creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Master of Science

Biocompatibility of Fillers Following Application of
Hyaluronic acid at Different Anatomic Injection Sites

The Graduate School
Of the University of Ulsan

Department of Medical Science

Jiyeon Kang



Biocompatibility of Fillers Following Application of

Hyaluronic acid at Different Anatomic Injection Sites

Supervisor: Woo-Chan Son

A Dissertation

Submitted to
the Graduate School of the University of Ulsan.
In partial Fulfillment of the Requirements
for the Degree of

Master of Science

by

Jiyeon Kang

The Graduate School
of the University of Ulsan
Department of Medical Science

August 2023



Biocompatibility of Fillers Following Application of

Hyaluronic acid at Different Anatomic Injection Sites

This certifies that the master's thesis of Jiyeon Kang is approved.

Committee Chair Dr. Hyeong-Seok Lim

o T L

Committéé Member Dr. Woo-Chan Son

The Graduate School
of the University of Ulsan
Department of Medical Science
August 2023



Contents

ABSTRACT ... ..o e e s anree s iii
LIST OF FIGURES AND TABLES ...ttt v
INTRODUCGCTION ..ottt e et e e e s nnnree s 1
MATERIALS AND METHODS ... 4
Lo ADIIAL ettt et 4
2. Hyaluronic ACIA FAller................ooooiiiiiriiiieceieee ettt ettt saeen 4
30 ANMALMOAEL ... e 4
4. Magnetic Resonance Imaging for Volumetric evaluation...............ccccccoevenenincncvcvcncncnnes 5
5. Histopathological eXamiNAtion..............ccooiueiiiriiiiinieinieee ettt sseaes 5
6. Immunohistochemical staining for Inflammatory reaction..............c.cccccoeovvievivvnivenecenenee 5
7. Histochemical and Immunohistochemical staining for Collagen synthesis...................... 6
Tl SHEHUS RO oo bbb bbb bbb bbb 6
7.2, Masson’s TriCHIOMIE. ...........cocoouririeiiieece ettt 7
7.3. Immunohistochemical StAINING ..........c.ccoooiiiiiriiii e 7
8.  Verhoeff Van Gieson staining for Elastic fiber synthesis .............ccccoooeennenncnncnenne 7
0. WESEEII DIOL ...ttt e 7
10. Immunohistochemical staining for Vascular Distribution...............ccocoooovivniennncnnne. 8
11, StatiStICAl ANALYSES.............coveeveieiieiecieeie ettt a st sa st sa s se s senaas 8
| 28 D1 U I USRS 11
1. Magnetic Resonance Imaging for Volumetric evaluation................ccccccocoocvivininncnnnn. 11
2. Biocompatibility evaluation through Histopathological examination........................... 13
2.0 ALCKAN DU ...t s 13



2.2 HematoxXylin and €0SIN .........c..ccocooveiiriirreririininsieeiese et sse s ssssss s ssnsens 15

2.3  Immunohistochemical staining for CD 68 and Ly6g..............c..ccccoocorrrrerrcrrrrrrnnn. 16

3. Collagen SYNERESIS............covuiurierieieieic sttt nes 18

3.1  Masson’s Trichrome and Sirius Red ... 18

3.2  Immunohistochemical staining for collagen I............ccoocovvoerivernnrrnrrnrrncirnrirnnnnn. 19

4. EIASHIC fIDET ..ottt 21

5.  Collagen synthesis MiCroeNVIrOMMENL.............cc..cooververierrieniernrennserssesssessesssssssesssssssssssssssses 23

B0 WESEEIT DIOT ...ttt ettt 23

5.2  Immunohistochemical staining for CD31 ............ccccooormrrrrerernirniereseeses s 25
DISCUSSION ... e e e s e e e s s b e e e s anbreeeeans 27
REFERENCES ...ttt 31
T R O e 34



ABSTRACT

Hyaluronic acid (HA) is an anionic glycosaminoglycan composed of repeating disaccharide
units of D-gluconic acid and N-acetyl glucosamine. It is a natural polymer in living organisms
that provides tissue volume and hydration. HA plays a significant role in various physiological
processes such as tissue repair, morphogenesis, and cell proliferation and migration. HA
promotes tissue synthesis and matrix remodeling, making it an essential component of the
viscoelastic intracellular matrix that provides tissue volume and protects the skin. Its ability to
bind and retain water molecules helps keep tissues hydrated and contributes to a smooth and
natural appearance when used in dermal fillers.

