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KEYWORDS Abstract Hyperpigmentation is a crucial dermatological disorder. This study aims to formulate a
Chlorogenic acid; nanoemulsion formulation containing chlorogenic acid (CA) for hyperpigmentation treatment, to
Nanoemulsion; carry out characterization studies, and to investigate its efficacy and safety in vitro and in silico anal-
Tyrosinase; ysis.

Melanogenesis; In line with this purpose, CA nanoemulsions (CA-NEs) were developed using the ultrasonic
Hyperpigmentation; homogenization method. Accelerated stability tests were performed to examine the kinetic and ther-
Molecular docking modynamic stability of the CA-NEs to ascertain the presence of any stability issues. After the heat-

ing—cooling test, appropriate CA-NEs were stored for 60 days in three different stability
environments to examine the physicochemical stability and determine the finalized formulation.
The toxicity of the finalized CA-NE formulation was evaluated by genotoxicity/mutagenicity and
cytotoxicity tests. The tyrosinase and melanogenesis activities of the finalized CA-NE formulation
were determined on the Melanoma B16FO0 cell line. Finally, the molecular docking method was used
to reveal interactions of CA that play an essential role in tyrosinase inhibition. Additionally, the
mushroom and human tyrosinase enzymes were used to determine the activity of CA. In addition,
the comparison study with the molecular docking method was carried out using kojic acid as a ref-
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erence molecule.

In conclusion, the molecular docking study, pharmacokinetic analyses, and in vitro studies
showed that F4P1 coded CA-NE formulation might hold promise as an innovative formulation
in cosmetic applications such as skin-lightening effects with its high efficacy and safety profile.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Melanin is a protective pigment in the skin which has a crucial in
blocking UV radiation and protecting DNA from the damaging UV
rays that potentially cause skin cancer. Despite its protective effects
on the skin, melanin also functions in abnormal pigmentation and mel-
anoma processes (Di Petrillo et al., 2016).

Overproduction of melanin causes significant cosmetic discomfort
and may cause distress to the affected person, especially in cases of
increased pigmentation such as melasma, solar lentigo (age spots)
and freckles in the face area (Panzella and Napolitano, 2019). Addi-
tionally, some people may develop post-inflammatory hyperpigmenta-
tion after chemical peels, laser treatments, or even acne healing
(Baumann and Baumann, 2009). In a study of 2000, dermatology
patients with darker skin, pigment disorders were found to be the third
most widespread dermatological disorder after acne and eczema
(Agbai and Taylor, 2015). According to a prospective cohort experi-
ment on the influence of hyperpigmentation on life standard, while
47.3% of patients reported feeling somewhat self-conscious, 21.8%
believed that the people around them focused on their skin view. In
addition, 32.7% of the respondents notified that they struggle to cam-
ouflage pigment defects, and 23.6% informed that their skin view neg-
atively impacted their daily activities (Taylor et al., 2008).

Melanogenesis is a sophisticated process that involves a combina-
tion of enzymatic and chemical-catalyzed reactions. Melanogenesis is
responsible for the production of melanin stored in tyrosinase-
containing melanocytes (de Freitas et al., 2016). Tyrosinase is the
key enzyme involved in the first two steps of the melanogenesis pro-
cess, catalyzing the hydroxylation of L-tyrosine to 3,4-
dihydroxyphenylalanine (L-DOPA) and the oxidation of L-DOPA to
L-dopaquinone. Because tyrosinase plays a significant role in melanin
biosynthesis, its inhibition is a rational approach to preventing melanin
accumulation in the skin. Tyrosinase inhibitors are, therefore, a tempt-
ing target as a medicinal and cosmetic active agent of pigmentation dis-
orders (Di Petrillo et al., 2016). However, agents currently available to
treat hyperpigmentation have some issues, such as toxicity, low stabil-
ity, poor skin penetration and/or low efficacy (Garcia-Gavin et al.,
2010). Hydroquinone, corticosteroids, kojic acid and arbutin are
known as traditional depigmentation agents and have various safety
problems due to local or systemic side effects such as prolonged expo-
sure, pigmented contact dermatitis, weak enzyme inhibition, despite
their high efficacy, skin irritation and exogenous ochronosis in dark-
skinned persons (de Freitas et al., 2016).

Many phytoconstituents can inhibit melanin formation more
potent and do not display cytotoxicity or mutagenicity on melanocytes
(Garcia-Gavin et al., 2010, Curto et al., 1999, Zhu and Gao, 2008,
Gandhi et al., 2012). Natural tyrosinase inhibitors can be affordable,
mainly thanks to rich natural resources. In addition, they are generally
accepted to be free of harmful side effects (Zheng et al., 2008, Souza
et al., 2012).

Polyphenols are a class of compounds that have strong antioxidant
capacity and are commonly found in plants. Many polyphenolic com-
pounds have effectively inhibited melanogenesis (Zhu and Gao, 2008).
CA, an ester of L-quinic acid and caffeic acid, is a well-known antiox-
idant found in abundance in coffee, sweet potatoes, and apples
(Chinnici et al., 2004, Tang and Liu, 2008) It has been reported in var-
ious studies that CA has anti-inflammatory and anticancer activities
and is also effective in preventing cardiovascular diseases (Jin et al.,

2005, Miceli et al., 2005, Bonita et al., 2007) and lowering blood sugar
levels (Bassoli et al., 2008). Like other plant polyphenols, CA has an
inhibitory effect on oxidative stress, and has a protective role against
oxidative stress-related diseases. Therefore, its application for topical
purposes, such as photoprotection against UV-induced skin damage,
skin cancer prevention, and skincare may be beneficial (Caddeo
et al., 2008, Vayalil et al., 2003). Unlike other plant polyphenols such
as resveratrol, quercetin, and genistein, CA is hydrophilic and water-
soluble (Kitagawa et al., 2011). For hydrophilic compounds, intercel-
lular lipids in the stratum corneum acts as a barrier to their intrader-
mal and transdermal delivery (Kim et al., 2001). For this reason, it
is required to enhance intradermal delivery to apply CA effectively
for topical purposes.

Commonly used cosmetic dosage forms have a low affinity to the
skin and low penetration efficacy. Therefore, when conventional cos-
metics are used as cosmeceuticals, the active ingredient cannot reach
the targeted site, the desired effect can not be obtained (Chanchal
and Swarnlata, 2008).

Nanotechnology can eradicate the limitations of conventional
dosage forms by lowering the size of phytopharmaceuticals to nanos-
cale and altering the properties such as permeability, water solubility,
and surface properties of phytopharmaceuticals (Altuntas et al., 2019).
One of the critical technologies that can lead to innovative product
changes in nanotechnology is NEs.

Currently, NEs are gaining importance as an attractive vehicle for
the controlled delivery of cosmetics and finalized penetration of either
hydrophilic or lipophilic active ingredients in particular skin layers by
increasing their concentration in the skin. Another advantage is that
the small droplet size with a large surface area allows the active ingre-
dients to be effectively distributed to the skin. NEs are cosmetically
acceptable systems since there are no stability problems such as cream-
ing, sedimentation, flocculation or coalescence occurring in
microemulsions. Since NEs are non-toxic and non-irritating, they
can be safely applied to the skin and mucosa. Unlike microemulsions
that usually require high concentrations of surfactant of 20%, w/w
and above, NEs can be manufactured using reasonable surfactant con-
centrations (5-10%, w/w).

