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ABSTRACT

Purpose As trisodium L-ascorbyl 2-phosphate 6-palmitate
(APPS), an ascorbic acid derivative, is an amphiphilic sub-
stance, it forms micelles in aqueous solutions. Micelles are
used as drug carriers and can emulsify drugs that are poorly
soluble in water, such as nadifloxacin (NDFX). The purpose
of this study was to prepare nanocarriers using APPS to carry
NDFX into Yucatan micropig skin.

Methods After synthesis of the NDFX nanoparticles by using
the hydration method, physical evaluations were carried out
that included assessments of particle size and zeta potential,
encapsulation efficiency, particle structure by transmission
electron microscopy, > P-NMR spectra, and particle stability.
Functional evaluations of the nanoparticles included 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assays,
skin penetration tests, and fluorescence microscopy
observations.

Results The encapsulation efficiency of NDFX in the nano-
particles was approximately 75%. With added magnesium
chloride, the nanoparticles remained stably dispersed in aque-
ous solution for at least 14 days at 25°C under protection from
light. In addition, the nanoparticle formulation improved the
skin permeability of NDFX.

Conclusion APPS-derived nanoparticles were shown to be
useful as skin-targeting nanocarriers.
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ABBREVIATIONS

APPS Trisodium L-ascorbyl 2-phosphate 6-
palmitate

DDSs Drug delivery systems

DLS Dynamic light scattering

DPPH 2,2-diphenyl-1-picrylhydrazyl

DSPE-PEG Distearoyl phosphatidylethanolamine-

2000 polyethylene glycol 2000

EE% Encapsulation efficiency rate

HPLC High-performance liquid chromatography

ICso 50% inhibitory concentration

IPM Isopropyl myristate

NDFX Nadifloxacin

PEG Polyethylene glycol

TEM Transmission electron microscopy

YMP Yucatan micropig

INTRODUCTION

Nanoparticles exhibit novel physical properties unlike those of
conventional preparations; therefore, attention has been fo-
cused on the use of these particles as drug delivery systems
(DDSs) (1,2). Components such as cosmetic ingredients, com-
monly used drugs, and novel nucleic acid-based pharmaceu-
tical agents have been incorporated into nanoparticles or have
been carried on their surface. Studies have indicated that this
approach improves the absorbance and retention of active
ingredients at target sites, reducing adverse reactions and im-
proving stability in comparison to that of existing products.
In addition, an increased drug load and penetration of cell
membranes can result in increased bioavailability, and these
characteristics can minimize individual differences and i viwo
variations in pharmacokinetics (3,4). Moreover, nanoparticles
are used to solubilize poorly water-soluble drugs. Lipophilic
drugs can be emulsified using a surfactant (5). Emulsions ex-
hibit various physical properties, depending on the type of
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emulsion, particle size, and the composition of the oil and
water phases. Thus, each emulsion can be used for different
purposes (6-8). In addition, emulsions are used in cosmetics
and pharmaceuticals, and an emulsion is a particularly useful
way to prepare a formulation that targets the skin. Micelles
and liposomes e.g. are studied for emulsions as skin-targeted
nanocarriers. Nanocarrier is a drug transport system to a target
site by adhering or adsorbed a drug on the surface or inside of the
particle (3). Skin-targeted nanocarriers promote better drug de-
livery to a topical site compared to other DDS substrates such as
suspensions and gels. And nanocarriers containing a lipophilic
substance with affinity for the skin lipid improve to penetrate the
drug mto the skin barrier (9-12). However, emulsions are ther-
modynamically unstable; so the use of nanoparticles helps an
emulsion retain its low viscosity and long-term stability. Over
the past few years, the preparation of nanoemulsions has become
casier, thanks to advances in high-pressure homogenizers and
ultrasonic homogenizers with strong shearing forces (13). In
addition, antioxidants have been added to nanoparticles to stably
incorporate drugs into the nanoparticles and to protect them
from oxidation. Sodium ascorbate and a-tocopherol were
used in combination to prevent oxidation of a nanoemulsion
containing astaxanthin, and this combination successfully
mhibited the oxidation of astaxanthin (14).

Ascorbic acid is a water-soluble vitamin, which can, for
example, inhibit melanin generation, promote collagen syn-
thesis, and act as an antioxidant. Ascorbic acid is widely used
as a pharmaceutical additive, cosmetics ingredient, and food
additive. Nevertheless, it i1s susceptible to heat and light in
aqueous solution and it readily oxidizes and decomposes.
Various ascorbic acid derivatives have been synthesized to
address these flaws and improve the stability of ascorbic acid
(15,16). L-ascorbyl-6-stearate and L-ascorbyl-6-palmitate are
fat-soluble ascorbic acid derivatives. These derivatives have
long been used as antioxidative components in cosmetics
creams and emulsions, and they have also been used as anti-
oxidant food additives in edible fats and oils. Thus, these ad-
ditional properties of ascorbic acid derivatives should facilitate
their use in various fields (17,18). However, fat-soluble ascor-
bic acid derivatives are not used as principal components in
quasi-drugs or as pharmaceutical additives, although some
studies have examined such uses (19,20). Trisodium L-
ascorbyl 2-phosphate 6-palmitate (APPS) is an ascorbyl phos-
phate derivative incorporating palmitic acid, resulting in a
new, water-soluble ascorbic acid derivative that is lipophilic.
APPS has lipophilic groups and a hydrophilic group, so it
forms a micelle in aqueous solution. In the body, APPS is
converted into ascorbic acid, and APPS exhibits a range of
bioactivities, such as having potent oxygen radical scavenging
activity and preventing wrinkles (21,22). APPS is lipophilic;
therefore, it penetrates the skin better than ascorbic acid.
For this reason, APPS can be used in pharmaceuticals in
the future.
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An amphiphilic block copolymer that consists of hydropho-
bic and hydrophilic chains (e.g., chains of polyethylene glycol
(PEG)) forms a polymeric micelle in water, allowing consistent
dispersion in aqueous solution, while incorporating various
poorly water-soluble drugs. A study on DDSs is examining
the use of such block copolymers as nanocarriers for drug
transport (23). Previous studies have reported that a polymeric
micelle incorporating an anticancer agent enables exceptional
drug accumulation at target sites, improved pharmacologic
effects, and reduced adverse reactions (24, 25). Although most
chemotherapeutic agents are low-molecular-weight com-
pounds, high-molecular-weight micelles, produced using novel
techniques, hold great promise as antitumor agents. Distearoyl
phosphatidylethanolamine-PEG 2000 (DSPE-PEG 2000) is a
surfactant combining a PEG chain and a phospholipid (DSPE;
phospholipids are a component of biological membranes) via a
negatively charged spacer (26). Ridaforolimus is a rapamycin
derivative with anticancer activity. DSPE- PEG 2000 was
used to prepare micelles incorporating ridaforolimus, which
increased the solubility of the drug (27). In addition, DSPE-
PEG 2000 has been used as a component of a nanocarrier
targeting the skin, with doxorubicin is the anticancer agent.
Inclusion of doxorubicin in the nanocarrier improved skin
penetration of the drug (28,29).

