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Purpose: Dapoxetine HCl (DH), a selective serotonin reuptake inhibitor, may be useful for

the treatment of rheumatic arthritis (RA). The purpose of this study was to investigate the

therapeutic efficacy of transdermal delivery of DH in transethosome nanovesicles (TENVs).

This novel delivery of DH may overcome the drawbacks associated with orally administered

DH and improve patient compliance.

Methods: DH-TENV formulations were prepared using an injection- sonication method and

optimized using a 33 Box-Behnken-design with Design Expert® software. The TENV formulations

were assessed for entrapment efficiency (EE-%), vesicle size, zeta potential, in vitro DH release, and

skin permeation. The tolerability of the optimized DH-TENV gel was investigated using a rat skin

irritation test. A pharmacokinetic analysis of the optimized DH-TENV gel was also conducted in

rats. Moreover, the anti-RA activity of the optimized DH-TENV gel was assessed based on the RA-

specificmarker anti-cyclic cirtullinated peptide antibody (anti-CCP), the cartilage destructionmarker

cartilage oligomericmatrix protein (COMP) and the inflammatorymarker interleukin-6 (IL-6). Level

of tissue receptor activator of nuclear factor kappa-Β ligand (RANKL) were also assessed.

Results: The optimized DH-TENV formulation involved spherical nanovesicles that had an

appropriate EE- % and skin permeation characteristic. The DH-TENV gel was well tolerated

by rats. The pharmacokinetics analysis showed that the optimized DH-TENV gel boosted the

bioavailability of the DH by 2.42- and 4.16-fold compared to the oral DH solution and the

control DH gel, respectively. Moreover, it significantly reduced the serum anti-CCP, COMP

and IL-6 levels and decreased the RANKL levels. Furthermore, the DH-TENV gel attenuated

histopathological changes by almost normalizing the articular surface and synovial fluid.

Conclusion: The results indicate that DH-TENVs can improve transdermal delivery of DH

and thereby alleviate RA.

Keywords: SSRIs, nano carrier via skin, pharmacokinetic parameters, autoimmune disease,

RANKL

Introduction
Rheumatoid arthritis (RA) is a progressive inflammatory autoimmune disease. The

pathogenesis of RA involves numerous factors, including environmental and genetic

factors.1 Studies have shown that bias with RA is seen mainly in developed countries,

with a prevalence of 1-2%, and it affects more women than men because of hormonal

effects on immune cells.2–4 RA is mostly associated with bone erosion, bone destruction,
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cartilage degradation, synovial inflammation, and joint

rigidity.5 Long-term RA therapy, including glucocorticoids,

non-steroidal anti–inflammatory drugs, biological therapies,

and disease-modifying anti-RA drugs such as methotrexate

(MTX) and leflunomide, have detrimental effects on the kid-

neys, bones, stomach, and other organs. However, new drug

classes with less harmful effects are being studied.6

Selective serotonin reuptake inhibitors (SSRIs) may be

suitable candidates for the treatment of RA as they down

regulate the pro-inflammatory cytokines interleukin (IL-6),

and tumor necrosis factor (TNF-α) and suppress cycloox-

ygenase-2 (COX-2) protein expression.7

Dapoxetine hydrochloride (DH) is an SSRI that is com-

monly used to treat depression.8 DH is also the first and only

drug approved in men aged 18–64 years for the treatment of

premature ejaculation.9 Due to its anti–inflammatory and

immune modulatory effects,10 DH is a promising drug for

treating RA. Therefore, we investigated the anti–inflammatory

effects of DH on Complete Freund’s Adjuvant (CFA)-induced

RA in rats. Unfortunately, DH has several limitations. It

has a very short elimination half-life of 1.31 h.11 In addition,

after rapid absorption from the gastrointestinal tract it is exten-

sivelymetabolized by the liver, resulting in poor bioavailability

(42- %).11 These factors collectively cause DH to have poor

efficacy. However, transdermal delivery of DH is a promising

administration route.

Transdermal delivery has numerous benefits as it

avoids factors that affect gastrointestinal drug absorption,

such as pH, enzymatic activity, and drug–food interac-

tions, and bypasses liver metabolism.12,13 Additionally,

transdermal delivery reduces the required dose and treat-

ment frequency, and ensures sustained release, with mini-

mal fluctuations in the plasma level of the drug, which is

beneficial during long-term RA therapy. Nevertheless, the

stratum corneum, the most drug-resistant barrier of the

skin, limits the bioavailability of transdermal drugs.

Many approaches have been explored to combat the skin

barrier to ensure successful transdermal drug delivery,

including the use of nanovesicular drug carriers.14

Cevc and Blume introduced deformable (elastic) lipo-

somes known as “transfersomes”15 that can act as nanovesi-

cular drug delivery system. Subsequently, Touitou et al

proposed a nanovesicular system known as ethosomes16

that diverge from liposomes as they contain a relatively

high ethanol concentration. “Transethosomes” were first

reported by Song et al17 and they include the basic compo-

nents of classical ethosomes with additional compounds such

as penetration enhancers and/or surfactants. Research has

shown that various penetration enhancers and surfactants

improved physicochemical properties of ethosomes.18

Nanovesicular drug delivery systems are extremely biocom-

patible and have tremendous drug delivery potential.

The aim of this study was to develop a transdermal deliv-

ery system for DH by constructing DH-loaded ultra-

deformable transethosome nanovesicles (TENVs) embedded

in gel in order to boost the systemic absorption of DH and to

treat RA. The physicochemical characteristics of the DH-

TENV formulations were assessed. The pharmacokinetic

parameter of DH in rats after oral and transdermal DH

administration were compared. In vivo assessment of effi-

cacy was conducted in a rat model of CFA-induced RA.

Materials and Methods
Materials
DH was kindly supplied as a gift by Marcyrl Pharmaceutical

Industries (El-Obour, Egypt). Phosphatidylcholine (PC) and

sodium deoxycholate (SDC) were purchased from Acros

Organics (Cairo, Egypt). Propylene glycol (PG) was pro-

vided as a gift by CID Pharmaceutical (Asuit, Egypt).

Carbopol 971 was purchased from El-Nasr Pharmaceutical

Chemical Company (Cairo, Egypt). High-performance liquid

chromatography-grade ethanol, CFA (from dried

Mycobacteria), and MTX were acquired from Sigma-

Aldrich (St. Louis, MO, USA). Dialysis bags with

a molecular weight cut-off of 12,000 Da were purchased

from Sigma-Aldrich (St. Louis, MO, USA). Quantikine

enzyme-linked immunosorbent assay (ELISA) kits for

serum anti-cyclic citrullinated peptide antibody (anti-CCP),

cartilage oligomeric matrix protein (COMP), and IL-6 were

obtained from MyBiosource (San Diego, CA, USA).

Western blotting antibodies and chemicals were obtained

from Thermo Fisher Scientific (-Rockford, IL, USA). All

other materials and solvents used in the experiments were

of high analytical grade.

Box–Behnken Design
A33 Box–Behnken design was used, with formulations

(F1-F17) to investigate the effects of three independent

variables on the characteristics of TENV formulations

using Design-Expert software® (version 11.0.6.0, Stat-

Ease Inc. Minneapolis, MN, USA). The independent vari-

ables were the concentration of PC (A), ethanol (B), and

SDC (C). The dependent variables were entrapment effi-

ciency (EE %), vesicle size (VS), zeta potential (ZP),

cumulative % of DH released from TENVs after 8h
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(Q8h), and the cumulative amount of DH that permeated

a rat skin specimen after 24h (Q24) (Table 1).

Preparation of DH- TENVs
DH-TENVs were constructed using an injection sonication

method.19 Various concentrations of PC, and the edge

activator (surfactant) SDC were dissolved along with

a 0.5 mL of propylene glycol (PG) in various concentra-

tions of ethanol (the alcohol phase). Each mixture was

continuously agitated at 40 °C in a sealed container.

