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Chemical structures of a) hyaluronic acid
and b) BDDE, ¢) DVS

Scheme for preparation of hyaluronic
acid—based hydrogel crosslinked by
BDDE or DVS

Photograph of hydrogels, a) HA—BDDE 1,
b) HA—-BDDE 2, ¢c) HA-BDDE 3,

FT—IR spectra of Hyaluronic acid, HA—B
DDE 3 and HA—-DVS 3

Swelling ratio of HA hydrogels. The error
bars represent SD (n = 3) *p < 0.05, #* p
<0.01 (t—test)

Cohesiveness of HA hydrogels. The error
bars represent SD (n = 3) *p < 0.05, ** p
<0.01 (t—test)

Injection force of HA hydrogels. The error
bars represent SD (n = 3)

Cell viability for extract of HA hydrogels
against Fibroblast cell (L929). NC is
negative control. PC is positive control as
extract of latex. The error bars represent
SD (n = 3)



Figure 12.

Figure 13.

Cytotoxicity assay in L9299 cells
performed using test on extract, a) regent
control, b) negative control (NC), c¢)
positive control (PC), d) HA—BDDE 1, e)
HA-BDDE 2, ) HA—BDDE 3

Enzymatic degradation of HA hydrogels
with 50 U/mL (a, d), 75 U/mL (b, d) and
100  U/mL (c, D hyaluronidase,
respectively. The error bars represent SD
(n=3)
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FACIAL INJECTABLE MARKET SIZE, 2022 TO 2032 (USD BILLION)
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Figure 3. Dermal Fillers Market Size, Share, and Trends 2024 to 2034
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3 5. Summary of FDA-approved dermal fillers on the market

. Durability
Filler type Subtype Name (manufacturer) Market status
(months)
. FDA(1981)
Collagens Bovine Zyderm 1, 2 2~6
CE—marked
FDA(1981)
Zyplast 2~6 .
CE—marked
FDA (2003
Cell—cultured Cosmoderm 3~4 ( )
CE—marked
FDA (2003
Cosmoplast 3~4 ( )
CE—marked
Cadaveric Alloderm 6~12 CE—marked
Cymetra micronized .
. 3~6 CE—marked
injectable Alloderm
. . . . FDA(2004)
Hyaluronic acid Avian derived Hylaform (Genzyme) 3~4
CE—marked
. FDA(2008)
Prevelle Silk (Genzyme) 3~4
CE—marked
. FDA (2003)
Bacterial—cultured Perlane (Qmed) 6~12
CE—marked
. . FDA(2010)
Perlane lidocaine (Qmed) 6~12
CE—marked
Restylane/Restylane 612 FDA (2003)
touch (Qmed) CE—marked
. . FDA(2010)
Restylane lidocaine (Qmed) 6~12
CE—marked
Elevess (Annika 6~12 FDA (2006)
Therapeutics) CE—marked
. FDA (2004)
Captique (Genzyme) 3~6
CE—marked
. FDA (2006)
Juvederm (Corneal, Paris) 6~12
CE—marked
Juvederm lidocaine 612 FDA(2010)
(Corneal, Paris) CE—marked
Synthetic . ) FDA (2004)
Poly—L-lactic acid Sculptra 12~24
polymers CE—marked
Calcium . FDA (2006)
. Radiesse 12~24
hydroxylapatite CE—marked
4% Polyalkylimide Bio—alcamid Permanent CE—marked
Polyacrylamide .
Aquamid Permanent CE—marked

hydrogel
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ZIHke] stolmr AL AL | UFEAY gy & UAF AEE VI A,
S| FEAL Halasol 9% NAEI) vol Rl St =2t S| UFEAE 7]ute]
stol=z A uekst ghehd JtwAlE Egete]l EEHIT JtuAle] dE2=
gxzor 1.4-3gr0L tZFgAd o"H= (1,4—butanediol diglycidyl ether,
BDDE)??, fH]<dAZ (divinyl sulfone, DVS)?*, poly (ethyleneglycol)diglycidy —

