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Abstract

Background: Ascorbic acid (AA) is a powerful antioxidant that can help slow premature skin aging, improve the appearance
of acne, wrinkles and dark spots, and against sun damage. Despite these advantages, the low oxidative stability and skin
penetration rate of A4 are major obstacles to commercial applications and require improvement.

Methods: In this study, we developed ascorbyl propyl hyaluronate (APH), a hyaluronic acid conjugated with ascorbic acid, to
overcome the disadvantages of AA. To confirm the characteristics of the developed APH, the thermal stability, skin penetration
rate, and antioxidant capacity were evaluated, and the cell viability, cell proliferation, and skin-related cell regeneration efficacy
were compared with the conventional AA.

Results: We demonstrated that APH is improved thermal stability than AA while maintaining antioxidant activity. In addition,
APH was not cytotoxic and increased cell proliferation in a dose-dependent manner. Furthermore, APH not only reduces
inflammatory cytokine expression, melanin content, and cellular tyrosinase activity, but also increases type I collagen production,
Enhanced cell barrier function and actin filament development.

Conclusion: This strategy using APH with improved oxidative stability and tissue penetration efficiency is expected to provide
a useful source for maximizing the effectiveness of anti-aging and skin tissue regeneration in the future when combined with

various modern skin aging treatments.
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1. Introduction

Skin is an organ that exists in the outermost layer of the body
and is an important organ that has a barrier function to prevent
evaporation of moisture in the body and to protect the body
from invasion of foreign substances such as chemicals or
microorganisms from the outside [1-3]. However, the skin barrier
is damaged by external stimuli factors caused by climate change
and environmental pollution, and the proportion of patients with
skin sensitivity, such as skin inflammation and dryness due to
moisture loss, is increasing [4-6]. Continuous exposure to external
stimulants increases the generation of reactive oxygen species
(ROS), which induces damage and death of skin related cells and
increases skin aging [7,8]. In addition, it has been reported that
inflammatory factors activated by external stimuli damage the skin
barrier and reduce skin elasticity by promoting the production of

MMP-1 (matrix metalloproteinase-1), an enzyme that degrades
collagen protein due to active ROS [9,10].

L-ascorbic acid (AA or vitamin C, Figure. 1A), which is abundant
in plants, fruits, vegetables, and algae, is used in human tissues
as a non-enzymatic antioxidant and reduces oxidative damage
to cellular organelles by reducing the reactivity of free radicals
[11,12]. Recently, the biochemical properties of AA have attracted
considerable attention due to their skin protective effects, such
as photo-protection effects against UV and inhibition effects of
melanin production [13,14]. However, AA, a hydrophilic substance,
has difficulty penetrating the hydrophobic stratum corneum and is
easily oxidized when exposed to various environmental factors such
as heat, light, moisture, and oxygen due to its low stability [15,16].
Therefore, despite many advantages, a poor oxidative stability of
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AA is one of the major obstacles to its application in various fields
such as cosmetics, dermatology, and pharmaceuticals [17,20].
Some AA derivatives such as AA2G (Ascorbic acid 2-glucoside),
AAE (3-o-ethyl-l-ascorbic acid), MAP (magnesium ascorbyl-2-
phosphate) and AA6P (Ascorbyl 6-palmitate) have been proposed

HO

in order to overcome the production process of AA and instability
within dosage form[21,24]. Unfortunately, the enhanced stability
of ascorbic acid also accompanied the impaired permeability or
lowered activity during the topical application on human skin (25).

OH

Ascorbic acid {AA)

Figure 1A

Meanwhile, Hyaluronic acid (HA, Figure. 1B) is a biopolymer
formed by combining N-acetylglucosamine (UDP-GlcNAc) and
glucuronic acid (UDP-GIcUA) together in the form of a chain and
is known as an important constituent of connective tissue such as
skin or cartilage tissues [26,28]. In addition, several previous studies
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have reported that hyaluronic acid can be used as an important
biomedical material for drug delivery and tissue engineering, and
that transdermal delivery efficiency can be improved by delivering
conjugated with HA and drugs or hormones [29-32].
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Oligo-hvaluronate ((-HA)

