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ARTICLE INFO ABSTRACT

Keywords: Melatonin (MLT) exhibits antioxidant, ultraviolet protection, anti-inflammatory, and anti-aging properties.
Melatonin However, its effectiveness is limited by instability, a short half-life, and incompatible absorption. In this research,
Transfersomes we encapsulated melatonin (MLT) in transfersomes (MT) and niosomes (MN) to enhance their properties and
Drug release investigate their effects through in vi 1l i i h 1ls and h foreskin fib

Permeation investigate their effects through in vitro cell assays using murine macrophages cells and human foreskin fibro-

blasts cells. The vesicle morphology, vesicle size, polydispersity index, zeta potential, entrapment efficiency (EE
%), attenuated total reflectance-Fourier transform spectroscopy (ATR-FTIR) spectra, along with in vitro release,
permeation profiles, and stability study were also evaluated. The results showed that both encapsulations dis-
played spherical morphology at the nanometric scale, their great physical stability and provided an EE% range of
58-78%. The MLT incorporation into the vesicle was confirmed by the ATR-FTIR spectra. Additionally, the
encapsulation’ release profiles fitted with the Higuchi model, indicating controlled release of melatonin.
Furthermore, MT showed greater permeability than MN and MS including melatonin deposition. In cell assays,
MT exhibited significantly higher nitric oxide inhibition and stimulation of collagen compared to MN and MS.
Therefore, MT demonstrated the highest possibility for anti-inflammatory and collagen-stimulating activities that

Nitric oxide inhibition
Collagen-stimulating properties

could be applied in pharmaceutical or anti-aging cosmetic products.

1. Introduction

Melatonin (N-acetyl-5-methoxy-tryptamine,) is a natural hormone
produced and secreted from the pineal gland in brain and acts to control
circadian rhythm and is involved in regulating the sleep system (Reiter
et al., 2001). Melatonin can prevent DNA damage, oxidative stress, and
apoptosis from ultraviolet radiation (UVR) irradiation in Human skin ex
vivo (Skobowiat et al., 2018; Slominski et al., 2014) which cause skin
anti-aging (Kleszczynski and Fischer, 2012). Melatonin has also been
found to have beneficial effects on the skin which could regulate skin
integrity in the human epidermal and dermal (Slominski et al., 2014).
Moreover, there have been reports that melatonin could inhibit ultra-
violet A (UVA)-induced matrix metalloproteinase-1 (MMP-1) and matrix
metalloproteinase-3 (MMP-3) activation by suppressing lipid and pro-
tein oxidation (Koctiirk et al., 2019; Park et al., 2018), which affects
collagen type I and type III in the dermis layer of skin. Melatonin sup-
pressed the expression of ultraviolet B (UVB)-induced MMP-1 and
related proteins (inflammatory proteins), increased procollagen, and
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inhibited reactive oxygen species (ROS), MMP-1 and the hedgehog
signaling pathway in human keratinocytes cell lines (HaCaT) (Park
et al., 2018) including ultraviolet (UV) protection effects (Scheuer et al.,
2014). Furthermore, melatonin has anti-inflammatory via reducing
(iNOS) nitric oxide synthase expression and (NO) nitric oxide inhibition
(Kang et al., 2013; Phiphatwatcharaded et al., 2014; Sangchart et al.,
2021). Therefore, melatonin has anti-inflammatory and antioxidant
capabilities to prevent mitochondrial damage, DNA damage, oxidative
stress from external environmental variables which generate anti-aging
effects (Bocheva et al., 2022). These melatonin properties are applicable
to develop as anti-aging, anti-wrinkle, and anti-inflammatory skin care
products.

However, melatonin is sensitive to environmental factors such as
light, temperature, and moisture, thus encapsulation of melatonin is an
alternative way to be applied as a skin care product. One type of
encapsulation, a lipid-based drug delivery system, such as transfersomes
and niosomes could help to protect the active compounds from envi-
ronmental factors such as oxidation, light, humidity, heat, and acidity
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(Casanova and Santos, 2016) including controlled drug delivery
improvement, enhancement of permeation, reduction of toxicity and
side effects. Melatonin loaded elastic liposomes developed for trans-
dermal delivery was found to enhance permeation of the formulation to
deeper layers of the skin (Dubey et al., 2006). Melatonin entrapped
niosome was developed as a niosomal gel could provide a tool to sustain
systemic melatonin absorption and prolong anti-inflammatory activity
(Netweera et al., 2013; Priprem et al., 2014). In addition, transmucosal
melatonin entrapped niosome was developed to improve absorption and
prolonged systemic circulation (Priprem et al., 2018).

Transfersomes are more deformable and flexible than liposomes,
which allows them to pass through the pores of the skin more easily.
Transfersomes have several desirable properties for topical application,
such as elasticity and flexibility, and these properties are affected by the
nature of the edge activator (as Tween 20, 60, 80, etc.) and phosphati-
dylcholine components (Fernandez-Garcia et al., 2020). Transfersomes
have provided controlled release of therapeutic agents, enhance skin
permeation (Opatha et al., 2020) and become interesting for trans-
dermal drug delivery due to their ultra-deformability while passing
through the skin (Rai et al., 2017). In addition, transfersomes were
found to protect the active compounds from undesired photo-
degradation (Demartis et al., 2021).