lether (PEGDGE) ?°, adipic acid dihydrazide®®, carbodiimide®’ 5o &|e+F&2AF 74k
stolE2As Alxo LT 34 JtuAle FHe| s|EFEAbY 9gd &
Q= 2872 JpH 3 Q) oy st LU= | LFEA Myl olel vl Al
X TR Aol stedtel 54 M 7] witel s|EFEAL so|lmEAS
x Aet 7tuAl= FAol sk opol dte, MET o] o b, Ed
of FojstA] ¢k JtwAE Ef4A AALE 5 Slofof sttt
AlgE 3 QlE 3L FEAE 7IRE Fej= BDDES DVS7E AE® A7t
Fitolth. BDDEE % nkel %Al IFE 7FAI Qe Bis—epoxyZl
ZhaAlelw  (Fig. 4b), DVS+= &% wde] wpold %S 7HA L Q= 7haAlolt
(Fig. 4c). F 7MuAl EF NaOH F&3 e azel @A ex &gty
S| UFEALY slol=FHA IFs wAste] Jtunkes F3@th. BDDES A%
glycidyl B A& 3|&dFEAY 3|LdFE4 AtolE Adstay Qa, o] FxR&
3 g

AR ol M s g & F el el v
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£ 6. Aol EAst= 3¢

Tissue or Fluid Hyaluronan concentration (mg/L)

Umbilical cord

14,100
Synovial fluid 1,420~3,600
Vitreous body 140~338
Dermis 200
Thoracic lymph 8.5~18
Urine 0.1~0.5
Serum 0.01~0.1

a)

HO OH o. OH HO OH o. OH
0] O (@] o
""" O w Z O © Z '
H OH T
N OH NH OH OH
O% O%

Hyaluronic acid

(HA)
b) c)

O o

-

%OV\AO/\W _ISI_
o
1,4-Butanediol diglycidyl ether Divinyl sulfone
(BDDE) (DVS)

Figure 4. Chemical structures of a) hyaluronic acid and b) BDDE, c) DVS
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O

DVS+E dimethyl sulfone@dejzZ 3]

3 25
DVS$ BDDE? AAHEL oAd Zlow
7twslal 9+ BDDESF DVSE ofo] (Ulax) wWow ESFE 7
SEFA N, AUAA B 7t Ao R Q) o]EARZ Qe | ] =
FAstel  Adleld  FHEstE  oIAIE, MRV EE5E AARMAEA
Hojxvh= Hark Qloh. wEbA] A -EsHAl Zhayt ¥
AHEBIA sk AR AEE 7R SolER
Q¥ BDDESt DVSE ®bg F2le A st AAH FAbsta, A4
stol=z AL BEAS AREEE ZtwAl g vbE RS o] &5t 2ol heeta,
Y g v Atk 52491 vt VES &Este] Alxsta . 20229

B2 Atol: AAwth whgo] %R
o) o)
= DA

ot

09,

olo

¢

=R mEW uada AlfE = oF 20F° HA 7|Wt d¥ = BDDER
Ztag Zolw FHolq & 2719ke] DVSE 7w s & 7je AEetelS PEGDER
Ztag Aoz RuFJUE. olyd FHE JAF EBEAHELS AY e,
TR, AASHEE FARRE ez dEA 97l wEe] ojws AFo] o
ettt Frretr] o gt

A vAFH vg AlEol F7FEel wel Fueed 2AFEERAAER
S|AFEA 7|k Fegl A7FAE AFE AT 9 #HEke 71ge]l el
s7betal lew, 7} 7IEL vtwAl ke 84S FrkskAl o, 3 7l
gk We&w Agate] Awe AEAES TRt vk weEka 7P wol gl
BDDES} DVS zHe] 7tuAle] $-94& H7kstk7l feiAe 543 3471==
S|AFEAL 7 A E Alxste], EEl3teE] A4S T3 PP Qs
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1.2. A+ E3F

2 AT E Ax 34 71ed vg 21 (IHHSE, NaOH &5, whE-
%) °lA BDDES DVSE o]&3dto] sto]l=zas Alxst

st BDDESF DVSi Al NaOH 489 e
ZhaAetth HA9 NaOH w%7F ok w3 Fd3%
BDDES®} DVS+ #Ago] tt=1 Fof ofgh §3l=®
(%, AH I k&%, 7ha et th27] wjil
et drtdow oo Hede AE H9 52 &
wet Hekgdo] faRlE ] wiitel, 7]Ee] AFelAME At
7kl Fels 2R Hla FAo] titEol it webA, & A
Z71°|4 BDDES} DVSE AxH&E stolEz2dE Alxstar, Axst
Hejzt ko] FEd WHE AHed EEFHel sk 7]s<Ql  attenuated
reflection(ATR) S 2@ BDDE9 DVSE #Alxd slol=zAe 3t8ta 7]%7]9

