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Bioorthogonal Hyaluronic Acid-Based Hydrogels Developed by IEDDA Click
Reaction for Drug Delivery Application

Soo-Bin Joo

Department of Smart Green Technology Engineering,

The Graduate School, Pukyong National University

Abstract

In this work, we developed injectable hydrogels derived from hyaluronic
acid (HA) modified with norbornene (Nb) and a cross-linker composed of
polyethylene glycol (PEG) with tetrazine (Tz) functional groups. The
hydrogels exhibited high biocompatibility and rapid absorption. The
porosity of the hydrogels was created through the release of nitrogen
gas as a by-product during the cross-linking reaction known as inverse
electron demand Diels—Alder (IEDDA). By adjusting the molar ratio of
HA-Nb and PEG-DTz (Nb:Tz = 10:2.5 10:5, 10:10), we could control the
porosity, gelation time, mechanical strength, and swelling properties of
the hydrogels. The gelation process was quick, taking less than 100
seconds, which suggests the potential for their use as injectable drug
delivery systems. The hydrogels exhibited rapid swelling and high
swelling ratios due to the presence of PEG chains and a highly porous
structure. They effectively encapsulated curcumin, with an encapsulation
efficiency of approximately 99%, and released the curcumin in a
controlled manner. The cytotoxicity evaluation conducted on HEK-293
cells demonstrated no harmful effects of the PEG-DTz cross-linker,
HA-Nb, and resulting hydrogels. Overall, these absorbent hydrogels,
fabricated from HA-Nb and the IEDDA clickable cross-linker, hold great
promise as biocompatible drug carriers for injectable drug delivery

applications.
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Be slwe] Bgs stelmEAl ARe A¥ WFoE AHA §
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o2 AL AR gAY AT UMEYAE 7HAD don, mfojaR A
vole] AAE WATOEN VF AVE ZRIAYPYT F Aol 45
Atk 284, genipin 7taAl= AAAE o3 =29 AA RS 2F
g 4= 2t} Porogen &L dlol=2Ao AL Aj7E E oE WY

H 2R dgoln = 3ets F3l s|EFELANHA) Y A|XERICZ HE
in-situ 71X A AA=E AxEH T slol=2 Ao sRtEAG[10].
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Ut Al AmE ARESte] e B AR L

el B-14
acid®} B-1,3-N-acetyl-D-glucosamine®] it @92 FAHE dd A
ol HA= 893 Alx A3 ARsdom Qs o= ddol
A R AR S stuE EFslal dv11-14] B2 olFlo] gdl=
T8k, HAx oF3 71A4 SA 3 weE 2 545 AduH15]. HA9

o}
NAA e @ Ba EA LS glutaraldehyde, genipin % EDC% #& &

olf

3t slol==2 AL A

=% F v S EFEATA)S wHE o]

oft

-D-glucuronic

-~

o} [19]. IEDDA HEg2 =2 354 MEAdy x4 g £5 & 714
]

AFo A= Nbew 7]53E HA(HA-Nb)SF PEG &wto] Tz ZH87)
2 zt= =84 7FuA(polyethylene glycol-ditetrazine, PEG-DTz)& A}
g3t A Aol =i F57F ME FANE Stol==2AS AUkt

PEG-Tz 7luAl= ztdst Jl2Rdgoin= dbg-S  F3 AT
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PEG-DTz¢ HA-Nb+= F8A40] =& A tAola, IEDDA & dhg

BA Aol wol A AP ol T3 solmrds Axd F

30
2

ok ZFaAl o] EH](Nb:Tz = 10:2.5, 10:5, 10:10)& WA3A A 714 ¢
stol=2As sttt stel=2AS wEA P4 E A 2™ (sol-gel
time < 100%) FAF 7bsdk oF& dg Al~glog AHgdE Ve s AF
3th, IEDDA WHS Fol WEd A4 Jlas 28 g3A 22 g4
aL, olYygk FEE S| ARFHY E WES T

¥ slel==A9l A3¥ dHolH = PEG A&
gad 22 s 953 BES HoFrh Curcumin(F&ol A g
2 AA AN stel=rAe dE 2Y H WE Ass HUlsh)
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3] & 24k hyaluronic acid, HA)> A nEAZ thFst He oA &

= Bdoltt gol=2A AxE A A 182 F el HAE
8] & 2 H(Hyaluronan) o] 2kt e b, A Aol de] #x] 9lowA] <l
3 B8, vre o} Soll EAE T 54 A HAE AX F9)d &