In this study, we compared melatonin entrapped in transfersomes
(MT) and niosomes (MN) with free melatonin solution (MS) for their
characteristics such as appearance, size, polydispersity index (PDI), zeta
potential, percent entrapment efficiency (%EE), and attenuated total
reflectance - Fourier transform spectroscopy (ATR-FTIR) including
melatonin release and permeation. Furthermore, the biological activities
in cell assays such as cytotoxicity, nitric oxide inhibition, and collagen
production were investigated on murine macrophages cells (RAW
264.7) and human foreskin fibroblasts cells (HFF-1). The results could
provide the potential formulation for anti-inflammatory and collagen
synthesis activities which can be applied as a skin anti-aging product.

2. Materials and methods
2.1. Materials

Phosphatidylcholine 90% (PC) was purchased from Myskinrecipes
(Bangkok, Thailand), Tween 80 was purchased from Chem-Supply
(Gillman, SA, Australia), Melatonin was purchased from Purebulk
(Roseburg, OR, USA), and PEG 400 were purchased from Sigma Aldrich
(St. Louis, MO, USA), acetonitrile (ACN) was purchased from Merck
KGaA (Darmstadt, Germany), disodium hydrogen orthophosphate, and
sodium dihydrogen orthophosphate, were purchased from Ajax Fine-
chem (Taren Point, NSW, Australia) all chemicals used in this study were
AR grade.

2.2. Methodology

2.2.1. Melatonin entrapment preparation

The lipid-based nanoparticle was prepared to entrap melatonin by
sonication method (Bansal et al., 2013; Kim et al., 2004). The melatonin
entrapped transfersomes (MT) were prepared from a mixture of 85.36
mg of phosphatidyl choline (PC), 13.1 mg of Tween 80 and 50 mg of
melatonin in 500 pL of PEG 400 and adjusted to 10 mL with phosphate
buffer pH 7.4 (Agrawal et al., 2015; Chen et al., 2020). The final con-
centrations of PC and Tween 80 were 11 mM and 1 mM, respectively.
The final concentration of melatonin was 0.5% w/v. After that, the
mixture was vortexed for 5 min by a vortex mixer (Biosan V-1 plus, Riga,
Latvia), and sonicated for 30 min by using a low-frequency ultrasonic
bath (CREST 230 T, NY, USA). Whereas melatonin entrapped niosomes
(MN) were prepared from a mixture of 3.9 mg of cholesterol (CL) and
4.3 mg of Span 60 in 5 mL of phosphate buffer pH 7.4 and then the
mixture was heated at 60 °C for 10 min. Then, 50 mg of melatonin
dissolved in 500 pL of PEG 400 was added and adjusted to 10 mL with
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phosphate buffer pH 7.4. The final concentrations of CL and Span 60
were 1 mM. The final concentration of melatonin formulation was 0.5%
w/v. The suspension was vortexed for 5 min and sonicated for 30 min by
the low-frequency ultrasonic bath.

2.2.2. Vesicle characteristic evaluation

The vesicle characterization was determined for measurement of
size, polydispersity index (PDI), and zeta potential by dynamic light
scattering (DLS) using a Zeta Sizer Nano ZS (Malvern Instruments Ltd.,
Malvern, U.K.) (Caddeo et al., 2018).

2.2.3. Morphology of vesicles

The morphology of vesicles was evaluated by transmission electron
microscopy (TEM, FEI, TECNAI G2, Netherlands). The samples were
diluted 50-fold with phosphate buffer pH 7.4, dropped onto carbon-
coated copper grids. After samples were air-dried at room temperature
(normal conditions) were observed under TEM (Kuznetsova et al.,
2022).

2.2.4. Entrapment efficiency (%EE)

The entrapment efficiency of vesicles was performed using Viva-
spin® 2, MWCO 30 KDa (Sartorius AG, Gottingen, Germany). A 1 mL
sample was centrifuged for 30 min at 5000 x G by centrifuge (Kubota
6200, Tokyo, Japan) to separate the melatonin contained transfersome
or niosome vesicles from unentrapped melatonin (Gao et al., 2021). The
amount of melatonin in the vesicle was extracted using Phosphate buffer
pH 7.4 with 25% propylene glycol (PG) and 25% ethanol (EtOH) by 1:1
ratio with samples. The amount of melatonin in the vesicle and unen-
trapped melatonin parts were measured by using a fluorescence
microplate reader, FMR (EnSight® multimode microplate reader with a
fluorescence detector, PerkinElmer, Waltham, MA, USA) at the excita-
tion wavelength of 274 nm and the emission wavelength of 370 nm. The
fluorescence microplate reader for melatonin determination was vali-
dated compared to standard HPLC method are shown in supporting in-
formation (Table S13 and Fig. S7-S10). The %EE was calculated
according to Eq. (1) (Priprem et al., 2018).

amount of MLT in vesicle

%EE X 100

= amount of MLT in vesicle + amount of untrapped MLT
@

2.2.5. Stability test

The stability test used a heating-cooling cycle test. The formulation
was tested under conditions switching low-temperature (4 °C) to high-
temperature (45 °C), which performed storage conditions between
4 °C for 24 h and 45 °C for 24 h (1 cycle) conducted of 6 cycles. Then the
size, zeta potential, PDI, and %EE were determined before and after
storage condition. This method was modified as previously described
(Estanqueiro et al., 2014, Fitrya et al., 2022).

