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ABSTRACT
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Hyperpigmentation disorder, caused by the immoderate performance of tyrosinase, is a major niumwliry of
human skin. Downregulation of tyrosinase enzyme through tyrosinase inhibitors has emerged as an effective
strategy for hyperpigmentation therapy. In this study, a newly synthesized tyrosinase inhibitor (MHY908) was
loaded into a nanostructured lipid carrier (MHY908/NLC) for the topical treatment of hyperpigmentation.
MHY908 /NLCs were prepared by areverse instilling technique of melt and ultrasonication. Diff ial scanning
calorimetry (DSC), X-ray diffraction (XRD), and transmission electron microscopy (TEM) anal showed that
MHY908 was highly disg 1 and encapsulated in NLC in an amorphous state. MHY908/NLCs exhibited a dual
drug release kinetic (initial burst release followed by prolonged drug release), higher skin permeation, and
significant occlusion effect (in vitro and ex vivo) than MHY908 solution. The anti-melanogenesis activity of
MHY908,/NLCs in a mouse model of UVB-induced hyperpigmentation was significantly higher than that of
MHY908 solution. Furthermore, the in vitro cytotoxicity test revealed the non-toxicity of MHY908,/NLCs to
healthy fibroblast cells. Therefore, MHY308/NLC could serve as a promising topical delivery system for the

treatment of hyperpigmentation.

1. Introduction

Melanin is a pigmented biopolymer synthesized by melanocytes that
is encased into melanosomes and endogenously moved to the adjoining
keratinocytes [1]. The packaged cutaneous pigment is then used for
epidermal photoprotection and thermoregulation [2]. Melanin has
gained much attention as a UV damage protectant as well as a ca-
mouflage and adornment agent in cosmeceuticals. However, excessive
melanin expression in the dermis caused by hyperfunctional melano-
cytes may lead to several dermatological challenges ranging from
nonmalignant melasma to freckles and lentigo [3-5]. To control mel-
anin overproduction, various regulatory processes have been studied
and it was found that the tyrosinase enzyme is responsible for cata-
lyzing distinct reaction cascades in melanogenic pathways, thereby
regulating melanin biosynthesis by controllinfhe rate-determining
steps in melanogenesis [6,7]. In this regard, the inhibition of tyrosinase
has been widely employed as an effective strategy to alleviate

cutaneous hyperpigmentation [5,9].
newly  synthesized competitive tyrosinase inhibitor,
2-{4-[5-chlorobenzo{d}thiazol-2-yl]phenoxy)-2-methylpropanoic  acid
(MHY908), has emerged as a promising therapeutic alternative for the
treatment of hyperpigmentation. MHY908 showed tyrmse inhibition
activity (ICsp = 8.19uM) higher than that of kojic acid
(ICsp = 10.33 uM), a well-known tyrosinase inhibitor widely used for
the treatment of hyperpigmentation. In addition, the binding affinity of
MHY908 to tyms‘uﬁ was greater than that of kojic acid [10]. While
the applications of conventional tyrosinase inhibitors such as kojic acid
and hydroquinone are restricted owing to their potential cytotoxicities,
MHY908 attenuated the production of melanin in melanoma cells
without any cytotoxicity. Despite its promising activities, however,
MHY908 delivery to the target epidermic area where melanocytes
produce melanin still remains challenging, owing to the presence of
stratum comeum—a formidable barrier to skin delivery [11,12].
Over the last decade, nanostructured lipid carriers (NLCs) have
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received much attention as promising and efficient colloidal carrier
systems for the enhancement of dermal and transdermal delivery
[13,14]. NLC as a delivery system for topical treatment provides several
advantages such as high skin permeation, sustainable drug release due
to solidified lipid matrix, and occlusive properties that increase skin
hydration. The nano-sized structure and unique lipid composition en-
sure the@@lbse contact between the particle and the skin, thereby in-
creasing the residence time of the particles in the skin and enhancing its
transport through the skin layer. NLC is also reported to improve drug
stability and provide high drug concentration in the targeted area
[15-18]. All of these characteristics deem NLC as a suitable drug de-
livery system for the topical treatment of hyperpigmentation. In recent
years, several NLCs such as N-acetyl glucosamine, hydroquinone, and
deoxyarbutin-loaded NLCs have been reported for the treatment of
hyperpigmentation [14,19,20]. In addition, NLCs as second-generation
nanolipid carriers developed from solid lipid nanoparticles were shown
to overcome the limitations of solid lipid nanoparticles, such as drug
expulsion on storage, low drug loading, and high water content [21].
Thus, NLC is postulated to be an ideal carrier for MHY908 delivery, as
evident from the high drug loading, stability, and efficient skin per-
meation to facilitate significant anti-melanogenesis activities of
MHY908.