44 Aol gasty, deviHE B HAsH 54 ma BAsYn
-

o
Ko

o =2
ol =
lo olo =
o
™
o
i
o ol o 2 hu AL FT L 2L A

[

oo
|
AN

N
2
a

Hd

B
M g X
f
oX K
D)
ol
ol
r|

-

o oox X o BN

ﬁ
o

S
=

=

AzAor, Ex WHE, A 2B O AESYS FFPoz wu
#43ke] BDDESE DVSe] @] Alze] glolA el staAle $-94¢ alsizn gt
olgs ATE EFH AwAst AL B @HL selatel, HHaud st
24e 7T F Qe AAS sluAs dEsty, oF ez we 2
ahe) i, ; skef At
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S|UFEA YEFH (sodium hyaluronate, HA) 2 Bloomage (Jinan, China) ol 4]
Th3a, 1, 4-Fu0e gZFgAd "= (1,4—butanediol diglycidyl ether,
BDDE)E} Ou)dAZ (divinyl sulfone, DVS)E Alzantd=glx (St. Louis, MO,
USA), AU EE (sodium hydroxide, NaOH) ¥ 93 “}EH (sodium chloride,
NaCl), OV\P A+A2YUEH (sodium phosphate dibasic dihydrate, Na;HPO4 - 2H20,
QAo & AU ESF (sodium phosphate monobasic dihydrate, NaH:HPO, - 2H20) 2
gAikekE (Ansan, Korea) ol 4 242y F-9)8Fof AF-&3F3A T}

2.2. 7t 3| &FEAL ol EEA Ax
FASUESR 89 0.25 Mg FH|ste] of7]o 3|¢FEAE 59, 12% s 5=
F|GREA FAE A xsAT. slol=2 A AxXE Y 12% 3| UFEAF g
S|UFEAL &9 ojn] 7twA| BDDESF DVSE #H7bste] E3kataict. 7tawA o ke
FlUTEA g ] FF HAMER T 7oA ekl 2=AI o] Axteto
718kl 3, HA-BDDE WHS-Z27& 37 °ColA 18 Alzk, HA-DVS ¥z 74S 25

=
o

°CollAl 1 AIRE FF <dsfHlolElelA wkgstqlth. Fig. bv AxHEY S5
EAER HolFw, A4Zte] dAeA s|dFEA4 twAl e vbg S YER ST
Zhag sfol=z AL 10 mMO FX9 pH 79 AAreEAE] 2494 (phosphate
buffered saline, PBS) 2 A 4 A& sl IrF 7IuAE AASE pHE F3A A Y.
stol=z Al drbE dAdeA A5 A8 200 ume] FHS e AlB ] 23]
dEsta,  wAle selERAS FAPlel FAdsta 1211 °CelA 20wt
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+ BDDE AN
AN
e DVS SN
e S

}‘ HA in NaOH
° (0.25 M) solution o

HO OH HN
7°C for 18h 25°C for 1h o

Crosslinked with BDDE Crosslinked with DVS

" HA

0 Wash with PBS and mill 0
(2 times) using
@ sheave pan @
D B | |

Preparing the
prefilled syringe

L s

Autoclave

Preparing the
prefilled syringe

Figure 5. Scheme for preparation of hyaluronic acid-based hydrogel crosslinked by BDDE or
DVS
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A ZhaLA| S EFEA T ZtaA =
HA-BDDE 1 BDDE 24 mg/mL 0.25 wt%
HA-BDDE 2 BDDE 24 mg/mL 0.5 wt%
HA-BDDE 3 BDDE 24 mg/mL 1.0 wt%

HA-DVS 1 DVS 24 mg/mL 0.25 wt%
HA-DVS 2 DVS 24 mg/mL 0.5 wt%
HA-DVS 3 DVS 24 mg/mL 1.0 wt%

