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Purpose: This study investigated the development and characterization of trans-resveratrol-loaded transfersomes, with and without
cholesterol, for potential non-irritating dermal applications.

Methods: Transfersomes were prepared using thin-film hydration combined with probe sonication, incorporating hydrogenated
lecithin, cholesterol, and Tween®™ 60 in six different ratios. The formulations were characterized for their physicochemical properties,
including particle size, polydispersity index, zeta potential, entrapment efficiency, morphology, in vitro release profiles, dermal
permeation potential, and safety profile.

Results: All formulations exhibited particle sizes below 150 nm and zeta potentials below —30 mV, indicating favorable character-
istics for dermal delivery. Cholesterol incorporation significantly increased particle size and enhanced zeta potential (p<0.05).
Formulations containing 3-3.5% w/v hydrogenated lecithin achieved superior entrapment efficiency (>90%) compared to those with
lower lecithin content (p<0.05), regardless of cholesterol incorporation. Transfersomes containing cholesterol displayed morphology
with well-defined edges compared to cholesterol-free formulations. In vitro release studies revealed distinct release profiles, with
cholesterol-free formulations releasing 70-83% of trans-resveratrol over 24 hours, compared to only 0-30% for cholesterol-containing
formulations. Strat-M® membrane-based permeation studies confirmed enhanced trans-resveratrol delivery across all transfersomal
systems compared to the saturated solution (p<0.05), though cholesterol showed no significant impact on permeation efficiency. These
findings indicate that cholesterol influences release profile but has limited effect on permeation efficiency. Safety assessment using the
Hen’s Egg Test-Chorioallantoic Membrane (HET-CAM) assay classified the developed transfersomes as weak irritants, indicating their
dermal safety. Notably, formulation F3, with a hydrogenated lecithin to cholesterol to Tween 60 ratio of 6:0:4, emerged as the optimal
candidate, achieving the highest release rate (80.24% over 24 hours) while maintaining favorable permeation compared to control.
Conclusion: These findings feature the potential of transfersomal systems, particularly cholesterol-free variants, as promising carriers
for the effective and safe dermal delivery of trans-resveratrol.
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Introduction

In recent years, the demand for effective and safe skin-whitening agents in cosmetic formulations has increased
substantially. However, delivering these active compounds through the stratum corneum, the skin’s outermost barrier,
remains a major formulation challenge. One promising candidate is trans-resveratrol, a natural polyphenol found in
grapes, peanuts, and berries, known for its strong antioxidant, anti-inflammatory, anti-aging, and skin-whitening

properties.' Its depigmenting effect is largely attributed to its ability to inhibit tyrosinase, the rate-limiting enzyme in
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melanin biosynthesis, by interfering with both monophenolase and diphenolase activities. Additionally, trans-resveratrol
downregulates key melanogenesis-related proteins, including tyrosinase (TYR), tyrosinase-related protein 1 (TRP-1), and
TRP-2.%% At a concentration as low as 0.1%, trans-resveratrol has demonstrated higher tyrosinase inhibition efficacy than
kojic acid, a commonly used whitening agent.”

Beyond its skin-whitening effects, trans-resveratrol exerts remarkable anti-aging properties by inhibiting collagenase,
elastase, and matrix metalloproteinases, which are key enzymes involved in skin aging and extracellular matrix
degradation.” It effectively reduces reactive oxygen species production and inhibits UVB-induced activation of the
nuclear factor kappa-B (NF-kB) transcription factor pathway,®’ thereby offering photoprotective effects. Trans-
resveratrol also regulates inflammation by modulating signaling pathways involving NF-kB and Activator Protein-1,
leading to reduced expression of inflammatory mediators.® Furthermore, it has demonstrated antibacterial activity
against Cutibacterium acnes.'® Altogether, these properties establish trans-resveratrol as a strong candidate for multi-
functional cosmeceutical formulations. Its primary sites of action include the epidermis, where it exerts skin whitening

and anti-acne effects,'!?

and the dermis, where it contributes to anti-aging benefits through collagen preservation.'?

Despite its promising biological activity, the clinical application of trans-resveratrol in topical formulations is limited
by several physicochemical barriers. These include its hydrophobicity (log P = 3.1), poor aqueous solubility, chemical
instability (especially under light and oxidative conditions), and moderate molecular weight (228.25 Da), which
collectively hinder its percutaneous absorption and bioavailability.'*'> Consequently, the development of advanced
and safe delivery systems is critical to enhance its stability, skin permeation, and therapeutic efficacy in cosmetic
products.

1617 and niosomes'® for the delivery of trans-

Previous studies have investigated vesicular systems such as liposomes
resveratrol. Liposomes, typically composed of phospholipids and cholesterol, and niosomes, formed from non-ionic

surfactants and cholesterol, utilize cholesterol as a membrane stabilizer to enhance rigidity, reduce leakage, and improve
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overall stability.'” Moreover, both systems often suffer from drawbacks such as low entrapment efficiency and short half-
life,"®*° limiting their effectiveness for dermal delivery.

To overcome these limitations, transfersomes, second-generation, ultra-deformable vesicles composed of phospholi-
pids and edge activators such as Tweens, Spans, or sodium deoxycholate, have been developed. Originally developed by
Cevc and Blume in the 1990s, transfersomes possess highly flexible membranes that enable them to penetrate the stratum
corneum by exploiting the skin’s transepidermal water gradient.”’ Several studies have demonstrated that transfersomes
outperform conventional liposomes in enhancing skin penetration and drug bioavailability, especially for targeting deeper
skin layers.”? Importantly, transfersomes are capable of encapsulating lipophilic compounds such as diclofenac diethy-
lamine (DDEA) and curcumin with relatively high entrapment efficiencies of nearly 90%.>*** Additionally, Cevc et al
(1996) reported that transfersomes could transport lipophilic fluorescent markers through murine skin at rates more than
50% higher than liposomes.

The performance of transfersomes is significantly influenced by both the type of edge activator used and the
phospholipid-to-edge activator ratio, as these factors directly affect vesicle size, entrapment efficiency, and skin
permeation.”> Several studies have highlighted the superior encapsulation capacity of polysorbate-based edge activators,
particularly Tween surfactants. For instance, Caddeo et al (2018) demonstrated that Tween 60 and Tween 80 achieved
higher entrapment efficiency for hydrophobic compounds such as tocopherol.”® Furthermore, stability studies indicate
that Tween 60 provides greater vesicle stability compared to Tween 80, likely due to the absence of unsaturated double
bonds in its structure.’’*® Additionally, trans-resveratrol shows improved solubility in hydrophilic surfactants like
Tween, compared to hydrophobic surfactants such as Span, making Tween 60 an ideal candidate for transfersome
formulations.”® However, the concentration of edge activators must be carefully optimized. Excessive edge activator can
disrupt bilayer integrity by forming pores, thereby reducing drug retention and permeation efficiency.”” On the other
hand, insufficient surfactant can limit vesicle formation and maturation. Interestingly, smaller vesicles are often observed
at higher phospholipid-to-surfactant ratios, due to restricted surfactant availability that prevents full bilayer expansion
and vesicle maturation.’® Therefore, optimizing the phospholipid-to-edge activator ratio is crucial to achieving a balance
between vesicle stability, size, and drug delivery efficiency. The importance of this ratio was further demonstrated in
a study by Wu et al (2019), which investigated the stability of trans-resveratrol-loaded transfersomes. In that study,
a formulation composed of lecithin and edge activators (Tween 20 or Tween 80) at a 3:1 ratio exhibited enhanced
stability, with no significant degradation observed over 14 days. The optimized formulation achieved an entrapment
efficiency of approximately 59.93% and demonstrated improved skin accumulation (27.59%) over a 6-hour period.”'
These findings reinforce the potential of transfersomes as a promising vehicle for the topical delivery of trans-resveratrol.

Despite these advances, most transfersome formulations have focused primarily on optimizing lipid and surfactant
components, often excluding cholesterol, a well-known membrane stabilizer in conventional liposomal systems. While
cholesterol is recognized for its ability to enhance membrane integrity, reduce drug leakage, and extend shelf life, its role
within transfersomal systems remains largely unexplored, presenting a valuable opportunity for innovation in vesicular
drug delivery.

Therefore, this study systematically evaluates cholesterol’s dual role in modulating structural integrity and functional
performance within transfersomal systems, specifically for the delivery of trans-resveratrol. By varying phospholipid-to-
edge activator ratios and incorporating cholesterol, key formulation attributes will be assessed: particle size, zeta
potential, morphology, in vitro release, skin permeation, and irritation potential via HET-CAM assay. This comprehensive
approach bridges the knowledge gap while establishing an optimized trans-resveratrol delivery platform for advanced
cosmetic skin-whitening applications.