In this study, we developed MHY908-loaded NLCs (MHY908,/NLCs)
to enhance skin permeation of MHY908 for the treatment of hy-
perpigmentation. Physicochemical properties of MHY908/NLCs were
evaluated and the in vitro drug release, occlusive property, and ex vivo
skin permeation of MHY908/NLCs were investigated. The in vitro anti-
melanogenesis activity of MHY908/NLCs was evaluated using a UVB-
induced hyperpigmentation C57BL/6 mouse model. In addition, the in
vitro cytotoxicity of MHY908/NLCs in L929 fibroblast cells was studied.

2. Materials and methods
2.1. Materials

MHY908 was synthesized as previously reported [22]. Compritol®
888 ATO comprising mono-, di-, and triesters of behenic acid [C22] was
chosen as the solid constituent of NLC and received as a generous gift
from Gattefossé (Saint-Priest, France). Miglyol“812, used as a liquid
constiluentNLC, was purchased from CREMER OLEO KG (Hamburg,
Germany). Phospholipon 90 G (phosphatidylcholine 90%) was a gift
from Lipoid GmbH (Ludwigs , Germany) and used as a co-surfac-
tant. The surfactant used was Poloxamer 188 (Pluronic F68) purchased
from Si| -Aldrich (St Louis, MO, USA). Phosphotungstic acid, tetra-
zolium dye 3-(4,5-di-methylthiazol-2-y1)-2,5 diphenyltetrazolium bro-
mide (MTT) reagent, d dimethyl sulfoxide (DMSO) were obtained
from Sigma-Aldrich. Roswell Park Memorial Institute (RPMI)-1640
medium, trypsin, fetal bovine serum, and cillin-streptomycin were
procured from HyClone (Logan, UT, USA). All other reagents and sol-
vents used were of the highest analytical grade.

2.2, Preparation of MHY908/NLCs

A reverse injection technique of melt and ultrasonication was
slightly modified to fabricate MHY908/NLCs [23]. Briefly, the oil phase
was prepared by melting the lipid mixture (Compritol/Miglyol 2:1) at
80 °C. A total of 5 mg of MHY908 was added to the molten lipid mixture
and allowed to dissolve for a few minutes. The water phase comprising
1% Poloxamer 188 solution was heated to the same temperature and
injected into the oil phase using an injector (Syringe pumps, KD Sci-
entific, USA) at a rate of 4 mL/min. The resulting coarse mixture was
emulsified using a homogenizer (IKA'T10 basic ULTRA- TURRAX',
Germany) at 15,000 rpm for 3min. The emulsion was immediately
ultra-sonicated (KFS-300 N Ultrasonic, Korea) at 270 W for 5 min, and
the nano-dispersion was cooled dc“ao 25 °C by mild stirring for 1 h.
After cooling, the resultant NLCs were collected by centrifugation
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(LaboGene - 1736R, Korea) at 15,000xg for 45minat 4°C and re-
suspended in double distilled water for further application.

2.3. Characterization of MHY908/NLCs

2.3.1. Transmission electron microscopy (TEM) analysis

The morphological characteristics of MHY908,/NLCs were observed
using a TEM instrument (H-7600, Hitachi, Japan). Negative staining
method was employed to prepare TEM samples to provide a contrast for
the visualization of dried NLC specimens on a copper grid (200-mesh
formvar copper grid). The samples were diluted for TEM observation.
2.3.2. Particles size and zeta potential measurement

The mean particle size, polydispersity index (PDI), and zeta poten-
tial were confirmed using a Zetasizer Nano series Z590 (Malvern in-
strument@itd, Worcestershire, UK). The average particle size and PDI
of NLCs were determined by dynamic light scattering (DLS). All the
measurements were performed at a fixed angle of 90° in Milli-Q water
at 25 °C with_three repetitions. For the zeta potential measurement,
disposable faad capillary cell DTS 1070 was used. The particle size of
NLC and the size distribution were described by the cumulants mean (z-
average) diameter and PDI values, respectively.

2.3.3. Differential scanning calorimetry (D5C) analysis

We performed DSC analysis using DSC-8000 (PerkinElmer Inc,
USA), and the kinetics were quantitatively analyzed by SmartScan
software™ system provided by PerkinElmer’. For DSC measurement,
10mg of powdered samples (bulk Compritol” 888 ATO, MHY908,
physical mixture [Compritol 888:MHY908 = 70:30], blank NLC, and
MHY908/NLCs) were put into a standard aluminum pan. Thermogram
was recorded by heating the sample at a rate of 10°C/min in the
temperature range from 20 °C to 220 "C. Nitrogen as a flushing gas was
used (purging rate, 20 mL/min} throughout the experiment.

