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Abstract

Polyphenol has been studied for its wvarious biological
activities, including anti—inflammation, anti—oxidant, and anti—viral.
Herein, we conducted a screening of the polyphenol mixture (PM)
to identify the optimal composition and ratio of polyphenols. These
PMs are designed for application to atopic dermatitis (AD) and are
expected to have a synergistic efficiency than single polyphenols.
However, there are still challenges to developing the method for
delivering with stabilized formulation, due to the susceptibility to
oxidation, low solubility, and low miscibility of polyphenol.
Therefore, we applied the water—in—oil—in—water double emulsion
(W/O/W) system to deliver the PM. Through the in vitro anti—
degranulation assay results, we screened the particular molar ratio
of PM (Q:P:E=5:1:1) and confirmed the therapeutic window. In
addition, we verified the advantage of the W/O/W over oil—in—water
single emulsion (O/W) as a proper nanocarrier for PM. In the in
vivo 1—chloro—2,4—dinitrobenzene (DNCB)—induced mice AD
model, PM—encapsulated W/O/W (PM_W/O/W) represented the
most effectiveness in AD alleviation compared to single polyphenols
and PM by clinical, histological, and immunological analysis.
Eventually, this research suggests a novel AD therapeutic system
by encapsulating the optimal ratio of polyphenol mixture in double
emulsion and shows the possibility of the appliance to other allergic

diseases.

Keyword : Polyphenol, Double Emulsion, Nanocarrier, Transdermal
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Chapter 1. Introduction

1.1. Atopic Dermatitis (AD)

Skin is the outermost tissue which protects the body against
mechanical, chemical stress, temperature, UV, and microbes. Therefore,
abnormal skin barrier induced by genetic and environmental factors can
destroy the overall skin physiology which can cause various diseases.
Atopic dermatitis (AD) is one of the worldwide inflammatory skin diseases
which is non—contagious and shows symptoms including dryness, itching,
and redness [1—3]. Especially, the enhanced Th2 polarization is the key
pathway of developing AD though the entire mechanism of developing AD
has not been fully identified [4]. Activated Th2 cell increases the
expression of pro—inflammatory cytokines such as IL—4, IL—5, and IL—13,
resulting in an excessive 1mmune response and production of
Immunoglobulin E (IgE) from B cells. The expressed IgE mediated the
allergic reaction by degranulating the immune cells, like mast cells and
basophils.

Traditional clinics for AD patients involve the use of creams to
maintain skin moisture and prescription immunosuppressants, such as
pimecrolimus and tacrolimus, which are topical calcineurin inhibitors
(TCIs) [5]. However, due to potential side effects like an increased risk of
cancer, fever, agitation, and inflammatory shock, these conventional drugs

should be used at low concentrations and for short periods, especially in
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severe cases of AD [6—9]. Moreover, there has been an increase in the
number of AD patients, with a particularly high prevalence in infants and
adolescents [10, 11]. For these reasons, the demand for developing novel
milder drugs or therapy for AD, such as phytochemical or natural
compound—based drugs, has been studied for low inflammatory side
effects by directly controlling allergic response rather than systemic

immune response [12, 13].

1.2. Polyphenol Mixture (PM)

1.2.1. Polyphenol

In this study, we used naturally occurring phytochemicals, called
polyphenols, which have aromatic rings with several hydroxyl groups.
Currently, more than 8,000 types of polyphenols have been reported.
Polyphenol has several potential health benefits including anti—oxidant,
anti—inflammatory, blood cholesterol level mitigation effect, and anti—
allergic effects [14, 15]. Therefore, these biological effects make
polyphenols to be used as healthcare foods or therapeutics for various
diseases; e.g. cancer, obesity, diabetes, bone, and cardiovascular
diseases [14, 16—19]. Especially, quercetin (Q), phloretin (P), and
ellagic acid (E), which are frequently used in the healthcare and
therapeutics industries, were used in this study. The Q upregulates the

Thl—mediated immune response and simultaneously downregulates the
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Th2—mediated immune response in AD [20—22]. Considering AD
patients have over—activated Th2 —mediated immune responses, we can
deal with the Q as a therapeutic for AD. In addition, the pro—
inflammatory cytokines, such as interleukin (IL)—4, IL-6, IL—17A,
interferon y (IFN—7), and thymic stromal lymphopoietin (TSLP) can
be alleviated by the P. The previous study showed the AD mitigation
effect of P through the inhibition of mitogen—activated protein kinase
(MAPK) and nuclear factor kappa—light—chain—enhancer of activated B
cells (NF— ¢ B) signaling pathway [23, 24]. Also, the E regulates MAPK
and signal transducer and activator of the transcription (STAT)
signaling pathway. In the DfE—induced AD mouse model, E reduces the
level of IL—6 expression and immunoglobulin E (IgE) [25].

However, studies of AD therapy so far only elucidated the
therapeutic effect of single polyphenols alone or polyphenol extract
which consist of several polyphenols whose exact proportions are
unknown. Therefore, to maximize the biological effect and consistently
prescribe the exact therapeutic solution to patients, we screened a
specific ratio of polyphenol mixture (PM) which is the most suitable as
an AD treatment by introducing the keyword, called combination drug

therapy.

1.2.2. Combination Drug Therapy

Combination drug therapy is a therapeutic method that prescribes

multiple active substances that target the same disease with the same or
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different pathways at a time. This method shows a biological synergetic
effect than the same amount of each drug alone and reduces side effects
and considerable factors. Thus, combination drug therapy has recently
increased interest in clinical medicine [26—29]. Moreover, combination
drug therapy has great advantages in that they minimize the time and
cost of developing new clinics with better effects. According to prior
studies, a suitable carrier that delivers the drug sustainably and
uniformly is required to deliver the desired drugs at an accurate drug
combination ratio with a single dose [26].