2.2.6. Attenuated total reflectance (ATR) - fourier transform spectroscopy
(FTIR)

The ATR-FTIR spectra were used to study the chemical interaction
between melatonin and vesicles, which was measured by the FTIR
spectrometer Bruker tensor II series (Billerica, MA, USA). The aqueous
samples of blank transfersomes (BT), blank niosomes (BN), melatonin-
loaded transfersomes (MT) and melatonin loaded-niosomes (MN) were
pipetted 5 pL and dropped on the crystal surface of the machine. Then an
air dryer (cold air) was used to dry the samples for 10 min. An analy-
zation was performed at the spectral range 4000-400 cm ™, resolution 4
cm ™! for 64 co-added scans per spectrum.

2.2.7. Invitro release study

The in vitro release of melatonin from MT, MN and 0.5% MLT so-
lution in phosphate buffer pH 7.4 with 5% PEG 400 (MS) were inves-
tigated using a Franz diffusion cell method (Franz, 1975). The cellulose
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dialysis membrane (CelluSep®, T4, MWCO 12-14 kDa, Membrane
Filtration Products, TX, USA) was rinsed in warm distilled water for 30
min to remove preservative and soaked overnight in a medium (Attia
et al., 2007; Panwar et al., 2010). Next, the membrane was washed with
warm distilled water and medium and placed between the donor and
receptor compartments. The receptor chamber was filled with 5 mL of
25% propylene glycol (PG) and 25% EtOH in phosphate buffer pH 7.4
(Farah et al., 2019; Haq and Michniak-Kohn, 2018). The Franz diffusion
cell was placed on the multi position magnetic stirrer (VELP Scientifica
Multistirrer Digital 6, Usmate Velate (MB), Italy) and stirred at 800 rpm.
A circulating bath (LAUDA Alpha A6, Konigshofen, Germany) was used
to maintain the medium temperature at 37 + 0.1 °C. Then the donor
chamber was filled with 1 mL of sample and covered with parafilm and
aluminum foil. The receptor medium was withdrawn (0.6 mL) at set
time intervals (0.5, 1, 2, 4, 6, 8, 12, 24 h) and immediately replaced with
an equal volume of fresh medium. The melatonin content was deter-
mined by a fluorescence microplate reader.

2.2.8. Release kinetics

The data of release kinetics according to four models, zero-order
(cumulative release percentage versus time), first-order (log cumula-
tive drug release percentage versus time), and Higuchi model (cumu-
lative drug release percentage versus square root of time) were
investigated (Higuchi, 1963). The correlation coefficients for all the
release kinetics calculated using linear regression analysis. The
Korsmeyer-Peppas model (log cumulative drug release percentage
versus log time) was used to analyze the mechanism of drug release and
the diffusion kinetics in which the n exponent was obtained from the
slope of linear regression. Whereas n is releasing exponent indicative of
the release mechanism, if n < 0.5, a Fickian diffusion mediated drug
release occurs while if 0.5 < n < 1, a non-Fickian transport is predom-
inant, n = 1 to Case II (relaxational) transport and n > 1 to super case II
transport (Korsmeyer et al., 1983).

2.2.9. Invitro permeation study

The in vitro skin permeation study was carried out by a modified
Franz diffusion cell using Strat-M® membrane (Merck KGaA, Darmstadlt,
Germany). The method was performed in a similar manner as same as
drug release study and the receptor chamber was filled with phosphate
buffer pH 7.4 (Zsiko et al., 2019). The graph between %cumulative
amount and time was constructed. The cumulative permeation steady-
state flux (Jgs) was obtained from the slope of linear regression graph.
The lag time (T/lag) was calculated by extrapolating the cumulative
amount permeated profile's linear area to the x-axis intercept. The other
parameters, permeability coefficient (P), including enhancement ratio
(ER), were calculated according to Eq. (2). Whereas MS was used as a
control.

P = Jg5/Co(Initial concentration)

ER = Jgs test/Jss control @

A skin deposition study was used for the evaluated amount of
melatonin accumulation in the Strat M® membrane of various formu-
lations. After 24 h of permeation study, the Strat M® membranes were
removed from the Franz diffusion and extracted for melatonin. The
membranes were placed in a centrifuge tube of 50 mL containing 5 mL of
(25% propylene glycol (PG) and 25% EtOH in phosphate buffer pH 7.4)
and sonicated for 1 h (Al-mahallawi et al., 2019; Ameri et al., 2018).
After that, the amount of melatonin was determined for fluorescence
intensity by a fluorescence microplate reader.

2.2.10. Cell culture assay

Human foreskin fibroblast cells (HFF-1 cells) were purchased from
ATCC (SCRC-1041, USA). and murine macrophage cell line (RAW 264.7
cells) was obtained from Dr. Pramote Mahakunakorn (Faculty of Phar-
maceutical Sciences, Khon Kaen University, Khon Kaen Thailand). Cells
were cultured in 75 cm?flasks in complete medium (DMEM high
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glucose supplement, with 10% Fetal bovine serum (FBS), 100 pg/L
streptomycin, and 100 IU/mL penicillin). The cells were maintained and
incubated at 37 °C with 5% CO».