2.3.4. X-ray diffraction (XRD) analysis

We performed XRD analysis using a D8 ADVANCE with Davinci
(Bruker AXS Inc., GmbH, Germany). The samples to be tested (bulk
Compritol’ 888, MHY908, blank NLC, and MHY908/NLCs) were
mounted on the XRD pan. For instrumentation, a panalytical XRD
(PANalytical XPert3 X-ray) equipped with copper anode (Cu Ka ra-
diation, » = 0.15418 nm) was used to obtain diffractograms using
vertical goniometer (theta-theta) as a detector. The scanning study was
conducted at a temperature range of 24 "C-25 °C.

2.3.5. Drug loading and encapsulation efficiency

The concentration of MHY908 loaded in NLCs was determined using
high-performance liquid chromatography (HPLC, Shimadzu, Tokyo,
Japan) analysis. HPLC system was equipped with LC-20ATiquid
chromatograph, SPD-20A Prominence UV/Vis detector, CT-20A
Prominence column oven, DGU-20ASR degassing unit and SIL-20
Prominent auto sampler. A Luna C18 column (150 mm * 4.6 mm, 5 pm;
Phenomenex, USA) was used. The mobile phase used was a combina-
tion of phosphate-buffered saline (PBS; pH 8) and acetonitrile (60:40,
v/v) and a volume of 40 uL was injected at a flow rate of 0.8 mL/min.
For the assessment of MHY908, a calibration curve was obtained from a
series of standard solutions of MHY908 in absolute ethanol at con-
centrations ranging from 0.03 to 250 pg/mL. The retention time for
MHY908 was 5min and the wavelength of maximum absorption was
218 nm.

The total amount of MHY908 loaded in NLC was determined by
dissolving an appropriate amount of freeze-dried MHY908/NLC in ab-
solute ethanol, followed by its analysis under chromatographic condi-
tions mention bove. Drug loading (%) and drug encapsulation effi-
ciency (EE, %) were calculated using the following equations:
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MHY908 in NLCs (mg)

Drug loading (%)= —— =
8 g (%) Total NLCs weight (mg)

Amount of MHY908 in NLCs (mg)

EE (%) = —
Amount of MHY908 initially added (mg)

2.4. In viro drug release from MHY908/NLCs

The release of MHY908 from MHY908/NLCs was evaluated in 1%
Tween-80/PBS (pH 7.4) at 37 °C using Visking tubing membrane-
mediated dialysis method. The Visking membrane was immersed in a
fresh buffer solution overnight prior to the in vitro release study and
filled with an appropriate amount of MHY908/NLC suspension
{equivalent to 2 f MHY908) in 200 mL of buffer solution, followed
by its incubation in a shaking water bath (37 °C) at 100 rpm. At pre-
determined time intervals, an aliquot (1 mL) of the medium was -
drawn and volumes were made up with fresh buffer solution. One-
hundred microliters of supernatant was withdrawn. The released
MHY908 was quantified using HPLC as described above. All the mea-
surements were performed in triplicates.

2.5. In vitro and ex vivo occlusion test

In vitro occlusion property of MHY908,/NLCs was evaluai using a
modified method, as previously reported [24]. In brief, 100-mL beakers
were filled with 50 mL of distilled water and covered with filter paper
(cellulose acetate membrane filter, 90 mm, Sterlitech, USA); filter pa-
pers were attached to beakers using parafilm. MHY908,/NLCs (200 mg)
were applied onto the filter paper and evenly spread, leading to a
physical film formation at the surface. The whole experiment was
conducted in a contr environment (temperature, 32 °C; relative
humidity, 50%-55%) for 48 h. Beakers were weighed at specific time
intervals (6, 12, 24, and 48 h).

Ex vivo occlusion experiment was performed with a slight mod-
ification from a reported method [25]. Male Wistar rats (Wistar
Hannover 170-220 g, Samtako Bio, Korea) were selected for ex vivo
study. Rat abdominal skin was processed and collected according to the
procedure described above. Ice-cooled normal saline was used to
maintain the integrity of the surgically removed skin and the samples
were stored at —20 °C before use. Glass beakers (100 mL) were filled
with distilled water (50 mL), clenched carefully with the rehydrated
skin specimen, and placed into a close-fitting plastic catainer. The
occlusivity (in vitro and ex vivo) was calculated with the following
equation:

A-B
F= ® 100

Where, F is the occlusion factor, A is the water loss from the reference
beaker, and B is the water loss from the sample beaker.