To increase skin penetration efficiency and stabilize the
polyphenols (Q, P, E), which have low solubility and miscibility and are
used as a drug in this study, we attempted to use double emulsion as

transdermal delivery carriers.

1.3. Double Emulsion

Microemulsions are thermodynamically stable, isotropic mixtures of
oil, water, and surfactant, frequently in combination with a co—surfactant
[30—33]. It was applied as a drug delivery carrier in various fields, such
as therapeutics, food, and healthcare products. Most of the microemulsion
is formed by a definite amphiphilic surfactant boundary between the oil
phase and the water phase. Additionally, microemulsion represents several

microstructures, including oil—in—water (O/W) and water—in—oil (W/0O)



[33]. The volume of oil is much higher than water, so the water phase is
isolated by the surfactant to form particles in the oil phase is called W/O
microemulsion. And the opposite case of oil and water phase volume is
called O/W microemulsion. In other words, the smaller volume phase forms
the droplets and another phase was comprised overall solvent.
Furthermore, multiple emulsions have various advantages over single
emulsions (e.g. W/O, O/W microemulsion). Double emulsion, which is
classified as water—in—oil—in—water (W/O/W) and oil—in—water—in—oil
(O/W/0O), was the most common type of multiple emulsions [34, 35]. This
nanocarrier could encapsulate the hydrophilic components in the water
phase, hydrophobic components in the oil phase, and amphiphilic
components in the amphiphilic interphase between water and oil phase
[36]. To fabricate the double emulsion which has the appropriate size for
delivery, two steps are commonly performed. Primarily, the single
emulsion (W/O or O/W microemulsion) is formed. And then, an additional
water or oil phase was fabricated by applying extra force, such as

ultrasonication and microfluidics [37, 38].



1.4. Research aims

In this study, we have suggested an optimal ratio of PM which
showed a synergetic effect and suppressed the side effects of single
polyphenols. The relative release level of 5 —hexosaminidase was used to
compare the anti—allergic effect on /n vitro model, followed by choosing
the specific molar ratio of PM as well as its therapeutic window. To
overcome the limitations of polyphenols such as the susceptibility to
oxidation, low solubility, and low miscibility, we introduced a water—in—
oil—in—water double emulsion (W/O/W) as a drug delivery nanocarriers.
Eventually, we estimated the AD alleviation efficacy of PM—encapsulated
water—in—water double emulsion (PM_W/O/W) by comparing to other
polyphenol groups in the DNCB-induced AD mice model by clinical,
histological, and immunological analysis.

Ultrasonication sham  PM_w/o/W

Polyphenol Mixture Double emulsion
(W/0/W)

stable

2 {
" encapsulation Single emulsion -
‘ = (R DNCB-induced AD model

50nm

Scheme 1. Schematic illustration of fabrication of PM_W/O/W and its

transdermal delivery on in vivo atopic dermatitis model.



Chapter 2. Materials and Methods

2.1. Preparation of polyphenol mixture and drug

delivery carrier

Quercetin (Q), phloretin (P), and ellagic acid (E) were purchased
from UAT Corporation (Republic of Korea) as food grades. In this study, a
polyphenol mixture (PM) was designed with an specific composition and
ratio of polyphenols (Q:P:E = 5:1:1). To encapsulate PM in water—in—oil—
in—water double emulsion (W/O/W), olive oil (Sigma) was used for oil
phase to dissolve polyphenols and distilled water was used for water phase
of the emulsion. Transcutol® P (diethylene glycol monoethyl ether) and
Labrasol® (caprylocaproyl polyoxyl—8 glycerides) were used as
surfactants to increase the stability of the emulsion and were provided by
Gattefossé (France). To formulate oil—in—water single emulsion (O/W),
surfactants (Transcutol® P, 1.6 v/v%; Labrasol®, 0.4 v/v%) and distilled
water (DW, 96.5 v/v%) were added to the oil phase (olive oil, 1.5 v/v%).
After O/W formulation, we performed ultrasonication (5 min, 30%
amplitude, 5 s pulse/5 s rest) to fabricate W/O/W. Then, we removed
residuals by dialysis with 3.5K MWCO membrane (SnakeSkin™ Dialysis

Tubing; 35 mm, Sigma) for 2h.



2.2. Cell culture

HaCaT cell (human keratinocyte cell line) was cultured in Dulbecco
Modified Eagle Medium (DMEM, Hyclone) with 15% fetal bovine serum
(FBS, Corning), 1% Penicillin/Streptomycin (PS, 10,000 U/mL, Gibco™).
RBL—-2H3 (rat basophil cell line) was purchased from ATCC (United
States). The culture media of RBL—2H3 was used by adding 15% FBS and
1% PS to Modified Eagle Medium (MEM, Gibco™). Each cell culture plate

was incubated at 37 C under 5 v/v% CO» with humidity.

2.3. 1in vitro biocompatibility of polyphenols

Live/Dead assay was used to assess the cytotoxicity of
polyphenols. HaCaT cells were seeded in 24—well plates at 20,000 cells
per well, and each group was triplicated (n=3). The sample was prepared
at molar concentrations of 5, 10, 25, and 50 M for each single
polyphenol (Q, P, E) and 50 «M for PM. Each sample was treated for 24h,
then stained with calcein AM (calcein acetoxymethyl ester) and ethidium
homodimer (ethD—1). To quantify the cell viability, the number of live
cells was divided by the number of total cells based on the image of the
EVOS XL Core Cell Imaging System through the Imagel]J software.