Interactions between fibroblasts and extracellular matrix (ECM) are critical for cell function.
Several studies have reported that cross-linked HA injection stimulates type I collagen by
inducing fibroblast proliferation. The importance of the ECM microenvironment in regulating
the active ability of fibroblasts has been emphasized. Collagen is a major structural protein
that provides strength and support to tissues. Collagen synthesis by fibroblasts is regulated by
the transforming growth factor-beta (TGF-PB) pathway, which activates downstream effector
proteins such as the Smad transcription factor. TGF-f can contribute to collagen synthesis by
activating the MAPK and PI3K/AKT pathways.

Biocompatibility of dermal filler is critically important as it is affected by the host tissue
response and the properties of the implanted material. Interactions of implanted materials with
cells induce reactions that impair the filler’s long-term efficacy and safety. Therefore, proper
histological evaluation is required to evaluate tissue reactions to implanted materials and to
ensure safety and efficacy.

Dermal fillers, including HA fillers, are commonly used for aesthetic rejuvenation to correct
fine lines, increase facial volume, and improve skin quality. Dermal fillers are applied to

anatomical areas according to the purpose. The choice of anatomical site for filler injection



should consider the injected layer and the skin thickness in that area. However, thorough
biocompatibility studies focused on anatomical areas have not been studied yet.

In this study, the Back and Flank of mouse were selected as representative areas of the
“eyelid” and “nasal tip” in clinical based on skin thickness. Histological examination was
performed to evaluate the biocompatibility of the filler and the difference in collagen synthesis
according to the anatomical injection site. Then, differences in the collagen synthesis
microenvironment between anatomical injection sites were compared to evaluate the
suitability of the anatomical structure of the injection site according to the type of filler when
introducing a new filler product for clinical use.

As a result of the MRI, it was observed that the volume increase caused by HA injection
occurred more in the Flank, and collagen synthesis was observed to occur better in the Flank
through immunohistochemical (IHC) staining, Masson’s trichrome and Sirius red staining. In
addition, western blot and CD31 IHC were performed to evaluate the difference in the collagen
synthesis microenvironment. It was observed that the Flank had a lot of subcutaneous fat,
blood vessels, and active differentiation of fibroblasts. Therefore, volume increase and
collagen synthesis by HA injection occurred better in the Flank with many subcutaneous fat
and fibroblasts.

In this study, biocompatibility was evaluated using various evaluation methods such as
radiology (MRI) and molecular biology (western blot) as well as a histological examination of
filler injection. In addition, it provided insight into clinical use by selecting an anatomical area

in consideration of the site suitable for the filler and comparing the difference.

Keywords : Hyaluronic acid (HA); Collagen synthesis; ECM microenvironment;

Biocompatibility; Anatomical injection site
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INTRODUCTION

Hyaluronic acid (HA) is an anionic glycosaminoglycan composed of repeating disaccharide
units of D-glucuronic acid and N-acetyl-glucosamine [1]. It is a naturally occurring polymer
found in all living organisms. HA is significantly involved in important physiological
processes such as tissue repair and morphogenesis, which involve the proliferation and
migration of tissue cells [2, 3]. During these processes, tissue synthesis of HA is dramatically
increased HA promotes matrix remodeling in addition to facilitating cell migration and
proliferation [4]. HA is a significant component of the viscoelastic intracellular matrix that
provides and maintains adequate tissue volume and serves to protect the skin [5, 6]. Due to its
ability to bind and retain water molecules, HA keeps tissues hydrated and can increase
injection volume, filling the soft tissue space and producing a smooth and natural appearance
[7]- HA has a stimulating effect on fibroblasts, the cells responsible for producing collagen, a
protein that gives skin its structure and firmness.

Fibroblasts are cells that play a critical role in the synthesis and deposition of extracellular
matrix (ECM) components, including collagen. Collagen is a major structural protein that
provides strength and support to various tissues in the body. The collagen synthesis by
fibroblasts is regulated by various signaling pathways, including the transforming growth
factor-beta (TGF-B) pathway. TGF-B is a multifunctional cytokine that can stimulate the
collagen production and other ECM components [8]. TGF- signaling is transmitted through
a transmembrane receptor complex composed of two types of serine/threonine kinase
receptors knowns as TGF-B type I and II receptors (TBRI and TBRII, respectively) [9, 10].
When TGF-f binds to TBRII, it activates TBRI, phosphorylating downstream effector proteins,
including Smad transcription factors. Activated Smad proteins translocate to the nucleus,
where they regulate the transcription of target genes, including genes encoding collagen and

other ECM components [9, 11]. In addition to Smads, TGF-p signaling can also activate
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different signaling pathways, such as the mitogen-activated protein kinase (MAPK) pathway
and the phosphoinositide 3-kinase (PI3K)/Akt pathway, which can also contribute to collagen
synthesis [12].