2.6. Ex vivo skin permeation study

Ex vivo skin permeation studies of MHY908 solution and MHY908,/
NLCs were carried out for 48 hat 32 °C by a static diffusion cell system
(Franz™ diffusion cell) using skin of C57BL/6 mice (me: ickness of
242,70 + 39.83um) as the diffusion membrane. Briefly, the skin was
collected and the adhering subcutaneous fatty tissues were carefully
removed using blunt tweezers. The samples were subsequently im-
mersed in cold normal saline (pH 7.4). The skin specimens were pre-
equilibrated with the receptor medium for 1h before mounting on
Franz™ diffusion cell. The receptor compartment (7 mL) consisted of a
mixture of PBS (pH 7.4) and absolute ethanol (85:15 v/v) stirred at
100 rpm. A mixture of PBS (pH 7.4) and absolute ethanol (85:15 v/v)
was used as the receptor medium to maintain the sink condition. An
appropriate amount of each sample (containing 0.3mg of MHY908)
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was incubated in the donor compartment and a 1-mL aliquot was
withdrawn from the receptor compartment at predetermined time in-
tervals and replaced with an equal volume of fresh medium (32°C). All
sampled aliquots were filtered through the hydrophilic syringe filter
(pore size of 0.2 pm, Minisart NML, Germany) and analyzed by HPLC as
described above. The experiment was repeated thrice and the results
were expressed as mean *+ standard deviation (SD).

The cumulative amount of MHY908 permeated (@) per unit area of
the mouse skin (ug/cm®) was calculated and plotted against time. The
steady-state skin flux (Jss), lag time (fi5g), and permeability coefficient
(Kp) of the drug were determined from the slope of a linear portion of
the plot and calculated with the following equation [26]:

Kp = Jss Gy !

Where Jss is the steady-state flux through the skin and Cy is the initial
concentration of MHY908 in the donor compartment. The enhancement
factor (Fg) was determined using the following equation [27]:

QNL.C

Fg =
Qsolution

Where Quic  is the cumulative amount of MHY908 permeated from
NLC and Qsgution 15 the cumulative amount of MHY908 permeated from
the solution.

2.7. In vivo anti-melanogenesis activity

The in vivo anti-melanogenesis activity of MHY908,/NLCs was con-

ducted in accordance with the regulation of Pusan National University
Korean Legislation on animal studies. Male C57BL/6 mice (5
weeks, Samtako Bio Korea) were d as animal models. The mice
dorsal skin hair was trimmed off using an electric trimmer and hair
removal cream. Mice were randomly divided into four experimental
groups (6 mice/group) as follows: control group (UVB-radiated),
MHY908 solution group (150 pg/mL}, blank NLC group, and MHY908/
NLC group (150 pg/mL). To induce pigmentation, each group was ex-
posed to UVB radiation (A = 312 nm) at an intensity of 150 m.J/cm? for
5 min using an Ultraviolet Crosslinkers (CL-1000 Ultraviolet
Crosslinker, CA, USA). UVB radiation treatment was performed on
every alternate day for 2 weeks. MHY908/NLC suspension and
MHY908 solution were applied to a designated site (2 cm = 2 ¢
the mice skin every 2 days for 2 weeks_Skin-lightening index was
measured using a CR-10 spectrophotomen (Konica Minolta Sensing,
Sakai, Osaka, Japan) and presented as L*, a* and b* as per the
Comﬁ‘ssion Internationale de I'Eclairage color system.
7

2.8. In vitro cytotoxicity study

1

1929 mouse fibroblast cells (KCLB, Seoul, South Korenvere grown
in RPMI-1640 culture medium. The culture medium was supplemented
with 10% (v/v) fetal bovine serum, 100 [U/mL penicillin G sodium, and
100 pg/mL streptomycin sulfates. The cells were overnight incubated in
a humidified atmosphere with 5% CO. (37 °C). Cells were seeded at a
density of 5 % 10” cells/well in 96-well plates and incubated for 24 h.
Upon reaching confluency, the medium containing floating cells was
removed and fresh medium containing blank NLCs and MHY90,/NLCs at
varying concentrations (75, 150, 300, an pg/mL) was added. The
cells were incubated for another 24 h. A standard MTT solution in
sterile PBS was added to each well and incubated for 2 h. Following
incubati solution was replaced with 150 puL of DMSO. The ab-
sorbance measured at 540 nm wavelength was proportional to the
number of viable cells in each well. Untreated cells were used as a
control. The data were expressed as mean * SD of eight replicates
(n = 8). The cell viability was calculated using the following equation:

Absorbance (treated cells)
Absorbance (control cells)

Cell viability (%) =
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Fig. 1. Characterization of NLCs. (A) and (B) TEM image of blank NLCs and MHY908/NLCs, respectively. Bars represent 200 nm. (C) Size and (D) zeta potential

distribution of MHY908/NLCs measured by Zetasizer Nano series ZS90.

2.9. Statistical analysis

Statistical analysis of in vivo data was performed using two-way
analysis of variance (ANOVA), followed by Bonferroni test in GraphPad
Prism 5.0 (GraphPad Software, Inc., LA Jolla, CA, USA). A value of
P < 0.05 was considered statistically significant.