Isopropyl myristate (IPM) is a percutaneous penetration
enhancer that is most often used in local and transdermal
preparations. A study has suggested that IPM is taken up by
the lipid matrix of the stratum corneum, where it alters the
fluidity of the lipid bilayers, but the precise mechanism has yet
to be revealed (30). IPM is also used in emulsion preparations.
Polyphenols are known to be antioxidants. To remedy the low
level of dermal transfer of polyphenols, a microemulsion was
prepared using IPM in the oil phase, and an aqueous sodium
chloride solution, polyoxyethylene sorbitan monooleate (a sur-
factant, Tween® 80), and ethanol (as a cosurfactant) in the
water phase. This microemulsion increased the solubility of a
polyphenol, thus allowing increased dermal transfer (31,32).

Nadifloxacin (NDFX) has potent bactericidal activity
against Propionibacterium acnes (P. acnes) and other Gram-
positive and Gram-negative bacteria (33,34). It is a new,
poorly water-soluble fluoroquinolone (log P of 2.47 (35)) that
1s widely used to topically treat multiple types of acne lesions
that cause inflammation. P. acnes is a most leading bacteria of
acne vulgaris and causes chronic inflammation in the
pilosebaceous glands of the skin. In addition, Cytokines from
host mononuclear cells and keratinocytes induce immune
responses in response to P. acnes colonization. As a result,
Inflammatory acne develops and worsens. Acne is mainly
treated with topical therapy, oral therapy and chemical
peeling. In addition, the inherent fluorescence of NDFX
(36,37) 1s useful as an indicator of tissue penetration. So
NDFX was selected as a model drug to track fluorescence
and to confirm encapsulation efficiency in nanocarrier.
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In the present study, APPS was applied to prepare stable
nanocarriers incorporating NDFX and attempted to apply
APPS having active oxygen scavenging effect as a skin-
targeting DDS base material. IPM was used as an additive
to promote skin permeability of nanoparticles. After synthesis,
we will characterize the nanoparticles and assess their skin
penetrating ability to determine their effectiveness as a
nanocarrier skin-targeted drug delivery system.

MATERIALS AND METHODS
Materials

APPS was obtained from Showa Denko Co., Ltd., Japan
(Fig. 1). DSPE-PEG 2000 was purchased from NOF Co.,
Ltd., Japan. NDFX was purchased from Sigma-Aldrich Co.,
Ltd., Japan. IPM and any other reagents were purchased from
Wako Pure Chemical Industries, Ltd., Japan.

Preparation of Nanoparticles

APPS and IPM (1 mmol/L and 0.5 mmol/Lin distilled water,
respectively) were mixed, and the suspension comprising
APPS/IPM = 1/0.5 (molar ratio) was sonicated for 5 min with
an ultrasonic homogenizer (model NR-600 M, manufactured
by Microtech-Nithion Co.). Subsequently, DSPE- PEG 2000
1 mmol/L was added to the suspension, which was sonicated
again for 5 min to prepare nanoparticles. 50 pL of MgCly
solution prepared at different concentrations was added to
2 mL of the nanoparticles, and the mixture was sonicated
for 3 min.

In the hydration method, various lipids are dissolved in an
organic solvent and the solvent is removed using a rotary
evaporator to prepare a lipid film. And, to obtain a suspen-
sion, the prepared film is hydrated with distilled water or
saline (38,39). In our experiment, DSPE- PEG 2000
I mmol/L was dissolved in methanol with NDFX
0.01 mmol/L in a pear-shaped flask. The thin-film was pre-
pared from the dissolved sample by vacuum distillation (warm
bath: 40°C). The prepared suspension of APPS/IPM = 1/0.5
(molar ratio) and the film composed of DSPE-PEG
2000/NDFX =1/0.01 (molar ratio) were combined in
the flask.

Methods

Particle Size and Zeta Potential

The average particle size and zeta potential of the nanoparti-
cles dispersed in water were determined by dynamic light

scattering (DLS) using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK). Each sample was added to a

capillary cell. A measurement condition was carried out set
Zero was 120 s and measurement time was 180 s.

Encapsulation Efficiency Rate (EE%)

To confirm the amount of NDFX encapsulated in the nano-
particles, NDFX was quantified. Each sample was filtered
through a 0.8-um membrane filter, centrifuged (200,000xg,
30 min, 4°C; CS 100 GXL, Hitachi Koki Co., Ltd., Japan),
and the supernatant mixed 1/1 (v/v) with 0.01 mol/L. NaOH
in methanol. The resulting samples were quantified by high-
performance liquid chromatography (HPLC). The percent-
age of total NDFX to the amount of NDFX entrapped in
the nanoparticle solution was calculated as EE%.