Counting Kit—8 (CCK-=8, Dojindo Laboratories) assay was used to
confirm the effect of cell proliferation. The sample was also prepared at

molar concentrations of 5, 10, 25, and 50 M for each single polyphenol
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(Q, P, E). HaCaT cells were seeded in a 96—well plate at 2,500 cells per
well, and each group was triplicated (n=3). After 24h, cells were
incubated with 10 #L CCK—8 solution for 3 h and quantified by UV/VIS

spectroscopy (TECAN Infinite M200 Pro, Tecan, Swiss) at 450nm.

2.4. in vitro anti—allergic effect of PM

RBL—-2H3 cells were seeded in 24 —well plates at 100,000 cells per

well and each group was triplicated (n=3). After 24 h stabilization at 37 C

incubator, monoclonal anti—dinitrophenyl antibody (produced in mouse, IgE,

Sigma) was treated for 24h at 37 C. Then each sample was treated for 1h.

To activate the RBL—2H3 cells, 1 #g/mL DNP—Albumin Conjugate (DNP—
HSA, Sigma), which is dissolved in extracellular buffer with 0.1 w/v%
Bovine Serum Albumin (BSA, Albumin, Ultrapure, GeneDEPOT) was
treated for 3h at 37 C. After sensitization, cell supernatant and cell lysis
were reacted with 1 mM p—nitrophenyl N—acetyl glucosaminide dissolved
in 0.05 M citrate buffer (pH 4.5) for 1 h at 37 C. Then, by adding 0.1 M
sodium carbonate (Na2CO3) (pH 10), the reaction was finished.
Consequently, the reactant was transferred to 96 —well and was measured
absorbance at 405nm using UV/VIS spectroscopy. The relative amount of
degranulation rate of basophil can be quantified through the relative

absorbance value.



2.5. Characterization of Double emulsion

The appearance and color of emulsions was observed on day 1, 3, 5,
and 7. Formation of the W/O/W and O/W were imaged by Field Emission
TEM (200kV; JEM—-F200, JEOL Ltd, Japan). The samples were stained
with 0.2% phosphotungstic acid (Sigma) to be a negative charge. The
negatively stained sample was loaded on the TEM grid (CF200—CU, EMS,
United States). The biphasic microstructure and the encapsulated drug
property in W/O/W were confirmed by Confocal Laser Scanning
Microscope (CLSM) (LSM980, Carl Zeiss, Germany).

Total phenolic content (TPC) assay was performed to identify the
encapsulated concentration of the PM in W/O/W and O/W. 20 ¢L of 1IN
Folin & Ciocalteu’ s phenol reagent (Sigma) was added to 80 gL of
samples in a 96—well plate for 5 min at room temperature (RT).
Consequently, 100 ¢L of 2% NaxCOs was treated for 1 h without light.
Total phenol contents were estimated by measuring the absorbance at 750
nm with a spectrophotometer (Varioskan LUX Plate Reader, ThermoFisher
Scientific, Finland).

Size, zeta—potential, and stability of O/W, PM—encapsulated O/W
(PM_O/W), W/O/W, and PM-—encapsulated W/O/W (PM_W/O/W) were
observed by dynamic light scattering device (DLS; Zetasizer Nano ZS,

Malvern, United Kingdom).
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2.6. in vivo atopic dermatitis—induced model

BALC/c mice (6 weeks old, male; n=3 per group) were purchased
from Orient—Bio (Republic of Korea). All animal experiments were
approved by the Institutional Animal Care and Use Committee at Seoul
National University (Registration No. SNU—-210910—2—-2). The laboratory
conditions were set up temperature of 22=*2 C, humidity 50*5%, and
light/dark cycle: 12h. 1—=Chloro—2,4—dinitrobenzene (DNCB, Sigma) was
widely used to induce atopic dermatitis /n vivo mouse models [39—41]. A
day after shaving 4 cm x 1 cm region of dorsal skin from neck to pelvis, 2
w/v% DNCB (dissolved in acetone:olive oil = 3:1) was treated to induce
the AD for 3 days of the first week. Then, 200 gL of each sample was
treated three times a week for 15 days. During the experiment, to prevent
the natural healing of mouse skin and maintain AD sensitization, 0.5 w/v%
DNCB was also evenly treated with sample treatment.

The experimental group was divided into seven: (1) negative
control group, (2) sham group (DNCB—induced AD), (3) Q group (DNCB—
induced AD, 50 M of Q), (4) P group (DNCB—induced AD, 50 M of P),
(5) E group (DNCB—induced AD, 50 M of E), (6) PM group (DNCB-—
induced AD, 50 M of PM), (7) PM_W/O/W group (DNCB-induced AD,
PM—encapsulated W/O/W). To collect the dorsal skin, ears, and serum,
mice were euthanized by excess CO» inhalation.

To visualize the double emulsions, Nile red was used as the dye
due to the similar molar weight and hydrophobicity with polyphenols. IVIS

(IVIS Spectrum In Vivo Imaging System, PerkinElmer, United States)
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image after 1 h and 24 h sample treatment was obtained to confirm the
retention time of double emulsions.