2.3. 5|= 2 So|mede] Eeasd 54
2.3.1. FTIR-ATR %4

7t A ke F|EFEANHA) Y JtuE | EFEAF sfo]=E Al HA-
BDDE 33 HA-DVS3¢ FTIR-ATR AFEZHL PerkinElmer Spectrum TWO
FTIR-ATR (PerkinElmer, USA)E A3l 4,000 ~ 700 cm™' WHelA
SAHAT. 5457 A B AELS sAAXE FE &8 fdxsigled, o

waqstel Zgstgich.

m

o
M
2

2.3.2. #H%4 5

o=z A fFstd EAL g enE  (Kinexus Pro, NETZSCH,
Germany) & Ab&3ste] 43tk A8 0.1 ~ 10 Hz AFol2 3% WHES
A g3lo] 25 °CollA] Oscillation test ¥4 o2 3=t 20 mm ¥3& plate
geometryS &35t  parallel plate ZHANA Z#olE HEFL 1 mm=E
AR, B 73 22 AR AFRH SolmRAES AFEAAAFG),
£ A A (G, Tangent delta, ¥4 % (Complex viscosity, 7*) S 1.0

A
Hzel A Q017 Bagko 2 2459,
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2.3.3 BE&E

HEEE ZFokA [YYT 0962 6.6 Swelling degree (Appendix B of YY/T
0962—-202D) ]l 7119 Algyrge] wep A3gPepqivt. A8 FAE 5485k, 0.2
g9 NEE /\1501] st Am7E g3 AJHE 80 °CE WFolx dF A7)
oAl 24N AxF $ FFE St 715G olF, AxE AR (AH9

Azd A)S L@J‘Hoﬂ dojF3 0.9% AEAASF (0.9% NaCl £9S Yo
A
2]

off

2A13F Bk WA D, obel o] AL o] g3t WEEF AT
Q =m — my / my — myg
Q : twE FAFEA A AaE
m, @ WF T AR tuwd S|LFEAF A A= (g)
m, - AFX F ABe Jlud s|LdFEAE A A= (g)
my = AEE A (g)
2.3.4. 49

g 2w e (Kinexus Pro, NETZSCH, Germany)= A}g3s}lo], slo]l== A2
SAHS =A%AqY}. =4 AL 20 mm parallel plateE ©]&3o] 25 °CollA]

sfol=2ds =98kl 0.1 Nof o= 10 = ¢k A452 ¢ F 3 mm/s9
L% parallel plates T3 o2 FHf spo|=ro AFHE A3

2.3.5. 949

FGFARZIUSY. HI000, Japan)S  ARg3tel  Folee SAsHH:
stolE2 Aol FxE OVS ZgldE FAM]o 27 Ale]A Y& (JBP nanoneedle,
Japan) & A8, SAEEE 12 mm/min & A5 A3gS 5 mm A HH
25 mm A F7EA 9] F91Y Hghor Alxd o FYHOoR FUret
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2.4. 3|LF 4} sfol =240 AL H7}
2.4.1. NEZA H7}

stol =2 A ] MEEAE 7= 1SO 10993 —5: Biological Evaluation of Medical
Devices, Part 5: Tests for in vitro cytotoxicity o Wz} A& st 3| LdFEAF
Aelo] sk MESAY fFEoFE Brkshr] flste] AlFAEFE L-929 (NCTC
Clone 929, ATCC, USA)E A}&38t3 1, 10% $Hold* (Horse serum, gibco,
NY, USA) % 1% AYA U/ AEHEunto]rlo] 5% Minimum essential medium
(MEM, Hyclone, Logan, UT, USA)E A}g3te] Fast). Aldo) ARgd
FE52 Yol dF® MEM HiAE o]gste] AdEA 0.2 ¢ & 10% dHo]
H7ke MEM ®i#] 1 mL © ®]&=E (37 £ 1) TelAl (72 £ 2) ARF &<t
Atz wrk & §& 5, Ao 1 ARF AXE F ASAS
AbgE Y. A ET (Negative control, NC)> MEM WA & AME-3}% a1,
Gz (Positive control, PC)> A nF g~ (PT. Universal gloves,
Indonesia) Algell Atgd £EFE2 ¢ dv¥E MEM HixE o] &3}
ANAELdS &t WAz AT AExsA J7FE S8l Axse: 4 23
1 x 10" A2 z=A3 5 96 4 Z#olEe 200 uL & HEstw 24 A7k £+
v eFetainh. mere Al 45 45 AdEste] AT dfxaro® sk
WAE AAt A7 FE=, AU=ET, %“Mi%—"— 200 uL F7}ste
24 A7 BF (37 1) °C, (5 ¢

do R Zb Al Fe4 wgkeh &slE #Eeta, *1]E*§€—E% A3 Yol NADH
dehydrogenase °l & =84 2wz ¢ S

