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Abstract

Purpose Astaxanthin (AX), commonly used for dermal applications, exhibits anti-inflammatory and antioxidant
activities; however, it has poor water solubility. In this study, we investigated the physicochemical properties of AX-
containing particulates formulated using the amphiphilic graft copolymer Soluplus (polyvinyl caprolactam-polyvinyl
acetate-polyethylene glycol graft copolymer: Sol) and polyethylene glycol-2000 (PEG 2000); in addition, the stability
and skin applications of AX particulates were investigated.

Methods AX, Sol, and PEG were mixed by weight to prepare AX particles using the hydration method. The prepared
particles were subjected to stability evaluations including particle size distribution, zeta potential estimation, and fluo-
rescence spectroscopy as well as physical evaluations including "H-"H NOESY NMR spectral measurement, powder
X-ray diffraction, and differential scanning calorimetry. Functional evaluations included singlet oxygen scavenging,
skin permeation test, and fluorescence microscopy.

Results Relatively stable particles of Sol/AX and Sol/PEG 2000/AX, approximately 100 nm and 125 nm in size, respec-
tively, were formed at a mixed weight ratio (9/1) of 0.1 M Ascorbic Acid solution (0.1 M ASC) and a mixed weight ratio
(8/1/1) of 0.1 M ASC, respectively, at 25 °C after storage for 14 days under light-shielded condition. Stability evalua-
tions revealed a decrease in fluorescence intensity and color fading for Sol/AX=9/1 and Sol/PEG 2000/AX=8/1/1
(dispersion medium: distilled water); however, no change in fluorescence intensity of AX was observed immediately
after preparation in Sol/AX=9/1 and Sol/PEG 2000/AX=8/1/1 (dispersion medium: 0.1 M ASC). The fluorescence
intensity of AX did not fluctuate significantly immediately after adjustment, and the particles remained stable, show-
ing a bright orange color with time. NMR spectra of Sol/AX=9/1 and Sol/PEG 2000/AX (dispersion medium: 0.1 M
ASC) showed the interactions between the CH; group e from Sol (1.8~2.0 ppm) and the CH groups H-15,11 from AX
(6.7~6.8 ppm), 8,12 (6.4~6.5 ppm), H-10,14 (64 ~6.5 ppm), and 7,7' (6.2 ~6.3 ppm), indicating the disappearance

of cross peaks. Furthermore, new cross peaks were identified for the CH; group e of Sol (1.8 ~2.0 ppm), the 7-mem-
bered ring z of Sol (1.5~ 1.8 ppm), the 5-membered ring S of ASC (3.5~3.6 ppm), the CH group T (3.8~3.9 ppm),

and the CH group U (4.7 ppm). Fluorescence microscopy observations of microparticles formulated with Sol/PEG
2000/AX showed a slight improvement in skin penetration.

Conclusion New AX particulates were formed using Sol/PEG 2000/AX=8/1/1, suggesting that Sol/PEG 2000/AX
maintained the stability and improved the skin penetration of AX.
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Introduction

Astaxanthin (AX) is a red dye derived from marine
organisms, including crustaceans and algae; it pos-
sesses high antioxidant activity (Shimidzu et al. 1996;
Martinez-Alvarez et al. 2020; Zarneshan et al. 2020).
The antioxidant capacity of AX against singlet oxygen,
which is highly toxic, is reported to be approximately 40
times that of -carotene and 550 times that of vitamin
E (Shimidzu et al. 1996). AX has been reported to have
significant physiological effects, such as reducing eye
strain (Sekikawa et al. 2023), moisturizing and maintain-
ing skin elasticity (Tsukahara et al. 2016), anti-inflamma-
tory (Kohandel et al. 2015; Chang and Xiong 2020), and
anti-diabetic (Landon et al. 2020). It is commonly used in
nutraceutical (Davinelli et al. 2018), cosmetic (Alves et al.
2020), and pharmaceutical industries (Patil et al. 2022)
owing to its diverse physiological actions (Zheng et al.
2013). However, its complicated structure consisting of
polyene chains makes AX susceptible to oxygen, temper-
ature, light, and pH, and exposure to these factors leads
to the loss of functional properties and coloration (Wang
et al. 2008; Ren et al. 2021). AX also has physicochemi-
cal property challenges, such as poor water solubility and
low bioavailability (Odeberg et al. 2003). Therefore, it is
necessary to make novel formulations of AX to further
explore its applications. To date, various methods, such
as B-cyclodextrin complexes (Kim et al. 2010), liposomes
(Gulzar and Benjakul 2020), and nanoencapsulation (Zhu
et al. 2015), have been investigated.

In recent years, various nano-based drug delivery sys-
tems (nanoDDS), such as liposomes, solid lipid nano-
particles, emulsions, and micelles, have been developed
in the pharmaceutical, cosmetic, and food industries,
depending on the delivery route (Onoue et al. 2014).
NanoDDS improve the stability, efficacy, physicochemi-
cal properties, and pharmacokinetics of drugs. They
alter the route of administration, reduce the frequency
of administration, and suppress side effects by targeting
specific tissues (Mishra et al. 2009; Onoue et al. 2014;
Oku 2017). The physicochemical properties and applica-
tions of nanocarriers can be changed by modifying their
surface properties in terms of composition, shape, sur-
face charge, functional groups, and PEGylation (Zhang
et al. 2014). As a typical example, the antitumor drug
doxorubicin has been encapsulated in liposomes, and
PEGylation has been reported to prolong the circulation
time of the drug (Barenholz 2012; Suk et al. 2016; Oku
2017). In addition, clinical trial of NK105, a formulation
of paclitaxel encapsulated in polymeric micelles, is cur-
rently underway (Kosaka et al. 2022).

Soluplus® (Sol:  polyvinyl caprolactam-polyvinyl
acetate-polyethylene glycol graft copolymer) is a graft
copolymer with polyethylene glycol (PEG) backbone
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as the hydrophilic moiety and vinyl caprolactam/vinyl
acetate side chains as the hydrophilic moiety (Pig-
natello et al. 2022). The amphiphilicity allows self-
assembling of micelles in solutions with critical micelle
concentrations exceeding 0.82 mg/mL (Tanida et al.
2016; Pignatello et al. 2022), which has been reported
to improve the solubility of poorly water-soluble com-
pounds such as itraconazole and enhance its bioavail-
ability (Zhang et al. 2013). Furthermore, Soluplus acts
as a stabilizer, allowing the formation of fine and stable
particles (Yang et al. 2014). In our laboratory, we suc-
cessfully prepared novel nanoparticles an amphiphilic
copolymer of L-ascorbyl 2,6-dipalmitate (ASC-DP), an
ascorbic acid derivative, using Soluplus. Nanoparticles
encapsulating minoxidil were prepared to improve the
drug delivery to the skin (Takayama et al. 2021). More-
over, a novel three-component nanoparticle prepara-
tion containing Soluplus® (Sol), ASC-DP, and nobiletin
(NOB), a polymethoxyflavonoid, has been successfully
developed, which is expected to inhibit melanin forma-
tion in the skin and exhibit antitumor activity (Inoue
et al. 2022).