Transmission Electron Microscopy (TEM) Observation

To evaluate the microstructure of the nanoparticles, they were
characterized using a JEM-1400 Plus transmission electron
microscopy (JEOL Ltd., Tokyo, Japan). Samples were
adsorbed on a carbon-coated copper grid (400 mesh), nega-
tively stained with 2% phosphotungstic acid (pH = 7.0) for
15 s, and then observed under an accelerating voltage of
80 kV.

Acquisition of *'P- NMR Spectra

The structure of carrier component of the nanoparticles was
determined by *'P-NMR. Each sample for *'P- NMR was
prepared at twice the concentration as was typically prepared
(i.e., APPS was 2 mmol/L, IPM was 1 mmol/L, DSPE-PEG
2000 was 2 mmol/L, and MgCl, was 25 % 10~* mmol/L).
For *'P- NMR, the sample and DO were mixed 9:1 (v/v),
and 85% phosphoric acid, diluted 100 times, was used as an
internal standard solution. Prepared samples were measured
with the Varian NMR System 400 MHz (Agilent
Technologies, Inc. USA). The resonance frequency was
161.8 MHz, pulse width was 45°, relaxation time was
4.400 s, scan time was 0.600 s, temperature was 25°C, and
the accumulation count was 8192 times.

Stability Study

To evaluate the stability of the prepared nanoparticles, they
were stored for 14 days under a light shielding at 25°C. The
particle sizes and zeta potentials were measured at
predetermined time intervals (0, 1, 3, 5, 7, and 14 days).

1, 1-Dibhenyl-2-picryl-hydrazyl (DPPH) Radical Scavenging Assay
The DPPH radical scavenging assay was used to evaluate the

antioxidant power of each sample. DPPH dissolved in meth-
anol at 100 pmol/L and varying concentrations of samples
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Fig. I Chemical structure. (a) Trisodium L-ascorbyl 2-phosphate 6-palmitate (APPS), (b) Distearoylphosphatidylethanolamine-PEG 2000 (DSPE-PEG 2000), (c)

Isopropyl myristate (IPM), (d) Nadifloxacin (NDFX).

were mixed (50 pL each) in a 96-well microplate. DPPH
methanolic solution with distilled water (50 pL/50 pL) and
methanol with purified water (50 pL./50 pL) were used as the
no nanoparticle control and blank, respectively. After setting
samples in the microplate reader (SPECTRA MAX 190,
Molecular Devices, Inc., USA), samples were incubated for
20 min and 37°C. The absorbance of the samples was mea-
sured at 517 nm. The inhibition rate was calculated from the
obtained readings, and the 50% inhibitory concentration
(IC50) was determined. Data are expressed as means * stan-
dard deviations (S.D.). Samples were evaluated by a single-
step multiple comparison test of variance (7ukey’s test).

Skin Penetration Test

To evaluate the skin permeability of NDFX, a skin penetra-
tion test was performed with the drug alone and with the
equivalent amount of nanoparticle-encapsulated drug.

As pretreatment, a piece of skin of Yucatan micropigs
(YMPs, females, 5 months old), which had been cryopreserved
at —80°C, was thawed at 4°C for 12 h before it was used. After
thawing, the subcutaneous fat was removed from the skin.
The skin was cut into pieces of approximately 2.5 cm X
2.5 cm. The stratum corneum was removed from each piece
of skin by tape stripping 30 times. Treated YMP skin was
approximately 2-3 mm thick. Subsequently, the pretreated
pieces of YMP skin were placed dermis side down on paper
towels wetted with saline, and were stored at 4°C for 12 h
before the skin penetration test.

Franz Cell chambers (PermeGear, Inc. USA) having
~0.95 em® of effective penetration area were used for the skin
penetration tests. The receiver phase was filled with ~9.5 mL
of 5% albumin in saline; it was kept at 32°C and stirred during
the test. A piece of the pretreated skin was set in the chamber
with the epidermis against the donor phase and the dermis
against the receiver phase. 2 mL of sample was applied to the
donor phase, and the test was allowed to proceed for 24 h.

@ Springer

After completion of the test, the pieces of the skin were
removed from the apparatus and washed gently. The affected
area of the skin was cut into little picces. To 0.2 g of skin pieces
was added acetonitrile: 10 mmol/L NaOH (2 mL/2 mL). The
mixture was homogenized at 26,000 rpm for 2 min using a
POLYTRON®PT-MR2500 (Central Scientific Commerce,
Inc. Japan) and centrifuged at 2600xg, 25°C for 30 min. The
supernatant was collected and centrifuged at 20,000xg, 4°C
for 10 min. The resultant supernatant was filtered through a
0.2 pm membrane filter, and assayed for NDFX content. The
cumulative amount of transdermal NDFX in the skin of
YMPs after 24 h was quantified by the HPLC method de-
tailed in section 2.3.9.

Fluorescence Microscopy

To visualize the transfer of NDFX to the skin of YMPs, the
skin sections were observed by fluorescence microscopy.
After finishing the skin penetration test, the affected area
was cut into pieces of approximately 7.0 cm X 2.0 mm. The
pieces were put into a plastic embedding dish and covered
with an embedding agent for preparing frozen tissue sections,
Tissue-Tek® optimum cutting temperature (O.C.T) com-
pound (Sakura Finetech Japan Co., Ltd., Japan). The samples
were completely frozen at —80°C. Sections were made of
the frozen sample at a 0.2 pm thickness. The sections were
observed at an excitation wavelength of 340-390 nm using
an inverted fluorescence microscope (Power IX71, Olympus
Co, Japan).

HPLC Analysis

The HPLC assay to analyze the NDFX content for the en-
capsulation efficiency and the transdermal accumulation
assays used a Shimadzu LC-20A ultraviolet visible light
photometer (Shimadzu Co, Japan) and a Waters e 2795
ultraviolet visible light photometer (Japan Waters Co., Ltd.,
Japan), respectively. The mobile phase was water/
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acetonitrile/acetic acid = 130/70/1 at a flow rate of 1.0 mL/
min. The injection volume was 50 pL. The HPLC column
was an Inertsil® ODS-3 column (@5 pm, 4.6 X 150 nm, GL.
Sciences Inc., Japan). The UV detector wavelength was set at
280 nm. The column temperature was kept at 35°C.

