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ABSTRACT

Obijective(s): This study evaluated a novel method combining ionic gelation and ultrasound for producing kojic acid (KJA)-
loaded sodium alginate (AL) nanoparticles to enhance dermal delivery and anti-pigmentation effects.

Material and methods: Green and eco-friendly preparation of nanoparticles, inspection of nanoparticle features, checking
structure, animal safety administration, cellular vitality, and inhibitory evaluation of melanin synthesis were employed.
Results: The results showed that increasing the volume ratio of AL/CaCl, from 10:2 to 10:10 reduced the mean particle size
from 1691.767 + 118.095 nm to 338.533 + 8.429 nm. Moreover, the encapsulation efficiency was enhanced with this increase,
rising from 8.051 + 3.035% to 78.770 + 3.155%. Skin permeability tests indicated that the KJIA-AL nanoparticle gel delivered
more KJA to the dermal layers (39.470 + 3.606% or 519.432 + 47.465 ng/cm?) and the receptor compartment (15.210 +
0.468% or 200.170 £ 6.161 pg/cm?) compared to the plain KJA gel. The optimum formulation exhibited fewer toxic effects
on HFF (Human Foreskin Fibroblast) cells, while a significant cytotoxic effect was observed on B16F10 cells with the KJA-
AL nanoparticle. The non-irritating effect of the KJIA-AL nanoparticle gel was confirmed through a dermal irritation test on
Wistar rats. Two additional advantages of the present study include: i) greater inhibition of melanin formation with KJIA-AL
nanoparticles compared to free KJA, and ii) significant inhibition of L-dopa auto-oxidation by KJA-AL nanoparticles (82.224
+2.079%) compared to KJA solution (55.829 + 2.881%).

Conclusion: The results indicated that the KJA-AL nanoparticles produced in this study could serve as potential nano-vehicles
for the dermal delivery of KJA. Additionally, they may offer an innovative solution for addressing hyper-melanogenesis-
related issues.
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INTRODUCTION

Recent studies have highlighted the significance
of therapeutic approaches for dermal issues, as
dermal disorders are associated with increased
levels of anxiety and depression in patients [1].
Dermal hyperpigmentation, particularly caused by
sun exposure, commonly affects the sun-exposed
areas of the face. Melasma is one of the most
prevalent forms of persistent hyperpigmentation.
Its global prevalence varies, ranging from 1% in the
general population to 9-50% in high-risk
populations. Additionally, this dermal condition can
lead to psychological problems, including social
isolation, depression, shame, anxiety, and a loss of
social relationships [1]. Notably, melasma can arise
from two primary causes: i) diffuse-acquired
hypermelanosis, and i) post-inflammatory
hyperpigmentation [2, 3].

Cosmetics can be developed using natural
compounds rich in biologically active substances,
particularly antioxidants. It has been demonstrated
that natural resources contain various bioactive
compounds. These compounds have garnered
significant attention due to their cost-effectiveness,
non-toxicity, and substantial benefits [4, 5]. In local
preparations derived from the natural metabolites
of mushrooms, kojic acid (KJA) and its by-products
inhibit tyrosinase activity [6]. Several products
containing KIA are used for skin-whitening,
antifungal, and antimicrobial purposes [7-9].
Moreover, KJA is a chelator for iron (Fe3*) and
copper (Cu?*) metals. Due to its ability to scavenge
free radicals, it is used for skin rejuvenation and
wrinkle reduction [10]. Despite its potential, KJA
faces limitations in absorption due to its hydrophilic
nature, which presents challenges in formulation
[11]. Issues such as low permeability, inappropriate
biodistribution, low hydrolytic degradation, low
bioavailability, and a short half-life must be
addressed when utilizing this compound. However,
combining KJA with molecules such as lipids,
proteins, and polymers can help overcome these
challenges [12-14]. The enhancement of
hydrophilic drug delivery systems can be achieved
using polymeric nanoparticles, enabling targeted
delivery and transport of the material to its specific
location [15].

Many biopolymers and biodegradable polymers
have been developed to encapsulate products
suitable for cosmetic applications. Among natural
nanomaterials, nanoparticles derived from
alginates are the most commonly used and deserve
special attention. Alginate-based systems are
utilized in the cosmetics and healthcare industries
to improve stability and protect encapsulated
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compounds from UV light, temperature
fluctuations, and the stomach's acidic environment
in the case of oral consumption [16, 17]. Alginate-
based nanoparticles are biocompatible,
biodegradable, and non-toxic, making them ideal
for loading various materials, including anti-
melanogenesis agents [18].

