM concentration in the
supernatant was quantified by HPLC, using a calibration curve of CAM, with detection at a maximum absorption
wavelength (Apax) of 274 nm. Equations (1) and (2) were used to compute the EE and DL:"’
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Total extract content — Free extract content
EE% = x 100% (1)
Total extract content

DLY% — Total extrac} content — Fr'ee extrac‘t c‘ontent < 100% @)
Total weight of drugs in prescriptions

Transmission Electron Microscopy (TEM)

To view the vesicles, transmission electron microscopy (HT7700, Japan) was used. BE dispersion was diluted tenfold
with water. Subsequently, on a copper grid with a 300-mesh carbon covering, a tiny droplet of the diluted dispersion was
meticulously applied. The droplet was then air-dried at room temperature and subsequently stained using a 2% (w/w)
solution of phosphotungstic acid. Once completely dried, the samples were examined under a microscope at magnifica-
tions ranging from 1000 to 720,000, with an acceleration voltage of 100 kV.

Stability Study of Optimum CAM-BE Formulations

For 15 days, the optimal CAM-BE formulation (5 mg CAM/5 mL) was kept in a dry, clean, and sealed glass vial at 4°C
in the refrigerator to test its stability. Particle size, polydispersity index (PDI), zeta potential, drug loading (%DL), and
encapsulation efficiency (%EE) were all measured in triplicate after samples were taken out at 5-day intervals.

Preparation and Characterization of Optimum CAM-BE Hydrogel
The BE suspension was added to a 1% carbomer 940 hydrogel at a 1:2 (v/w) ratio, and the mixture was stirred until it
was homogenous, creating the CAM-BE gel, and classical ethosomes without PG were prepared hydrogel (CAM-ES gel)
by the same method.

Preparation of conventional hydrogel loaded with CAM (CAM gel) as a control. After dissolving CAM equal to the
CAM-BE solution in 2 mL of ethanol, 0.06 g of 1% carbomer 940 gel was added. Four milliliters of water was then
added and the mixture was agitated until a uniform gel was created.

CAM Content and pH of Binary Ethosomal and Conventional Hydrogel Formulations

The drug content was measured using an HPLC set to a maximum wavelength of 274 nm. Weighed 0.5 g hydrogels were
dissolved in methanol to dissolve the vesicles and extract the drug. The solution followed by passing through
polycarbonate membrane filters (220 nm) to get rid of any particulate matter. A pH meter (Mettler Toledo, Shanghai,
China) was used to determine the pH of the carbomer gel in triplicate after 1.0 g of gel was dissolved in 10 mL of dH,O.

In vitro Release of CAM-BE Gel Formulations

In vitro release experiments were carried out through a semipermeable cellophane membrane using a dialysis membrane
technique (molecular weight cutoff 12,000-14,000 Da, Sigma-Aldrich, St. Louis, MO, USA).18 A weighed 1 g of free
CAM gel, CAM-ES gel, CAM-BE gel, and CAM hydroalcoholic solution (CAM-SOL) formulations were covered over
the dialysis membrane, which had been previously soaked in PBS (pH 7.4) for 36 h. The membranes were submerged in
200 mL of release medium contained in a beaker, and the system was kept at 37 = 0.5°C in an automatically regulated
shaking water bath (Yihen Instruments, Shanghai, China) set at 150 rpm. About 0.5 mL aliquots were taken out for
analysis at a set interval of 1, 2, 4, 6, 9, 12, 24, and 36 h. The extracted sample volumes were swapped out for an
equivalent volume of brand-new release medium at the same temperature in order to maintain the volume constant. Each
sample’s CAM concentration was established using HPLC. The release studies were carried out in duplicate, and the
samples’ in vitro release profiles were compared.

Kinetic Analysis

Linear regression was used to examine the drug release kinetics from the hydrogel formulations that were evaluated.
Numerous kinetic models, such as zero-order, first-order, and Higuchi diffusion models, were fitted to the in vitro release
data. The Ritger-Peppas model was used to plot the log cumulative percentage of CAM released against log time in order
to examine the drug release process.'” To assess the release mechanism, the correlation coefficient (r) was computed
using the slope of the resulting straight line. A Fickian diffusion process is indicated by a correlation coefficient (r) <0.5,
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whereas a non-Fickian mechanism (anomalous diffusion) is suggested by a value of 0.5 < r < 1.0, which implies
a combination of erosion-controlled drug release rates and diffusion.