Figure 1B

In the present study, on the basis of positive effect of HA, we
hypothesized that it is possible to conjugate of HA-AA (Ascorbyl
Propyl Hyaluronate, APH, Figure. 1C) for enhancing the stability
of AA and creating synergistic effects of conjugates. The APH was
synthesized by introducing an alkyl group into the hydroxyl group
at C3 of ascorbic acid using the Mitsunobu synthesis method and
then etherifying the modified oligo-HA (O-HA)[33]. The purpose
of this study was to determine whether the newly synthesized APH

could improve the instability of AA while maintaining antioxidant
and anti-inflammatory effects and prevents skin aging through
the moisturizing and cell penetration effects of HA. In order to
evaluate the anti-aging effect of the newly synthesized APH, we
investigated the APH activity test in three stages: in vitro thermal
stability and release test, in vitro cell behavior and antioxidant test,
and in vitro anti-aging test.
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Ascorbyl Propyl Hyaluronate (APH)
Figure 1C

2. Materials and Methods

2.1 Materials

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were purchased from Invitrogen-Gibco (Grand
Island, NY. USA). Neonatal human dermal fibroblast (HDF,
ATCC Catalog No. PCS-201-010), murine macrophage J774A.1
cells (ATCC Catalog No. TIB-67), and murine melanoma
B16F10 cells (ATCC Catalog No. CRL-6475) were purchased
from ATCC (Manassas, VA, USA). Procollagen type I C-peptide
(PIP) ELISA kit was purchased from Takara (Shiga, Japan) and
PEG2, and TNF-o ELISA kit were purchased from R&D Systems
(Minneapolis, MN, USA). The a-melanocyte stimulating hormone
(0-MSH), arbutin, ascorbic acid, and L-DOPA were obtained
from Sigma-Aldrich (St. Louis, MO. USA). Oligo hyaluronic
acid, with an average molecular weight is 5,000 Da was obtained
from SK bioland (Dongnam, Korea). Strat-M Synthetic membrane
was obtained from Merck Millipore (Merck KGaA, Darmstadt,
Germany).

For the preparation of APH various chemicals were used such as:
Triphenylphosphine, DIAD, 1-bromopropanol, L-Ascorbic-Acid-
Acetonide, and THF (ACS grade) were purchased from Sigma
Aldrich. NMR spectra were recorded with 400 MHz for IH NMR
spectrometer. The chemical shifts are reported in parts per million
related to tetramethyl silane as an internal standard. 1H NMR
spectra are reported relative to residual D20 (d = 4.79 ppm).

2.2 Synthesis of HA-ascorbic acid (APH) Conjugate

Briefly, an alkyl group is introduced into the hydroxyl group
at C3 of ascorbic acid protected in the form of an acetal using
the Mitsunobu synthesis method, and then the protective group
is removed. This compound was reacted with hyaluronic acid
tetrabutylammonium salt in DMSO for about 24 hours to obtain
the final compound, ascorbyl propyl hyaluronate (APH). In more

detail, the synthesis of APH consists of the following four steps:

4-(3-bromopropoxy)-5-(2,2-dimethyl-1,3-dioxolan-4-yl)-3-
hydroxyfuran-2(5H)-one (1): To a stirred solution of Ph3P (1.2 eq)
in dry THF at 0°C was added DIAD (1.2 eq). After 15 minutes
at 0°C, white solid (Mitsunobu betaine) was formed. Stirring
was continued at 0°C for additional 10 minutes. Then a solution
of L-Ascorbic-Acid-Acetonide (1 eq) in THF was added. After
5 minutes, the mixture was treated with 1-bromopropanol (1.2
eq) and stirred for 3 hours at RT. The solvents were removed
under reduced pressure. The resulting oil was purified by column
chromatography on silica gel (1:1 hexane/EtOAc) to give a viscous.

4-(3-bromopropoxy)-5-(1,2-dihydroxyethyl)-3-hydroxyfuran-
2(5H)-one (2): To a stirred solution of compound 1 in MeOH (10
mL) was treated with conc.HCI (3 mL) and stirred for 3 hours at
RT. The solvents were removed under reduced pressure to give a
colorless viscous oil, which was used for the subsequent reaction
without purification.

HA-TBA salt (3): The sodium salt of HA is converted to a
tetrabutylammonium (TBA; Sigma) salt by acidic ion exchange
(room temperature, 8 hours) with Dowex 50 W x 8-100 resin,
neutralized in aqueous TBA hydroxide. The solution was then
freeze-dried and resulting TBA-HA was kept in a freezer until
further use.