Next, 10 mg DH was dispersed in distilled water. This

was slowly added to the alcohol phase drop by drop and

stirred using a magnetic stirrer at 13,000 rpm for four

5-min cycles with a 3-min rest between cycles. The dis-

persed vesicles were left at ambient temperature (25±1°c)

for 45 min and then preserved at 4°c until use.

Characterization of DH -TENVs
The EE % of DH

TENVs were estimated using an ultracentrifugation method.

The samples were kept at 4 °C overnight and then centri-

fuged at 14,000 rpm for 2 h using a refrigerated centrifuge

(SIGMA 3–30K, Steinheim Germany). The supernatant

(containing free DH) was diluted with distilled water and

then analyzed using a “UV spectrophotometer” (Jasco

V-530, USA) at a λmax of 292 nm. The EE% was computed

using Equation (1):20

EE% ¼ Weight of total DH�Weight of free DH

Weight of total DH
� 100

(1)

VS, Polydispersity Index (PDI) and ZP

The VS, PDI and ZP of the DH-TENVs (diluted 50 times

with deionized water) were determined using “ a Malvern

Zetasizer” (Malvern Instruments, Worcestershire, UK)21 at

25 ± 1°C. The measurements were performed in triplicate.

In vitro DH Release Analysis

A cellophane based dialysis bag diffusion technique

(molecular weight cut off 12,000; Sigma-Aldrich) was

used to compare the in vitro DH release of DH-TENVs

and free DH solution.22 The DH-TENV formulations

(equivalent to 3 mg DH) and free DH solution were each

incorporated into a dialysis bag, which was subsequently

wrapped around a cylinder. The bag was then placed in

a container with 30 mL phosphate-buffered saline

(pH 5.5)23 at 37 ± 0.5°C, with stirring at 50 rpm using

a magnetic stirrer to diminish the impact of the non-stirred

solution layer.24 At (1, 2, 3, 5, 6, 7, and 8 h) time points,

a 3 mL aliquot was withdrawn and immediately replen-

ished with an equivalent volume of phosphate-buffered

saline to maintain the sink condition. The DH content of

the aliquots was analyzed using a “UV spectrophotometer”

at a λmax of 292 nm. The analysis was conducted in

triplicate and the % DH released was expressed as mean

(±SD). The cumulative % of DH released from DH-

TENVs was plotted against time. To identify the DH

release pattern, the data were used with various models

of release kinetics such as zero order, first order, Higuchi’s

matrix,25 and Korsmeyer- Peppas model.26

Table 1 The Independent Variables, Their Respective Levels, and the Summarize Statistics Model of Box–Behnken Design Used for

Optimization of DH Trans- Ethosomes

Variable Level Used

Low (−1) Medium (0) High (+1)

Independent variables (Factors)

A = PC concentration % (w/w) 1 2 3

B = Ethanol concentration % (w/w) 10 25 40

C = SDC concentration % (w/w) 0.1 0.15 0.2

Dependent variables R2 Adjusted R2 Predicted R2 Constraints p value F value Adequate precision

Y1: EE% 0.9970 0.9932 0.9828 Maximize 0.0001 259.92 56.83

Y2: Vesicle size (nm) 0.9909 0.9792 0.9248 Minimize 0.0001 84.61 33.035

Y3: zeta potential (mV) 0.9975 0.9943 0.9774 Maximize 0.0001 312.88 62.675

Y4: Q8h (%) 0.9922 0.9903 0.9846 Maximize 0.0001 548.21 81.3748

Y5: Q24 (µg/cm2) 0.970 0.980 0.9979 Maximize 0.0001 1.412 1322.74

Abbreviations: PC, phosphatidyl choline; SDC, sodium deoxycholate; EE%, entrapment efficiency percent; Q8h, cumulative release after 8 h; Q24, cumulative amount

permeated/unit area in 24 h.
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Ex vivo Skin Permeation Analysis

To assess skin permeation, the DH-TENV formulations and

DH solution (control) were evaluated. A Franz diffusion cell

with an effective permeation area of 5.0 cm2 and 100 mL

receiver compartment was used. A shaved rat skin specimen

was prepared according to a previous study27 and placed in the

receiver compartment with the stratum corneum side facing

upwards. The receiver compartment was full of distilled

water,28 and the donor compartment contained a DH-TENV

formulation (equivalent to 3 mg DH) or DH solution. The

analysis was conducted at 37 ± 2 °C with continuous stirring

at 100 rpm for 24 h. At (1, 2, 3, 4, 5, 6, 8, 12, and 24 h) time

points, samples were removed, and the DH content was deter-

mined using a spectrophotometer at λmax of 292. After each

withdrawal, the receiver compartment was refilled with fresh

medium of equal quantity to preserve the sink condition.

The cumulative amount of DH that permeated the rat

skin specimen per unit area (µg/cm2) was plotted against

time (h) for each formulation. The lag time was deter-

mined from the x-axis intercept (the linear portion of the

graph). Permeation parameters, including the steady state

flux (Jss) in µg/cm2/h and permeability coefficient (Kp)

in cm/h, were calculated for each DH-TENV formulation

to assess the improvement in the DH permeation in com-

parison to the DH solution (control).29

Optimization of DH-TENVs
Using the desirability function, Design-Expert® software was

used to select the optimized DH-TENV formulation based on

maximizing EE-%, ZP, Q8h and Q24h and minimizing VS

(Table 1). All parameters were optimized simultaneously by

assessing the overall desirability.30 The optimized DH-TENV

formulationwas selected based on having an overall desirability

close to 1. To confirm the prediction ability, the selected DH-

TENV formulation was prepared, characterized, and the actual

values of EE%, ZP, Q8h, Q24h, and VS were compared with

the predicted values.

Transmission Electron Microscopy (TEM)

of the Optimized DH-TENV
The surface structure of the optimized DH-TENV formulation

was imaged via TEM (JEM-1400, Jeol, Tokyo, Japan) with an

80 kV accelerating voltage of 80 kV.31 For visualization by

TEM, a drop of diluted formulationwas deposited on a carbon-

coated grid and then negatively stained with 2% phospho-

tungstic acid.

Differential Scanning Calorimetry (DSC)

of the Optimized DH-TENV
The thermal properties of pure DH, PC, SDC and the

optimized DH- TENV formulation were assessed using

DSC (DSC 50 Shimadzu, Kyoto, Japan). First, 5 mg sam-

ples were placed in a standard aluminum pan and they were

then heated at 25 to 300 °C at a scanning rate of 5 °C/min

under inert nitrogen flow at 25 mL/min32

Physical Stability of the Optimized

DH-TENV
The optimizedDH-TENVwas stored for 30, 60 and 90 days in

a glass vial at 4 °C and then the VS and EE%were assessed.33

Skin Irritation Analysis of the Optimized

DH-TENV
The optimized DH-TENV formulation was converted to gel

using 1% (w/w) carbopol 971 aqueous solution for topical

application. Its safety was assessed in female Wistar albino

rats randomly grouped into DH-TENV gel treatment group

and a normal control group (10 per group). The rats weighed

150–200 g, had free access to food and tapwater, andwere kept

under standard controlled conditions in polyacrylic boxes. The

hair on each rat’s dorsal sidewas shaved and gelwas applied for

4 weeks. The relevant site was monitored for any adverse

effects during treatment. Each rat was euthanized by cervical

decapitation and the treated site was removed along with an

untreated control skin specimen. These skin specimens were

washed with normal saline and conserved in 10% neutral

buffered formalin for histopathological assessment. The proto-

col was approved by the institutional animal ethics committee

of Nahda University. All experimental procedures followed the

National Institutes of Health (NIH) Guide for the Care and Use

of Laboratory Animal (NIH Publications no. 8023, revised

1978).