Skin Source

The abdomen skin of male rats was used to test the skin permeability of specific CAM-BE gel, CAM gel, and CAM-
SOL. The Qiqgihar Medical University Research Ethics Committee approved the experimental protocol. Skin samples
were obtained from male rats obtained from Qiqihar Medical University’s Experimental Animal Center. After the
animals were euthanized, an electrical caliber was used to carefully remove the dorsal side hairs from the abdomen
skin. A cotton swab soaked in saline was then used to rinse the skin three times.

Ex vivo Skin Permeability and Deposition
Phosphate-buffered saline (pH 7.4) was utilized as the receptor medium in an in vitro percutaneous investigation using
Franz cells (diffusion was 1.77 cm?, receiving chamber volume was 10 mL). The skin sample was kept at 32 + 0.5°C, and
the gel (1.0 g) was administered topically to its surface. Throughout the experiment, the receptor media was constantly
agitated at 300 rpm. One-milliliter samples were taken out of the receptor medium at prearranged intervals for up to
36 hours, and each sample volume was replaced with a new medium. Each sample’s CAM concentration was established
using HPLC.*°

The skin was chopped into small pieces and placed in a plastic tube after being cleaned with a cotton pad wet with
saline at the conclusion of the experiment (36 h). To extract the drug, 1 mL of methanol was added, and the mixture was
homogenized for 10 minutes and then extracted 3 times with ultrasound for 15 minutes each time. Centrifuge CAM at
a speed of 10000 r'min~' for 10 minutes and analyze the supernatant and subjected to HPLC analysis. The accumulative
permeation of CAM was calculated according to equation (3).%'

Q, = (VCn 1.0 % Z?jllCiVi> /S 3)

Where Q, was the cumulative permeate per unit area, C; was the drug concentration measured at the i time point, V; was
the sampling volume at the i time point (mL), C,V,, was the total drug permeate at the i-1 time point, and S was the area
of the receiving cell. In this experiment, V was 10 mL, and S was 1.77 cm?>.

The slope of the linear part of the Q versus time plots was used to determine the skin permeation rate at steady-state
flux (Jgs, pg/cm?/hour). Using Equation (4), the permeability coefficient (Papp) was computed by dividing J by the drug
concentration in the donor compartment (Cy) at zero time (pg/mL):*

Papp :Jss/CO (4)

Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR)

Using ATR-FTIR spectroscopy, the impact of ethosomes on lipid alterations in the skin was examined. The rat skin was
gently wiped with absorbent filter paper to wipe any leftover formulation after it had been exposed to the sample for
24 h. The blank control was skin that had been treated with PBS. Next, the skin samples were placed on a ZnSe ATR
crystal of a total reflection infrared spectrometer with the stratum corneum pointing downward. Post-treatment FTIR
spectra were acquired for each sample and compared to the spectra of the blank control in order to assess the impact of
the different vesicles on the skin’s microstructure.

Confocal Laser Scanning Microscopy (CLSM) Experiments

The fluorescently labeled BE was used in transdermal experiments to observe drug distribution within the skin. After
24 h, the remaining formulation was removed from the treated skin surface using distilled water. A cryo-microtome
(CM1850, Leica Microsystems GmbH, Wetzlar, Germany) was used to cryosection three samples (RohB-BE, RohB-ES,
and RohB-SOL) at —20°C with a section thickness of 30 pum. A confocal laser scanning microscope (CLSM, Zeiss LSM
701) was then used to view the samples. It was excited at 625 nm and emitted at 545 nm. All procedures were conducted
in total darkness to prevent interference from ambient light. Zen 2012 (blue edition) software was used to quantify each
image’s fluorescence intensity.
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In vivo Animal Studies

Skin Irritation

Skin irritation studies were performed to demonstrate the safety and non-irritating nature of the binary ethosomes
formulation containing CAM.**

The rats were divided into three groups (n=3): a negative control group receiving saline, a group treated with 0.1%
CAM gel, and a group treated with the selected 0.1% CAM-BE gel. A dose of 1g of the formulations was applied daily to
a specific region of the rats’ shaved dorsal skin for 7 days. Visual examinations were conducted daily for 7 days to detect
any signs of irritation or edema.**

Animal Grouping, Modeling, and Administration

Six groups of 30 SD rats were randomly assigned: the regular control group, the model experiment group, the CAM-BE
gel group, the CAM gel group, the positive control group (which received a commercially available adapalene gel), and
the negative control group (which received saline). Each group consisted of five rats. Except for the normal control
group, the other five groups were subjected to daily application of 0.5 mL of oleic acid to the opening of the right
auricular duct in the rats. The following day, 100 puL of P. acnes was applied to the auricular skin. This process of
applying P. acnes was continued for 14 consecutive days.*>*® Successful establishment of the acne model was indicated
by noticeable thickening of the auricle, erythema, swelling, induration, nodules, and sebum on the skin surface at the
modeling site. Each treatment group received a dosage of 0.5 g, while the model group was administered physiological
saline for 14 consecutive days.

