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Abstract: The bioactive compound, thymoquinone (TQ), found in Nigella sativa seeds is known for 

its various therapeutic properties. Thymoquinone (TQ), a bioactive compound found in Nigella 

sativa seeds, is known for its various therapeutic properties. However, TQ as a compound is 

challenging for a pharmaceutical formulator due to its hydrophobic nature and chemical instability, 

limiting its skin penetration. Transethosomes, as a formulation, provide an environment that 

enhances the solubility of TQ, stability, as well as skin permeation. To optimize TQ transethosomal 

formulations, we introduced a combination of surfactants namely nonionic Tween 20 and ionic 

sodium lauryl sulfate (SLS) or sodium lauroyl glutamate (SLG). These surfactants stabilize the 

formulation, reduce aggregation, and improve biocompatibility, as well as minimizing potential 

toxicity. Using the Langmuir monolayer technique, we fine-tuned the formulation composition and 

gained insights into its interfacial behavior. We conducted skin penetration studies using 

Rhodamine B as a model lipophilic compound to understand the skin penetration mechanisms. Our 

findings revealed that the transethosomes formulation, a combination of ionic and nonionic 

surfactants in the F2 formulation, resulted in the smallest particle sizes (115.4 nm) and demonstrated 

the highest skin permeation after 24 hours (267.13 μg/cm²), surpassing the control and ethosomal 
formulations. Additionally, this transethosomal formulation exhibited antimicrobial activity against 

S. aureus, with a zone of inhibition of 26.4 ± 0.3 mm. Importantly, we assessed the cytotoxicity of 

both ethosomes and transethosomes at concentrations ranging from 3.5 μM to 50 μM on HaCaT cell 
lines and found no cytotoxic effects in comparison to TQ solution controls. These results suggest the 

potential safety and efficacy of these TQ formulations and their further development in skin 

delivery. 

Keywords: thymoquinone; transethosomes; ethosomes; langmuir study; transdermal 

 

1. Introduction 

Thymoquinone (TQ) 2-Methyl-5-(propan-2-yl) cyclohexa-2,5-diene-1,4-dione is the main 

bioactive component found in the volatile oil of Nigella sativa seeds [1]. It has been used in 

conventional medicine for centuries as an antioxidant, antimicrobial, anti-inflammatory and 

anticancer agent [2–6]. In skin, for example, TQ has shown potential for treating acne vulgaris, 

pigmentation, vitiligo, hypersensitivity reactions, psoriasis, and even early stages of skin 

tumorigenesis [7–9]. Most of these beneficial health effects can be attributed to the free radical 
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scavenging effects of TQ and the induction of antioxidant enzymes [10,11]. However, the clinical 

utilization of TQ has been limited by its high hydrophobicity and chemical instability which in turn 

leads to poor bioavailability. This is especially evident in dermal applications where these specific 

physicochemical characteristics limit TQ ability to effectively penetrate the stratum corneum to reach 

the affected layers of the skin [12,13]. Therefore, there is a significant need to develop effective 

delivery approaches that can enhance solubility, drug stability, and facilitate the penetration and 

retention of TQ in the skin [14]. 

Vesicular systems such as ethosomes and transethosomes could prove to be an effective delivery 

system for TQ due to their ability to improve drug solubility and enhance therapeutic concentration 

at the target site. Ethosomal formulations, relatively novel vesicular systems, are composed of 

phospholipids, ethanol, and water [15–17]. They have many advantages over traditional liposomes 

providing enhanced drug solubility, higher loading capacity, and high deformability which facilitates 

penetration through the stratum corneum into the deeper skin layers [18]. Ethosomes have 

demonstrated enhanced drug entrapment, skin penetration, and deposition for various drugs [19–
21]. Transethosomes are essentially an advanced version of ethosomes due to the addition of edge 

activators in comparison to the original ethosomes [22]. 

Edge activators are nonionic, ionic, or cationic surfactants. Nonionic surfactants, such as Tween 

20, contribute to steric stabilization by forming a protective layer on the particle surface, which 

prevents interactions between the vesicles [23]. Ionic surfactants, such as sodium lauryl sulfate (SLS), 

provide electrostatic stabilization by creating a charged layer around the nanoparticles, reducing 

aggregation [24,25]. Sodium lauroyl glutamate (SLG) is an ionic surfactant derived from the amino 

acid glutamic acid and lauric acid [26]. Addition of nonionic surfactants to ionic surfactants can 

improve biocompatibility and reduce potential cytotoxicity compared to ionic surfactants [27]. As a 

result, we proposed to combine a nonionic surfactant with an ionic surfactant. Tween 20 in 

combination with sodium lauryl sulfate (SLS) or with sodium lauryl glutamate (SLG). 