Materials and Methods

Materials

Trans-resveratrol was obtained from DSM Nutritional Product, Switzerland. Hydrogenated lecithin (Lecinol S-10M; PC
55-65%) was purchased from Nikko Chemicals Co., Ltd., Japan. Tween 60 was purchased from Croda Singapore Pte
Ltd, Singapore. Cholesterol was purchased from Combi-Blocks, Inc., USA. Chloroform, methanol and acetonitrile were
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bought from Thermo Fisher Scientific™, USA. Propylene glycol was bought from Tokyo Chemical Industry, Japan.
Cellu-Sep® regenerated cellulose tubular membrane (MWCO: 12000-14000 Da) was obtained from Orhiyo Enterprise
Inc., Taiwan. Strat-M membrane was purchased from Merck Millipore, Germany. Other chemicals and solvents used in
the study were of analytical reagent grade.

Preparation of Trans-Resveratrol Loaded Transfersomes

The transfersomes were prepared using the thin-film hydration method followed by probe sonication downsizing. The
components used for the preparation of the transfersomes are presented in Table 1. Briefly, hydrogenated lecithin,
cholesterol, Tween 60, and trans-resveratrol were dissolved in a mixture of chloroform and methanol (4:1 v/v). The
solution was transferred into a round-bottom flask and evaporated using a rotary evaporator (N-1000, Eyela, Taiwan)
under vacuum conditions at a pressure ranging from 35-65 cmHg at 50°C to form a thin film. Nitrogen was introduced
for 15 minutes to eliminate any remaining traces of solvent. The thin films were hydrated with double-distilled water
using a rotary evaporator rotating without vacuum for 30 minutes. After hydration, 30 mL of each formulation underwent
downsizing using a probe sonicator (Q125 Sonicator™, QSONICA, USA). The sonication was performed at 10%
amplitude for 5 cycles, with each cycle lasting 120 seconds. The formulations were then kept at 25°C for 24 hours
before measuring their size, zeta potential, entrapment efficiency (EE), and pH.

Characterization of Trans-Resveratrol-Loaded Transfersomes

Physical Appearance and pH

The physical appearance of the transfersomes was examined by visual inspection for sedimentation and phase separation.
The pH was measured using a pH meter (SevenCompact™ pH/ion meter s220, Mettler Toledo, USA).

Particle Size, Polydispersity Index, and Zeta Potential

Briefly, before analysis, the samples were diluted 10-fold with double-distilled water to avoid multiple scattering effects
and ensure optimal measurement conditions. The diluted samples were then equilibrated at 25 = 1 °C for 5 minutes prior
to measurement to allow temperature stabilization. Particle size and polydispersity index (PDI) as well as zeta potential
were determined using dynamic light scattering (Otsuka Electronics, ELSZ-2000 Series, Japan) with a scattering angle
of 90.

Morphology

The morphology of the trans-resveratrol-loaded transfersomes, both with and without cholesterol, was evaluated using
transmission electron microscopy (TEM). The sample was diluted before being deposited on the copper grid. A diluted
sample drop was placed on the copper grid and allowed to dry. The sample was then stained with 1% phosphotungstic
acid and allowed to dry again. The copper grid with the dried sample drop was placed in a vacuum drying machine for at
least 24 hours before being examined using the transmission electron microscope (JEOL, JEM 3100, Japan) operating at
200 kV.

Table | Components Used for the Preparation of Trans-Resveratrol-Loaded Transfersomes by the Thin-Film Hydration
Method Followed by Probe Sonication

Formulation | Hydrogenated Lecithin: % wiv
Cholesterol: Tween
. Trans-Resveratrol | Hydrogenated Lecithin | Cholesterol | Tween 60
60 (Mass Ratio)

Fl 7:0:3 0.1 35 - 1.5

F2 7:1:2 0.1 35 0.5 |

F3 6:0:4 0.1 3 - 2

F4 6:1:3 0.1 3 0.5 1.5

F5 5:0:5 0.1 25 - 25

Fé6 5:1:4 0.1 25 0.5 2
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Quantification of Trans-Resveratrol by High-Performance Liquid Chromatography

The amount of trans-resveratrol was analyzed using HPLC-UV (Pump; Chromaster 5110, Hitachi, Japan and
Autosampler; Chromaster 5210, Hitachi, Japan) on a C18 column (Spherisorb ODS2 10 pm, 4.6x250 mm). The mobile
phase was run as an isocratic elution, consisting of 0.1% acetic acid in water and acetonitrile (65:35, v/v), with a flow rate
of 1 mL/min. The column temperature was maintained at 25 °C, and the eluent was detected at a wavelength of 306 nm
by the UV-Vis Detector (Chromaster 5420, Hitachi, Japan). The overall run time was set at 12 minutes.

Entrapment Efficiency

Entrapment efficiency was determined using the ultracentrifugation method.** An ultracentrifuge (Hitachi, CS150 GXL,
Japan) was employed to separate the free trans-resveratrol from the trans-resveratrol-loaded transfersomes. A 500 uL
sample was loaded into an ultracentrifuge tube and subjected to centrifugation at 120,000 rpm at 4°C for 1 hour. The
supernatant obtained after centrifugation was collected for subsequent analysis by High-Performance Liquid
Chromatography (HPLC) to quantify the free (unentrapped) trans-resveratrol (C free). To determine the total trans-
resveratrol concentration in the transfersomes, 50 uL of the sample was mixed with 50 pL of chloroform and 900 pL of
methanol and the mixture vortexed for 1 minute before being centrifuged at 12,000 rpm at 4°C for 10 minutes. The
supernatants were then analyzed by HPLC as previously described to quantify the total trans-resveratrol content in the
formulations (C total).

The following equation was used to calculate the entrapment efficiency.

C total — C fi
Entrapment efficiency (%) = HXIOO (1)

In vitro Release Study

An in vitro release study was conducted using a Franz diffusion cell (Model VTC-200, LOGAN Instruments Corp.,
USA) equipped with a cellulose membrane (Cellu-Sep regenerated cellulose tubular membrane; MWCO: 12,000-14,000
Da). The cellulose membrane was placed between the donor compartment and the receptor compartment of the Franz
diffusion cell apparatus. Subsequently, the receptor compartment was filled with a medium consisting of pH 7.4
phosphate-buffered saline containing 20% propylene glycol and 20% ethanol.’® The temperature was set at 37 2 °C
with circulation, ensuring that the membrane surface temperature remained near 32 °C, and a magnetic stirrer was
employed at 600 rpm during testing. One milliliter of the sample was added to the donor compartment. Samples were
withdrawn at predetermined time points (0.5, 1, 2, 3, 4, 6, 8, 12, 24 hours) and replaced with equal volumes of fresh
buffer. The collected samples were then subjected to analysis by HPLC to obtain quantitative results. At the end of the
24-hour release study, the remaining formulation in the donor compartment was collected. A 50 uL aliquot of this was
mixed with 50 pL of chloroform and 900 pL of methanol, vortexed for 1 minute, and centrifuged at 12,000 rpm at 4 °C
for 10 minutes. The supernatant was analyzed by HPLC. The % release was calculated based on the amount of drug
quantified in the receptor compartment at predefined time intervals (0.5, 1, 2, 3, 4, 6, 8, 12, and 24 hours), relative to the
total initial amount of drug applied to the donor compartment. The percent recovery was also calculated as the sum of the
drug recovered from the donor compartment, membrane, and receptor compartment, divided by the initial dose applied.

In vitro Permeation Study

An in vitro permeation study of trans-resveratrol (t-RES) loaded transfersomes was conducted using a Franz diffusion
cell equipped with a Strat-M membrane (effective area: 0.95 cm?) over a period of 24 hours. A Strat-M membrane is
a synthetic membrane made up of multi-layers of polyester sulfone with a thickness of approximately 300 pm to mimic
different layers of human skin. This membrane is widely used in early-stage topical delivery research as a non-biological
alternative to excised human or animal skin. Strat-M consists of multiple layers that structurally and functionally mimic
the skin’s key layers. The uppermost dense layer, coated with synthetic lipids, simulates the stratum corneum, while the
underlying porous layers represent the viable epidermis and dermis. Its low inter-batch variability, ease of handling, and
absence of ethical concerns make it especially suitable for preliminary permeation screening. Additionally, several
studies have shown a strong correlation between permeation data from Strat-M and from human or porcine skin,
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particularly for lipophilic compounds like trans-resveratrol.** ¢ The Strat-M membrane was placed between the donor
compartment and the receptor compartment of the Franz diffusion cell apparatus, with the shiny side in contact with the
donor. Subsequently, the receptor compartment was filled with a medium consisting of pH 7.4 phosphate-buffered saline
containing 20% propylene glycol and 20% ethanol. The receptor medium was maintained at 37 + 2°C using a circulating
water bath, ensuring that the membrane surface temperature remained near 32 °C, in alignment with physiological skin
conditions.>’® The receptor medium was stirred continuously using a magnetic bar at 600 rpm. The test was conducted
under non-occlusive conditions. Three hundred microliters of the sample were added to the donor compartment. The
receptor medium was withdrawn from the receptor compartment at 24 hours. The amount of trans-resveratrol in the
receptor medium at 24 hours (t-RES R,4) was then subjected to analysis by HPLC to obtain quantitative results, and the
remaining amount of transfersomes in the donor compartment was taken out for the HPLC analysis to determine the
remaining trans-resveratrol amount in the donor site (t-RES D,,) after 24 hours of testing. The deposited amount of trans-

resveratrol in membrane was calculated according to the following equations:>>%4°

Deposited t — RES in membrane = Added t — RESamount—(t — RESRy4+t — RESD,4) 2)

A saturated aqueous solution of trans-resveratrol was used as the control.