Extracellular matrix supports the epidermis and mainly comprises type I collagen fibrils
synthesized by fibroblasts. Adherent cells such as fibroblasts indicate that interactions between
the ECM are important for cell function. Several studies have reported that injection of cross-
linked HA, an injectable space-filling material, stimulates type I collagen by inducing
fibroblast proliferation. In addition, several studies emphasize the importance of the ECM
microenvironment in regulating the active ability of fibroblasts [10].

Due to HA has advantages such as excellent biocompatibility, non-immunogenicity, non-
carcinogenicity, and easy biodegradability, chemically modified cross-linked HA is widely
used in cosmetic procedures [13].

An ideal filler material has the following characteristics: 1) Biocompatibility and stability
2) Stable at the injection site 3) Maintained volume and flexibility 4) Does not cause skin or
mucosal protrusion 5) Minimal foreign body response 6) Not eliminated by phagocytosis 7)
Minimal mobility 8) Does not cause foreign substance granuloma [14]. The biocompatibility
of dermal filler is very important as it is affected by the host tissue response and the properties
of the implanted material [15, 16]. Interactions of implanted materials with cells induce
reactions that may impair the filler's long-term efficacy and safety. Minimal tissue reactivity
and mobility of injected HA fillers are important characteristics for FDA safety approval [17].
Therefore, proper histological evaluation is a prerequisite for evaluating tissue response to
implant materials [15].

Currently, Dermal fillers are used for aesthetic rejuvenation to correct fine lines, increase
facial volume, and improve skin quality. These are applied to anatomical areas according to

the purpose. The injected layer and the skin thickness along the anatomical area should be



considered for augmentation purposes [18]. However, thorough biocompatibility studies
focused on anatomical area has not been studied yet.

In this study, when fillers were injected, biocompatibility was evaluated through histological
examination between anatomical injection sites and differences in collagen synthesis were
compared. Therefore, considering skin thickness, “eyelid” with less subcutaneous fat and
“nasal tip” with more subcutaneous fat and fibrous tissue were selected as the Back and Flank
of the mouse, respectively. In addition, differences in the collagen synthesis microenvironment
between anatomical injection sites were compared to evaluate the suitability of the anatomical
structure of the injection site according to the type of filler when introducing a new filler

product for clinical use.



MATERIALS AND METHODS

1. Animal

Seven-week-old female SKHI1 hairless mice (n=24) purchased from Orient Bio, Inc.
(Seongnam-si, Korea) were used in these experiments. Mice were housed in a specific
pathogen-free facility, and in a climate-controlled room with a temperature of 224+2°C,
humidity 55+5%, and a 12 hours dark-light cycle. All experimental procedures were approved
by the Institutional Animal Care and Use Committee of Asan Medical Center (Permit Number:

2021-12-228).

2. Hyaluronic Acid Filler
Neuramis® VOLUME Lidocaine (Medytox Inc., Cheoungju-si, Korea) was used for this

study. This product has a 20 mg/ml concentration and a molecular weight of 1,000 kDa.
The filler was a mono-phasic filler, and less than 0.4 ppm of 1,4-butanediol diglycidyl ether

(BDDE) was used as the cross-linking agent.

3.  Animal Model

Inhalation anesthesia was induced in each mouse with 3% isoflurane. Neuramis® VOLUME
Lidocaine was injected subcutaneously at a dose of 150uL in two different injection sites of
the Back and Flank. The test period was set by referring to the ISO guideline “Biological
evaluation of medical device — Part 6: Tests for local effects after implantation.” According to
this guideline, the testing intervals should span a significant portion of the degradation time
frame of the test material. It is stated that the examination period should include the following:

® An early time for evaluating initial tissue reactions.
® A middle time when tissue reactions are expected to be most pronounced.

® A late time when the minimum amount of the material remains at the injection site.



Therefore, considering the degradation rate of HA, the total test period was set at 36 weeks,
and skin tissues (injection site) were sampled and analyzed after autopsy 4 times (n=6 for each

time point).

4. Magnetic Resonance Imaging for Volumetric evaluation

T1 and T2-weithted images were taken in vivo at 0, 4, 6, 12, 24, 30, and 36 weeks at the
Bioimaging Center of Asan LifeScience Research Institute located in Asan Medical Center,
Seoul. The volume was calculated using the ImageJ (Version f1.52a, National Institutes of
Health, MD, USA) based on the T2 axial image. The area of each slice was multiplied by the
slice thickness (2 mm) to obtain the volume, and the total HA filler volume was calculated by

adding the volumes of all cross-sections and then converting it into an actual ratio.

5. Histopathological examination

Skin (injection sites) tissues from each animal were harvested and fixed in 10 % neutral
formalin. The tissue was trimmed, dehydrated using a Shandon Excelsior tissue processor
(Thermo Fisher Scientific), penetrated with paraffin, and embedded into paraffin blocks using
and EG1150H paraffin-embedding station (Leica Biosystems, Wetzlar, Germany). The
paraffin block was sectioned in 3pm, and Hematoxylin and Eosin (H&E) staining was
performed.