PEG is a polyether compound produced by the polym-
erization of ethylene oxide in the presence of water. This
refers to oligomers and polymers with molecular weights
of less than 20,000 g/mol (Jang et al. 2015). PEG has
been used in various industries and pharmaceutical for-
mulations owing to its diverse physicochemical proper-
ties and established safety, including high solubility in
organic solvents and easily modifiable end functional
groups (Ozdemir and Giiner 2007; Ibrahim et al. 2022).
PEG can maintain particle stability by coating the surface
of nanoparticles to form lipid nanoparticles, thereby pre-
venting particle aggregation (Jung et al. 2016; Rahme and
Dagher 2019). Inoue et al. reported successful prepara-
tion of nanoparticles to improve the skin penetration of
nadifloxacin, a new quinolone antibacterial drug, using
trisodium L-ascorbyl 2-phosphate 6-palmitate (APPS),
an ascorbic acid derivative, and distearoyl phosphatidyl
ethanolamine-PEG 2000 (DSPE-PEG 2000), a surfactant
(Inoue et al. 2017).

The study was aimed to develop new microparticles
of AX, an insoluble carotenoid, by mixing with Sol, an
amphiphilic graft copolymer, and PEG, a surfactant,
and to improve its functionality through the synergistic
effects of Sol (solubilization by forming micelles) and
PEG (stabilization by inhibiting aggregation). In addi-
tion, we aimed to expand the applications of AX through
microparticle formulation in many fields, such as foods,
pharmaceuticals, and skincare cosmetics. In this study,
we prepared new particulates composed of Sol/PEG/
AX using a hydration method and evaluated the stabil-
ity and physicochemical properties of AX-containing
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particulates. Moreover, skin permeation test and fluores-
cence microscopy observations were conducted to evalu-
ate the skin application of AX.

Materials and methods

Materials

AX (20%) was obtained from Oryza Oil and Chemicals
(Aichi, Japan, Lot: Y-115). Sol was provided by BASF
Japan Ltd. (Tokyo, Japan, Lot: 84414368E0). PEG 2000
was purchased from Fujifilm Wako Pure Chemical Cor-
poration (Osaka, Japan; Lot: WTN4311), and ASC-DP
was purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo,
Japan, Lot: ISPKK-LH). NMR solvent (dimethyl sulfox-
ide-d6 [DMSO-d6]) was purchased from Cambridge Iso-
tope Laboratories, Inc. (MA, USA). All other reagents
were of special grade and purchased from Fujifilm Wako
Pure Chemical Corporation.

Methods

Preparation of particulates

The particulates were prepared using the hydration
method (Inoue et al. 2017). In the hydration method,
each lipid-soluble substance is dissolved in an organic
solvent obtained by solvent distillation, and the prepared
lipid film is hydrated with an aqueous solvent, such as
distilled water (DW), to prepare a suspension. Sol, PEG,
and AX were dissolved in chloroform each at a concen-
tration of 1 mg/mL. Sol/PEG/AX and Sol/AX were soni-
cated for 1 min after mixing in a pear-shaped flask to a
mixed weight ratio of 8/1/1 and 9/1, respectively. The
critical micelle concentration of Sol was reported to be
0.82 mg/mL (Tanida et al. 2016). These samples were pre-
pared at 40 °C by solvent distillation (Rotavapor R-215;
Buchi, Switzerland). A thin film was then prepared by
hydration of the prepared films with DW or 0.1 M ASC
solution, followed by mixing in a vortex mixer for 1 min
and sonication for 3 min.

Particle size and zeta potential (ZP) measurements

Mean particle size and polydispersity index measure-
ments of the particles dispersed in solvent were per-
formed using Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). The ZP reflects the surface charge, which is
thought to contribute to the stabilization of dispersed par-
ticles. One milliliter of each sample was added to a cap-
illary cell, and measurements were performed under the
following conditions: Set Zero 60 s (particle size), 120 s
(ZP), 180 s measurement time, and 25 °C measurement
temperature. Moreover, the suspension of the prepared
particles in DW or 0.1 M ASC solution was kept under
light-shielded condition at 25 °C for 14 days to evaluate
the stability of the particles, and particle size distribution
and ZP were measured on days 0, 1, 3, 5, 7, and 14.
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Colorimetric measurements

Colorimetric measurements were performed using
CR-400/410 (KONICA MINOLTA, Tokyo, Japan). Each
sample was placed in a 1 cm X 1 cm on a white calibra-
tion plate (n=3). To evaluate the stability of the micro-
particles, measurements were also performed after
storage of the suspension obtained by dispersion in
DW or 0.1 M ASC solution for 14 days (days O, 1, 3, 5,
7, and 14) under light-shielded condition at 25 °C.

Fluorescence spectroscopy

The fluorescence spectra were measured using BioTek
Synergy H1 (Agilent Technologies, CA, USA). Each
sample (200 pL) was put onto a 96-well plate for fluo-
rescence analysis, and measurements were performed
under the following conditions: excitation wavelength
(ex): 614 nm, fluorescence wavelength (em): 675 nm.

Singlet oxygen scavenging activity

Singlet oxygen scavenging capacity was measured using
a near-infrared spectrofluorometer (FP-8700; Jasco) at
an excitation wavelength (ex) of 520 nm and a fluores-
cence wavelength (em) of 1200-1350 nm to evaluate
the antioxidant potential of AX in the prepared par-
ticulates. Phosphorescence derived from singlet oxygen
using rose bengal (200 uM in 50% ethanol) as a pho-
tosensitizer was measured at approximately 1270 nm.
L-histidine (25 mM) was used as positive control, and
various samples were added to prepare a sample/rose
bengal solution (1/1) mixture (final rose bengal concen-
tration: 100 uM).