Hen’s Egg Test — Chorioallantoic Membrane Assay

The HET-CAM assay was employed as a primary screening tool for irritation potential. HET-CAM is a well-established,
validated alternative method recognized by regulatory agencies (eg, ECHA 2015, EU) for assessing acute irritation,
particularly in early-stage dermal and ocular formulations.*' ™ Its ability to evaluate vascular responses such as
hyperemia, hemorrhage, and coagulation makes it a valuable model for detecting irritant effects without the use of
animal testing. Moreover, its use aligns with the 3Rs principle (Replacement, Reduction, and Refinement) in biomedical
research. At this stage of development, HET-CAM assay was used to investigate the irritation potential of blank
transfersomes and trans-resveratrol-loaded transfersomes by observing the effects on the chorioallantoic membrane
(CAM) of the hen’s egg. Hen eggs were purchased from the Animal Drugs Inspection Branch, Veterinary Research
Institute, and the Ministry of Agriculture of Taiwan. On the 7™ day, the eggshell was opened on the side of the air
chamber, exposing the internal white membrane. The white membrane was moistened with 0.9% (w/v) sodium chloride
(NaCl) for 30 seconds before removing it. Then, 300 pL of the formulation was applied to the chorioallantoic membrane.
The irritation potential was assessed by visually monitoring and recording the onset time (in seconds) of three key
reactions: hemorrhage (H), vasoconstriction (V), and coagulation (C), after application of the test formulation. These
changes were observed directly on the chorioallantoic membrane for a total of 300 seconds (5 minutes) using a digital
stopwatch and documented in real-time under standardized lighting conditions. The recorded onset times were then used

to calculate the Irritation Score (IS) using the following equation:***3

301 —H)xS5 301 —V)x7 301 —C)x9
(301 —H)xS (301 —V)x7 (301 —C)x

Irritation Scores (IS) = 300 300 300

A3)

Where H represents hemorrhage: the start time of bleeding from the vessels (in seconds); V represents vasocon-
striction: the start time of blood vessel disintegration (in seconds); C represents coagulation: the start time of intra-
and extravascular protein denaturation, observed as a decrease or cessation of blood flow due to thrombosis (in
seconds).

Positive controls I and II used were 0.1 M sodium hydroxide (NaOH) and 1% (w/v) sodium lauryl sulfate (SLS),
respectively. The negative control used was 0.9% (w/v) NaCl. The irritation score (IS) of the tested formulations was

classified according to the following scale (Table 2):***

Statistical Analysis

All measurement was performed in triplicate to ensure reproducibility and the results are presented as mean + standard
deviation. Differences between the formulations’ characteristics and properties were assessed using one-way ANOVA
followed by Tukey’s post hoc test with the Statistical Package for the Social Sciences (SPSS) version 29.0 (USA).
Statistical significance was considered for p values < 0.05.
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Table 2 The Irritation Scores (IS) for
the HET-CAM Assay and Their
Corresponding Irritation Categories

IS Irritation Category
0-09 Non - irritation
1.04.9 Weak or slight irritation
5.0-89 Moderate irritation
9.0-21.0 | Strong or severe irritation

Results

Characterization of Trans-Resveratrol-Loaded Transfersomes

Physical Appearance and pH

Photographs depicting the physical appearance of all the formulations are presented in Figure 1. All the formulations
appeared translucent and homogeneous, with pH values ranging from 5 to 5.5. No statistically significant differences in

pH values were observed among the formulations.

Particle Size, Polydispersity Index, and Zeta Potential
Size-wise, all formulations exhibited particle sizes below 150 nm (Table 3). Comparative analysis of formulations with
equivalent hydrogenated lecithin content (eg, F1 vs F2, F3 vs F4, and F5 vs F6) revealed a consistent trend: cholesterol-
containing formulations produced significantly larger particles (p < 0.05). However, an exception was observed with F5
and F6, where F5 displayed a larger particle size despite lacking cholesterol. Further comparisons of formulations with
similar total lipid content (hydrogenated lecithin combined with cholesterol) (F1 vs F4, F3 vs F6) confirmed that
cholesterol-containing formulations consistently produced significantly larger particles. The polydispersity index of all
formulations was in the range of 0.26-0.32. Zeta potential analysis indicated robust electrostatic stabilization across all
formulations, with values exceeding —30 mV. Notably, cholesterol-containing formulations exhibited significantly more
negative zeta potential values (p < 0.05).

As summarized in Table 3, the particle size, polydispersity index, and zeta potential of the resulting trans-resveratrol-
loaded transfersomes highlight the dual role of cholesterol in both increasing particle size and enhancing electrostatic
stability (p < 0.05). While the inclusion of cholesterol increases particle size, it also improves the surface charge (zeta

potential) characteristics.

Formulation F1 F2 F3 F4 F5 F6
Hydrogenated lecithin:
Cholestergtl): Tween® 7:0:3 7:1:2 6:0:4 6:1:3 5:0:5 5:1:4

(Mass ratio)

Physical
appearance

Figure | The physical appearance of freshly prepared trans-resveratrol-loaded transfersomes.
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Table 3 Particle Size, Polydispersity Index, Zeta Potential of the Trans-Resveratrol Loaded Transfersomes

Formulation Hydrogenated Lecithin: Particle Size (nm) Polydispersity Zeta Potential (mV)
Cholesterol: Tween 60 (Mass Ratio) Index
Fl 7:0:3 76.33 + 1.88 0.30 + 0.00 —39.88 + 1.58
F2 7:1:3 108.40 + 0.44 0.26 + 0.01 —56.55 + 0.92
F3 6:0:4 84.93 £ 0.96 0.27 £ 0.0l —43.96 + 0.89
F4 6:1:3 110.0 £ 1.91 0.30 £ 0.01 —57.26 + 1.14
F5 5:0:5 131.57 £ 1.31 0.32 £ 0.02 —41.67 + 0.97
Fé6 5:1:4 109.23 £ 0.90 0.32 £ 0.0l —55.47 £ 0.38

Entrapment Efficiency

The EE of all formulations exceeded 70%. Formulations F1 (7:0:3), F2 (7:1:3), F3 (6:0:4), and F4 (6:1:4), which
contained 3-3.5% w/v hydrogenated lecithin, achieved EE values of 90.95 + 2.80%, 91.55 + 4.63%, 90.83 + 1.37%, and
95.24 + 0.65%, respectively, indicating superior encapsulation performance. In contrast, formulations F5 (5:0:5) and F6
(5:1:4), which contained 2.5% w/v hydrogenated lecithin, exhibited lower EE values of 71.76 + 5.41% and 72.78 +
5.66%, respectively. When comparing formulations with and without cholesterol, no significant differences in EE were
observed between F1 and F2 or F5 and F6 (p > 0.05). Interestingly, an exception was noted in F4 (6:1:3), where the
inclusion of cholesterol significantly improved EE compared to F3 (6:0:4) (p < 0.05), despite both formulations having
the same hydrogenated lecithin content. This observation suggests that the impact of cholesterol on EE was inconsistent
across formulations.

Morphology

From the physicochemical characterization above, formulations F3 and F4 were selected as the representative formula-
tion to examine the morphology of trans-resveratrol-loaded transfersomes, with and without cholesterol, respectively.
TEM analysis revealed that both formulations exhibited a generally spherical shape, characteristic of well-formed
vesicular structures (Figure 2). However, transfersomes containing cholesterol (F4) displayed a more uniform morphol-
ogy with well-defined edges (Figure 2B) than the cholesterol-free formulation (F3), which exhibited slight irregularities
(Figure 2A). Formulation F4 was also observed to be slightly larger than F3, aligned to the dynamic light scattering

measurement earlier.