(Cell Counting Kit—8, Biomax, Korea) assay WH o=z 3} H7lst¥ o, 2z
well & CCK-8 Al¢F Ay 2 A7+ &, wlo]a2Zdo]lE #t] (Synergy HTX;
BioTek, USA) & o] &3lo 3% 450 nm oA S4 = o] Axb= ok

- 19 -



2.4.2. &i B3 AF

Hyaluronidase® ZA#xA2ol Az 2 7Aoo 3|LdFE2AS st
Hojet= @Aolth. hyaluronidase Ak AlZwbr=glA (St. Louis, MO
USA)ella] FHlshel Abaspslet. A2d sl =2 dF Flola2 Faol 05 g%
wstth 4,000 rpmellAl 1 7 AR ste] wlolAE=RE Yol e AEE
nieke] Rolga A xdt s|SFEAE Ealas (50, 75, 100 U/mL)E 150 plL&

dy 1 BAE AdstA A3 EA A7 (5, 24, 72 h) vtk #HAE
AMZHsle] 4,000 rpmolA] 38 GARIYE 3, EHE ASAS Hdlo
FAE ST otd A& #Roto] 7 spol=RAY] FeHe ARE] A
sto]== 2 (Residual hydrogel, %)& T3t}

-E,
Reglual  hydrogel (%) = (1 — —) X 100%
mhydrogel
m= #aE 5N T (9
E,= H7Fd s|gFEA walaxe] ¥4 (9
Mpyaroges = VFOIAE FHo] Az B8 stol=zd T4 (g

- 20 -



3. 43}
3.1 7t2E S UZEA solEzAY Az

X 79 2AUE Jtud S| ¢FEA slolE2As sYUs NaOHY v5¢ 5%
2 (N7, 2E)elA REEAIA A8t 2y, DVSY A & 7oA e
HA-DVS 38T} &2 %’—E?l 1.5 wt%® DVSE AgFs A5 wk&ol w4sH
dojupA, #dst stol=rds Axd F k. 28y BDDEE 15wt 2%
A3 stel=z AL xﬂ g g webd, B dFolde 1.0wt% ©)§H
7tuA S FEE Axd stel=g2A 7o) EE3std AAS vl At Fig.
62 Axd AEES AMHo|tl. BDDER Axd AR5 fi-d ¢ Fyggion,
HA-BDDE 19 A%, fA¢ 22 24<& yvedlth. HA-DVS 39 A%, 7H

P=7h Wojx|al Azte] A ol

o
-

[e]
-

Flgure 6. Photograph of hydrogels a) HA-BDDE 1, b) HA BDDE 2, c) HA-BDDE 3, d) HA-DVS
1, e) HA-DVS 2 and d) HA-DVS 3
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3.2 3|LYFEAL dlolmr A9 Eg3letE EA
3.2.1 FTIR-ATR &4

Fael W Aexd ®¥F7] FTIRE #7849 Fxw4, AAdEH,
AR aapAel whHog dgx vk B3] WHAIEE  (attenuated total
internal reflection, ATR) & Al Al5& SW3st 22 Qlo] &4 A &+ &
FAo] 9lo} stol=mAL] 757 Ao A5 AMEEUY. Fig. 7& 7tuEA @&
AT EATY 1.0 wt%e ¥%° BDDEZ 7}u¥ HA-BDDE 3% 1.0 wt% ¥%°
DVS® 7t ¥l HA-DVS 3 sto]=x249 dxd A5e FTIR-ATR AFEHS
Uetdith, 2E AFEHLS 1,100 cm M et Jbg 2 ¥aE JFow