Skin specimens from four random rats in each group were

rinsed with normal saline, buffered with 10% neutral buffered

formalin (phosphate buffer), and coated in paraffin. Based on

the Bancroft andGamble process,34 5-μm sections were stained

with hematoxylin and eosin (H&E). A digital camera attached

to a light microscope was used to photograph the sections.

Pharmacokinetic Analysis of the

Optimized DH-TENV
The pharmacokinetics of DH in rats after administration of the

optimized DH-TENV formulation, oral DH solution, and
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control DH gel were compared. The control DH gel was

prepared by adding DH to a 1% (w/w) carbopol 971 aqueous

solution, stirring to completely dissolve the DH, and then

incubating the gel at 4°C overnight to allow complete

polymerization.

First, 18 Wister albino rats weighing 200–250 g were

obtained from the animal facility of Nahda University. The

protocol was approved by the institutional animal ethics

committee of Nahda University. All experimental proce-

dures followed the National Institutes of Health (NIH)

Guide (NIH Publications No. 8023, revised 1978).

The rats initially had free access to food and water but

were fasted for 10 h prior to treatment. The 18 rats were

randomly divided into three groups (six rats per group). Each

rat received 10mg/kg/day DH.35 The first group receivedDH

solution by oral gavage, the second group received the opti-

mized DH-TENV gel, and the third group received the con-

trol DH gel. Gel (1 g) was spread over 4 cm2 of the dorsal

surface of the relevant rats after shaving. Blood samples

(0.5 mL) were obtained from the retro-orbital plexus at

0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h. To avoid

coagulation, the blood samples were collected in heparinized

tubes. The samples were centrifuged for 15 min at 4000 rpm

to extract the plasma, which was stored at –20°C until assay.

For the Liquid chromatography with tandem mass

spectrometry (LC-MS/MS) analysis, 100 μL reboxetine

(500 ng/mL) was added to 500 μL plasma as the internal

standard (IS). The samples were vortexed for 30 seconds

and then precipitation was induced by adding 5 mL ter-

tiary butyl methyl ether, followed by vortexing for 1 min,

centrifugation for 10 min at 3000 rpm, and evaporation of

the supernatant in a vacuum concentrator. The dry residue

was reconstituted with 250 µL acetonitrile: 0.1% formic

acid (80:20% v/v), which acted as the isocratic mobile

phase, before injection into the LC system.

DH in the plasma samples was analyzed using a sensitive,

selective, and accurate validated LC-MS/MS method.36 An

8-µL aliquot of the samples was injected into a Shimadzu

Prominence LC system (Shimadzu, Kyoto, Japan) equipped

with a SunFire C18 column (4.6 × 50 mm with 5 µm particle

size (Waters). Analysis was carried out at room temperature.

The mobile phase was delivered to the electrospray ionization

chamber of the API-3200mass spectrometer (fitted with a 400°

C Turbolonspray TM interface SCIEX) at a flow rate of

0.550 mL/min. Quantification of both DH and the reboxetine

IS was accomplished by MS/MS in positive ion mode. The

voltage of the ion spray was set at 5500 V. The nebulizer gas,

curtain gas, auxiliary gas, and collision gas were set at 30, 20,

40, and 5 psi, respectively. The declustering potential (DP),

collision energy (CE), entrance potential (EP), and collision

exit potential (CXP) were 31, 33, 6, and 4 V for DH, and 8,

26, 2, and 1 V for the reboxetine IS, respectively. Ion detection

was performed in the multiple reactions monitoring (MRM)

mode, monitoring the transition of the m/z 306.209 precursor

ion to m/z 157.200 for DH and the m/z 314.251 precursor ion

to m/z 176.159 for the reboxetine IS. The Q1 and Q3 quadru-

poles were set to unit resolution. The analytical data were

processed using Analyst software (version 1.USA).

Pharmacokinetic parameters were estimated based on

the plasma data using the Excel add-in PKSolver.37 Non-

compartmental analysis was applied to assess the maximum

DH concentration (Cmax; ng/mL) and the time needed to

reach this concentration (tmax; h). The area under the plasma

DH concentration–time curve (AUC) was determined using

the trapezoidal rule from 0 to 24 h (AUC0-24, ng.h/mL) and

from 0 to infinity (AUC0-∞, ng.h/mL).

In vivo Analysis of Optimized DH-TENVs

in CFA-Induced RA in Rats
Adult female Wister albino rats weighing 180–200 g was

acquired from the animal house of Nahda University. They

were kept at 25±2°C and 60±10% humidity with 12/12h light/

dark cycles, with free access to standard food and water. The

protocol was approved by the Ethics Committee of Nahda

University

The rats were divided into seven groups (eight rats per

group) as follows: normal control group (rats received normal

saline), DH-TENV gel group (rats received 1 g/day optimized

DH-TENV gel), RA group (rats received 0.4 mL/limb/3 day

subcutaneous CFA for RA induction;38), MTX+RA group (rats

received CFA as in the RA group and 0.1 mg/kg/day oral

methotrexate),39 DH-TENV gel+RA group (rats received

CFA as in the RA group and 1 g/day optimized DH-TENV

gel), DH gel+RA group (rats received CFA as in the RA group

and 1 g/day DH gel), and oral DH+RA group (rats received

CFA as in the RA group and 10mg/kg/day oral DH solution).40

To induce RA, 0.4 mL CFAwas subcutaneously injected into

the planter surface of the hind limbs on days 1 (right hind limb),

4 (left hind limb), and 7 (right hind limb), with a 3-day interval

between each dose.38 The gel was applied on the dorsal surface

of each rat to a 4-cm2 shaved area. All treatments were admi-

nistered from day 13 until day 27.

On day 28 (24 h after the last treatment dose),

serum was obtained to assess serum anti-CCP, COMP,

and IL-6 levels. Additionally, three knee joints from
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three rats in each group was used for Western blot

analysis of receptor activator of nuclear factor kappa-

Β ligand (RANKL). Furthermore, three knee joints per

group were X-rayed and changes were examined by

a radiologist. Finally, three knee joints per group (with

adjacent capsules, cartilage, and bones) together with

the spleen and liver underwent histopathological

examination.

OnDay 28, the rats were anesthetizedwith diethyl ether and

blood was collected from the retro-orbital plexus. Serum was

obtained by centrifugation at 3000 rpm for 30 min and stored at

−20°C until use. Serum anti-CCP, COMP, and IL-6 were sub-

sequently assessed using ELISA kits according to the manu-

facturer guidelines based on principles described in previous

studies.2,41,42

Receptor activator of nuclear factor kappa-Β ligand (RANKL)

tissue levels were measured using a previously describedWestern

blot technique43,44 using aMini PROTEIN electrophoresis system

(Bio-Rad). Briefly, a portion of the synovial tissue was exposed to

radioimmunoprecipitation assay (RIPA) lysis buffer. The lysate

sample was kept on ice for 30 min and cell debris was then

removed by centrifugation at ~16,000g for 30 min at 4°C. The

supernatants were collected in tubes for protein concentration

determination. Proteins were then separated by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Next,

primary antibodies against RANKL and B-actin were added and

incubated at 4°C overnight. The blot was then dipped in tris-

buffered saline plus Tween 20 (TBST) 3–5 times for 5 min.

Horseradish peroxidase (HRP)-conjugated secondary antibody

was then added for 1 h at room temperature. The blot was then

dipped in TBST again 3–5 times for 5 min. Chemiluminescent

substrate was added following the manufacturer’s recommenda-

tions. Chemiluminescent images were then obtained using

a charge-coupled device (CCD) camera in the ChemiDoc MP

System (Bio-Rad). After standardization using β-actin, the band

intensity associatedwith RANKLwas assessed in each group and

compared to the untreated RA group.

