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ABSTRACT

Curcumin obtained from Curcuma longa has shown anticancer activities against many types of
cancers including melanoma. Tocotrienol is a chemosensitizer, and combining curcumin with toco-
trienol may potentiate the anti-cancer activity with less harm to healthy cells. However, due to
low aqueous solubility and poor skin permeation, topical delivery of these drug combinations is
challenging. Therefore, this study aimed to develop a transethosomal formulation containing cur-
cumin and tocotrienol for enhanced topical applications. Zetasizer analysis of the transethosomal
formulation (Cu-TRF Ets) showed an average particle size of 129.3+3.0nm and a zeta potential
(ZP) of — 87.5+3.0mV. The scanning transmission electron microscopy (STEM) analysis revealed
spherical shapes, with sizes corroborating with Zetasizer results. Fourier transform infrared spec-
troscopy (FTIR) analysis ensured the compatibility of the drugs within the formulations, while dif-
ferential scanning calorimetry (DSC) and X-ray diffraction (XRD) analyses confirmed the solid-state
nature of curcumin in the formulation. The drug release from the formulations followed a release
pattern closely fitting the Korsmeyer-Peppas release model. Permeation studies across synthetic
Strat-M® membrane and full-thickness human skin demonstrated an enhanced transdermal flux of
curcumin and tocotrienol from the Cu-TRF Ets compared to their pure drug solutions (p <.05). The
rheological evaluation of the transethosome-loaded hydrogel demonstrated a pseudoplastic
behavior, and the data approximated the Hershel-Buckley model. The study concludes that co-
delivering curcumin and tocotrienol in transethosomal formulations can address the formulation
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issues associated with both curcumin and tocotrienol, while also enhancing skin permeation.

GRAPHICAL ABSTRACT
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1. Introduction

Skin cancer is the uncontrolled growth of abnormal cells in
the epidermis, the outermost layer of the skin; and in the
worst cases, it can extend down to the dermal layer.
Melanoma is the least common but most aggressive skin
cancer evolving from melanin-producing cells called mela-
nocytes. Melanoma can be treated with surgery, radiation,
or chemotherapy.!!! Despite having several approved medi-
cations for the treatment of melanoma, low success rates are
attributed to non-adherence due to side effects and multi-
drug resistance. Moreover, drug permeation through the
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outer rigid stratum corneum (SC) layer of the skin is essen-
tial for melanoma treatment via topical or transdermal
applications. For these reasons, newer safe, efficient, and
affordable treatment alternatives are required for melanoma
treatment. In the recent past, natural products have widely
been studied to evaluate their roles in preventing and treat-
ing chronic diseases such as cancer. In this research work,
we developed a novel antimelanoma formulation containing
two well-known naturally derived anticancer agents, curcu-
min and tocotrienol, both categorized under generally recog-
nized as safe (GRAS).
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Curcumin is a phenolic compound obtained from
Curcuma longa (turmeric) that belongs to the Zingiberaceae
family and is indigenous to South and Southeast Asia.l!
The rhizome part of the plant is most valuable and has been
used for centuries as a dietary ingredient and a coloring
agent in Asian cuisine. Turmeric has also been traditionally
used in many countries as a disinfectant and a household
remedy for various skin diseases, insect bites and to promote
wound healing.”! The therapeutic effects of turmeric are
primarily due to curcuminoids, with curcumin being one of
the key curcuminoids with innumerable medicinal proper-
ties.) Curcumin has been shown to possess anticancer
activities against colorectal, hepatic, breast, lung, blood,
prostate, and skin cancers, including melanoma.”®! The
anticancer properties of curcumin stem from multiple mech-
anisms whereby the carcinogenesis, angiogenesis, and metas-
tasis phases are all inhibited. Several studies have shown
that the cyclooxygenases (COX-1 and COX-2) are involved
in tumor proliferation, particularly upregulation of COX-2,
resulting in angiogenesis.”) Curcumin selectively blocks
COX-2, activates the c-Jun N-terminal kinases (JNKs) to
cause apoptosis, and inhibits nuclear transcription factor-
kappaB (NF-kB) activation, a protein complex essential for
cancer cell survival and resistance.’®! However, curcumin’s
bioavailability is hindered by its poor aqueous solubility (<
1 ug/mL), rapid gastrointestinal degradation, and hepatic
metabolism.””! Delivering curcumin through the skin may
solve bioavailability issues and enable this compound to be
used for treating skin disorders.”’