The irritation analysis was performed to evaluate the in vivo
toxicity of PM and PM_W/O/W based on the erythema index (E). 200 gL
PM and PM_W/O/W were treated on shaved dorsal skin. The dermal
irritation was estimated based on the L*, a*, and b* values before the
treatment, 1 h and 24 h after the sample treatment using a
spectrophotometer (CR—400, Konica Minolta Inc., Tokyo, Japan). The
intensity of each red (R), blue (B), and green (G) color was calculated by
L#, a*, and b* values. The Erythema index (E) was calculated with the

following the equation:

R
E =100 X log(E)

2.7. Clinical observation for AD symptoms

Dermatitis score and relative ear thickness assay were conducted
to confirm the severity of AD in mice. The skin observations were based
on the images and videos taken with the camera in every experiment. The
dermatitis score was calculated by Eczema Area and Severity Index
(EAS]) scoring system. EASI system sums the score with four symptoms;
erythema/hemorrhage, scarring/dryness, edema, and excoriation/erosion.
Each symptom was evaluated based on O (none), 1 (mild), 2 (moderate),

and 3 (severe). On days 3, 5, 10, and 15, the ear thickness was measured

using a digital clipper micrometer; SD500—150PRO, Seung— Jlfl:qRepubhcl_
12 -TH



of Korea). To reduce the error, the ear thickness was measured three
times per mouse and was normalized as a relative percentage based on the

value of the first measured negative control group.

2.8. Histological analysis of alleviation of AD

lcm x 1 cm mice dorsal skin and ears were fixed with 4 % PFA for
48 h. Consequently, each tissue was paraffin—embedded and sectioned as
10 ¢m thick on slide glass. Hematoxylin and eosin (H&E) staining was
performed to measure epidermal, dermal, and ear thickness. Hematoxylin
was purchased from Vector Laboratory and Eosin Y was purchased from
Sigma. To count the number of infiltrated mast cells, toluidine blue staining
was performed. Toluidine blue was purchased from Sigma. Each stained
slide sample was observed using a microscope (Nikon Corporation, Ti),

and the data were quantified using Image J Software.

2.9. Measurement of Serum IgE

Serum was harvested using a serum-—separating tube with
separating gel (BD, 365967) through cardiac puncture. Serum IgE level
was measured by mouse Immunoglobulin E, IgE ELISA kit (CSB-

E07983m; Cusabio, China).
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2.10. Statistical analysis

All the experiments were performed at least triplicated. Data are
presented as the meanZstandard deviation (SD), and p—values were
calculated using one—way ANOVA, and two—way ANOVA (ns, not

significant; *p < 0.05; #xp < 0.01; ***p < 0.001; ***xp < 0.0001).
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Chapter 3. Results and Discussion

3.1. in vitro biocompatibility of polyphenols

To examine the biocompatibility of polyphenols used (Q, P, E) in
this study, we confirmed the cellular response by using Live/Dead assay
and CCK—8 assay with HaCaT cells. As shown in Figure 1, the cell
viability of each single polyphenol group and PM group showed at least
98 %. Additionally, the cell proliferation of Q (Figure 2A), P (Figure 2B),
and E (Figure 2C) was quantified with CCK—8 assay. When compared to
the control group that did not treated Q and P, the cell proliferation rate of
both the Q and P groups increased up to 50 #gM; especially, cell
proliferation rate increased in a concentration—dependent manner up to 25
# M. The cell proliferation rate of E increased below 10 g M, while cell
proliferation rate showed decrease over 25 M of E. These results
revealed the low bioavailability and therapeutic windows of single

polyphenols in vitro.
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Figure 1. in vitro biocompatibility of single polyphenols. Cell viability was
estimated by using Live/Dead assay (scale bar = 400 gm). (A) is the
image of the 50 M single polyphenols (quercetin : Q, phloretin : P, and
ellagic acid : E) treated group and the control group. (B) By calculating the
live cell ratio, cell viability was quantified. (Data are presented as the
mean=*SD, n=3, and p—values were calculated using two—way ANOVA. ns

not significant; *p < 0.05)

16 ; H 2-T

’



(A) (B)

Quercetin TH ]

= = QoM F = POM
5 = Q5uM 5 = P5uM
K] m QM F = P10 M
2 mazsmM 2 = P25uM
= =
5 m Qs0uM £ m P50 M
S g
E g
x &
Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
(C) —~ 800 Ellagic acid

2 [J EOuM

.§ 600 B E5uM

g B E10puM

=S 400 B E25 .M

e M. E 50 M

_‘>= 200

k

&

Day 1 Day 2 Day3

Figure 2. in vitro effect on cell proliferation was confirmed by using CCK—
8 assay with various concentrations (0, 5, 10, 25, and 50 M) of (A) Q,
(B) P, and (C) E. (Data are presented as the mean®=SD, n=3, and p—
values were calculated using two—way ANOVA. ns, not significant; *p <

0.05; #xp < 0.01; #xxp < 0.001; *xxxp < 0.0001)
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3.2. in vitro anti—allergic effect of polyphenols

The key factor of atopic dermatitis (AD) is the degranulation of
immune cells such as mast cells and basophils. These granules contained
various substances including histamine and B —hexosaminidase. We could
estimate the severity of allergic response by quantifying the relative
amount of released B —hexosaminidase with the IgE—sensitized RBL—2H3
cells which were treated with each single polyphenol at various
concentrations (0—50 xM).