A) B)

100 nm 100 nm
— —

Figure 2 TEM images of trans-resveratrol loaded transfersomes: (A) Formulation F3 (6:0:4) and (B) Formulation F4 (6:1:3).
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In vitro Release Study
The significance of cholesterol incorporation into the transfersomes was distinctly revealed by the in vitro release profiles
of the formulations over 24 hours illustrated in Figure 3. Cholesterol-free formulations (F1, F3, and F5) exhibited
substantial release rates, with trans-resveratrol release ranging from 68.53% to 80.24% over 24 hours. In contrast,
cholesterol-containing formulations (F2, F4, and F6) demonstrated significantly reduced release rates, ranging from
below the limit of quantification (0%) to 29.17%. Among all tested formulations, F3 (6:0:4), exhibited the highest release
efficiency, achieving 80.24% release within 24 hours. The other two ratios (F1 and F5), which lack cholesterol, exhibit
similar characteristics but slightly lower % release after 24 hours. Therefore, the 6:0:4 ratio represents an optimal
formulation for achieving the desired release characteristics of trans-resveratrol. Drug recovery across all formulations
was within acceptable limits, with less than 10% loss, consistent with criteria reported for in vitro release studies.***”
Based on these promising release characteristics, F3 was selected for subsequent evaluation via permeation studies
and HET-CAM irritation assessments. For comparative analysis, F4 was selected as a reference formulation, as it serves
as a counterpart to F3 with identical hydrogenated lecithin content but includes cholesterol, allowing evaluation of
cholesterol’s specific effects on transfersome permeation and irritation.

In vitro Permeation Study

The permeation profiles revealed that both transfersomal formulations [F3 (6:0:4) and F4 (6:1:4)] achieved significantly
higher permeation compared to the saturated aqueous solution of trans-resveratrol (p < 0.05) (Figure 4). After 24 hours,
trans-resveratrol was not detected in the receptor compartment, simulating systemic circulation, indicating that the
compound remained localized within the Strat-M membrane layers. Quantitative analysis showed that formulation F4
(with cholesterol) demonstrated a slightly higher permeation than that of F3 (without cholesterol). However, no
significant difference was observed (p > 0.05), suggesting comparable deposition efficiency of trans-resveratrol within
the skin-mimicking membrane.

The Hen’s Egg Test — Chorioallantoic Membrane Assay for Potential Irritation Assessment

The irritation scores of the blank and trans-resveratrol-loaded transfersomal formulations (F3 and F4), as assessed using
the HET-CAM assay, are presented in Table 4. Observations were conducted at 20 seconds, 2 minutes, and 5 minutes
post-application, with positive controls I and II (0.1 N NaOH and 1% SLS) validating the assay’s sensitivity. Positive
control I, 0.1 N NaOH, demonstrated the highest irritation (12.74 + 3.15), categorizing it as an “obvious irritant”
(Irritation Score [IS] 9.0-21). Similarly, positive control II, 1% SLS, showed moderate irritation (IS 5.0-8.9) with a score
of 5.01 £ 2.13. In contrast, the negative control (0.9% NaCl) exhibited no irritation, confirming its classification as non-
irritating (IS 0—0.9). The results revealed that both F3 (6:0:4) and F4 (6:1:3) formulations and their blank counterparts
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Figure 3 Release of trans-resveratrol-loaded transfersomes. Results are expressed as mean + SD (n = 3). Statistically significant difference (*p-value <0.05).
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Figure 4 Deposition amounts of trans-resveratrol in Strat-M membrane after 24 hours. Results are expressed as mean + SD (n = 3). Statistically significant difference

(¥¥*p-value < 0.001).

demonstrated weak irritation potential, with irritation scores falling between 1.0 and 4.9. Figure 5 illustrates the

appearance of the chorioallantoic membrane (CAM) in fertilized chicken eggs at 0 seconds, 20 seconds, 2 minutes,

and 5 minutes after application, highlighting time-dependent irritation effects of the tested samples.

Table 4 Irritation Scores (IS) of the Chorioallantoic Membrane in Fertilized
Chicken Eggs Following Treatment with Positive Control | (0.1 N NaOH),
Positive Control Il (1% SLS), Negative Control (0.9% NaCl), Blank
Transfersomes and Trans-Resveratrol Loaded Transfersomes

Samples

IS (Mean £ SD) n=3

Classification

0.1 N NaOH (Positive control I)
1%SLS (Positive control II)

0.9% NaCl (Negative control)
Blank F3 (6:0:4)

F3 (6:0:4)

Blank F4 (6:1:3)

F4 (6:1:3)

12.74 + 3.15
501 £2.13
0
1.0l + 1.74
3.38 + 0.64
143 + 1.24
257 £ 1.18

Obvious irritation
Moderate irritation
Non-irritation
Weak irritation
Weak irritation
Weak irritation
Weak irritation
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Figure 5 Images of the chorioallantoic membrane (CAM) in fertilized chicken eggs following treatment with: (A) positive control | (0. N NaOH), (B) positive control Il (1%
SLS), (C) negative control (0.9% NaCl), (D) blank F3, (E) F3, (F) blank F4, and (G) F4. Images were captured at 0 seconds, 20 seconds, 2 minutes, and 5 minutes post-
application to observe time-dependent irritation effects.

Discussion

The pH values of all transfersome formulations, ranging from 5 to 5.5, were found to be compatible with human skin,
ensuring skin tolerance and minimizing the risk of irritation.*® This pH range also appears suitable for maintaining the
stability of trans-resveratrol as degradation of the compound is known to increase exponentially above pH 6.8.*° At pH 5,
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trans-resveratrol demonstrates its longest half-life,”° suggesting that this pH range is optimal for preserving the stability
of the active compound in the formulation.

The particle sizes of the prepared transfersome formulations, all under 150 nm, fall within the ideal range for
transdermal delivery (<300 nm). Smaller particle sizes are crucial for efficient skin permeation while maintaining system
stability.>! Cholesterol-containing formulations (F2, F4, and F6) consistently produced larger particles than their
cholesterol-free counterparts (F1, F3, and FS5). This increase in particle size is likely attributable to cholesterol’s
stabilizing effect on the lipid bilayer, which enhances membrane rigidity and alters molecular packing. Choi et al
(2004) reported that the incorporation of cholesterol into the lipid bilayer of liposomes increases membrane packing
density, as confirmed by fluorescence anisotropy, resulting in larger vesicle sizes.”> Although their findings were specific
to liposomes, the underlying mechanism can be extended to transfersomes, as both systems share bilayer-based
architectures. Thus, it is plausible that similar effects of cholesterol on bilayer structure and vesicle enlargement also
apply to transfersomes. An exception was observed in the formulation containing a 1:1 ratio of hydrogenated lecithin and
Tween 60 (F5), which displayed a larger particle size despite lacking cholesterol, compared to F6. This anomaly may be
due to the simultaneous formation of transfersomes and micelles, disrupting particle uniformity and highlighting the
complex interplay of formulation components in determining particle characteristics.”® Further comparisons among
formulations with similar total lipid content confirmed that cholesterol-containing formulations consistently yielded
larger particles. However, the polydispersity index (PDI) of all formulations remained within a narrow range, suggesting
that cholesterol’s influence on particle size did not significantly affect size distribution. These findings indicate that
cholesterol can modulate transfersome particle size while maintaining uniform particle distribution.

Cholesterol-containing formulations exhibited more negative zeta potential values. This enhanced surface charge is
likely due to cholesterol’s ability to reorganize the phospholipid arrangement, exposing negatively charged groups on the
vesicle surface.’® Additionally, zeta potential values exceeding —30 mV suggest that these formulations may help prevent
particle aggregation, which likely contributed to the observed favorable polydispersity index values.

The %EE of all formulations exceeded 70%, confirming the effective encapsulation capacity of the transfersomal
systems for trans-resveratrol. Among these, formulations with higher hydrogenated lecithin content (F1, F2, F3, and F4)
achieved significantly greater %EE, suggesting the role of lecithin as a structural component in creating an optimal
internal environment for drug entrapment. This may be due to lipids with a higher phase transition temperature, such as
hydrogenated lecithin, contributing to the formation of more rigid bilayers that limit drug leakage and enhance stability,”
which could improve the loading efficiency of the systems. In contrast, formulations with reduced lecithin content (F5
and F6) showed lower %EE, indicating insufficient bilayer integrity for stable drug entrapment. This may also reflect
increased micelle formation due to higher concentrations of surfactants relative to phospholipids, leading to suboptimal
vesicle structures.”