On day 28, the rats were anaesthetized by intraperito-

neal injection of 50 mg/kg pentobarbitone sodium.

Radiographs were taken with X-ray apparatus. The knee

joints were inspected by a radiologist based on joint space

narrowing and deformity.45

Lastly, knee joints, spleen, and liver were embedded

in 10% formalin saline for 24 h for histopathological

examination. The knee Joints, spleen and liver were cut

into -μm sections, stained with H&E, and viewed with

a microscope (Nikon) by a pathologist.

Statistical Analysis
Statistical analysis was performed using one-way analysis

of variance (ANOVA) followed by Tukey’s post-hoc test

using GraphPad (Prism 6, USA). A p value <0.05 was

considered statistically significant. Results are expressed

as mean±SD.

Results and Discussion
Box–Behnken Design
The data obtained using a Box–Behnken design were

statistically analyzed using Design-Expert® software.

Based on preliminary experiments on the feasibility of

preparing DH-TENVs, the three-factor was chosen and

the three level of each of the three factors (PC, SDC,

and ethanol) were set (Table S1). The signal-to-noise

ratio was accurately measured to ensure that the model

could be used to navigate the design space.46,47 All

parameters (EE-%, VS, ZP, Q8h, and Q24h) had

a ratio >4 (Table 1), which is desirable. To be in fair

agreement, the adjusted and predicted R2 values should

be similar to each other,48 which were accomplished for

all parameters (Table 1). The experimental run and the

measured parameters are listed and computed in

(Table 2).

EE% of DH-TENVs
The EE% for the DH-TENV formulations was 32.9–

75.5% (Table 2). Thus, DH was successfully entrapped

in the TENVs, indicating that lipid based TENVs can

be used as a delivery system for water-soluble drugs.

ANOVA showed that the sequential model proposed

for assessing the EE% values was a quadratic model.

Equation (2) shows the quantitative effects of the indepen-

dent variables on the EE% of the TENV formulations.

EE% ¼ 54:90þ 15:13 A� 1:51B� 5:91Cþ 0:4250AB

�1:58 AC� 0:9500 BC� 2:85A2þ0:875 B2þ0:575C2

(2)

Where A is PC, B is ethanol, and C is SDC

The EE% values were significantly affected by all three

independent variables (p<0.05). The regression coefficients

indicate that the PC concentration had a noticeable positive

effect on EE%, while the ethanol and SDC concentrations

had negative effects on EE%. The effects of PC and ethanol

concentrations on EE% at the middle level of the third

independent variable (SDC concentration) are shown in

Figure 1A. Increasing the PC concentration from 1% to
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3% significantly increased the EE%, possibly because there

was increased space to accommodate the DH.49 This finding

is in agreement with the study by Singh et al.50

The EE% values for 10% ethanol were superior to

those for 40% ethanol, as ethanol may increase the fluidity

of the vesicle membrane, leading to drug leakage.51,52

These findings are similar to previous studies on the effect

of ethanol concentration on the EE% of water-soluble

drug-loaded vesicles.53 However, research on water-

insoluble drugs is not in agreement.54

The decrease in EE% with increasing SDC concentra-

tion may be attributable to the coexistence of micelles with

vesicles.55 Moreover, the high hydrophilicity of SDC,

which interacts with the hydrophobic domain of the vesi-

cles, leads to less rigid vesicles and increases drug solubi-

lization in the aqueous medium during preparation, which

lowers the EE%.56 Furthermore, edge activators such as

SDC are single-chain components that destabilize the vesi-

cles and enhance the deformability of the phospholipid

bilayer by decreasing the interfacial tension.57

VS and PDI of DH-TENVs
One of the greatest challenges regarding improving the trans-

dermal steady-state flux (Jss) of DH was the development of

vesicles with optimized VS. The VS of the DH-TENV for-

mulations was 142.6–285.2 nm (Table 2), indicating

a nanometer range. The PDI values of the DH-TENV for-

mulations, which could be indicative of the VS distribution,58

were 0.17–0.5.

VS values were subjected to polynomial analysis and

quadratic model was selected. Equation (3) shows the

quantitative effects of the independent variables on the

VS of the TENV formulations.

VS ¼ 197:34þ 47:89A� 5:30B� 23:96C� 2:05AB

�7:43ACþ 5:75BCþ 7:67A2þ12:34B2þ1:47C2

(3)

where A is PC, B is ethanol, and C is SDC

The concentrations of PC, ethanol, and SDC signifi-

cantly influenced the mean VS of TENVs (p<0.05).

Increasing the concentration of PC from 1% to 3%

Table 2 Observed Response in Box–Behnken Design for Optimization of DH Loaded TENVs

Formulation Independent Variables Dependent Variables PDI

A: PC

Concentration

(%w/w)

B: Ethanol

Concentration

(%w/w)

C: SDC

Concentration

(% w/w)

Y1: EE% Y2: Vesicle

Size (nm)

Y3: Zeta

Potential

(mV)

Y4: Q8h

(%)

Y5: Q24 (µg/

cm2)

F1 1 10 0.15 39.80± 1.75 168.50± 11.03 -19.20± 3.20 76.70± 13.57 238.40± 6.96 0.32

F2 2 25 0.15 54.60± 4.13 195.10± 19.69 -32.20± 5.56 67.10± 10.00 334.70± 24.10 0.47

F3 3 25 0.1 75.50± 3.72 285.20± 24.01 -42.30± 6.25 53.10± 3.50 345.83± 21.79 0.27

F4 2 40 0.1 61.50± 4.61 220.40± 20.05 -36.40± 4.30 63.20± 12.25 269.50± 25.00 0.50

F5 2 25 0.15 55.70± 3.39 199.20± 13.26 -32.10± 3.60 67.70± 4.55 334.23± 23.91 0.24

F6 1 40 0.15 35.50± 2.06 165.40± 20.44 -26.90± 4.80 81.30± 11.85 259.13± 27.01 0.42

F7 1 25 0.1 42.40± 2.79 179.60± 18.96 -24.60±5.36 71.40± 7.17 174.38± 15.12 0.39

F8 3 10 0.15 69.50± 3.80 273.40± 19.33 -38.30± 1.00 57.40± 4.19 409.50± 21.50 0.48

F9 2 25 0.15 54.20± 1.06 193.60± 22.84 -32.20± 8.42 68.60± 3.74 334.10± 22.10 0.39

F10 2 10 0.2 53.10± 2.14 190.40± 17.86 -31.10±8.94 73.60± 6.88 398.60± 23.01 0.33

F11 3 40 0.15 66.90± 5.95 262.10± 22.59 -43.80± 9.41 60.70± 4.06 429.83± 27.01 0.39

F12 2 25 0.15 53.70± 3.42 192.70± 25.29 -32.10±7.60 68.20± 3.23 334.87± 20.12 0.36

F13 2 40 0.2 48.60± 3.59 187.90± 8.77 -37.00±6.95 78.90± 9.63 418.43± 26.87 0.22

F14 1 25 0.2 32.90± 0.55 142.60± 10.45 -26.00± 2.76 85.90± 14.45 322.06± 23.98 0.17

F15 3 25 0.2 59.70± 2.25 218.50± 14.00 -43.50±7.61 65.10± 4.70 493.74±30.08 0.38

F16 2 25 0.15 56.30± 3.36 206.10± 9.63 -33.20± 3.39 68.60± 5.00 334.53± 19.28 0.44

F17 2 10 0.1 62.20± 4.14 245.90± 23.41 -27.20± 2.11 59.10± 3.62 251.28 ±21.72 0.32

Fop 2.68 32.66 0.2

Observed

values

52.62 216.53 -38.14 61.69 467.87

Predicted

values

56.55 208.48 -41.75 69.90 471.29

Note: Data are mean values (n = 3) ± SD.