Ak SEFEAY tuwd S|EFEAL slolExA
S uebdt ¢k 3,300 ppmelA —OH Al
7ol ®oled HAZF 1 varzt 7bg & Zo] g
HA-BDDE 3°¢]# HA-DVS 37} 7}& 2 Aoz = o
EsrEel 7HA AL s 5/ C=0 A5 o] vt gl o 1,700 cm”
‘o] ¥la% -OH$} fAMHAl HA 7} 7B A3, HA-DVS 37k 7H¢ #& 2o
SAHSA ok 1,000 em oA dEhts C-C w8 I A7 BE dro] =R A A
AR Al vEbG o] #EE QT gt I av) 3L FEANY vt 3| YFEAL
stel=z A FASHA UebskA R, FTIRS Aol 3k 600 ~ 1,400cm ™

rEJTN'
)
o off
M2 g

Qgeiel At ekre] = mepo] Aol 9o} 34 ART FASAW FAsHA
Gt SEEE Fedth 9 %S Fs) BDDES DVS/H &M 0% HAS -OH
719 WSl SLTEA Yo ~OHI% S ATEA C=0 UF AF 77}

ZolE Zlo=E FF ot ol st 3 LFEA Fo|lERAEe] 5RO

oA T,
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Transmittance

—— Hyaluronic acid
—— HA-BDDE 3
—— HA-DVS 3

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
Figure 7. FT-IR spectra of Hyaluronic acid, HA-BDDE 3 and HA-DVS 3

3.22 AH%E 54 B4

o HeloA sty e w§ Fedk Ed 5ol X 8oA
Azg stol=mAe] Fristy SAQ AFEALAT (G)e EAAAS (G,
Tangent delta, 34238 % (Complex viscosity) & YEFHTE. 0.25 wt% 2 7laAE
71t HA-BDDE 13 HA-DVS 19 G+ ZZ 0.80 £ 0.21, 112.58 + 6.67
Pac 2 Yeltom 0.5 wt®e 7tuwAlE 7t HA-BDDE 23 HA-DVS 29|
G'= 55.49 £ 2.24,289.70 + 17.61 PaS 2 YEFRI, 1.0 wt% 2] 7tuAE 7
HA-BDDE 3% HA-DVS 3¢ Gt 186.28 + 12.38, 1,412 + 72.65 Pao®
YT B stelERACA TtuAlel sEE Y-S AZEAATT
7kt Zlow  FRlsidn. H7bst ZtwAlel FRe HEel| wet A%
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A7 vlest vlEE FUFsHA 4al, 3438 SUbeteE AS®E gRlskiT.
HA-BDDE 1, HA-BDDE 2, HA-BDDE 39| &2 &A1 7|4+ 1.62 + 0.53, 10.27
+ 0.98, 12.67 + 0.74 Pa® YElyta, HA-DVS 1, HA-DVS 2, HA-DVS 3¢
EA A A= 30.85 £ 1.25,31.58 + 1.76, 175.60 + 11.10 Pa® YERSTH HA—
BDDE® A% H7le 7tuAlY skel wet SARAGATIE Sk Ao
= 1oy HA-BDDE 28} HA-BDDE 39| &A®A52] Apoli= 24 skt
HA-DVS9] AF% o]g} fFAFsE dido]l YeErwt oy HA-DVS 13 HA-DVS 27}
FAFH O, HA-DVS 3ollA &Ae A7 543 solxith. BDDEZF H7hd
ol Ao 79 BDDEE H7F3k oko] =7}8te| uhe} Tangent delta gke] 0.50
+0.04,0.18 + 0.01, 0.072.% AA 7239} DVSe AL 0.27 £ 0.01, 0.11,

0.12%2 YelY, DVSe H7Ee k¥ wldshx] A WHelE = o vErs
AzE solugALe] EAAET (complex viscosity)= HA-BDDE 1, HA-

BDDE 2, HA—BDDE 39] A%, 0.29 + 0.09, 8.98 + 0.38, 29.71 + 1.98 Pa - s&
UEr 3, HA-DVS 1, HA-DVS 2, HA-DVS 3¢ A$%= 18.58 + 1.07, 46.38 +
2.81,226.44 + 11.76 Pa - s& =A%t}