To optimize the composition of these formulations, we employed the Langmuir monolayer 

technique, which is helpful in understanding the interfacial properties and behavior of phospholipids 

in ethosome and transethosome formulations [28,29]. This kind of study provides valuable insights 

into the film-forming characteristics and enables optimizing the formulation parameters for 

improved drug delivery through the skin [30]. 

Skin penetration studies usually utilize a fluorescent molecule that can be easily detected by a 

fluorescence microscope. One such molecule is rhodamine B which has similar properties as TQ and 

can be easily detected in skin layers. These markers of skin penetration can give important 

information on the mechanisms of formulation skin penetration. Additionally, to better understand 

the mechanism of skin penetration of the formulation with or without different permeation 

enhancers, we utilized Rhodamine B as a model lipophilic compound. This allowed us to verify the 

mechanisms related to the penetration of such a lipophilic model active into the skin. 

The aim of this research was to explore the application of transethosomes as a promising carrier 

system for facilitating the transdermal administration of thymoquinone. Specifically, we aimed to 

examine the effect of combining ionic and nonionic surfactants on the performance of the 

transethosomal formulation using the Langmuir method to achieve the most effective transdermal 

delivery system while ensuring an acceptable safety profile. To assess the efficiency of transdermal 

delivery, we performed comparative evaluations with ethosomes and drug-only application. To gain 

insight into the penetration mechanism, we also used a fluorescent marker, rhodamine B, which 

allowed us to closely track the accumulation patterns of transethosomes in the skin. 

2. Materials and Methods  

2.1. Materials 

Phospholipon 90G generously provided by LIPOID LLC, located in Newark, NJ, USA. Tween 

20 from Sigma-Aldrich, Sodium Lauroyl glutamate from Santa Cruz Biotechnology. Ethanol was 

acquired from Sigma-Aldrich, located in St. Louis, Missouri, USA.. The study utilized HPLC grade 
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water from Sigma-Aldrich and acetonitrile from Midland Scientific, located in Omaha, NE, USA. 

Dermatomed human cadaver skin was procured from The New York Firefighters Skin Bank, with 

the donor being a 74-year-old male weighing 118 lbs., NY, USA. The remaining chemicals utilized in 

the research were of reagent quality and were procured from VWR International in Radnor, 

Pennsylvania, USA.  

2.2. Methods 

2.2.1. Monolayer Study 

The experiment was performed using Langmuir trough (Biolin Scientific, Stockholm, 

Stockholms Lan, Sweden) of the surface area 98 cm2 equipped with platinum Wilhelmy plate. 

Phosphate buffered saline (PBS) was used as a subphase. The lipid was dissolved in chloroform and 

carefully spread on a subphase using a syringe. Following the solvent evaporation, the monolayer 

was compressed by two movable, symmetrical barriers. Simultaneously the mean molecular area (A) 

and surface pressure (π) were recorded. For the investigation of lipid-surfactant interactions, the 

soluble surfactants (Tween 20, sodium lauryl sulfate (SLS), sodium lauroyl glutamate (SLG), Tween 

20 + SLS, or Tween 20 + SLG) were dissolved in PBS to the concentration of 0.84 µg/mL and 10 µL of 

the solution was introduced to the subphase before spreading the lipid. The data from the π-A 

isotherms were used to calculate the compression modulus (Cs-1) according to Equation 1: 𝐶𝑠−1 =  −𝐴 (
 𝐴)𝑇 (1) 

The lower the value of Cs-1 is, the more compressible a monolayer is. The dilational (rheology 

experiment was performed using oscillating barrier method. After the monolayer was compressed to 

π=30 mN/m a sinusoidal area deformation was applied using the frequency (ω) of 10 mHz and the 

amplitude of 1-20%. Based on the surface pressure response on area deformation the dilational 

modulus (G) was obtained which is the complex quantity composed of the real component (G’) and 

the imaginary component (G’’) representing the elastic and viscous behavior respectively. For a 

perfectly elastic response, the imaginary part equals zero and for a perfectly viscous film, the real 

part equals zero. Most films of biological relevance are viscoelastic meaning intermediate properties 

between purely elastic and purely viscous. All monolayer experiments were performed at 20°C. 

2.2.2. Preparation of Ethosomes and Transethosomes Formulations with Thymoquinone 

Phospholipon 90G was dissolved along with TQ (200 mg) in ethanol, with or without an edge 

activator, in a sealed glass bottle. The mixture was stirred using a magnetic stirrer at 700 rpm at room 

temperature. PBS was slowly added at a constant rate of 200 μL/min until reaching the final volume 

100% (w/w) (as shown in Table 1). After the addition of PBS, stirring continued for an additional 5 

minutes [31]. The mixed solution was then placed in an ultrasonic apparatus and subjected to 

ultrasonic treatment for 2 cycles with total 10 minutes. 

Table 1. The Composition of the Formulations Investigated in the Study. 