Abbreviations: PC, phosphatidyl choline; SDC, sodium deoxycholate; EE%, entrapment efficiency percent; Q8h, cumulative release after 8 h (%); Q24, cumulative amount

permeated/unit area in 24 h; PDI, polydispersity index; Fop, optimal TENV.
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significantly increased the mean VS (Figure 1B). This may

be attributable to the increased amount of entrapped DH,

which resulted in swollen transethosomes. These findings

are similar to those of a previous study.59

Increasing the ethanol concentration significantly reduced

the VS. This could be due to the interaction between the

ethanol and the lipid bilayer, contributing to a decrease in

the vesicle membrane thickness.52,60–62 Also, ethanol

changes the net charge of the transethosome and leads to

steric stabilization, ultimately reducing the VS.63 Verma and

Pathak64 reported similar findings regarding ethanol-

containing ethosomes.

TheVSdecreasedwith increasing SDCconcentration from

0.1 to 0.2%. This may have resulted from the decrease in the

interfacial tension between the aqueous and lipid phase, lead-

ing to the formation of smaller droplets. Additionally, surfac-

tants such as SDC stabilize the particles by creating a steric

barrier on the surface, thereby preventing aggregation into

larger particles.65,66 Accordingly, the negative relationship

between surfactant concentration and VS was unsurprising.

ZP of DH-TENVs
the ZP has a pivotal impact on the storage stability of particle

dispersions. If theZPof particles is too low to offer an adequate

steric barrier or electric repulsion between the particles, aggre-

gation will occur. Muller67 reported that particles are consid-

ered stablewhen the ZP value is around ±35mV. The ZP of the

TENV formulations ranged between−19.2±3.2 and −43.8±9.4

mV (Table 2). Equation (4) shows the quantitative effects of

the independent variables on the ZP of the TENV formulations

ZP ¼ 32:36þ 8:90Aþ 3:54Bþ 0:8875C� 0:550AB

�0:0500AC� 0:8250BCþ 0:4325A2�0:7425B2þ1:31C2

(4)

where A is PC, B is ethanol, and C is SDC

The three had significant positive impacts on the ZP

value (p<0.05) (Figure 1C). The equation shows that vesi-

cles with the greatest PC concentration had the highest ZP.

Although PC heads are zwitterionic and therefore theoreti-

cally uncharged at a neutral pH, they produce a negative ZP

value in water68 because of the head group orientation and

the development of hydration layers around its surface.69

Furthermore, Makino et al70 argued that the charge of a PC

bilayer is due to the orientation of the dipole, involving the

negative charge of the phosphatidyl group and the positive

charge of the choline group in the head group. It has been

reported that, in a medium with low ionic strength, the head

group is oriented so that the negative phosphatidyl group is

outside and the positive choline group is inside resulting in

a negative surface charge.69

Increased ethanol concentration significantly increased

the ZP values of DH-TENVs. Similar findings have been

reported previously, demonstrating that the concentration-

dependent negative surface charge of ethanol results in

Figure 1 Response surface plot for the effect of PC concentration (A), ethanol concentration (B) at the middle levels of the 3rd (SDC concentration) on (A) EE%, (B)
vesicle size, (C) zeta potential, (D) Q8h, (e) Q24 and (F) desirability of the developed TENVs dispersions.
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electrostatic repulsions that prevent vesicle aggregation,

increasing the ZP value.71

Similarly, increasing SDC concentrations significantly

increased the ZP values. A plausible explanation is that

SDC results in negative surface charges, leading to strong

electrostatic repulsions between the particles.72

These results indicate the good stability of the vesicles.

However, negatively charged TENVs lead to strongly

decreased drug permeation during transdermal delivery.23,73,74

DH Release of DH-TENVs
The release behavior of DH from DH-TENVs was inves-

tigated to confirm whether the DH-TENVs had the ability

to release DH in a sustained manner. Rapid DH release

from free DH solution in the dialysis bag was observed,

with approximately 95% of the DH being released in the

first 3 h (Figure S1A–C). In contrast, the DH in DH-

TENVs demonstrated a slow and controlled release, with

about 53–85% of the DH being released within

8 h (Table 2).

Cumulative % of DH released from TENVs after

8 h (Q8h) was subjected to polynomial analysis and

a linear model was selected; the statistical analysis indi-

cated the ability of the linear model to demonstrate the

significant impact of three independent variables on the

DH release. The Box–Cox plot of Q8h indicated the need

for logarithmic transformation in order to fulfill the

ANOVA assumptions. Equation (5) shows the quantitative

effects of the independent variables on ln(Q8h).

Ln Q8hð Þ¼ �0:2490� 1:30Aþ 0:2831Bþ 0:9708C (5)

where A is PC, B is ethanol, and C is SDC.

The independent variables significantly influenced the

cumulative % of DH released from TENVs after 8 h (Q8h)

(p<0.05) (Figure 1D). As the PC concentration increased,

Q8h was significantly reduced. This may be due to the

presence of firm lipid membranes, which prevents DH

release. This result is in accordance with a study by

Aboud et al.75

Notably, increasing ethanol concentrations yielded

a significantly higher DH release rate. This indicates that

ethanol may provide the vesicles with soft flexible char-

acteristics that allow easy drug diffusion through mem-

branes. Furthermore, the inclusion of ethanol may

minimize the vesicle hydration layer, which encourages

drug release.76

Increasing SDC concentrations significantly increased

Q8h. This could be due to the fact that increased SDC

concentrations led to decreased VS, increasing the total

surface area and thus accelerating the release rate.77

Furthermore, increased SDC concentration may lead to

the development of micelles in the bilayer, which may

enhance the membrane permeability and thus increase

drug release.78

Linear analysis of the DH release data showed that, for

all the DH-TENV formulations, the Higuchi kinetics equa-

tion had the best R2 value, indicating slow and sustained

drug release,54 while, for the free DH solution, the first-

order kinetics equation had a good R2 value, indicating

that the DH release rate was dependent on the DH

concentration.

For further elucidation of DH release kinetics, the

Korsmeyer–Peppas model was employed to shed light on

other mechanisms of DH release. In this model, the diffu-

sional exponent (n) values for Fickian (diffusional), zero-

order, and non-Fickian (anomalous) release kinetics are

0.5, 1, 0.5<n<1, respectively. The DH release profiles of

most formulations were fitted to the Korsmeyer–Peppas

model. The n values (between ≤ 0.5 and 0.96) indicated

non-Fickian (anomalous) diffusion for the majority of the

formulations. This indicates that the DH release rate is

controlled by more than one process, i.e., erosion and

diffusion.79,80 In contrast, formulations F8, F17 exhibited

zero order release kinetic (n=1) (Table S2).

Ex-Vivo Permeation of DH-TENVs
Ex vivo permeation analyses provide valuable insights into

in vivo performance.81 The ex vivo skin permeation ana-

lysis (Figure S2A–C) showed that the permeation of the

DH-TENV formulations ranged from 174.3±15.12 to

493.8±30.08 µg/cm2 (Table 2), which indicated increased

permeation compared to the DH solution (135.6±17.0 µg/

cm2). This may have been due to the DH-TENVs compo-

sition involving both phospholipids and edge

activators,55,82 their small vS creating a large surface

area for increased contact of released DH with the skin

surface, and ethanol-induced fluidization of the skin’s

intercellular lipid layer. The DH-TENV formulations

were superior to the DH solution regarding all permeation

parameters (Table 3). The transdermal steady state flux

(Jss) of the DH-TENV formulations ranged from 7.2±0.6

to 20.5±1.2 µg/cm2/h compared to only 5.6±0.7 µg/cm2/h

for the DH solution. The enhancement ratios of the DH-

TENV formulations compared to the DH solution ranged

from 1.8 to 7.5. Equations (6) shows the quantitative

effects of the independent variables on the cumulative
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amount of DH that permeated the rat skin specimen after

24 h (Q24).