Interestingly, no consistent trend was observed regarding the influence of cholesterol on %EE across all formulations.
However, formulation F4 (6:1:3) exhibited a significantly higher %EE than F3 (6:0:4), despite both containing the same
amount of hydrogenated lecithin. This suggests that the presence of cholesterol can enhance entrapment efficiency in
a composition-dependent manner. Cholesterol likely contributes to improved packing of lipid chains, which condenses
the bilayer and reduces permeability. This condensing effect may increase structural integrity and internal volume while
reducing leakage,’® thus favoring higher entrapment of trans-resveratrol. This finding is not in agreement with the study
by Khan et al (2021), which showed that formulations without cholesterol exhibited significantly higher entrapment of
hydrophobic drugs compared to transfersome vesicles with cholesterol due to competition for accommodation in the
concentric bilayers.’’ Notably, our study indicates that this benefit occurs only within specific ratios, emphasizing the
importance of optimizing the ratios of phospholipids, cholesterol, and edge activators. These findings highlight the
critical role of formulation optimization in maximizing entrapment efficiency in transfersomal systems.

According to Raffy and Teissié (1999), poor packing of lipid chains can lead to membrane defects, which may explain
the formation of irregular vesicle shapes in the absence of cholesterol.”® McMullen et al (2000) demonstrated that the
incorporation of cholesterol into phospholipid bilayers reduces the temperature, enthalpy, and cooperativity of the gel-to-
liquid crystalline phase transition, while increasing the order of hydrocarbon chains.>® This supports the hypothesis that
cholesterol has a membrane-rigidifying effect. Kaddah et al (2018) used TEM imaging to show that the addition of
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cholesterol induces a transition from irregular to nanosized unilamellar vesicles,® which closely aligns with our
observations. Similarly, Brocca et al (2004) reported cholesterol-induced stiffening of DPPC liposomes, as evidenced
by shape fluctuations detected via Dynamic Laser Light Scattering.®' In our study, transfersomes containing cholesterol
(F4) exhibited enhanced morphological characteristics with well-defined boundaries when examined using transmission
electron microscopy (TEM), compared to cholesterol-free transfersomes (F3). These findings highlight cholesterol’s
crucial role in shaping transfersome morphology—similar to its effects in liposomal systems.

The release kinetics demonstrated a clear distinction between formulations with and without cholesterol. Cholesterol-
free formulations exhibited significantly higher release rates, while the inclusion of cholesterol resulted in reduced
release profiles. This trend is consistent with cholesterol’s known ability to intercalate within the lipid bilayer, increasing
membrane order and rigidity, thus hinder the diffusion of encapsulated compounds, a phenomenon previously reported in
vesicular systems.®* %4

Among the tested formulations, F3 (6:0:4) showed the most favorable release behavior, achieving a release efficiency
of 80.24% over 24 hours while maintaining a high entrapment efficiency (>90%). This superior performance can be
attributed to a well-balanced ratio of hydrogenated lecithin and Tween 60, which together form a bilayer that is both
structurally stable and sufficiently flexible. Hydrogenated lecithin offers membrane integrity due to its saturated fatty acid
content and high transition temperature, while Tween 60, a non-ionic surfactant, acts as an edge activator that increases
bilayer elasticity, promoting drug diffusion.®>°® This suggests that the absence of cholesterol in this specific ratio allows
Tween 60 to exert its fluidizing effect more effectively, facilitating controlled release without compromising vesicle
stability.

While other cholesterol-free formulations such as F1 (7:0:3) and F5 (5:0:5) also showed extended-release behavior,
their slightly lower release percentages compared to F3 highlight the sensitivity of vesicle performance to component
ratios. In these cases, either an excess of lecithin (F1) or Tween 60 (F5) may have disrupted the optimal bilayer
architecture, resulting in suboptimal release kinetics. Therefore, achieving an ideal formulation requires carefully
balancing structural and functional components.

Previous permeation studies have established that vesicles containing phospholipids and cholesterol without surfac-
tants typically achieve higher deposition of active compounds within the upper layer of skin, with limited subsequent
movement, resulting in lower flux rates.®”*® While conventional transfersomes, composed of phospholipid and edge
activator, generally demonstrate deeper skin permeation, making transfersomes particularly suitable for targeted dermal
delivery applications.®” In this study, the combination of hydrogenated lecithin and Tween 60, with or without
cholesterol, produces similar permeation effects in the Strat-M human skin mimic. The comparable permeation profiles
of both formulations suggest that cholesterol incorporation, while known to enhance membrane rigidity, does not
significantly impact the permeation-enhancing capabilities of transfersomes. However, this effect was not observed in
the present study, possibly due to the low concentration of cholesterol (0.5% w/v) used in the formulations. This finding
is particularly noteworthy when considered alongside the in vitro release studies, where cholesterol-containing formula-
tions demonstrated substantially lower release rates. The apparent disconnect between release profile and permeation
efficiency suggests that the rate-limiting step in trans-resveratrol delivery may not solely depend on vesicular release
characteristics. Factors related to the drug itself such as the lipophilicity and molecular weight of trans-resveratrol, along
with its affinity to the membrane may also play a role in its partitioning into and across the membrane.”

Since formulation F3 achieved comparable permeation efficiency while exhibiting superior release characteristics,
incorporating cholesterol in transfersomal formulations may be unnecessary for optimal dermal delivery performance.
These results have important implications for formulation optimization, as cholesterol-free transfersomes simplify the
manufacturing process and maintain or enhance delivery efficiency, making them an attractive option for cost-effective
and scalable production in cosmetic and dermatological applications.

F3 and F4 were selected for irritation potential assessment using the HET-CAM assay. While originally developed for
ocular irritation testing, the HET-CAM assay has emerged as a widely accepted alternative method for evaluating the
safety of dermatological formulations. This assay provides a sensitive and ethically sound alternative to traditional

32,71

animal testing methods., making it particularly valuable for screening the biocompatibility of novel topical delivery

systems. This method evaluates irritation by monitoring three key biological responses—haemorrhage (bleeding), lysis
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(vessel disintegration), and coagulation (protein denaturation)—after applying test substances to the chorioallantoic
membrane of fertilized hen eggs. The results revealed that both F3 (6:0:4) and F4 (6:1:3) formulations and their blank
counterparts demonstrated weak irritation potential. This mild response can be attributed to the use of Tween 60 as
a single-chain surfactant in the formulations. Specifically, F3 contained 2% w/v Tween 60, while F4 contained 1.5% w/v.
Despite their surfactant content, the irritation levels observed were significantly lower than those of the positive controls,
supporting the overall safety of the formulations for topical applications. The weak irritation potential of Tween 60 is
consistent with its well-documented safety profile. According to the Cosmetic Ingredient Review (CIR), Tween 60, when
diluted to 15% in water, has shown no irritation in traditional Draize tests, which assess chemical irritation on animal
skin or eyes.”? Polysorbates, including Tween 60, are widely used as emulsifiers and solubilizers in pharmaceuticals,
cosmetics, and food products, further corroborating their safety. However, transient interactions between the surfactant
molecules and biological membranes may induce minimal irritation even at lower concentrations (1.5-2% w/v) in
transfersomal formulations. This mild response is also likely linked to the surfactant’s role in enhancing membrane
permeation, a critical function for the efficacy of transfersomal systems. The findings of this study reaffirm the reduced
irritation potential of transfersomes for dermal delivery, supporting their suitability for applications such as skin
whitening, where mild irritation may be an acceptable trade-off for enhanced skin permeation.”*”* To build upon
these promising results, future studies should include in vitro cytotoxicity assays using relevant human skin cell lines,
as well as ex vivo permeation and skin retention studies with porcine or human skin. Furthermore, long-term stability
assessments under various environmental conditions will be crucial for formulation robustness. Ultimately, in vivo
evaluations of safety and clinical efficacy will be necessary to fully validate the potential of cholesterol-free transfer-
somes in cosmetic and pharmaceutical dermal applications.

Conclusion

This study provides novel insights into the role of cholesterol in trans-resveratrol-loaded transfersomes for dermal
delivery. While cholesterol incorporation enhanced vesicle morphology and increased particle size by improving bilayer
rigidity, it concurrently reduced the release rate of trans-resveratrol without significantly affecting skin permeation.
Notably, cholesterol-free formulations, particularly F3, demonstrated superior release efficiency and comparable permea-
tion profiles, indicating that cholesterol may not be essential for effective trans-resveratrol delivery in transfersomes at
the tested concentrations. This challenges the conventional assumption that cholesterol is always beneficial in vesicular
systems and suggests that omitting cholesterol can simplify formulation design, reduce production costs, and maintain or
improve delivery performance. Consequently, this study advances the understanding of lipid component interactions in
transfersomes and proposes a practical strategy for optimizing dermal delivery systems through selective exclusion of
cholesterol. Furthermore, irritation assessment via the Hen’s Egg Test—Chorioallantoic Membrane (HET-CAM) assay
classified the developed transfersomes as weak irritants, supporting their potential suitability for topical applications.