Transmission electron microscopy (TEM)

TEM was performed using HT7800 (Hitachi High-
Tech, Ibaraki, Japan) at an acceleration voltage of 80 kV.
Negative staining with 1% phosphotungstic acid was
used.

TH-"H Nuclear overhauser effect spectroscopy (NOESY) NMR
experiment

'"H-'H NOESY NMR measurements were performed
using AVANCE NEO 600 system (Bruker Japan,
Kanagawa, Japan) with DMSO-d6 as solvent. The H
chemical shift was based on the residual D,O signal
(2.50 ppm). The resonance frequency was 600.1 MHz,
pulse width was 8.00 us, relaxation time was 0.800 s,
integration frequency was 1024, and temperature was
25 °C.

Skin permeability test
Skin permeability study was conducted to evaluate
the skin permeability of AX (20%) and Evaporation;
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EVP (Sol/AX=9/1, Sol/PEG 2000/AX =8/1/1), with a
standardized preparation of 20 pg/mL of AX, to com-
pare AX (content 20%) suspension and AX-contain-
ing particulate formulations (Sol/AX=9/1 and Sol/
PEG 2000/AX=8/1/1). For pretreatment, frozen skin
(—80 °C) of YUCATAN micropig (YMP, 5-month-old,
female, pig number: 95-130) was placed in a refrigera-
tor at 4 °C and thawed before use. After defrosting, sub-
cutaneous fat was removed, and the skin was cut into
approximately 2.5x 2.5 cm circular pieces. The stratum
corneum was removed by tape stripping for 30 times,
and YMP skin was moisturized with saline solution and
stored at 4 °C for 20 h prior to use. Franz-type diffusion
cells (Perme Gear, PA, USA; effective penetration area:
approximately 0.95 cm?) were used for the skin perme-
ation test, and phosphate-buffered saline (pH 7.4, 1X;
Thermo Fisher Scientific Life Technology Japan, Tokyo,
Japan) (approximately 9.6 mL) was used as the receiver
phase. During the permeation test, the temperature of
the receiver phase was maintained at 32 °C, and YMP
skin was placed on the Franz-type diffusion cell. The
donor phase was filled with 1 mg/mL solution of 20%
AX suspension, and various prepared particulate for-
mulations were used as sample reagents.

The permeation of AX in YMP skin was determined
using Waters e2695 UV-visible photometer (Waters
Japan, Tokyo, Japan) under the following conditions:
measurement wavelength 480 nm; column COSMOSIL
5C18AR-II (4.6 mm i.d. X 250 mm; Nacalai Tesque, Kyoto,
Japan); column temperature 40 °C; mobile phase acetone/
water =4/1; injection volume 30 pL; retention time of AX
was adjusted to approximately 6 min. The detection limit
is 0.022 (ug/mL), and the quantification limit is 0.068 (ug/
mL).

Fluorescence microscopy

Fluorescence microscopy was performed using skin seg-
ments to visualize skin penetration. The sample was the
effective area portion of YMP skin after 24 h of the skin
permeability test. YMP skin (approximately 7.0 X 2.0 mm)
was placed in a plastic embedding cassette, which was
filled with Tissu-Tek O.C.T compound (Sakura Finetek
Japan, Tokyo, Japan). Subsequently, the skin was frozen
using acetone and dry ice and stored at —80 °C. Fro-
zen samples of 10-pm thickness were cut using LEICA
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CM3050S (Leica Biosystems, Nussloch, Germany), and
frozen slice specimens were prepared. The frozen speci-
mens were observed under an all-in-one fluorescence
microscope (BZ-X800; KEYENCE, Osaka, Japan).

Results and discussion

Particle size and ZP measurement

We previously reported the formation of novel particu-
lates with Sol/ASC-DP/NOB=28/1/1 (Inoue et al. 2022).
Therefore, we investigated the possibility of microparticle
formulation in a ternary system with AX instead of NOB
and with Sol/ASC-DP/AX=8/1/1 (Table 1). To evalu-
ate the stability of the prepared particles, a suspension
prepared by dispersion in 0.1 M ascorbic acid solution
(0.1 M ASC) and DW was light-shielded, and stability
evaluation was conducted for 14 days at 25 °C.

The results showed that in the ternary system Sol/
ASC-DP/AX=8/1/1, the average particle size was
d50=141.9+0.8 (nm) and ZP was -16.2+0.7 mV (Fig. le-
1) on day O of suspension preparation in DW, compared
with d50=138.6+2.0 (nm) and ZP=-12.0+0.3 mV,
respectively, after storage for 14 days (Fig. le-2). In
contrast, a sample of Sol/ASC-DP/AX=8/1/1 dis-
persed in 0.1 M ASC showed a mean particle size of
d50=178.0£3.2 (nm) and ZP=0.3+0.07 mV on day 0 of
preparation (Fig. 2e-1), compared with d50=241.8+2.4
(nm) and ZP=1.8+0.2 mV, respectively, after storage
for 14 days (Fig. 2e-2). Consequently, in the ternary sys-
tem Sol/ASC-DP/AX=8/1/1, no change in the mean
particle size was observed from day O to day 14 for the
sample dispersed in DW. However, the particle size dis-
tribution of the sample dispersed in 0.1 M ASC showed
a change after storage, and a bimodal distribution of
particle size was observed on 14th day of preparation
(Fig. 2e-2), indicating heterogeneous mixture because of
the admixture of particles with two different size distri-
butions. Therefore, we hypothesized that using PEG, a
surfactant, instead of ASC-DP and encapsulating AX in
the polymeric micelle core of PEG would prevent parti-
cle agglomeration and produce uniform particles. In the
present study, we also validated a Sol/AX particulate for-
mulation containing PEG instead of ASC-DP. The sam-
ples were prepared at mixed weight ratios (Sol/AX=9/1
and Sol/PEG 2000, 4000, 20,000/AX =8/1/1), and particle
size distribution and ZP measurements were performed

Table 1 Particle size and zeta potential (ZP) of Sol/PEG and ASC-DP/AX systems in 0.1 M ascorbic acid solution systems

Sample Particle size (nm) ZP (mV) PDI
Sol/AX=9/1 99.43+23 1.92+0.14 0.114
Sol/PEG2000/AX=8/1/1 117.3£0.88 2.09%+0.17 0.123
Sol/PEG4000/AX=8/1/1 122.1+0.96 2.13+0.24 0.133
Sol/PEG20000/AX=8/1/1 139.0+0.61 1.98+0.12 0.143
Sol/ASC-DP/AX=8/1/1 178.0+3.2 0.307 £0.066 0.141