The present exploration aimed to develop
alginate nanoparticles containing KJA formulations
for effective drug delivery to the skin to achieve
anti-melanogenesis  effects. The  potential
cutaneous irritation caused by these compounds
was also assessed. Additionally, the safety of cells
exposed to KJA-containing alginate nanoparticles
was evaluated. This study further investigated the
effects of these compounds on melanin synthesis
and the auto-oxidation of L-DOPA. Based on the
results, using KJA-entrapped alginate nanoparticles
in cosmetic products for skin applications is
recommended as an alternative to traditional
methods.

MATERIALS AND METHODS
Materials

Kojic acid (KJA), sodium alginate with a
molecular weight of 120,000, calcium chloride
(CaCly), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO0), and L-dopa were purchased from Merck
(Darmstadt, Germany). Additionally, Carbopol 934
was obtained from B.F. Goodrich, USA. Distilled
water was prepared using a Human Power 2 system
(Human Co., Korea) for further purification. All
materials were of analytical grade and used without
further purification.

Fabrication of KJA-loaded alginate (AL)
nanoparticles (KJA-AL-NP)

This study prepared KJA-AL nanoparticles (KJA-
AL-NP) using the ionic gelation method. First,
sodium alginate (AL) at a concentration of 0.2%
(w/v) was added to deionized water, and the
solution was stirred at 500 rpm at room
temperature (25 °C) for 20 minutes. Meanwhile, a
2.5 mg/mL solution of calcium chloride (CaCl,) was
prepared using deionized water. Next, 200 mg of
kojic acid (KJA) was added to the AL solution. The
KJA-AL nanoparticles were formed by gradually
adding varying volumes of the CaCl, solution to the
AL solution (0.2% w/v) while stirring rapidly at 1500
rom for 30 minutes (see Table 1). The resulting
mixture was then sonicated using a probe sonicator
(Bandelin, 3100, Germany) at 20% amplitude for 10
minutes.
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Table 1. Formulation composition and physical properties (N=3, Mean+SD)

KIA AL CaCl2 AL/CaCl2

Zeta potential

Formulation (mg) (mg) (mg/ml) volume ratio Particle size (nm) PDI (mv) EE (%)
F1 200 50 2.5 10:2 1691.767+ 0.759+0.008 -29.533+1.331 8.051+3.035
118.095
F2 200 50 2.5 10: 4 901.266%3.750 0.666+0.014 -26.2331£0.750 23.803%2.426
F3 200 50 2.5 10: 6 607.2+7.748 0.408+0.012 -21.7667+1.569 37.931+3.557
F4 200 50 2.5 10:8 453.2+8.104 0.353+0.012 -19.000£1.569 56.789+3.356
F5 200 50 2.5 10:10 338.533+8.429 0.296+0.005 -14.566% 0.737 78.770£3.155

Nanoparticle characterization

The mean diameter, polydispersity index (PDI),
and zeta potential (ZP) of the corresponding
nanoparticles were measured using a ZetaSizer
Nano-ZS device and dynamic light scattering (DLS)
(Malvern Instruments Ltd., UK). A Cary 630 FTIR
spectrophotometer (Agilent Technologies Inc., CA,
USA), equipped with a diamond attenuated total
reflectance (ATR) accessory, was used to study the
interaction between the constituents. The spectra
were recorded in the 4000-400 cm™ range with a
resolution of 2 cm™. Differential scanning
calorimetry (DSC) analysis was performed using a
Pyris-6 DSC instrument (PerkinElmer, Norwalk,
USA). Nanoparticles were examined under
transmission electron microscopy (TEM) (Philips
EM 208S) to assess their morphological
characteristics and structural properties.

Producing KJA simple gel and KJA-AL nanoparticle
gel

The KJA-AL nanoparticle dispersion (200 mg
KJA) in water, containing 0.1% sodium benzoate,
was mixed with Carbopol 934 (1% w/v) and kept
overnight to ensure uniform distribution.
Subsequently, to neutralize the Carbopol in the KJA-
AL nanoparticle dispersion, 100 mg of
triethanolamine was added and dispersed using a
propeller homogenizer at 500 rpm. Finally, a simple
KJA gel was prepared by mixing the KJA solution
(200 mg KJA) with Carbopol 934 (1% w/v) using the
propeller homogenizer at 500 rpm.

Encapsulation Efficacy Evaluation (EE%)

After centrifugation of the KJA-AL nanoparticles
at 13,000 rpm for 45 minutes (Sigma 3-30 ks
refrigerated centrifuge, Germany), the supernatant
was filtered through a 0.22 um filter. The
nanoparticles' encapsulation efficiency (EE%) was
determined using Kneuer HPLC (Germany). HPLC
analysis used a Hector C18 column (5 um, 4.6 x 250
mm) with a 0.7 mL/min flow rate. The mobile phase
consisted of a mixture of deionized fresh degassed
water and acetonitrile in an 80:20 (v/v) ratio, with
detection conducted at 268 nm. The area under the
curve (AUC) of the filtered supernatant was used to
calculate the concentration of the free active
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ingredient. Encapsulation efficiency was calculated
using Equation (1).