2.2.10.1. Cell viability assay. Human foreskin fibroblast cells (HFF-1
cells) or murine macrophage cells (RAW 264.7 cells) were seeded into
96 well plates at an initial concentration of 1.5 x 10* cells/well in 100
pL of culture medium and incubated for 24 h at 37 °C with 5% COs. Then
the medium was removed after 24 h. The cells were treated with 100 pL
of samples such as MT, MN, MS, BT or BN in culture media (1:10 ratio).
After incubation for 24 h, at 37 °C with 5% CO,, the medium was
removed and 100 pL of MTT ([3(4,5-dimethyl thiazolyl-2)-2,5-
diphenyltetrazolium bromide]) 0.5 mg/mL was added to each well
and then incubated for 3 h at 37 °C with 5% CO». Lastly, the crystals of
formazan in each well were dissolved by dimethyl sulfoxide (DMSO)
100 pL. The absorbance of the mixture was measured at 570 nm using a
microplate reader and calculated for cell viability (Chiong et al., 2013).
The media from non-treated cells was a negative control (control). The
experiment was executed with three replicates, and the % cell viability
was calculated as the following Eq. (3).

absorbancesample

%Cell viability = ———————
oLet iabttly absorbancecontrol

X 100 3)

2.2.10.2. Nitric oxide inhibition assay. RAW 264.7 cells were seeded in
96 well plates at a density of 1.5 x 10* cells/well with culture medium
and incubated for 24 h at 37 °C with 5% CO,. Then, the media was
aspirated and replaced by MT, MN, MS or 200 pM N,-Nitro-L-arginine
methyl ester hydrochloride (L-NAME, positive control) in culture media
(1:10 ratio) with of 1 pg/mL lipopolysaccharide (LPS) to give a total
volume of 100 pL and incubated for 24 h at 37 °C with 5% CO (Chiong
et al., 2013; Dzoyem et al., 2016), LPS was used to induce nitric oxide
production. Then, the 100 pL/well supernatants were transferred into
new 96 well plates. Griess reagent (1% sulfanilamide in 5% phosphoric
acid and 0.1% N-(1 -Naphthyl) ethylenediamine in DI water) was added
(100 pL/well) and incubated for 30 min (in the dark at room tempera-
ture). The absorbance was measured at 540 nm using a microplate
reader. The media with LPS from non-treated cells was used as a control
(control). The media without LPS from non-treated cells was a negative
control ((—)control)). Nitric oxide (NO) inhibition was performed with
three replicates and was calculated per Eq. (4) (Tewtrakul and Itharat,
2007).

absorbancecontrol-absorbancesample

%NO inhibition =
e mhibtion absorbancecontrol-absorbance( — )control

X 100 4

2.2.10.3. Picrosirius red assay. The collagen determination using pic-
rosirius red assay method was modified from Taskiran et al. (Taskiran
et al., 1999). In brief, 100 pL of each sample (media from HFF-1 cells)
was mixed with 100 pL of 0.5 M acetic acid and 1 mL of dye solution
reagent (Direct red 0.00067 g/mL in picric acid), then sonicated for 30
min. The mixture was centrifuged at 12,000 rpm for 10 min. The su-
pernatant was removed. The precipitate was added to 1 mL of 0.1 M HCI
and then centrifuged at 12,000 rpm for 10 min. The mixture was dis-
solved by 1 mL of 0.5 N NaOH. The absorbance of the sample was
measured at 540 nm. The collagen content was calculated and compared
with the calibration curve of standard collagen type I (Longsri et al.,
2021).

2.2.11. Statical analysis

Data are presented as mean =+ standard error of mean (SEM) with
three replications (n = 3) and were analyzed using SPSS version 28
(licensed KKU software). Differences between groups were assessed by
one-way analysis of variance (ANOVA) by Tukey's test. The comparison
in stability test was evaluated by Paired sample t-test. A p-value of <0.05
was considered statistically significant.
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3. Results and discussion
3.1. Vesicle characteristic evaluation

3.1.1. Particle size, Polydispersity Index (PDI), Zeta potential

MT, MN, BT and BN were prepared and evaluated for their physical
properties such as particle size, PDI and zeta potential (Table 1). The
mean intensity diameter of BT and BN were 272.00 + 3.46 and 337.70
+ 44.61 nm, respectively. Whereas the mean intensity diameter of MT
and MN were 119.57 + 12.15 nm and 163.97 + 25.05 nm, respectively,
showing no significant difference. Though, MT and MN demonstrated
significantly smaller particle sizes compared to BT and BN (p < 0.05).
This reduction in size can be attributed to melatonin's interaction with
the lipid bilayer, which resulted in increased membrane fluidity and a
decrease in the thickness of the lipid bilayer. (De Lima et al., 2007; Dies
etal., 2015; Hou et al., 2022). The PDI index values for all samples were
<1 (ranging from 0.33 + 0.04 to 0.89 + 0.04), suggesting a uniform
particle size distribution. In addition, the zeta potential of all vesicles
was less than —30 mV (Table 1), indicating excellent physical stability of
the vesicles.