Ascorbyl Propyl Hyaluronate (4): HA-TBA (1 eq) are
solubilized in 10 mL DMSO, and then compound 2 (1.2 eq) and
tetrabutylammonium iodide (0.1 eq) were added. The resulting
solution was stirred for 24 hours at RT and slowly poured into
acetone under agitation. A precipitate is formed which is filtered
and washed three times acetone and finally vacuum dried for 8
hours.
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2.3 NMR Analysis

Three kinds of samples (AA, O-HA and APH) were prepared for
solution NMR analysis. 25 mg of each sample was dissolved in
600 pL 100% D20 and final concentration of samples were 142
uM, 65 pM and 3.1 uM respectively. All NMR spectra were
recorded using a Bruker Avance III spectrometer operating 400
MHz (Bruker Biospin, Germany) equipped with a z-gradient unit.
The complex point of 1D 1H NMR spectra was 65 K and spectral
widths were 8 KHz. Acquisition time and relaxation delay were
0.5 and 10 seconds respectively. All experiments were carried out
at 50°C.

2.4 In Vitro Thermal Stability Test

APH and AA were dissolved in water at concentrations of 1000
pg/mL and 150 pg/mL, respectively, and incubated at 50°C. After
incubation, samples taken at 0, 24, and 48 hours were analyzed by
HPLC (Agilent technology 1200 series, Santa Clara, CA. USA).
The area value of 0-hour sample was set as control and calculated
as 100. Area values were calculated after 24 and 48 hours and
compared with the control group.

2.5 Ascorbic Acid Assay

Ascorbic acid was measured using ascorbic acid colorimetric
assay kit (BioVision, Korea). First, prepare test samples to a final
volume of 120 puL/well with ascorbic acid assay buffer in a 96-well
microplate. Second, 30 pL of catalyst was added to each well, and
50 pL of the reaction mixture (46 puL Ascorbic acid assay buffer,
2 uL Ascorbic acid probe, 2 pL Ascorbic acid enzyme) was added
with blocking of light. Absorbance measurements were performed
at 570 nm using a microplate reader.

2.6 DPPH Scavenging Activity Assay

The antioxidant potential of AA, O-HA and APH was assessed
using the DPPH scavenging photometric assay. For DPPH assay,
the color intensity reduction of each sample was performed at 517
nm using a UV spectrometer in a 96-well plate. A 100 uL of each
concentration sample (ranging from 1.25 pg/mL to 250 pg/mL)
was mixed with 0.2 mM of methanolic DPPH and the color change
was measured using methanol as a blank. DPPH inhibition percent
was calculated according to the following the equation 1.

DPPH scavenging percent (%) = [(4dc. —A4s.) / Ac.] x 100

Here, Ac. = absorbance value of the control group, and A4s. =
absorbance value of the test sample.

2.7 In Vitro Skin Permeation Studies

In this study, a skin permeation experiment of APH was performed
using Strat-M Transdermal Diffusion Membrane. The Strat-M
membrane without pre-soaking treatment was mounted on the
static diffusion device (Franz diffusion cell) of a transdermal
absorption system (Phoenix Robotic Diffusion Station, Hanson
Research, USA) Then, 150 uL of AA and APH dissolved in water
at a concentration of 20 mg/mL were added into the donor chamber
of the static diffusion device. The reaction was performed for 24
hours under the experimental conditions of 32.5°C and 600 rpm.
To evaluate the skin permeation of the test substance, 450 puL of
samples from the receptor chamber of the static diffusion device

were collected eight times (0, 2, 4, 6, 8, 10, 12, and 24 hours) and
quantitatively analyzed by HPLC (Agilent technology 1200 series,
Santa Clara, CA, USA). The cumulative AA permeation per unit of
Strat-M skin surface area was obtained by equation 2.
Tn=Cn/A

Where, Tn (ng) is the cumulative amount of AA per unit area, Cn
is the measured AA concentration in the nth sample, and A4 is the
area of Strat-M membrane.

Steady-state flux (Jss, pg/h/cm?) represents the rate of penetration,
which can be calculated from the amount of permeant per unit time
and area for the initial concentration applied to the upper skin area.
Permeability coefficient (Kp, cm/h) can be calculated from flux
value divided by the initial concentration of the test substance.