Palm oil contains tocopherols and tocotrienols, with toco-
trienols being the most abundant vitamin E.""" The tocotrie-
nols are not commonly found in vegetable oils in large
quantities, with the main exceptions being rice bran and corn
0il.'"™?! Tocotrienols have been found to possess antioxidant,
neuroprotective, anticancer, and cholesterol-lowering proper-
ties that are often not exhibited by the tocopherols.!'>'*!
Currently, alpha, gamma, and delta-tocotrienol have emerged
as vitamin E molecules with distinct health-promoting bene-
fits than tocopherols."®! The polyunsaturated side chain of
tocotrienols allows more efficient penetration through the cell
membrane, which is said to be the reason for the difference in
pharmacological activities between tocopherols and tocotrie-
nols.""®! Tocotrienols have shown significant anticancer activ-
ity against various types of cancers such as skin, breast, lung,
brain, prostate, gastrointestinal and genitourinary cancers.!'”!
Tocotrienol acts on tumor cells by inhibiting various cellular
pathways, including 5-lipoxygenase, COX, NF-«B, and signal
transducer and activator of transcription factor 3 (STAT3).l'#!

Although curcumin and tocotrienol are active against skin
cancer, delivering these compounds through the skin is chal-
lenging because of their hydrophobicity and poor permeation.
For effective skin cancer treatment, the active drugs must pass
through the outer epidermal layers and reach the stratum
basale layer or dermis. Studies have shown that newer gener-
ation lipid carrier systems such as transethosomes,!'! nio-
somes,'*”  transferosomes,”?!! and microemulsions are
successful at delivering lipophilic drugs through the skin with-
out disturbing skin’s structural integrity.?>**) Pham et al.

[22]

(2016) report that a tocotrienol nanoemulsion showed
enhanced permeation over a tocotrienol-propylene glycol
mixture across artificial cellulose ester membranes.!*”
Additionally, in vitro cytotoxicity studies demonstrated that
the nanoemulsion formulation was effective against squamous
cell carcinoma and human epidermoid carcinoma. Our
research group has focused on the topical and transdermal
delivery of tocotrienols, and we have previously reported their
ability to enhance skin permeation. In particular, we demon-
strated that tocotrienol-rich fractions (TRF) derived from
crude palm oil significantly increased the skin permeation of
moderately lipophilic drugs, such as ibuprofen./®! Literature
also supports the synergistic anticancer activity of tocotrienols
and curcumin on breast cancer cells.””! Additionally, toco-
trienol is a chemosensitizer and there is the real prospect that
delivering curcumin and tocotrienols together in a nanofor-
mulation may reduce the individual dose required and
enhance their efficacy in skin cancer therapy. This research
describes the development, characterization and in vitro
evaluation of deformable transethosomal vesicles containing
curcumin and tocotrienol. Transethosomes are advanced
nanocarriers that combine the properties of ethosomes and
transferosomes, incorporating edge activators (lipid bilayer
softening agents) into an ethosomal system.?®! Unlike con-
ventional vesicular systems such as liposomes, niosomes, or
even ethosomes and transferosomes individually, this unique
composition enhances superior flexibility, deformability, and
enhanced interaction with skin lipids, which collectively facili-
tate deeper and more efficient penetration through the stra-
tum corneum.””?®!  Additionally, the skin permeation
enhancing properties of TRF would be an added advantage.
Taken together, it is hypothesized that the synergistic anti-
cancer effects of tocotrienol and curcumin, combined with the
excellent skin permeation capabilities of transethosomes, offer
a promising strategy for topical or transdermal applications.

2. Material and methods
2.1. Materials

Curcumin (>99%), curcumin analytical standard, Tween 80
and cholesterol were purchased from Sigma Aldrich, USA.
The tocotrienol rich fractions (TRF), and the tocotrienol iso-
mers were provided as a gift sample by ExcelVite Sdn Bhd,
Perak, Malaysia. Phosphatidylcholine (25%) of soy lecithin
(SPC) was procured from MP Biomedicals, USA. HPLC
grade methanol and acetonitrile were purchased from Fisher
Scientific, UK.

2.2, Methodology

2.2.1. Formulation of curcumin-TRF transethosomes

Curcumin-TRF transethosomes (Cu-TRF Ets) were prepared
by using solvent evaporation and the thin-film hydration
method.®" In a round-bottom flask, the phospholipid, chol-
esterol, and tween 80 were dispersed in a chloroform-
methanol mixture (2:1). To this mixture, curcumin (5mg)
and TRF (10mg) were added, and the solvents were



evaporated using a rotary evaporator (Biichi Rotavapor®
R-200, Switzerland) at 40°C and 50rpm. A film that was
deposited on the flask walls was then rehydrated using
10mL hydroethanolic solution (40%). The rehydrated ves-
icular mixture was then probe sonicated (Q Sonica,

% EE = The total amount of drug in Cu— TRF Ets — Drug in the supernatant (Unentrapped drug)
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unentrapped drug. Furthermore, the vesicles were lysed
with 10% Triton X and determined the total drug concen-
tration using the same HPLC method. The following
equation was used to determine the encapsulation
efficiency'®*):

(1)

The total amount of drug in Cu— TRF Ets

Newtown, USA) at an amplitude of 20% for 60 seconds to
obtain nanoethsomes of the desired size range. The drug-
loaded transethosomal formulation was compared with the
blank formulation. Additionally, for comparison, ethanol-
free vesicles were prepared using the same method, except
that the hydroethanolic solution was replaced with
phosphate-buffered saline (pH 7.4).