Apparent Morphological Changes and Swelling Rate of Rat Auricles

Before inducing the experimental model, the thickness of the right auricle in each rat group was meticulously measured
using a vernier caliper. This measurement served as the baseline thickness of the auricle. Throughout the modeling phase,
carefully examined visual inspections were conducted on the right auricles of the rats. Particular attention was given to
the presence of indicators such as redness, swelling, or thickening of the auricular skin tissue, as well as the presence of
papules or pustules. Additionally, the presence of sebaceous glands at the modeling site was examined. Subsequently,
during medication treatment, the observation group rats’ progress regarding their auricular skin condition was closely
monitored. Upon completion of the medication regimen, the thickness of the right auricle in the treatment group rats was
once again meticulously measured and recorded as the post-treatment auricular thickness. The extent of auricular
swelling in the rat subjects was quantified. Finally, the auricular tissues were examined for further analysis.”’

Enzyme-Linked Immunosorbent Assay (ELISA) for Detecting Serum TNF-a, IL-4 Content

After the last administration, the rats were anesthetized using a 10% chloral hydrate solution. Blood samples from the
jugular veins were taken and left to stand at room temperature for more than 2 h. Subsequently, the samples were
centrifuged at 3000 r/min and 4°C for 10 minutes, and the resulting supernatant was retained.

To ensure accurate results, all reagents in the ELISA kit were equilibrated at room temperature for 30 minutes. The
instructions provided with the kit were strictly adhered to throughout the process. An optical density absorption
wavelength of 450 nm was used to detect and measure the content of TNF-a and IL-4 in the samples, utilizing the
constructed standard curve.

Histopathological Examination
The tissues from the right ear were immersed in a 10% (w/v) methanol solution and fixed for 24 h.

After being dehydrated in a series of graded ethanol, the samples were embedded in paraffin. Hematoxylin and eosin
were used to produce and stain 5-mm-thick sections, which were subsequently seen under a light microscope (Optika
Microsystems, Italy).

Statistical Analysis
The means = SD of three or more separate experiments are used to present the results. Multiple comparisons were
performed using one-way and two-way analyses of variance (ANOVA), and the two groups were compared using a two-
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tailed #-test. P-values less than 0.05 were regarded as statistically significant. SPSS 26 software was used for all statistical
analyses.

Results and Discussion

Preparation and in vitro Characterization of CAM-BE

Different CAM-BE formulations containing 30% v/v alcohol, with a CAM dosage of 5 mg and an ethanol/PG ratio of 3:7
(w/w), were successfully prepared. Software called Design-Expert® was used to examine the data gathered for every
response. For the examination of all the response data, a quadratic model was used since it was shown to be significant (p
< 0.05) and to have no significant lack of fit (p > 0.05). Additionally, this model optimized the anticipated and adjusted
R2. The data were further analyzed using ANOVA (p < 0.05), the following equations (5) and (6) were obtained:

R;= 61.38 + 0.70A 4 1.33B — 0.19C — 1.05AB — 0.78AC + 2.38BC — 2.72A>—10.74B*—6.70C?; 6)

R,=3.07 + 0.022A + 1.21B + 0.02C — 0.036AB — 0.039AC + 0.14BC — 0.13A%—0.13B*—0.34C?. (6)

After investigation, it was shown that the %EE of CAM from various CAM-BE formulations ranged from 41.56% to
63.53%. As represented in Table 2 and Figure 1, increasing the CAM dosage (B) and the ethanol/PG ratio (C) leads to
enhancing the %EE of CAM-BE with p < 0.05. Also, increasing the concentration of ethanol (A) leads to enhancing the
%EE of CAM-BE with a p < 0.05. Based on the results, it can be observed that the F-value of Equation (1) is 26.71, the
p-value is 0.0001, and the R2pre is 0.7408, indicating that the prediction model was significant. Moreover, Equation (2)
has an F-value of 82.72 and a p-value of 0.0001, demonstrating that the prediction model was significant. The difference
between Rzadj and Rzpre was less than 0.2, demonstrating the model’s validity.

The %DL of CAM from different CAM-BE formulae was investigated and found to range from 1.309% to 3.746%.
As represented in Figure 1, raising the quantity of ethanol (A) and the ethanol/PG ratio (C) leads to enhancing the %DL
of CAM-BE with a p < 0.05. Also, increasing the CAM dosage (B) leads to enhancing the %DL of CAM-BE with
p < 0.05.