Considering the information mentioned earlier, this study aimed
for the first time to create a formulation in the NE form, including
CA in the therapy of hyperpigmentation via intradermal route. At first,
the toxicity of seven different concentrations of CA was examined in
the immortalized human keratinocytes (HaCaT) cell line and the high-
est safe-dose of CA suitable for use in formulations was determined.
Then, CA-NE formulations were manufactured using by ultrasonica-
tion technique. To determine the durability of the formulations, the
samples were subjected to accelerated stability studies and the physic-
ochemical properties were also investigated under different storage
conditions for 60 days. Furthermore, the in vitro release analysis of
the finalized NE formulation was performed by the dialysis membrane
technique, and the in vifro mutagenicity and cytotoxicity of CA-NE
formulation were evaluated by Ames/Salmonella and MTT tests,
respectively. Besides, the effect of the CA-NE formulation on cell via-
bility was investigated on the HaCaT cell line, and the activity of CA-
NE formulation on tyrosinase enzyme and melanogenesis process was
also examined on the Melanoma B16F0 cell line. Finally, molecular
docking studies were performed to evaluate the tyrosinase inhibitory
activity of CA in comparison with kojic acid, which is considered a
model molecule.
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2. Materials and methods

2.1. Materials

CA was purchased from Alfa Aesar. Pluronic® F-68 (HLB
value: 29), DL-alpha tocopherol acetate, MgSO,4-7H,0, C¢Hg-
O7'H20, KzHPO4, NaH2P04'H20, NazHPO4'2H20, -N'dOH,
NaCl, MgCl,-6H,O, KCI, L-histidin, D-biotin, NaHNH(-
PO44H,0) and 4-nitro-o-phenylenediamine (NPD) were pur-
chased from Sigma-Aldrich. Ethanol (>99.5%) was obtained
from Tedia. Undecyl alcohol (Sensiva® PA 30) was purchased
from Schiilke. Agar was purchased from Difco. Nutrient broth
was purchased from Oxoid. Mueller-Hinton broth (Oxoid) and
Mueller Hinton agar were purchased from Sigma-Aldrich.
Isodecyl neopentanoate (DUB™ VCI 10) was supplied from
Stearinerie Dubois. Caprylic/capric Triglyceride (Labrafac™
Lipophile WL 1349) Transcutol® HP (HLB value: 4.2) and
oleoyl polyoxyl-6 glyceride (Labrafil® M 1944 CS) were pur-
chased from Gattefosse. Sodium azide (NaN3) was purchased
from Merck. Immortalized human keratinocytes (HaCaT) cell
line was provided from ThermoFisher Scientific, and mela-
noma B16-F0 (ATCC® CRL-6322 ™) cell line was purchased
from the American Type Culture Collection. L-Dopa, Dul-
becco’s Modified Eagle Medium (DMEM), dimethyl sulfoxide
(DMSO), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo
lium bromide (MTT), ethylenediamine tetraacetic acid
(EDTA), and trypan blue (0.4%, liquid) were purchased from
Sigma-Aldrich. Penicillin-streptomycin, fetal bovine serum
(FBS), and trypsin/EDTA (0.25%/2.21 mM) were acquired
from Gibco.

2.2. Methods

2.2.1. Fabrication of CA-NEs

Sixteen different CA-NEs were prepared by ultrasonic homog-
enization method (Liao et al., 2022). Different homogenization
conditions such as with/without pre-emulsification stage
before ultrasonication process with different ultrasonication
time were used in order to obtain the optimum formulation.
All NEs were prepared with different ratios of oil phase to
the Spix (surfactant and cosurfactants mixture) (1:1.5, 1:2,
1:4, 1:5). Pluronic F® 68 as a surfactant and Transcutol®
HP and Labrafil® M 1944 CS as co-surfactants were used in
order to obtain the optimum formulation. The coarse emulsion
was obtained with pre-emulsification method by using a rotor—
stator type homogenizer for 5 min at 8100 rpm. Then, the
coarse emulsion was exposed to the ultrasonication (20 kHz
at 750 W maximum power output) (Diane and Burgess,
2014). Sonotrode was used containing a piezoelectric crystal
(time: 15 and 30 min; amplitude: %50 with 30 s pulse on
and 30 s pulse off). Finally, characterization studies were
applied on the prepared NEs and then the various stability
tests were carried out.

2.2.2. Characterization of CA-NEs

2.2.2.1. Photon correlation spectroscopy analysis of CA-NEs.
Average droplet diameter and polydispersity index values of
the CA-NEs were acquired by photon correlation spectroscopy
(Malvern Instruments, UK) (Khalil et al., 2021). Zeta potential
was measured using the same device through laser Doppler
anemometry which analyzes speed and direction. Samples

diluted 1:100 in distilled water were analyzed within 24 h.
Light scattering was monitored with a zeta DTS1060C cell at
25 °C at a 90° angle. All measurements were performed in
triplicate.

2.2.2.2. pH and conductivity analysis of CA-NEs. To evaluate
the stability of emulsions, it is crucial to monitor pH through-
out stability studies since variations in pH values suggest that
chemical processes are taking place that may degrade the final
product’s quality (Bernardi et al., 2011). Electrical conductiv-
ity measurement is a valuable tool to identify the type of emul-
sion and track changes during manufacture or storage (Ozkan
et al., 2022). The pH and conductivity of the CA-NEs were
made using a pH meter (Ohaus® Starter 3100M). Measure-
ments were made in triplicate at 25 °C.

2.2.2.3. Viscosity analysis. Viscosity analysis is a popular tech-
nique for assessing a nanoemulsion’s stability under stressful
circumstances (Romes et al., 2021). Viscosity analysis was per-
formed using a Brookfield cone-plate viscometer (HA DV3T
Rheometer) by measuring the viscosity values of the CA-
NEs samples at different shear rates (Rajitha et al., 2019).

2.2.2.4. Active ingredient content analysis. Active content anal-
ysis is used to evaluate the stability of drugs in any pharmaceu-
tical formulation. In this experiment, each three batches
(250 pL) of the finalized CA-NE formulation were dissolved
in 10 mL ethanol and sonicated in an ultrasonic bath for
30 min (Ozkan et al., 2022). Subsequently, CA content in sam-
ple was determined using the curve equation spectrophotomet-
ric analysis of CA.

2.2.2.5. The morphology analysis. The morphology of the CA-
NEs was investigated with the transmission electron micro-
scope (TEM) (JEOL TEM 1400 Plus) (Ghazy et al., 2021).
The appropriate amount of the formulation was placed on a
carbon-coated grid, and images were viewed under a voltage
of 80 kV.

2.2.3. Accelerated stability studies

Thermodynamic stability and heating—cooling cycle tests were
performed as in our previous work (Ozkan et al., 2022).

2.2.4. Physicochemical stability studies

The CA-NEs without any stability problems detected in the
accelerated stability tests were subjected to physicochemical
stability studies (Kildaci et al., 2021). Freshly prepared CA-
NEs were stored in closed glass vials in three different condi-
tions to examine the physicochemical stability. Characteriza-
tion of the formulations was observed concerning their
average droplet size, PdI, zeta potential, pH, electrical conduc-
tivity, and viscosity on predetermined days (1st, 7th, 30th, and
60th days).

2.2.5. The calibration curve of CA

The calibration curve of CA was performed using a UV-vis
Spectrophotometer (Shimadzu, Japan). The maximum absor-
bance values were obtained at 324 nm for seven different con-
centrations of CA in ethanol, and the calibration curve of CA
was plotted (Hosseini et al., 2013). The curve equation was
used to determine the amount of CA in the active ingredient
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content analysis, physicochemical stability tests, and in vitro
release study.

2.2.6. In vitro release study of CA-NEs

In vitro release study was exerted on the optimum formulation
selected based on all stability tests. 1 mL of the CA-NEs was
placed in a dialysis capsule in triplicate. 50 mL of phosphate
buffer solution (PBS) pH 5.5: Ethanol (60:40 v/v) was used
as the release media (Hosseini et al., 2013). The incubation
process of the samples was performed in the shaking water
bath at 32 °C (Azarmi et al., 2007) at 120 rpm (Budama-
Kilinc et al., 2020, Egil et al., 2020). At certain time intervals,
1 mL of release medium was withdrawn, and 1 mL of fresh
buffer solution was added to the release medium. The amount
of CA released from samples was by a UV—-vis spectrometer.

2.2.7. AMES/Salmonella test

The mutagenic properties of the samples were evaluated by
AMES/Salmonella test using TA98 and TA100 strains of S.
typhimurium (Maron and Ames, 1983, Hergueta-Castillo
et al., 2022, Guzelmeric et al., 2022, Ibarra-Berumen et al.,
2022). Concentrations were chosen as 0.25, 0.5 and 1 mg/plate
for the blank NEs and CA-NEs. The concentrations (0.045,
0.09, 0.18 mg/plate) of CA were used according to the amount
contained in CA-NEs. NPD and NaNj were employed as the
positive control; ultrapure water was used as the negative con-
trol. Samples with different concentrations were incubated
with bacteria at 37 °C for 48 h. After incubation, the muta-
genicity of blank NEs, CA-NEs and CA was evaluated com-
pared to the negative control.

2.2.8. In vitro cell culture studies

HaCaT and Melanoma B16-FO cell lines were cultured in
DMEM medium supplemented with 10% FBS and 1% peni-
cillin—streptomycin and incubated at 37 °C in an incubator
containing 5% CO,.