2.2.2. Vesicle size and zeta potential (ZP)

The vesicle size and ZP of the blank and Cu-TRF Ets were
determined using a Zetasizer Nano® operated at fixed scat-
tered angle of 173° at 25°C, with deionized water as the dis-
persant. The samples were diluted with deionized water
(1:3), analyzed at 25°C. The transethosomal size was
recorded as the mean * standard deviation (n=3).

2.2.3. Scanning transmission electron microscopy (STEM)
Morphological evaluation of the blank and Cu-TRF Ets was
performed using a Field Emission Scanning Electron
Microscope (Quanta 400F, FEI, USA). A small amount of
ethosome suspension was placed on a copper grid using a
micropipette and allowed to dry overnight at 25°C. The sur-
face characteristics and vesicle size were recorded at 5kV
voltage and 20,000 x magnification.

2.2.4. Determination of the encapsulation efficiency (EE)

Prior to this experiment, reverse-phase HPLC methods for
the analysis of curcumin and tocotrienol were developed,
validated, and reported separately.’***! The analysis was
performed using a Hypersil Gold C18 column (250 mm X
4.6mm) that was maintained at 30°C. For tocotrienol
analysis, the mobile phase consisted of methanol-water
(95:05) with a flow rate of 1.1 mL/min, and detection
wavelength at 295nm. Likewise, the mobile phase for the
curcumin analysis comprised of a mixture of acetonitrile
and 2% v/v acetic acid solution (45:55) with a flow rate of
1.1 mL/min, and detection wavelength of 425nm. The EE
was determined using the ultracentrifugation method
reported earlier.**! The transethosomal suspension (Cu-
TRF Ets) was centrifuged using a benchtop ultracentrifuge
(Beckman Coulter, Allegra 64R) at 25,000 rpm for 45 min
and was maintained at 4°C.**! The amount of curcumin
and tocotrienol present in the supernatant was determined
using the HPLC method, and this was considered to be

2.2.5. Attenuated total reflectance — Fourier transform
infrared spectroscopy (ATR-FTIR)

The FTIR spectra of the pure drugs and the formulations
were recorded using an ATR-FTIR spectrophotometer
(Perkin Elmer, USA). Before starting the experiment, the
crystal surface (sample holder) of the ATR-FTIR machine
was thoroughly cleaned with acetone to prevent spectral
interferences that are likely to arise from contaminants.
Following a background scan, a small amount of sample
(pure drug/formulation) was placed on the crystal surface,
and the spectra were recorded between the scanning fre-

quency 4000-400 cm ™.

2.2.6. Differential scanning calorimetry (DSC)

DSC thermograms of active compounds such as curcumin
and tocotrienol, major formulation additives, drug-free
transethosomes, and Cu-TRF Ets were recorded using a
Q2000 DSC equipped with TA Universal Analysis 2000
software. 10 mg samples were placed in aluminum pans, her-
metically sealed with lids, and scanned at a rate of
10°C/min between 0 and 300 °C.

2.2.7. X-ray diffraction (XRD) analysis

The crystallographic structure of curcumin in the transetho-
somal formulation was characterized by XRD analysis.!**!
The diffractograms of curcumin, blank formulation, and Cu-
TRF Ets were obtained using an “X’pert Pro X-ray
diffractometer” with Cu Ko as a radiation source operated at
45kV and 40mA. The XRD scanning was performed at a
scanning rate of 0.02°/step and a step time of 0.5seconds
between 5 and 60°.

2.2.8. Release of curcumin and tocotrienol from Cu-TRF
transethosomes

Cryoprotectant (Trehalose Dihydrate 5%) was added to the
formulation and frozen at —80°C overnight. Subsequently,
the sample was freeze-dried using a CHRIST® Alpha 2-LD
freeze dryer (Osterode am Harz, Germany) at a condenser
temperature of —40°C, and chamber pressure of 0.05 mbar
for 48 hours. The freeze-dried nanotransethosomal formula-
tion (200mg) was dispersed in a 100 mL glass bottle con-
taining release medium and was subjected to a drug release
study in a shaker incubator (WiseCube®, Witeg Inc.,
Germany). The release medium (20 mL) was maintained at
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37°C and consisted of acetate buffer (pH 5) containing 1%
w/v tween 80 shaken at 100 rpm. At predetermined intervals,
samples (1 mL) were withdrawn and diluted with an equiva-
lent volume of release medium before being centrifuged for
10min at 25,000rpm. The released drug present in the
supernatant was quantified using the HPLC method outlined
in the earlier sections. The drug release profile was gener-
ated by plotting the percentage released against time, and
the release kinetics were assessed.