2.8 Cell Culture and Proliferation Assay

The cells were maintained in DMEM supplemented with 10%
(v/v) FBS (and 1% penicillin/streptomycin) at 37°C and 5% CO2.
The cell proliferation effect of APH on HDF was evaluated using
WST-1 assay. 3 x 10* cells were suspended in 200 pL of assay
medium, seeded on 96-well cell culture plate, and incubated for
24 hours. Cells were treated with various concentrations of APH
and the equivalent amount of AA contained in the APH conjugate
as control and incubated for 72 hours. Then, WST-1 reagent was
added to each well and the plates were incubated at 37°C in the
tissue culture incubator for 1 hour. The absorbance was measured
at 450 nm using a microplate reader.

2.9 Enzyme-Linked Immunosorbent Assay (ELISA) and
Treatment

Collagen biosynthesis and anti-inflammation effects were
measured by ELISA. All ELISAs were performed according to
the protocols provided from the manufactures. For procollagen
type 1 assay, HDF cells were seeded at 5 x 10° cells/well into 48-
well tissue culture plate, starved in serum-free media for 24 h, and
cultured in the presence or absence of AA or APH for 72 hours.
Collagen assay was performed using a commercial PIP ELISA
Kit according to the protocols provided from the manufactures.
For anti-inflammation assay, 5 x 10* J774A.1 macrophage cells
were seeded into 24-well plate. Cells were pre-treated with various
doses of AA and APH for 2 hours and then with LPS (150 ng/
mL). After 24 hours, cell culture supernatant was harvested and
the concentration of PEG2 and TNF-a was measured by ELISA
according to the protocols provided from the manufactures.

2.10 Scratch Wound Healing Assay

Cell migration and motility were determined by a scratch wound
healing assay. HDF was seeded at a density of 1 x 10 cells/well in
6-well cell culture plates and cultured for 24 hours. To determine
the wound healing potential of APH, each well was artificially
wounded by scratching the cell monolayer with a 10 uL plastic
pipette tip, and then the cells were irradiated with UVB (100 mJ/
cm?). Cells were washed with fresh medium and treated with AA
or APH for additional 12 hours. Images of scratch wounds were
taken after post-wounding, and the wound width measurements 12
hours were subtracted from the wound width at 0-hour to obtain
the net wound closure rate. Wound closure area was quantitatively
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analyzed by using the ImageJ software (NIH, version 1.25p).

2.11 Fluorescent Immunohistochemistry

Epidermal keratinocytes were seeded and grown on the NUNC
Lab-Tek chamber slide system (Rochester, NY, USA) to 40% -
50% confluence, serum-deprived overnight and then treated with
APH for 24 hours. At the end of experiment, cells were fixed with
3.7% formaldehyde for 10 minutes at room temperature and then
pre-incubated with blocking solution (2.5% bovine serum albumin
in phosphate buffered saline) for 40 minutes. Zonula occludens-1
(ZO-1) in cultured epidermal keratinocytes was stained with rabbit
polyclonal antibodies (Molecular Probes, Waltham, MA. USA).
After brief washing with PBS, cells were incubated with Alexa
488 anti-rabbit secondary antibodies (Molecular Probes, Waltham,
MA. USA). Cell nuclei were stained with DAPI (Molecular Probes,
Waltham, MA. USA) for 10 minutes. Images were observed using
a confocal microscope (FluoView 1000; Olympus Corporation,
Tokyo, Japan).

2.12 Melanin Contents Assay and Cellular Tyrosinase Activity
Assay

For melanin measurement, murine B16F10 melanoma cells
were treated with arbutin, AA, or APH for 72 hours with or
without a-MSH. After 72 hours, the cells were washed with PBS
and dissolved in 100 mL of 2 N NaOH at 60°C and absorbance
was measured at 450 nm. Tyrosinase activity was examined in
melanoma B16F10 cells. After treatment with arbutin, AA or
various concentrations of APH, the cells were stimulated with or
without 0.1 pg/mL of a-MSH. After 72 hours, the cells were lysed
and the L-Dopa oxidation activity of tyrosinase was measured
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at 475 nm. The melanin/tyrosinase activity inhibition ratio was
obtained by the equation 3.

