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ABSTRACT: Ultraviolet (UV) radiation from the sun or artificial
sources is one of the primary causes of skin damage, including
sunburns, tanning, erythema, and skin cancer. Among the three
different types of UV rays, UVB rays have a medium wavelength
that can penetrate the epidermal layer of the skin, resulting in
sunburn, suntan, blistering, and melanoma in case of chronic
exposure. This study aimed to evaluate the preventive and
therapeutic effects of a gel-in-oil nanogel dispersion (G/O-NGD)
as a transdermal delivery biomolecular carrier for skin damage
caused by UVB light. The efficacy of this carrier against UVB-
induced skin damage was investigated in vivo by delivering different
growth factors (GFs) encapsulated in a G/O-NGD. Artificial UVB
light was used to induce skin damage in nude mice, followed by the
transdermal application of five GF [vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), epidermal
growth factor (EGF), transforming growth factor (TGF)-1, and insulin-like growth factor (IGF)-a]-immobilized G/O-NGD.
Among these GFs, VEGF and bFGF promoted angiogenesis, while EGF, TGF-1, and IGF-a promoted the repair and regeneration of
damaged cells. The results showed that G/O-NGD was superior to heparin-immobilized G/O-NGD in reducing UVB-induced skin
damage, such as erythema, epidermal water reduction, inflammation, and dermis thickening. In addition, G/O-NGD could prevent
and treat abnormal follicle proliferation caused by UVB rays and exhibited potential to repair lipid glands. Overall, our results
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demonstrate the potential of G/O-NGDs for the treatment of UVB-induced skin damage.

1. INTRODUCTION

The spectrum of the sun emits electromagnetic waves. The
atmosphere and ozone layer filter away the majority of
hazardous high-energy radiations; however, the ultraviolet
(UV) rays (200—400 nm) can reach the Earth and even pierce
human skin." Solar UV radiation consists of 1—10% high-
energy medium-wave UVB (290—320 nm) and 90—99% long-
wave UVA (320—400 nm) rays,” which are completely
absorbed by the stratospheric ozone. Upon sunlight exposure,
high-energy (mutagenic) UV light with a wavelength (WL) of
300 nm is nearly completely absorbed by the epidermal cell
components, while low-energy UV light with a high WL
penetrates deeper into the skin.” UV radiation is responsible
for almost all adverse effects of sunlight on humans, including
sunburn, photodamage to the dermal connective tissue,
photoaging, and erythema. Notably, exposure to UV radiation
is the leading cause of skin cancer in humans." UVB is the
most powerful type of solar radiation that reaches the Earth’s
surface and causes oxidative stress.”” Its adverse effects are
mainly caused by DNA and })rotein damage, leading to cell
cycle arrest and apoptosis.” Aromatic heterocyclic bases
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present in DNA and RNA have absorption maxima at a WL
of 260—26S5 nm, which is close to the WL of UVB light. Direct
UVB absorption causes pyrimidine bases to dimerize, and
replication of damaged DNA causes nucleotide misincorpora-
tion at photopermeable locations, resulting in mutations. UVB-
induced mutations cause distinct changes in DNA, making
UVB an effective tumor promoter.”” Therefore, the develop-
ment of effective strategies to decrease UVB-induced keratin-
forming cell damage is essential.

In recent years, drug delivery through the skin to combat
UVB damage has been an area of high interest. Reduced first-
pass metabolism and systemic side effects are the advantages of
transdermal delivery. A relatively low dose of the drug can
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reduce treatment costs and improve patient adherence through
an effective sustained-release effect.”” New nanoemulsion
carriers can significantly reduce the skin irritation caused by
transdermal drug delivery. The benefits of nanoemulsions
include epidermal hydration to achieve moisturization,
improvement of the skin’s protective barrier and sustained
drug release. Therefore, nanoemulsions can be used to improve
the bioavailability and efficacy of drugs by preventing drug
accumulation in the skin.""™"?