Formula TQ Tween 20 SLS SLG Ethanol (w/w) % Ph 90  

F1 200mg 500mg - - 50%  3g 

F2 200mg 400mg 100mg - 50% 3g 

F3 200mg 400mg - 100mg 50% 3g 

E 200mg - - - 50% 3g 

TQ: Thymoquinone, SLS: Sodium lauryl sulfate, SLG: Sodium lauryl glutamate, Ph 90: Phospholipon 90G. 

2.2.3. Preparation of Ethosomes and Transethosomes Formulations with Rhodamine B 

The preparation of Rhodamine B-loaded ethosomes and transethosomes was conducted 

following the methods described by Yang et al., [32] and as described in section 2.2.2. Rhodamine B 

(0.02% w/v) was loaded in the formulations instead of TQ. To separate the Rhodamine B that was not 
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entrapped within the formulation, centrifugation was performed. In particular, the ethosomes and 

transethosomes were placed in an ultrafiltration tube (Centrisart 10 kDa MWCO filtration units) and 

centrifuged at a speed of 40,000 rpm for 20 minutes. The filtrate, which contained the non-entrapped 

Rhodamine B, was discarded, while the remaining tube containing the entrapped ethosomes was 

inverted into a new collection tube. Consequently, the collection tube was centrifuged at 40,000 rpm 

for 10 minutes to obtain the Rhodamine B-loaded ethosomes and transethosomes. These preparations 

were promptly utilized in the subsequent experiments involving skin penetration using the 

fluorescence microscope studies.  

2.2.4. Characterization of ethosomes and transethosomes  

Vesicle Size and Size Distribution 

Ethosome and transethosomes vesicle size, size distribution (Polydispersity Index, PDI), and 

ZetaPotential were determined through Dynamic Light Scattering (DLS) using a Zetasizer. (Malvern 

Zetasizer Nano ZS90). The measurement was performed at wavelength of 632.8 nm He-Ne laser light 

source (4 mW). Prior to the experiment, each sample was loaded into a single-use, low-volume 

polystyrene cuvette ( ZEN0118), and allowed to stabilize for 3 minutes. The measurements (N=3) 

were carried out at a temperature of 25.0°C, utilizing the non-invasive backscatter mode (NIBS) at an 

angle of 173°. 

Entrapment Efficiency (EE) 

EE was determined by ultrafiltration of a sample through Centrisart 10 kDa MWCO filtration 

units and subsequent analysis of the supernatant using the HPLC method described in section 3.6. 

below. Drug entrapment percentage was calculated using Equation 2: 𝐷𝐸𝐸 =  (𝐷𝑡− 𝐷𝑠𝐷𝑡 ) 𝑋 100 …. (2) 

where Dt is the total amount of drug added and Ds is the amount of drug obtained in the supernatant 

[33,34]. 

2.2.5. High-Performance Liquid Chromatography (HPLC) 

A high-performance liquid chromatography (HPLC) method used an Agilent 1100 series HPLC 

(Agilent Technologies, Santa Clara, CA, USA) was utilized. The instrument was coupled with UV 

diode array detector (DAD) and operated using HP Chemstation software V. 32. The composition of 

the mobile phase was 80% acetonitrile and 20% water. To assess the quantity of TQ, a mobile phase 

was pumped at the flow rate of 1.0 mL/min through an Agilent Eclipse XDB-C18 column 250 mm 

length x 4.6 mm internal diameter, 5.0 µm particle sizes as the stationary phase at 25 0C. The sample 

injection size was 20 μL. The column temperature was maintained at 23 °C, and UV detection of TQ 

was performed at a wavelength of 250 nm, and the retention time of TQ was 3.4 min [35]. The linearity 

of the peak area versus concentration was evaluated using a standard concentration range from 0.39 

μg/mL to 100 μg/mL, yielding a coefficient of regression (R²) of 0.99. The method demonstrated 

precision, with a % RSD (relative standard deviation) of 0.13% for intra-day measurements and 0.86% 

for inter-day measurements. Tthe limit of detection (LOD) was determined to be 0.54 µg/mL, while 

the limit of quantification (LOQ) was 1.64 µg/mL. 

2.2.6. In Vitro Skin Permeation Study  

To assess the release of TQ, full thickness dermatomed human cadaver skin obtained from the 

posterior torso was obtained from the New York Firefighters Skin Bank, USA. Upon arrival, the skin 

was immediately frozen at a temperature of -80 °C. On the day of the study, the skin was thawed in 

filtered PBS (pH 7.4) at room temperature for a duration of 10 minutes. A suitable portion of the skin 

was then cut and positioned between the donor and receptor chambers of a vertical Franz Diffusion 

Cells (FDC), with the stratum corneum facing the donor chamber and lower part of the skin was in 
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contact with receptor compartment. The receptor chamber was filled with a known volume of pH 7.4 

PBS buffer and continuously stirred using a small PTFE-coated magnetic bar rotating at a speed of 

600 rpm. The skin surface temperature was maintained at 32 °C by placing the FDC in a dry block 

heater (Logan Instruments, Somerset, NJ, USA) set at a precise temperature of 37 ± 0.5 °C. The number 

of Franz cells per experimental group was n=5. 