To evaluate the biodegradability of HA, staining was performed using Alcian Blue Stain

Kit (pH 2.5, Mucin Stain) (ab150662, abcam).

6. Immunohistochemical staining for Inflammatory reaction

Immunohistochemical staining of the skin (injection sites) sections was performed using an
automated slide preparation system (Benchmark XT; Ventana Medical Systems Inc., Tucson,

AZ). Deparaffinization, epitope retrieval, and immunostaining were performed according to



the manufacturer’s instructions with EZ Prep Concentration, Cell Conditioning Solutions and
the BMK UltraView Universal DAB Detection Kit (#760-500).

Deparaftinization of the skin sections was conducted by EZ Prep (#950-102), a mild
detergent solution, with heating. Epitope retrieval was performed by Tris based buffer, Cell
Conditioning Solution (CC1), with a slightly basic pH. Next, the skin (injection sites) sections
were stained with primary antibodies as listed in Table 1 and 2 for 36 or 60 minutes at 37°C.
UltraMap Anti-rabbit HRP (#760-4315) and UltraMap Anti-rat HRP (#760-4456) were used
as a secondary antibody for 16 or 32 minutes at 37°C. Positive signals were amplified using
UltraView DAB and UltraView Copper included UltraView Universal DAB Detection Kit and
sections were counterstained with Hematoxylin (#760-2021) and Bluing reagents (#760-2037).
Stained slides were scanned with a digital slide scanner (Motic Easy Scan Pro 6-FS, Motic
Digital Pathology, SF, USA) at 40X magnification. The positive cells in the skin (injection
sites) were quantified using the QuPath software (Version 0.3.0., University of Edinburgh,

Edinburgh, UK).

7. Histochemical and Immunohistochemical staining for Collagen synthesis
7.1. Sirius Red

The Picro Sirius Red Stain Kit (ab150681, Abcam) was used to evaluate fibrotic collagen
deposition according to the manufacturer’s instructions. At first, deparaffinize sections and
hydrate in distilled water. After deparaffinization of paraffin section slides, hydrate in distilled
water. Treat with phosphomolybdic acid and incubate at room temperature for 2 minutes. Then,
stain with Picro Sirius Red for 60 minutes and treat with hydrochloric acid followed by
incubation at room temperature for 2 minutes. Wash three times with distilled water between

each step. Finally, wash with 70% ethanol, followed by dehydration, clearing, and mounting.



7.2. Masson’s Trichrome

To assess the amount of fibrotic collagen deposition as collagen are synthesized in the HA
filler, formalin-fixed paraffin-embedded (FFPE) blocks for the skin (injection sites) tissues
were sectioned to 3 pum thickness using a microtome (RM2255, Leica Microsystem, Wetzlar,
Germany) and then stained with Masson's trichrome. Using ImageJ (Version 1.52a, National
Institutes of Health, MD, USA) collagen intensity in the skin was quantified for the selected

five views of a sectioned slide at 200x magnification.

7.3. Immunohistochemical staining

For identifying the expression for the collagen I proteins, immunohistochemical staining of
the skin (injection sites) sections was performed using an automated slide preparation system
(Benchmark XT; Ventana Medical Systems Inc., Tucson, AZ, USA). Primary antibody

information and incubation time used for staining are listed in Tables 1 and 2.

8.  Verhoeff Van Gieson staining for Elastic fiber synthesis

The Verhoeff-Van Gieson Stain Kit (VB-3019, VitroVivo Biotech) evaluated elastic fiber
according to the manufacturer’s instructions. At first, sections are deparaffinized and hydrated
in distilled water. Then treat with Verhoeff’s Working Solution and incubate at room
temperature in the dark room for 1 hour. After that, the sections are differentiated in 2% Ferric
Chloride for 20 seconds. Wash three times with tap water between each step. The sections are
then treated with 5% Sodium Thiosulfate Solution for 1 minute and washed in running tap
water for 5 minutes. Next, counterstain in Van Gieson’s solution for 3 minutes. Finally,

dehydration with 95% and 100% Ethanol, clearing, and then mounting.

9. Western blot

Frozen, normal skin tissue homogenized in RIPA lysis buffer (Thermo Scientific, 89900)



mixed with a protease and phosphatase inhibitor cocktail. Centrifuge at 14,000 rpm for 10 min,
and the supernatant was transferred to a new 1.5mL e-tube. The concentration was determined
by means of the BCA kit and 2x Laemmli Sample Buffer (BIO-RAD, #1610737) was added,
and stored at -20°C.