3. Results
3.1. Preparation and characterization of MHY908/NLCs

Nanoparticles (MHY908/NLC and blank NLC) used in this study
were prepared by reverse injection technique of melt and ultrasonica-
tion. TEM images for the prepared NLCs revealed their spherical mor-
phology (Fiz. 1A and B). The average size of the blank NLC and
MHY908/NLC was 198 = 6nm and 193 + 2.4nm, respectively
(Table 1 and Fig. 1C). The PDI value of blank NLC (0.2) and MHY908/
NLC (0.3) showed that the particles exhibit moderate polydisperse
distribution (Table 1). Zeta potential measurements (Table 1 and
Fig. 1D) revealed that both blank NLCs and MHY908/NLCs were ne-
gatively charged (—31 + 0.6 and —32 + 1.2mV, respectively).
Fig. 2A shows the DSC curves of the melting process of Compritol 888
ATO, MHY908, physical mixture (solid lipid + drug), blank NLCs, and
MHY908/NLCs. The physical mixture showed a distinctive peak of
MHY908 at around 203 °C. For MHY908/NLCs, however, the char-
acteristic peak of MHY908 disappeared. In addition, both blank NLCs

Table 1
Physicochemical properties of MHY908/NLCs.
MNLCs Drug EE (%) Size (nm) FDI Zeta potential
loading (%) (mV)
Blank NLC  NA NA 193 + 24 02 = 004 -31 £ 06
MHY 908/ 4 = 0.02 B9 + 1.4 198 = 6 0.3 =02 —-32+ 12
NLCs

Values are expressed as mean + SD. (n = 3).
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Fig. 2. DSC and XRD analyses. (A) DSC scans of mixture, MHY908/NLCs,
blank NLCs, Compritol 888 ATO, and MHY908. (B) XRD of MHY908/NLCs,
blank NLCs, Compritol 888 ATO, and MHY908.

and MHY908,/NLCs demonstrated identical peaks from 55 “C to 75 "C.
Both NLCs showed same peaks as Compritol” 880 ATO at 73 °C; the
difference was the presence of a peak at 55 “C for NLCs, which indicated
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Fig. 3. In vitro release profile of MHY908/NLCs. All samples were placed in
PBS (pH 7.4) and ethanol mixture. Values are expressed as mean + SD (n = 3).

liquid lipid (Miglyol® 812). The bulk MHY908 showed an endothermic
melting peak at around 208 “C. Moreover, the melting point of Com-
pritol” 888 ATO slightly decreased in MHY908/NLCs from 74 °C to
73 °C. The XRD patterns ofCompriml’ 888 ATO, MHY908, blank NLCs,
and MHY908/NLCs are displayed in Fig. 2B. The XRD data were in line
with the results of DSC measurement, wherein the MHY908 exhibited a
crystal form, while the diffraction pattern of MHY908/NLCs revealed
the amorphous state. In addition, Compritol” 888 ATO had a diffraction
peak at 28 of 21.23" and 23.30" corresponding to the short spacing at
0.42 and 0.38 nm respectively. However, the intensities of two char-
acteristic peaks reduced in MHY908 /NLCs.

The profile of MHY release from MHY908/NLCs is shown in
Fig. 3. MHY908 showed a biphasic release pattern, with an initial burst
release followedby prolonged and sustained release for over 2 days.
MHY908,/NLCs exhibited burst release of MHY908 (~ 60%) in the first
10h and ~ 87% released thereafter in 48 h.

3.2, Occlusive property of MHY908/NLCs

Invitro and ex vivo occlusive properties of MHY908,/NLCs are shown
in Fig. 4. MHY908/NLCs showed significantly higher occlusivity than
MHY908 solution in vitro after 48h (Fig. 4 left y-axis). A gradual in-
crease in occlusion was observed for MHY908/NLCs for up to 48 h.
However, a gradual decrease in the occlusion factor was observed in ex
vivo samples (Fig. 4 right y-axis), wherein the skin was used as the
barrier for occlusion study. The ex viw occlusion results are in

60 60
[0 MHY908 solution FZ3 MHY908/NLCs
—. ——
—_ 50 & {50 —_
s % =
" o
B oo %# 1 A {0 s
o1 38 >1
s 2 7 7 i Z 2
R o= a0t Y TE
= 7
= 2 7 =
"E = & b [:] =1
2 wf ” 3 % {20 9
2 7M1 g
10 / 110
7
0 - 14 . : 0
6 12 2 48

Fig. 4.In vitro and ex vivo occlusion study. Values are expressed as
mean *+ 5D (n = 3).
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Fig. 5. In vitro skin permeation profile of MHY908 solution and MHY908/
NLCs. Values are expressed as mean + SD (n = 3).

agreement with the in viro study, wherein MHY908/NLCs showed
significantly higher occlusion effect than MHY908 solution.