2.2.9. Preparation and rheological evaluation of the trans-
ethosomes loaded hydrogel

A hydrogel was prepared by dissolving Carbopol® 940 (0.5%
w/v) in purified water and allowing it to swell for 24 hours.
Triethanolamine was added to adjust the pH to 5.0 and to
increase the viscosity.’”! The optimized formulation (Cu-
TRF Ets) was incorporated into the gel by homogeneous
mixing using geometric addition. Each gram of hydrogel
contains curcumin 0.5mg and TRF 1.0mg. The pH of the
drug-loaded gel was checked using a Horiba pH meter, and
the rheological evaluations were performed using a rheome-
ter (Thermo Haake Rheometer, USA), and data analysis was
done using RheoWin Pro software (Version 3.61.00). A
20 mm cone C20/1° with an MP-C60 plate was used for the
experiments, and the plate temperature was maintained at
32°C. The transethosomal gel was evaluated for flow prop-
erties, viscosity, and thixotropy. The temperature selection is
an important parameter as the thixotropic behavior of a gel
can vary largely due to variations in temperature. For this
reason, 32°C was selected as the temperature at which to
run the experiment as this approximates the skin surface
temperature.

2.2.10. Permeation of Cu-TRF Ets across synthetic Strat-M®
membrane and excised full-thickness human skin
The in vitro permeation experiments adopted our previously
developed methodology.[26’34] The ethics approval was
obtained from the University Research Ethics Committee
before commencing the permeation experiments (Approval
No: RS010516). Skin samples obtained  post-
abdominoplasty from a local hospital in Kuala Lumpur,
Malaysia. The fats and underlying tissues were carefully
removed using a scalpel, cut into 3cm” size, and stored at
—20°C temperature before use. The Franz-type diffusion cell
had a donor and receptor volume of approximately 1 mL
and 2mlL, respectively, and a permeation area of 0.95cm’.
The diffusion cells were placed on a submersible magnetic
stirrer block and immersed in a water bath maintained at
37°C.°%) The skin or Strat-M® membrane was securely
sandwiched between the donor and receptor compartments
of the diffusion assembly. The transethosomal formulation
(1gm) was placed on the upper donor side, whereas the
receptor side contained PBS and 1% w/v tween 80 supple-
mented with an antibacterial agent (0.02% w/v sodium
azide).®” At predetermined time intervals, a 200 uL sample
was collected from the receptor chamber using extended-
length pipette tips and replaced with an equivalent volume

were

of receptor fluid. The drug concentrations were determined
using the HPLC method reported earlier.")

2.2.11. Stability studies of the formulations

Short term storage stability studies of the blank and drug-
loaded formulations were carried out by keeping them at
refrigerator conditions (4-8°C) for 3 months. The particle
size, ZP and the drug content were determined at regular
intervals.

2.2.12. Statistical analysis

Statistical analyses were performed using GraphPad Prism
software (version 9). Data are presented as mean + standard
deviation. The statistical significance between two groups
was done using Student’s t-test, and multiple group com-
parison was performed using one-way analysis of variance
(ANOVA) followed by post-hoc Tukey-HSD (Honestly
Significant Difference), P < 0.05 was considered significant.