Proteins were loaded to SDS-PAGE (4-15%) and were separated by their size and
transferred to polyvinylidene difluoride membrane (Thermo Scientific). The membranes were
blocked with 5% BSA solution and incubated with rabbit anti-mouse collagen I antibody
(1:1000, ab34710, Abcam, Cambridge, UK), mouse anti-mouse vimentin antibody (1: 1000,
ab8978, Abcam, Cambridge, UK) and mouse anti-B-actin (1:5000, sc-47778, Santa Cruz, CA,
USA) overnight at 4°C. The membranes were washed three times in PBS with 0.1% Tween 20
prior to 1 hour incubation with secondary antibody of goat anti-mouse [gG-HRP and goat anti-
rabbit IgG-HRP (no. A90-116P, A120-101P, Bethyl, Montgomery, TX, USA) at room
temperature. Immunoreactive bands were visualized with chemiluminescence using ECL
western blot detection reagents (Santa Cruz Biotechnology, Inc.). Data were quantified by

band-intensity densitometric analysis (ImageJ).

10. Immunohistochemical staining for Vascular Distribution

For identifying the expression for the CD31 proteins, immunohistochemical staining of the
normal skin sections was performed using an automated slide preparation system (Benchmark
XT; Ventana Medical Systems Inc., Tucson, AZ, USA). Primary antibody information and

incubation time used for staining are listed in Tables 1 and 2.

11. Statistical analyses

All data presented as men + standard deviation (SD). Comparisons between multiple groups

were performed with the Kruskal-Wallis test, with Prism 8 (GraphPad software, La Jolla, CA,



USA). Step-up Mann—Whitney tests were performed with a multiple comparison adjustment.

* p<0.05, ** p<0.01, *** p < 0.001, **** p < 0.0001.



Table 1. The list of antibodies used for Immunohistochemical analysis in this study.

# Antibody Company Clone Cat. #

1 Anti-Rabbit CD-68 Abcam polyclonal ab125212
2 Anti-Rat Ly6G Abcam RB6-8C5 ab25377
3 Anti-Rabbit collagen I Abcam polyclonal ab34710
4 Anti-Rabbit CD31 Abcam Polyclonal ab28364

Table 2. Antibody information used for the Immunohistochemical staining in this study.

Primary Secondary
. o antibody antibody
# Antibody Company Dilution incubation incubation Cat. #
time (min) time (min)
1 Anti-CD68 Abcam 1:400 36 16 ab125212
2 Anti-Ly6G Abcam 1:100 36 16 ab25377
3 Ant- Abcam  1:50 36 16 ab34710
collagen |
4  Anti-CD31 Abcam 1:200 36 32 ab28364
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RESULTS

1. Magnetic Resonance Imaging for Volumetric evaluation

HA showed a uniform area of high signal intensity in the early weeks after injection but
gradually decreased in intensity over time and was imaged as a heterogeneous area. No
difference in signal intensity between the Back and Flank was observed (Figure 1B).

Immediately after injection, the volume of the HA filler was 155.31 & 3.91 mm? in the Back
and 162.63 + 7.47 mm? in the Flank. After 6 weeks of injection, the volume of the HA filler
increased to approximately 1.3 to 1.4 times the initial volume. Afterward, the mean volume
continued to decrease and week 36 was similar to the initial volume. Flank volume was

observed significantly more than Back at all weeks except for weeks 30 and 36 (Figure 1C).
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Volumetric evaluation

Filler Week 4 Week 6 Week 12 Week 24 Week 30 Week 36
injection

Week 0 Week 4 Week 6 Week 12 Week 24 Week 30 Week 36

-~ BACK
-+ FLANK

140 T T T T T T T
I JPL N S S S S

$e° $e° sa"’ & & & &
¥ Y

Figure 1. Volumetric evaluation HA filler in vivo. (A) The schematic represents timeline of
data collection (red arrows). (B) Timeline of HA filler morphology and intensity as observed
by magnetic resonance imaging. (C) Changes in the volume of HA filler over time as evaluated
by magnetic resonance imaging. Data are expressed as mean + standard deviation (SD) of n=6
mice per time. Asterisks indicate significant differences between injection sites at each time

point. (* p < 0.05, *** p < 0.001, **** p < 0.0001)
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2. Biocompatibility evaluation through Histopathological examination
2.1  Alcian blue

The Alcian blue staining image at week 0 shows that the HA filler was injected as a mass
subcutaneously between the skin and muscle layer The density of HA filler at week 6 was
higher than that at week 0, and blue-stain staining was more intense. Then, at weeks 24 and
36, it was observed that the degradation of HA gradually progressed, the density was lowered,
and the staining faded. No difference in biodegradability between the Back and Flank was

observed on Alcian blue staining (Figure 2).
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Figure 2. Evaluation of biodegradability of HA filler using Alcian blue. Blue-stained area

represented HA in subcutaneous. Scale bars = 500um.
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2.2 Hematoxylin and eosin

Histopathological examination of skin (injection sites) tissue was conducted using all the
Hematoxylin and Eosin-stained slides. On histopathological examination of H&E stained skin
(injection sites) tissue, HA filler was observed as basophilic amorphous materials in the
subcutaneous tissue under the panniculus muscle. It remained in the same location at weeks 6,
24, and 36. However, it was observed that the area of the encapsulated amorphous materials
decreased over time.