Growth factors (GFs) act as biomacromolecular drugs
because of their effects on cell growth, tissue regeneration, and
angiogenesis.'*~'® The basic fibroblast growth factor (bFGF)
promotes skin ulcer healing by inducing fibroblast prolifer-
ation. Although the biological activity of the growth factor is
brief, it takes a relatively long time to cause the desired effect,
making it difficult to maintain an effective local concentration
over time."’~" Therefore, it is necessary to create a drug
carrier to increase the stability of the encapsulated drug and
break the barrier function of the outermost layer of the skin,
followed by sustained drug eftects in the body. Heparin can be
immobilized on biodegradable collagen (Hep-col) or gelatin
(Hep-gel) by chemical cross-linking of 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide
(NHS).”® Since heparin has a negative charge due to the
large number of sulfate groups within its molecular structure, it
prevents the thermal expansion of GFs by electrophilic binding
to positively charged GF. Thereby, the inner phase of the gel-
in-oil nanogel dispersion (G/O-NGD) formed of hep-gel,
improving their stability within the body.”" In previous studies
of our laboratory, GFs were added to hep-col films, and the
loading rate of GF was determined by the ELISA method,
which was about 80—90%. Moreover, through HUVEC
proliferation, it was found that the hep-col membrane during
preincubation could stabilize bFGF and maintain its biological
activity for about twice as long as the bFGF solution. The slow-
release effect of hep-gel on GF was also verified.”

In this study, we further developed our recently reported gel-
in-oil nanogel dispersion (G/O-NGD), which showed stable
physicochemical properties and storage stability. In vitro skin
permeation studies indicate that fluorescent proteins contain-
ing G/O emulsions have better penetrability through the
stratum corneum than GF aqueous solutions. In vivo studies
have revealed that GF-immobilized G/O emulsions have an
angiogenesis-inducing effect after transdermal application.”® As
a result, G/O emulsions can be utilized effectively to distribute
GFs to the target spot while maintaining good stability.
Heparin can not only immobilize foreign proliferative factors
but may also trigger the activity of native proliferative factors.
G/O emulsions can prevent the immobilization of proliferative
factors.”

UVB is an established cause of skin cancer because of its
ability to cause DNA damage in skin cells, which, if not
repaired effectively, may eventually lead to the accumulation of
oncogenic mutations, resulting in skin cell malignancies.25 Asa
result, prevention of UVB damage and post-irradiation repair
are essential. Similarly, the supply of nutrients from the body to
the damaged site via angiogenesis and the repair and
regeneration of damaged cells are important factors for
wound healing.

Considering the above circumstances, this study is aimed to
develop a novel drug delivery system for transdermal delivery
of growth factors (GFs) to repair ultraviolet (UV) ray-
mediated skin damage. Different GFs, namely, the vascular
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endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF), which promote angiogenesis, and the epidermal
growth factor (EGF), transforming growth factor (TGF)-1,
and insulin-like growth factor (IGF)-a, which promote the
repair of damaged cells are delivered via immobilization in G/
O-NGD. At the same time, the efficacy of GF-loaded G/O-
NGD was compared with the effects of heparin-fixed
endogenous growth factors (G/O-NGD [Heparin]). The
angiogenesis effect of GFs through G/O-NGD has already
been demonstrated.” Being a suitable carrier for GFs, it is
hypothesized that G/O-NGD itself possesses distinctive
properties that are expected to reduce skin damage as well as
promote the healing of damaged skin along with the GFs.
Hence, the significance of this study is to demonstrate and
evaluate the effect of the GF-loaded G/O nanogel dispersion in
the repair and prevention of UVB-induced skin damage. The
G/O nanogel dispersion could be a promising carrier for
transdermal delivery of GFs and, therefore, emerges a new
hope in the arena of the drug delivery system.