Compared to the IgE—only treated positive group, single
polyphenols displayed the repressive effect of A —hexosaminidase release
at different concentrations. Q showed the lowest A —hexosaminidase
release at 25 M with 78£4.4%, P showed the Ilowest S—
hexosaminidase release at 5 ¢M with 93.8%4.2%, and E showed the
lowest B —hexosaminidase release at 5 M with 81.7%4.3% (Figure 3).
These results showed that Q suppressed degranulation best at 25 M, P

at 5 #M,and E at 5 ¢ M.
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Figure 3. i/n vitro anti—allergic effect of each single polyphenol was
confirmed by using B —hexosaminidase assay in RBL—2H3 cell. Each
polyphenol was treated with 0, 5, 10, 25, and 50 xM. (Data are presented
as the meanSD, n=3, and p—values were calculated using one—way
ANOVA. ns, not significant; *p < 0.05; *xp < 0.01; =xxp < 0.001; #*xxxp <
0.0001)
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3.3. Screening the specific ratio of PM

Previous studies have demonstrated the various biological efficacy
of polyphenols, but few studies have been used with accurate composition
and proportions of polyphenols [17, 42, 43]. To overcome the limitations
and induce the synergetic effect of polyphenols, we introduced the concept
of combinational drug therapy to screen a particular ratio of PM.

There are some recipes of combinational drug therapy that
combines two or more drugs with similar structures, functions, and
biological properties concerning the most effective therapeutic
concentration [44, 45]. Referring to the biocompatibility and the most
effective concentration to suppress the allergic response of single
polyphenols (Figure 3A), we selected some ratios of PM. As shown in
Figure 4A, PM with the ratio of Q:P:E=5:1:1 displayed the lowest B8 —
hexosaminidase release level with 85.3%£17.3%. The relative level of 8 —
hexosaminidase release at 5:2:1 showed 210710.2%; 5:1:2 showed 97.9*
15.7%; 1:1:1 showed 94.8£12.4%; 2:1:2 showed 121*20.3%; and 2:1:1
showed 182*16.4%. Additionally, two polyphenol combinations was also
investigated the anti—allergic effect by B —hexosaminidase release. As
shown in Figure S1, when the percent of A —hexosaminidase release was
100% in positive group, the Q:P:E = 5:1:1 showed 83.1£6.1%, the Q:P =
5:1 showed 83.66+4.3%, the P:E = 1:1 showed 101 £6.1%, and the Q:E =
5:1 showed 88.4%4.8% of B —hexosaminidase release. Considering these
results, we selected the PM ratio as Q:P:E=5:1:1, and then PM all refers

to a polyphenol mixture with this molar ratio.
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In addition, the therapeutic window of PM with Q:P:E = 5:1:1 was
confirmed at various concentrations (0—150 zM). It was verified that PM
successfully decreased the release of B —hexosaminidase under 100 g M,;
however, the release of A —hexosaminidase was upsurged over 110 M
(Figure 4B). As a result, the PM could increase the bioavailability of
polyphenols by expanding the therapeutic window compared to single
polyphenols.

In addition, we demonstrated that the addition of another
polyphenol (ex. tannic acid, T) to PM hindered the anti—allergic effect of
PM. We estimated the biocompatibility of T by using Live/Dead assay and
CCK—8 assay (Figure S2). The T has an anti—allergic effect between 5
and 25 ¢ M by quantifying the B —hexosaminidase release (Figure S3A).
As shown in Figure S3B, when the total polyphenol concentration was 10
oM, PM (Q:P:E=5:1:1) showed the lowest value of A —hexosaminidase
release with 56.4£2.8% compared to Q:P:E:T=5:1:1:1 with 77.4£10.4%,
5:1:1:2 with 93.7*17.3%, and 5:1:1:5 with 105*3.1% of Ag-—
hexosaminidase release. Additionally, when the total polyphenol
concentration was 25 M, the lowest value of A —hexosaminidase release
with 60.4+3.4% was also showed in PM; while Q:P:E:T = 5:1:1:1 showed
97.3£8.8%; Q:P:E:T = 5:1:1:2 showed 106+8.5%; QP:E:T = 5:1:1:5

showed 97.4%+5.4% of B —hexosaminidase release.
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Figure 4. Screening the specific molar ratio of PM. (A) To investigate the
optimal molar ratio of PM, the A —hexosaminidase release was estimated
with various ratios of PM—treated RBL—2H3 cells. All ratio of PM groups
has 50 «M of total polyphenol concentration. (B) The therapeutic window
of the optimal PM with Q:P:E=5:1:1 was confirmed by using B —
hexosaminidase assay in various concentrations. (Data are presented as
the mean®=SD, n=3, and p—values were calculated using one—way ANOVA.

ns, not significant; ***p < 0.001; ***xp < 0.0001)
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3.4. Preparation of PM and drug delivery carrier

To enhance the biocompatibility of polyphenols and transdermally
deliver PM simultaneously, the double emulsion (W/O/W) system was
applied. We fabricated a W/O/W  to stabilize and used it as the
transdermal delivery carrier (Figure 5A).

By quantifying the total phenyl contents in emulsions, we measured
the encapsulation efficiency of PM when the initial total PM concentration
increased from 50 to 500 g M. The encapsulation efficiency of PM in
W/O/W was significantly increased from 12.1x7 M to 54£6.6 M
compared to O/W which increase from 6.7£1.3 M to 11.6x1.3 M
(Figure 5B). PM_W/O/W has 418% higher encapsulation of PM than
PM_O/W at 500 #M of initial PM concentration. This result showed that
the W/O/W more efficiently stabilized the polyphenols and enhanced the
encapsulating efficiency than O/W. Thus, we used the PM at 500 M as

the initial loading concentration to fabricate the PM_W/O/W in this study.
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Figure 5. (A) Schematic illustrations of PM—encapsulated oil—in—water
single emulsion (PM_O/W) and PM—encapsulated water—in—oil—in—water
double emulsion (PM_W/O/W). The illustration was created using
Biorender. (B) The encapsulation efficiency of PM based on the initial PM
concentration was measured by total phenyl content (TPC) assay. (Data
are presented as the mean®*SD, n=3, and p—values were calculated using