3. Results and discussion
3.1. Zetasizer and STEM analyses

The Cu-TRF Ets were synthesized using the thin-film hydra-
tion technique followed by size reduction. The Zetasizer
analysis of the Cu-TRF Ets showed an average size of
129.3+3.0nm and a ZP of —87.5+3.0mV. Cu-TRF Ets
exhibit a significantly larger vesicle size and higher ZP than
the blank formulation (74.4 £ 1.9 nm; —54.0 £ 4.7 mV), pos-
sibly due to the incorporation of curcumin and TRE.!'"
Literature suggests that particles less than 300 nm can per-
meate easily through the SC layer of the skin. Therefore, we
attempted to keep the vesicle size as small as possible, and
optimized drug-free transethosomes of less than 100nm
were obtained. Ethanol is one of the major components of
the ethosomal system and has a significant role in control-
ling the size, ZP, and skin permeation.*”) Vesicles synthe-
sized using the same ingredients and method, but without
ethanol showed a larger average size of 249 +7.5nm. This
clearly indicates that ethanol can decrease the vesicle size,
which agrees with previous reports.'*!). Phosphatidylcholines
are zwitterionic due to the presence of cationic choline
groups and the anionic phosphate and the carbonyl
groups.[42] The ZP of the Cu-TRF Ets (—87.0%+4.3) and
blank transethosomes (—52.6+3.0) was found to be highly
negative, possibly due to the high ethanol percentage, and it
was reported that ethanol imparts a net negative charge to
the ethosomal system, which could be correlated to the
ethanol-free vesicles that provided a low negative ZP
(—8.2+£0.38 mV). The ethanol is distributed within the lipid
bilayers of transethosomes and to the inner aqueous envi-
ronment. The hydroxyl group of ethanol molecules can
stretch to the surface of the vesicles and form hydrogen
bonds between ethanol molecules or with water molecules
favoring a net negative charge.[43]

The STEM analysis indicates that both the blank and Cu-
TRF Ets demonstrated a spherical shape with smooth edges



(Figure 1la,b). Homogeneously distributed vesicles were
observed without aggregation, and these results were in
agreement with the low PDI values (<0.25) in the Zetasizer
results. Reports suggest that homogeneity and size distribu-
tion are better interpreted with a combination of DLS meas-
urements and imaging techniques.**! The smaller vesicle
size and the spherical shapes of transethosomes can provide
significant advantages in skin permeation.'*”’

19ﬁnm

177; nm

Figure 1. STEM images of (a) blank formulation and (b) Cu-TRF transethosomes
at 20,000 magnification.
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3.2. Encapsulation efficiency

The encapsulation efficiency of Cu-TRF Ets followed a simi-
lar pattern to that observed previously for TRF ethosomes
and curcumin ethosomes.!"”**! The curcumin encapsulation
in Cu-TRF Ets was 82.0+1.2%, whereas gamma-tocotrienol
(gamma-T3) was found to be 65.6+1.3%. Dubey et al. sug-
gest that higher ethanol content enhances drug solubility and,
therefore, can accommodate greater drug content in the lipid
layer of vesicles."**’ High EE and optimal vesicle size are vital
for the enhanced transdermal delivery of active compounds.

3.3. ATR-FTIR analysis

The compatibility of ethosomal components with curcumin
or tocotrienol has been discussed in our recent reports.!'>**!
When assessing the compatibility of curcumin and tocotrie-
nol together in Cu-TRF-Ets, curcumin showed a broad
phenolic O-H stretching at 3506.9cm™', C=C stretching
(1627.3cm™"), —C=0 and C=C vibrations (1504.9cm™"),
-olefinic C-H bending vibrations (14269 cm™}), and aro-
matic C-O stretching at 1273.75 cm™! (Figure 2).
Tocotrienol had shown prominent peaks of O —H stretching
vibration at 3423.4cm™', CH, stretching (2923.7 cm™! and
2853.8cm™!), C=C stretch (1723.01cm™'), C-H bend
(1453cm™"), and 1377.0cm™"' would be a— C—C — stretch.
The characteristics peaks mentioned for curcumin and TRF
were visible in the formulated Cu-TRF Ets, suggesting the
compatibility of drugs and additives in the formulation.

3.4. DSC analysis

DSC analysis was performed for Cu-TRF Ets, curcumin,
TRF, and the other major transethosomal components such
as SPC and cholesterol. Figure 3 shows the thermogram of
curcumin, TRF, major formulation additives, and transetho-
somal formulations. An endothermic peak at 150.2 °C corre-
sponds to cholesterol melting, whereas the second sharp
peak at 179.4°C is attributed to curcumin melting. These
sharp peaks disappeared in the drug-free transethosomes
and Cu-TRF Ets that were corroborating to other reports.!*®’
These results suggest the transition of the crystalline

517.920m1

4000 3500 3000 2500

2000 1500 500 400

»—— Curcumin
»——TRF
»——Cu-TRF-eth

Figure 2. FTIR spectra of curcumin, TRF and CU-TRF transethosomes.
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Figure 4. XRD of curcumin and CU-TRF transethosomes.

arrangement of molecules to a disorderly arranged state,
which would have happened during the synthesis. The exo-
thermic peaks seen above 250 °C were possibly due to the
decomposition of the transethosomal matrix. The DSC ana-
lysis supports the successful encapsulation of drugs in the
lipid core.