2. MATERIALS AND METHODS

2.1. Preparation of the G/O-NGD Emulsion. Sucrose
erucic acid ester (Mitsubishi Chemical Foods Co., Tokyo,
Japan) was added to isopropyl myristate (Fujifilm Wako Pure
Chemical Co., Osaka, Japan) and dissolved by shaking at room
temperature to form the oil phase.

The ethyl(dimethylaminopropyl)carbodiimide/N-hydroxy-
succinimide (EDC/NHS) solution was prepared by adding
10 mg/mL EDC (Peptide Institute Inc., Osaka, Japan) and 6
mg/mL NHS (WAKO) into a 0.05 M 2-morpholinoethane-
sulfonic acid monohydrate buffer (pH $5.6; Dojindo Labo-
ratory, Kumamoto, Japan) solution. The EDC/NHS solution
and heparin (10 mg/mL; WAKO) were then added to a 5%
gelatin (porcine-skin-derived gelatin type A; Sigma Aldrich, St.
Louis, MO) solution to form the aqueous phase. Next, the
aqueous phase was mixed with the oil phase via agitation using
an ultrasonic homogenizer (Sonifier 250; Branson Ultrasonic
Co, Danbury, CT) at 1 pulse per 0.7 s, high-speed stirring, and
70% power amplitude resulting in a milky-form liquid. The
prepared emulsion was cooled at 4 °C to jellify the aqueous
phase into particles to obtain the G/O-NGD. The prepared G/
O-NGD was monodispersed in nature (PdI < 0.3) with a mean
particle diameter of <250 nm, as obtained in the previous
study.”

2.2. G/O Emulsion with a Mixture of Five GFs. The five
proliferation factors selected were VEGF (glycoprotein
associated with vascular renewal), epithelial growth factor
(EGF; associated with DNA synthesis and cell proliferation),
bFGF (associated with the development of the nervous system,
lungs, muscles, bone, and skin, along with vascular
proliferation), TGF-1 (associated with tissue development,
cell differentiation, and embryonic development), and IGF-a
(associated with regeneration of damaged cells and skin). The
G/O-NGD was prepared in the same manner as described in
Section 2.1, except that the aqueous phase contained a mixture
of the above five proliferation factors. Here, stirring was
performed for 3 min with a 30 s interval to prevent the
denaturation of GFs by high temperature. In this emulsion, fine
nanometer-sized particles were formed and dispersed in oil.
The prepared emulsion was cooled to 4 °C to allow gelation of
the aqueous phase within the particles to produce the G/O
emulsion.
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2.3. In Vivo Evaluation of the Preventive and
Therapeutic Effects of the G/O-NGD on UVB Radia-
tion-Induced Damage. 2.3.7. UVB Skin Trauma Mouse
Model. Hairless nude male mice (4 weeks old, wt. 19—24 g, by
Japan SLC) were fixed in cages and provided a standard diet ad
libitum. All animals were treated according to the protocol
approved by the Ethics Committee on Animal Experiments of
Kyushu University (A21-335-1; July 9, 2021). UVB irradiation
was performed only once on day 0, with the mice under
anesthesia, by placing a UVB irradiator on top of the cage.
UVB light was placed directly above the mouse at a distance of
8 cm, and the intensity of the irradiated UVB light was
calculated as 105.6 mJ/cm* UVB exposure was 220.1 + 1.7
UW/cm?’. According to the formula for light energy, UVB light
energy (mJ/cm?) = UVB intensity (mW/cm?) X irradiation
time (s). The intensity of the irradiated UVB light was
calculated as 105.648 + 0.816 mJ/cm* Mice were exposed to
UVB radiation for 8 min and developed a damaged skin
condition equivalent to a state of imbalanced skin for a month
(Figure S1).