Results are expressed as mean+S.D. (n=3)
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Fig. 1 Changes in the particle size and zeta potential of Sol/PEG/AX=8/1/1, Sol/AX=9/1, and Sol/ASC-DP/AX=8/1/1 microparticles. Microparticles
after storage at 25°C from day 0 to day 14 in distilled water. Each point represents the mean + standard deviation (n=3).a Sol/AX=9/1, b Sol/PEG
2000/AX=8/1/1, ¢ Sol/PEG 4000/AX=8/1/1, d Sol/PEG 20000/AX=8/1/1, e Sol/ASC-DP/AX=8/1/1

at 25 °C (Figs. 1 and 2). Sol/AX=9/1 dispersed in DW
showed a sharp distribution with mean particle size
d50=91.3+0.2 (nm) and ZP=-16.4+1.2 mV on day 0
of preparation (Fig. 1a-1). Moreover, stability evaluation
also revealed a sharp distribution of mean particle size
d50=84.1+1.1 (nm) and ZP=-9.3+0.7 mV after storage
for 14 days (Fig. 1a-2). The particle surface charge is an
important factor in the evaluation of particle dispersion
and stability. It has been reported that particles with ZP
greater than +30 mV are stable in suspension because of
the absence of particle aggregation because of surface
charge (Singh and Lillard 2009). On the contrary, high-
molecular weight stabilizers, e.g., PEG, are reported to be
sufficiently stabilized even with ZP below +20 mV (Shaal
et al. 2014). Therefore, it can be presumed that Soluplus
is relatively stable with a ZP of -16.4+1.2 mV (Fig. la-1)
at day O of the preparation of Sol/AX=9/1 dispersed in
DW, given its high molecular weight and use as a stabi-
lizer (Zeng et al. 2017).

Sol/PEG 2000/AX=8/1/1 showed a broad par-
ticle size distribution with mean particle size
d50=134.8+0.5 (nm) and ZP=-22.6+£0.5 mV on day
0 of preparation (Fig. 1b-1) and d50=113.5+1.4 (nm)
and ZP=-0.3+0.08 mV, respectively, after storage for
14 days (Fig. 1b-2). This suggests that Sol/PEG 2000/

AX=8/1/1 dispersed in DW exhibits a broad parti-
cle size distribution with no variation in the average
particle size, indicating considerable agglomeration.
We considered that encapsulating AX in the poly-
meric micelle core improves as the average molecular
weight of PEG increases, so we prepared particles the
same way with PEG 4000 and 20,000, which have dif-
ferent molecular weights, and evaluated their stabil-
ity over 14 days. Sol/PEG 4000/AX=8/1/1 dispersed
in DW showed a broad particle size distribution
with mean particle size d50=135.0+0.6 (nm) and
ZP=-20.9+0.5 mV (Fig. 1c-1) on day O of prepara-
tion. Even after storage for 14 days, a broad particle size
distribution was observed with a mean particle size of
d50=125.8+0.7 (nm) and ZP=-21.3+1.1 mV (Fig. lc-
2). Sol/PEG 20000/AX =8/1/1 showed a mean particle
size of d50=104.2+0.1 (nm) and ZP=-1.6+0.2 mV
on day O of preparation (Fig. 1d-1), and after storage
for 14 days, mean particle size was d50=101.5+2.4
(nm) and ZP=-3.4+0.08 mV (Fig. 1d-2). Conse-
quently, in the ternary component system using PEG
4000, the ZP was relatively stable at day O of prepa-
ration (-20.9+0.5 mV) and after 14 days of storage
(-21.3+1.1 mV), but broad particle size distribution
suggests unstable particles in the system. The ternary
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Fig. 2 Changes in particle size and zeta potential of Sol/PEG/AX=8/1/1, Sol/AX=9/1, and Sol/ASC-DP/AX=8/1/1 microparticles. Microparticles
after storage at 25°C from day 0 to day 14 in 0.1 M ascorbic acid solution. Each point represents the mean + standard deviation (n=3).a Sol/AX=9/1,
b Sol/PEG 2000/AX=8/1/1, ¢ Sol/PEG 4000/AX=8/1/1, d Sol/PEG 20000/AX=8/1/1, e Sol/ASC-DP/AX=8/1/1

system with PEG 2000 exhibited a steep particle size
distribution; however, the particles were considered
unstable owing to their low ZPs.

When dispersed in 0.1 M ASC, Sol/PEG 2000/
AX =8/1/1, the average particle size was d50=117.3+0.9
(nm) and ZP=2.1+0.2 mV on day 0 of prepara-
tion (Fig. 2b-1), and d50=137.8+1.2 (nm) and
ZP=2.510.3 mV, respectively, after 14 days of storage
(Fig. 2b-1, b-2). The two-component system Sol/AX=9/1
showed a mean particle size d50=99.4+2.3 (nm) and
ZP=1.9+0.1 mV on day 0 of preparation (Fig. 2a-1), and
d50=106.5+0.2 (nm) and ZP=3.0£ 0.5 mV, respectively,
after 14 days of storage (Fig. 2a-2). These results suggest
that the dispersion in 0.1 M ASC provides a steeper par-
ticle size distribution than that of DW, with no change in
mean particle size or ZP with the storage period. In con-
trast, ZP was low, with absolute value of approximately
2-3 mV, that might be attributed to the self-assembly of
micelles of Soluplus or polymeric micelle core of PEG,
which covered the particle surface and prevented aggre-
gation via the stabilizing effects of various substances.
The stability of the particles dispersed in 0.1 M ASC
was studied in the same way for ternary systems with
PEG 4000 and PEG 20000. Sol/PEG 4000/AX=8/1/1
showed an average particle size d50=122.1+1.0 (nm)

and ZP=2.1+0.2 mV on day O of preparation (Fig. 2c-
1), and d50=34.8+1.9 (nm) and ZP=3.3+0.08 mV,
respectively, after 14 days of storage (Fig. 2c-2). Sol/
PEG 2000/AX=8/1/1 showed a mean particle size
d50=139.0+£0.6 (nm) and ZP=2.0+0.1 mV on day O of
preparation (Fig. 2d-1), whereas it was d50=143.3+2.4
(nm) and ZP=3.1+0.3 mV, respectively, after storage
for 14 days (Fig. 2d-2). As with PEG 2000, there was no
change in the mean particle size or ZP with storage time,
and a sharp particle size distribution was obtained. The
ZP was approximately 2—3 mV, similar to that of PEG
2000, and we speculated that this was because of the sta-
bilizing effects of Sol or PEG elicited via prevention of
aggregation.