3.5. XRD analysis

Figure 4 shows the XRD diffractogram of curcumin and
Cu-TRF Ets. A typical XRD pattern shows the intensity of
scattered X-rays from the samples recorded as counts/s. The
diffractogram of curcumin showed characteristic peaks
between 0° and 30°, attributed to the crystallinity of curcu-
min. These distinct peaks were either diminished or disap-
peared in the Cu-TRF Ets diffractograms, possibly due to an
amorphous transformation of curcumin from its crystalline
state. Many other reports have suggested that the decrease
in peak intensity is due to the decreased crystallinity or
amorphous nature of the compounds.””*®) The change in
crystalline characteristics might have occurred due to the
intermolecular interactions between drugs and other formu-
lation additives.

Position ["2Theta] (Copper {Cu))

3.6. Drug release from Cu-TRF transethosomes

The cumulative drug release from the Cu-TRF Ets was
87.1£1.7% and 78.5+1.1%, corresponding to the curcumin
and gamma-T3, respectively (Figure 5). The drug release fol-
lowed a continuous release pattern and reached a plateau
after 4hours. The release pattern suggests a controlled drug
release with more than 25% of the drug being released in
the first 2 hours. Curcumin release was higher than gamma-
T3, probably due to their difference in molecular weight.
The higher ethanol composition would have enhanced the
lipid bilayer’s fluidity, which was believed to be the reason
for the greater initial drug release.!*”) Drug release from the
transethosomal formulations mainly occurs due to the diffu-
sion of drug moieties from the vesicular structure and even-
tually gets dissolved in the release media. Curcumin and
TRF are both poorly water-soluble, so a suitable release
medium containing solubilizing agents was necessary to
ensure that sink conditions remained. Acetate buffer pH 5.0
containing 1% w/v polysorbate 80 was used as the release
medium as it mimics the skin pH, and the addition of the
surfactant also enhances the solubility and stability of curcu-
min and TRE.” The release mechanism was closely fitted
to the Korsmeyer-Peppas model with R* values of 0.9825



and 0.976 for curcumin and tocotrienol, respectively.
Bodade et al. report a similar drug release mechanism from
repaglinide-containing transethosomes.!”!! It can be inferred
that the enhanced fluidity and erosion of the lipid layer
could be the underlying process.

3.7. Rheological evaluation of the transethosomes
loaded hydrogel

For Newtonian systems, the shear stress (7) is directly pro-
portional to the rate of shear (y), where the viscosity () is a
constant. Whereas, in the case of non-Newtonian systems,
the viscosity is dependent on the shear stress and the shear-
ing rate. Thixotropic behavior is one of the ideal characteris-
tics of topical or transdermal semisolid formulations.”* On
application, they will change from gel to sol and then regain
the gel form. This property offers an easy spreading of the
gel on application to the skin, which will remain there for a
sufficient duration to exert its therapeutic effect. The rheo-
gram (shear rate vs. viscosity) of the transethosome loaded
(Cu-TRF Ets) gel (Figure 6) shows a pseudoplastic (shear
thinning) system whereby the viscosity of the gel decreases
on increasing shear rate. The gels start to flow above a cer-
tain amount of stress which is known as the yield point, and
thereafter it behaves like a Newtonian system. The viscosity
of the blank and the Cu-TRF Ets gel was found to be
2388cp and 959.2cp respectively. This clearly shows a
reduction in viscosity on the incorporation of the transetho-
somes. Several mathematical models have been proposed to
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Figure 5. Curcumin and gamma-T3 release from curcumin-TRF transethosomes.
Mean + SD, n=3.
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explain the relationship between shear stress and the rate of
shear. The rheological data obtained in this study were fitted
into different rheological models such as the Bingham
model, Hershel-Buckley, and the Casson model.”*’ The
Bingham model is a two-factor model that describes the
flow of a material based on the yield point and viscosity
using the following mathematical expression:

T="To+Mp (2)

7y is the yield point and #,, is the plastic viscosity

The shearing rate is not accounted for in the Bingham
model. Therefore, a modified Bingham model called the
Hershel-Buckley model, replacing the viscosity term with the
shear rate, consistency index (K), and the flow index (n).

T =19, Ky" (3)

The Casson model explains the viscoelastic behavior of
fluids and is aligned more toward a gradual transition of
Newtonian to the yield point, expressed as follows:

05— T00-5 + npo-5.y0.5 (4)

Based on the software-generated correlation coefficients
(R?), the data approximated the Hershel-Buckley model
(Table 1). This model perfectly describes a non-Newtonian
flow of gel where the stress-strain relationship is explained
in a non-linear manner.

A hysteresis loop was generated by plotting the shearing
stress vs. rate of shear in the ascending and descending
order. The thixotropic areas generated for the blank and the
Cu-TRF Ets gel were 6444 Pa/s and 1084 Pa/s respectively. It
was evident from the data that the blank gel exhibited a
higher yield value (51.66Pa) and thixotropic area compared
to the Cu-TRF Ets gel (17.78 Pa). However, both gels were
most closely approximated to the Hershel-Buckley model,
suggesting that the gel property had been retained even after

Table 1. Yield point and the correlation coefficient of the blank and the etho-
some loaded (Cu-TRF Ets) gel fitted into various rheological models.