Inhibition rate (%) =[(A-C)/(A-B)] x 100

Where, A. Melanin/tyrosinase activity contents of a-MSH-treated
control

B. Melanin/tyrosinase activity contents of not-treated control

C. Melanin/tyrosinase activity contents of test sample-treated

2.13 Statistical Analysis

All of the experiments were performed in triplicate and repeated
three times. The data were represented as the mean = SD. The two-
way analysis of variance (ANOVA) test was performed to analysis
of quantitative values, and the Tukey’s post hoc test was performed
for all pair-wise comparisons among groups. Statistically
significant differences among the means were considered P-value
of less than 0.05.

3. Results

3.1 Synthesis of APH

The synthesis of 4-(3-bromopropoxy)-5-(1,2-dihydroxyethyl)-
3-hydroxyfuran-2(5SH)-one (2), key intermediate for coupling
with HA-TBA, are outlined in Figure. 1D. We have introduced
Mitsunobu conditions for the preparation of 3-O-Alkyation
derivative of L-ascorbic acid (1) in good yield. Deprotection
of the 5,6-0,0-protected derivative of L-ascorbic acid (1)
with  Methanolic HCl gave 4-(3-bromopropoxy)-5-(1,2-
dihydroxyethyl)-3-hydroxyfuran-2(5H)-one (2). This compound
was reacted with HA-TBA salt in DMSO for about 24 hours to
obtain the HA-AA conjugate (APH).

TBAI DMSO

TBA® .
OH
(g OHO -0,
A . R
HO———xa i
o=(

Figure 1D

3.2 NMR Analysis

To investigate the structure and conjugate ratio of APH, we
comparatively analyzed O-HA, AA, and APH using 1H NMR
(Proton NMR). Figure. 2A is a representative 1H NMR spectrum
of HA-TBA salt before conjugating with AA, in which the Tetra
butyl group of TBA shows four peaks (red arrows) and the signal
corresponding to the proton of the methyl group of the HA N-acetyl
group (CH,) is found in the 2.0 ppm region (purple arrow). The
synthesis of HA—Vita C (APH) conjugates was further confirmed

by 1H NMR analysis (Figure. 2B). A strong acetyl (—NHCOCH3)
peak was identified at 2.0 ppm along with ascorbic acid H at 4.9
ppm. Singlet peaks at 2.2 ppm were attributed to -CH2- group
(red circle) present in ascorbic acid moiety in the conjugate.
Additionally, the conjugation yield is defined as the amount of
modified material relative to the initial material. The conjugation
yield was calculated using the following calculations:
Conjugation yield (%) = [(Ha. / 2) / (Hb. / 3)] x 100

Where Ha. corresponds to the integration area of protons located at
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2.2 ppm (propyl linker, red circle) and Hb. are the integration area
of protons located at 2.0 ppm (HA N-acetyl group, purple circle).

All proton peaks used to determine the conjugate ratio were
selected without any overlap, and yields of 70-80% were

obtained for all samples. As a result of solution NMR analysis, the
synthesis, chemical structure, and conjugation yield of APH were
confirmed, and it was confirmed that our new synthesis process
could effectively synthesize AA derivatives.

A B
b S egiaaarr  t22i2zgly .
Tetrn butyl group a
(=] = ..GC -
.U_ } o o
o o o
O " o o
HA-TEA sali _: aea |
"Bl
APl
NeAcetyHCIL) | ‘T
| N \ L i JJ ol
L SR | AJUL R "V TV Y D
R S — : - ; . S e —
|
Figure 2A and 2B

3.3 Characterization of AA in APH

Antioxidant effect of APH was measured using DPPH assay.
Unlike HA, AA and APH showed free radical scavenging activities
(Figure. 3A). The AA has a rapid free radical scavenging activity
from the low concentration and shows almost 96% at 7.81 ug/
mL, whereas APH gradually increases and observes free radical
scavenging activity similar to AA in 125 pg/mL. In addition,
we compared the thermal stability of AA bound to APH with
the conventional AA. The AA bound to APH remained 66.16%
after 24 hours incubation and 45.52% after 48 hours incubation,
whereas AA remained only 12.95 and 1.08%, respectively (Figure.
3B). In vitro ascorbic acid colorimetric assay was performed to
observe the conjugation stability of APH in the absence of esterase.
In the experiment, the conventional AA shows dose-dependent
detection results, while APH was confirmed that the AA bound
to the APH was not detected even at high concentrations (Figure.
3C). Additionally, we performed skin permeability tests using an
artificial membrane (Strat-M Transdermal Diffusion Membrane),
a synthetic non-animal model useful for predicting human skin