When the ternary systems with PEG 2000 and PEG
4000 were dispersed in DW, a broad particle size distri-
bution was obtained, and the particles were considered
to exist in an unstable state because of agglomeration. In
contrast, when dispersed with 0.1 M ASC, there was no
change in mean particle diameter or ZP with the stor-
age period, and a sharp particle size distribution was
obtained. Thus, stable fine particles could be obtained
in various mixtures of Sol/PEG/AX=8/1/1 and Sol/
AX=9/1 through dispersion in 0.1 M ASC. Based on
these results, colorimetry and fluorescence spectroscopy



Ai et al. AAPS Open (2024) 10:9

measurements were performed to further investigate the
stability of AX in the prepared Sol/PEG/AX=8/1/1 and
Sol/AX=9/1.

Colorimetry measurement and fluorescence spectroscopy

The samples prepared at various mixture weight ratios
were dispersed in DW or 0.1 M ascorbic acid solution
(0.1 M ASC), and the stability of AX was evaluated at
25 °C after 14 days of storage using a colorimeter/chro-
mometer and fluorescence spectrophotometer. On day 0
of preparation, Sol/AX=9/1 hydrated with DW showed
a=26.2 and b=64.2, indicating a bright orange color
(Fig. 3a-1, Table 2). The colorimeter value indicates that
the larger the value in positive direction, the higher the
intensity of red color, and a negative value is represented
by green color. In contrast, the b value indicates that
the larger the value in the positive direction, the higher
the intensity of yellow color, and a negative b value is
represented by blue color. After 14 days of storage, it
showed a=-0.4 and b=2.3 was colorless and transparent

80 1
70 A 0

60 A 1

50

© Sol/PEG2000/AST=8/1/1
water

© Sol/AST=9/1 water

70 1

60 1

50 A
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(Fig. 3a-2). Sol/PEG 2000/AX=8/1/1 showed a=31.9
and b=73.7 on day 0 (Fig. 3b-1), indicating a bright
orange color. After 14 days of storage, it showed a=-0.16
and b=4.3 and was colorless and clear, as was Sol/
AX=9/1 (Fig. 3b-2). Sol/PEG 4000/AX=8/1/1 and Sol/
PEG 20000/AX=8/1/1 also showed a=28.5, 62.7, 20.6,
and 49.4, respectively, on day O of preparation (Fig. 3d-
1) and a bright orange color (Fig. 3c-1). After storage
for 14 days, a=-0.32, b=2.47 (Fig. 3c-2) and a=-0.56,
b=3.98, respectively (Fig. 3d-2), and was colorless and
transparent (Fig. 3d-3). Thus, it is considered that the use
of DW as a dispersion medium causes the oxidation of
AX, resulting in the observed color fading, and AX stabil-
ity is not maintained.

In contrast, Sol/AX=9/1 hydrated with 0.1 M ASC
showed a=27.0 and b=63.6 on day O of preparation,
showing a bright orange color characteristic of AX
(Fig. 4a-1, Table 3). After storage for 14 days, a=25.8,
b=66.0, and no color fading was observed, showing
the same bright orange color (Fig. 4a-2). Sol/PEG 2000/

o —

0
°

20 30 40

0 10

30 40

Fig. 3 Changes in color difference and colorimetric images of Sol/PEG/AX=8/1/1, Sol/AX=9/1, and Sol/ASC-DP/AX=8/1/1 microparticles
after storage at 25°C from day 0 to day 14 in distilled water. a Sol/AX=9/1, b Sol/PEG 2000/AX=8/1/1, ¢ Sol/PEG 4000/AX=8/1/1, d Sol/PEG 20000/

AX=8/1/1

Table 2 Changes in color difference meter various particles after the storage at 25°C DAYO to DAY14 in DW

Samples axis DAY O DAYI  DAY3  DAY5S  DAY7 DAY l4

Sol/AX 2 262510 165300  05£0.1  32%01  -L0%01  -0.4£00

- b 642%21  SA1£01  30.0£05  108%0.1  38%01  23%0.
S S

s b 737E00 330%01  107%0.1 3101  03%01  43%0.1
e o S e

R b 627%20  330%18  74%01 5301  33%01  25%0.
USOUPEG20000AX & 20615  178+02  40+0.1  -16%01  21%02  -06+01

=8/ b 49433 497302 315502  152£05  85£06  40%02

Results are expressed as mean+S.D. (n=3)
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Fig.4 Changes in color difference and colorimetric images of Sol/PEG/AX=8/1/1, Sol/AX=9/1, and Sol/ASC-DP/AX=8/1/1 microparticles
after storage at 25°C from day 0 to day 14 in 0.1 M ascorbic acid solution. a Sol/AX=9/1, b Sol/PEG 2000/AX=8/1/1, ¢ Sol/PEG 4000/AX=8/1/1,d

Sol/PEG 20000/AX=8/1/1

Table 3 Changes in color difference meter various particles after the storage at 25°C DAYO to DAY 14 in DW. in 0.1 M ascorbic acid

solution
Samples axis DAY 0 DAY 1 DAY 3 DAY 5 DAY 7 DAY 14
Sol/AX a 27.0%1.1 29.7+0.4 244%0.8 283%0.1 283%0.3 258%+0.6
N b 63.6+2.2 69.9%+0.6 60.5+2.3 69.0£0.1 68.9+0.3 66.0+1.1
USOUPEG2000/AX @ 27417 276%03 272401  27.6£07 222%01 22903
o b 63.0%3.6 654%05  67.0%£02  664+1.7 56.4%£02  583%0.6
" SOVPEGA000/AX  a 28012 274%11 24401 265+01 21006 214%10
e b 622+23 644124 62.9%+0.1 64.0+0.7 54.1%1.6 55024
SOUPEG20000AX  a 30810  247+11 237£04 241%02 23501 217%01
= b 65.7%1.6 56.0%£23  563%0.6 56.7%0.2 58.1%£02  53.5%0.1

Results are expressed as mean+S.D. (n=3)

AX=8/1/1 showed a=27.4 and b=63.0 on day 0, indi-
cating a bright orange color (Fig. 4b-1). After storage for
14 days, a=22.9, b=58.3 (Fig. 4b-2), and the same bright
orange color was observed. Sol/PEG 4000/AX=28/1/1
and Sol/PEG 20000/AX=8/1/1 also showed a=28.0,
b=62.2 and a=30.8, b=65.7, respectively (Fig. 4d-1) on
day O of preparation, indicating a bright orange color
(Fig. 4c-1). After storage for 14 days, a=21.4, b=55.0
(Fig. 4c-2) and a=21.7, b=53.5, respectively, showing a
gradual decrease in color, but a bright orange color on
day O of preparation (Fig. 4d-2).