3.3. Ex vivo skin permeation study

Ex vivo skin permeation study of MHY908 solution and MHY908,/
NLCs was conducted using static diffusion cell system (Franz™ diffusion
cell) and the results are shown in Fig. 5. MHY908/NLCs showed two-
fold higher skin permeation than MHY908 solution. Approximately
57.7% of MHY908 permeated from MHY908/NLCs through the skin
after 48 h. On the contrary, only 26.3% of MHY908 in the solution
showed skin permeation. Table 2 describes the ex vivo skin permeation
parameters such as lag time (ti,g), steady-state skin flux (J), perme-
ability coefficient (K,), and enhancement factor (Fg). MHY908/NLCs
showed rapid penetration through the skin, as evident from the shorter
lag time (f,, = 0.5h) than MHY908 solution (f,, = 2h). In addition,
MHY908/NLCs showed higher flux (3.6 = 0.05pgem 2h™!) than
MHY908 solution (1.6 = 0.07 pg cm ~2h~!). The value of the coeffi-
cient of permeability (Kp) for MHY908/NLCs
(120.3 + 1.8 x 10~ *cm/h) was in line with the flux result and higher
than that of MHY908 solution (54.7 = 2.4 x 10~ *cm/h).

3.4. In vivo anti-melanogenesis activity

The qualitative and quantitative skin-lightening effect of UVB-induced
hyperpigmentation in mice treated with MHY908 solution, blank NLCs, or
MHY908,/NLCs are presented in Fig. 6. Fig. 6A shows the results of skin-
lightening effect (qualitative) and the protective effect of MHY908,/NLCs
after topical application for 14 days. Visual assessment revealed the sig-
nificant increase in the skin lightness for mice treated with MHY908/
NLCs than those treated with UV, MHY908 sclution, and blank NLCs for
up to 14 days. While the UV control and blank NLC group showed no
protective effect against UVB exposure, mice treated with MHY908 so-
lution showed skin-lightening effect; however, the effect was not as high
as that observed with MHY908/NLC treatment. The result was in line
with the quantitative skin-lightening effect determined using CR-10
spectrophotometer (Fig. 6B). The L-value (skin-luminosity index), known
as the degree of pigmentation, ranging from L = 100 (white; 64-68 de-
note bright skin) to L = 0 (black; 40-45 denote dark skin) is the total
quantity of light reflected by the skin and describes the skin-lightening
index. Before UVB radiation and treatment initiation, the L-value for all
groups was between 64.0 and 66.8 and was considered relatively bright.
The Lvalue of all UVB-treated groups gradually decreased upon UVB
exposure. The topical application of the tested formulations for 14 days
resulted in the reduction in hyperpigmentation, with MHY908/NLC
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Table 2
In vitro skin permeation parameters.

Formulations Jis (pgem ™ “h™h) Kex 107" (emh ™) thag (h) Fe

MHY 908 solution 1.6 = 0.07 547 + 2.4 % 1077 2 NA

MHY 908/ NLCs 3.6 = 0.05 1203 + 1.8 x 107° 0.5 22 = 0,07

Values are expressed as mean + SD. (n = 3).

treatment (L = 61.4) being the most effective in the prevention of the
gradual decrease in L values. Therefore, a significant depigmentation ef-
fect was observed with MHY908,/NLC as compared to others, owing to the
combined effects of permeation enhancement and large surface area. The
lightening effect observed with MHY908 solution (L = 50.4) was lower
than that observed with MHY908,/NLCs after 14 days. In contrast, blank
NLCs showed almost no anti-melanogenic activity (L = 40.2) after 14

3.5. In vitro cytotoxicity study

Cytotoxicity of blank NLCs and MHY908/NLCs are shown in Fig. 7.
Both b LCs and MHY908/NLCs revealed no significant cytotoxi-

cities (= 80% viability) in L929 fibroblast cells at concentrations up to
600 pg/mL. However, the percentage of viable cells remained higher
than 85% for groups treated with MHY908/NLCs at concentrations

lower than 600 pg/mL.

days of treatment.
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Fig. 6. In vivo evaluation of depi,gmentaﬂonnivity. (A) Qualitative skin brightness results of UVB-induced melanogenesis. (B) Quantitative skin brightness was
determined using a CR-10 spectrophotometer. Values are expressed as mean + SD (n = 3). ***P = 0.001 for MHY908/NLC and MHY 908 solution groups, and
**P = 0.05 for blank NLC group when compared with the UV-treated control group.
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Fig. 7. In vitro eytotoxicity study. The cytotoxicity study was conducted on L929 cell line. Values are expressed as mean + SD (n = 3).