In the case of the inflammatory reaction, it was observed that at week 0, minimal
inflammatory cell infiltration with histiocytes was scattered around the HA (Figure 3B).
Histiocytes were still observed at 6 (Figure 3C) weeks but significantly decreased compared
to week 0 and were hardly observed at weeks 24 and 36. Compared to week 0, the fascial
fibrous capsule began to form with 2-3 layers from week 6 and was observed as a single thick
layer at weeks 24 and 36. No significant differences between the Back and Flank were

observed.

15



2.3 Immunohistochemical staining for CD 68 and Ly6g

Immunohistochemical staining of CD68 and Ly6g was performed to evaluate and compare
tissue reactions after subcutaneous injection of HA fillers. The immunohistochemical staining
results comprehensively assess the intensity and frequency of specific positive staining for
each antibody, designate 8 areas at X200 magnification, and then quantitatively measure the
ratio of the positively stained cell area to the total area using QuPath v0.3.0. was scored.

In the case of CD68, the highest proportion of positively stained cells was observed in the
Back and Flank area at 31.48 £ 5.61 % and 36.51 + 10.43 %, respectively, at week 0 after
injection. The proportion gradually decreased over time and was observed to be 4.38 £ 0.81 %
and 5.02 £ 0.54 % at week 36 (Figure 3D).

In the case of Ly6g, the highest proportion of positively stained cells was observed in the
Back and Flank area at 4.84 + 1.63 % and 5.05 = 1.72 %, respectively, at week 0 after injection.
The proportion gradually decreased over time and was almost not observed at 36 weeks
(Figure 3E).

No significant difference in tissue reactions between the Back and Flank areas as analyzed

by immunohistochemical staining.
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Figure 3. Inflammatory reaction over time after injection of HA. (A) Basophilic
amorphous material. Scale bars = 500 pm (B) At week 0 of HA injection, histiocytes and
neutrophils. (C) At the week 6 of HA injection, histocyte. Scale bars = 100 um. (D) Histocyte
activation was assessed by determining CD68 positive cells by immunohistochemistry (IHC).
(E) Neutrophil activation was assessed by determining Ly6G positive cells by IHC. Data are
expressed as mean + standard deviation (SD) of n=6 mice per time. No significant difference

between the Back and Flank.
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3. Collagen synthesis
3.1 Masson’s Trichrome and Sirius Red

To evaluate the synthesized collagen after HA filler injection, analysis of capsule thickness
and collagen content was performed following Masson's trichrome and Sirius red staining.
Collagen fibers were stained blue in Masson's trichrome and red in Sirius red, and the areas
were extracted and measured for capsule thickness and collagen area using Image J.

Capsule thickness was measured and compared from the 8 regions of the random image.
Capsule formation around the HA filler was observed week 6 after injection, and the thickness
gradually diminished over time, but no significant changes were observed. When comparing
the injection sites, the capsule thickness was thicker in the Flank area where the filler was
injected compared to the Back in all weeks. Except for week 0, significant differences were
observed in the fibrous capsule thickness at every week.

Collagen content was compared by calculating the ratio of the area stained blue (Masson’s
trichrome) or red (Sirius red) to the total area after designating eight ROIs. The percentage of
positively stained area significantly increased from the week 6 and gradually decreased after
that. Similarly, in all weeks, the ratio of the positively stained area was higher in the Flank
area where the filler was injected than in the Back. There was statistical significance between

the Back and Flank in every week.
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3.2 Immunohistochemical staining for collagen I

The amount of collagen I expression was compared by designating 8 ROIs and calculating
the ratio of the number of positive cells to the total area. Immunohistochemical studies showed
that collagen I protein appeared the most abundantly at week 6 with 55.96 + 12.92 % in the
Back and 79.41 + 12.52 % in the Flank, and gradually decreased after that. Statistically
significantly collagen 1 was more expressed in Flank than Back at every time point (Figure C,

H).
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Figure 4. Collagen staining with histochemical and IHC. (A) Blue-stained area represented
collagen of the subcutaneous. Original magnification, 200X. (B) Red-stained area represented
collagen of the subcutaneous. (C) Collagen I activation was assessed by determining collagen
I positive cells by IHC. (D, F) The quantitative analysis on proportion of positive stained area.
(E, G) The thickness analysis of fibrotic capsule. (H) The quantitative analysis of collagen I-
positive cells. Data are expressed as mean + standard deviation (SD) of n=6 mice per time.
Asterisks indicate significant differences between injection sites at each time point. (* p <0.05,