RESULTS AND DISCUSSION

Initial Characterizing of APPS/DSPE-PEG 2000/IPM
Nanoparticles

Size of Nanoparticles

Table I shows the particle size distribution measurements of
the prepared APPS/DSPE-PEG 2000/IPM nanoparticles.
The average particle diameters of APPS/DSPE-PEG
2000/IPM with compositions of 1/1/0.5, 1/1/1, and 1/1/2
were 180.8 £12.3, 261.3£19.7, and 350.2 £ 33.0 nm,
respectively. From hese results, the nanoparticle sizes tended
to increase as the concentration of IPM increased. It is known
that the emulsion improves the stability by miniaturization
(13). APPS/DSPE-PEG 2000/IPM with ratios of 1/1/0.5
produced the smallest particle size of the prepared nanopar-
ticles. Therefore, it was deemed appropriate for further study.

Stability of Nanoparticles

When the APPS/DSPE-PEG 2000/IPM =1/1/0.5 nano-
particles were initially prepared, they were translucent, light
blue in color, with an average particle diameter of 175.9 nm.
After 24 h, they became turbid, with an average particle di-
ameter of 355.5 nm, and therefore they were recognized to
aggregate (Fig. 2). By adjusting the amount of salt, nanopar-
ticles will resist coalescing and aggregating due to a moderate,
salt-dependent repulsion occurring among the charged nano-
particles (6). Increasing concentrations of magnesium chloride
(MgCly) were added to the APPS/DSPE-PEG 2000/IPM =
1/1/0.5 nanoparticles to attempt to stabilize them. To APPS,
APPS/IPM = 1/0.5, and APPS/DSPE-PEG 2000/1PM =
1/1/0.5 was added 2.5 x 10~ mmol/L. MgCl,. Both APPS
and APPS/IPM =1/0.5 turned cloudy (Fig. 3), but
APPS/DSPE-PEG 2000/IPM = 1/1/0.5 did not. The result
shows that MgCl, contributed to the stability of the nanopar-
ticles. To confirm the effect of MgCl, on the nanoparticles,
different concentrations of MgCl, were prepared and added
to the APPS/DSPE-PEG 2000/IPM = 1/1/0.5, and the par-
ticle size distribution was measured. The nanoparticle size
decreased with increasing concentration of MgCly (Fig. 4).
APPS/DSPE-PEG 2000/IPM =1/1/0.5, APPS/DSPE-
PEG 2000/IPM/MgCl,=1/1/0.5/2.5x 10",
APPS/DSPE-PEG 2000/IPM/MgCl; =1/1/0.5/6.25 X
107", and APPS/DSPE-PEG 2000/TPM/MgCl, = 1/1/

0.5/12.5 % 10~* produced sharp particle size distributions.
APPS/DSPE-PEG 2000/IPM/MgCl, =1/1/0.5/2.5 X
10"% was presumed to be unstable because it appeared
different than the other nanoparticles and precipitated during
storing for 24 h at 25°C.

The charge on the particle surface is important for
dispersibility and stability of the nanoparticle. So, each pre-
pared sample was assayed for zeta potential (Table I). The
zeta potentials of APPS and DSPE-PEG 2000 were —66.9
+3.5 mV and —23.9 4.3 mV, respectively. Because
APPS/DSPE-PEG 2000/IPM = 1/1/0.5 was measured at
—67.9 3.0 mV, this zeta potential was presumably derived
from APPS. APPS/DSPE-PEG 2000/IPM/MgCl, =1/1/
0.5/2.5 % 107>, APPS/DSPE-PEG 2000/TPM/MgCl, = 1/
1/0.5/6.25 x 107>, APPS/DSPE-PEG 2000/IPM/
MgCly =1/1/0.5/1.25 x 10~*, and APPS/DSPE-PEG
2000/TPM/MgCly = 1/1/0.5/2.5 % 10> were measured at
—61.4£3.0 mV, -57.6 2.3 mV, —34.6 £ 1.5 mV, and
—15.3+ 1.0 mV, respectively. The result shows that, as the
concentration of MgCly in the nanoparticles increases, the
absolute value of the zeta potential decreases.

According to Singh et al., nanoparticles that have a zeta
potential beyond an absolute value of ~30 mV are stable in
suspension, as the surface charge of particles prevents agglom-
eration (40). Because APPS/DSPE-PEG 2000/IPM/MgCl, =
1/1/0.5/2.5 % 10~° had an absolute zeta potential of less than
30 mV, this nanoparticle was unstable and produced precipi-
tates. As the concentration of MgCl, in the aqueous solution
increases, the electrostatic repulsive forces due to the interaction
between electric double layers around the particle surfaces
decrease, and precipitation occurs from salting out.

Therefore, from the results of particle size and zeta poten-
tial measurements, it was determined that APPS/DSPE-PEG
2000/TPM/MgCl, = 1/1/0.5/12.5 X 10~" was the most sta-
ble of the prepared nanoparticles.