¥ 8. AlZ9 HA sto|=zAe SHsa 54

Complex
Tangent . .
Samples G' (Pa) G" (Pa) delta viscosity
(Pa-S)
HA-BDDE 1 0.80+0.21 1.62+0.53 0.50+0.0 0.29+0.09
HA-BDDE 2 5549 £2.24 10.27 £0.98 0.18+0.01 8.98 £0.38
HA-BDDE 3 186.28 +£12.38 12.67 £0.74 0.07 29.71+£1.98
HA-DVS 1 112.58 £ 6.67 30.85 £1.25 0.27 +£0.01 18.58 £1.07
HA-DVS 2 289.70 £ 17.61 31.58+1.76 0.11 46.38 £2.81
HA-DVS 3 1,412 +72.65 175.60 £11.10 0.12 226.44 £11.76
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3.2.3 B&E

stol= el BEEs AEldsd  SEEoHERt ofdT ugdt Ak
Fopl M o8] B AL Sl 54 F shtelth Fig. 82 Alxg deE9
A& =5 vhebdth HA-BDDE 1, HA-BDDE 2, HA-BDDE 39| &% & 72.15 +
10.12, 65.40 £ 5.68, 57.80 + 7.41° % vEbwti, HA-DVS 1, HA-DVS 2, HA-

DVS 39 BEEE 75.16 + 2.14, 64.53 + 2.83, 51.27 + 1.22%2 Jegr, 2=
o}OFE’“ < 7M. 7tuAle FE7F mobdel wet WERTE Fobplel whet

T =7F WT-J A Folx = ATS HAY ZF A5 HEEE Student t—testE
Fste] SAE g AN F94E Felstltt. HA-BDDE 1+ HA-BDDE
28} ¥ustelE wW p—valueZb 0.05 olst® SAIACZ fouetA RO M,
HA-BDDE 39 7%, 0.01 ©]atZ p—value7}t AXrHS] HAA =AA #9%
2}o]Z vkt HA-BDDE 23 HA-BDDE 39 3% p—value® 0.05 ©]3a}3it}.
w3 HA-DVS ZIFAE HA-DVS 12 HA-BDDE 13 %93tA HA-DVS
29} 0.05 °J3t=, HA-DVS 3¢+ 0.01 olst2 Fl¥Art. HA-DVS 29}
HA-DVS 3 7}¢] #}o]+= 0.01% HA-BDDE 2} HA-BDDE 3 Kt} EA8 o=
Fost zpol7b ol AR zelv, T 7twAl (HA-BDDES HA-DVS)

o) AWAQ WEE Aol AA g fALE FEE Ytk

100 =
90 ]
80
70
60— -
50
40+
30—
20—
10-

0 .

Swelling ratio

< < <
QL QL QL
Q Q Q Q < Q

~z~"g, Q*v? @‘”fb N

Figure 8. Swelling ratio of HA hydrogels. The error bars represent SD (n = 3) *p < 0.05, ** p <
0.01 (t-test)
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3.2.4 &39

Fig. 9% Alxd stel=z49] Fx9s dekdv. 0.256 wt%e] 7HuAlE
7Fsk HA-BDDE 13 HA-DVS 19 &= Z42F 0.476 + 0.07, 0.161. + 0.02
Nez uehg & zol7k ¢l9ley HA-BDDE 1°] wi¢- =9kth 0.5 wt% 9
7} AS 7+ HA-BDDE 23 HA-DVS 29 7%, 0.225.49 + 0.01, 0.269 *
0.03 No&2 74z} vrepy frAabebrhs 2ol le ek 1.0 wt%el 7tuAlE 7kt
HA-DVS 39 $H#L 0.695 + 0.04 NOZ 0.388 + 0.05 N9 $48S zl=

HA-BDDE 3 Rt} ¢ 1.794) &g o=z vetdth 0.5 wt% oA+ F 7FuA
B Akt £48S Uebd ARl HA-DVS 37F o & $x¥o] Uehts
Aoz gRIHtk. DVSE 7wt A, H7be 7tmAe el wep S o]
S7VeHe Aol FEA Rt BDDER 7hwdt A%, 7tuAl7E 718 #ZAA Szt
HA-BDDE 1°] 7} =& &3 go] YErRtT).

3
0.8- * |
—_ 3
Z 0.6+ ]
(7)) 3
Lim o
$ 047
(7]
[<}]
S
¢ 0.2-

0.0 .