3.1.2. Entrapment efficiency (%EE)

The percentage entrapment efficiency (%EE) was evaluated to esti-
mate the capability of the vesicles to entrap melatonin. The %EE of MT
(74.95 + 0.81) showed significantly higher (P < 0.05) compared to MN
(58.52 + 1.80). The results are shown in Table 1. The utilization of long
carbon chain surfactants, such as C16 and C18, has been shown to
enhance lipophilicity and improve the entrapment of the drug (Caddeo
et al., 2018). Moreover, higher lipid content in transfersomes has been
found to increase the entrapment efficiency of MLT (Alvi et al., 2011).
Similarly, the type of surfactant, the amount of cholesterol and the
quantity of incorporated drug can influence the entrapment efficiency of
niosomes (Balakrishnan et al., 2009).

3.1.3. Stability test

The stability test was performed by the heating-cooling cycle test
conducted of 6 cycles, and the results are shown in Fig. 1. The particle
size, PDI, zeta potential, and %EE of MT exhibited no significant dif-
ferences between the before and after storage conditions. Whereas, the
particle size, PDI, and zeta potential of MN exhibited significant differ-
ences between the before and after storage conditions, except for the %
EE.

During the stability study, a decrease in the particle size of MN was
observed after storage. This reduction in particle size may be attributed
to the impact of elevated temperatures experienced during the storage
period. The increased temperature likely induced changes within the
system by promoting the fluidization of the bilayer and diminishing the
electrostatic repulsive forces generated by the lipid bilayer's head.
Furthermore, %EE for both MT and MN showed no significant difference

Table 1
SIZE, PDI, Zeta potential, and %EE, including Stability test of the formulation.
All the values are shown as mean + SEM (n = 3).

Formulation Size (nm) PDI Zeta potential %EE
(mV)

BT 272.00 + 0.33 + —46.27 + 3.18° -
3.46° 0.04°

MT 119.57 + 0.20 + —33.80 + 4.57° 74.95 +
12.15% 0.01° 0.8"

BN 337.70 + 0.89 + —41.17 + 6.95%" -
44.61° 0.04¢

MN 163.97 + 0.53 + ~34.30 + 1.57° 58.52 +
25.05% 0.18° 1.80%

BT: Blank transfersomes. MT: MLT-loaded transfersomes. BN: Blank niosomes.
MN: MLT-loaded niosomes.
&€ Jetters indicate difference significance between the group at p < 0.05.
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after storage condition. The encapsulation of MLT in nanoparticles
serves to protect it from degradation, leading to an increase in %EE after
the stability test (Mao et al., 2019). However, MT offers enhanced
physical stability compared to MN when preparing MLT encapsulations
using the sonication method.

3.1.4. Morphology of transfersomes and niosomes

The transmission electron microscope (TEM) images revealed that
both MT and MN exhibited spherical shapes, with particle diameters
ranging from 100 to 200 nm (Fig. 2). These images confirmed the suc-
cessful formation of transfersome and niosome vesicles which showed
the spherical shape as well as the previous researches (Fitrya et al.,
2022; Uthaiwat et al., 2021).

3.1.5. ATR-FTIR characterization

The FTIR spectra of compositions in transfersomes are shown in
Fig. 3. Phosphatidylcholine (PC) (Fig. 3A) provided the peaks at 2923
em ! and 2853 cm ™! of the acyl chain in CH3 and CHy stretching,
including 1465 cm™1 of CH, bending scissoring, 1736 cm™! of C=0
stretching bands of the polar group of PC, 1064 cm™! of P-O-C stretch-
ing, 1245 cm 'and 968 cm~! of PO, and "N(CH3); antisymmetric
stretching (Park et al., 2021; Terakosolphan et al., 2018). PEG 400
(Fig. 3B) showed the peak at 3449 cm ™! of O—H stretching, 2865 cm ™
CH, stretching, 1454 cm™! of C—H bending, 1249 cm lof C—O
stretching and 1095 c¢mlof C-0-C stretching (Marcos et al., 2017; Sahu
et al., 2022). Tween 80 (Fig. 3C) were observed the peaks at 3492 em!
of O—H stretching, 2857 cm™! of CHj stretching of an alkyl chain, 1736
ecm™! of C=O0 stretching, 1458 cm™! of C—H bending scissoring of an
alkyl chain and 1095 cm ! of G-O-C stretching (Kura et al., 2014; Sahu
et al., 2022). Melatonin (Fig. 3D) showed the peaks at 3275 cm ! of
N—H stretching, 1618 cm™! of amide I G=0 stretching, 1552 cm™! of
amide II C—N stretching and 1210 cm™! of C—N stretching (Parvez
et al., 2021; Uthaiwat et al., 2021).

The FTIR spectrum of BT (Fig. 3E) provided the band at 3385 cm ™ of
O—H stretching and the peaks at 2868 cm ™! of CH, stretching, 1734
cm™! and 1646 cm™! of C=O0 stretching, 1457 cm™! of CH, bending
scissoring, 1248 cm ™! of PO, stretching and 1091 cm™! of P-O-C and C-
O-C stretching. Comparison to BT, FTIR spectrum of MT (Fig. 4F) pro-
vided the additional peaks at 1558 cm ™! of amide II C—N stretching and
1219 cm™! of amide 111 C—N stretching of entrapped MLT which were
shifted from 1552 cm ™! of amide IT C—N stretching and 1210 cm ™! of
C—N stretching of free MLT suggesting MLT was entrapped in the
phospholipid bilayer (Parvez et al., 2021). The peaks at 3357 cm™* of
O—H stretching and 1653 cm ' of C=0 stretching from MT were
shifted from 3385 cm™! (O—H stretching) and 1646 cm? (C=0
stretching) of BT and the peak at 1734 cm ™! was not observed in MT.
Hence, the shifted peaks could confirm the interaction between amide
functional group of MLT and the OH group of transfersome (Hasibi et al.,
2020). Additionally, these shifts can be attributed to interaction with the
polar region of a phospholipid bilayer in FTIR spectrum of MT (Sahin
et al., 2013).