% 1 < 0.01, *** p < 0.001)
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4. Elastic fiber

In Verhoeff van Gieson staining, elastic fibers were stained black, and positively stained
elastic fibers showed an elongated shape and were observed in the dermis. No increase or
decrease in elastic fiber over time was observed when HA was injected subcutaneously, and

no differences were observed between Back and Flank at all weeks (Figure 5).
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Figure S. Elastic fiber staining with Verhoeff van Gieson. Black-stained area represented

elastic fiber of the dermis. Scale bars = 100 pm
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5. Collagen synthesis microenvironment
5.1 Western blot

The amount of protein related to fibroblast differentiation was measured in the Back and
Flank of normal skin tissue to analyze the difference in the collagen synthesis
microenvironment according to the anatomical area. As proteins, vimentin, an intracellular
marker of fibroblasts, and collagen I, a secreted marker, were selected.

As a result, collagen I (120kDa) and vimentin (53kDa) were significantly expressed in the
Flank than in the Back of normal skin tissue. Anti-B-actin was also measured to confirm that
the amount of loaded sample was constant. The relative collagen I and vimentin levels were

normalized to anti-B-actin (Figure 6).

23



g %k %k
2= —
0 s 37
g ® —
X
A 11 % 2
-
BACK FLANK S %
89 1-
3 —
cot | ek W 8
0 |
BACK FLANK
Vimentin - - - 4-
C %k %k
1

— | —————— | e cemmme——
p-actin

Vimentin expression
(relative to actin)
i

T
BACK FLANK

Figure 6. Evaluation of fibroblast differentiation with Western blot. (A) Protein obtained
from normal skin tissue. Two representative bands were detected (120kDa and 53kDa). B-actin
Western blot was performed at the same time. (B) The expression levels of collagen 1. (C) The
expression levels of Vimentin. Data are expressed as mean + standard deviation (SD) of n=8

mice per group. Asterisks indicate significant differences between injection sites. (** p <0.01)
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5.2 Immunohistochemical staining for CD31

CD31 IHC staining was performed on the Back and Flank of normal skin tissue slides to
analyze differences in vascular distribution among microenvironmental factors that affect
collagen synthesis according to anatomical regions.

The amount of CD31 expression was compared by designating 8 ROIs and calculating the
ratio of the area of positively stained cells to the total area. Immunohistochemical studies
showed that statistically significantly CD31 protein was more expressed in the Flank than the
Back (Figure 7B).

Subcutaneous fat thickness was the average measured by designating 8 ROIs. Similar to
vascular distribution, subcutaneous fat thickness was also observed to be about 4.3 times

thicker in the Flank. (Figure 7C).
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Figure 7. Evaluation of vascular distribution and subcutaneous fat thickness. (A)
Representative images of immunohistochemical staining for CD31. Original magnification,
200X. (B) Vascular density was assessed by determining CD31 positive cells by THC. (C)
Subcutaneous fat thickness was assessed. Data are expressed as mean + standard deviation
(SD) of n=8 mice per group. Asterisks indicate significant differences between injection sites.

(*** p < 0.001)
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DISCUSSION

In this study, the Back and Flank of the mouse were selected as representative areas of
“eyelid” and “nasal tip” in clinical based on skin thickness. Histological examination was
performed to evaluate the biocompatibility of filler and differences in collagen synthesis
between anatomical injection sites. In addition, differences in the collagen synthesis
microenvironment between anatomical injection sites were compared to evaluate the
suitability of the anatomical structure of the injection site according to the type of filler when
introducing a new filler product for clinical use.

As a result of in vivo volumetric measurement through MRI by injecting hyaluronic acid
(HA) filler to the Back and Flank of the mouse, the volume increase by HA injection occurred

more in the Flank and the volume increased until the week 6 and then decreased.

HA fillers' degradation rate depends on the concentration of HA and cross-linking agents
such as 1,4-butanediol diglycidyl ether (BDDE) and cross-linking degree [19]. The half-life
of naturally occurring HA is less than 3 days, and the polymer’s molecular weight and degree
of cross-linking are controlled to prolong the degradation time [20]. HA cross-linking provides
a chemical barrier against degradation by hyaluronidase and is important for generating
longer-lasting HA-based hydrogels. The initial concentration of HA plays a crucial role in
determining the cross-linking efficiency of BDDE-crosslinked HA hydrogels. The swelling
ability of the hydrogel decreased steadily up to 10.0% HA hydrogel as the initial concentration
increased, then showed the opposite trend. Low HA hydrogels have weak scaffolds and large
pores, so more water is absorbed into the hydrogel matrix and causes greater swelling [21].
Since the swollen gel network subsequently decreases in size through degradation and
exposure to hyaluronidase, the swelling ratio depending on HA's initial concentration may
affect the HA filler's degradation rate [22]. It has also been reported that the swelling rate of

the mono-phasic filler is faster than that of the bi-phasic filler, and the degree of swelling is
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more pronounced [1].