Validation of the Model and Analysis of Optimization Data

The desirability strategy was used for optimization following the ANOVA test’s analysis of the data for each response. To
determine the ideal settings, every criterion was used. The formula consisting of 30% w/w ethanol concentration, 5 mg of
CAM dosage, and a 30% ethanol +70% PG ratio was selected as the optimal formulation, the greatest desirability
function was attained. To validate the model, five ideal checkpoint formulations were selected. These were made and
assessed for both %DL and %EE. The reliability of the optimization technique was confirmed by the findings, which
closely matched the projected values. The chosen ideal formula showed a %DL of 3.018 + 2.12% and a %EE of 60.36 +
2.11% (Figure 1).

Particle Size, Zeta-Potential, Transmission Electron Microscopy, Encapsulation Efficiency, and Drug Loading
The suspensions of CAM-BE exhibited a faint yellow semitransparent appearance (Figure 2A). Through TEM analysis
(Figure 2B), we observed that the CAM-BE exhibited a rounded morphology with a large, clear bilayer membrane
structure. These particles displayed uniform size distribution, and excellent dispersibility, with an average size of 97.68 +
4.9 nm (Figure 2C). The PDI was 0.251 + 0.05, and the zeta potential was —23.5 + 1.3 mV using the Malvern Zetasizer
Nano ZS system.”® The EE of the CAM-BE was 61.23 + 2.74%, and the DL was 3.018 = 0.087%.

Table 2 The Equations and Statistical Parameters of Predicted

Models
Output Variables R? Rzadi RZPre F-Value | p-value
R (EE) 0.9717 | 0.9353 | 0.7408 26.71 0.0001
R,(DL) 0.9907 | 0.9787 | 0.8802 82.72 0.0001
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Figure 2 (A) Images of CAM-BE, (B) Transmission electron microscopy, and (C) size distribution of CAM-BE. Magnification 260,000%, scale bar 100 nm.

Stability of the Selected CAM-BE
As shown in Table 3, CAM-BE formulations were found to be stable when stored at 4°C for 15 days, there was no
aggregation or sedimentation in the formulations. Furthermore, when stored at 4°C, the tested formulation showed no
discernible change (p > 0.05) in vesicle size and PDI. The particle size increased from 94 nm to 115 nm in 15 days,

Table 3 Mean Vesicle Size, Polydispersity Index (PDI), Zeta-Potential, DL, and EE of CAM-BE

After 15 days Storage at 4°C. Data Presented as Means * SD (n=3)

Time (d) Size/nm PDI Zeta-Potential / mV DL/ % EE/ %

0 94.36 £ 0.56 | 0.258 + 0.008 —25.8+ 0.8 3.018 £ 1.34 | 60.36 + 2.12

5 95.38 £ 2.75 | 0.276 £ 0.014 —243+03 2961 + 145 | 59.22 + 1.6l

10 97.55 £ 0.43 | 0.294 + 0.004 —246 £ 1.5 2.809 + 1.62 | 56.18 + 1.45

15 1156 £0.3 | 0.336 + 0.062 —15.6 £ 0.7 3.526 £ 148 | 51.27 + 1.94
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particle size is typically one of the parameters that affects skin absorption, surface properties, and particle stability. It has
been shown that nanoparticles that are smaller than 200 nanometers, can effectively penetrate the skin barrier and deliver
locally. Therefore, small changes in particle size from 94 nm to 115 nm should not significantly affect their potential as
a dermal delivery system.?’ The PDI value increased from 0.258 to 0.336, Although there is a slight increase in the width
of the PDI distribution, the literature suggests that the skin absorption capacity is not entirely dependent on the absolute
value of the PDI. A modest increase in the PDI does not usually have a significant negative impact on the skin
permeability of the nanocarrier, especially if the particle size of the carrier is kept in a range suitable for skin
absorption.’® The zeta potential decreased from —25.8 mv to —15.6 mv, and although the optimal + 30 mV stability
criterion was not reached, we believe that the stability of the system may depend on other factors such as steric repulsion
between the particles,’' particle size distribution,*” and the concentration and action of alcohols:**

Steric repulsion effect: In binary ethosomal, in the presence of water and alcohols, the polar head of the phospholipid
molecule will tend to interact with water, while the non-polar tail will try to avoid contact with water, forming
a hydrophobic core. While alcohol affects membrane fluidity, it is unlikely to eliminate the steric repulsion effect.
This is because the steric repulsion effect essentially stems from spatial repulsion and polar interactions between
molecules, especially at higher alcohol concentrations.

Uniformity of particle size distribution: A more uniform particle size distribution helps to avoid settling of large
particles and rapid aggregation of small particles. With larger particle sizes, aggregation of particles is more likely to
occur due to gravitational forces, while smaller particle sizes improve particle stability because smaller particles are less
cohesive with each other and are easily and uniformly dispersed in solution. Thus, although the zeta potential is low,
a smaller and uniform particle size distribution helps to maintain the stability of the binary ethosomal.