2.2.8.1. Cytotoxicity analysis. HaCaT cells were used to eval-
uate the cell viability of CA and the finalized CA-NE formu-
lation (Pacheco et al., 2019). The cells were seeded at a
density of 5 x 10* cells/well and treated in six replicates for
24 h with seven different CA concentrations (ranging from
22.5 to 1440 pg/mL) after 24 h of incubation. After incuba-
tion, MTT (0.5 mg/mL) was added and incubated for 4 h.
DMSO (100 pL) was then added to the wells, and the plates
were measured using an ELISA reader at 570 nm. The cyto-
toxicity of CA was evaluated by comparison with the
untreated control group. The cell viability (%) was calculated
using Eq. (1).

Absorbance of Experimental Group

Absorbance of Control Group
x 100 (1)

Viability % =

2.2.8.2. Tyrosinase and melanogenesis activity. Tyrosinase and
melanogenesis activity of the finalized CA-NE formulation
were performed as in our previous work (Ozkan et al., 2022).
Three different concentrations of the finalized CA-NE (0.25,
0.5 and 1 mg/mL) were used in the study.

2.2.9. Molecular docking study and ADME analysis

An established approach to treating hyperpigmentation is
tyrosinase inhibition, so there is a need to reveal interaction
sites of CA with tyrosinase. In terms of its molecular structure,
CA belongs to a group of polyphenol ester families including
hydroxycinnamic acids. Cinnamic acid and benzoic acid ana-
logues having a phenyl ring have been found to exhibit tyrosi-
nase inhibitory activity. Cinnamamide derivatives also have a
much higher inhibitory effect on mushroom tyrosinase and
melanin production than specific tyrosinase inhibitor (Ullah
et al., 2018, Shi et al., 2005, Menezes et al., 2011, Miliovsky
et al., 2013). In this study, we pay attention to molecular dock-
ing analysis to find the binding position of CA and kojic acid
with having anti-tyrosinase properties to the mushroom tyrosi-
nase and human tyrosinase enzymes. In order to reveal the
tyrosinase inhibitory role of CA and kojic acid, which binds
to the active site of tyrosinase, docking analysis was performed
using Schrodinger Maestro program (Schrodinger, 2019,
Friesner et al., 2004, Halgren et al., 2004). The structure of
Agaricus bisporus Mushroom Tyrosinase with 2.78 A resolu-
tion crystal structure (PDB ID: 2Y9X) and the human tyrosi-
nase related protein 1 (PDB ID: 5SM8L) were preferred as
possible receptors for docking calculations (Ismaya et al.,
2011, Lai et al., 2017) and obtained by loading PDB file from
RCSB Protein Data Bank (PDB) web sites (Ismaya et al., 2011,
Lai et al., 2017). The edited deficient crystal data of the down-
loaded proteins were provided using the Swiss Model server
(Bienert et al., 2017). The Glide SP module of Maestro version
11.4, the Schrodinger Software, was employed for molecular
docking and ADME calculations. The initial molecular struc-
ture of CA and kojic acid, known for its antibacterial and anti-
fungal properties as well as its anti-tyrosinase properties, were
uploaded from CheBI (Hastings et al., 2016) and ChemSpider
(CSID:3708, 2022) systems with ID: 16112 and 3708, respec-
tively. They were built and finalized using Gaussian software
(Frisch et al., 2010) with DFT B3LYP/6-311+ + g(d,p) basis
set. To generate all possible stereoisomers of CA and kojic acid
the finalized molecular structures selected as the ligands, the
OPLS force field (Harder et al., 2016) was used. By deleting
structures other than the A chain (B, C and D chains, all
waters, etc.) in the structure and adding polar hydrogens to
heavy atoms, bond orders were assigned, and defective resi-
dues in the receptor were identified and analysed by prepro-
cessing. Charges were also determined using PROPKA
(Sendergaard et al., 2011) at pH 7.0. After optimization, the
energy minimization for the receptor was carried out using
0.3 A RMSD and OPLS3 force field (Sastry et al., 2013). After
determining a cubic box-shaped grid of a certain size centered
on the gravity of the ligand and determining the rotatable resi-
dues in the binding region of the receptor, in particular the
thiol and hydroxyl group-containing residues, docking analysis
was performed. Using Qik-Prop module (Schrodinger, 2020)
of the software preferred to define the pharmacokinetic and
physicochemical properties for CA and kojic acid based on
the results of the docking analysis with mushroom tyrosinase
receptor. The properties such as molecular weight (M),
human oral absorption percentage, estimated octanol/water
partition coefficient (QPlogPo/w), polar surface area (PSA)
and Lipinski’s five-rule conformity were also calculated and
evaluated.
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2.2.10. Statistical analysis

In the study, statistical analysis of cytotoxicity, melanin inhibi-
tion, anti-tyrosinase activity, and mutagenicity test results were
determined using ANOVA included in the IBM SPSS Statistics
22 package program. The Tukey test at p < 0.05 determined
the significance level of the differences between the control
and treatment groups. In addition, the mutagenicity test result
was evaluated according to Mortelmans and Zeiger (2000b).

3. Results and discussion

3.1. Assesment of cell viability of CA

Melanogenesis is a complex process involving the enzyme
tyrosinase, and there are studies examining the effect of
CA on tyrosinase and melanogenesis activity in the litera-
ture. However, there is not any nano-sized formulation of
CA in nanoemulsion dosage form that has been studied so
far (de Freitas et al., 2016, Li et al., 2014). In our study,
at first, the cell viability study was performed for seven con-
centrations of CA ranging between 1440 and 22.5 pg/mL, to
determine the maximum concentration of CA could be used
in nanoemulsion production process. According to ISO
10993-5, the cell viability percentages above 80% are non-
cytotoxicity; weak between 80-60%; 60—40% is considered
moderate and below 40% strong cytotoxicity (10993-5,
2009). MTT assay was performed to determine the cell via-
bility of CA in the HaCaT cell line. As seen in Fig. 1, it was
observed that the % cell viability decreased as the concen-
tration of CA increased compared to the control group;
however, there was no statistically significant difference
(p > 0.05). Li et al. reported that the 354 pg/mL concentra-
tion of CA had no toxicity and reduced tyrosinase activity
in their study examining the CA effects on Melanoma B16
cells (Li et al., 2014). According to the results, it was
decided to use 180 pg/mL CA concentration with cell viabil-
ity of 81.62% in nanoemulsion formulation production
studies.

3.2. Preparation and characterization of CA-NEs

Human skin contains melanin, which primarily serves as a
photoprotective mechanism. However, excessive melanin pro-
duction or aberrant melanin distribution can lead to uneven
skin hyperpigmentation. Hyperpigmentation may result from
exposure to specific drugs and chemicals and certain medical
diseases like melasma and age spots (Chang, 2012). According
to current studies, many melanogenesis abnormalities have
also been connected to neurodegenerative illnesses, including
Parkinson’s and Alzheimer’s (Youdim, 2006). Therefore, there
is a great demand for developing new drugs to prevent hyper-
pigmentation disorders.

In our study, it was developed a new NE formulation con-
taining CA to reduce skin pigmentation and investigate its
inhibitory activity on tyrosinase enzyme and melanogenesis
in BI6F0 melanoma cells. NEs containing CA were success-
fully manufactured using the ultrasonication method. NEs pre-
pared in preliminary studies were evaluated regarding their
photon correlation spectroscopy analysis. The identified for-
mulations were then subjected to accelerated stability tests.
Results showed that the average droplet size, Pdl, and zeta
potential of all prepared NEs were varied from 57.16 + 0.86
nm to 132.46 £ 2.70 nm, 0.128 + 0.07 to 0.255 + 0.00 and
—4.67 £ 1.29 mV to —22.96 + 7.28 mV, respectively. All
the prepared CA-NEs seemed low viscosity, bluish and milky.
The identified formulations were then subjected to accelerated
stability tests. The smallest mean droplet size (57.16 = 0.86 n
m) was obtained with the NE formulation containing an oil
phase/S,ix ratio of 1:5. On the other hand, the NE formulation
developed with an oil phase/S,x ratio of 1:2 had the largest
droplet size (132.46 + 2.70 nm). Similar results were also
obtained by Sarheed et al. (2020) (Sarheed et al., 2020). They
found that at lower oil concentrations, droplet sizes decreased
significantly with an increase in surfactant concentration (a
low oil-to-surfactant ratio).