Winitial-Wfree
Winitial

EE% = (1)
In Vitro drug release

The immersion apparatus was submerged using
a cellulose acetate membrane (MWCO of 12 kDa)
for in vitro pharmaceutical release testing. One
gram of the optimized gel formulation was
separated in the first step. Before placing the gel
into the immersion cell, an assay showed that it
contained 5 mg of KJA per gram of gel. The gel was
then inserted into the immersion cell. In the next
step, specimens containing 5 mg of KJA per gram of
gel were placed into the cells. They were sealed
with a cap after covering the cells with a cellulose
acetate membrane. The cells were then placed into
the USP dissolution apparatus Il. The rotation speed
of the apparatus was set to 100 rpm, and the target
temperature was maintained at 37 °C, with 450 mL
of dissolution medium (water) added to each
vessel. At 0.5, 1, 2, 4, 6, 8, and 24 hours, 5 mL of
dissolution medium was filtered through a 0.22 um
filter paper. The active substance in the specimens
was measured using an HPLC instrument at a
wavelength of 268 nm, following the method
described in section 2.5. A calibration curve with a
5-25 pg/mL concentration range and an R? value of
0.999 was used to quantify the drug content. After
each sample collection, 5 mL of water was added to
the dissolution medium to maintain a constant final
volume.

Dermal absorption assay

All male Wistar rats in the study weighed
approximately 120 to 150 grams. The rats were
sedated with 100 pL of ketamine (87 mg/kg) and 25
uL of xylazine (13 mg/kg) before trimming the
abdominal skin with an electric razor. Euthanasia
was performed by chloroform inhalation after 48
hours, followed by surgical removal of their
abdomens. For the skin penetration test, the skin
was carefully separated from the underlying
subcutaneous fat and immersed in a saline solution
for 24 hours at 4°C. Franz diffusion cells with a
diffusion area of 3.8 cm? were used to place the skin
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samples, ensuring that the skin's dermis was in
direct contact with the receptor medium. The
receiving chamber was filled with deionized water,
and the diffusion cells were maintained at 32 +
0.5°C with stirring at 150 rpm. KJA-AL nanoparticle
and KJA simple gel (1 g, 0.5% w/w) were uniformly
applied to the donor compartment. It should be
noted that KJA simple gel was used as the control
sample in this experiment. At 2, 4, 6, 8, 10, and 24
hours, 5 mL of the sample was withdrawn from the
receptor phase, ensuring that the removed volume
was replaced to maintain a constant total volume.
The obtained solution was analyzed by HPLC at 268
nm, following the method outlined in section 2.5,
to measure the amount of drug.

Dermal deposition assessment

After completing the skin absorption test, the
skins were washed three times with purified water
and cleaned. The dermal layer was then dried to
measure and calculate the amount of residual KJA.
The separated skins were transported in a tube and
crushed into small pieces using shears. Next,
digestion was performed with deionized water, and
the mixture was sonicated for one hour using an
ultrasonic bath. Finally, the supernatant was
filtered first through Whatman filter paper,
followed by a syringe filter with a pore size of 0.22
um. The obtained solution was analyzed by HPLC at
268 nm, following the method described in section
2.5, to measure the amount of drug.

MTT examination

The present study evaluated cytotoxicity on the
HFF (Human Foreskin Fibroblast) cell line and
B16F10 cells to gather more information. The cell
lines used in this study were obtained from the
National Cell Bank (Pasteur Institute of Iran, Tehran,
Iran). In the following step, 5 x 10% cells were
exposed to various concentrations of KIJA-AL
nanoparticles, AL nanoparticles without KJA, free
KJA, and the carrier control, including 1000, 500,
250, 100, 50, and 25 uM, in the bottom of 96-well
microplates and incubated overnight (24 h). After
washing the cells with PBS, formazan dye formation
was assessed using the MTT assay to evaluate the
number of surviving cells. The cells were incubated
with a solution containing 0.5 mg/mL of MTT at 37
°C for 4 hours. The supernatant was removed, and
the formazan crystals were dissolved in 100 pL of
DMSO. After stirring the plates for 20 minutes, the
optical density (OD) was measured at a wavelength
of 560 nm using a multi-well spectrophotometer.
Different concentrations ranging from 31.25 to
1000 uM were tested in this experiment. The
experiments were repeated three times, and six
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control groups (cells in medium) were included. The
percentage of surviving cells was calculated using
the following formula [19]:

Cell safety%=[0D560 (sample)/OD560(control)]x100

Melanin content assessment

In this test, melanoma cells (B16F10) were
obtained from the Pasteur Institute of Iran. To
determine the amount of melanin, 5 x 10* B16F10
cells were seeded in RPMI medium containing 10%
(v/v) fetal bovine serum (Gibco, USA) and 1% (v/v)
Penicillin/Streptomycin, and placed in a 12-well
plate. The cells were then incubated for 24 hours
under conditions of 37 °C, 5% CO,, and 85%
humidity.  After treatment with different
concentrations of KJA aqueous solution and the
optimized KJA-AL nanoparticle formulation, the
cells were incubated for 24 hours. The cell pellets
were digested with 100 pL of 2 M sodium hydroxide
(NaOH) and heated at 100 °C for 30 minutes. The
amount of melanin in the samples was compared to
the control by measuring absorbance at 405 nm
using a BioTek spectrophotometer (Winooski, USA).

Anti-L-DOPA auto-oxidation activity

The measurement of L-DOPA auto-oxidation
was studied using different concentrations of KIA
and KJA-AL nanoparticles, including 1000, 500, 250,
100, 50, and 25 uM. In this assay, 10 mM L-DOPA
was mixed with different concentrations of the test
samplesin 0.1 M sodium phosphate buffer (pH 6.5),
with a final volume of 300 puL. Distilled water was
used as the negative control. The samples were
then incubated at 30 °C for 15 minutes. Changes in
light absorbance at a wavelength of 475 nm were
measured to evaluate the inhibitory activity.

Animals

In this study, male Wistar rats weighing
between 150 and 200 grams were used. Nine rats
were housed in each acrylic cage in the animal
room, where the temperature was maintained at
21 £ 2 °C, and a 12-hour light-dark cycle was
followed. The lights were on from 7:00 AM to 7:00
PM. It is important to note that food was
continuously provided to the rats throughout the
study, and each rat was evaluated only once.

Cutaneous sensitivity trial

This experiment was conducted by shaving the
hair on the dorsal surfaces of the rats using an
electric shaver one day before the experiment. The
animals were divided into five groups, each
consisting of six rats. Groups 2, 3, 4, and 5 were
exposed to KJA-AL nanoparticle gel, KJA gel, blank
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nanoparticle gel, and a 0.8% (v/v) aqueous solution
of formalin (used as the standard sensitizing agent),
respectively. Group 1 was designated as the control
group. These materials were applied daily for one
week. The same researcher regularly evaluated the
individual sites using a visual rating system.

Statistic assay

The data obtained in this study are presented as
the mean % standard deviation (SD). Statistical
analysis was performed using ANOVA, followed by
Tukey’s LSD post-hoc test. Data analysis was
conducted using SPSS version 22.0 (IBM Co., USA).
A t-test was used to compare skin absorption and
retention after 24 hours. Statistical significance was
considered at p < 0.05.

RESULTS AND DISCUSSION
Characterization of KJA-AL-nanoparticle

We successfully synthesized AL nanoparticles
loaded with KIJA using ionic gelation and
ultrasonication. To optimize the production of KJA-
AL nanoparticles, different amounts of AL and
varying proportions of CaCl,, including 10:2, 10:4,
10:6, 10:8, and 10:10 (v/v), were investigated. The
characteristics of the nanoparticles are summarized
in Table 1. As shown in Table 1, when the ratio of
AL to CaCl, increased from 10:2 (F1) to 10:10 (F5),
the diameter of the nanoparticles significantly
decreased from 1691.767 + 118.095 nm to 338.533
+ 8429 nm (P < 0.001). The formation of
nanoparticles is primarily influenced by the
interaction of the functional groups of the AL
chains, leading to the formation of a complex
structure between the carboxylic acid groups and
calcium ions. Previous studies have indicated that a
higher amount of AL results in more functional
groups being available to interact with calcium,
promoting the formation of a larger number of
complexes with calcium cations. These findings are
consistent with those of previous studies [20],
which suggests that increasing the amount of AL in
the formulation leads to larger particle sizes.
Conversely, higher calcium ion content reduces the
number of polymer chains, resulting in smaller
nanoparticles. Therefore, it can be concluded that
increasing the amount of calcium chloride leads to
a smaller particle size [21].

The PDI results ranged between zero and one.
The closer the values are to zero, the more
homogeneous the dispersion [22]. Table 1 shows
PDI values ranging from 0.296 + 0.005 to 0.759 %
0.008 (P < 0.01). These results suggest that
monodispersity increases as the AL/CaCl, ratio is
increased. Previous studies have also emphasized
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that increasing the amount of calcium chloride
produces smaller dispersions [21].