The specific experimental conditions are listed in Table 1.
Group I was the no-treatment control group; group II was the

Table 1. Experiment Conditions

group name types of treatment received

no treatment
UVB irradiation
UVB irradiation + G/O (Heparin)
UVB irradiation + G/O (GF cocktail)
group III: short-term treatment UVB irradiation + G/O (Heparin)
group UVB irradiation + G/O (GF cocktail)
group IV: long-term treatment UVB irradiation
group UVB irradiation + G/O (Heparin)
UVB irradiation + G/O (GF cocktail)

group I: no-treatment group

group II: prevention group

prevention group: irradiation for 8 min on day 0 and untreated
UVB-only irradiation, immediately followed by six days of
preventive conditions for G/O-NGD application; group III

was the short-term treatment group: day O irradiation was
followed by skin damage reactions, such as visible erythema,
blistering, and peeling, on day 3; a three-day short-term
treatment with the application of G/O-NGD and a control
without treatment; and group IV was the long-term treatment
group: the conditions were set as in the three groups but with
six days of applied lotion long-term treatment and no-
treatment control.

The experimental duration was determined based on
significant changes in skin moisture as well as in the skin
structure after UVB irradiation. GF-loaded G/O-NGD was
applied to the distinctive treatment groups on days 3, 6, and 9
to determine the duration of treatment for skin repair as well as
for damage prevention. Similarly, G/O-NGD application for
upto 9 days reveals the safety of transdermal application of the
developed nanogel dispersion for long-term use in skin.
Furthermore, body weight and skin moisture tests were
performed daily and transepidermal water loss tests were
performed using a skin evaporative water logger (LOZEN-
STAR SR-101).

2.4. Histological Analysis. Skin from the backs of the
mice was harvested for histological analysis on day 7 of UV
exposure. This treated dorsal skin was fixed in a 10% formalin-
neutral buffer solution (FUJIFILM Wako Pure Chemical
Corporation). Separate paraffin-embedded blocks embedded
in paraffin sections were prepared using standard techniques
and visualized by hematoxylin and eosin (H&E) staining and
immunohistochemical staining of macrophages with biotin-
labeled anti-CD68 antibody (Abcam).

2.5. Statistical Analyses. All test results are expressed as
the mean =+ standard deviation. Significant differences between
the two groups were analyzed using one-way analysis of
variance. Statistical significance was set at P < 0.05 and P <
0.001.

3. RESULTS

3.1. Prevention of UVB Irradiation-Induced Erythema
and Epidermal Dehydration by the G/O-NGD. Figure 1A
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Figure 1. Inhibition of skin erythema and dehydration using the gel-in-oil nanogel dispersion (G/O-NGD) in the prevention group. (A) Images of
transtemporal changes on the back skin of mice after ultraviolet (UV)-B irradiation and degree of skin damage with and without application of G/
O-NGD. (B) Transcutaneous changes in skin humidity on the back of mice in the prevention group. Data are presented as the mean + standard

deviation. n = 4, *P < 0.05, **P < 0.01. Scale bar = 10 mm.
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Figure 2. Inhibition of skin erythema and dehydration using G/O-NGD in the short-term treatment group. (A) Images of transtemporal changes
on the back skin of mice after UVB irradiation and degree of skin damage with and without the application of G/O-NGD. (B) Transcutaneous
changes in skin humidity on the back of mice in the short-term treatment group. Data are presented as the mean + standard deviation. n = 4, *P <

0.05, **P < 0.01. Scale bar = 10 mm.
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Figure 3. Inhibition of skin erythema and dehydration using G/O-NGD in the long-term treatment group. (A) Images of transtemporal changes on
the back skin of mice after UVB irradiation and degree of skin damage with and without the application of G/O-NGD. (B) Transcutaneous
changes in skin humidity on the back of mice in the long-term treatment group. Data are presented as the mean =+ standard deviation. n = 4, *P <

0.05, **P < 0.01. Scale bar = 10 mm.