Q 24hð Þ¼ 334:288þ 85:6125Aþ 9:885Bþ 73:9975C

(6)

where A is PC, B is ethanol, and C is SDC

The independent variables significantly influenced the

Q24 of DH-TENVs (p<0.05) (Figure 1E). All terms had

a positive regression coefficient, indicating their positive

impacts on diffusion. The positive effect of PC concentra-

tion on Q24 could be due to the presence of lipids helping

the vesicles to fuse with the membrane lipid layers deep in

the skin, supporting previous speculation.83

Additionally, 40% ethanol led to a significantly higher

Q24 than 10% ethanol. A plausible explanation is that etha-

nol has a penetration-enhancing effect that lowers the lipid

transition temperature, making the vesicles more flexible and

thereby allowing them to penetrate the skin.16 Additionally,

ethanol might interact with the polar head groups of the lipids

in the intercellular lipid multilayers of the stratum corneum

and induce stratum corneum fluidization, thereby increasing

the penetration of elastic vesicles.84

The increase in Q24 with the increase in SDC concen-

tration could be due to the ability of SDC to boost the

vesicles’ flexibility by altering the bilayer packing char-

acteristics. This would help the vesicles to squeeze

through the skin pores.

Selection of the Optimized DH-TENV
After satisfactory selection of materials, we identified the

DH-TENV formulations with the most suitable physico-

chemical properties. For optimization, Design Expert®

software suggested several solutions representing diverse

combinations of the levels of the independent variables

Table 3 Ex vivo Permeation Parameters of DH-TENVs Formulation versus DH Solution

Formulation No. Lag Time (min) Jss (µg/cm2.h) Kp (cm/h) EI

F1 75.32 ± 0.33 9.93± 0.71 0.0060± 0.0012 1.88

F2 38.65 ± 4.70 13.95± 1.00 0.0108± 0.0018 3.26

F3 29.34 ± 7.72 14.41± 0.96 0.0115± 0.0008 3.57

F4 57.33 ± 8.39 11.23± 1.04 0.0083± 0.0017 2.62

F5 38.38 ± 4.80 13.93± 1.00 0.0098± 0.0015 3.06

F6 69.77 ± 1.12 10.80± 1.13 0.0079± 0.0012 2.48

F7 82.42 ± 11.31 7.27± 0.63 0.0057± 0.0014 1.82

F8 23.14 ± 4.93 17.06± 0.90 0.0138± 0.0018 4.17

F9 43.72 ± 1.13 13.92± 0.92 0.0097± 0.0017 3.03

F10 26.86 ± 3.67 16.61± 0.96 0.0127± 0.0018 3.98

F11 25.44 ± 0.94 17.91± 0.91 0.0182± 0.0030 5.72

F12 38.82 ± 8.88 13.95± 0.84 0.0110± 0.0015 3.44

F13 28.85 ± 6.08 17.43± 1.12 0.0145± 0.0021 4.52

F14 49.37 ± 5.14 13.42± 1.00 0.0094± 0.0013 2.93

F15 15.31 ± 3.80 20.57± 1.25 0.0242± 0.0023 7.54

F16 50.47 ± 0.44 13.94± 0.80 0.0099± 0.0013 3.08

F17 65.42 ± 0.12 10.47± 0.90 0.0069± 0.0012 2.17

DH solution 91.10 ± 20.67 5.65± 0.71 0.0034± 0.0009 –

Note: Data are mean values (n = 3) ± SD.

Abbreviations: Jss, drug flux; Kp, permeability coefficient; EI, enhancement index.

Figure 2 Transmission electron micrograph of the optimized DH-TENV

formulation.
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that best satisfied the predetermined constraints. The com-

bination of a PC concentration of 2.68% w/w, an ethanol

concentration of 32.67% w/w, and a SDC concentration of

2% w/w led to an EE% of 52.62%, a VS of 216.53 nm,

a ZP of −38.14 mV, a Q8h of 61.69%, and a Q24h of

467.87 µg/cm2, with an overall desirability of 0.684

(Figure 1F). Table 2 shows that the observed and predicted

values of the optimized DH-TENV formulation are highly

similar, with no significant differences (p>0.05). This con-

firmed the validity of Equations (2–6) and confirmed their

prediction capability within data uncertainty limits.85

Morphology of the Optimized DH-TENV
TEM analysis was useful for investigating the morphology

of the optimized DH-TENV formulation. The DH-TENV

were approximately spherical with a smooth surface,

appearing as black dots, well dispersed and well separated

from each other. (Figure 2). Furthermore, the TEM image

indicates the presence of a very thin layer around the

particles, suggesting that they have a DH-enriched core.

DSC Analysis of the Optimized

DH-TENV
DSC thermograms of pure DH, PC, SDC, and the opti-

mized DH-TENV formulation are shown in Figure 3. The

thermogram of DH exhibited an endothermic peak at

182.31°C, as reported previously for DH.86 The SDC

thermograms of PC had an endothermic 147°C.87 The

thermograph of SDC had a broad endothermic peak that

started at 72.22°C and 117.40°C probably due to the loss

of water molecules followed by an exothermic recrystalli-

zation peak at 196.90°C88. The thermogram of the opti-

mized DH-TENV formulation indicated DH melting

endotherm subsidence. The distinguishing endothermic

peak of DH was no longer present, and the endothermic

peaks of the surfactant/lipid bilayers were broadened and/

or shifted. This suggests that DH interacts with the bilayer

components, causing numerous lattice defects, with DH

residing in amorphous regions; this may account for the

enhanced entrapment of DH in the TENVs in an amor-

phous state.89

Physical Stability of the Optimized

DH-TENV
The stability, based on EE% and VS, of the optimized

DH-TENV formulation after 90 days of storage at 4°C

was assessed. There were minimal changes in EE%

(decreased from 52.62±5.63% to 47.58±6.33%) and

VS (increased from 216.53±6.65 to 224.57±14.05

nm) after 90 days (Figure 4). These changes were non-

significant (p>0.05) according to one-way ANOVA.

The stability of the optimized DH-TENV formulation

may be ascribed to the rigidity of the vesicles and/or

the ability of the vesicles to retain DH, as suggested

previously.90

Skin Irritation Analysis of the Optimized

DH-TENV
There was no evidence of adverse effects (erythema,

edema, or irritation) at the DH-TENV gel application

site. This indicates that the transdermal DH-TENV gel

was safe and non-irritating. Histopathological analysis

showed that the DH-TENV gel-treated skin had a normal

structure compared to the untreated skin (Figure 5), sug-

gesting good tolerance.