diffusion, which is known to correlate more closely with human
skin than animal skin models[34,36]. Unfortunately, AA did not
permeate the artificial membrane (data not shown). According
to a report by Vayachuta et al., the Strat-M membrane can only
permeate chemicals with log P between -0.131 and 6.9 due to
its high hydrophobicity, whereas AA has difficulty permeating
the artificial membrane because its log P is -2.15[37]. However,
unlike AA, APH showed sustained skin permeation for 24 hours.
Figure. 3D depicts the amount of AA permeated into the receiving
chamber through a unit area of skin for 24 hours. The permeated
AA content started at 548.18 pg/cm? in the initial 30 minutes and
showed a cumulative permeation amount of 6995.12 ug/cm? over
24 hours, with a steady-state flux (Jss, pg/h/cm?) of 734.44 and a
permeability coefficient (Kp, cm/h) of 621.74. Collectively, these
results demonstrate that the advantages of AA were maintained
while the disadvantages of low heat stability and skin penetration
efficiency were dramatically improved by conjugation with HA,
and the binding stability of AA-HA was confirmed, which did not
release free AA under the absence of esterase.
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3.4 Effect of APH on Proliferation and Collagen Synthesis of
HDFs

Increased cell death was observed as the treated AA concentration
increased (Figure. 4A), and more than 50% of cell death was
observed at 50 pg/mL (data not shown). Schmidt et al reported a
study on the cytotoxicity of AA at high concentrations [11]. This
result showed the same tendency as the previously reported results.
On the other hand, APH significantly increased the proliferation
of HDF in dose-dependent manner (Figure. 4B). When AA was
treated at 15 and 30 pg/mL, the cell death was increased to 7.50
and 23.75%, respectively, whereas the APH containing equivalent
amount of AA promoted 117.25 and 119.50% cell growth. The
conjugation of AA and HA did not only reduce the cytotoxicity
of AA at high concentrations but also promoted cell proliferation.
To investigate the effect of APH on collagen biosynthesis, HDF
was treated with APH at different concentrations for 72 hours.
Collagen synthesis ability was analyzed using type I procollagen
ELISA, and ascorbic acid was treated as a positive control. The
amount of type I procollagen released from the HDF was measured.
In the AA treatment group, the amount of type I procollagen was
increased at a low concentration depending on AA concentration
but started to decrease from 7.5 pg/mL. In particular, the amount
of procollagen at 30 pg/mL AA was reduced to 96.15% compared

A

15 7.5 15 Kl

to the untreated group (Figure. 4C). The group treated with 100
and 200 pg/mL APH conjugate containing equivalent amount of
15 and 30 pg/mL AA showed a statistically significant increase
in the synthesis of procollagen by 115.55 and 122.80% compared
to the untreated group (Figure. 4D). These results are thought to
be the effect of reducing cytotoxicity and enhancing cell activity
while continuously releasing AA from APH.

3.5 Anti-Inflammatory Effect of APH on LPS-Induced J774A.1
Murine macrophages J774A.1 were treated with LPS in the
absence or the presence of AA or APH. PGE2 and TNF-a were
measured in the supernatants of culture media at 24 hours after
LPS treatment. The PGE2 level increased over four-fold from
baseline levels with LPS treatment, suggesting that macrophages
were stimulated. When treated with 7.5 pg/mL of AA, LPS induced
PGE2 decreased by 22.65%, whereas when treated with APH at
100 and 200 pg/mL, the PGE2 decreased to 38.80 and 47.71%,
respectively (Figure. 4E). In addition, LPS-stimulated TNF-a
production was reduced by 8.70% in the 7.5 pg/mL of AA treated
group. However, APH decreased the TNF-a production by 16.43
and 23.19% at concentrations of 100 and 200 pg/mL, respectively
(Figure. 4F). These results showed that APH enhances the anti-
inflammatory effect more than AA treatment group.