Since AX is a unique red (orange red) dye, in addition
to colorimetry, we quantified the emittance and evaluated
the storage stability by fluorescence spectroscopy. The
fluorescence intensity of Sol/AX=9/1 dispersed in DW
decreased with increasing storage time (Fig. 5a). For Sol/
PEG 2000/AX=8/1/1, different fluorescence intensities

were observed on day O of preparation and at other
storage times (Fig. 5b), suggesting that AX was unsta-
ble in the particles. Sol/PEG 4000/AX=8/1/1 and Sol/
PEG 20000/AX=8/1/1 exhibited different fluorescence
intensities at different storage times (Fig. 5¢, d). Irregular
fluorescence spectral transitions were observed in vari-
ous mixtures dispersed in DW, suggesting instability of
AX in particulate form. On the contrary, Sol/AX=9/1
dispersed in 0.1 M ASC showed no change in fluores-
cence intensity with a peak at approximately 678—680 nm
(Fig. 6a), and no significant change in fluorescence inten-
sity with storage time was observed for Sol/PEG 2000,
4000, and 20,000/AX =8/1/1 (Fig. 6b, c, d). This suggests
that 0.1 M ASC as a dispersion medium maintains the
stability of AX in particulate form. The stability evalua-
tion results after storage for 14 days revealed color fading
in various mixtures dispersed in DW and fluctuations in
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Fig.5 Changes in fluorescence spectral measurements of Sol/PEG/AX=8/1/1, Sol/AX=9/1, and Sol/ASC-DP/AX=8/1/1 microparticles after storage
at 25°C from day 0 to day 14 in distilled water. a Sol/AX=9/1, b Sol/PEG 2000/AX=8/1/1, ¢ Sol/PEG 4000/AX=8/1/1, d Sol/PEG 20000/AX=8/1/1
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Fig. 6 Changes in fluorescence spectral measurements of microparticles. Changes in fluorescence spectral measurements of Sol/PEG/AX=8/1/1,
Sol/AX=9/1, and Sol/ASC-DP/AX=8/1/1 microparticles after storage at 25°C from day 0 to day 14 in 0.1 M ascorbic acid solution. a Sol/AX=9/1,b
Sol/PEG 2000/AX=8/1/1, ¢ Sol/PEG 4000/AX=8/1/1, d Sol/PEG 20000/AX=8/1/1

fluorescence intensities, suggesting that AX particulates
using DW as dispersion medium are unstable. However,
no significant color fading or fluctuations in fluorescence
intensity were observed immediately after the prepa-
ration of various mixtures using 0.1 M ASC as disper-
sion medium, suggesting the stability of AX particles.
In addition to Sol/AX=9/1, AX particles were stable
with PEG 2000, 4000, and 20,000. No significant changes
were observed in the particle size distribution, ZP, and

fluorescence intensity of samples with 0.1 M ASC as dis-
persion medium. Therefore, in this study, we used Sol/
PEG 2000/AX=8/1/1 and Sol/AX=9/1 with 0.1 M ASC
as dispersion medium as model formulations for further
experiments.

Singlet oxygen scavenging activity
The antioxidant capacity of AX against highly toxic sin-
glet oxygen is approximately 40 times higher than that of
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[B-carotene and 550 times higher than that of vitamin E
(Shimidzu et al. 1996). Therefore, we measured the sin-
glet oxygen scavenging ability to evaluate the antioxidant
capacity of AX in the prepared particulate form. Sol/
AX=9/1 dispersed in 0.1 M ASC showed 97.6% singlet
oxygen scavenging capacity, whereas Sol/PEG 2000/
AX=8/1/1, in which PEG 2000 was added to the two-
component system, showed singlet oxygen scavenging
capacity of 96.3% (Table 4). AX is believed to exert its
antioxidant effects on the hydroxy and ketone groups at
both ends and on the central conjugated polyene chain
(Goto et al. 2001). In this study, any sample dispersed in
0.1 M ASC showed a singlet oxygen scavenging capacity
of 96% or higher, suggesting that the antioxidant capacity
of the prepared particulates is excellent. In contrast, for
Sol/AX=9/1 hydrated with DW, singlet oxygen scaveng-
ing capacity was 12.9% (Table 4). The 0.1 M ASC content
did not cause any change in the color of the prepared
particles. On the other hand, the Singlet oxygen scaveng-
ing activity showed a decrease in antioxidant effect as
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the color faded with the storage period of the particles.
We speculate that the double bond is dissociated in the
structure of AX. Therefore, it is supposed that 0.1 M ASC
contributes to the retention of the antioxidant capacity of
AX particulates and can be used as a dispersion medium.

TEM

In particle size distribution/ZP measurements and fluo-
rescence spectroscopy, various mixtures with 0.1 M ASC
as a dispersion medium confirmed to have stable parti-
cles. Therefore, TEM measurements were performed to
confirm the shape and particle size distribution of AX
particles using suspensions of Sol/AX=9/1 and Sol/PEG
2000/AX =8/1/1 dispersed in 0.1 M ASC as model formu-
lations. Sol/AX=9/1 showed particles of approximately
100 nm (Fig. 7a), and Sol/PEG 2000/AX =28/1/1 showed
particles of approximately 150 nm (Fig. 7b), which is con-
sistent with the results of particle size distribution meas-
urement. The shape of each Sol/PEG 2000/AX=8/1/1
particle was circular; however, an irregular structure was

Table 4 Singlet oxygen scavenging ability measurement of Sol/PEG and ASC-DP/AX systems in 0.1 M ascorbic acid solution systems

Intensity

Sample 0. Erasure rate
Sol/AX=9/1 D.W. 12.9%
Sol/AX=9/1 0.1IM ASC 97.6%
Sol/PEG2000/AX=8/1/1 0.IM ASC 96.3%

27.14%+1.12
1.87%0.48
2.92+0.07

Rose Bengal 200uM  (50% EtOH) -

79.51%+6.35

xPositive control: L-Histidine 98.37%

200nm

d50=99.4 £ 2.3(nm)