After allowing the assembled FDCs to equilibrate for a minimum of 30 minutes, 500 μL of each 
formulation was applied to the skin in the donor compartment as described by Virani et al. [36]. At 

specific time intervals, a sample of the receptor medium was withdrawn 300 ul, and an equivalent 

volume of fresh buffer solution was added to the receptor chamber. The corrected concentration of 

TQ in the withdrawn sample was then analyzed using the HPLC methods described in section 2.2.5. 

The impact of the formulation on skin integrity was investigated by conducting TEWL 

measurements before applying the formulation to the donor side and at the conclusion of the study, 

following established protocols [37].  

The cumulative amount of TQ permeated per unit area was calculated according to Equation (3) 𝑄𝑛 =  Cn Vr+ ∑ Ci Vs
n−1
i=0

A
 …. (3) 

where Qn is the cumulative amount of the drug permeated per unit area (µg/cm2) at different 

sampling times, Cn is the drug concentration in the receiving medium at different sampling times 

(µg/mL), Ci is the drug concentration in the receiving medium at the i (n−1) sampling time (µg/mL), 

Vr is the volume of the receptor solution (mL), Vs is the volume of the sample withdrawn (mL), and 

A is the effective permeation area of the diffusion cell (cm2). The Qn values were plotted over time, 

and subsequently, the steady-state flux (Jss) was determined by analyzing the slope of the linear 

segment within the plot. 

The permeability coefficient (Kp) was calculated with Equation (4) 𝐾𝑝 =  Jss
C0

 …. (4) 

where 𝐽𝑠𝑠 - steady state flux (μg cm−2h−1), and 𝐶0 - concentration of TQ in the donor compartment (µg 

mL−1 ). 

The enhancement ratio was calculated by dividing the flux of the test formulation by that of the 

control formulation (TQ C) with equation (5) below: 𝐸𝑛ℎ𝑎𝑛𝑐𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 =  Jss of TQ in formulation
Jss of TQ C  …. (5) 

2.2.7. Skin Disposition Study  

Upon completion of the permeation study, the skin samples were extracted from the Franz 

Diffusion Cells. They were then carefully cut around the diffusional area, allowed to air-dry, precisely 

weighed, and subsequently transferred into bead bug tubes. . To isolate the drug, the skin samples 

were cut into small pieces using a pair of scissors. Subsequently, 1 mL of ethanol was introduced into 

each sample tube to facilitate the extraction of TQ from the skin.[38]. Then, skin samples were 

homogenized using a BeadBugTM Microtube homogenizer, D1030 (Benchmark Scientific, Sayreville, 

NJ, USA). Finally, samples were centrifuged at 1200 rpm for 5 min, and filtered through a 0.45 µm 

polypropylene filter to remove skin debris. Filtered samples were analyzed using validated HPLC. 

The amount of TQ in the skin was represented as TQ (µg) per skin weight (mg). 

2.2.8. In Vitro Permeation Testing of Rhodamine B Loaded Formulation 

The time-dependent permeation behavior of Rhodamine B from the ethosomal and 

transethosomal system in human cadaver skin was measured by an ECHO Revolve 4 microscope 

(Echo Revolve microscope, R4, Echo Laboratories, U.S.A). A Franz diffusion cell with a donor area of 

0.64 sq. cm was used as explained in section 2.2.6. Different formulations loaded with Rhodamine B 

(500 μL) were added to the skin in the donor compartment. The treated skin samples were removed 
at 4 and 8 h after Rhodamine B loaded formulation application. The residual formulation was 
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removed from the donor compartment, the skin surface was then washed and cleaned and finally 

dried with cotton swab and cut only around the permeation area of 0.64 sq. cm. The skin tissue 

samples were embedded in Optimal Cutting Temperature compound (OCT), left in the freezer at -80 

degrees, then sectioned at 10 μm thickness, with a cryo-ultramicrotome (Leica Biosciences, Nussloch, 

Germany) and observed with the ECHO Revolve 4 microscope, with an excitation wavelength of 556 

nm. All procedures were carried out in the dark to prevent the influence of incident light [31,39]. 