The encapsulation efficiency (EE%) of the
samples is reported in Table 1. The EE% of the KJA-
AL nanoparticle preparations ranged from 8.051 *
3.035% to 78.770 £ 3.155%. The data clearly show
that as the mass ratio of calcium chloride increased
(from 10:1 to 10:10), the EE% also increased. This
can be attributed to forming intermolecular and
intramolecular bonds under the influence of
calcium cations. The interaction between the
negatively charged carboxylic acid groups and
calcium cations enhances gelation in the aqueous
phase. In this study, nanoparticles were formed
immediately after mixing the CaCl, and AL
solutions; however, the AL/CaCl, ratio significantly
affected the EE%. The formation of hydrogen and
electrostatic bonds between AL, calcium ions, and
drug molecules during nanoparticle production
increases the EE%. On the other hand, decreasing
the AL/CaCl, ratio increases viscosity, which may
explain the reduced entrapment efficiency and an
increase in nanoparticle size. The results suggest
that the optimum amount of calcium chloride leads
to the production of nanoparticles. When a high
volume of calcium chloride is used, divalent calcium
creates microdomains with  high alginate
concentrations. This phenomenon is likely due to
an imbalance between the calcium ions and the
alginate binding sites as the amount of calcium per
unit volume increases. As a result, calcium cations
form cross-links between glucuronic acid residues,
creating network gel aggregates and increasing
drug encapsulation [23]. Previous research has
shown that using small amounts of calcium chloride
resulted in more binding sites on alginate than
available calcium ions, preventing the formation of
well-organized nanoparticles with appropriate
density and encapsulation capacity [24].

As shown in Table 1, a reduction in the zeta
potential of the nanoparticles was observed with an
increase in the AL/CaCl; ratio. The zeta potential for
the AL/CaCl, ratio of 10:2 was -29.533 + 1.331 mV,
whereas at a ratio of 10:10, the zeta potential
decreased to -14.566 = 0.737 mV (less negative).
Previous studies have indicated that the zeta
potential increases as the KJA encapsulation ratio
decreases. This could be due to factors such as: i)
the distribution of free KJA and AL in the aqueous
phase or the potential diffusion layer, and ii) the
formation of hydrogen and electrostatic
interactions between Ca?** and drug molecules
during the production of AL nanoparticles [15, 25].

In the present study, the optimal nanoparticles
exhibited characteristics such as a small particle
diameter, narrow PDI, and a high EE% value. The
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production of nanoparticles with  these
characteristics demonstrates the study's high
accuracy. Among the formulations, F5 was selected
for further investigations, as it had the smallest
diameter (338.533 + 8.429 nm), the highest
encapsulation efficiency (78.770 £ 3.155%), and a
PDI value of 0.296 + 0.005.

TEM examination

In the present study, the best formulation was
F5, which was selected for microscopic analysis (Fig.
1). Figure 1 shows that all the nanoparticles
observed in the image have uniform sizes and
distinct spherical shapes.

DSC results

The DSC thermogram analysis for KJA, sodium
alginate, and lyophilized optimized KIJA-AL
nanoparticles is shown in Figure 2. The
endothermic peak observed at 153.56°C in the DSC
thermogram corresponds to KIJA. For sodium
alginate, the DSC thermogram shows an
endothermic peak at 90.49°C and an exothermic

peak at 248.42°C. The endothermic peak related to
sodium alginate is likely due to the loss of water and
moisture from the polysaccharide, while the
exothermic peak can be attributed to the thermal
decomposition of the material [26]. A comparison
of the DSC peaks in Figure 2 shows that the melting
peak of the drug is absent in the F5 formulation.
This observation suggests that, during the
preparation process, KJA dissolves into the polymer
matrix, resulting in the drug being in an amorphous
phase.

ATR-FTIR results

ATR-FTIR analysis was performed to investigate
the potential chemical interactions between the
drug and other nanoparticle components in the
structure of AL nanoparticles. The ATR-FTIR spectra
of KJA, AL, and the KJA-AL nanoparticle (F5) are
shown in Figure 3 and Table 2. The results from the
ATR-FTIR analysis indicated that there were no
chemical interactions between KJA and the other
components in the nanoparticle.

.. HV Magnification x 3000
A 15.00 KV

Fig. 1. TEM image of optimum formulation KJA-AL-nanoparticle (F5)
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Fig. 2. DSC thermo-gram of KJA- AL nanoparticle (F5), AL and KJIA
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Fig. 3. ATR-FTIR spectra for KJA, AL and KJA-AL nanoparticle (F5)

Table 2. Wavenumber and functional groups of main substance of NP

Material Wavenumber (cm) Functional groups
3253, 3143 O-H stretching vibrations
2923, 2841 aliphatic C-H stretching
KIA 1656 C=0 stretching of ring
1605 C=C stretching
1071 C-O stretching
3236 O-H stretching
AL 2926 C-H stretching
1591, 1406 asymmetric and symmetrical stretching of carboxylate
1080, 1025 C-O stretching

KJA release assay

One of the factors influencing nanoparticle drug
release is drug bioavailability. The present study
investigated drug release from the F5 gel and KJIA
simple gel, and their release behaviors are shown in
Figure 4. The results indicated that the release rate
of KJA from the F5 gel was 50.976 + 1.579% in the
first two hours, and after 24 hours, the release
reached 67.840 £ 2.428%. In contrast, the release
data showed that the KIJA nanoparticles were
released at a controlled rate, with the drug release
from the nanoparticle matrix to the medium
occurring at a uniform speed. The KIJA solution,
however, released the drug immediately, with
approximately 95% of the drug being released in
the first two hours.