Figure 3 DSC thermograms of DH, Phosphatidyl choline, SDC and the optimized

TENVs.
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Figure 4 Effect of storage at 4°C for 3 months on entrapment efficiency (EE) and

vesicle size (VS) of the optimized DH-TENV formulation.
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Pharmacokinetic Analysis of the

Optimized DH-TENV
The pharmacokinetic parameters of all the DH-TENV for-

mulations are provided in Table 4. The DH Cmax values of

the oral DH solution, DH-TENV gel, and control DH gel

were 197.6, 120.7 and 32.2 ng/mL, respectively, the tmax

values were 1.50±0.06, 4.00±0.55, and 3.00±0.34 h, respec-

tively, and the AUC0-∞ values were 733.6, 1773.3, and

426.3 ng·h/mL, respectively. Compared to the oral DH

solution and control DH- gel, the Cmax value was signifi-

cantly lower for the DH-TENV gel. For transdermal DH

administration, the tmax values were significantly higher

relative to oral administration and the differences were

significant (p<0.05). This disparity may be due to the stra-

tum corneum, which most likely slows the permeation of

DH. In comparison, the oral DH solution results reflect the

fact that it is an immediate-release administration form. The

DH-TENV gel had a significantly higher tmax value than the

control gel (4 h vs. 3 h; P ˂ 0.05). This could be because,

unlike the control DH gel, the DH-TENV gel acts as a DH

depot, providing a means of sustained release.13

In addition, the mean AUC0-∞ value was 2.4-fold higher

for the DH-TENV gel than the oral solution and the differ-

ence was significant (p<0.05). Compared with both the oral

DH solution and the control DH gel, the DH-TENV gel had

a significantly higher AUC0-24 value P˂ 0.05, meaning that it

was more efficient in delivering DH to the systemic circula-

tion. Compared to the oral DH solution, the improved bioa-

vailability of the DH-TENV gel was most likely due to the

avoidance of first-pass hepatic metabolism. In comparison,

the improved bioavailability of the DH-TENV gel compared

to the control DH gel may have been due to the capacity of

the former gel to boost the permeation of DH. The relative

bioavailability of DH in the DH-TENV gel and control DH

gel was 242.9% and 58.25% respectively, compared to the

oral DH solution.

Figure 5 Light photomicrographs showing histopathological sections of (A) Normal untreated rat skin and (B) Rat skin treated with DH- TENV gel (X200 H&E stain).

Table 4 Pharmacokinetic Parameters of DH in Rat Plasma After Administration of an Oral Solution, TENVs

Loaded Gel, and Control Gel

Pharmacokinetic Parameter Oral DH Solution TENVs Loaded DH gel Control DH Gel

Cmax (ng/mL) 197.61± 16.43 120.72± 9.50a 32.27± 2.71a,b

tmax (h) 1.50± 0.06 4.00± 0.55a 3.00± 0.34a,b

t1/2 (h) 5.46± 2.87 7.45± 1.32 9.24± 1.86 a

MRT (h) 5.74± 1.56 11.97± 1.71a 13.56± 2.04a

AUC0–24 (ng.h/mL) 701.05± 25.81 1544.64± 130.82a 353.82± 31.84a,b

AUC0–∞ (ng.h/mL) 733.65± 51.08 1773.35± 171.05a 426.33± 26.55a,b

Frel (%) – 242.99± 32.18 58.25± 4.17b

Notes: Values are means ± SD, with the number of animals =6 for each group. ap < 0.05 versus oral DH solution. bp < 0.05 versus TENVs loaded

DH gel. Using one-way ANOVA.
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In vivo Analysis of the Optimized

DH-TENV in CFA-Induced RA in Rats
For the first time, a gel formulation of transdermal DH-

TENV carrying the SSRI DH was studied. Its anti-RA

activity was shown to involve alleviating the inflammatory

cascade. Transdermal formulations are promising and

innovative materials, as they maintain the drug concentra-

tion within the therapeutic window for a prolonged period,

they are easy to prepare, and they are responsive to

stimuli.91

Compared to the normal control group and the DH-

TENV gel group, the untreated RA group had increased

serum anti-CCP, COMP, and IL-6 levels (Table 5) and

increased tissue expression of RANKL. This is in agreement

with previous studies,92–94 which showed that RA is asso-

ciated with significant increases in these biomarkers.

All treated groups exhibited a significant decrease in anti-

CCP level compared to the untreated RA group (Table 5).

These findings are in agreement with a study by Sacre et al,95

which highlighted the potential anti-RA effect of SSRIs.

Notably, the DH-TENV gel+RA group had a larger decrease

in anti-CCP than the MTX+RA, DH gel+RA, and oral DH

+RA groups. These findings are supported by previous

research96 on the therapeutic advantages of nano-gels com-

pared to other formulations.

Increased serum COMP level is indicative of RA

(Table 5). The MTX+RA and DH-TENV gel+RA groups

had nearly normalized COMP levels. The DH gel+RA and

oral DH+RA groups had a significantly smaller effect on

COMP compared to the MTX+RA and DH-TENV gel+RA

groups. No previous studies have assessed the effect of

SSRIs related drugs on the COMP level.

Research shows that IL-6 may be an inflammatory

mediator that can lead to joint inflammation in RA.

Moreover, anti–IL-6 monoclonal antibodies may represent

a new RA treatment.97 The MTX+RA and DH-TENV gel

+RA groups had significantly decreased IL-6 levels com-

pared to the untreated RA group. Many studies have

shown the anti–inflammatory effects of SSRIs. For exam-

ple, Durairaj et al98 showed that the SSRI paroxetine has

critical but differential effects on IL-6 and TNF-α produc-

tion in macrophages, which likely involves distinct

mechanisms. Furthermore, Fonseka et al99 reported that

an SSRI can modulate the elevated IL-6- levels associated

with major depressive disorder. The DH gel+RA group

had a significantly smaller effect on IL-6 compared to the

MTX+RA and DH-TENV gel+RA groups. The oral DH

+RA group had no significant effect on IL-6 compared to

the untreated RA group.

Administration of DH-TENV gel to RA rats signifi-

cantly (P < 0.05) decreased tissue RANKL expression

compared to the untreated RA group, with a significantly

greater decrease compared to MTX, DH gel, or oral DH

(Figure 6). These data agree with a previous study40 that

showed that the SSRI paroxetine had an anti-RA effect on

CFA-induced RA by modulating RANKL expression.

The radiological changes in normal control, RA, and

treated RA rats are shown in Figure 7. The untreated RA

group had excessive soft tissue volume, joint space, nar-

rowing, subchondral erosion, and degenerative joint

changes with signs of inflammation on the radiographs.

Treatment of RA rats with DH-TENV gel significantly

inhibited soft tissue swelling (surrounding the foot

bones), and bone enlargement in (Figure 7). The DH-

TENV gel was more effective than the other treatments,

Table 5 Biochemical Analysis in Different Studied Groups

Groups Parameter

Anti-CCP (ng/mL) COMP (pg/mL) IL-6 (Pg/mL)

Normal control 1.88 ± 0.12 32.20 ± 1.66 18.91 ± 1.71

DH - TENV gel 1.91 ± 0.04 27.43 ± 1.41 14.23 ± 0.68

RA group 9.27 ± 0.52a, b 117.7 ± 3.48a, b 80.33 ± 5.19a, b

MTX+ RA 4.00 ± 0.03a, b, c 51.63 ± 4.96a, b, c 37.27 ± 1.25a, b, c

DH -TENV gel+ RA 2.83 ± 0.12c, d 48.50 ± 1.22b, c 30.43 ± 3.05b, c

DH - gel+ RA 4.46 ± 0.13a, b, c, d, e 72.33 ± 2.61a, b, c, d, e 54.97 ± 2.07a, b, c, d, e

Oral DH+ RA 4.64 ± 0.15a, b, c, d, e 70.30 ± 5.73a, b, c, d, e 77.03 ± 1.15a, b, c, d, e

Notes: Each value represents the mean of 8 experimental rat ± SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey-Kramer post- multiple

comparisons test. aSignificantly different from normal control group at p < 0.05. bSignificantly different from DH TENV gel group at P < 0.05. cSignificantly different from RA

group at P < 0.05. dSignificantly different from MTX+ RA group at P < 0.05. eSignificantly different from RA+ DH TENV gel group at P < 0.05.

Abbreviations: ANOVA, analysis of variance; RA, Rheumatoid Arthritis; MTX, Methotrexate; DH, dapoxetine HCl; TENV, transethosome nanovesicle; anti-CCP, anti-cyclic

cirtullinated peptide antibody; COMP, cartilage oligomeric matrix protein; IL-6, interleukin 6.
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as DH was targeted to the site of inflammation, reducing

the inflammation and halting disease progression. DH oral

solution and DH gel were associated with milder bone

erosion and inflammation compared to DH-TENV.