Concentration and role of alcohols: The addition of alcohol solvents (eg, ethanol, propylene glycol) to binary
ethosomal can alter the self-assembled structure of phospholipids, promote the formation of phospholipid membranes,
and aid in the formation of more stable vesicle structures. In addition, alcohols can alter interfacial tension and improve
solution solubility, which in turn contributes to the stability of binary ethosomal.

Characterization of CAM-BE Gel

The visual inspection of the developed CAM gel revealed a clear and homogeneous appearance. Similarly, the CAM-BE
gel exhibited slight opacity but maintained excellent uniformity and homogeneity, free of lumps or air bubbles. This
indicates that the gel formulations were well mixed and had a uniform texture. The pH values of both the CAM-BE gel
and the CAM gel fell within the range of 6.5-7.0. This pH range suggests that the gels were unlikely to irritate when
applied to the skin. Consequently, they can be considered suitable for application on the skin.

In vitro Release of CAM-BE Gel Formulations

The release profiles of CAM-BE gel formulations were compared to those of CAM gel and CAM-ES gel, as illustrated in
Figure 3. The in vitro release experiment’s findings showed that CAM gel exhibited a rapid release rate, with over 70%
of the drug released within the first 4 h. Beyond this point, the release rate remained relatively stable, gradually reaching
a plateau after 12 h. In contrast, the release rate of CAM-BE gel showed a different pattern. It began to slow down after
the initial 2 h, and the final total release was 86.09% of the drug. This sustained-release profile suggests that CAM-BE
gel may offer prolonged therapeutic benefits compared to CAM gel.

Kinetic Analysis

As shown in Table 4, three kinetic models—zero-order, first-order, and Higuchi diffusion models—were used to examine
the release research results in order to look into the mechanisms controlling drug release from the various formulations. The
analysis was based on correlation coefficients (r) and release rate constants (K) for each model. The results indicated that
CAM release from all formulations best fit the first-order kinetics model, as evidenced by higher correlation coefficients:
0.9981 £ 0.025 for CAM gel, 0.9894 + 0.011 for CAM-BE gel, 0.9782 + 0.021 for CAM-ES gel, and 0.9922 + 0.018 for
CAM-SOL. These values were significantly higher than those obtained from the zero-order model (0.5145 + 0.014, 0.6242
+ 0.011, 0.5751 + 0.024, and 0.4150 + 0.10 for CAM gel, CAM-BE gel, CAM-ES gel, and CAM-SOL, respectively) and
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Figure 3 Cumulative in vitro release profiles of CAM from binary ethosomal hydrogel (CAM-BE gel), CAM from classical ethosomal hydrogel (CAM gel), CAM hydrogel,
and CAM hydroalcoholic solution (CAM SOL) in phosphate buffer (pH 7.4 for 36 h at 37 °C). Data presented as means + SD (n=3).

the Higuchi diffusion model (0.8081 £+ 0.096, 0.8475 + 0.017, 0.8203 + 0.035, and 0.7240 + 0.016, respectively).
Furthermore, after fitting the Ritger-Peppas model to the release data, the relevant values of the release exponent (n)
were computed. Every CAM hydrogel preparation had n values in the range of 0.5 and 1.0 with values of 0.9151 + 0.022
for CAM gel, 0.8602 + 0.021 for CAM-BE gel, 0.8481 + 0.035 for CAM-ES gel, and 0.8674 + 0.012 for CAM-SOL,
suggesting non-Fickian (anomalous) spread. This implies that both diffusion through the hydrogel network and partitioning
across the lipid bilayer of ethosome vesicles regulate the drug’s release from the produced formulations. These results are in

line with earlier studies that found that ethosome vesicles have comparable release characteristics.**

Ex vivo Research on Skin Permeability and Deposition

For 36 hours at 32°C, the permeability of CAM-BE gel was compared to that of CAM gel and CAM-ES gel. Figure 4A
displays the findings from the permeability profiles. According to Table 5, the results showed that after 36 h, the amount
of CAM that penetrated the CAM-BE gel formulation was considerably (P<0.001) higher, at 154.37 + 3.92 pg/cm?