It has been reported in the literature that NEs with an aver-
age droplet size of 100-200 nm are more suitable for penetra-
tion (Sabouri et al., 2018, Ngan et al., 2014). Therefore,

140
b
120 A} ab
ab
100 = {7 ab
g - A :
.‘? 80 —I— + ab
-
=
> 60
3
)
40
20
0
Control 25 45 %0 180 360 720 1440
Concentration (ug/mL)

Fig. 1

Cell viability results of CA in the HaCaT cell line.
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considering the particle size, the NEs prepared in our study are
thought to be convenient for topical applications.

PdI value has been used to analyze the homogeneity of the
droplets in the NEs. A PdI value close to zero indicates a
monodisperse system, while a PdI value close to one indicates
a polydisperse system with heterogeneous droplet sizes (Tang
et al., 2012). Pongsumpun et al. underlined that a NE formu-
lation with a PdI value of <0.3 is considered a monodisperse
system (Pongsumpun et al., 2020). In our study, all NEs were
monodispersed and homogeneous, since their PdI value is
lower than 0.3.

Generally, a zeta potential value exceeding £ 30 mV is ideal
for preventing aggregation in colloidal systems that are electro-
statically stable due to electrostatic forces such as emulsions
droplets (Wik et al., 2020). However, the relatively low zeta
potential value (ranging from —4.67 to —22.96 mV) of the pre-
pared CA-NEs may be due to the presence of NEs, the Pluro-
nic PEO block copolymer located on the surface of the oil
droplets.

Generally, preparation of coarse emulsion prior to ultra-
sonication process is recommended to improve the sonication
process (Abbas et al., 2013). In our study, it was investigated
whether coarse emulsion preparation had an effect on particle
size and PdI before ultrasonication. As a result, we found that
pre-emulsification had a negligible role on the droplet size and
PdI of CA-NEs. The particle size and Pdl values of the F4P1
coded NE, which were prepared without the pre-emulsification
step of the F4 series selected for physicochemical stability stud-
ies, were found to be particle size 106.93 + 1.25,0.128 £+ 0.07,
respectively. The F4P3 coded NE and PdlI values, which had
the same composition but were prepared with the pre-
emulsification step, were found to be 106.56 + 1.55 and 0.14
8 + 0.02, respectively (Table 1). Our study is similar to the
one reported that the pre-emulsification step of linseed oil-
loaded NEs had a negligible effect on droplet size. (Kentish
et al., 2008). In similar fashion, Takegami et al. used the ultra-
sonication technique to formulate a NE formulation contain-
ing a tiny average droplet diameter (50 nm) without a pre-
emulsification step (Takegami et al., 2008).

Ultrasonication time might have a significant role on dro-
plet size and PdI. (Abbas et al., 2013). To understand the effect
of the duration of the ultrasonication process on the particle
size and PdI of our NEs, we tried two different sonication
times, 15 or 30 min. Consequently, a slight raise in particle size
and a negligible effect on PdI were observed due to extending
the ultrasonication process from 15 min to 30 min. In the F4
series, the particle size and PdI values of F4P1, which was
ultrasonicated for 15 min, were 106.93 = 1.25 and 0.128 =+ 0.
07, respectively, while the particle size and PdI values of F4P2,
which was ultrasonicated for 30 min, were 118.23 + 2.28 and
0.179 + 0.01, respectively (Table 1). In line with our results,

Guedes Silva and Kawazoe Sato reported that increasing son-
ication time (from 5 min to 10 min or 10 min to 15 min)
resulted in emulsions with larger droplet size (Silva and Sato,
2019). This situation can be explained by a higher probability
of droplet collisions resulting in coalescence because of over-
processing (Mahdi Jafari et al., 2006).

Our skin has an acidic pH of 4.0-6.0 (Ali and Yosipovitch,
2013) and often a pH in the range of 4.0-7.0 is suitable for
topical application (Roselan et al., 2020). The pH values of
our formulations were demonstrated to be compatible with
the physiological skin pH (Table 1).

Conductivity is defined as the solution’s ability to conduct
electricity flow and is related to the amount of all ions present
in the solution. This parameter can help to determine the type
of NEs produced (Jiang et al., 2013). In our study, high con-
ductivity measurements showed that the external phase of
CA-NEs is water, suggesting that the NEs formed are oil in
water-type NEs (O/W) (F4 series: minimum 75.70 ps/cm; max-
imum 95.53 ps/cm) (Table 1). O/W type emulsions are more
favorable as they leave a less greasy feel once applied to the
skin (Roselan et al., 2020).

The fluidity with relative physical stability provides a pleas-
ant physical characteristic and good sensorial skin feel (even in
the absence of a thickening agent) that allows the use of NEs in
liquid cosmetic products (lotions or transparent milk) (Tadros
et al., 2004, Bugaj, 2015). NEs can flow easily over the skin
without creaming and shiny appearance after the topical appli-
cation (Sonneville-Aubrun et al., 2004). In our study, as the oil
concentration was increased by maintaining the S.;;, concen-
tration constant, an increasing trend in viscosity of the NEs
was observed. The viscosity values of the NEs manufactured
without pre-emulsification with 15 min ultrasonification proce-
dure, were 66.30, 27.10, 21.10 and 19.50 cP at 70 rpm for 1:1.5,
1:2, 1:4 and 1:5 oil phase to the S, ratio of CA-NEs, respec-
tively. This result can be attributed to the data that in emul-
sions containing higher oil phase concentrations, the droplets
are packed more densely, which increases the emulsion viscos-
ity (Dickinson and Golding, 1997), increases the interactions
between droplets and network formation (Nikovska, 2012),
and thus reduces the creaming rate. For all CA-NEs, there
was not a substantial change in the viscosity of the NEs when
rotation speed was increased, which indicated the Newtonian
flow behavior of NEs. These results are in line with literature
findings (Shakeel et al., 2009).

3.3. Accelerated stability studies

NEs are thermodynamically unstable colloidal dispersions;
therefore, stability problems such as creaming or phase separa-
tion on long-term storage are likely to occur (Wik et al., 2020).

Table 1 Characterization results of CA-NEs belonging to F4 series selected for physicochemical stability studies (means + SD,
n = 3).

Code Droplet Size (nm) PdI Zeta Potential (mV) pH Conductivity (us/cm) Organoleptic characteristics
F4P1 106.93 + 1.25 0.128 + 0.07  —13.29 £+ 9.98 4.55 + 0.1 78.10 £ 2.34 Milky and bluish aspect
F4P2 118.23 + 2.28 0.179 + 0.01 -9.54 + 1.15 443 £ 0.2 9553 + 1.60 Milky and bluish aspect
F4P3 106.56 + 1.55 0.148 = 0.02  —9.38 + 0.41 4.57 +£ 0.1 82.25 £+ 0.07 Milky and bluish aspect
F4P4 119.46 £+ 1.42 0.215 = 0.02  —4.67 £ 1.29 448 + 0.3 7570 £ 0.26 Milky and bluish aspect
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Therefore, stress tests (centrifugation and thermal stability)
were performed on the CA-NEs to accelerate the emulsion
breakdown. No physical stability problems such as precipita-
tion, phase separation, or creaming were observed after the
stress tests. Therefore, all NEs successfully passed the acceler-
ated stability tests and were exposed to the heating—cooling
test. Temperature is also one of the most critical factors con-
tributing to instability. This effect can usually occur when
the formulation is stored at low (for example, 5 °C or below)
or high temperatures (for example, 40 °C or above). Therefore,
a heating—cooling cycle test was conducted for six cycles to
evaluate the effects of extreme temperature changes on the sta-
bility of the selected CA-NEs. At the end of this test, it was
detected that all the tested NEs remained in a homogeneous
milky bluish form without any visually observed stability
issues.

Considering the data on the heat-cooling cycle test results
regarding the average droplet size of the F4 series formula-
tions, it was determined a slight increase in average droplet size
(Table 2). However, all formulations still remained at desired
droplet sizes, between 20 and 200 nm, at the end of six cycles.
The PdI values of the CA-NEs were below 0.2, with a decrease
at the end of the test, indicating a uniform droplet size distri-
bution even under vigorous environments. Our results regard-
ing the decrease in PdI values after six cycles are in line with
the results of the NEs containing Ocimum sanctum Linn
ethanolic extract developed by Chaiyana et al. In their study;
they noticed a decrease in PdI value of their NEs After com-
pleting the eight cycles of heating—cooling (24 h each at 4 °C
and 45 °C) (Chaiyana et al., 2020). Zeta potential of the final-
ized NE formulation (F4P1) decreased from —13.29 + 9.98
mV to —35.0 £ 7.68 mV, suggesting the satisfactory droplet
charge to stabilize the NE formulation (Table 2).