ZP=1.9%0.1
PDI=0.114

1 10 100
Particle size (nm)

1000

1o | d50=117.3%0,9(hm)

ZP=2.1%0.2
PDI=0.123

1 10 100 1000

Particle size (nm)

Fig. 7 TEM images of particles in 0.1 M ASC. a Sol/AST=9/1, b Sol/PEG 2000/AST=8/1/1
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500pm

Fig. 8 Fluorescence microscopy images of the epidermal side of YMP skin. a 20% AX, b EVP (Sol/AX=9/1), c EVP (Sol/PEG 2000/AX=8/1/1).x 10 (a,

b, c). Bar: border with epidermis

observed around the central core (Fig. 7b). PEG can coat
particle surfaces and prevent particle aggregation, thereby
contributing to particle stability (Jung et al. 2016; Rahme
and Dagher 2019). Therefore, we speculate that PEG con-
tributes to the stability of AX particulates.

Skin permeability test and fluorescence microscopy
observations

Skin permeability studies were performed for suspen-
sions of 20% AX and EVP (Sol/AX=9/1 and Sol/PEG
2000/AX =8/1/1). The porcine skin permeability studies

using HPLC at 1, 3, 6, and 24 h did not confirm the skin
permeation of AX, although quantification was per-
formed using the receiver solution. Therefore, we exam-
ined whether AX remained in the skin by homogenizing
the effective area of the porcine skin 24 h after the skin
permeability test. However, skin permeation was not
confirmed by quantifying each sample using homoge-
nized porcine skin. Therefore, to verify the skin condition
and permeability of AX, frozen sections were prepared
from YMP skin 24 h after the skin permeability test and
observed under a fluorescence microscope. The fluo-
rescence of AX was measured at approximately 480 nm

9-cis AX Sol
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Fig.9 'H-'H NOESY NMR spectra of EVP (Sol/AX=9/1) in DMSO-dq. a f1 is 0-9 ppm, f2 is 0-9 ppm, b f1 is 6-7 ppm, f2 is 1-3 ppm, ¢ f1 is 4-7 ppm,

f2is 2.8-3-3.8 ppm, d f1is 1-7 ppm, f2 is 1-3 ppm



Ai et al. AAPS Open (2024) 10:9

(Wang et al. 2021). AX luminescence from 20% AX sus-
pension was observed in the keratin (Fig. 8a).

In Sol/AX =9/1 with 0.1 M ASC, AX luminescence was
also observed in the stratum corneum (Fig. 8b), but inter-
estingly, in Sol/PEG 2000/AX=8/1/1, it was not con-
fined to the stratum corneum but slightly penetrated into
the epidermis (Fig. 8c). PEG is a hydrophilic surfactant
suitable as a penetration enhancer in topical dermato-
logical preparations (Jang et al. 2015). Surfactants play
a bridging role by adsorbing at the interface of inher-
ently immiscible substances. There are lipophilic and
hydrophilic areas in the skin; therefore, penetration into
the stratum corneum is likely to facilitate this process.
Therefore, because slight permeability was observed with
the addition of PEG, a surfactant, to the Sol/PEG 2000/
AX=8/1/1, it was inferred that PEG contributed to the
improved skin permeation of AX. Therefore, we believe
that Sol/PEG 2000/AX =28/1/1 could be a useful formula-
tion for skin adaptation.

TH-"H NOESY NMR experiments
The formation of stable particles was confirmed for
Sol/AX=9/1 and Sol/PEG 2000/AX =38/1/1 dispersed
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in 0.1 M ASC. This suggests that intermolecular inter-
actions occurred in the solution. Therefore, to inves-
tigate the intermolecular interactions in solution, we
performed "H-'H NOESY NMR spectroscopy. DMSO-
ds; was used as NMR solvent, and the attribution of
Sol was taken from that reported by Sofroniou et al.
(2022), AX was taken from that reported by Wang
et al. (2021), and ASC was taken from that reported by
Bourafai-Aziez et al. (2022). Initially, these interactions
were evaluated using a binary system (Sol/AX=9/1)
(Fig. 9). In EVP (Sol/AX=9/1) using DMSO as dis-
persion medium, the interaction between Sol-derived
methyl group e (1.8~2.0 ppm) and AX-derived CH
groups H-15,11 (6.7-6.8 ppm), 8,12’ (6.4~6.5 ppm),
H-10,14 (6.4~6.5 ppm), and 7,77 (6.2~6.3 ppm)
(Fig. 9b). Cross peaks were also observed for the PEG
backbone of Sol (3.6 ppm) and the CH groups H-15,11
(6.7~6.8 ppm) and H-13 (4.3 ppm) of AX (Fig. 9¢).
Interactions were also observed between the methyl
group e derived from Sol (1.8~2.0 ppm) and the
7-membered rings z (1.5~ 1.8 ppm), a (2.2 ~2.4 ppm),
b (3.1~3.2 ppm), and d (4.6 ~4.8 ppm) derived from
Sol (Fig. 9d).
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Fig. 10 'H-"H NOESY NMR spectra of EVP (Sol/AX=9/1) in 0.1 M ASC+DMSO. a f1 is 0-9 ppm, f2 is 0-9 ppm, b f1 is 6-7 ppm, f2 is 1-3 ppm, ¢ f1

is 4-7 ppm, f2 is 2.8-3-3.8 ppm, d f1 is 1-7 ppm, f2 is 1-3 ppm
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Further, EVP (Sol/AX=9/1) dispersed in 0.1 M ASC
and a small amount of DMSO-d (Fig. 10) showed the Sol-
derived methyl group e (1.8~2.0 ppm) and AX-derived
CH groups H-15,11 (6.7 ~ 6.8 ppm), 8,12’ (6.4~ 6.5 ppm),
H-10,14 (6.4~ 6.5 ppm) and 7,7’ (6.2 ~ 6.3 ppm) (Fig. 10b).
Interestingly, new cross peaks were observed between
the methyl group e of Sol (1.8~2.0 ppm), the 7-mem-
bered ring z of Sol (1.5~ 1.8 ppm), the 5-membered ring
S of ASC (3.5~ 3.6 ppm), the CH group T (3.8 ~3.9 ppm),
and the CH group U (4.7 ppm) (Fig. 10c). In addition, an
interaction was observed between the methyl group e
of Sol (1.8~2.0 ppm) and the 7-membered ring z of Sol
(1.5~1.8 ppm) (Fig. 10c). These results suggest that inter-
molecular interactions may occur between Sol/AX and
PEG/AX with Sol/AX=9/1 using DMSO as dispersion
medium. Moreover, it was suggested that intermolecu-
lar interactions may have occurred between Sol/AX with
0.1 M ASC and Sol/AX=9/1 particles with DMSO alone.
In addition, few intermolecular interactions in Sol/AX
and the disappearance of few interactions in Sol/Sol were
suggested. This suggests that the interaction in Sol/ASC
and the disappearance of few intermolecular interactions
in Sol/AX might have contributed to AX stabilization.