Encapsulation of drug in nanoparticles

Table I shows the particle size, zeta potential, and EE% of
APPS/DEPE-PEG 2000/IPM/NDFX nanoparticles.
APPS/DSPE- PEG 2000/IPM/NDFX =1/1/0.5/0.01 had
an average particle diameter of 192.2 + 8.5 nm, zeta potential
of =72.9+2.6 mV, and EE% of 75.7 = 2.5%. Moreover,
APPS/DSPE-PEG 2000/IPM/NDFX/MgCly, =1/1/0.5/
0.01/12.5 X 10~* had an average particle diameter of 157.2

1+ 10.1 nm, zeta potential of —43.8 £ 2.4 mV, and EE% of
76.8 + 7.3%. As a result, NDFX was likely encapsulated in the
nanoparticles because they had a larger particle size than that
of APPS/DSPE-PEG 2000/IPM=1/1/0.5 and
APPS/DSPE-PEG 2000/IPM/MgCl; =1/1/0.5/12.5 X

107", the corresponding particles without NDFX encapsula-
tion (181.8 = 12.3 and 129.2 £ 2.6 nm, respectively). Since
NDIFX is a lipophilic drug, it was encapsulated in nanocarrier

@ Springer
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Table 1 Mean Particle Size, Zeta

Potential (ZP), Entrapment Sample Size (nm) ZP (mV) EE (%)
Efficiency (EE %) of Nanoparticles
APPS 136.7 = 8.0 —669 +35 -
DSPE-PEG 2000 28 = 0.1 —239+43 -
APPS/ DSPE-PEG 2000 = 1/ | 55+05 —282+36 -
APPS/IPM =1/0.5 2064 =372 —685+=08 -
DSPE-PEG 2000/ IPM =1/0.5 3350763 =521 =10 -
APPS/ DSPE-PEG 2000/ IPM =1/1/0.5 1808 £ 123 —679 30 -
APPS/ DSPE-PEG 2000/ IPM =1/ 1/ | 2613197 =793 06 -
APPS/ DSPE-PEG 2000/ IPM =1/ 1/2 3502 £33.0 87427 -
APPS/ DSPE-PEG 2000/ IPM/MgCIl2 = 1/1/0.5/2.5 x 107* 156.8 = 1.4 —614+07 -
APPS/ DSPE-PEG 2000/ IPM/MgCR2 = 1/1/0.5/6.25 x 107* 1413 = 1.3 =576 +23 -
APPS/ DSPE-PEG 2000/ IPM/MgCI2 = 1/1/0.5/ 12.5 x 107* 1292 £ 2.6 —346=15 -
APPS/ DSPE-PEG 2000/ IPM/MgCIl2 = 1/1/0.5/2.5 x 1073 1264 + 1.9 —I153+10 -
APPS/ DSPE-PEG 2000/ IPM/NDFX =1/ 1/0.5/0.01 1922 = 8.5 =729 %x26 757%x25
APPS/ DSPE-PEG 2000/ IPM/NDFX/MgCl2 = 1/1/0.5/0.01/ 1572 £ 10.1 —438+24 768=+73

125 % 1074

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

by interaction with fatty chains of APPS, DSPE-PEG 2000
and IPM. In addition, the zeta potentials would not be
expected to change significantly, and encapsulating NDFX
would increase its dispersed stability in water.

Stability Test

Nanoparticles are thermodynamically unstable systems and
the state and stability of the emulsions differ greatly due to
the preparation methods and slight composition differences.
Fig. 5 shows the results of the evaluation of the particles for
stability in water under light-shielding at 25°C for 14 days.
APPS/DSPE-PEG 2000/IPM = 1/1/0.5 and APPS/DSPE-
PEG 2000/IPM/NDFX =1/1/0.5/0.01, without added
MgCl,, had average particle diameters of 180.8 £ 12.3 and

Fig. 2 Changes in particle size of

APPS/DSPE-PEG2000/IPM = 1/1/
0.5 nanoparticles after 24 h at 25°C.
(@) Nanoparticles after preparation,
(b) Nanoparticles after 24 h.

Frequency (%)

15
[
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|
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192.2 £ 8.5 nm, respectively, on the first day, but increased
in size over time, reaching 752.1 £65.6 and 673.4
196.9 nm, respectively, by day 14. In contrast, nanoparticles
with added MgCly, APPS/DSPE-PEG 2000/IPM/MgCl, =
1/1/0.5/12.5 x 10~ and APPS/DSPE-PEG 2000/TPM/
NDFX/MgCl, = 1/1/0.5/0.01/12.5 x 10~*, had average
particle diameters of 129.2 £ 2.6 and 157.2 % 10.1 nm on
the first day, but 144.9 £ 6.2 and 182.2 £ 7.3 nm by day
14, respectively. Since the particle size did not change signifi-
cantly, it was concluded that the nanoparticles existed stably
in water.

The inorganic salt may be useful when the dispersoid
can be stabilized by changing the hydration state of the hy-
drophilic group of the amphipathic molecule (41). This im-
parts three effects to the emulsion. First, particle size

mv=355.5nm
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Fig. 3 Effect of MgCl, solution on the particle. (@) APPS, (b) APPS/IPM = |/
0.5.

decreases. Second, collision frequency decreases due to the
increased attraction between particles based on Van der
Waals interactions. Finally, the surfactant increases adsorption
density (42,43).

In this study, adding MgCly to the system decreased
particle size compared to that without MgCly (Table I), and
we observed a sharp particle size distribution on the first day

Page 7 of 14 1
1,000
---®-=" APPS/ DSPE-PEG 2000/ IPM =1/ 1/0.5
m-— APPS/ DSPE-PEG 2000/ IPM/ MgCl, =1/ 1/0.5/12.5 X 10*
—o— APPS/ DSPE-PEG 2000/ IPM/ NDFX =1/ 1/0.5/0.01
800

APPS/ DSPE-PEG 2000/ IPM/ NDFX/ MgCl,
=1/1/0.5/0.01/12.5x 10+ -

Particle size (nm)
D
8

S
8

200

0 1 3 5 7 14
Storage times (day)

Fig. 5 Changes in particle size of APPS/DSPE-PEG 2000/IPM = 1/1/0.5
nanoparticles and APPS/DSPE-PEG 2000/IPM/NDFX = 1/1/0.5/0.01 nano-
particles after the storage at 25°C. Each point represents the mean = S.D.
(n=23).