3.4. Physicochemical stability studies

A decrease in active constituent content (chemical instability)
or a physical instability may be seen due to manufacturing pro-
cesses, formulation excipients, and environmental conditions
such as heat, moisture, or light. Therefore, stability studies
on selected CA-NEs series (F4) were performed by keeping
the samples in three different stability test environments for
two months. Organoleptic control, the average droplet size,
PdlI, zeta potential, pH, conductivity, viscosity, and drug con-
tent analysis were conducted during storage time period.
When organoleptic control was performed in all NEs, they
were determined to be durable without any physical stability

problems. However, higher increases were observed as the
storage temperature increased, although the droplet size was
still in the nano-size range during the test period (Table 3).
These findings come in good agreement with results of previ-
ous studies that used the NE technology associated with the
increase in droplet diameters throughout stability period
(Kildaci et al., 2021, Karthik and Anandharamakrishnan,
2016, Arbain et al., 2018). An increase in average droplet
diameter can be caused by increased in storage temperature,
causing droplet aggregation. The droplet size increase was
determined to be slower for the samples kept at 5 = 3 °C than
those kept at high temperatures.

It was purported that when emulsions are kept at a lower
temperature, the molecular motion will decline accordingly
(Karthik and Anandharamakrishnan, 2016). It was reported
by Adjonu et al. that the emulsion kept at a higher temperature
showed multimodal size distribution compared to the emulsion
held at lower temperature (Adjonu et al., 2014). Based on this
information, it might be suggested that a lower storage condi-
tion of 5 =+ 3 °C would be appropriate for storing CA loaded
NE formulations.

In this study, NEs of the F4 series have low PdI values (be-
low 0.3) during the test period of 60 days, indicating superior
stability of the system. The finalized CA-NEs had PdI values in
the range of 0.050-0.139 over 60 days (Table 3). This result
demonstrates the adequate formulation composition of the
prepared NEs and convenient method of manufacture to
develop a stable NE formulation with a homogenous droplet
size distribution.

The zeta potential of the finalized CA-NEs varied over
60 days at varied conditions, varying from -—8.8 to
—16.7 mV (Table 3). There was no significant change in the
zeta potential value of the F4P1 stored in the refrigerator on
day 60th (—15.0 mV) compared to the zeta potential value
belonging to the first day (—13.3 mV).

It may be useful to test the pH profiles of formulations kept
under specific conditions to understand the chemical stability
performance. If it is determined that the pH values measured
at various time points are in the skin pH range, it can be pur-
ported that the formulations can be used safely on human skin
(Muhammad et al., 2014). In this study, it can be clearly
observed that the change in the pH of the F4 series NEs was
insignificant for different time points at different storage con-
ditions, and they were found to be suitable for topical applica-
tion (Table 3).

High conductivity is obtained with an oil in water-type
NEs, and the phase inversion depending on the destabilization,
can lead the conductivity differences in NEs over time (Kildaci

Table 2 Comparison of CA-NEs belonging to F4 series before and after the heating—cooling test (H-C Test: Heating-Cooling Test)

(means + SD. n = 3).

Formulation Code Average Droplet Size (nm)

Polydispersity Index (PdI)

Zeta Potential (mV)

Time Day 1 H-C Test Day 1 H-C Test Day 1 H-C Test

F4P1 106.93 + 1.25 150.6 + 2.02 0.128 + 0.07 0.046 + 0.37 —13.29 + 9.98 —35.0 =+ 7.68
F4p2 118.23 + 2.28 160.4 £+ 0.98 0.179 £+ 0.01 0.130 + 0.32 —-9.54 + 1.15 —12.1 £ 2.34
F4P3 106.56 + 1.55 130.2 + 0.48 0.148 + 0.02 0.062 + 0.85 —9.38 + 0.41 —7.1 = 1.80
F4pP4 119.46 + 1.42 162.1 £ 1.42 0.215 £+ 0.02 0.092 £+ 0.65 —4.67 £ 1.29 —10.7 £ 11.8
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Table 3 Physicochemical stability results of the finalized CA-NE formulation (means £ SD, n = 3).
Formulation Temp. Time Average Droplet Size Polydispersity Index Zeta potential pH Conductivity
Code (nm) (PdI) (mV) (pns/cm)
F4P1 5°C  T7 133.11 + 3.65 0.055 + 0.03 —16.7 = 1.10 472 £ 0.76 85.6 £ 3.78
T30 131.45 £ 1.00 0.050 + 0.01 —13.6 £ 0.87 470 £ 2.50 84.0 £ 3.43
T60  131.14 + 1.63 0.052 + 0.01 —15.0 + 1.22 472 £ 0.20 87.5 £ 3.45
25°C TI 106.93 + 1.25 0.128 + 0.07 —13.3 £ 9.98 448 £ 0.90 78.1 £ 2.34
T7 121.00 + 0.30 0.132 + 0.30 -9.1 £ 1.17 4.56 £ 0.54 96.1 £ 1.24
T30 148.37 + 1.35 0.061 + 0.01 —10.1 £ 1.79 4.55 + 0,43 87.0 £ 1.65
T60  175.86 £ 1.72 0.073 + 0.03 —8.8 + 0.26 4.53 £ 0.53 86.3 £ 0.43
40 °C  T7 161.08 + 2.13 0.071 £ 0.01 —8.9 + 2.00 479 £ 045 90.1 £ 7.74
T30 169.14 + 1.30 0.130 + 0.01 -9.0 £ 1.75 5.12 £ 2.13  86.0 = 3.20
T60  210.52 + 4.65 0.139 + 0.02 —8.3 £ 0.63 5.10 £ 0.78 81.6 = 7.90

et al., 2021). In the present study, conductivity measurements
were taken for a period of 60 days at predetermined time
points for F4 series CA-NEs. The results displayed no substan-
tial electrical conductivity changes in formulations at three dif-
ferent stability environments (Table 3).

Viscosity is an important parameter commonly used to
evaluate the effect of stress conditions on emulsion stability.
In addition, viscosity is related to the parameters that play a
role in determining the quality of the formulation (Altuntas
and Yener, 2015). In this regard, viscosity measurements of
F4 series NEs were monitored for 60 days. In this period, vis-
cosity values of the four CA-NEs were found to be within
appropriate limits, and no breakdown was monitored in con-
sistency under overall stability conditions. Viscosity-based sta-
bility data of the finalized CA-NE formulation coded F4P1
were given in Fig. 2.

Active ingredient content analysis was a critical necessity
for all kinds of dosage forms. The quantity of the active ingre-
dient in the product should not deviate from the labeled quan-
tity beyond certain specified limits within the formulation’s
shelf life (Altuntas and Yener, 2017). In our study, CA content
(%) was found to be 97.51 + 7.64% on the day of production,
and 93.39 + 8.35%, 94.76 £ 5.49% and 92.93 + 4.41% after
60th day at three different stability environments, respectively
(Table 4). The remaining CA (%) was found to be >90% dur-
ing the storage period at three different conditions. This result
indicated that the finalized NE formulation could protect the
loaded CA from the degradation.

Observation of the morphology of the finalized CA-NE for-
mulation (F4P1) was performed by TEM. TEM confirmed the
development of CA-NEs and validated the average droplet size
achieved. TEM analysis also demonstrated that the droplets

were uniformly distributed and spherical, and no droplet
agglomeration was monitored (Fig. 3).

3.5. Spectrophotometric analysis of CA

Analysis of CA was carried out by UV—vis Spectrometer (Shi-
madzu, Japan) at 324 nm detection wavelength according to
the method described by Hosseini et al. (Hosseini et al.,
2013). Ethanolic solutions of CA at increasing concentrations
(0.20, 0.39, 0.78, 1.56, 3.125, 6.25, 12.50 pg/mL) were prepared
in triplicate and analyzed against the ethanol as a blank solu-
tion spectrophotometrically. Subsequently, the calibration
curve was drawn using the obtained results, and the equation
was determined (Fig. 1S).