Previous studies have shown that AL
nanoparticles of timolol maleate exhibit stable and
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uniform release over 24 hours [21]. Polymer
nanoparticles also demonstrate uniform and
regulated release, influenced by several factors: i)
Surface pores are typically exposed to diffusion due
to concentration gradients, ii) Salts present in the
buffers facilitate screening interactions between
the drug and the vehicle, and iii) Electrostatic
interactions are reduced when carboxylate groups
are protonated. Swelling and charge screening also
affect drug release from the vehicles and the
transfer of the drug from particles to surfaces.
Modifying these parameters can shift the release
profile from a fast release stage to an extended
release. Conversely, strong electrostatic
interactions between the drug and vehicle can
enhance drug encapsulation, decreasing the
release rate [27].
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Fig. 4. Release profile of KIA-simple gel and KJA-AL-nanoparticle (F5). KJA-AL-nanoparticle (F5) release less KJA than KIA-simple gel
during 24 h significantly (p<0.05) (n=3) *(p<0.05).
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Fig. 5. Collective extent of KJA simple gel and KJA-AL- nanoparticle gel (F5) penetrated through rat skin. *(p<0.05)(n=3).
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Fig. 6. Collective extent of KJIA depot in skin from KJA simple gel and KIA-AL-nanoparticle gel (F5). *(p<0.05) (n=3).

EX-vivo transdermal and dermal trial

Figure 5 shows the transdermal delivery
(accumulation of KJA penetrated through rat skin)
for KIA-AL nanoparticle gel (F5 gel) and KJA simple
gel, while dermal delivery (level of KJA permeated
to the skin layers) is presented in Figure 6. A
comparison between the KJA-AL nanoparticle gel
(F5 gel) and KJA simple gel shows that the F5 gel
exhibits greater penetration into the dermal layers,
making it more suitable for transdermal delivery (p
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< 0.05). In the receptor compartment, the highest
level of KIA was detected for the KJA simple gel
(7.437 + 0.384% or 97.878 + 8.752 ug/cm?), while
higher values (15.210 + 0.468% or 200.170 £ 6.161
ug/cm?) were obtained for the KJA-AL nanoparticle
gel (F5 gel) (p < 0.05). A comparison of the KJA-AL
nanoparticle gel (F5 gel) and the KIJA simple gel
revealed that the remaining KJA content was
39.470 + 3.606% or 519.432 + 47.465 ug/cm? for F5
gel, compared to 5.968 + 2.107% or 210.150 *
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21.669 pg/cm? for KIA simple gel (p < 0.05). This
value was significantly higher for the F5 gel than for
the KJA simple gel. The results of this study indicate
that the use of AL nanoparticles, compared to
traditional gels, is more effective for local targeting.

Many skin care products contain AL
nanoparticles due to their potential benefits for the
skin [16]. Various factors influence the absorption
of AL nanoparticles into the skin, as the skin is a
complex structure with multiple layers and
functions. Smaller AL nanoparticles tend to
penetrate the skin more readily than larger ones,
resulting in a higher absorption rate for the smaller
nanoparticles. The size of natural polymer and
biopolymer nanoparticles typically ranges from 20
to 700 nm (338 nm in this study), and the small size
of the nanoparticles enhances their ability to
penetrate the outer layer of the skin [16, 28].

Surface charge plays a significant role among
the factors that affect the skin penetration of
nanoparticles, though its impact warrants further
investigation. Previous research has shown that the
diffusion of negatively charged nanoparticles is
slower in the skin matrix, as they form electrostatic
interactions with the stratum corneum [29].

On the other hand, hair follicles are one of the
primary routes for the absorption of AL
nanoparticles into the skin, as they contain small
pores that typically facilitate the penetration of
topical products. AL nanoparticles, being small in
size, can penetrate deeper layers of the skin
through the pores of the hair follicles [30].
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In general, the absorption process of polymeric
nanoparticles is complex and influenced by several
factors, necessitating further investigation.
However, extensive research is being conducted to
evaluate the potential of nanoparticles to enhance
skin health and appearance. These studies may
provide valuable insights into the mechanisms of
action of these nanoparticles.