Page 13 of 16

Subsequently, the interactions in a three-component
system (Sol/PEG 2000/AX=28/1/1) were evaluated
(Fig. 11). Similar to EVP (Sol/AX =9/1), interactions were
observed between the methyl groups e (1.8~2.0 ppm)
of Sol and CH groups H-15,11 (6.7~6.8 ppm) of AX,
8,12’ (6.4~6.5 ppm), H-10,14 (6.4~6.5 ppm), and
7,7 (6.2~6.3 ppm) in Sol/PEG 2000/AX=8/1/1 with
DMSO as dispersion medium (Fig. 11b). In addi-
tion, cross peaks were observed for the PEG back-
bone of Sol (3.6 ppm) and the CH groups H-15,11
(6.7~6.8 ppm) and H-13 (4.3 ppm) of AX (Fig. 11c).
Interactions were also observed between the methyl
group e of Sol (1.8 ~2.0 ppm) and the 7-membered rings
z (1.5~1.8 ppm), a (22~2.4 ppm), b (3.1~3.2 ppm),
and d (4.6~4.8 ppm) of Sol (Fig. 11d). In contrast, in
EVP (Sol/PEG 2000/AX=8/1/1) dispersed in 0.1 M
ASC and a small amount of DMSO-d6 (Fig. 12), the
interactions were observed between the methyl group
e (1.8~2.0 ppm) of Sol and CH groups H-15,11 of
AX (6.7~6.8 ppm), 812 (64~65 ppm), H-10,14
(64~6.5 ppm), and 7,7 (6.2~6.3 ppm) (Fig. 12b).
Similar to EVP (Sol/AX=9/1), new cross peaks were
observed for the methyl group e of Sol (1.8~2.0 ppm),
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Fig. 11 "H-"H NOESY NMR spectra of EVP (Sol/PEG 2000/AX=8/1/1) in DMSO. a f1 is 0-9 ppm, 2 is 0-9 ppm, b f1 is 6-7 ppm, f2 is 1-3 ppm, ¢ f1

is 4.2-6.8 ppm, 2 is 2.9-3-3.9 ppm, d {1 is 1-7 ppm, f2 is 1-3 ppm
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Fig. 12 "H-"H NOESY NMR spectra of EVP (Sol/PEG 2000/AX=8/1/1) in 0.1 M ASC+DMSQ. a f1 is 0-9 ppm, f2 is 0-9 ppm, b f1 is 6-7 ppm, f2

is 1-3 ppm, ¢ f1 is 4-7 ppm, f2 is 2.8-3-3.8 ppm, d f1 is 1-7 ppm, f2 is 1-3

7-membered ring z of Sol (1.5~1.8 ppm), 5-mem-
bered ring S of ASC (3.5~3.6 ppm), CH group T
(3.8~3.9 ppm), and CH group U (4.7 ppm) (Fig. 12b, c).
Also, an interaction was observed between the methyl
group e of Sol (1.8 ~2.0 ppm) and the 7-membered ring z
of Sol (1.5~ 1.8 ppm) (Fig. 12d).

In EVP (Sol/PEG 2000/AX=8/1/1) with 0.1 M ASC,
a peak similar to EVP (Sol/AX=9/1) was observed.
Because of the presence of PEG in Sol, it was not possi-
ble to distinguish the PEG peak in Sol from the PEG peak
in PEG 2000. The addition of 0.1 M ASC altered the Sol/
AX interaction, suggesting that 0.1 M ASC acted as an
oxidant for some double bonds in AX, maintaining AX
stability and contributing to stable particulate formation
and skin permeability.

Thus, NMR spectral measurements of both Sol/
AX=9/1 and Sol/PEG/AX=8/1/1 not only revealed the
interactions related to particle formation but also eluci-
dated how ASC plays a role in the retention of the antiox-
idant effect of AX. This supports the retention of singlet
oxygen at Sol/AX=9/1 or Sol/PEG/AX=8/1/1 and the
data from colorimetric measurements. Thus, ASC is
necessary for AX formulation as it allows the forma-
tion of stable particles of AX. The findings provide novel

information about the interaction between ASC and AX
and the mechanism of action of ASC related to the anti-
oxidant effect of AX.

Finally, as a limitation of the study, we are of the belief
that the skin permeability test was conducted in this
study using HPLC, but could not be sufficiently quanti-
fied because it was below the detection limit. In addi-
tion to this, the study has been studied using the three
components of Sol/PEG 2000/AX, but should be studied
using other additive components in the future.

Conclusions

Novel AX particulates were successfully formulated
with Sol/AX=9/1 (approximately 100 nm in size)
using the hydration method and with Sol/PEG 2000/
AX=8/1/1 (approximately 125 nm in size). In each
component system using DW as dispersion medium,
a decrease in fluorescence intensity and color fading
were observed after storage for several days. However,
in case of 0.1 M ASC as dispersion medium, no sig-
nificant change in fluorescence intensity was observed
immediately after preparation, and a bright orange
color was consistently observed, indicating the for-
mation and maintenance of stable particulates. NMR
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spectral measurements suggested the loss of some cis-
trans double bond interactions of AX in Sol/AX sample
with 0.1 M ASC as dispersion medium. This suggests
that 0.1 M ASC acts as an oxidant for the double bond
of AX, leading to the formation of stable new parti-
cles with Sol/PEG 2000/AX =8/1/1 and Sol/AX=9/1.
In addition, skin permeation test and fluorescence
microscopy observations showed that although no skin
permeation was observed, slight penetration into the
skin was observed for Sol/PEG 2000/AX=8/1/1 com-
pared with that for Sol/AX=9/1. In conclusion, sta-
ble new particulates were formed with Sol/PEG 2000/
AX =28/1/1, which may contribute to the expansion of
AX applications in many fields, including skincare, cos-
metics, food, and pharmaceuticals.
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