4. Discussion

The aim of this study was to develop MHY908-loaded NLCs that
efficiently deliver MHY908 to basal layer of epidermis (melanocyte
cell) for the treatment of hyperpigmentation. Reverse injection tech-
nique of melt and ultrasonication was employed as an improved version
to produce NLCs [23]. The drawbacks of a regular melt and ultra-
sonication method (direct method) include drug loss and formation of
lipid aggregates that float in NLC suspension, owing to the adhesion
phenomenon of the remaining molten lipids in the glassware during its
addition to water [28]. To address this problem, the reverse injection
technique was developed. In this method, in contrast to the previous
method, the water phase is inserted into the oil phase to prevent the
formation of lipid aggregation and reduce drug loss. This modified
technique resulted in MHY908 /NLCs with sufficient drug loading (4%)
and high EE (= 80%) (Table 1). Particle size characterization revealed
that there is no size difference for MHY908/NLCs and blank NLC, in-
dicating that the presence of MHY908 had no effect on NLC size. Both
NLCs showed a value higher than — 30 mV, indicating that the prepared
NLCs possess higher colloidal system stability during storage. The high
zeta potential value prevents particle aggregation owing to the elec-
trostatic repulsion amongst particles, indicative of their good physical
storage stability [29].

We performed DSC and XRD analyses to evaluate physicochemical
characterization of MHY908/NLCs in term of melting and re-
crystallization behavior and also polymorphic behavior. The DSC ana-
lysis results revealed that the physical mixture showed a distinctive
peak of MHY908, indicating that MHY908 fails to completely dissolve
in Compritol” 888 ATO. For MHY908/NLCs, however, the characteristic
peak of MHY908 disappeared, demonstrating the incorporation of
MHY908 in NLC matrix in an amorphous state (Fig. 2A). The XRD data
were in line with the results of DSC measurement, wherein the dif-
fraction pattern of MHY908 revealed a notable difference from that of
MHY908/NLCs (Fiz. 2B). MHY908 exhibited a crystal form, while the
diffraction pattern of MHY908 /NLCs revealed the amorphous state. In
addition, Compritol 888 ATO had a diffraction peak at 20 of 21.23" and
23.30° corresponding to the short spacing at 0.42 and 0.38nm re-
spectively, indicative of its polymorphic B° form [30]. The poly-
morphism of Compritol” 888 ATO was associated with the distinct
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M 75ug/mL

: 150 ug/mL
BN 300 ug/mL
BN 600 ug/mL

MHY908/NLCs

hydrocarbon chain arrangement in behenic acid that exhibited crys-
tallinity in o and B° or @, B, and B’ episodes [31]. However, the in-
tensities of two characteristic peaks reduced in MHY908/NLCs, sug-
gesting that MHY908 was molecularly dispersed within the crystal
lattice of the lipid blend of Compritol” 888 ATO and Miglyol® 812. It
was clear that the amorphous state or less ordered crystals of MHY908/
NLCs were related to the disappearance of the sharp peak of the pure
drug (MHY908) [ 32]. This observation revealed the loading of MHYS08
into NLCs and indicated the high entrapment and loading efficiency.

The in viro release study was performed to assess MHY908 release
behavior from the NLC matrix. As shown in Fig. 3, MHY908 showed a
biphasic release pattern. Initial rapid drug diffusion may be advanta-
geous for topical formulations, wherein higher concentration gradient
of drugs is always expected owing to the enhanced skin penetration
effect [21]. The slow release rate of MHY908 from MH908,/NLCs re-
vealed the linear relationship with Higuchi release kinetic model
(R® = 0.9838) over 48 h that showed drug diffusion from the matrix.
This prolonged release pattern of drugs may be explained by the en-
richment of MHY908 in the lipid matrix of NLCs, followed by a slow
diffusion that allowed sustained release [33]. The release behavior of
MHY908 demonstrated that the dual release kinetics could play an
important role for MHY908/NLC as a drug delivery system to skin. The
initial burst release provides a favorable concentration gradient for skin
permeation, while the sustained release maintains MHY908 con-
centration in the targeted area, leading to a prolonged anti-melano-
genesis effect.

The occlusive property of MHY908/NLCs was investigated because
NLCs can form a continuous thin film on the skin, followed by skin
hydration by inhibiting transepidermal water loss (TEWL), resulting in
enhanced penetration of drugs across the stratum comeum. The con-
sequence of this effect is wide inter-comeocyte gaps and enhanced drug
penetration [34]. As shown in Fig. 4 (left y-axis), MHY908/NLCs
showed significantly higher occlusivity than MHY908 solution in vitro
after 48 h. This may be associated with the effective blocking of filter
pores by lipid particles, while the solution lacked the ability to provide
occlusion. A gradual increase in occlusion was observed for MHY908/
NLCs for up to 48 h, might be due to the gradual pack formation by lipid
nanoparticles, resulting in a continuous progress in the block formation.
Different from the in vitro study, the skin continuously destabilized the
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lipid film by interacting with biodegradable lipids of NLCs in ex vivo
study. This could possibly allow some water evaporation, leading to a
gradual decrease in the occlusivity with time. In both study settings,
MHY908/NLCs were able to maintain a suitable occlusivity, high-
lighting the potentiality of MHY908/NLCs for high skin penetration.