Previous studies have shown that KJA-hydrogel
containing AL exhibits higher skin penetration than
typical semisolid formulations. Additionally,
formulations containing AL have demonstrated
promising effects for treating hyperpigmentation
disorders [18].

Cytotoxicity test

The potential cytotoxic effects of different
concentrations (from 25 to 1000 uM) of KJA, F5, and
blank nanoparticles were studied on HFF (normal
fibroblast) and B16F10 cell lines. Studies on the
effects of F5 and KJA on normal cells (HFF fibroblast
cells) showed a significant decrease in cell survival
after 24 hours (Fig. 7a). A comparison between F5
and KJA revealed that the percentage of surviving
HFF cells after exposure to these formulations was
higher for F5 (84% vs. 78%) (Fig. 7a). Conversely, the
survival rate of B16F10 melanoma cancer cells
decreased significantly over 24 hours after
exposure to both formulations (p < 0.05) (Fig. 7b).
A comparison of the effects of KJA and F5 on the
B16F10 cell line (after 24 hours) showed that the
percentage of cell death was lower for KJA than for
F5 (51% vs. 40%) (p < 0.001) (Fig. 7b).
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Fig. 7a. The percentage of surviving HFF cells at varied concentrations of KJA, blank AL-nanoparticle and KJA-AL-nanoparticle (F5) (data
are meant SD) (n=6). Fig. 7b. The percentage of surviving B16F10 cells at varied concentrations of KJA, blank AL-nanoparticle and KJA-
AL-nanoparticle (F5) (data are meanzt SD) (n=6).

The medicinal toxicity of nanoparticles on
various body organs is well-documented, and
studies have shown that smaller nanoparticles can
more readily enter cells, potentially causing more
significant toxicity. The interaction between cells,
proteins, and nanoparticles can be enhanced by
their surface charges. The electrical charge
imparted by nanoparticles can also induce toxic
effects on other organs [31].

Prevention of L-DOPA auto-oxidation examination

Skin melanogenesis plays a crucial role in beauty
and significantly affects the quality of life for
patients, making anti-melanogenic products
essential [32]. This study suggests a concentration-
dependent mechanism by which free KJA and the
F5 formulation inhibit the spontaneous oxidation of
L-dopa. As shown in Figure 8, the inhibition level for
KJA solution at a concentration of 1000 uM was
55.829 + 2.881%. An increase in inhibition is
observed with the F5 formulation, which reached
82.224 + 2.079% at the same concentration. There
are several mechanisms by which KJA colloidal
nanoparticles prevent the auto-oxidation of L-dopa.
The KJA compound can chelate iron and copper ions
during the oxidation process. When these ions bind
to KJA, the catalysis of L-dopa oxidation is inhibited
[33]. Additionally, KIA acts as an antioxidant,
preventing auto-oxidation by neutralizing free
radicals. This reduces the involvement of free
radicals in the oxidative damage of L-dopa [18, 34].
The results indicate that combining KJA with AL
nanoparticles effectively inhibits auto-oxidation,

L-DOPA
100

Inhibition (% Control)

making it a promising ingredient for skin lightening
in cosmetic products.

Melanin content investigation

This test measured the amount of intracellular
melanin in the B16F10 cell line. The results indicate
that, unlike the blank solution, which significantly
affected melanin content, the free KJA solution and
the F5 formulation inhibited melanin synthesis. The
evaluation of melanogenesis shown in Figure 9
reveals that, after treatment with different
concentrations of KJA and F5 (including 1000, 500,
250, 100, 50, and 25 puM), a decrease in melanin
content was observed. The highest inhibition
percentages were 54.379 + 0.964% for KJIA and
41.971 + 1.743% for F5 at 1000 uM (Figure 9).

The melanin depot was reduced by the F5
compound during typical melanin synthesis, with its
inhibitory effect being significantly greater than
that of the free KIJA solution and blank
nanoparticles. Previous studies have shown that
KJA is a direct tyrosinase inhibitor and prevents its
activity [35-37]. Tyrosinase plays a critical role in
the key steps of melanogenesis, and since it is a
rate-limiting enzyme, its inhibition results in a
significant decrease in melanin production [38].
Therefore, it can be concluded that compounds
that inhibit tyrosinase activity or reduce its
expression may be promising candidates for further
research to develop new anti-pigmentation drugs.
Additionally, loading KJA into nanoformulations can
enhance its absorption rate, contributing to greater
efficacy.

0 o
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Fig. 8. L-Dopa auto-oxidation prevention action of KJA, Blank AL-nanoparticle, and KJA-AL-nanoparticle (F5) (meanzSD) (n=6).