two—way ANOVA. ns, not significant ***p < 0.001; ****p < 0.0001)
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To estimate the fabrication of double emulsions (W/O/W and
PM_W/O/W) and single emulsions (O/W and PM_O/W), the appearance and
color were observed on day 1, 3, 5, and 7 at RT and 37 . As seen in
Figure S4, concerning the aggregates of PM_O/W, we demonstrated that
the PM is unstably encapsulated in the O/W compared to the W/O/W.
Furthermore, the PM entrapped in W/O/W has consistent properties even
at RT and 37 C over time. In addition, particle size, surface charge, and
stability of emulsions were measured by DLS analysis. The particle
diameter of O/W was 6731£62.4 nm, and the particle diameter of W/O/W
was 197%+48.5 nm. PM_O/W showed a particle diameter of 597*10.4 nm
and PM_W/O/W showed a particle diameter of 108 1.9 nm (Figure 6A).
As a result, PM—encapsulated emulsions (PM_O/W and PM_W/O/W)
respectively displayed a smaller size than empty emulsions (O/W and
W/O/W). The zeta potential of the O/W showed —34.5£0.9 mV and
PM_O/W showed —40.3*1.3 mV; in comparison, the zeta—potential of
W/O/W showed —20.9%0.8 mV and PM_W/O/W showed —13.8*1.5 mV
(Figure 6B). As a result, by fabricating the single emulsions to double
emulsions, the negative value of the surface charge was alleviated. In
addition, the size of the PM_O/W and PM_W/O/W showed 46.4 nm and 21.2
nm increase after 12 days. The size of the O/W and W/O/W showed 401
nm and 599 nm increase after 12 days (Figure 6C). These results
demonstrated that PM—encapsulated emulsions were more stable than

empty emulsions.
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Figure 6. Characterization of emulsions using DLS. The (A) size and (B)
zeta potential of O/W, PM_O/W, W/O/W, and PM_W/O/W was measured.
(C) The stability of each emulsion was evaluated over 12 days. (Data are
presented as the mean*=SD, n=3, and p—values were calculated using
one—way ANOVA. ns, not significant; *p < 0.05; #xp < 0.01) (The

illustration was created using Biorender)
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In addition, the stability on particular environment of PM_W/O/W
was assessed by comparing the size and zeta potential for 10 days. As
depicted in Figure 7, the particle size of the PM_W/O/W maintained within

a deviation of 20 nm in physiological pH and temperature over time.
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Figure 7. The particular stability of PM_W/O/W was investigated under
various conditions. The change in particle size was estimated under

different (A) pH and (B) temperatures for 10 days.
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TEM image reveals that a biphasic structure of W/O/W and
PM_W/O/W were successfully formulated in the nanoparticles (Figure 8).
The W/O/W showed an unstable aqueous core and oil shell interface; while
the PM_W/O/W showed a stable interface layer. In previous studies, the
unique steric stabilization of microemulsion was made due to the
localization of polyphenol at the interface between the water phase and oil
phase of the emulsion [33, 46, 47]. According to these results, we
deduced that the polyphenols were localized at the interface of the water
phase and oil phase of the microemulsion [14, 16—19]. Therefore, we
assumed that the maximum amount of encapsulated polyphenols could not
exceed the localization limits. In addition, considering the autofluorescent
at 405 nm excitation of polyphenol, the CLSM image showed that the PM
was localized at the interface of the water phase and oil phase (Figure 9)

[48].
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WI/O/W

Figure 8. TEM images of emulsions proved that the double emulsion was
successfully fabricated. The scale bar of O/W and PM_O/W was 500 nm,
and the scale bar of W/O/W and PM_W/O/W was 200 nm.
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Figure 9. Confocal laser scanning microscope (CLSM) image of water

phase and oil phase interface of PM_W/O/W.
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Cytotoxicity of W/O/W and PM_W/O/W was confirmed by the
cellular responsibility. W/O/W and PM_W/O/W showed 98.7+0.6% and
98.2%+0.5% of cell viability, respectively (Figure 10A). Additionally, the
PM_W/O/W (111.4£6.2%) display similar anti—degranulation ability with
PM (100%£6.5%); while W/O/W showed much more relative 8-
hexosaminidase release with 203.21£24.4% (Figure 10B). As a result, we
estimated that W/O/W was effective in only transdermally delivering the

PM for alleviating the inflammatory response.
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Figure 10. (A) Cell viability of PM, W/O/W and PM_W/O/W was quantified
by Live/Dead assay on the HaCaT cell line. (B) To prove the anti—allergic
effect of PM with double emulsion, the relative release level of A —
hexosaminidase was quantified. (Data are presented as the mean+=SD, n=3,
and p—values were calculated using one—way ANOVA. ns, not significant;

sk p < 0.001)
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3.5. Clinical observation for AD symptoms in vivo

model

To estimate the allergy alleviation effect of PM_W/O/W on the in
vivo AD mice model, we used DNCB as allergens in BALB/c mice (Figure
11A). As shown in Figure 11B, AD was effectively induced by DNCB. AD—
related symptoms like hyperkeratosis and dryness, and redness on
DNCB—treated skin of sham group demonstrated that AD was successfully
induced in the mice model. We demonstrated that treatment with
PM_W/O/W attenuates the severity of AD by clinical observation, such as
dermatitis score and relative ear thickness which indicated the severity of
AD symptoms.