shows photographs of the dorsal condition of mice in group II
(prevention group) over time. Comparing the no-treatment
group with the UVB irradiation (no application) condition,
significant erythema was observed on the mice’s skin after
three days of UVB irradiation. After comparing the UVB
irradiation-only, UVB irradiation + G/O (Heparin), and UVB
irradiation + G/O (GF cocktail) conditions on day 3, we
found that G/O application conditions prevented skin wounds.
Similarly, Figure 1B shows the skin moisture level for the
prevention group. The results showed that UVB radiation
caused skin irritation that significantly decreased the moisture
level of skin from approximately 33 to 20% over time. The skin
moisture level for UVB irradiation + G/O (Heparin) and UVB
irradiation + G/O (GF cocktail) on day 3 was slightly greater
than the UVB radiation-only condition. However, the skin
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humidity in the G/O (Heparin) and G/O (GF cocktail)
conditions was the same as in the ideal skin condition on day
6. Since a similar effect on the skin humidity level was
achieved, it is assumed that the G/O-NGD has a preventive
effect on moisture loss caused by UVB radiation-induced skin
damage.

Figure 2A shows a photograph of the back of group III
(short-term treatment group) mice over time. Prominent
erythema on the back was observed three days after irradiation
(day 3). Wound healing was expected from day 3. As both G/
O (Heparin) and G/O (GF cocktail) were applied on day 3, a
significant reduction in erythema was observed after three days
(day 6). Figure 2B shows the skin epidermal moisture results
for the third group, indicating that G/O (GF cocktail) was
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Figure 4. CD68 staining of the mouse dorsal skin tissue. (A) Prevention, (B) short-term treatment, and (C) long-term treatment groups.
Macrophage counts in the (D) prevention, (E) short-term treatment, and (F) long-term treatment groups. Data are presented as the mean +
standard deviation. n = 4, *P < 0.05, **P < 0.01. Scale bar = 50 ym.

more effective than G/O (Heparin) in improving the skin
moisture level over a shorter treatment period.

Figure 3A shows photographs of the dorsum of mice in the
fourth group (long-term treatment group) over time,
comparing the no-treatment and UVB irradiation-only (no
application) conditions. Significant erythema was observed
three days after irradiation (day 3). Three days after G/O
application (day 6), there were no visible skin wounds in the
UVB irradiation + G/O (Heparin) and UVB irradiation + G/
O (GF cocktail) conditions, and photographs of pure UVB
irradiation from days 6 to 9 showed that the wound sites
recovered due to the spontaneous healing effects on the mice,
but healing was faster in the case of G/O application. Figure
3B shows the skin moisture results in group IV. The lower skin
humidity in the UVB irradiation-only condition compared to
the no-treatment condition confirms the roughness of the skin
caused by UVB irradiation and other conditions. The higher
skin humidity of G/O (Heparin) compared to G/O (GF
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cocktail) conditions suggests that G/O (GF cocktail) treat-
ment is more effective.

3.2. Immunohistochemistry of the Skin. Figure 4 shows
a graph of the microscopic observations of the skin after CD68
staining and the quantitative results of macrophage counts.
CD68 staining of the prevention group and quantification of
macrophages (Figure 4A,D) revealed a significant increase in
macrophage markers under UVB irradiation-only conditions,
indicating macrophage accumulation at the wound site. In
contrast, under G/O (Heparin) and G/O (GF cocktail)
conditions, macrophage expression was lower than that under
UVB irradiation only, indicating that G/O has a preventive
effect on inflammation at the wound site. The results of CD68
staining from the short-term treatment group (Figure 4B,E)
showed that the macrophage markers were lowest in G/O (GF
cocktail), indicating that G/O (GF cocktail) treatment has
good control on the inflammation that is better than that of G/
O (Heparin) treatment. From the results of the long-term
treatment group (Figure 4C,F), the number of macrophages
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Figure S. Histological analysis of the mice skin in the no-treatment group. (A) Hematoxylin and eosin (H&E)-stained images of the dorsal skin of
mice. (B) Skin tissue fibrosis. (C) Increased number of hair follicles. (D) Inflammation. Scale bar: A = 500 um; B, C, and D = 200 ym.
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Figure 6. Histological analysis of the mice skin in the prevention group. (A) H&E-stained images of the dorsal skin of mice. (B) Epidermal
thickness. (C) Dermis thickness. (D) Number of hair follicles. (E) Number of sebaceous glands. Data are presented as the mean + standard
deviation. n = 4, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bar = 100 ym.