The FTIR spectra of composition in niosomes are shown in Fig. 4.
FTIR spectrum of cholesterol (Fig. 4A) provided the peak at 2930 cm™?
and 2866 cm™! of CH3-CHj stretching, C—H bending, 1054 em ! of
C—O stretching and 799.4 cm™! of C—H methylene rocking (Akbari
et al., 2022; Farmoudeh et al., 2020). Span 60 (Fig. 4B) showed the
peaks at 3375 cm ™! of O—H stretching. 2916 cm™! and 2849 cm ™ ‘of
CHj-CHj stretching, 1734 cm ™! of C=0 stretching, 1174 cm ™! of C-O-C
stretching, and 721 cm ™! of CHy rocking (Farmoudeh et al., 2020). PEG
400 (Fig. 4C) and melatonin (Fig. 4D) showed the peaks as same as in
Fig. 3D.

The FTIR spectrum of BN (Fig. 4E) provided the band at 3386 cm ™!
of O—H stretching, 2867 cm ™! of CH, stretching, 1644 cm~! of C=0
stretching, 1455 em ™! of CH, bending scissoring, 1091 em ™! of C-O-C
stretching, suggesting interaction with the polar region of the lipid
bilayer by increasing hydrogen bonding (Terakosolphan et al., 2018).
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B

Fig. 2. Transmission electron microscope (TEM) images of (A) MLT-loaded transfersomes (MT); (B) MLT-loaded niosomes (MN).

The FTIR spectrum of MN (Fig. 4F) offered the additional peak at 1558
em ™! of entrapped MLT (amide II C—N stretching) which was shifted
from 1552 cm ™! of free MLT demonstrated interaction of MLT with the
lipid bilayer of niosomes. Furthermore, the peak at 1653 cm™! of C=0
stretching which was shifted from 1644 cm™! of BN ! which attributed
interaction with the polar region of the lipid bilayer of niosomes (Sahin
et al., 2013). The shifted peaks could confirm the interaction between
amide group of MLT and OH group of span 60 in niosome (Kumar and
Rajeshwarrao, 2011).

The earlier research on MLT-loaded liposomes revealed that MLT

might insert between phosphatidylcholine molecules in the membrane,
causing a reorganization of the lipid molecules (De Lima et al., 2007).
Like liposomes, MLT was observed to be inserted between the phos-
phatidylcholine molecules and surfactants in MT as well as MN (Fig. 5).
Consequently, this interaction between phospholipids and surfactants
within transfersomes could enhance the fluidity of the bilayer.

3.1.6. Invitro release
The in vitro release of melatonin from MT and MN was analyzed by
Franz diffusion cell using a cellulose membrane compared to melatonin
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loaded transfersomes (MT).

solution (MS). The result showed that the highest cumulative release of
MT was 74.79 + 3.99% at 24 h and the highest cumulative release of MN
was 66.84 + 0.24% at 24 h (Fig. 6). Whereas the cumulative release of
MS demonstrated the highest release rate to 102.28 + 1.85% at 8 h.
Therefore, MLT-loaded transfereome and niosome formulations ach-
ieved the desired delayed release profile for melatonin (Fig. 6).

In case of MT, the association of surfactant molecules with the lipid
bilayer resulted in an enhanced drug partitioning and increased drug
release from the vesicles (Marwah et al., 2016). Whereas MN demon-
strated lower membrane permeability compared to MT. The presence of
cholesterol in MN is responsible for the increased vesicle membrane
rigidity and decreased fluidity observed. These changes in membrane
properties can impede the release of drugs through the vesicle mem-
brane, ultimately leading to a decrease in drug release (Auda et al.,
2016; Shah et al., 2020).

3.1.7. Release kinetics models

Several models were evaluated to predict MLT release kinetics of MT,
MN and MS (Table 2). It was established that the Higuchi kinetic
equation provided the best fit for the release profiles of MT, MN and MS
(Fig. S3-S5), with R? values of 0.9955, 0.9551 and 0.8287, respectively.
These findings implied that they exhibited traits consistent with a
controlled release system, as observed in a prior investigation (Moroni
and Garcia-Bennett, 2021). The n is a parameter from the Korsmeyer-
Peppas model that describes the mechanism of drug release MT
formulation exhibited n at 0.6870 whereas MS exhibited n at 0.7143.

Both MT and MS provided n in the range of 0.5 < n < 1.0 (Table 2) which
indicated a non-Fickian anomalous release of MLT, primarily driven by
diffusion and matrix deterioration (Kateh Shamshiri et al., 2019).
Whereas the n value of MN was 0.3766 which indicates n < 0.5 as well as
the previous research of caffeine from niosomal formulations (Khazaeli
et al., 2007). This result suggested that MLT release from niosomes
follows Fickian diffusion driven by a chemical potential gradient (Dab-
bagh Moghaddam et al., 2021). These outcomes demonstrated that the
MLT-loaded transfereome and niosome formulations achieved the
anticipated delayed release profile for melatonin.