Therefore, in this study, when mono-phasic filler cross-linked with BDDE was injected, the
swelling effect occurred up to week 6. And then, it gradually decreased due to enzymatic
degradation within the swollen gel network, and at week 36, it was measured similarly to the
initial injection volume. The duration of these effects has been reported to range from 3 to 6
months depending on the specific injection site, and it can be seen as a clearance action by the

breakdown of cross-links.

Through the result of IHC and histochemical staining, it was confirmed that HA was
encapsulated, degraded by macrophages, and replaced with collagen fibers. The accumulation
of collagen fibers occurred more in the Flank. HA itself stimulates migration and proliferation
of fibroblasts by activating CD44 and CD168, which are hyaluronan receptors expressed on
cell membranes [23-25]. An increase in extracellular matrix components such as collagen,
elastin, and proteoglycan has been reported as a result of activated fibroblasts, which provide
stability by creating a lattice structure [26, 27]. The observed encapsulation, degradation by
macrophages, and subsequent replacement by fibrous tissue are the reasons why dermal
volume at the injected site may remain despite reabsorption of the material. In addition, this is

a characteristic of biocompatible materials for relieving inflammatory reactions [28].

Biocompatibility is a key property of products used as dermal filler materials, traditionally
defined as no or little tissue response to an implant material [15]. Some complications such as
acute or chronic inflammation due to filler injection may occur in a small number of patients,
so medical devices used by humans require biocompatibility evaluation to prevent damage or
injury to the host [29]. As a result of histopathological examination, minimal inflammatory
cells were observed at week 0 of injection and gradually decreased thereafter. This is a minimal
tissue reactivity and local inflammatory response with injection, suggesting that HA filler is

stable [28].
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Differences in collagen synthesis microenvironments were compared by observing
differences in collagen synthesis according to anatomical injection sites. As a result of Western
blotting, high levels of vimentin and collagen I expression was observed in the Flank,
indicating active differentiation of fibroblasts essential for collagen formation [30]. Challa,
A.A. and B (2011) observed that disruption of vimentin reduced the synthesis of type I
collagen, a major component of the extracellular matrix in fibrotic tissue [31]. Cheng, Fet al.
(2016) observed no collagen accumulation in vimentin-deficient wounds, which is a direct
result of severe inhibition of fibroblast proliferation and expansion [32]. The results of two
studies suggest that vimentin is necessary for the proliferation of fibroblasts responsible for
collagen production and secretion. Therefore, the results of this study indicated that fibroblasts

are more active in the Flank than the Back.

Collagen synthesis is a complex process involving various factors, including the availability
of nutrients and oxygen [33]. Blood vessels provide these essential elements to the fibroblasts
responsible for collagen production. The vascular distribution can vary greatly across
anatomical regions and is expected to lead to differences in collagen synthesis. As a result of
performing CD31 IHC staining on normal skin tissues, it was confirmed that the blood vessel
density was high in the Flank, which had a high collagen expression level. This result suggests
that the distribution of blood vessels is one of the factors affecting the level of collagen
synthesis. However, only a few studies have been conducted on the relationship between
vascular distribution and collagen synthesis, so that can limit the generalizability of the
findings. Examining the relationship between vascular distribution and collagen synthesis in
various tissues and disease states would have provided further insight into the underlying

mechanisms.

This study tried to evaluate the suitability of the anatomical structure of the injection site

according to the type of filler. The purpose of improving skin texture should be injected into
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the dermis, and the reason for volumizing should be injected into subcutaneous [34]. Therefore,
in subcutaneous injection studies aimed at reducing wrinkles by adding volume, it was not

appropriate to observe changes in elastic fibers indicating improved elasticity.

In this study, biocompatibility was evaluated using various evaluation methods such as
radiology (MRI) and molecular biology (Western blot) as well as histological examination of
filler injection. In addition, it provided insight into clinical use by selecting an anatomical site
in consideration of the site suitable for the purpose of the filler and comparing the difference.
In this study, the difference between Back and Flank was studied, but future research could be
able to apply to various anatomical sites considering the relationship between animals and
humans in context of physiology and the intended use of fillers. Therefore, it will be able to
provide information for selecting the anatomical injection site of animal study for more

complete preclinical studies.
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