was the same for UVB irradiation, G/O (Heparin), and G/O
(GF cocktail) conditions. Comparing the results of the short-
term treatment groups, we believe that the reduction in the
number of macrophages in the irradiation-only group was
caused by spontaneous healing in mice.
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3.3. Histological Analysis. On the 7th day after UVB
irradiation, histological analysis of the mouse back skin was
performed via H&E staining. H&E-stained images of the dorsal
skin of mice (Figure SA) were observed for possible skin
lesions induced by UVB radiation in group I. Various skin
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Figure 7. Histological analysis of the mice skin in the short-term treatment group. (A) H&E-stained images of the dorsal skin of mice. (B)
Epidermal thickness. (C) Dermis thickness. (D) Number of hair follicles. (E) Number of sebaceous glands. Data are presented as the mean +
standard deviation. n = 4, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bar = 100 gm.

lesions, such as marked epidermal and dermal hypertrophy,
skin tissue fibrosis (Figure SB), increased number of hair
follicles (Figure SC), and inflammation (Figure SD), were
observed during the histological analysis.

H&E staining results for the prevention group (Figure 6A)
revealed that G/O (Heparin) and G/O (GF cocktail) were
effective in preventing epidermal and dermal thickening
induced by UVB irradiation (Figure 6B,C). Furthermore, a
significant increase in the number of hair follicles was observed
in the UVB irradiation-only group (Figure 6D), indicating that
G/O administration suppressed the abnormal increase in the
number of hair follicles. Under UVB irradiation, the number of
sebaceous glands was reduced with or without the application
of the G/O-NGD (Figure 6E).

Histological analysis of the short-term treatment group after
H&E staining (Figure 7A) showed that the application of G/O
(Heparin) and G/O (GF cocktail) was effective in
ameliorating epidermal and dermal thickening induced by
UVB irradiation (Figure 7B,C). The results of hair follicle
counts showed that UVB irradiation alone caused a significant
increase, whereas the application of G/O suppressed the
increase in hair follicle counts (Figure 7D). The results for
sebaceous glands (Figure 7E) revealed that the G/O (GF
cocktail) condition significantly restored the number of oil-
producing glands in the skin.

The results for the long-term treatment group (Figure 8A)
revealed that the G/O-NGD treatment improved epidermal
thickening (Figure 8B). Meanwhile, there was no significant
difference in dermal thickness in the absence or presence of G/
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O-NGD, G/O (Heparin), and G/O (GF cocktail) (Figure
8C), possibly due to the spontaneous healing effect in mice.

The results for the follicle number showed that UVB
irradiation alone caused a significant increase in the hair follicle
number, but G/O application inhibited this effect (Figure 8D).
Moreover, the G/O (GF cocktail) condition did not have any
effect on repairing the oil glands (Figure 8E); however, as
there was no significant difference, we speculate this to be
caused by an experimental error.