Acknowledgments

The authors would like to express our sincere gratitude for the support received from the Department of Pharmaceutics
and Industrial Pharmacy, Faculty of Pharmaceutical Sciences, Chulalongkorn University, Thailand; the School of
Pharmacy, Kaohsiung Medical University, Taiwan; and the School of Pharmacy, Monash University Malaysia,
Malaysia. Special thanks are also extended to the Ratchadaphiseksomphot Endowment Fund, Chulalongkorn
University, for funding through the Exchange Faculty Travel Grant (Grant No. CTG368004), which facilitated the
academic exchange travel with international partner universities.

Funding
This research was supported by the Ratchadaphiseksomphot Endowment Fund, Chulalongkorn University (The
Exchange Faculty Travel Grant; Grant No. CTG368004).

Disclosure
The author(s) report no conflicts of interest in this work.

372 https: Nanotechnology, Science and Applications 2025:18



Sarotsumpan et al

References

—_

w

W

o]

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Ratz-Lyko A, Arct J. Resveratrol as an active ingredient for cosmetic and dermatological applications: a review. J Cosmet Laser Ther. 2019;21

(2):84-90. doi:10.1080/14764172.2018.1469767
Boo YC. Human skin lightening efficacy of resveratrol and its analogs: from in vitro studies to cosmetic applications. Antioxidants. 2019;8(9).
doi:10.3390/antiox8090332

. Na JI, Shin JW, Choi HR, et al. Resveratrol as a multifunctional topical hypopigmenting agent. Int J Mol Sci. 2019;20(4):956. doi:10.3390/

ijms20040956

. Rigon RB, Fachinetti N, Severino P, et al. Skin delivery and in vitro biological evaluation of trans-resveratrol-loaded solid lipid nanoparticles for

skin disorder therapies. Molecules. 2016;21(1):E116. doi:10.3390/molecules21010116

. Giardina S, Michelotti A, Zavattini G, et al. Efficacy study in vitro: assessment of the properties of resveratrol and resveratrol + N-acetyl-cysteine

on proliferation and inhibition of collagen activity. Minerva Ginecol. 2010;62(3):195-201.

Zhao P, Sui BD, Liu N, et al. Anti-aging pharmacology in cutaneous wound healing: effects of metformin, resveratrol, and rapamycin by local
application. Aging Cell. 2017;16(5):1083-1093. doi:10.1111/acel.12635

Reagan-Shaw S, Mukhtar H, Ahmad N. Resveratrol imparts photoprotection of normal cells and enhances the efficacy of radiation therapy in
cancer cells. Photochem Photobiol. 2008;84(2):415-421. doi:10.1111/j.1751-1097.2007.00279.x

. Carbone ML, Lulli D, Passarelli F, Pastore S. Topical plant polyphenols prevent type I interferon signaling in the skin and suppress contact

hypersensitivity. Int J Mol Sei. 2018;19(9):2652. doi:10.3390/ijms19092652

. Kang MC, Cho K, Lee JH, et al. Effect of resveratrol-enriched rice on skin inflammation and pruritus in the NC/Nga mouse model of atopic

dermatitis. Int J Mol Sci. 2019;20(6):1428. doi:10.3390/ijms20061428
Fabbrocini G, Staibano S, De Rosa G, et al. Resveratrol-containing gel for the treatment of acne vulgaris: a single-blind, vehicle-controlled, pilot
study. Am J Clin Dermatol. 2011;12(2):133—141. doi:10.2165/11530630-000000000-00000

. Schiaffino MV. Signaling pathways in melanosome biogenesis and pathology. Int J Biochem Cell Biol. 2010;42(7):1094—1104. doi:10.1016/].

biocel.2010.03.023

Thiboutot D, Del Rosso JQ. Acne vulgaris and the epidermal barrier: is acne vulgaris associated with inherent epidermal abnormalities that cause
impairment of barrier functions? Do any topical acne therapies alter the structural and/or functional integrity of the epidermal barrier? J Clin
Aesthet Dermatol. 2013;6(2):18-24.

Zorina A, Zorin V, Isaev A, et al. Dermal fibroblasts as the main target for skin anti-age correction using a combination of regenerative medicine
methods. Curr Issues Mol Biol. 2023;45(5):3829-3847. doi:10.3390/cimb45050247

Amri A, Chaumeil JC, Sfar S, et al. Administration of resveratrol: what formulation solutions to bioavailability limitations? J Control Release.
2012;158(2):182—-193. doi:10.1016/j.jconrel.2011.09.083

Marko M, Pawliczak R. Resveratrol and its derivatives in inflammatory skin disorders-atopic dermatitis and psoriasis: a review. Antioxidants.
2023;12(11). doi:10.3390/antiox 12111954

Bonechi C, Martini S, Ciani L, et al. Using liposomes as carriers for polyphenolic compounds: the case of trans-resveratrol. PLoS One. 2012;7(8):
e41438. doi:10.1371/journal.pone.0041438

Valle MJ de J, Mujica AMR, Castafieda AZ, et al. Resveratrol liposomes in buccal formulations: an approach to overcome drawbacks limiting the
application of the phytoactive molecule for chemoprevention and treatment of oral cancer. J Drug Deliv Sci Technol. 2024;98:105910. doi:10.1016/
j-jddst.2024.105910

Pando D, Gutiérrez G, Coca J, Pazos C. Preparation and characterization of niosomes containing resveratrol. J Food Eng. 2013;117(2):227-234.
doi:10.1016/j.jfoodeng.2013.02.020

Xu X, Khan MA, Burgess DJ. Predicting hydrophilic drug encapsulation inside unilamellar liposomes. Int J Pharm. 2012;423(2):410-418.
doi:10.1016/j.ijpharm.2011.12.019

Crommelin DJA, Fransen GJ, Salemink PJM. Stability of liposomes on storage. Target Drugs Synth Syst. 1986;277-287.

. Ceve G. Transfersomes, liposomes and other lipid suspensions on the skin: permeation enhancement, vesicle penetration, and transdermal drug

delivery. Crit Rev Ther Drug Carrier Syst. 1996;13(3—4):257-388. doi:10.1615/CritRevTherDrugCarrierSyst.v13.i3-4.30

Alvi IA, Madan J, Kaushik D, et al. Comparative study of transfersomes, liposomes, and niosomes for topical delivery of 5-fluorouracil to skin
cancer cells: preparation, characterization, in vitro release, and cytotoxicity analysis. Anticancer Drugs. 2011;22(8):774-782. doi:10.1097/
CAD.0b013e328346¢7d6

Chaudhary H, Kohli K, Kumar V. Nano-transfersomes as a novel carrier for transdermal delivery. /nt J Pharm. 2013;454(1):367-380. doi:10.1016/].
ijpharm.2013.07.031

Patel R, Singh SK, Singh S, et al. Development and characterization of curcumin-loaded transfersome for transdermal delivery. J Pharm Sci Res.
2009;1(4):71-80.

Opatha SAT, Chutoprapat R, Khankaew P, et al. Asiatic acid-entrapped transfersomes for the treatment of hypertrophic scars: in vitro appraisal,
bioactivity evaluation, and clinical study. Int J Pharm. 2024;651:123738. doi:10.1016/j.ijpharm.2023.123738

Caddeo C, Manca ML, Peris JE, et al. Tocopherol-loaded transfersomes: in vitro antioxidant activity and efficacy in skin regeneration. /nt J Pharm.
2018;551(1-2):34-41. doi:10.1016/j.ijpharm.2018.09.009

Hu QB, Ma C, Xia Q, Xia Q. Non-aqueous self-double-emulsifying drug delivery system: a new approach to enhance resveratrol solubility for
effective transdermal delivery. Colloids Surf Physicochem Eng Asp. 2016;489:360-369. doi:10.1016/j.colsurfa.2015.11.017

Elsaied EH, Dawaba HM, Ibrahim ESA, et al. Spanlastics gel-A novel drug carrier for transdermal delivery of glimepiride. J Liposome Res.
2023;33(1):102—114. doi:10.1080/08982104.2022.2100902

Ceve G. Transdermal drug delivery of insulin with ultradeformable carriers. Clin Pharmacokinet. 2003;42(5):461-474. doi:10.2165/00003088-
200342050-00004

Qushawy M, Nasr A, Abd-Alhaseeb M, et al. Design, optimization and characterization of a transfersomal gel using miconazole nitrate for the
treatment of candida skin infections. Pharmaceutics. 2018;10(1):26. doi:10.3390/pharmaceutics10010026

Wu P-S, Li Y-S, Kuo Y-C, et al. Preparation and evaluation of novel transfersomes combined with the natural antioxidant resveratrol. Molecules.
2019;24(3):600. doi:10.3390/molecules24030600