2.2.9. Antimicrobial Assay 

We used disc diffusion method to test the antimicrobial activity of TQ-loaded films against S. 

aureus (ATCC, Stock # 49230). Briefly, Muller Hinton agar (MHA) plates were prepared by pouring 

molten media into sterile Petri dishes. Then, 100 µL of overnight cultured bacteria adjusted to OD 

concentration of 0.542 (OD 1 = 1 × 109/mL of bacteria) in sterile TSB (Tryptic Soy Broth) was spread 

on the surface of MHA agar plates with the help of a sterile spreader. Subsequently, a disc-shaped 

polymer films measuring 0.64 cm2 and 100 µL of 40 µg TQ formulations were placed on the agar 

surface. The plates were then incubated at 37 °C for 24 hours. As positive controls, azithromycin 

(Sigma Aldrich, expiration date 31/12/24) at a concentration of 15 µg/ 100ul was employed, while the 

blank formulation served as a negative control. Following the incubation period, the inhibition zones 

surrounding the polymer discs were examined. 

2.2.10. Cytotoxicity Assay  

The cytocompatibility of TQ-loaded ethosomes and transethosomes was assessed on HaCaT cell 

line (Human Keratinocytes, AddexBio) using AlamarBlue® assay. The cells were seeded into 96 flat 

bottom well plate at a density of 10,000 cells per well in 80 µL 1 % FBS DMEM dispersion overnight. 

Then 20 µL of the respective TQ solutions were added and incubated for 24 h. Cells treated with 

formulation-free media were included as a negative control. Then, 10 µL of AlamarBlue® was added 

and incubated for 3 hours after which fluorescence was measured using microplate reader (Tecan, 

Männedorf, Switzerland). 

2.2.11. Statistical Analysis 

All results are reported as mean ± SD (n=5). The statistical analysis of the data was evaluated 

using one-way Anova and Dunnet’s multiple comparison test. Results with p-values <0.05 were 

considered significant. 

3. Results and Discussion 

3.1. A Monolayer Study 

The π-A isotherms for Ph 90 in the presence of various surfactants were shown in Figure 1a. 

Except for SLS, the surfactants caused a significant shift of the curves towards higher molecular areas 

which indicate their insertion into the lipid monolayer. This finding demonstrates the potential of 

surfactants to act as edge activators in pharmaceutical formulation based on Phospholipon 90. 

Furthermore, the elevated initial surface pressure at A≈130 Å2/mole confirmed the surface activity of 

the surfactants and synergistic effect of Tween 20 + SLG and Tween 20 + SLS which increased surface 

pressure more efficiently than the single surfactants alone at the same total concentration. This 

implies that the functionalization of lipid vesicles might be achieved using smaller total amount of 

edge activators if Tween 20 is mixed with anionic surfactant in comparison to the single surfactant. 

The monolayer of Ph 90 was also slightly more stable in the presence of Tween 20 + SLG and Tween 

20 + SLS as the monolayer collapsed at higher surface pressure than other films. This result means 

that addition of these surfactants might have slightly positive impact on the stability of 

transethosomes. The compression modulus curves shown in Figure 1b reflect the packing and 

ordering in the film. The plot indicated the fluidizing effect of Tween 20 and SLG on the lipid 

monolayer as the maximum values of Cs-1 are lower than for Ph 90. It means that the monolayer is 
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more compressible in the presence of these compounds which might be perceived as beneficial for 

the lipid vesicle that should more easily undergo deformation during transdermal drug delivery. In 

contrast to that, SLS caused the increase of compression modulus which suggests the monolayer 

became more compact. The combination of surfactants caused the fluidization of the monolayer only 

for π<35 mN/m however the maximum Cs-1 value was reached at 39 mN/m and it was close to the 

value obtained for the monolayer of Ph90. This result suggests that the vesicles modified with 

combined surfactants may be more tightly packed, hence smaller in size and less susceptible to drug 

leakage.  

The results of interfacial dilational rheology studies are shown in Figure 2. The domination of 

elastic properties over the viscous behavior was observed when comparing the G’ (Figure 2a) and G’’ 
(Figure 2b) values for the same amplitude. Most of the surfactants caused the increase of G’ in 
comparison to the monolayer of pure Ph 90. The largest effect was observed for Tween 20, SLS, and 

their combination which may suggest their considerable potential to modify the deformability of lipid 

nanocarrier in the formulation and enhance the permeation of the drug through the skin. For SLG 

and Tween 20 + SLG the elastic modulus was close to the G’ for pure Ph 90 regardless of the amplitude 
applied. The contribution of the viscous component to the interfacial viscoelasticity was the most 

significant for small amplitudes and it decreased with the growth of amplitude. Considering the 

capability of transethosomes to significantly decrease their radius when permeating the skin barrier, 

the results of dilational rheology experiment are the most relevant to the drug permeation through 

the skin for the largest amplitude of deformation. Therefore, analyzing the values of G’ for the 
amplitude 20% one can observe the positive impact of Tween 20, SLS and their combination on the 

elastic response of the lipid layer on area deformation. It means the vesicles modified with these edge 

activators might be capable of restoring their original size and shape after the force causing 

deformation is removed. In other words, these vesicles might be more flexible and stable than other 

formulations.  