4. DISCUSSION

Previously, we developed a G/O emulsion for the transdermal
delivery of biomolecules. This G/O emulsion was validated as
a suitable drug delivery vehicle with an optimal particle size to
easily penetrate the skin and cause slow drug release into the
dermis of the skin.”® In this study, we investigated the role of
G/O emulsions in the healing of skin damage. Using a UVB-
induced skin injury model in hairless mice, we investigated
whether the application of the G/O-NGD emulsion encapsu-
lated in a cocktail of five GFs affected the UVB-induced skin
sunburn. Transdermal application of the G/O-NGD accel-
erated the inhibition of UVB-induced skin damage, such as
erythema, reduced skin epidermal moisture, inflammation, and
epidermal thickening caused by sunburn. Additionally, G/O-
NGD inhibited UVB-induced abnormal hair follicle growth.
G/O-NGD, which encapsulated five GFs, also demonstrated
rapid short-term repair of damaged sebaceous glands. Hence,
this study provides a new approach to the treatment of UVB-
induced skin damage.
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Figure 8. Histological analysis of the mice skin in the long-term treatment group. (A) H&E-stained images of the dorsal skin of mice. (B)
Epidermal thickness. (C) Dermis thickness. (D) Number of hair follicles. (E) Number of sebaceous glands. Data are presented as the mean +
standard deviation. n = 4, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bar = 100 gm.

The results of this study on the degree of skin damage and
change in epidermal water content in the prevention (Figure
1), short-term treatment (Figure 2), and long-term treatment
(Figure 3) groups indicate that the application of G/O-NGD
restored the moisturizing effect of the skin. There are three
possible reasons for this finding: first, modern wound healing
theory confirms that a moist environment prevents wound
dehydration and favors wound healing by increasing collagen
synthesis and angiogenesis, along with an increased breakdown
of dead cells, and requires oxygen.26_29 G/O-NGD is an oil-in-
nanogel emulsion, which provides a hermetic barrier for wound
treatment, prevents contamination, and allows moist wound
healing. The soft texture of the nanohydrogel also provides
comfort during treatment. Another reason is the moisturizing
effect of heparin. Heparin is a polysaccharide that can adsorb
water and is suggested to have highly moisturizing proper-
ties.””*" Heparin also has good analgesic and anti-inflamma-
tory effects, and its moisturizing effect can restore skin
moisture.”> A third possible reason is the effect of GFs’ on
wound healing. The five GFs used in this study contribute to
skin regeneration, which may restore skin moisture.’*~*

Although there was a slight reduction in skin water loss in
the prevention group, the difference was not statistically
significant. These findings suggest that the restoration of skin
moisture did not occur suddenly or immediately after the use
of G/O-NGD but gradually over time. As the recovery of skin
moisture in this experiment was not rapid after G/O-NGD
application, we believe that the recovery of skin moisture was
more likely due to the secondary effect of GFs on wound
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healing rather than the direct moisturizing effect of heparin.
However, the comparison between G/O (Heparin) and G/O
(GF cocktail) conditions showed a slight difference in skin
moisture levels. This may be due to the greater effect of
endogenous GFs bound to heparin compared to exogenous
GFs. Heparin can capture GFs and is effective in treating
trauma.”* Therefore, endogenous cellular GFs may be
activated by heparin, and superior wound healing can be
achieved via endogenous GF anchoring in heparin. Never-
theless, we do not believe that the introduction of external GFs
is meaningless because the skin humidity was higher in the G/
O (GF cocktail) condition than in the G/O (Heparin)
condition, although the difference was not significant. These
observations are only based on appearance and skin humidity.