of the stability test. Furthermore, with MgCly, we were not
able to see significant changes in particle diameter when the
nanoparticles were stored for 14 days. These properties resulted
from the three aforementioned effects of the inorganic salt.
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In terms of zeta potential, by the results of the stability test,
APPS/DSPE-PEG 2000/IPM = 1/1/0.5 and APPS/DSPE-
PEG 2000/IPM/NDFX =1/1/0.5/0.01 were —88.9 and
—76.2 mV, respectively on the first day. After 14 days, they
were —44.3 and —40.9 mV, respectively, and their zeta po-
tentials were rising. Thus, a zeta potential of approximately
—70 mV increases collision frequency between particles and
induces aggregation and collapse of nanoparticles.
Additionally, the zeta potentials converged to about
—40 mV at 14 days because the particle sizes became enlarged
by aggregation and collapse. In contrast, APPS/DSPE-PEG
2000/IPM/MgCly,=1/1/0.5/12.5%x 10" * and
APPS/DSPE-PEG 2000/IPM/NDFX/MgCl, = 1/1/0.5/
0.01/12.5x 10" were —44.4 and —44.1 mV, respectively,
on the first day, but —31.2 and —43.0 mV, respectively, by
day 14. The zeta potential was maintained at approximately
-(30~40) mV for 14 days. Accordingly, the prepared
nanoparticles could disperse stably in water at approximately
—40 mV.

Shape Evaluation of APPS/DSPE-PEG 2000/IPM/NDFX
Nanoparticles

Figure 6 shows the TEM results for the nanoparticles. The
TEM results conformed to the results of the particle size mea-
surements, so that they appeared to be ~100-200 nm wide.
DSPE-PEG 2000 forms micelles with lipid membrane and
disk structures (44, 45). APPS/DSPE-PEG 2000/IPM/
NDFX nanoparticles were likely to form either structure.
Generally, double membrane structures, such as liposomes,
form lamellar structures (46). We did not observe lamellar
structures in the TEM images of our prepared nanoparticles,
so they were micellar. In addition, even if NDFX was encap-
sulated inside APPS/DSPE-PEG 2000/IPM =1/1/0.5, the
nanoparticles were able to maintain their shape.

Structural Evaluation of APPS/DSPE-PEG 2000/IPM
Nanoparticles

3IP_NMR

STP-NMR is widely used to characterize the configuration of
the structure of phospholipids. Thus, evaluating the atomic
state of phosphorus allowed us to determine the change of
the molecular state of APPS and DSPE-PEG 2000 in the
nanoparticle (39,47). Figure 7 shows the results of the *'P—
NMR. APPS alone produced a shift at 1.42 ppm (v;,9 =
3.3 Hz) and was confirmed to have high mobility (Fig. 7(a)).
DSPE-PEG 2000 alone produced a shift at —0.23 ppm
(viso =20.4 Hz) (Fig. 7(b)). The peak was broad because
DSPE-PEG 2000 was a surfactant and had viscosity.
APPS/IPM = 1/0.5 produced a shift at 1.42 ppm (v;,9 =
3.0 Hz); the peak width became narrower, with a greater

@ Springer

mobility of phosphorus compared with that of APPS alone
(Fig. 7(c)). This was presumed to arise from the high mobility
of IPM (48). APPS/DSPE-PEG 2000 = 1/1 produced two
shifts, 1.47 ppm (v;,9=5.0 Hz) and —0.13 ppm (v, =
8.0 Hz) (Ig. 7(d)). The chemical shift at 1.47 ppm (v|,9 =
5.0 Hz) arose from the APPS. The mobility of phosphorus
was reduced because the peak shifted to the lower field side
and broadened compared with that of APPS alone. However,
the shift at —0.13 ppm (v, o = 8.0 Hz) arose from DSPE-PEG
2000. Intermolecular interaction occurred between APPS
and DSPE-PEG 2000 because the peak shifted to the lower
field side compared with that of DSPE-PEG 2000 alone.
Besides, *'P-NMR is used to distinguish PEGylated micelles
or liposomes. Micelles show narrow peak widths and lipo-
somes show wide peak widths in *"P-NMR (49). It was in-
ferred from the peak derived from the DSPE-PEG 2000 of
APPS/DSPE-PEG 2000=1/1 that APPS/DSPE-PEG
2000 =1/1 forms micelles to produce a narrow peak width.
APPS/DSPE-PEG2000/IPM = 1/1/0.5 produced two shifts,
1.51 ppm (vi 0 = 5.2 Hz) and —0.13 ppm (v, o = 8.7 Hz) (Fig.
7(e)). The chemical shift at 1.51 ppm (v, = 5.2 Hz) arose
from APPS. It was assumed that the mobility of phosphorus
was reduced because the peak shifted to the lower field side
and became broad compared with that of APPS alone and
APPS/DSPE-PEG 2000 =1/1. The shift at —0.13 ppm
(V1,2 = 8.7 Hz) was on the lower field side compared with that
of DSPE-PEG 2000 alone. So, it seems that PEG has inter-
molecular interactions with APPS and IPM. Additionally,
the narrow peak widths suggest the formation of micelles.
APPS/DSPE-PEG2000/IPM = 1/1/0.5 has been confirmed
already to have micelle-like particles by TEM (Fig. 6). Hence,
the prepared nanoparticles were likely to have formed mi-
celles. It was difficult to measure APPS/DSPE-PEG
2000/TPM/MgCly, = 1/1/0.5/12.5 x 10" using *'"P-NMR
because of the interference from the paramagnetic Mg”* ion
(Fig. 7(f)) (50). Therefore, after nanoparticle preparation,
the phosphorus of APPS and DSPE-PEG 2000 seemed to
suppress the mobility due to hydrophobic interactions
among the hydrophobic chains of APPS, DSPE-PEG 2000,
and IPM.