Nanotechnology, Science and Applications 2025:18 https: 373


https://doi.org/10.1080/14764172.2018.1469767
https://doi.org/10.3390/antiox8090332
https://doi.org/10.3390/ijms20040956
https://doi.org/10.3390/ijms20040956
https://doi.org/10.3390/molecules21010116
https://doi.org/10.1111/acel.12635
https://doi.org/10.1111/j.1751-1097.2007.00279.x
https://doi.org/10.3390/ijms19092652
https://doi.org/10.3390/ijms20061428
https://doi.org/10.2165/11530630-000000000-00000
https://doi.org/10.1016/j.biocel.2010.03.023
https://doi.org/10.1016/j.biocel.2010.03.023
https://doi.org/10.3390/cimb45050247
https://doi.org/10.1016/j.jconrel.2011.09.083
https://doi.org/10.3390/antiox12111954
https://doi.org/10.1371/journal.pone.0041438
https://doi.org/10.1016/j.jddst.2024.105910
https://doi.org/10.1016/j.jddst.2024.105910
https://doi.org/10.1016/j.jfoodeng.2013.02.020
https://doi.org/10.1016/j.ijpharm.2011.12.019
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.v13.i3-4.30
https://doi.org/10.1097/CAD.0b013e328346c7d6
https://doi.org/10.1097/CAD.0b013e328346c7d6
https://doi.org/10.1016/j.ijpharm.2013.07.031
https://doi.org/10.1016/j.ijpharm.2013.07.031
https://doi.org/10.1016/j.ijpharm.2023.123738
https://doi.org/10.1016/j.ijpharm.2018.09.009
https://doi.org/10.1016/j.colsurfa.2015.11.017
https://doi.org/10.1080/08982104.2022.2100902
https://doi.org/10.2165/00003088-200342050-00004
https://doi.org/10.2165/00003088-200342050-00004
https://doi.org/10.3390/pharmaceutics10010026
https://doi.org/10.3390/molecules24030600

Sarotsumpan et al

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Hsieh WC, Fang CW, Suhail M, et al. Improved skin permeability and whitening effect of catechin-loaded transfersomes through topical delivery.
Int J Pharm. 2021;607:121030. doi:10.1016/j.ijpharm.2021.121030

Tsai MJ, Lu 1J, Fu YS, et al. Nanocarriers enhance the transdermal bioavailability of resveratrol: in-vitro and in-vivo study. Colloids Surf
B Biointerfaces. 2016;148:650—656. doi:10.1016/j.colsurfb.2016.09.045

Haq A, Goodyear B, Ameen D, et al. Strat-M® synthetic membrane: permeability comparison to human cadaver skin. Int J Pharm. 2018;547
(1-2):432-437. doi:10.1016/j.ijpharm.2018.06.012

Arce FJ, Asano N, See GL, et al. Usefulness of artificial membrane, Strat-M®, in the assessment of drug permeation from complex vehicles in finite
dose conditions. Pharmaceutics. 2020;12(2):173. doi:10.3390/pharmaceutics12020173

Uchida T, Kadhum WR, Kanai S, et al. Prediction of skin permeation by chemical compounds using the artificial membrane, Strat-M™. Eur
J Pharm Sci. 2015;67:113-118. doi:10.1016/j.¢jps.2014.11.002

Finnin B, Walters KA, Franz TJ. In vitro skin permeation methodology. In: Benson HAE, Watkinson AC, editors. Topical and Transdermal Drug
Delivery: Principles and Practice. Hoboken, NJ: Wiley-Blackwell; 2011:127-157. doi:10.1002/9781118140505.ch5

Duangjit S, Opanasopit P, Rojanarata T, Ngawhirunpat T. Characterization and in vitro skin permeation of meloxicam-loaded liposomes versus
transfersomes. J Drug Deliv. 2011;2011:418316. doi:10.1155/2011/418316

Salamanca CH, Barrera-Ocampo A, Lasso JC, et al. Franz diffusion cell approach for pre-formulation characterisation of ketoprofen semi-solid
dosage forms. Pharmaceutics. 2018;10(3):148. doi:10.3390/pharmaceutics 10030148

Opatha SAT, Titapiwatanakun V, Boonpisutiinant K, et al. Preparation, characterization and permeation study of topical gel loaded with
transfersomes containing asiatic acid. Molecules. 2022;27(15):4865. doi:10.3390/molecules27154865

Steiling W, Bracher M, Courtellemont P, de Silva O. The HET-CAM, a useful in vitro assay for assessing the eye irritation properties of cosmetic
formulations and ingredients. Toxicol In Vitro. 1999;13(2):375-384. doi:10.1016/s0887-2333(98)00091-5

European Chemicals Agency (ECHA). Skin corrosion/irritation, serious eye damage/eye irritation and respiratory tract corrosion/irritation. In:
Guidance on Information Requirements and Chemical Safety Assessment — Chapter R.7a: Endpoint Specific Guidance. Version 4.1; 2015.
Bhandare SD, Deokar GS. Hen’s Egg Test — chorioallantoic Membrane (HET-CAM) test method for examination of dermal or cutaneous irritation
of ME.CP as a polymer. World J Pharm Res. 2022;11(6):645-676.

Rivero MN, Lenze M, Izaguirre M, et al. Comparison between HET-CAM protocols and a product use clinical study for eye irritation evaluation of
personal care products including cosmetics according to their surfactant composition. Food Chem Toxicol. 2021;153:112229. doi:10.1016/j.
fct.2021.112229

Wang F, Zhang C, Wang B. Application of in vitro methods to evaluate the safety of baby care products. Toxicol In Vitro. 2021;75:105194.
doi:10.1016/j.tiv.2021.105194

Katakam LN, Katari NK. Development of in-vitro release testing method for permethrin cream formulation using Franz vertical diffusion cell
apparatus by HPLC. Talanta Open. 2021;4:100056. doi:10.1016/j.talo.2021.100056

Agrahari V, Meng J, Purohit SS, et al. Real-time analysis of tenofovir release kinetics using quantitative phosphorus (31P) nuclear magnetic
resonance spectroscopy. J Pharm Sci. 2017;106(10):3005-3015. doi:10.1016/j.xphs.2017.03.043

Omar MM, Hasan OA, El Sisi AM. Preparation and optimization of lidocaine transferosomal gel containing permeation enhancers: a promising
approach for enhancement of skin permeation. Int J Nanomed. 2019;14:1551-1562. doi:10.2147/IJN.S201356

Zupancic S, Lavric Z, Kristl J. Stability and solubility of trans-resveratrol are strongly influenced by pH and temperature. Eur J Pharm Biopharm.
2015;93:196-204. doi:10.1016/j.ejpb.2015.04.002

Robinson K, Mock C, Liang D. Pre-formulation studies of resveratrol. Drug Dev Ind Pharm. 2015;41(9):1464-1469. doi:10.3109/
03639045.2014.958753

Danaei M, Dehghankhold M, Ataei S, et al. Impact of particle size and polydispersity index on the clinical applications of lipidic nanocarrier
systems. Pharmaceutics. 2018;10(2):57. doi:10.3390/pharmaceutics10020057

Choi S, Kang B, Yang E, et al. Precise control of liposome size using characteristic time depends on solvent type and membrane properties. Sci Rep.
2023;13(1):4728. doi:10.1038/s41598-023-31895-z

Fernandez-Garcia R, Lalatsa A, Statts L, et al. Transferosomes as nanocarriers for drugs across the skin: quality by design from lab to industrial
scale. Int J Pharm. 2020;573:118817. doi:10.1016/j.ijpharm.2019.118817

Jara-Quijada E, Perez-Won M, Tabilo-Munizaga G, et al. Liposomes loaded with green tea polyphenols-optimization, characterization, and release
kinetics under conventional heating and pulsed electric fields. Food Bioproc Tech. 2023:1-13. doi:10.1007/s11947-023-03136-8

Song F, Yang G, Wang Y, Tian S. Effect of phospholipids on membrane characteristics and storage stability of liposomes. Innovative Food Sci
Emerg Technol. 2022;81:103155. doi:10.1016/j.ifset.2022.103155

Yeo S, Yoon I, Lee WK. Design and characterisation of pH-responsive photosensitiser-loaded nano-transfersomes for enhanced photodynamic
therapy. Pharmaceutics. 2022;14(1):210. doi:10.3390/pharmaceutics14010210

Khan I, Needham R, Yousaf S, et al. Impact of phospholipids, surfactants and cholesterol selection on the performance of transfersome vesicles
using medical nebulizers for pulmonary drug delivery. J Drug Deliv Sci Technol. 2021;66:102822. doi:10.1016/j.jddst.2021.102822

Raffy S, Teissié J. Control of lipid membrane stability by cholesterol content. Biophys J. 1999;76(4):2072-2080. doi:10.1016/S0006-3495(99)
77363-7