Table 4 Release Models and Correlation

Coefficients
Sample Model r
CAM gel Zero-order kinetics | 0.5145 + 0.014

First-order kinetics | 0.9981 + 0.025
Higuchi diffusion 0.8081 + 0.096
Ritger-peppas 09151 + 0.022
CAM-BE gel | Zero-order kinetics | 0.6242 + 0.011
First-order kinetics | 0.9894 + 0.011
Higuchi diffusion 0.8475 £ 0.017
Ritger-peppas 0.8602 + 0.021
CAM-ES gel | Zero-order kinetics | 0.5751 + 0.024
First-order kinetics | 0.9782 + 0.021
Higuchi diffusion 0.8203 £ 0.035
Ritger-peppas 0.8481 + 0.035
CAM SOL Zero-order kinetics | 0.4150 = 0.10
First-order kinetics | 0.9922 + 0.018
Higuchi diffusion 0.7240 £ 0.016
Ritger-peppas 0.8674 £ 0.012
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Figure 4 Ex vivo permeation profiles (A) and skin-deposition percentages (B) of CAM gel, CAM-ES gel, and CAM-BE gel, in comparison with drug solution in phosphate
buffer (pH 7.4 for 36 h at 32 °C). Data presented as means * SD (n=3).

compared to 101.38 + 2.79 pg/ecm?, 136.02 + 3.35 pg/cm?® and 129.08 + 5.10 pg/cm? obtained from CAM gel, CAM-ES
gel and CAM-SOL. Moreover, CAM-BE gel revealed a considerably (P<0.001) greater value of flux than those obtained
from CAM gel and CAM-ES gel. The substantially greatest (P<0.001) mean apparent Papp of CAM was observed with
the CAM-BE gel formulation (3.65  0.09 cm/hx107?). J; from CAM-BE gel was 1.52-greater than CAM gel and 1.12-
higher than CAM-ES gel, according to the results.

The form and properties of the binary ethosomes are responsible for the increased CAM deposition and penetration in
the skin.*® These vesicles have the capacity to pass through the tiny pores in the skin and permeate the stratum corneum.
Furthermore, the inclusion of ethanol and edge activators, which function as efficient permeation enhancers, may help to
further explain the enhanced epidermal delivery of these nanoplatforms.>’>® Additionally, the phospholipid bilayer
vesicles that contain ethanol are thought to improve medication permeation by increasing vesicular flexibility, which
facilitates the rupture of the stratum corneum’s structure and allows for deeper penetration into the epidermal layers.
When compared to free drug formulations, these results demonstrate how binary ethosomes have the ability to greatly
improve drug penetration into the deeper layers of rat skin.

The synergistic effect of ethanol and PG association may be responsible for the higher skin deposition of 17.77 £ 1.13
pg/em? of CAM-BE gel compared to 7.560 + 0.86 pg/cm?, 14.01 + 0.58 pg/cm?, and 5.434 + 1.19 pg/cm?® of CAM gel,
CAM-ES gel, and CAM-SOL, respectively. The higher deposition showed that CAM-BE gel accumulated for a longer
period of time in the skin, serving as a reservoir and permitting CAM to function for an extended period of time at the
nearby tissue of the skin’s deep layers in between treatments.**** When compared to both CAM gel and CAM-SOL, the
ethosomes’ ethanol, phospholipid, and edge activator considerably enhanced CAM penetration and epidermal deposition,
according to earlier experimental findings.

Stability of Selected CAM Binary Ethosomal Hydrogel

As presented in Table 6, a stability study was conducted on the selected CAM-BE gel formulation at 4 + 1°C and 25 + 1°C
over a 30-day period to assess its storage stability. Surface pH, viscosity, drug content, homogeneity, and spreadability did
not significantly change under either storage state. These findings show that whether the CAM-BE gel formulation is kept at
ambient temperature or in a refrigerator, it stays stable. This observation underscores the formulation’s potential to maintain
both physical and chemical stability, further supporting its viability for long-term storage.

Table 5 Retention of Gel in Skin

2

2

Sample Jsingem2h™' | Quingem? | QJugecm 2 | Papp/cm/hx1073
CAM-ES gel 3.870.1 136.02+3.3 14.01+0.6 3.22+0.08
CAM-BE gel 4.37%0.1 154.36+3.9 17.76%1.1 3.65£0.1
CAM-SOL gel 2.88+0.08 101.11£3.9 7.56+0.9 2.40+0.6
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Table 6 Physicochemical Evaluation of CAM-BE Gel During the Stability Study (Means +

SD, n=3)
Zero Time 30Days
Storage Temperature 25°C 4°C 25°C 4°C
Surface pH 6.83 + 0.07 6.83 + 0.07 6.54 + 0.04 6.43 + 0.03
Visual appearance Homogeneous | Homogeneous | Homogeneous | Homogeneous
Size (nm) 97.68 + 4.89 97.68 + 4.89 11546 + 2.87 1164 + 2.36
Drug content (%) 101.1 £ 1.41 101.1 £ 1.41 97.21 + 1.64 95.29 + 1.62

As can be seen from the TEM in Figure 5, the CAM-BE gel formulation showed gradual agglomeration of the
particles under storage conditions at 4°C, whereas no agglomeration of the particles was observed under storage
conditions at 25°C, with little change in morphology.