Functional Evaluation of Nanoparticles
DPPH Radical Scavenging Activity Assay

Because APPS has antioxidant activity (22), APPS/DSPE-
PEG 2000/TPM/NDFX nanoparticles are expected to have
a similar effect when applied to the skin. The DPPH radical
scavenging activity assay was used to evaluate the antioxidant
activity of APPS, APPS/DSPE-PEG 2000/IPM/NDFX =
1/170.570.01 and APPS/DSPE-PEG 2000/IPM/NDFX/
MgCl, = 1/1/0.5/0.01/12.5 x 10",
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Fig. 6 TEM image of
nanoparticles. (a) APPS/DSPE-PEG
2000/PM = 1/1/0.5, (b)
APPS/DSPE-PEG 2000/PM/
MgCl, = 1/1/0.5/12.5 % 107%, (c)
APPS/DSPE-PEG 2000/PM/
NDFX = 1/1/0.5/0.01, (d)
APPS/DSPE-PEG 2000/PM/
NDFXMgCh, = 1/1/0.50.01/
12,5 % 10°%

100 nm

Figure 8 shows the results of the assay. The ICs, of APPS,
APPS/DSPE-PEG 2000/IPM/NDFX =1/1/0.5/0.01 and
APPS/DSPE-PEG 2000/IPM/NDFX/MgCl, = 1/1/0.5/
0.01/12.5% 10" were 38.0£3.9, 37.1£2.1, and 37.6 £
1.3 pmol/L, respectively. This confirmed that the antioxidant
activity of APPS was not lost after preparation of the nano-
particles. In consequence, the nanoparticles are expected to
act, not only as carriers that encapsulate poorly water-soluble
drugs or substances to protect them from oxidation, but also as
antioxidants when used on the skin.

Skin penetration test and Fluorescence microscopy study

First, Tables IT and III show the results of the skin permeation
test after 24 h. NDFX was not detected in the YMP skin when
NDFX suspension was tested. In contrast, the amount of
NDFX found in the skin with APPS/DSPE-PEG
2000/IPM/NDFX =1/1/0.5/0.01 and APPS/DSPE-PEG
2000/IPM/NDFX/MgCl, = 1/1/0.5/0.01:12.5 X 10~* was
0.32+0.17 pg/cm? and 0.36 +0.17 ug/cm?, respectively.
As a result, it was confirmed that NDFX remained in the skin
with the nanoparticle formulations. Moreover, considering

the EE% of NDFX into the nanoparticles, the penetration
rate into the skin of APPS/DSPE-PEG 2000/IPM/
NDFX =1/1/0.5/0.01 and APPS/DSPE-PEG 2000/IPM/
NDFX/MgCl, = 1/1/0.5/0.01/12.5 x 10™* was 12.5 +
5.2% and 12.1 * 6.2%, respectively. Therefore, this suggests
that the nanoparticle formulation 1s an effective method for
delivering NDFX into the skin.

Second, Fig. 9 shows the results of observing the frozen
sections of YMP skin after the skin penetration test by fluores-
cence microscopy. Skin treated with NDFX suspension fluo-
resced at its surface, but did not fluoresce underneath. This
corroborates the inability to detect NDFX in the skin by the
penetration test. In contrast, skin treated with APPS/DSPE-
PEG 2000/IPM/NDFX =1/1/0.5/0.01 and APPS/DSPE-
PEG 2000/IPM/NDFX/MgCl, =1/1/0.5/0.01/12.5 X
10~* fluoresced brightly, especially the skin surface layer
and interspace.

Scheme 1 shows the proposed skin penetration pathways of
NDFX. The pathways are classified into two types. One is the
stratum corneum pathway via intercellular and intracellular
cornified cells, and the other is the transappendageal pathway
via hair follicles and sweat glands. The stratum corneum

@ Springer
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Fig. 7 *'P-NMR spectra of

nanoparticles. (a) APPS, (b) DSPE- o
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pathway consists mostly of the skin penetration area. Most
drugs are transdermally absorbed through the intercellular
pathway because the intercellular gaps have hydrophilic and
hydrophobic components. Lipophilic substances have a high
affinity with the constituents of the intercellular gap, so the
intercellular pathway is the main penetration pathway for
low molecular weight lipid soluble substances. By contrast,
the transappendageal pathway represents only ~0.1% of the
total skin area. However, it is used as an intradermal invasion
pathway for substances with extremely low keratolytic

permeability, polymers, and water-soluble substances (51).
APPS/DSPE-PEG 2000/IPM/NDFX =1/1/0.5/0.01 and
APPS/DSPE-PEG 2000/IPM/NDFX/MgCly =1/1/0.5/
0.01/12.5x 10~ fluoresced strongly at intercellular gaps
(white arrow in Fig. 9), so that NDFX used the intercellular
pathway as a main skin penetration pathway.

Furthermore, “the 500 Da (Da) rule” should be considered
for skin penetration of a drug. According to Bos and
Meinardi, poorly water-soluble drugs and drugs with
molecular weights of < 500 can be delivered to skin tissue

Fig. 8 Scavenging of DPPH radical 100 7(a) 100 1(b) 100 1(c)
by APPS. (@) APPS, (b) APPS/DSPE- <80 580 & 5 80 o
PEG ZOOO/”DM = |/| /05, (C) g 60 g 60 AA‘ g 60 r
APPS/DSPE-PEG 2000/1PM/ £ 40 £ 40 ) A Z 40
MgCl, = 1/1/0.5/12.5 x 10~ (d) £ £ 4 | '
APPS/DSPE-PEG 20001PM/ 01 im0t 30qmorny 0 | lco=296 = soumory o | Wice=356 £ 34 umol )
NDFX = 1/1/0.5/0.01, (e) 0 0 0
APPS/DSPE-PEG 2000/1PM/ 1 10 100 1000 1 10 100 1000 1 10 100 1000
MgClz/ NDFX = |/| /05/00 |/ Concentration (umol/ L) Concentration (pmol/ L) Concentration (pmol/ L)
12.5 % 10" Results are expressed 100 +(d) 100 1(e)
as means = S.D. (n = 3), No 50 80
significant difference (Tukey's test). S e

g 60 H 60

240 240

=20 =20

o ICso=37.1 + 2.1 (umol/ L) 0 IC5o=37.6 = 1.3 (umol/ L)