Overall, the results of the monolayer study indicate the role of edge activators in transethosomes 

is complex and include several mechanisms which may lead to the increase of stability, changes of 

size and improvement of deformability. Therefore, all surfactants used may improve the properties 

of vesicles, however the mechanism of their activity might be slightly different. The combinations of 

Tween 20 with SLS and SLG may easily incorporate into the lipid vesicle however only Tween 20+SLS 

efficiently modifies its rheological behavior at high amplitudes which is why this combination might 

be the most promising for enhancing the transport of the drug through the skin. 
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Figure 1. The π-A isotherms (a) and compression modulus curves calculated using Equation 1 (b) for 

Ph 90 in the presence of various edge activators and their combinations in the subphase. 
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Figure 2. The elastic (G’) and viscous (G’’) dilational moduli of the lipid film in the presence of 

surfactants determined for various amplitudes of oscillations. 

3.2. Characterization of TQ-Loaded Ethosomes and Transethosomes and the Effect of Different Edge 

Activators 

Characterizing the prepared TQ-loaded ethosomes and transethosomes is crucial for 

understanding their permeability, considering factors such as size, zeta potential and encapsulated 

drug content. Hence, it is imperative to assess the particle size, polydispersity index (PDI), zeta 

potential, and %EE (Table 2) of the TQ-loaded ethosomes and transethosomes. 

The results revealed that the type of surfactant played a significant role (p < 0.05) in determining 

the particle size.  

Table 2. Physiochemical properties of the obtained vesicles. data are presented as means ± SD (n=3). 

Formula Zeta Average (nm) PDI EE% Zeta Potential (mV) 
F1 133.76  1.26 0.20  0.03 87%  0.34 -20  0.3 

F2 115.49  0.72 0.19  0.01  94%  0.26 -62  0.4 

F3 154.67  2.68 0.22  0.02 92%  0.35 -32  0.6 

E 164.14  5.05 0.12  0.02 81%  0.41 -38  0.2 

EE: Entrapment Efficiency, PDI: Polydispersity Index. 

Generally, the addition of the edge activator led to a decrease in particle size. Transethosomes 

prepared with the combination of Tween 20 and SLS exhibited the smallest vesicle sizes (115.4 nm), 

followed by those prepared with Tween 20 alone (133.7 nm), and finally, the combination of Tween 

20 and SLG-based transethosomes (154.3 nm). 

Furthermore, the combination of nonionic and ionic surfactants has been shown to increase the 

entrapment efficiency. The entrapment efficiency is influenced by the phase transition temperature 

(Tc) of the surfactant, with higher Tc values generally resulting in higher entrapment efficiency. 

Additionally, the use of an embedded edge activator (surfactant) such as SLS, SLG, and Tween 20 

can solubilize the drug in the lipid bilayer, contributing to a significant increase in the entrapment 

efficiency of the encapsulated drugs [40]. 

Anionic surfactants possess a negative charge, which allows them to interact with positively 

charged drug molecules through electrostatic interactions. This interaction promotes the entrapment 

of the drug within the vesicles, leading to an increased entrapment efficiency. The anionic surfactant 

SLS enhances the repulsive force between the lipid bilayers, increasing membrane elasticity and 

enabling vesicles to accommodate higher amounts of the drug, this finding was confirmed by several 

publications [40]. Anionic transethosomes have been reported to exhibit higher %EE compared to 

cationic ones, which is reflected in their higher EE values [41]. 

Transethosomes have also demonstrated significantly higher %EE for TQ compared to 

ethosomes. This can be attributed to the solubilizing properties of the surfactant and the interactions 

among the surfactants, thymoquinone, and the lipid bilayer. 

3.3. Ex Vivo Skin Disposition and Permeation Study 

Ethosomes are a unique type of deformable lipid vesicles characterized by fluid lipid bilayers. 

They have been reported to enhance the delivery of various molecules into deep skin layers. The 

precise mechanism of skin drug delivery by ethosomes is not fully understood [42]. High 

concentrations of ethanol in the formulation contribute to the flexibility of the vesicles, which 

evaporates from the formulation upon application to the skin surface under non-occlusive conditions 

[33]. However, the impact of the overall composition of ethosomes on the structure of the SC bilayer 

is not yet completely elucidated. Nevertheless, their simple composition, the solubility-enhancing 

properties of ethanol for numerous drugs, and their ease of preparation make them promising 

candidates for the topical delivery of various drugs, particularly lipophilic ones [43]. 
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The presence of an embedded edge activator, in combination with ethanol, enhances the 

solubility of the drug and facilitates the formation of deformable lipid structures. These deformable 

ethosomes can easily traverse through the skin's corneocytes, thereby improving the retention and 

permeation of the drug in the skin [40]. 