3.1.8. In vitro permeation

Fig. 7 illustrates the in vitro permeation profiles of MS, MT, and MN,
while Table 3 presents the corresponding permeability parameters for
these formulations. MT exhibited significantly higher values for Flux
(40.74 £ 0.33 pg/cmz.h), cumulative amount permeated at 24 h (Q24,
858.44 + 8.08 pg/cm?), enhancement ratio (ER, 8.7), permeability co-
efficient (P, 8.15 4+ 0.07 x 1073 cmz/h) and Lag time (T}ag) compared to
MS and MN (Table 3). Furthermore, MT exhibited significantly higher
skin deposition of MLT (392.47 + 6.83 pg/cm?) compared to MN
(214.49 + 8.90 pg/cm?) and MS (270.28 + 4.46 pg/cm?).

Tween 80, a non-bulky carbon chain, was found to provide high
flexibility to transfersomes, which provided elastic deformability (El
Zaafarany et al., 2010). Therefore, transfersomes can deform through
the gap between corneocytes and reform after passing through the
stratum corneum (Alvi et al., 2011; Avadhani et al., 2017; Demartis
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Fig. 4. FTIR of niosomes: (A) Cholesterol, (B) Span 60, (C) PEG 400 and (D) Melatonin (MLT), (E) Blank niosomes (BN), and (F) MLT-loaded niosomes (MN).

etal., 2021; Gupta et al., 2005). Moreover, transfersomes have shown an
ability to permeate under non-occlusion conditions, which is required to
initiate a transepidermal osmotic gradient across the skin (Opatha et al.,
2020). A previous study has indicated that transfersomes exhibit higher
elasticity and penetration capabilities compared to niosomes. Further-
more, the inclusion of lipids in the nanovesicles facilitated the genera-
tion and maintenance of the necessary physicochemical conditions of
the skin, resulting in improved permeation and retention (Alvi et al.,
2011; Gupta et al., 2005).

To reduce animal experimentation and expedite drug research,
initial screening can be performed using skin artificial membranes (Strat
®M membrane). However the final product testing should be conducted
using human skin to obtain accurate permeation data and provides a
more reliable assessment of the product's interaction with human skin
(Neupane et al., 2020).

3.1.9. Cell assays

3.1.9.1. Cell viability. Most of the samples exhibited no toxicity, as
evidenced by cell viability exceeding 80%, in both RAW 264.7 cells
(Fig. 8A) and HFF-1 cells (Fig. 9A). However, the effects of MS on RAW
264.7 cells and BN on HFF-1 cells showed cell viability lower than 80%
and. Interestingly, the cell viability of MS exhibited no significant dif-
ference compared to the control and MN in Raw 264.7 cells while, the
cell viability of MS showed no significant difference compared to BT,
BN, and MN in HFF-1 cells. However, the previous research demon-
strated that transfersomes were more effective in increasing cell viability

compared to agents without transfersomes (Wu et al., 2019).

3.1.9.2. NO inhibition. Nitric oxide inhibition testing was performed
using LPS-stimulated RAW 264.7 cells and Griess reagent to determine
nitric oxide levels. The results are shown in Fig. 8B. There was no sig-
nificant difference observed in the nitric oxide inhibition between MT
(82.10%) and MS (84.73%). While MN showed an inhibition of 76.13%.
This indicates that MS and MT exhibited a more potent inhibitory effect
on nitric oxide compared to MN. However, all samples treatment
showed lower levels of nitric oxide production inhibition than the pos-
itive control, L-NAME (90.45%). In this study, MT showed the highest
inhibitory effect against nitric oxide production in RAW 264.7 cells due
to the higher entrapment efficiency, permeated Flux, and MLT release
than MN. Whereas free MLT (MS) produced the most toxicity among all
samples.

The molecular pathway that induces inducible nitric oxide synthase
(iNOS) in Raw 264.7 cells plays a important role in promoting the
inflammation process through the stimulation of nitric oxide (NO)
production (Kanpipit et al., 2022). Moreover, inflammatory molecules
were related to collagen degradation caused to human skin aging
(Ansary et al., 2021) which is known melatonin can be an antioxidant
agent (Skobowiat et al., 2018; Slominski et al., 2014). Thus, melatonin
can be anti-aging through reduced reactive oxygen species (ROS)-NO-
mediated inflammation and stimulated collagen in dermis skin layers
(Kanpipit et al., 2023).

3.1.9.3. Collagen determination. The evaluation of collagen production
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Fig. 6. The release profile of MLT-loaded transfersomes (MT) and MLT-loaded niosomes (MN) compared with MLT solution (MS). The release profile was obtained
through cellulose dialysis membrane using Franz diffusion cell for 24 h. All Data presents as mean + SEM (n = 3).

in HFF-1 cells was conducted using the picrosirius red method which
based on the interaction between the acidic sulfonic groups of the dye
and the amino acids presented in collagen (Lareu et al., 2010). Conse-
quently, the dye exhibits a specific affinity to bind with collagen pep-
tides along the entire length of their structure. This in vitro assessment
could determine the effectiveness of anti-aging properties. The collagen
contents of HFF-1 cells treated by BT, BN, MT, MN, MS and vitamin C
were 50.08 + 0.34, 12.00 + 1.81, 108.55 + 2.24, 15.75 + 1.18, 15.55
+ 1.23 and 112.50 + 2.74 pg/mL, respectively. Whereas collagen

content of control was 11.01 + 0.59 pg/mL. The collagen content ratio
(sample vs control) is shown in Fig. 9B. The results show that MLT-
loaded transfersomes (MT) produced the highest collagen content
ratio, which was 9.86-fold of the control as well as the positive control,
vitamin C (10.22-fold of control). In addition, BT demonstrated a
significantly higher collagen content ratio compared to the control
group. While BN, MN, and MS showed increased collagen content
compared to the control group, the ratio of collagen content did not
exhibit a significant difference when compared to the control group.
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The release kinetics of MLT-loaded transfersomes (MT) and MLT loaded niosomes (MN) compare MLT solution (MS).