Zot MEES YAdsta, A =H49 AME ¢ 7]H(extracellular

hyalomucineo]gtx ®HH 3 AoA AJZAEHJATH27]. o] F, 1934dq
Meyer2}t Palmer7}b 4 fref A qoll A obr] =3} $-E4ks st A=

& g3FE 29835}, o= hyaloid(#8 #) 2} uronic acidoll A 2 31
hyaluronic acidgta s th[28]. 1940 tF-E HASl =] g4
E4ol da dAFEem[29], 19543 3ty fLx7F 9 HoH30].
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Aol Agw Hxo A AN HAE & F8A 2 o W&y
T8 THYdA FEHUTH34,3536]. F5 ZRZEFo] W o Ax
MARE Bata, ole]sk BHHe HAS F&o] s 7)< 34 7}

734]. I F=olA FUE 7] wigol Hpole sk B o §

e

S
T

o Fzh # REH 9ol AAeh Al AL LETH27,35]. ol e

§ PHoR HAR #%3E 28 A0 340 1asty B 8
2 9 5 v

HA+= B-14-D-glucuronic acid®} B-1,3-N-acetyl-d-glucosamine®]
WHE ol @2 A E AE g ol Ael A pHel A 7 A7)
(-COOH)= ol Hdsts 7HAH, o]& ol sA ol w3 & ol&
Atk webA Fgelo A HAE 95 F43HH([39,40], ol 4ol
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o
/ HO
B(1+4)  OH HO M1-4) OH 1 |
(13
B(13) h,"" B(1—3) {|JO ) cl:o
I CHg
[ CHy
s s GicA GleA GleNAc
“ GlcNAc GicNAc
[ 1] sl TR E LS F = [48]
224 SYFEAL A W FYH 2
ol A A HAE HASI1, HAS2, HAS3Z &7 = 3719 34 &kl o &)

A A8 EYHE FAAET HA A% AlES 93293 HAS o9
| & F3 AX BZWHolY ECMe=Z =8 tH4243]. A1 HA &
e Fo7EAe gE HAYFA 98 sgdd. sthve 24
(hyaluronidases, HYAL)el| ¢J3F FEsfo]a A

Iz
o
N

(reactive oxygen species, ROS)©o & 213l AF3}7A £A}of| 2%k H&f o]},
HYALZ ROS+= QAo &A= 15g HAQ oF 30%E w4A o= E3I
Eia=s

it



REGULATE

HAS 1, HAS 2, HAS 3
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WY Biological actions

HYAL 1, HYAL 2, HYAL 3,
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“ 4 Degradation
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ROS

[23 2] slgFELe oA f st Zaf [41]

2.25 8|&F &t EAFH =4 T

HA /37 &3l Alelo] #382 HAS vl oy} EA3S AA 3}
ol JAANA FFAA 24 V)5S sk BAHY FA4 2 28 374
< HAS BETH A&& Aste= 34 8 roltH44,4546]. AA=Z 1
212 HA(high molecular weight HA, HMW HA)%} A ¥x}2 HA(low
molecular weight HA, LMW HA)E AW = 3712 YEeRd 4 Qo
[4547]. A ¢ HMW HA(=10Da) & d#a4o= WaAx 4%

S JAld = ArH454748]. =3 HeAd o <l g P &
A s st B JdFES REeH49] HMW HA+ =3 95, =
A Ed g B AA AR B HY AN Fasta ol S &
oh A, w0 AR 2 18, FrtEls #Edd 2e 9y 34 2oy
213t 7194 HMW HAE LMW HA(2x10' - 10°Da)2 £ 5o 9%
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Chemical conjugation Chemical cross-linking
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3 A A AEA slol=2A TS 93 U
[61]. & oA HEH/ =22 -L2|o]E

ol =mAS 1A vt A2 4 dflen, & HEHI/ 2R d-

Aol E H| &l et 24 7hsg A 54 248 5SS By
tH[62]. o] 7lug sfol=g A3} vlwsle], [EDDA 8 Wkgo g A%
H stol=E2AL o =2 AX AES 2 AX A 48 BT E=3
AR W F9 F dF 9o HASHIL kFAFo] =& AoE #FEHIY
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3.1 Al eF