Skin damage caused by UVB irradiation is multifaceted and
is not only related to visible wounds on the skin surface and
changes in the moisture content of the epidermis but also to
changes in epidermal hyperkeratosis, thickening of the stroma,
dermal vasodilation, and the number of hair follicles.”” We
evaluated the macrophage aggregation status within the skin
using CD68 staining (Figure 4). Inactivated macrophages are
called MO macrophages, and their characteristic surface
markers include CD14, CD68, and F4/80.*® After the initial
stimulation, macrophages acquire different phenotypes, M1
and M2. M1 macrophages are “classically activated” with
CD80 and CD86 as characteristic surface markers and are
mainly involved in the inflammatory response, which is not
conducive to tissue regeneration. Conversely, M2 macrophages
are called “alternatively activated macrophages,” with CD163
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and CD206 as characteristic surface markers. They can
suppress inflammation, participate in tissue regeneration by
driving immune regulation, and promote wound healing and
tissue remodeling.’”** Our results showed that G/O
(Heparin) and G/O (GF cocktail) treatments inhibited
UVB-induced macrophage expression in both the prophylactic
and treatment groups. A comparison of G/O (Heparin) and
G/O (GF cocktail) treatments showed a slight but not
significant difference. This may be due to the CD68 staining of
macrophages, including preactivation M0 and post-activation
M1 and M2 macrophages. If the number of M2 macrophages
was higher in the G/O (GF cocktail) treatment, the overall
CD68 expression level would converge with that in the G/O
(Heparin) treatment.

UVB-induced skin damage increased the thicknesses of the
epidermis and dermis in the prevention (Figure 6B,C), short-
term treatment (Figure 7B,C), and long-term treatment
(Figure 8B,C) groups. Cell GFs can promote the healing of
deep wounds that penetrate the dermis. For example, alkaline
GFs achieve skin barrier repair b}r gromoting the proliferation
of dermal keratin-forming cells.*"** In our study, when G/O
(GF cocktail) was applied to the skin surface, G/O delivered
GFs to the interior of the skin to promote skin regeneration
and inhibit the secretion of proinflammatory and proprolifer-
ative factors in keratin-forming cells. Therefore, a significant
decrease in epidermal and dermal thickness was observed in
the G/O (Heparin) and G/O (GF cocktail) administration
conditions compared to the irradiated group. This leads to an
inhibitory effect on UVB-induced photodamage.

Some studies on UVB damage to hair follicles have shown
that UV rays upregulate the expression of the wingless/
integrated (Wnt) signaling pathway, where the signaling
molecule Wnt10b promotes the growth of hair follicles.*
UVB light significantly prolongs the hair follicle cycle, which
can be considered a self-protective stress response in vivo.** In
our study, since G/O inhibited and treated the damage caused
by UVB, the expression of the Wnt signaling pathway was
reduced, while the number of hair follicles remained normal.
As a result, the significant upregulation that occurs in the hair
follicle cycle after UVB irradiation can be avoided. Therefore,
the number of hair follicles remained almost similar to that in
the untreated group and was much lower than that in the
UVB-irradiated group after G/O (Heparin) and G/O (GF
cocktail) administration in the prevention (Figure 6D), short-
term treatment (Figure 7D), and long-term treatment (Figure
8D) groups.

The scaling of sebaceous glands is caused by the intercellular
interactions between epidermal keratinocytes and fibroblasts;
therefore, the repair of epidermal keratinized cells and
fibroblasts is the key to sebaceous gland repair.*” In the
prevention group, we found that the sebaceous glands were
reduced in the presence or absence of G/O-NGD (Figure 6E).
In the short-term treatment group (Figure 7E), the G/O (GF
cocktail) condition significantly repaired the number of
sebaceous glands. Conversely, the G/O (GF cocktail)
condition did not affect the sebaceous gland repair (Figure
8E) in the long-term treatment, but since no significant
difference was observed, we considered this to be caused by an
experimental error.

5. CONCLUSIONS

The experiments described in this work revealed that UVB-
induced skin damage, such as erythema, skin moisture
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reduction, inflammation, and epidermal dermis thickening,
can be reduced by the administration of a G/O-NGD. The G/
O-NGD can also prevent and treat abnormal follicle
proliferation caused by UVB-induced damage to the hair
follicles. Moreover, the administration of G/O-NGD also
showed potential to repair the lipid glands. Therefore, the
current study proposes a new subcutaneous grafting technique
via the transdermal delivery of GF-functionalized G/O
nanogels, which can contribute significantly to the fields of
trauma treatment and regenerative medicine.
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