3.6. In vitro release profile of CA-NEs

In vitro drug release study was exerted to evaluate the ability of
finalized CA-NE formulation to control CA release once
applied on the skin. The in vitro drug release profiles of the
finalized CA-NE formulation was given in Fig. 4. According
to results, after 24 h and 48 h, 88.90 + 5.73% and 95.15 + 2.
09% of CA release obtained with the finalized NE formulation
(F4P1), respectively. This result showed that the F4P1 releases
CA in a controlled manner, and with a slow release rate over
time.

3.7. AMES/Salmonella test

Although many genotoxicity tests are used to investigate the
mutagenic activity of chemicals and drugs, the traditional
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Fig. 2  Viscosity rheograms of the finalized CA-NE formulation during 60 days (a) 5 £ 3 °C; (b) 25 £ 2 °C and 60% RH; (c) 40 + 2 °C

and 75% RH.
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Table 4 Drug remaining (%) of the finalized CA-NE formu-
lation at varied storage conditions during physicochemical
stability test period (means + SD, n = 3).

Formulation  Storage Time Remaining Drug Content
Code Condition (%) (n = 3)
F4P1 5+ 3°C T30 9247 + 691
T60  93.39 + 8.35
25 £2°C (% TI1 97.51 + 7.64
65 RH) T30 94.39 £ 6.29
T60  94.76 + 5.49
40 =+ 2°C (% T30 91.10 + 3.17
75 RH) T60  92.93 + 4.41

Ames/Salmonella test is often preferred because it provides
standard and reliable results (Maron and Ames, 1983, Wypij
et al., 2020, Demir et al., 2020, Mortelmans and Zeiger,
2000, Guo et al., 2016, Du et al., 2019). Therefore, the geno-
toxicity of blank-NE, CA and the finalized CA-NE formula-
tion was evaluated with the Ames/Salmonella test. The TA98
and TA100 mutant strains of S. typhimurium were used
because they allow the identification of mutagens that cause
a frameshift and base-pair substitution, respectively. The
empty NE and CA-NE concentrations were used in this study
as 0.25, 0.5 and 1 mg/plate. The concentration of CA was used
as 0.004, 0.090 and 0.018 mg/plate according to the amount in
0.25, 0.5 and 1 mg/plate CA-NE. Results of the study were
given in Table 5, Figs. S2 and S3. In conclusion, it was deter-
mined that the concentrations of blank NE and the finalized
CA-NE formulation tested according to the method deter-
mined by Mortelmans and Zeiger, 2000 did not cause frame-
shift or base-pair substitution. Statistical analysis also
confirmed that blank NE and the finalized CA-NE formula-
tion were not mutagenic (p > 0.05).

There are many studies in which the Ames/Salmonella test
is used for the genotoxic analysis of nanomaterials. Most of
these studies reported that nanomaterials are not mutagenic
(Egil et al., 2020, Warheit et al., 2007, Szendi and Varga,
2008, Balasubramanyam et al., 2010, Clift et al., 2013). As a
result of our study, it was found that NEs were not mutagenic
in the Ames/Salmonella test. There are studies in which nano-
materials cause weak mutagenic effects in the Ames/Sal-
monella test (Kumar et al., 2011, Maenosono et al., 2007).
This situation may be due to the structure or concentration
of the nanomaterials used.

3.8. In vitro cell viability, tyrosinase, and melanogenesis activity
results

The cytotoxicity of finalized CA-NE formulation was evalu-
ated by MTT assay on HaCaT cells to test its safety profile.
Different concentrations of CA-NE tested did not have any
cytotoxic effect on HaCaT cells compared to the control group
(p > 0.05) and cell viability was over 90% (Fig. 5). Therefore,
the same concentrations of finalized CA-NE formulation were
used to evaluate the tyrosinase and melanogenesis activity.

Melanin is the substance that gives human skin color and is
synthesized in melanosomes. (Beak et al., 2004, Park and Choi,
2017). Excess melanin causes skin disorders such as hyperpig-
mentation, melisma, and malignant melanoma (Panich et al.,
2010, Heo et al., 2010). Tyrosinase is the key enzyme responsi-
ble for melanin synthesis. Therefore, tyrosinase activity has
become the main target for the development of tyrosinase inhi-
bitors in the cosmetic field (Cui et al., 2018, Roselan et al.,
2020).

Recently, the natural compounds obtained from plants that
have tyrosinase and melanogenesis activities have attracted the
attention of researchers (Silva et al., 2022, Kim et al., 2022,
Moon et al., 2022, Uto et al., 2022). However, the stability
of the herbal ingredients and the efficacy of penetrating the
skin should be improved. NEs offer unique properties to
increase the stability of herbal ingredients and their penetra-
tion efficiency into the skin. In our study, the tyrosinase and
melanogenesis activity of the finalized CA-NE formulation
was evaluated by in vitro cell culture. B16 melanoma cells gen-
erated from C57BL/6J mice are a reliable cell model system for
analyzing melanin synthesis. These cells are often used to eval-
uate skin-whitening drugs (Kim et al., 2022).Therefore, exper-
iments were performed using the melanoma B16F0 cell line.
The tyrosinase activities of the finalized CA-NE formulation
at different concentrations are shown in Fig. 6 and the melano-
genesis activities are shown in Fig. 7. According to results, it
was found that the finalized CA-NE formulation caused a sig-
nificant decrease in melanogenesis activity and tyrosinase
activities compared to the control group (p < 0.05).

In a study examining the tyrosinase activity of quercetin-
loaded olive oil nanoemulsion (QT-NE) to determine its poten-
tial to reduce skin hyperpigmentation, they reported that QT-
NEs inhibited 56% of tyrosinase activity (Silva et al., 2022). It
exhibited a higher anti-tyrosinase activity than our study
(Table S1). Another study reported the tyrosinase activity
and melanin production of adlay bran oil (ABO)-loaded NEs
with a particle size of 150 nm for the anti-hyperpigmentation

Fig. 3 TEM image of finalized CA-NE formulation.
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Fig. 4  In vitro release profile of the finalized CA-NE formulation (n = 3).

Table 5 Mutagenic effects of CA, blank-NE and the finalized CA-NE formulation on S. typhimurium TA98 and TA100 strains.

Treatment Concentration (mg/plate) Number of revertant colony/Plate
TA98 TA100
Mean £+ SD Mean + SD
Blank-NE 0.25 28.66 + 6.50 75.66 £ 6.02
0.50 27.00 + 3.60 73.33 £ 5.50
1.00 26.00 + 4.58 77.00 £ 5.56
CA 0.004 27.33 + 4.50 73.00 + 6.24
0.009 26.33 + 6.11 72.00 £+ 2.00
0.018 28.66 + 4.50 78.00 = 3.00
CA-NE 0.25 27.00 + 2.64 73.00 £+ 2.00
0.50 29.00 + 3.60 76.33 + 5.03
1.00 27.00 + 5.29 74.66 £+ 3.51
Positive Control NPD 1072 886.66 + 12.58*

SA 107
Negative Control
Spontaneous Control

993.66 + 13.65*%
29.00 + 7.93 74.00 = 4.00
27.00 + 7.54 72.66 £ 2.08

NPD: 4-Nitro-o-phenylenediamine.
SA: Sodium azide.

* The mean revertant colony number difference between negative control and application groups is significant at the level of p < 0.05 (Tukey

test).

activity of ABO-NEs were both dose-dependently decreased
(Ting et al., 2019). In our study, a dose-related decrease was
also observed. Asasutjarit et al., (2021) formulated andro-
grapholide (AG) phytocomponent-loaded NE (AG-NE) iso-
lated from Andrographis paniculata and evaluated its
tyrosinase and melanogenesis activity. The results showed that
it inhibited tyrosinase and melanogenesis activities (Asasutjarit
et al., 2021).

3.9. Molecular docking and ADME results

Tyrosinase, a key enzyme in the melanogenesis pathway, is a
copper-containing enzyme, responsible for developing melanin
pigment. Tyrosinase inhibitors are the most common target for
inhibiting this pathway (Adak, 2019, Chang, 2012). To deter-
mine the activity of tyrosinase inhibitors, kojic acid, hydro-
quinone or arbutin are generally used as references.