McMullen TPW, Lewis RNAH, McElhaney RN. Differential scanning calorimetric and Fourier transform infrared spectroscopic studies of the
effects of cholesterol on the thermotropic phase behavior and organization of a homologous series of linear saturated phosphatidylserine bilayer
membranes. Biophys J. 2000;79(4):2056-2065. doi:10.1016/S0006-3495(00)76453-8

Kaddah S, Khreich N, Kaddah F, Charcosset C, Greige-Gerges H. Cholesterol modulates the liposome membrane fluidity and permeability for
a hydrophilic molecule. Food Chem Toxicol. 2018;113:40—48. doi:10.1016/j.fct.2018.01.017

Brocca P, Cantu L, Corti M, Del Favero E, Motta S. Shape fluctuations of large unilamellar lipid vesicles observed by laser light scattering:
influence of the small-scale structure. Langmuir. 2004;20(6):2141-2148. doi:10.1021/1a035374v

Jafari MR, Jones AB, Hikal AH, Williamson JS, Wyandt CM. Characterization of drug release from liposomal formulations in ocular fluid. Drug
Deliv. 1998;5(4):227-238. doi:10.3109/10717549809065752

Farzaneh H, Ebrahimi Nik M, Mashreghi M, et al. A study on the role of cholesterol and phosphatidylcholine in various features of liposomal
doxorubicin: from liposomal preparation to therapy. Int J Pharm. 2018;551(1-2):300-308. doi:10.1016/j.ijpharm.2018.09.047

374 https: Nanotechnology, Science and Applications 2025:18


https://doi.org/10.1016/j.ijpharm.2021.121030
https://doi.org/10.1016/j.colsurfb.2016.09.045
https://doi.org/10.1016/j.ijpharm.2018.06.012
https://doi.org/10.3390/pharmaceutics12020173
https://doi.org/10.1016/j.ejps.2014.11.002
https://doi.org/10.1002/9781118140505.ch5
https://doi.org/10.1155/2011/418316
https://doi.org/10.3390/pharmaceutics10030148
https://doi.org/10.3390/molecules27154865
https://doi.org/10.1016/s0887-2333(98)00091-5
https://doi.org/10.1016/j.fct.2021.112229
https://doi.org/10.1016/j.fct.2021.112229
https://doi.org/10.1016/j.tiv.2021.105194
https://doi.org/10.1016/j.talo.2021.100056
https://doi.org/10.1016/j.xphs.2017.03.043
https://doi.org/10.2147/IJN.S201356
https://doi.org/10.1016/j.ejpb.2015.04.002
https://doi.org/10.3109/03639045.2014.958753
https://doi.org/10.3109/03639045.2014.958753
https://doi.org/10.3390/pharmaceutics10020057
https://doi.org/10.1038/s41598-023-31895-z
https://doi.org/10.1016/j.ijpharm.2019.118817
https://doi.org/10.1007/s11947-023-03136-8
https://doi.org/10.1016/j.ifset.2022.103155
https://doi.org/10.3390/pharmaceutics14010210
https://doi.org/10.1016/j.jddst.2021.102822
https://doi.org/10.1016/S0006-3495(99)77363-7
https://doi.org/10.1016/S0006-3495(99)77363-7
https://doi.org/10.1016/S0006-3495(00)76453-8
https://doi.org/10.1016/j.fct.2018.01.017
https://doi.org/10.1021/la035374v
https://doi.org/10.3109/10717549809065752
https://doi.org/10.1016/j.ijpharm.2018.09.047

Sarotsumpan et al

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Kassem MA, Aboul-Einien MH, El Taweel MM. Dry gel containing optimized felodipine-loaded transferosomes: a promising transdermal delivery
system to enhance drug bioavailability. A4PS Pharm Sci Tech. 2018;19(5):2155-2173. doi:10.1208/s12249-018-1020-5

Sarolia J, Baldha R, Chakraborthy GS, et al. The effect of edge activator on the evolution and application of a nonionic surfactant: the elastic
vesicular system. J Surfact Deterg. 2023;26(6):747-759. doi:10.1002/jsde.12694

Abbas H, Kamel R. Potential role of resveratrol-loaded elastic sorbitan monostearate nanovesicles for the prevention of UV-induced skin damage.
J Liposome Res. 2020;30(1):45-53. doi:10.1080/08982104.2019.1580721

Duangjit S, Obata Y, Sano H, et al. Comparative study of novel ultradeformable liposomes: menthosomes, transfersomes, and liposomes for
enhancing skin permeation of meloxicam. Biol Pharm Bull. 2014;37(2):239-247. doi:10.1248/bpb.b13-00576

Fang JY, Hwang TL, Huang YL, et al. Enhancement of the transdermal delivery of catechins by liposomes incorporating anionic surfactants and
ethanol. Int J Pharm. 2006;310(1-2):131-138. doi:10.1016/j.ijpharm.2005.12.004

Ascenso A, Raposo S, Batista C, et al. Development, characterization, and skin delivery studies of related ultradeformable vesicles: transfersomes,
ethosomes, and transethosomes. Int J Nanomed. 2015;10:5837-5851. doi:10.2147/1JN.S86186

Crasta A, Painginkar T, Sreedevi A, et al. Transdermal drug delivery system: a comprehensive review of innovative strategies, applications, and
regulatory perspectives. OpenNano. 2025;24:100245. doi:10.1016/j.0nano.2025.100245

Ruscinc N, Massarico Serafim RA, Almeida C, et al. Challenging the safety and efficacy of topically applied chlorogenic acid, apigenin,
kaempferol, and naringenin by HET-CAM, HPLC-TBARS-EVSC, and laser Doppler flowmetry. Front Chem. 2024;12:1400881. doi:10.3389/
fchem.2024.1400881

CIR. Final report on the safety assessment of polysorbates 20, 21, 40, 60, 61, 65, 80, 81, and 85. Int J Toxicol. 1984;3(5):1-82. doi:10.3109/
10915818409021272

Carneiro SB, Kreutz T, Limberger RP, et al. Piper aduncum essential oil rich in dillapiole: development of hydrogel-thickened nanoemulsion and
nanostructured lipid carrier intended for skin delivery. Pharmaceutics. 2022;14(11):2525. doi:10.3390/pharmaceutics 14112525

Quintdo W, Alencar-Silva T, Borin M, et al. Microemulsions incorporating Brosimum gaudichaudii extracts as a topical treatment for vitiligo:
in vitro stimulation of melanocyte migration and pigmentation. J Mol Lig. 2019:294. doi:10.1016/j.molliq.2019.111685

Nanotechnology, Science and Applications Dovepress
Taylor & Francis Group
Publish your work in this journal

Nanotechnology, Science and Applications is an international, peer-reviewed, open access journal that focuses on the science of nanotechnology
in a wide range of industrial and academic applications. It is characterized by the rapid reporting across all sectors, including engineering, optics,
bio-medicine, cosmetics, textiles, resource sustainability and science. Applied research into nano-materials, particles, nano-structures and
fabrication, diagnostics and analytics, drug delivery and toxicology constitute the primary direction of the journal. The manuscript management
system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/nanotechnology-science-and-applications-journal

Nanotechnology, Science and Applications 2025:18 EXin>QO 375


https://doi.org/10.1208/s12249-018-1020-5
https://doi.org/10.1002/jsde.12694
https://doi.org/10.1080/08982104.2019.1580721
https://doi.org/10.1248/bpb.b13-00576
https://doi.org/10.1016/j.ijpharm.2005.12.004
https://doi.org/10.2147/IJN.S86186
https://doi.org/10.1016/j.onano.2025.100245
https://doi.org/10.3389/fchem.2024.1400881
https://doi.org/10.3389/fchem.2024.1400881
https://doi.org/10.3109/10915818409021272
https://doi.org/10.3109/10915818409021272
https://doi.org/10.3390/pharmaceutics14112525
https://doi.org/10.1016/j.molliq.2019.111685
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Materials
	Preparation of Trans-Resveratrol Loaded Transfersomes
	Characterization of Trans-Resveratrol-Loaded Transfersomes
	Physical Appearance and pH
	Particle Size, Polydispersity Index, and Zeta Potential
	Morphology
	Quantification of Trans-Resveratrol by High-Performance Liquid Chromatography
	Entrapment Efficiency
	In vitro Release Study
	In vitro Permeation Study
	Hen’s Egg Test– Chorioallantoic Membrane Assay

	Statistical Analysis

	Results
	Characterization of Trans-Resveratrol-Loaded Transfersomes
	Physical Appearance and pH
	Particle Size, Polydispersity Index, and Zeta Potential
	Entrapment Efficiency
	Morphology
	In vitro Release Study
	In vitro Permeation Study
	The Hen’s Egg Test– Chorioallantoic Membrane Assay for Potential Irritation Assessment


	Discussion
	Conclusion
	Acknowledgments
	Funding
	Disclosure