Yield point (zq) Correlation coefficient 'r*
Rheological Blank Cu-TRF Ets Blank Cu-TRF
models Gel Pa Gel Pa Gel Ets Gel
Bingham 135.7 35.18 0.9538 0.9520
Casson 98.62 24.67 0.9503 0.9386
Hershel-Buckley 51.66 17.78 0.9680 0.9713
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Figure 6. Thixotropic behavior of the gel showing a hysteresis loop between the ascending and descending curves.
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incorporating the transethosomes. The reduction in the loop
area and the low yield point that was observed in the Cu-
TRF Ets gel was probably due to the effect of ethanol on the
gel, which might have altered the viscoelastic property of
gels. The consistency index obtained for the blank and the
Cu-TRF Ets gel was 27.3 and 4.8 respectively, whereas the
flow indexes were 0.34 and 0.43, respectively. The K value
indicates the consistency of the fluid; therefore, a reduced
viscosity was obvious for the Cu-TRF Ets gel due to the
dilution that occurred on incorporating transethosomes. A
flow index value < 1.0 indicates the pseudoplastic behavior,
and a value > 1 suggests the shear thickening or a dilatant
behavior.”*) Hence, these results warrant the pseudoplastic
behavior of both the blank and the Cu-TRF formulations,
which remain as gels on storage and may go into a sol form
on application to the skin.

3.8. In vitro permeation studies of Cu-TRF ets using
Strat-M® membrane and excised human skin

Curcumin and tocotrienol permeated through Strat-M®
(Figure 7a) in a similar fashion to that previously observed
with individual curcumin and tocotrienol ethosomal formu-
lations.!"***! The flux values of tocotrienol (gamma-T3) and
curcumin from Cu-TRF Ets were 1.93+0.18pug cm™> h™'
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Figure 7. Permeation of curcumin and gamma-T3 from Cu-TRF transethosomes
through (a) Strat M® membrane and (b) excised full-thickness human skin.
Mean + SD, n =5 (***p <.001).

and 1.23+0.09ug cm™ h™' respectively; this was compar-
able to the fluxes obtained from the individual formulations.
Although TREF as a vehicle has been reported to enhance the
permeation of the moderately lipophilic drug ibuprofen (Log
P 3.72; MW 206.3 Da),[26] it did not influence the perme-
ation of curcumin when TRF and curcumin were combined
into an transethosomal formulation. This was probably
because, as a vehicle, TRF could enhance the permeation of
drugs due to its solvent effect. However, when TRF was
encapsulated into transethosomes, the permeation was pri-
marily dependent on formulation properties and the drug’s
physicochemical characteristics. Our formulations contained
a high percentage of ethanol and an edge activator tween 80
which could help obtain a soft and flexible vesicle that can
easily pass through the skin layers. It is evident from the
previous study that the ethosomal formulations showed a
significantly enhanced permeation when compared to the
control hydroethanolic  solution.*®!  This demonstrates
unambiguously that ethanol concentration is not the only
factor influencing permeation enhancement which agrees
with a further study that reported the superior flux from
transethosomes compared to an aqueous ethanolic solution
or liposomes containing a hydrophobic solution.!*”!

The skin permeation of Cu-TRF Ets through full-
thickness human skin (Figure 7b) revealed that curcumin
permeation likely exceeded gamma-T3, possibly due to its
comparatively low molecular weight (368) and a more favor-
able log P (3.2). The curcumin permeation would have
probably created a momentary channel in the skin that
resulted in the faster diffusion of gamma-T3 from Cu-TRF
Ets. The cumulative permeation and the flux of curcumin
were 9.63+1.2ug cm™> and 0.16 £0.03 ug cm™> h™" respect-
ively, whereas the corresponding values for gamma-T3 were
5.51£0.97pug cm™” and 0.10+£0.02pug cm > h™', and these
values were much lower compared to the results obtained
using Strat-M®. The significant differences in flux values are
due to the structural differences between skin layers and the
artificial membrane.