Therefore, the effectiveness of CA will be evaluated by com-
paring with the effectiveness of kojic acid. Fungal tyrosinase
from Agaricus bisporus is used in tyrosinase inhibitor studies
because it is very similar to mammalian tyrosinase and is usu-
ally available commercially in a pure form. Also, the effective-
ness of CA on the human tyrosinase-related protein was
investigated using tyrosinase-related protein 1 (TYRP1).
Firstly, to assess tyrosinase inhibitory activity mechanism
of the investigated CA and kojic acid, the mushroom tyrosi-
nase with 2.78 A resolution of tetramer structure (PDB:2Y9X),
which complexed with two H subunits which contains a binu-
clear copper coordinated with three histidine residues, ~392
residues, and two L subunits of ~150 residues was chosen as
a receptor for docking analysis. The dimeric form having A
and B chains crystal data of polyphenol oxidase with tetramer
form belonging to Agaricus bisporus was preferred for more
efficient docking calculations using the Swiss Model server.
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Fig. 6 Tyrosinase activity of the finalized CA-NE formulation.

Then, tyrosinase-associated protein 1 (TYRP1), one of three
tyrosinase-like glycoenzymes that is key to the production of
melanin, was chosen as another receptor to elicit CA activity.
The crystal structure of human tyrosinase-related protein 1
(PDB:5SMS8L) has two zinc ions in the active site instead of
the copper ions found in tyrosinases, which was also used as
another receptor (Lai et al., 2017, Taslimi, 2020).

Since binding (chelation) with copper atoms is predicted to
be important for antityrosinase activity, the fungal tyrosinase
from Agaricus bisporus enzyme was prepared both with and
without copper in order to show the effect of copper atoms,

and the binding mechanism with chlorogenic acid was investi-
gated in both complex. In addition, the binding mechanism
with kojic acid as a reference, which has the capacity to chelate
with copper atoms, was also compared in this study.

The interaction, and binding energies of CA with the bind-
ing site of both copper and non-copper tyrosinase receptors
were compared to determine the effect of copper atoms in
the binding site of tyrosinase. The analyses revealed that CA
directly interacts with the active site of both copper and non-
copper tyrosinase enzymes and settled in its binding site. How-
ever, docking score energy of CA and tyrosinase with copper
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Fig. 7 Melanogenesis activity of the finalized CA-NE formulation.

ions was calculated as —7.80 kcal/mol, while with copper-free
tyrosinase, a docking score of —6.72 kcal/mol was found. Cop-
per ions located in the binding site of the tyrosinase enabled
CA to bind more strongly and steadily to the receptor’s bind-
ing side, like kojic acid.

The docking score energies of CA with both copper and
non-copper tyrosinase receptors and kojic acid were given in
Table 6 and seen in Fig. 8(a—c). The 2D docked pose of CA
and binding pocked interactions were depicted for both copper
(a), non-copper tyrosinase receptor (b), kojic acid (c), and CA
with human tyrosinase (d) were seen respectively in Fig. 8. The
hydrophobic, polar, and positively charged residues in the
binding region of the receptor were also given in Table 6 and
Fig. 8.

As a result of the binding to the copper tyrosinase, the
trihydroxycyclohexanecarboxylic acid group was directed
toward the binding pocket. The interactions that support this
orientation with the 2.06 A hydrogen bonding between the
polar ASN 259 residue and OH group, and at the same time,
the 2.17 A salt bridge between the Cu and the O atom pro-
vides stable bonding. In addition, the 1.76 A hydrogen bond
formed between the negatively charged GLU 321 residue and
the OH group also supports this stable binding. The salt bridge
interactions (2.17 A and 3.60 A) between Cu and O atoms give
rise to the most stable binding at the lowest docking energy
with —7.80 kcal/mol.

According to the docking analysis results of CA with the
copper-free tyrosinase receptor, the hydrogen bonds with polar
ASN 259 and positive charged ARG 267 residues with 2.78 A,
and 1.88 A, respectively and a salt bridge with ARG267 resi-
due with 1.54 A bond lengths, and the distant interactions with
HIS 60 and THR 260 at 4 A and 4.26 A, respectively, have
been observed to contribute this binding. The hydroxy group
displayed a vital role in anchoring with the enzyme.

This hydrogen bonding and salt bridge interactions
between CA in the active site of the mushroom tyrosinase
enzyme for both copper (a) and non-copper tyrosinase recep-
tor (b) and kojic acid (c) and CA with human tyrosinase (d)
were also seen in Fig. 9.

In the literature, tyrosinase inhibitory activity of some syn-
thesized compounds or natural essential oils or extract were
also evaluated using molecular docking analysis method. In
one study, according to the results of computational docking
studies of the compound with the most optimal binding mode
with 2Y9X in the binding pocket of fungal tyrosinase, the
docking score was calculated as —5.934 kcal/mol. Consistent
interactions were shown between the hydroxyl and Cu ions
in the active site for the most active compound. This com-
pound was performed hydrogen bond interaction with
ARG268 (Nazir et al., 2020). Wang et al. suggested that the
melanin-reducing effects of Linderanolide B and subamolide
A on human epidermal melanocytes might be due to their
binding with copper ions in the tyrosinase active site, as indi-
cated in the modeling program (Wang et al., 2011). In another
study, it was reported that tyrosinase inhibitory activity of Lip-
pia origanoides essential oils were also investigated. The results
showed that all docked ligands were found to interact between
an oxygen atom of the ligands and Cu or histidine residue (da
Silva et al., 2017). Chen et al. reported that molecular docking
analysis results of natural compounds T1 and T2 extracted
from Gastrodia elata reveal that the sulfur atom of T1 interact-
ing with copper ions in the active site of tyrosinase is crucial
for its ability to inhibit fungal tyrosinase and disrupt human
melanin synthesis (Chen et al., 2015). When the results of the
molecular docking analysis for CA are evaluated, it can be said
that CA has strong tyrosinase inhibitory activity due to the
hydroxyl groups of CA, the hydrogen bond interactions with
the binding site residues, and the electrostatic interactions
between Cu ions.

Kojic acid has also been shown to interact with copper
atoms in the active site of tyrosinase with salt bridge interac-
tions and pi-pi stacking interactions with Histidine residues
in Fig. 8(c). Compared to the effects of CA and kojic acid
on the mushroom tyrosinase enzyme, considering the binding
energies, CA was docked with a more stable binding energy
(—7.80 kcal/mol) than kojic acid (—5.60 kcal/mol), which
was formed by hydrogen bonds with OH groups and salt
bridge interactions with Cu atoms. Based on the docking
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Table 6 The docking score energies and probable interactions of CA with tyrosinase enzyme for both copper, and non-copper
mushroom tyrosinase receptor with kojic acid and human tyrosinase receptor.

Receptor Mushroom tyrosinase Receptor Human tyrosinase Receptor
(PdbID: 2Y9X) (PdbID: SMSL)
Chlorogenic Acid Kojic Acid Chlorogenic Acid
Docking —7.80 —6.72 —5.60 —4.53
Score
(Kcal/mol)
H.Bond ASN259(2.060)GLU321  ASN259(2.78)ARG267 = ARG13(1.63)ARG13
(Angstrom) (1.76) (1.88) (2.24)ARG13
(2.38)LEU68
(1.86)ASN72
(2.59)
Salt Bridge Cu (2.17) ARG267(1.54) Cu (243)Cu  ARGI13(3.60)
(2.40)
Metal Cu = Cu
Pi-Pi Stacking — = HIS84(4.61)
HIS262
(4.13)HIS258
(5.06)
Hydrophobic ~ VAL247, ALA245, VAL247, MET256, PHER9, VAL247, PHET71,
Residues PHE263, MET279, PHE263, ALA285, PHE291, PHE263, PHE79,
VAL282, ALA28S, VAL282, MET279, LEU274 MET279, LEUG6S,
PHER9, MET256 PROG67,
PHE291 VAL282, TRP66, VALGS,
PRO283 ALA7, VALY, ALA11, LEU12, MET]16,
ALAZ28S, ALA46,VAL44, ALA43, TRP420, PHE2,
ALA286 ILE145, LEU146,PHE155
VAL298
CYS82
PHES9,
TRP92
TYR96
PHE291
Polar HIS84, HIS295, HIS84, HIE295, HIE243 HIS84, THR74,ASN72, SER142, ASN151,THRS,
Residues HIS294 HIS258, ASN259, THR260, HIE295, SER14
HIS60, HIS258, HIS262, HIS60, SER281, HIE278  HIE294
ASN259, HIS262, HIS284,
SER281, HIE243 ASN259,
THR260
HIS258,
HIS262,
THR260,
HIS60,
SER281,
HIE243
Charged GLU321 GLU255 GLU255 GLU42, GLU64,ASP62, ASP61, GLU143,
(negative) GLU10
Residues
Charged = ARG267 ARG267 ARG13, ARG73, ARG69,ARG141
(positive)
Residues
Glycine GLY244, GLY280, GLY248, GLY280 GLYS8S, GLY15,GLY150
GLY85 GLY266,
LY280

results, it was observed that CA interacts directly with the
mushroom tyrosinase enzyme, not only by hydrogen bonds,
but also bonding with the copper ion in the active site of the
enzyme, just like kojic acid. It is expected that CA is promising
to anti-tyrosinase activity, which has a better binding energy
than kojic acid which efficacy has been proven in clinical stud-
ies but has been limited in cosmetics due to its side effects
(Desmedt et al., 2016).