To investigate the retention of double emulsions within the skin, we
obtained the IVIS images using the dye—encapsulated double emulsion.
The Nile red was used as the dye due to the its similar molar weight and
hydrophobicity with polyphenols. As shown in Figure 12, we verified that
the double emulsions transdermally delivered after 24 h, considering the
65% decrease in radiant efficiency compared to 1 h after treatment. Thus,
in this study, the treatment period of the sample was designed with 48 h

and 72 h to prevent the overdose of drugs.
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In addition, the in wvivo toxicity of PM and PM_W/O/W was
measured with irritation analysis by calculating the erythema index. As
seen in Figure 13, the possibility of toxicity by PM and PM_W/O/W was
negligible according to little significant change in erythema index after 1 h
and 24 h. Moreover, considering the controlled release efficiency of the
emulsion system, we surmised that sustained release of PM would reduce

toxicity induced by the overdose or localization of drugs at the epidermis

[49].
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Figure 13. The in vivo toxicity of PM and PM_W/O/W was estimated with

the irritation analysis.
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During the experiment, the dermatitis score was maintained
between 8 and 10 in the sham group; while the negative control group
showed between O and 1, which indicated the healthy normal skin. The
PM_W/O/W alleviated the skin condition with the lowest dermatitis score
of 5 compared to Q (score from 10.3 to 9), P (score from 10.7 to 11), E
(score from 10 to 9.3), PM (score from 8.7 to 6.3) (Figure 14A).
Especially, the dermatitis score of the PM_W/O/W mice was 5 on the last
day of experiment; while PM has 7.67, Q has 9, P has 11, E has 9.3,
negative control group has 0.67, and sham group has 9 (Figure 14B).

Additionally, we measured the ear thickness by using a digital
caliper on days 3, 5, 10, and 15. Excessive inflammatory reactions occur
on the AD—induced skin, resulting in swelling and edema, which increase
the thickness of the ears and paws [39—41]. As shown in Figures 14C and
14D, the relative ear thickness slowly increased in all AD—induced groups;
however, PM_W/O/W treated group had the lowest thickness (166.2=*
7.8%) compared to single polyphenol and PM—treated groups on the last
day. The sham group showed 208.9£0.8% of highly increased ear
thickness. Although the higher value than the PM_W/O/W treated group,
the PM treated group showed relatively less increase in ear thickness of
185*£16.5% than single polyphenols treated groups; 193£23.3% in Q,
200.5%6.7% in P, and 202.3£39.6% in E. Therefore, these results proved
that the PM_W/O/W efficiently alleviated the symptoms of AD compared to

single polyphenols and PM.
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Figure 14. (A) The dermatitis score was quantified by adding the value of
each symptom, including erythema/hemorrhage, scarring/dryness, edema,
and excoriation/erosion during the experiments. (B) was the dermatitis
score on the last day of the experiment (day 15). (C) Ear thickness was
analyzed by relative value based on the negative control group on the same
day, considering the individual measurement errors with digital calipers.
(D) also was the relative ear thickness on the last day of the experiment.
(Data are presented as the mean®tSD, n = 3, and p—values were
calculated using one—way ANOVA, and two—way ANOVA. ns, not
significant; *p < 0.05; *#p < 0.01; ***xp < 0.0001.)
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3.6. Histological analysis of alleviation of AD

To investigate the anti—allergic effect, we employed histological
analysis of AD-—induced dorsal and ear skins. Because of the
hyperkeratosis and hyperplasia of AD-—induced skin, the dermal and
epidermal thickness is increased. To assess the severity of AD, we
measured the dermal thickness, epidermal thickness, and ear thickness by
H&E staining images (Figures 15A and 16A).

The epidermal thickness of the sham group was 107.1£25.4 pgm,
which was thicker than the native epidermal thickness of the negative
control group, measured at 16.7%x1.9 gm. The epidermal thickness of
PM_W/O/W mostly less increased with 54.6 3.8 xm; while the epidermal
thickness of Q, P, E, and PM treated groups was 114.6%£18.4 xm, 114.4=*
21.3 pgm, 91.5£8.4 pgm, and 84.1x21.6 xm. In addition, the dermal

thickness of the sham group was 454.4+18 xm, while the native dermal

thickness of the negative control group was 362.7+£13.2 p¢m (Figure 15B).

The dermal thickness of PM_W/O/W mostly less increased with 396.6 =%
22.3 pm; while the dermal thickness of Q, P, E, and PM treated groups
was 436.6£21.2 gm, 533%99.2 xm, 464.4£24.5 pm, and 437.7%48.6

¢ m (Figure 15C).
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Figure 15. Histological analysis of mice dorsal skin lesions. (A) was the
image of hematoxylin and eosin (H&E) staining. The scale bar was 100 z
m. (B—C) Epidermal thickness and dermal thickness were measured based
on the H&E stained image using Image J software. (Data are presented as
the mean*SD, n=3, and p—values were calculated using one—way ANOVA.

ns, not significant; *p < 0.05; #*xxp < 0.0001)
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Additionally, the ear thickness was also quantified based on the
H&E images (Figure 16A). The ear thickness of the sham was 422.3+21
¢#m, and the native ear thickness of the negative control group was 200.7
*+40.8 gm. The PM_W/O/W showed the most mitigated AD symptoms
with 318.56£25.7 gm, respectively. The ear thickness of Q, P, and E
showed 340.5+10.5 gm, 340£19.8 gm, and 354.5+46.3 xm (Figure
16B). These results about skin thickness demonstrated that the
PM_W/O/W had a remarkable AD alleviation effect compared to single

polyphenols and PM.
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Figure 16. Histological analysis of mice ear skin lesions. (A) was the
image of hematoxylin and eosin (H&E) staining. The scale bar was 100 g
m. (B) Ear thickness was measured based on the H&E stained image using
Image J software. (Data are presented as the mean®*SD, n=3, and p—
values were calculated using one—way ANOVA. ns, not significant; **p <
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3.7. Immunological analysis of AD response