One possible explanation for the greater stability of the increased temperature helps to improve the gel’s stability and
strength. At higher temperatures. This increased chain mobility can facilitate the formation of a tighter and more stable
cross-linked network structure. As a result, the gel exhibits improved strength and form retention. This means that the
gels at 25°C may have better strength and form retention; Another possible explanation was the lower hygroscopicity in
the gel at 25°C, making the gel structure more stable Carbomer, the polymer used in the gel formulation was
hygroscopic, meaning it can absorb moisture from its surroundings. At lower temperatures with higher humidity, the
gel may absorb more water, which can cause changes in its physical properties and potentially lead to destabilization.
However, at higher temperatures, the relative humidity was often lower, reducing the extent to which the gel absorbs
moisture. This lower hygroscopicity helps maintain the stability of the gel structure.

ATR FTIR Spectroscopy
The transdermal penetration processes of the various vesicular formulations were further examined using a total
reflection infrared (FTIR) spectroscopy experiment. The purpose of this investigation was to assess how the tested

formulations would affect the structural arrangement of the stratum corneum’s main constituents. The hydroxyl (O-H)

1

stretching vibration peak is located at approximately 3320 cm ~ in Figure 6. The asymmetric, symmetric, and shear

4°C-Day30
|
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-
0
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.
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25°C-Day0 25°C-Day15 I 25°C-Day30 '
100 nm 100 nm 100 nm

Figure 5 TEM images of the CAM-loaded binary ethosomes dispersions on the production day and after 15, 30 days of storage in the refrigerator (4°C * 1°C and 25°C *
1°C) (magnification 70,000x).
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Figure 6 Comparison of FTIR transmission spectra of application different formulations on skin.

stretching vibrations of methylene (-CH,) are responsible for the absorption peaks at 29402920 c¢m ', 2850 cm ™', and

1460-1450 cm™ ', respectively. The amide bond I (C=0) and II (C-N) stretching vibrations are located at approximately
1640 cm ™', 1550 cm™', and 1750 cm™', respectively.*!

Related studies have shown that it is of quite interest to study the changes in lipid CH, in the stratum corneum,** and
the literature suggests that the position of the peaks in the spectra is due to the stretching vibrations of SC lipids, and the
(-CH,) asymmetric stretching vibration band of the treated skin in the PBS group appeared at 2926.31 cm™', which
shifted to higher wave numbers after the CAM-SOL and CAM-ES, and CAM-BE treatment shifted to higher wave
numbers (2927.56 cm ™', 2929.49 cm ™' and 2940.60 cm '), respectively. The Area,gso peak’s decline indicated that the
sample had an impact on the stratum corneum that included lipid extraction.* Additionally, the peak’s shift to a higher
wavenumber suggested that the stratum corneum’s intercellular lipid problem had increased and the CH, symmetric
(2850 cm ") vibration band of the treated skin in the CAM-SOL group appeared at 2854.27 cm ™', which shifted to higher
wave numbers after the PBS and CAM-ES, and CAM-BE treatment shifted to higher wave numbers (2853.31 cmfl,
2852.34 cm ™', and 2850.85 cm '), respectively. When the peak shifted to lower wave numbers, it indicated that the drug
interfered with SC lipids less and the drug was more difficult to penetrate, which agreed with the drug’s in vitro skin
penetration test findings.

Confocal Laser Scanning Microscopy (CLSM) Experiments
As can be seen from Figure 7, there was a red fluorescent in the epidermis at 4h, while the fluorescent in the dermis was
weak but strong fluorescent appeared in some hair follicles. This indicates that the drug enters the skin through the
cutaneous appendages and is one of the most common routes of drug penetration. At 8h, the red fluorescent in the deep
layer of the skin continued to strengthen, indicating that the drug had entered the dermis, and with the increase of time to
12h, more and more drugs entered and stored in the skin, thus proving that the ethosomes has a good penetration ability
to the skin. The order of drug penetration within the skin at the same time was RhoB-BE>RhoB-ES>RhoB-SOL.
Since the ethosomes group’s fluorescence intensity was higher than the solution group’s, it is possible that ethosomes
significantly improved RhoB’s transdermal delivery. This suggests that ethosomes function as a carrier, facilitating easier
penetration of the stratum corneum barrier and deeper skin layers. Therefore, by the laser confocal scanning method, it
can be deduced that the skin permeability of the CAM binary ethosomes is superior to the ethosomes of the same
concentration of CAM.
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Figure 7 CLSM images of rat skin samples from the skin penetration study of RohB labeled binary ethosomes.