For human tyrosinase enzyme, CA was also evaluated and
compared with literature (Taslimi, 2020). In the study, in
which the inhibition effects of six natural phenolic compounds
against tyrosinase were summarized, the docking calculations
of the molecules were used and the docking energies were
found in the range of —6.37 kcal/mol at the lowest and
—3.14 kcal/mol at the highest. It was concluded that CA
formed a complex with the binding energy of —4.53 kcal/mol
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Fig. 8 The 2D docked pose of CA and binding pocked interactions were depicted for both copper (a), and non-copper tyrosinase
receptor (b), kojic acid (c), and CA with human tyrosinase (d).

Fig.9 The hydrogen bonding and salt bridge interactions between CA in the active site of the tyrosinase enzyme for both copper (a) and
non-copper tyrosinase receptor (b) and kojic acid (c) and CA with human tyrosinase (d).

to the binding site of the human tyrosinase enzyme, and this A comparison of the calculated pharmacokinetic properties
complex was obtained by strong hydrogen binding to of CA docked with both copper and non-copper tyrosinase
ARGI13, ASN72 and LEUG68 residues as seen in Figs. 8(d) receptor and kojic acid was also given in Table 7. The calcu-
and 9(d). lated the total solvent accessible surface area (Solute total
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Table 7 The docking score energies and ADME properties of CA with tyrosinase enzyme for both copper, and non-copper tyrosinase

receptor.

Mushroom Tyrosinase Receptor Pdb ID: 2Y9X

Chlorogenic Acid Kojic Acid (Range 95% of Drugs)
Docking Score(Kcallmol) —7.80 —6.72 —5.60
Principal Descriptors
Solute Molecular Weight 358.344 358.344 142.111 (130.0 /725.0)
Solute Total SASA 618.246 609.799 313.286 (300.0 /1000.0)
Solute Hydrophobic SASA 273.077 275.196 59.826 (0.0 /750.0)
Solute Hydrophilic SASA 334.985 322.633 160.698 (7.0 /330.0)
Solute Carbon Pi SASA 10.184 11.970 92.761 (0.0/450.0)
Solute Weakly Polar SASA 0.000 0.000 0.000 (0.0 /175.0)
Solute Molecular Volume (A% 1091.415 1075.223 472.797 (500.0 /2000.0)
Solute vdW Polar SA (PSA) 192.425 187.593 80.587 (7.0 /200.0)
Solute No, of Rotatable Bonds 8.000 8.000 3.000 (0.0 /15.0)
Solute as Donor - Hydrogen Bonds 5.000 5.000 2.000 (0.0 /6.0)
Solute as Acceptor - Hydrogen Bonds 11.850 11.850 4.950 (2.0 /20.0)
Solute Globularity (Sphere = 1) 0.829 0.832 0.937 (0.75 /0.95)
Predictions for Properties:
QP Polarizability (Angstroms®) 32.485M 31.854M 11.727 (13.0 /70.0)
QP log P for hexadecane/gas 11.908M 11.683M 4.994 (4.0/18.0)
QP log P for octanol/gas 25.981M 25.574M 9.828 (8.0 /35.0)
QP log P for water/gas 20.785M 20.693M 9.340 (4.0 /45.0)
QP log P for octanol/water —0.745 —0.736 —0.592 (-2.0/ 6.5)
QP log S for aqueous solubility —2.702 —2.601 —0.372 (-6.5/0.5)
P log S - conformation independent —-1.977 —1.977 —0.951 (-6.5 /0.5)
QP log K hsa Serum Protein Binding —0.949 —0.970 —0.861 (-1.5/1.5)
QP log BB for brain/blood —3.167 —3.023 —0.838 (-3.0 /1.2)
No, of Primary Metabolites 6 6 2 (1.0 /8.0)
Predicted CNS Activity (——to + +) - - -
HERG K+ Channel Blockage: log IC50 —2.537 —2.494 —2.996M (concern below —5)
Apparent Caco-2 Permeability (nm/sec) 1 2 296 (<25 poor, >500 great)
Apparent MDCK Permeability (nm/sec) 0 0 132 (<25 poor, >500 great)
QP log Kp for skin permeability —6.889 —6.655 —3.866 (Kp in cm/hr)
Jm, max transdermal transport rate 0.000 0.000 6.055 (micrograms/cm?-hr)
Lipinski Rule of 5 Violations 0 0 0 (maximum is 4)
Jorgensen Rule of 3 Violations 1 1 0 (maximum is 3)
% Human Oral Absorption in GI (+-20%) 27 29 68 (<25% is poor)
Qual, Model for Human Oral Absorption low low Medium (>80% is high)

SASA), the total solvent accessible surface area on N, O, and
H on heteroatoms (Hydrophilic SASA), total solvent-
accessible volume (Molecular Volume), and Van der Waals
surface area of polar nitrogen and oxygen atoms (PSA) values
for CA docked with copper tyrosinase receptor were obtained
at higher values than non-copper tyrosinase receptor. Also,
predicted polarizability value, hexadecane/gas, octanol/gas,
and water/gas values were calculated at higher for tyrosinase
receptor with copper ions. Kojic acid with molecular formula
C¢HgO4 has a molecular weight of 142.11 g/mol and has a
68% Human Oral Absorption value. However chlorogenic
acid is not suitable for oral use, and its skin permeability value
is suitable for only topical use. Considering the detailed results
provided by molecular docking analysis and ADME calcula-
tions for CA with polyphenol ester groups similar to hydrox-
ycinnamic acid structure provides the opportunity to be
designed and used as a tyrosinase inhibitor for topical
applications.

4. Conclusion

Although pigment disorders are seen as widespread dermatological
problems, many issues, such as local or systemic side effects, toxicity,
low stability, poor skin penetration and/or low efficacy, are encoun-
tered with agents used in treatment today. Therefore, these issues
can be avoided by developing an appropriate dosage form containing
natural actives, which have proven effective, have no harmful effects,
and have low-cost production. In our study, stable CA-NEs with a
desired physicochemical properties were obtained by ultrasonic
homogenization for dermal usage in hyperpigmentation treatment
for the first time. When F4 series formulations are evaluated during
the 60-day stability test period, there is no significant difference con-
cerning to particle size, PdI and zeta potential. Thus the F4P1 coded
CA-NE formulation prepared with 15 min ultrasonication process
without pre-emulsification step was selected due to the advantages
such as energy saving and production efficiency. Also, its slow and
controlled release are another advantage of the finalized CA-NE for-
mulation. It was determined that the formulation was safe for trans-
dermal application according to the in vitro cell viability results, the
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Ames test results also supported these findings, and the formulation
was not mutagenic. In efficacy experiments on Melanoma B16 cells,
it was determined that the finalized CA-NE formulation reduced
tyrosinase activity and melanogenesis activity.

The hydroxy group of CA displayed an essential role in anchoring
with the enzyme. The hydrogen bond interactions of the hydroxyl
groups with the residues in the active site and the interaction between
Cu ions supported stable bonding. In addition, the oxygen atom forms
salt bridges to aid in contact with copper ions, consistent with funda-
mental binding interactions between CA and tyrosinase enzyme. As a
result, the antityrosinase activity of CA, a derivative of cinnamic acid,
was evaluated by clarifying the mechanism of action on both mush-
room tyrosinase and human tyrosinase enzymes comparing it kojic
acid as a reference molecule. The molecular docking study and phar-
macokinetic analyzes also showed that CA-NEs could serve as a poten-
tial drug to effectively for treatment of hyperpigmentation.

According to our in vitro and in silico findings, because of anti-
tyrosinase and anti-melanogenesis efficacy, and safety profile with
the non-mutagenic/non-toxic properties, chlorogenic acid nanoemul-
sion might be suggested as an innovative skin lightening formulation
for cosmetic application.
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