Nanomed J. 12(4): 705-717, Autumn 2025

713



M. Omidi et al. / Green skin lightening product

Melanin Content

150

100 aa

Melanin Content
(Percentage)
(4]
o
1

0 25 50

Il Blank Al-nanoparticle
N KA
Hl KJA-AL-nanoparticle

100 250 500 1000

Treatments (uM)

@ p<0.001 compared with Nano-Blank, d p<0.001 compared with Kojic Acid,

€ p<0.01 compared with Kojic Acid

Fig. 9. Percent of melanin content of KJA, plain blank AL-nanoparticle and KJA-AL- nanoparticle (F5) (meantSD) (n=6).

Animal sensitivity trails

Any nanoparticle used for drug delivery not only
releases the medication but can also have
significant side effects. When using KIA
nanoparticle gel in cosmetics, it is essential to
minimize cutaneous sensitivity reactions to the
lowest possible level, ensuring the product remains
harmless [39]. Skin sensitivity is a critical side effect
for dermal products, and the extent of this
complication is directly related to the drug dosage.
Reducing side effects can be achieved by
modulating drug release, enhancing absorption

into the follicle, and limiting cutaneous diffusion
[40].

The data in Table 3 and Figure 10 show the
effect of different products on skin sensitivity,
including swelling and redness. According to the
Woodward, Draize, and Calvery scale, non-irritating
skin materials have a rating of 2 or less. In this
study, the F5 gel formulation did not cause itching,
was well-tolerated by the patient, and improved
the skin condition. It can be concluded that the F5
gel is effective for dermatological use on human
skin and can safely reduce hyperpigmentation
symptoms.

Table 3. Skin irritation scores following topically administration

Control KJA-AL-nanoparticle KJA-simple gel blank AL-nanoparticle Formalin
gel (F5) gel
Rat num 2Erythema  YEdema  Erythema Edema Erythema Edema  Erythema Edema Erythema Edema
1 0 0 0 0 0 0 0 1 4 3
2 0 0 0 0 0 0 1 0 3 4
3 0 0 0 0 0 0 0 1 3 3
4 0 0 0 0 1 1 0 0 4 3
5 0 0 0 1 1 0 0 0 3 3
6 0 0 1 0 0 1 1 0 4 4
1y
Blank AL-nanoparticle gel KJA-AL-nanoparticle gel
(safe) (safe)
ko
4
|
KJAA~simple>gel Control
(safe) (safe)
714 Nanomed J. 12(4): 705-717, Autumn 2025



M. Omidi et al. / Green skin lightening product

Fig. 10. Skin sensitivity results of various preparation.

Sodium alginate is a safe, semi-synthetic
substance commonly used in cosmetics,
particularly in skin care products, due to its high
biocompatibility with the skin. This non-toxic
substance moisturizes the skin and protects it
without blocking pores. It is approved for use in
cosmetics by regulatory agencies [41].

Studies on the skin irritation potential of KIA
and menadione-loaded biopolymer hydrogel
containing AL demonstrated that this formulation
does not cause skin irritation [18, 42].

CONCLUSION

KJA (a hydrophilic substance) was effectively
incorporated to produce AL nanoparticles from a
natural polymer. A solid-state test demonstrated
that KJA in the AL nanoparticles existed in an
amorphous form without chemical interaction. In
this study, various parameters related to the KJA-
loaded AL nanoparticle topical preparation were
obtained, including average EE%, PDI, particle size,
and zeta potential: 78.770 + 3.155%, 338.533 *
8.429 nm, 0.296 + 0.005, and -14.566 + 0.737 mV,
respectively. Based on the skin permeation test
results, the KJIA-AL nanoparticle gel penetrated skin
layers and receptor chambers more effectively than
the KJA simple gel. The MTT test on human foreskin
fibroblasts (HFF) revealed lower cytotoxicity, with
nearly 84% of the cells surviving after exposure to
the KJA-loaded AL nanoparticles. AL nanoparticles
loaded with optimal amounts of KJA exhibited more
cytotoxicity than the KIJIA solution against
melanoma cancer cells (B16F10). Furthermore, a
dermal irritation test showed no irritation caused
by the KIJA-AL nanoparticle gel constituents. A
comparison of pure KJIA and blank AL nanoparticles
showed that the anti-hyperpigmentation activity,
reduction in melanin development, and inhibition
of L-Dopa auto-oxidation were more pronounced in
the AL nanoparticles loaded with KJA. The findings
of this research demonstrate that AL nanoparticles
entrapped with KJA have significant potential for
use in pharmaceuticals and cosmetics as anti-
hyperpigmentation agents. AL nanoparticles loaded
with KJA, as natural nanoparticles, can help
modernize the cosmeceutical market due to: i)
specific drug delivery, ii) enhanced bioavailability,
and iii) improved therapeutic efficacy. However,
thorough evaluation of their safety and efficacy in
cosmeceutical applications and optimization of
manufacturing processes will be necessary to
ensure cost-effectiveness and scalability.
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