Formulation Zero order First order Higuchi Model Korsmeyer-Peppas

Ko R? K; R? Ky R? Ky R? n
MT 5.8990 0.9812 0.2332 0.8744 21.1897 0.9955 12.8434 0.9974 0.6870
MN 4.3300 0.8794 0.1249 0.8126 16.0935 0.9551 25.2086 0.9718 0.3766
MS 10.0949 0.7023 0.0899 0.4982 39.1056 0.8287 31.1794 0.7805 0.7143

MT: MLT-loaded transfersomes; MN: MLT-loaded niosomes; MS PEG400: 0.5% MLT in phosphate buffer pH 7.4 with 5% PEG 400; R%: Coefficient of determination; Ko:
Zero order release constant; K;: First order release constant; Ky: Higuchi release constant; K,: Korsmeyer-Peppas release constant; n: indicative of the release

mechanism.
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Fig. 7. In vitro permeation of MLT-loaded Transfersomes (MT) and MLT-loaded Niosome (MN) compared with 0.5% MLT solution (MS) through Strat-M® membrane
on Franz diffusion cell for 24 h. All the data are presented as mean + SEM (n = 3).

Table 3

Comparison of permeability parameters between MS, MT, and MN. All the values are shown as mean + SEM (n = 3).

Formulation Flux (ug/cm®h) Q24 (ug/cm?) ER Px10~3(cm?/h) Tiag(h) Skin deposition(jig/cm?)
MS 4.66 + 0.41% 94.90 + 0.87° 1 0.93 + 0.03* 4.11 + 0.06" 270.28 + 4.46"
MT 40.74 + 0.33° 858.44 + 8.08° 8.7 8.15 =+ 0.07° 4,58 + 0.03° 392.47 + 6.83°
MN 6.84 +0.11° 150.56 + 1.81° 1.5 1.37 + 0.02° 313 +0.17% 214.49 + 8.90°

Q24: cumulative amount permeated at 24 h; ER: enhancement ratio; P: permeability coefficient; Ty,g: Lag time; MS: 0.5% MLT in phosphate buffer pH 7.4 with 5% PEG
400; MT: MLT-loaded transfersomes; MN: MLT-loaded niosomes. ® ™ © letters indicate difference significance between the group at p < 0.05.

Melatonin, known for its antioxidant properties (Skobowiat et al.,
2018; Slominski et al., 2014), can potentially exhibit anti-aging effects.
It achieves this by reducing reactive oxygen species (ROS)-NO-mediated
inflammation and promoting collagen production in the dermal layers of
the skin (Kanpipit et al., 2023).

In this study, both MT and MN increased the collagen production in
HFF-1 cells. According to a previous study, MLT stimulates the mela-
tonin receptors (MT1 and MT2) located on cell membrane of human skin
fibroblasts, thereby enhancing collagen synthesis and providing anti-
aging effects. Furthermore, MLT increases the expression of procolla-
gen and decreases the expression of MMP-1. These effects are significant
as they contribute to the inhibition of collagen type I and type III syn-
thesis in the dermal layer of the skin (Drobnik et al., 2013).

Moreover, MLT demonstrated a protective capacity in UVA-
irradiated primary human dermal fibroblasts by effectively reaching
and penetrating intracellular compartments (Koctiirk et al., 2019). In
addition, it was found to suppress the expression of UVB-induced MMP-1
and MMP-1 related proteins (inflammatory proteins) and increased
procollagen in HaCaT keratinocytes (Park et al., 2018).

4. Conclusions

The incorporation of melatonin into Transfersomes and Niosomes
was carried out, and the results revealed several improvements in the
physical properties, especially the vesicle size of MLT-loaded trans-
fersome was reduced to approximately 120 nm, and the entrapment
efficiency reached 75%. The FTIR determination confirmed the suc-
cessful incorporation of MLT into the phospholipid bilayer of the
transfersomes (MT) demonstrated enhanced sustained release proper-
ties, with increased MLT deposition in Strat M® membrane and higher
permeation Flux through Strat M® membrane compared to MS and MN.
Additionally, MT exhibited improved in vitro efficiency in inhibiting
nitric oxide production in RAW 264.7 cells and promoting collagen
synthesis in HFF-1 cells, without inducing toxicity. This indicates that
MLT-incorporated transfersomes possess significant anti-inflammatory
and collagen synthesis properties in vitro. The findings suggest that
the developed transfersomes hold potential for applications in the
pharmaceutical and cosmeceutical industries. However, further studies,
including ex vivo experiments and investigations into other biological
activities, are recommended to gain a more comprehensive
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