The highly deformable transethosomes can penetrate the
SC barrier, fuze with the lipids, and release the encapsulated
drugs into deeper skin layers. The SC and other upper epi-
dermal layers are predominantly lipophilic, whereas the
lower layers, such as the dermis, are more hydrophilic.
Therefore, drugs having a balanced log P (1-4) are ideal for
transdermal applications. This was evident from the differ-
ence in permeation observed between curcumin and
gamma-T3. Curcumin has a lower log P and a lower MW
compared to gamma-T3, therefore it can permeate faster
than gamma-T3 (log P 8.9) through the lipophilic-
hydrophilic regions. The corneocytes of the SC are tightly
packed and play a critical role in maintaining the skin’s bar-
rier properties and controlling the drug penetration.!*®

Huq et al. made a comparison of the permeation of
hydrophilic and lipophilic compounds across synthetic
membranes and human skin. The cumulative permeation
reported was in the order of cellulose acetate > Strat-M® >
human skin. Although there exists a significant difference
between cumulative permeation across human skin and



a) ns *
150 1 T
- e
£
£ 1004
[
(=2
o
(]
>
T 504
N
0- T T

0 30 60 90
Days

JOURNAL OF DISPERSION SCIENCE AND TECHNOLOGY e 9

100 s

0- T T
0 30 60 90
Days

Figure 8. Stability evaluation of Cu-TRF Ets at regular intervals over a 90-day period showing: (a) vesicle size and (b) zeta potential. Data are presented as

mean +SD, n =3 (*p < .05; NS = not significant).

Strat-M®, the permeation showed a better correlation than
other synthetic membranes. The Huq study suggests that
Strat-M® is a potential alternative to human skin in con-
ducting permeation experiments due to its minimal batch
variation and cost-effectiveness.”’! There are several
assumptions about transethosomal skin permeation, and lit-
erature reveals a multitude of potential mechanisms.
However, most studies suggest that ethanol content plays a
significant role as it is a known permeation enhancer and
imparts vesicle flexibility that helps diffusibility through the
skin layers.*®°! Besides, a synergistic mechanism may be
involved between ethanol, tween 80 and phospholipids. The
phospholipids of transethosomes may fuze with the skin lip-
ids, altering the lipid transition temperature and increasing
fluidity. Additionally, smaller size allows transethosomes to
permeate via the transappendageal routes.!””

3.9. Stability studies

A short-term stability study of the formulations was per-
formed at 4-8°C and the z-average, ZP and the EE were
determined. The z-average for the blank, and Cu-TRF Ets
were observed at 90days were 79.6+4.0, and 144.1+7.4
respectively. There were no significant changes between the
blanks, but Cu-TRF Ets increased marginally over time
(p <.05) (Figure 8a). The ZP values showed no significant
difference compared to the fresh samples (Figure 8b). A
high positive or negative ZP indicate better colloidal stability
as oppositely charged colloidal particles will repel each
other.®®®!) " Generally, colloids are categorized highly
unstable when ZP ranges from 0 to 10 (+) mV; moderately
stable 10-20 () mV; relatively stable 20-30 (£) mV; >30
highly stable (+) mV.[?! The PDI of all the formulations
ranged between 0.23+0.01 and 0.32+0.05 indicating the
homogenous size distribution of the formulations. The EE at
day 0 was 85.8% + 1.8 for curcumin and 69.4% + 4.8 for
TRF, while at day 90, it was 80.3% + 3.6 and 65.1% + 1.8
respectively for curcumin and TRF. Although the EE fell
slightly in all the formulations, but the differences were not
significant indicating the short-term stability of the formula-
tions when refrigerated. The particle size and ZP analysis
clearly show no aggregation or fusion and thereby warrants

the physical stability of the formulations. Furthermore, the
EE analysis showed no major drug loss indicating the chem-
ical stability of the formulations.

4. Conclusion

This study presents a novel approach for co-delivering two
safe anticancer agents, curcumin and TRF, incorporated into
a transethosomal formulation, thereby addressing formula-
tion challenges and demonstrating significantly enhanced
skin permeation compared to pure curcumin and TRE.13+63]
Furthermore, to ensure the relevance and reliability of the
results, skin permeation was assessed using physiologically
relevant models, including Strat-M® membranes and excised
human skin.””! Particle size analysis of the formulation
demonstrated that the size range (<200nm) was ideal for
topical application. The FTIR, DSC, and XRD analyses indi-
cate the successful incorporation of curcumin and TRF into
the ethosome matrix. The permeation evaluation across
Strat-M® and the human skin revealed that the transethoso-
mal formulations could permeate through the skin layers,
and the nano-size and the flexibility of transethosomes may
have favored their skin permeation over pure drug solutions
(p <.05). Future directions include evaluating the anticancer
activity of the formulation on melanoma cell lines (SK-
MEL-28). To further explore the cytotoxic mechanism, cell
cycle analysis and apoptosis assays will be conducted and
compared with those of the pure drug solutions.
Cytotoxicity will also be assessed on healthy human kerati-
nocytes to determine the selectivity of the formulations
between normal and cancer cells.
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