When developing a topical formulation, permeation and penetration studies play a crucial role 

as they provide insights into how the formulation behaves when it meets the skin, ultimately 

predicting its therapeutic effectiveness in vivo [44]. The skin barrier creates a hydrophobic 

environment that is vital for preventing and controlling drug delivery [45]. 

To assess skin integrity, TEWL measurements were conducted. The TEWL measurements, 

ranging from 1.4 to 12.4 g·m−2·h−1 before application, were considered acceptable. Moreover, there was 

no observed increase in TEWL measurements after 24 hours of application. This suggests that 

applying ethosomal and transethosomal formulation did not compromise the integrity of the skin 

barrier. 

The Ex vivo skin permeation experiments on human cadaver skin were carried out utilizing 

Franz diffusion cells to evaluate the potential of TQ delivery through the skin using these 

formulations. The drug permeation profiles of TQ, the cumulative amount of TQ permeated through 

the epidermal and dermal layers over the 24 hours of the skin permeation study, and the amount of 

TQ deposited in the epidermal and dermal layers at 24 hours after the completion of skin permeation 

study, are shown in Figure 3.  

 

Figure 3. (A) Ex vivo drug permeation profiles of thymoquinone (TQ)-loaded ethosomes and 

transethosomes formulations over 24 hours; (B) TQ deposited in the different layers of skin after 24-

hour skin permeation study from formulations tested (n=5.) Data are presented as means with SD. 

F2 formulation showed the highest permeation after 24h (267.13 ug/cm2), F1 (149.42 ug/cm2), F3 

(177.00 ug/cm2) while the value for the control was 60 ug/cm2. The addition of Tween 20 or a 

combination of Tween 20 and SLS demonstrated a significant difference in flux compared to the 

formulation without any surfactant. However, the combination of GLS and SLS did not improve the 

flux when compared to the formulation without a surfactant. The enhanced permeation and 

deposition of TQ can be attributed to the presence of Tween 20 as an edge activator, along with SLS 

and GLS. In this study, the selection of Tween 20 was based on its favorable physicochemical 

characteristics determined through LB studies. The incorporation of Tween 20 and SLS as edge 

activators in TQ deformable ethosomes resulted in higher entrapment efficiency and smaller particle 

size. These factors collectively contribute to improved delivery of drugs to the skin. 

The values of steady-state fluxes (Jss), permeability coefficients (Kp), enhancement ratio, and lag 

time are presented in Table 3. 
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Table 3. Permeation parameters obtained for the investigated formulations. Data are presented as 

means ± SD (n=5), * p<0.01 vs. control # p< 0.01 vs E. 

Formulation  Jss (μg cm−2 h −1 ) Kp (cm h−1 ) Enhancement Ratio Lag Time (hr) 
Control 3.34  0.90  0.003 - - 

F1 21.37  0.01 *# 0.021 6.4 12.3  0.88 

F2 23.71  2.5 *# 0.037 9.8 12.72  0.58 

F3 12.13  1.8 * 0.013 3.63 14.19  0.61 

E 11.71  1.0 * 0.012 3.51 10.42  0.62 

3.4. Fluorescent Microscopy  

To better understand the mechanism of skin penetration of the formulation with or without 

different permeation enhancers, we utilized Rhodamine B as a model lipophilic dye. This allowed us 

to verify the mechanisms related to the penetration of lipophilic drug into the skin. 

The results obtained from confocal microscopy demonstrated that the control solution of 

rhodamine remained restricted to the superficial layer of the stratum corneum. In contrast, the 

formulation containing Rhodamine B-loaded ethosomes exhibited deeper penetration and a higher 

release rate over time, as depicted in Figure 4. This study highlights the improved ability of the 

ethosomes and transethosomes loaded with Rhodamine B to penetrate and distribute throughout 

various layers of the skin, including the epidermis and to some extent, the dermis. The fluorescence 

intensity of the Rhodamine B probe dye served as an indicator of the level of penetration and topical 

effectiveness of the optimized ethosomes system, as assessed in this study. These permeation findings 

align with the results reported by Kausar et al. [46]. 

Regarding the transethosomal formulation containing SLS, it demonstrated lesser disposition 

within the skin, as confirmed by the IVPT results. On the other hand, the SLG formulation exhibited 

the highest disposition in all layers of the skin, with a greater release rate over time, which was 

consistent with the IVPT results. 
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Figure 4. Microscopy images of human cadaver skin samples from the skin penetration study of 

Rhodamine B-loaded ethosomes and transethosomes (A) the skin autofluorescence (B), Rhodamine B 

florescence (C) Overlap of A and B images. Skin only after 4 hours (A1, B1, C1), Skin only after 8 hours 

(A6, B6, C6), E after 4 hours (A2, B2, C2), E after 8 hours (A7, B7, C7). F3 after 4 hours (A3, B3, C3). F3 

after 8 hours (A8, B8, c8). F1 after 4 hours (A4, B4, C4). F1 after 8 hours (A9, B9, C9). F2 after 4 hours 

(A5, B5, B6), F2 after 8 hours (A10, B10, C10). Rhodamine B in hydroethanolic solution after 4 hours 

(A6, B6, C6), after 8 hours (A11,B11,C11). 