The biochemical and radiographic results were con-

firmed by histopathological findings regarding the knee

joints, spleen, and liver. The DH-TENV gel-treated RA

rat knee joint sections showed considerable amelioration

of joint tissue damage compared to sections from untreated

RA rats, and the former rats had normal red and white pulp

in the spleen and improved hepatocytes in hepatic cords

(Figure 8).

Together, the findings strongly suggest that DH-TENV

gel has an anti-RA effect that can control RA progression,

at least partly by inhibiting serum anti-CCP, COMP, and

IL-6 levels and tissue RANKL gene expression.

Additionally, this anti-RA effect of DH-TENV gel is

greater than the anti-RA effects of DH in oral or simple

gel formulations

Conclusion
Novel ultra-deformable vesicular carriers (TENVs) were

developed for the transdermal delivery of DH to treat RA.

The DH-TENVs were prepared by an injection sonication

Figure 6 Effect of transdermal application of DH- TENV gel on RANKL relative expression as compared to arthritic group using Western blot analysis. Each value

represents the mean of 8 experimental rat ± SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey-Kramer post- multiple comparisons test.
aSignificantly different from normal control group at p < 0.05. bSignificantly different from DH -TENV gel group at P < 0.05. cSignificantly different from RA group at P < 0.05.
dSignificantly different from MTX+ RA group at P < 0.05. eSignificantly different from DH-TENV gel+ RA group at P < 0.05. fSignificantly different from oral DH+ RAgroup at

P < 0.05.

Abbreviations: ANOVA, analysis of variance; RA, Rheumatoid Arthritis; MTX, Methotrexate; DH, dapoxetine HCl; TENV, transethosome nanovesicle; RANKL, Receptor

activator of nuclear factor kappa-Β ligand; B-Actin, Beta-Actin.

Figure 7 Radiographic analysis of rat hind paw from different groups. (A) Normal control group and (B) DH - TENV gel group showed normal tissue with no signs of

inflammation, bone enlargement or bone damage. (C) Complete Freund’s adjuvant (CFA) arthritic group showed observable excess soft tissue volume, joint space, sub-

chondral erosion, periostitis, osteolysis, subluxation, degenerative joint changes with signs of inflammation at the metatarsal-phalangeal joint and the regions in-between the

bones of the phalanges and the metatarsals. (D) Rheumatoid arthritis group treated with methotrexate showed almost normal soft tissue with disappearance of

inflammatory signs and no bone enlargement was observed. (E) Rats treated with DH - gel, (F) DH - TENV gel and (G) Oral DH exhibited significant and comparable

inhibition of soft tissues swelling that surrounded the bones of the foot and bone enlargement.
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Figure 8 Photomicrographs of joint sections, stainedwith routineH&E stain (×100) and obtained from different groups. (A) Sections from normal control rats showing articulating

ends of two bones that covered by articular surface (black arrow) and normal synovial membrane (blue arrow) lining the inner surface of capsule with normal meniscus (orange

arrow). (B) Sections fromDH-TENVgel group illustrated normal articular surface (black arrow)with normal synovial membrane (blue arrow) and normalmeniscus (orange arrow).

(C) RA- arthritic rats showing bone in the focal manner in the articular surface (black arrow). Also resorption of meniscus is appeared, as well as the resorbed area is reached with

collaged and fibroblast cell together with a few chondroblast (blue arrow). (D) RA group that treated with MIX showed slight smooth articular surface (black arrow)with thickened

articular cartilage with proliferating chondrocytes (blue arrow) and synovial membrane showing congestion (arrow head) and edema (orange arrow). (E) Articular surface of

rheumatoid arthritis group that treated with DH - TENV gel showed smooth articular surface (black arrow). The proliferating chondrocytes showing hypercellularity, cloning and

slightly ordered distribution (blue arrow) and nearly normal synovial membrane (orange arrow). (F) The joint capsule and most of the synovial membrane of RA- treated gel group

showed slight normal articular surface (black arrow) and synovial membrane showed focal inflammatory cell aggregation, moderate edema, capillary are increased in number,

thickness and hypercellularity (blue arrow). (G) Rheumatoid arthritis group that treatedwith oral DH showed rough cerrated articular surface (black arrow), smooth intact synovial

membrane (blue arrow) and the associated connective tissue showingmultiple capillaries (red arrow) andmoderate edema (purple arrow). Photomicrographs sections of spleen that

obtained from different groups and stained with routine H&E stain (×100) were are followed: (H) Normal control rats showingNormal white pulb containing follicular artery (black

arrow) and normal red pulb containing numerous blood sinusoids (blue arrow). (I) Sections from DH- TENV gel group illustrated normal white pulb (black arrow) with dilated in

sinusoid in red pulb (blue arrow). (J) RA- arthritic rats showingmarked atrophy ofwhite pulp (black arrow). (K) RA group that treatedwithMIX showed hyperplagia in thewhite pulb

(blue circle), congestion and dilation in sinusoid of the red pulp (black arrow). (L) Sections fromDH - TENV gel group illustrated hyperplasia in white pulb withmultiplemacrophages

indicated immunoreaction (black arrow). (M) spleen sections of RA- treated gel group showed Hyperplasia in white pulb (black arrow) and dilation in sinusoid in the red pulb (blue

arrow). (N) Rheumatoid arthritis group that treated with oral DH showed marked activation in the macrophage in the white pulb (black arrow) and nearly normal red pulb (blue

arrow). Liver photomicrographs sections obtained from different groups and stainedwith routineH&E stain (×200)were are followed: (O) Normal control rats showing normal liver

with normal central vein (blue arrow) with normal hepatic cords (black arrow). (P) Sections fromDH - TENV gel group illustrated nearly normal liver with normal central vein (blue

arrow) and portal area (orange arrow). (Q) RA- arthritic rats showing slight congestion (orange arrow) and edema (black arrow) together with sever vascular degeneration in the

hepatocyte (blue arrow). (R) RA group that treated with MIX showed dilated central vein (blue arrow) and dilation in hepatic sinusoid (black arrow) with some with vascular

degeneration in the hepatocyte (arrow head). (S) Sections fromDH - TENV gel group illustrated nearly normal liver except slight congestion in central (black arrow) and portal vein

(blue arrow). (T) liver sections of RA- treated gel group showed slight congestion in both central vein and portal vein (blue arrow) and hepatic cord and hepatocyte appear normally

(black arrow). (U) Rheumatoid arthritis group that treated with DH oral solution showed marked congestion of central veins (blue arrow) with dilated engorged sinusoid (arrow

head) and focal coagulative necrosis of sore hepatocyte (black arrow).
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method and optimized using a Box–Behnken design. The

optimized DH-TENVs contained 2.68% (w/w) of PC,

32.67% (w/w) of ethanol, and 2% (w/w) of SDC. This led

to an EE% of 52.62%, a VS of 216.53 nm, a ZP of −38.14
mV, a Q8h of 61.69%, and a Q24h of 467.87µg/cm2.

Pharmacokinetic analysis showed that DH-TENV gel had

significantly higher AUC0-t values and slower elimination

rate compare to oral DH solution, indicating sustained DH

release from the DH-TENVs. Moreover, the bioavailability

of DH after DH-TENV gel administration was approxi-

mately 242.99% greater than that of oral DH solution. The

DH-TENV gel clearly had a superior anti-RA effect com-

pared to MTX, DH gel, and DH oral solution. Our experi-

ments showed that the DH-TENV gel formulation effectively

prevented the aggressive progression of RA and could be

used rather than MTX (to minimize side effects). The future

research required includes equipping the optimized DH-

TENV formulation with factors that allow drug targeting

and improved RA management.
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