Ex vivo skin permeation results showed that MHY908/NLCs has
higher permeation than MHY908 solution (Fig. 5), may be attributed to
the large surface area of the particles that interacted with comeocytes
of the stratum corneum as well as the increased hydration effect of the
occlusive property, as previously discussed. In addition, Poloxamer 188
used as a surfactant in NLCs contributed to the improved permeation by
fluidizing lipid bilayers of the stratum corneum [35]. MHY908/NLCs
showed rapid penetration through the skin, more evident from the
shorter lag time than MHY908 solution that suggests faster permeation
initiation to reach steady-state. In addition, MHY908/NLCs showed
higher flux and coefficient of permeability (Kg) than MHY908 solution.
Thus, these results confirmed that the enhanced permeability of
MHY908/NLCs resulted from the film-forming ability of NLCs, which is
absent in MHY908 solution. The film formation facilitates skin hydra-
tion through the inhibition of TEWL. This phenomenon led to the
swelling of the tight arrangement of the stratum corneum and loosening
of the comeocyte packing, thereby enhancing the permeation of
MHY908 through the skin.

The in vivwo anti-melanogenesis activity of MHY908/NLCs was
evaluated by inducing UVB-mediated hyperpigmentation in C57BL/6
mouse. The underlying mechanism of UVB-induced melanogenesis is
the upregulation in the expression of tyrosinase gene, the rate-limiting
gene in melanin synthesis, and the increase in alpha melanocyte-sti-
mulating hormone receptor activity through direct effects of UV pho-
tons on DNA molecules [36]. Thus, these factors stimulate melanocyte
mitosis, increase melanin production, and enhance the movement of
melanin throughout the skin surface. Such cascades are responsible for
hyperpigmentation and skin darkening. As shown in Fig. 6, MHY908/
NLCs effectively prevented UVB-induced hyperpigmentation than
MHY908 solution. The higher efficiency of MHY908 /NLC formulations
may be attributed to the high concentration of MHY908 in melanocytes
through the occlusive effect of lipids provided by NLCs, leading to ef-
ficient skin permeation. In general, the intercellular pathway in the
lipid bilayer is the primary permeation route for most lipophilic agents
to pass through the stratum corneum barrier. Destabilization of the
lipid barrier through the prevention of TEWL may possibly enhance the
permeation of lipophilic compounds such as MHY908. Moreover, NLC
formulation proved to be an excellent delivery system for the percu-
taneous absorption of lipophilic agents through the stratum corneum
because of the large surface area of the nano-sized particles. Therefore,
a significant depigmentation effect was observed with MHY908,/NLC as
compared to others, owing to the combined effects of permeation en-
hancement and large surface area. The lightening effect observed with
MHY908 solution was lower than that observed with MHY908/NLCs
after 14 days. This observation may be possibly related to the pene-
tration effect of propylene glycol and ethanol in the skin; however, this
effect had no significant influence on the prevention of hy-
perpigmentation. In contrast, blank NLCs showed almost no anti-mel-
anogenic activity after 14 days of treatment, indicative of the absence of
any role in the prevention of melanin overproduction. The above eva-
luation of the anti-melanogenesis activity based on the qualitative and
quantitative analyses demonstrated the higher efficacy of MHY908/
NLCs in melanin inhibition.

Cytotoxicities of blank NLCs and MHY908,/NLCs were evaluated in
the mouse fibroblast cell line, 1929, a commonly used model cell line
for evaluating the biocompatibility of topically applied formulations
[37]. As shown in Fig. 7, the released MHY908 from MHY908 /NLCs has
no damaging effects on healthy fibroblasts. Moreover, the particle
concentration used for the in vive anti-melanogenesis activity analysis
was only 150 pg/mL. Moreover, the lipid blend of NLC is considered
safe and bio-compatible.
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5. Conclusions

MHY908-loaded nanostructured lipid carriers (MHY908/NLCs)
have been successfully fabricated with sufficient drug loading. DSC and
XRD analyses revealed that MHY908, which per se exhibits a crystal
state, becomes an_amorphous state when encapsulated in the NLCs.
MHY908,/NLCs e ited a dual drug release kinetic (initial burst re-
lease followed by prolonged drug release) and higher skin permeation
than MHY908 solution. In in vitro and ex vivwo occlusion studies,
MHY908/NLCs showed significantly higher occlusion effect than
MHY908 solution. Furthermore, MHY908/NLCs effectively prevented
UVB-induced hyperplgmentatlon. showed no toxicity to skin fibro-
blast cells. Thus, MHY908/NLCs investigated in this study could serve
as a promising topical delivery system for the treatment of hy-
perpigmentation.
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