In vivo Animal Studies

Skin Irritation

A skin irritation study was conducted to assess the safety and compatibility of the CAM-BE gel formulations when
applied to rat skin. The results showed that both the CAM-BE and CAM gel formulations scored zero, indicating no
visible irritation compared to the saline control. These findings confirm that the CAM gel formulations are non-irritant
and safe for application on rat skin.

Effect on Morphology of Rat Ear Acne Model

From Figure 8A, there was noticeable redness and swelling in the rats’ ears with a large amount of black keratin
produced, accompanied by local tissue thickening and hardening, these findings collectively indicate the successful
establishment of a rat ear acne model. In Figure 8B, the CAM-BE gel group showed a significantly lower swelling rate (P
< 0.001) in the auricles of the mice compared to the model group, the adapalene gel and free CAM gel groups exhibited
a decrease (P < 0.01) in the swelling rate of the auricle, in contrast, the saline group exhibited a decreasing trend in the
swelling rate, although this change was not statistically significant. This indicates the potential therapeutic benefit of
CAM-BE gel in reducing inflammation associated with acne.

TNFa and IL-4 Levels

One cytokine that is essential in both acute and chronic inflammatory diseases is TNFa. Rats with P. acnes-induced ear
acne (untreated group) in this study had considerably lower serum TNFa levels than the normal control group. As seen in
Figure 9A, TNFa levels were significantly (P<0.05) reduced after treatment with either CAM-BE gel or commercial
adapalene gel. Additionally, IL-4 serum levels were assessed for each experimental group. Results are shown in
Figure 9B. The P. acnes-induced ear acne group showed a significant increase in IL-4 levels compared to the normal
control rats, but this increase was significantly (P<0.05) inhibited by treatment with either CAM-BE gel or adapalene gel.
These results indicate that both CAM-BE gel and adapalene gel effectively modulate the release of key inflammatory
mediators, such as TNFa and IL-4.
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Figure 8 Rat ear performance at different days of acne modeling (A) and the rate of auricular swelling (B) (means + SD, n=5).
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Figure 9 Effect of each group hydrogel on serum TNFa level in rat acne (A) and Effect of each group hydrogel on serum IL-4 level in rat acne (B). (means * SD, n=5).
Notes: **P<0.01, **P<0.001 vs model; #P<0.05, ###P<0.001 vs control, MP<0.01, MAP<0.001 vs adapalene gel, +P<0.05, ++P<0.01, +++P<0.001 vs CAM gel (ANOVA).

Histopathological Examination

Figure 10 depicts the histopathological findings in different experimental groups. In the control group, no abnormal
pathological changes were observed in these structures. However, the model group displayed noticeable sebaceous gland
hyperplasia in the auricle. Comparatively, tissue edema did not significantly diminish in the saline group, but there was

Model = CAM-BE gel

CAM gel
""?%/e ey m RS ge “

Adapalene gel  Saline Control

Figure 10 CAM ameliorated the P. acnes-induced skin inflammation in the ears in vivo. The formalin-fixed ear sections were subjected to H&E staining (scale bar=100 pum).
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a minor drop in inflammatory cells as compared to the model group. The auricles of rats treated with CAM-BE gel did
not exhibit any abnormal pathological changes in the epidermis, hair follicles, or terms.

In the CAM-BE gel group and adapalene gel group, vasodilation was notably reduced, and there was no evident tissue
edema. Additionally, the number of inflammatory cells was dramatically lowered. Conversely, the CAM gel group
showed edema in the auricle along with vascular congestion, dilatation, and infiltration of inflammatory cells.

Conclusion

In this study, we present a novel formulation of CAM encapsulated within a binary ethosome-based nanosystem,
designed to enhance transdermal permeation and facilitate acne treatment. The binary ethosomes were effectively created
using the infusion-ultrasound technique and thoroughly described using a number of criteria. The CAM-loaded binary
ethosome dispersion, incorporating sodium deoxycholate, exhibited a high EE, a satisfactory DL, nanoscale particle size,
and key properties of continuous drug release. Additionally, the mixture was added to a hydrogel based on carbomers,
resulting in a CAM-BE gel suitable for topical application. This gel demonstrated improved skin permeability and
significantly enhanced the treatment of acne in a rat ear acne model. In conclusion, binary ethosomes show promise as
a advanced nanocarrier for CAM transdermal administration in the management of inflammatory skin disorders. To
ensure pharmaceutical acceptance and evaluate long-term storage viability, more stability research is necessary.
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