Cell

B0 *

Figures 4A to 4F

3.6 Efficacy of Improving Skin Anti-Aging by APH

To determine whether APH has an effect on improving skin from
environmental stress factors, it induced skin cell damage and
confirmed wound healing, skin barrier function, and whitening
effects. As shown in Figure. 5A, dermal fibroblasts exposed to
APH showed statistically higher wound healing efficacy compared
to the untreated control and UVB treated groups. In detail, AA
showed a low wound recovery of 49.59% compared to 0-hour

under UVB treatment conditions, but APH showed a rapid wound
recovery of 89.23% from low concentration (10 ug/mL), and it
was confirmed that it increased in a APH dose-dependent manner
(Figure. 5B). Secondly, we observed the expression of tight
junction protein ZO-1, which plays an important role in the skin
barrier function [38] in UVB-induced human skin keratinocytes.
As with the previous wound healing, even in low-concentration
APH conditions, ZO-1 expression was shown at 26.82%, which
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was higher than in the untreated condition without UVB treatment,
and it was observed that the cell barrier was strengthened in a
dose-dependent manner of APH (Figure. 5C, D). These results
confirmed that APH is effective in suppressing skin damage caused
by UVB through strengthening the skin barrier and improving cell
migration ability. Finally, we measured melanin pigmentation
(Figure. 5E) and tyrosinase activity (Figure. 5F) in APH-treated
B16F10 melanocytes to investigate the inhibitory effect of APH
on melanogenesis. Arbutin, a melanin pigmentation inhibitor,
was used as a positive control and AA was used as a control.
The production of melanin pigment was markedly increased
after a-MSH addition, APH decreased melanin pigmentation
in dose-dependent manner. The inhibition of pigmentation was
increased to 19.30, 63.16, 80.70 and 116.14%, respectively, as the
concentrations of APH were increased to 10, 50, 100 and 200 pg/

mL. This was superior to the 81.75% inhibition rate of 100 pg/
mL arbutin, well known pigmentation inhibitor. AA showed the
inhibition rate of 66.67% when treated with 7.5 pg/mL, but when
treated with higher concentration, cell death would occur due to
its cytotoxicity (Figure. 4A). Interestingly, 100 pg/mL of APH
containing 15 pg/mL of AA showed no cytotoxicity (Figure. 4B)
and inhibited melanin pigmentation by 80.70%. Moreover, the
inhibition of tyrosinase activity was increased to 16.07, 53.57,
83.93 and 183.93%, respectively, as the concentrations of APH
were increased to 10, 50, 100 and 200 pg/mL. Our results of
inhibition of melanin pigmentation through B16F10 cells were
interpreted as a result that APH inhibited tyrosinase activity and
thereby suppressed melanin pigmentation, because pigmentation
was suppressed in a pattern similar to that of APH-induced
reduction of tyrosinase activity.

Figure SA to SF

4. Discussion

Human skin aging that forms the wrinkles and pigmentation of
skin is the result of two biologically independent processes, which
forms the wrinkles of skin[39,40]. The first is age-associated
intrinsic or innate aging, an inevitable, genetically determined
process. The second is extrinsic skin aging, which is the result of
environmental factors (i.e. air pollution, solar ultraviolet radiation,
nutrition, etc.) and it is commonly referred to as photoaging or
environmental and lifestyle aging[41]. Especially, it is known that
extrinsic aging not only causes cosmetic problems such as deep
wrinkles and pigmentation, but also causes various skin diseases
including skin cancer[42,44].

Several previous studies have reported that AA has protective
potential against both extrinsic and intrinsic skin aging by
effectively preventing cellular aging in vitro and in vivo[45,48].
AA plays an indispensable and important role in the human body,
but most AA is easily oxidized to dehydroascorbic acid (DHA)
by various environmental factors [49,50]. Recently, researchers
demonstrated that chemically modified AA derivatives have the
more stable oxidative stability than AA and may be easily used

in cosmetic products[51,53]. Among them, AA2G is obtained by
replacing the C-2 hydroxyl group of vitamin C with glucose and
is considered one of the most important derivatives in the field
of cosmetics. However, it is known that the activity of AA2G
does not appear significantly because of the low concentration of
glucosidase in the skin.

Therefore, in the present study, we explored the potential of
researching novel AA derivatives that it is more suitable for the
skin environment while effectively improving the low oxidation
stability of AA for anti-aging skin treatment. In addition, we
confirmed the possibility that a novel AA derivative chemically
combined with HA, a natural polymer that can be used as a skin
moisturizer and drug delivery agent, can be used as a skin anti-
aging raw material. To this end, we developed a process to produce
anew AA derivative (APH) by chemically combining HA and AA
through a propyl linker decomposed by esterase (Figure. 1D).