To evaluate the anti—allergic effect on Iimmune response,
inflammatory cell infiltration beneath the dermis and hypodermis was
stained by toluidine blue (Figure 17A). Mast cells were stained purple and
the background was stained blue. As shown in Figure 17B, the number of
mast cells was 20.3%2 cells/mm?® in the sham group while the native
number of mast cells was 7.3+ 2.8 cells/mm? in the negative control group.
Especially, the PM_W/O/W treated group represented less number of mast
cells with 10.8+3.7 cells/mm? compared to single polyphenols and PM
treated groups, respectively. The Q, P, E, and PM treated group showed
20.6 2.6 cells/mm® 28.3+10.6 cells/mm”, 25.8+10.1 cells/mm? and 18.6
+10.8 cells/mm? of mast cells in dermis and hypodermis.

In addition, we measured the serum IgE level as a systemic
biomarker of AD. The sham group showed the serum IgE level with 48.6 =
3.46 ng/mL compared to negative control groups (27.4%£1.6 ng/mL).
PM_W/O/W treated group represented the lowest level of serum IgE with
29.7%1.5 ng/mL compared to single polyphenols and PM treated group,
respectively. The Q treated group has 38.2%+5.4 ng/mL, P treated group
has 45.3%14.3 ng/mL, E treated group has 47.810.5 ng/mL, and PM has
33.5£6.7 ng/mL of serum IgE level (Figure 18). Therefore, the reduction
of inflammatory cell infiltration and serum IgE level in the PM_W/O/W
treated group demonstrated that our ratio of PM and double emulsion

transdermal delivery carrier induced the most effective AD.
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Figure 17. Immunological analysis of mice dorsal skin lesions. (A) was the
image of toluidine blue staining. (B) Mast cells that were stained purple
were counted beneath the dermis and hypodermis. The scale bar was 100
p#m. (Data are presented as the mean®tSD, n = 3, p—values were

calculated using one—way ANOVA. ns, not significant)
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Figure 18. Immunological analysis of /n vivo AD—induced mice model. (A)
The serum IgE level was estimated using ELISA. (Data are presented as
the mean®SD, n = 3, p—values were calculated using one—way ANOVA.

ns, not significant; *p < 0.05)
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Chapter 4. Conclusion

Herein, we screened an specific composition and ratio of
polyphenol mixture (PM)—based therapeutic system for atopic dermatitis
(AD). We suggested the optimal ratio of PM using specific polyphenols;
quercetin (Q), phloretin (P), and ellagic acid (E). Although there are many
biological efficiency of polyphenols, polyphenol shows some limitations
such as the susceptibility to oxidation, low bioavailability, and low stability
to be used as a component of products. Therefore, to enhance the
bioavailability and transdermal delivery efficiency of polyphenols, we used
a double emulsion (W/O/W) as a nanocarrier in this study. In particular,
the W/O/W which is the nanocarrier of the transdermal drug delivery
system was fabricated, and we proved the improved polyphenol
encapsulation efficiency and stability. Finally, we induced AD with DNCB in
BALB/c mice and demonstrated that PM_W/O/W could alleviate the AD
with clinical, histological, and immunological analysis. According to the
enhanced AD alleviation effect of PM compared to single polyphenols, we
can represent that the PM had a synergetic effect at the relatively high
total polyphenol concentration (50 M) where a single polyphenol showed
side effects. Moreover, PM_W/O/W showed a remarkable reconstruction of
the skin physiology compared to other groups in vivo. According to these
results, we proved that the anti—allergic effect of PM_W/O/W was caused
by not only the PM but also the efficient delivery of the nanocarrier,

W/O/W. Therefore, we could suggest new insights into the combinational
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therapy of polyphenols and also be applied in the transdermal delivery

system for other disease models.
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Figure S1. The B —hexosaminidase assay was confirmed the anti—allergic
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composed of two types of polyphenol. (Data are presented as the
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Figure S2. The influence of tannic acid (T, other types of polyphenol) was
confirmed by investigating the cellular response in HaCaT cells. (A—B)
showed the cell viability of T—treated cells by Live/Dead assay. (C) Cell
proliferation of T—treated cells showed by CCK—8 assay. (Data are
presented as the mean®*SD, n=3, and p—values were calculated using
one—way ANOVA, and two—way ANOVA. ns, not significant; *p < 0.05;
wkxp < 0,001; #=#xxp < 0.0001.)
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Figure S3. (A) The anti—allergic efficacy of T was investigated by 8 —
hexosaminidase assay in IgE—sensitized RBL—2H3 cells. (B) showed the
comparison of the anti—allergic effect of different total polyphenol
concentrations and composition of PM in IgE —sensitized RBL—2H3 cells.
(Data are presented as the mean®=SD, n=3, and p—values were calculated

using one—way ANOVA. ns, not significant; **%p < 0.001; =x*xp < 0.0001).
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Figure S4. The optical image of single emulsions (O/W and PM_O/W) and
double emulsions (W/O/W and PM_W/O/W) was obtained on days 1, 3, 5,

and 7 at room temperature and 37 C.
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