N Vv
FOF ¥ ¥

Figure 9. Cohesiveness of HA hydrogels. The error bars represent SD (n = 3) *p <0.05, ** p <0.01
(t-test)
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3.25 744

Azg slol=gAL] F98S Fig. 10014 et HA-BDDE 1, HA-
BDDE 2, HA-BDDE 39 F¢182 1.1 + 0.13, 8.5 + 0.27, 11.6 + 0.62 No=Z
vety, H7FE BDDES] sXxel wel F{Ho]l molAlE Zow iy
18y, HA-DVS 1, HA-DVS 2, HA-DVS 39 $382 6.6. + 1.22, 6.8 + 1.36,
47.9 + 3.31 No& uehgon, H7ke DVSY skel wet FYe] HolAE
Aol #AFE7= FAT 0.25 wt%e 0.5 wt%e DVS7F H7bg slo]=z A9
Fdg9 Aol AA @korm, 1.0 wtolH FA3] FUHo] FolA Fo]
dEEY. T3, BDDEZ  7luw®  stol=2AEe]  Hd] DVSE Jtud
stol =R A0 AFioel aFolA FY=o] AA o] v Ao e

60
@ HA-BDDE
B HADVS E
z
o 40
o
o
L
c
2
)
2 20
£
I
0 T 1 1
1 2 3
Sample No.

Figure 10. Injection force of HA hydrogels. The error bars represent SD (n = 3)
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Figure 11. Cell viability for extract of HA hydrogels against Fibroblast cell (L929). NC is negative
control. PC is positive control as extract of latex. The error bars represent SD (n = 3)
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Figure 12. Inverted microscope image of the L929 fibroblast cell morphology after treatment with
a) negative control (NC), b) positive control (PC), ¢) HA-BDDE 1, d) HA-BDDE 2, ¢) HA-BDDE
3, f) HA-DVS 1, g) HA-DVS 2 and h) HA-DVS 3 (scale bar = 20 um, 200x magnification)
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Figure 13. Enzymatic degradation of HA hydrogels with 50 U/mL (a, d), 75 U/mL (b, d) and 100
U/mL (c, f) hyaluronidase, respectively. The error bars represent SD (n = 3)
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ABSTRACT

Toward Physicochemical and Rheological Characterization of
Hyaluronic Acid Dermal Fillers Cross-Linked with 1,4-
Butanediol Diglycidyl Ether or Divinyl Sulfone

Hyaluronic acid-based dermal fillers dominate the global filler market. These fillers are produced
by forming hydrogels through chemical crosslinking, with BDDE and DVS being the most
commonly used crosslinkers. Although BDDE is predominantly used in current manufacturing, the
comparative superiority of BDDE and DVS as crosslinkers has not been rigorously evaluated. To
assess the performance of these crosslinkers, we prepared hyaluronic acid-based hydrogels using
either BDDE or DVS at identical weight percent concentrations and converted the hydrogels into
fillers. We analyzed the chemical structure of the hydrogels using FTIR-ATR and evaluated their
physical properties, including rheological properties, cohesiveness, and injection force, with a
rheometer and an injection force measuring device. Additionally, we assessed the cytotoxicity of
each filler's extracts on fibroblasts (L929) and evaluated their sensitivity to hyaluronidase through
an in vitro enzymatic degradation test. Finally, we compared the rheological properties, swelling
ratio, injection force, and sensitivity to decomposition enzymes to determine the superiority of DVS
and BDDE as crosslinking agents. Due to its lower molecular weight, DVS crosslinked more
extensively with hyaluronic acid at the same concentration per weight, resulting in a higher storage
modulus. However, the swelling ratio, cohesiveness, and injection force increased exponentially
with the amount of DVS added, complicating reaction control. In contrast, BDDE exhibited a more
predictable, multiplicative increase, making it easier to handle and control. In vitro evaluations
showed that fillers made with both BDDE and DVS had no cytotoxicity, and their response to
decomposition enzymes was similar. Ultimately, BDDE was deemed superior to DVS due to its ease
of handling, efficient crosslinking, and controllable properties. The findings from this study are
expected to aid in the development of new crosslinking agents or processes in the future.

Keywords: Hyaluronic acid-based filler, 1,4-butanediol diglycidyl Ether, divinyl sulfone,
crosslinking agent, hydrogel, rheological properties
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