First, we confirmed whether the newly synthesized APH was
chemically bound to HA and AA via a propyl linker and the binding
ratio by NMR. In the 1H NMR results, unlike HA-TBA salt
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(Figure. 2A), the tetra butyl peak of TBA disappeared in APH, and
the peaks of the propyl linker (red circle) and ascorbic acid (blue
circle) were identified, indicating that HA was substituted with a
thiolated side chain (Figure. 2B). Furthermore, |H NMR analysis
showed that yields of 70-80% were obtained for all samples.

An interesting result was obtained while investigating the
mechanical properties of AA in APH. In this study, APH
significantly improved the thermal stability (Figure. 3B) and
skin permeability (Figure. 3D) while maintaining the antioxidant
capacity (Figure. 3A), which is one of the characteristics of AA.
It is well known that chemical modification of AA derivatives
plays a central role in the regulation of oxidative stability[51,53].
Furthermore, several researchers have confirmed that conjugation
with other substances has advantages such as chemical stability of
vitamin C, maintenance of ROS consumption, efficient penetration
into the skin lipid barrier, and control of vitamin C degradation
[55,57]. As mentioned above, in our study, it was also confirmed
that AA release can be suppressed even at high concentrations
when degradation selectivity by esterase is imparted through the
propyl linker in the free ascorbic acid detection test (Figure. 3C).
Taken together, these finding suggests that chemical bonding with
HA via a propyl linker can play an important role in improving
the oxidative stability, skin permeability and release control of AA
while maintaining its antioxidant capacity.

As an additional in-vitro study, we investigated the effects of newly
synthesized APH on both cell behaviors and anti-inflammatory
ability in dermal fibroblasts and macrophage cell. In earlier reports
AA-based cell therapy, it was verified that AA not only stimulates
the reduced proliferative capacity of elderly dermal fibroblasts, but
also increasing collagen synthesis in elderly cells by similar degrees
as in newborn cells[58,59]. However, Schmidt et al demonstrated
that high concentrations of ascorbic acid induced high cytotoxic
levels to fibroblast cells in culture through the glutathione status of
the cells unfavorably[60]. As in previous studies, in our findings,
cell proliferation and type I collagen synthesis were significantly
decreased when A A was present in the higher levels (Figure. 4A, C).
On the other hand, newly synthesized APH significantly increased
cell proliferation and type I collagen synthesis in dose-dependent
manner (Figure. 4B, D). Moreover, high-dose APH also effectively
down-regulated the expression level of pro-inflammatory factors
unlike AA (Figure. 4E and 4F). In that respect, our new AA
derivative is superior in that it allows the use of high doses of AA
an intact chemical form. The important aspect of this present study
results is that even when APH is used at high doses, cytotoxicity
is minimal, while anti-inflammatory effects and skin compatibility
can be improved, making it very valuable as a raw material for
skin regeneration.

Finally, we investigated the effect of APH on the skin regeneration
in of aged dermal fibroblasts, epidermal keratinocyte and
melanocyte. Recently, clinical studies have directly demonstrated
that consistent use of topical AA or AA derivatives significantly
improves the skin barrier, wrinkles, skin tone and dark spots,
and gives it a more youthful appearance[46,61,63]. Our results

demonstrated that high-dose APH treatment in skin cells not only
improved cell migration and skin barrier function, but also reduced
melanin production through tyrosinase inhibition more effectively
than AA (Figure. 5). These in vitro results provide evidence that
APH reverses cellular senescence of skin cells more than AA,
enhancing cell activity and increasing the recovery rate of aged
skin tissue. However, in order to apply APH to a wider range of
skin diseases and regeneration, further investigation is needed to
elucidate the clear intracellular mechanism of action and long-
term effects of APH.

In conclusion, the most important point of this study is that APH
is a material that improves oxidation stability and skin penetration
while maintaining the advantages of AA. In addition, APH has
the advantage of selectively releasing AA by esterase, which is
abundantly present in the skin, after penetrating the epidermal
layer. This is a new strategy that can maximize the benefits of
each substance: the antioxidant, anti-inflammatory, and anti-
aging effects of AA, and the moisturizing, elasticity maintenance,
wrinkle prevention, and skin aging relief effects of HA. Therefore,
the newly developed APH can be utilized as an ideal cosmetic
and therapeutic ingredient because it can suppress or delay skin
damage caused by environmental stress factors of the skin.
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