1 10

Concentration (umol/ L)
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Table Il Cumulative Amount of

Transdermal NDFX After 24 h Sample

Amount of trasdermal NDFX (ug/cm?2)

NDFX suspension
IPM/NDFEX = 0.5/0.01

APPS/DSPE-PEG 2000/PM/NDFX = 1/1/0.5/0.01
APPS/DSPE-PEG 2000/PM/NDFX/MgCI2 = 1/1/0.50.01/12.5 % 10~*

Not detected
0.20 +£0.04
032+0.17
036 £0.17

Results are expressed as mean = S.D. (n = 3), No significant difference (Tukey's test)

for the purpose of topical or systemic action without using
transdermal absorption promoting technology (52).
Additionally, Bouwsta surmised that liposomes functioned as
a carrier delivering the drug deeply into the skin or as an
absorption enhancer perturbing the structure of the stratum
corneum. She believed that the liposome penetrated mainly
though intercellular gaps, that there was a channel among
intercellular gaps to easily pass topically applied compounds,
and that the drug would penetrate through this site (53,54).
By the 500 Da rule, it is unlikely that nanoparticles would
penetrate the skin, while maintaining their form. IPM, a com-
ponent of our nanoparticles, is known to be a skin penetration
enhancer (55). Therefore, IPM was likely involved to a large
extent with NDFX penetrating the skin. When IPM/
NDFX =0.5/0.01 was subjected to the skin penetration test,
NDFX remained in the YMP skin at 0.20 + 0.04 p.g/ch
(Table II). There was no significant difference between the
nanoparticle formulations, IPM/NDFX =0.5/0.01 and
APPS/DSPE-PEG 2000/IPM/NDFX =1/1/0.5/0.01.
However, the formulations tended to accumulate larger
amounts of transdermal NDFX than the IPM/NDFX =
0.570.01. In the fluorescence microscope images, IPM/
NDFX =0.5/0.01 had strong fluorescence at the skin surface
layer and fluorescence topically in the skin. However, IPM/
NDFX =0.5/0.01 fluoresced lesser than the nanoparticle for-
mulation in whole skin (Fig. 9). As a result, it was effective to
include IPM in the skin targeting formulation, and the nano-
particle formulation was an effective means to deliver the drug
effectively into the skin. Fatty acids with carbon numbers of
10-18 are endogenous components of human skin, and can
enhance transdermal penetration of lipophilic and hydrophilic
substances (30). APPS could produce an equivalent effect as
IPM because the former contains palmitic acid, with a carbon
number of 16. Furthermore, DSPE-PEG 2000 is a surfactant.

Hence, the most reasonable skin permeation mechanism of

NDIX is that NDFX penetrates the skin by APPS/DSPE-
PEG 2000/IPM =1/1/0.5, which consists of components
with high affinity for the lipid portions of the skin, exchanging
skin lipid with these lipid substances, fusing with the skin lipid,
and upsetting the fluidity of the skin lipid matrix.

CONCLUSION

It was possible to form nanoparticles composed of APPS,
DSPE-PEG 2000, and IPM using an ultrasonic homogenizer;
from the results of the particle size distribution measurements,
NDFX was encapsulated in the nanoparticles by the hydra-
tion method.

In addition, the particle size of APPS/DSPE-PEG
2000/IPM/NDFX =1/1/0.5/0.01 increased over several
days by aggregation, but APPS/DSPE-PEG 2000/IPM/
NDFX/MgCl, = 1/1/0.5/0.01/12.5 x 10~*, with added
MgCly, could disperse stably at 25°C for at least 14 days.

By TEM observation, APPS/DSPE-PEG 2000/IPM/
NDFX =1/1/0.5/0.01 and APPS/DSPE-PEG 2000/IPM/
NDFX/MgCl, = 1/1/0.5/0.01/12.5 x 10~* appeared as
spherical, micellar particles. Even with NDIFX enclosed in
APPS/DSPE-PEG 2000/IPM = 1/1/0.5, the nanoparticles
were able to keep their shape. Similarly, the results of *'P—
NMR suggested that the prepared nanoparticles were
micelles.

Both APPS/DSPE-PEG 2000/IPM/NDFX =1/1/0.5/
0.01 and APPS/DSPE-PEG 2000/IPM/NDFX/MgCl, =
1/1/0.5/0.01/12.5 x 10~* have similar antioxidant activity
to that of APPS. Therefore, nanoparticles could be expected
to have antioxidant activity when used on the skin.

From the skin permeation test, NDFX transfer into the skin
was improved by the nanoparticle formulation.

Table Il Skin Retention Rate of

NDFX Sample

Skin retention of NDFX (%)

NDFX suspension

APPS/DSPE-PEG 2000/PM/NDFX = 1/1/0.5/0.01
APPS/DSPE-PEG 2000/PM/NDFXMgCI2 = 1/1/0.50.01/12.5 x 10~*

Not detected
125+52
2.1 +6.2

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

4

1
(2)

Fig. 9 Fluorescence microscope

images of the epidermal side of
YMP skin. (@) NDFX suspension,

(b) APPS/DSPE-PEG2000/PM/
NDFX = 1/1/0.5/0.01, (c)
APPS/DSPE-PEG2000/IPM/
NDFXMgCl, = 1/1/0.5/0.01/
12.5 x 10~%, (d) Untreated, (e)
IPM/NDFX = 0.5/0.01.
(d)

NDFX, a model drug, is commercially available in Japan
as ointment, cream, and lotion formulations. If the prepared
formulations in this study become usable as a prescription

design product, they will demonstrate not only the bactericidal

Scheme | The model
mechanisms of action of
nanoparticles as skin drug delivery

systems.
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Therefore, it 1s suggested that nanoparticles using APPS

are useful skin targeting nanocarriers.
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