3.5. Antimicrobial Assay  

S. aureus is responsible for a significant proportion of skin and soft tissue infections in humans. 

The emergence of antibiotic resistance in S. aureus underscores the critical need for novel approaches 

to address these infections[47]. Hence, the antimicrobial effectiveness of the ethosomes and 

transethosomes formulations containing TQ was evaluated by determining the zones of inhibition of 

S. aureus after 24 h in bacteria culture. The results and zones of inhibition are presented in Table 4 

and Figure 5. Formulations loaded with TQ showed higher antibacterial activities compared to free 

TQ. 

The enhanced antimicrobial effect of TQ when delivered in transethosomes can be attributed to 

several factors. Firstly, the smaller size of transethosomes compared to ethosomes allows for better 

penetration of the drug through the bacterial cell membrane, increasing its ability to disrupt the 

membrane and induce cell death. Secondly, transethosomes can protect the drug from degradation 

by enzymes, allowing for a higher concentration of active drug to be delivered to the site of action. 

Both anionic and nonionic surfactants can have some effect on S. aureus, although their specific 

mechanisms and effectiveness may differ. 

Anionic surfactants, such as SLS have antimicrobial activity against S. aureus. As reported by 

Sonestine et al., SLS 0.002% in growth medium showed 96% to 100% decrease in the ability of bacteria 
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to produce penicillinase which is a source of resistance [48]. These surfactants disrupt the bacterial 

cell membrane by interacting with the lipids, leading to membrane damage and cell lysis. They can 

disrupt the integrity and function of the bacterial cell, ultimately inhibiting its growth. 

Nonionic surfactants, such as Tween 20, generally have less direct antimicrobial activity 

compared to anionic surfactants. Nonionic surfactants typically do not interact strongly with bacterial 

cell membranes. However, they can aid in the dispersal and removal of bacteria by reducing surface 

tension and promoting the wetting and spreading of water. That’s why the combination in the 
formulation of ionic and nonionic surfactant showed a superior result as F2 showed the highest 

permeation in the skin and the highest antimicrobial effect, followed by F3 as it composed of Tween 

20 and SLG the amino acid derived surfactant. Several studies showed it has an antimicrobial effect 

as these surfactants’ perturbation of bacterial membrane [49]. 

 

Figure 5. Bacterial inhibition study. Inhibition of S. aureus growth on agar plates by control negative; 

azithromycin 15 µg positive control; F1, F2, F3, E and TQ 40 µg. 

Table 4. Zone of inhibitions of tested formulation against S. aureus n=3. 

Formulation  Zone of Inhibition (mm) 
Azithromycin 7.82  0.01 

F1 10.0  0.9 

F2 26.4  0.3 

F3 18.1  0.8 

E 6.55  0.9 

TQ 1.8  0.1 

Blank formulation 0  

3.6. Cytotoxicity Study  

To evaluate the safety of the transethosomal formulations, we performed a series of tests on the 

human keratinocyte cell line HaCat. The study included the evaluation of three transethosomal 

formulations (F1-3), one blank formulation, and the single component TQ. Various concentrations of 

the formulations were examined, ranging from 3.125 to 50 µM TQ in the formulation or an equivalent 

amount of transethosomes in the blank formulation. The results indicate that the TQ formulations 

have a significantly improved safety profile compared to TQ alone. Additionally, no discernible 

changes between the three transethosomal formulations were found. These results highlight the 

potential of transethosomal delivery systems to improve the safety of TQ-based formulations for 

future applications. 
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Figure 6. Viability of Keratinocyte cell line (HaCaT) as measured by AlamarBlue assay. After 24 hr 

incubation with hydroethanolic TQ solution or TQ loaded in ethosomes or transethosomes. Data 

represent average values ± SD (n >3). Statistically significant differences: * (p <0.05), ** (p <0.01), *** (p 

<0.001) and **** (p <0.0001). 

4. Conclusions  

Transethosomes serve as a more effective skin delivery system compared to ethosomes, 

particularly when composed of a combination of edge activators. Monolayer studies have revealed 

that this combination of edge activators enhances the elasticity of these surfactants when interacting 

with lipids. Specifically, the combination of Tween 20 with either SLS or SLG has been found to 

significantly enhance permeation, flux, EE, and the antimicrobial effects of TQ. 
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