PEG-DTz 7FuAl 45 98l AF&¥  Polyethylene  glycol
(OH-PEG-0OH, Mn = 1000), 4-(dimethylamino)pyridine (DMAP, 99%),
sodium chloride (NaCl, 99%), NHS (98%), triethylamine (TEA, 99%)+
Sigma Aldrich (Waltham, M, USA)°lA 43tttk EDC.HCI(99%) %
5-Norbornene-2-methylamine(Nb-NH,, 98%)2  Tokyo Chemical
Industry(TCI, Tokyo, Japan)el A T4k, Acetone,
dichloromethane(DCM), diethyl ether % ethyl acetatex= Duksan Pure
Chemicals (Siheung, Korea)Z 58 43t} Sodium hyaluronate(HA,
Mn = 800 kDa)< Bioland Korea(Chungbuk, Korea)ol| A T+ttt 4-
(Aminomethyl)benzonitrile hydrochloride(98%)+= Matrix Scientificoll A
T4t o, Curcumin (95%) Alfa Aesar (Haverhill, MA, USA)®l A
T4kt

ANz 7) a3 A~FAEZH(NMR)S JEOL NMR spectrometer(JNM ECZ-400,
JEOL, Akishima-shi, Japan)& Ah&3te] A skivh. Fejo Hek Ao
(FTIR) 2~FE# 2 Cary640-FTIR(Agilent) & At&3te] 4 3st3lch. 3ol
czAe W 2 UF awd FxE AXWFE FAF Ax dnH(SEM,
JEOL, Gatan, JSM-6490LV, Pleasanton, CA, USA)S A}g3slo] #2y
Atk UV-Vis 29 EQ 2 UV-Vis 33 =4 (Optizen POP)Z #4313
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3.4 (4-(Cyano)Benzylamino)-5-Oxopentanoic Acid® A
(4-(cyano)benzylamino)-5-oxopentanoic acid< o] Hdo] WHEH =F2

g4 wEe ok wAR Fo AojATH6e3]. e @

(aminomethyl)benzonitrile hydrochloride(2g, 11.86mmol)E

_16_



g 28 A3 RBEAIA 100mLe] %i314% acetonitrile®} g3}
A2 30% w9 JAZ & TEAGML, 35.58mmol)E RBF W &=
F7F8FA . 30 FoF ¥ 1Mk & acetonitrileo] 2] €& ¥ glutaric
anhydride(1.48g, 13.04mmoD<S Z3tEo] H7FstAth. o]ojA] HlgES
85TCelA 2417k &<k SFAZ T 3] S 557 (Rotary evaporator)
2 gwE A F, 1A ZAS 100mLe DI waterel dEAH o
o]o}A], IN HCI& & #H7lste] pH 302 44 33s thg, 100mLe]
ethyl acetate® 33 F&399. +7]1FS 100mLe DI water H
100mL9 brinee =2 zZ+zF 3 WH ¢ AF3A. &3ES anhydrous
MgSOs= A ste] dFetes 55 AL ot mpAo =z, 34
T FTF7]E ethyl acetateE FTEHAA WA IAHE AAN(SF

91%). (4-(cyano)benzylamino)-5-oxopentanoic acid?] +%+= 'H NMR
o o] At ('H NMR, 400MHz, DMSO-ds, §): 12.05(s, 1H),
8.44(t, J = 5.9Hz, 1H), 7.78(d, J = 8.5Hz, 2H), 7.42(d, J = 8.6Hz,

2H), 4.33(d, J = 6.0Hz, 2H), 2.26-2.15(m, 4H), 1.79-1.69(m, 2H).

3.5 Tetrazine(benzylamino)-5-Oxopentanoic Acide] A4

Tetrazine(benzylamino)-5-Oxopentanoic ~ Acid(Tetrazine—-COOH)+= 9]
Aol T =2 ZrEZ e MAS 3 A HAT63].
3] Welw, (4-cyanobenzylamino)-5-oxopentanoic acid(lg, 4.08mmol)
2 formamidine acetate salt(2.12g, 20.39mmol)S RBFe| 4 & 33} T},
zinc triflate(0.074g, 0.20mmol)E &3&9 #H7}s ¥, anhydrous

A=Y A A8 Hrtskad o

EFES Ay ake

hydrazine(3.26mL, 102mmol)S &3+E 9

Ade 7bs #E F, ALE A4
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Atk ololA, 5mLe DI waterdl &3¥ sodium nitrite(2.82g,
40.80mmoD)& W& & FHIleginh olF E£3¥E ZTHaIAE IS
bath(0C)2 %7131 1IN HClIE & A3 Hrtstdoh I ESCS
Zo] ##HW 150mLe] IN HCle] &x¥ % pH7F 3o +HAAH &
ofo] B EIZMom uiyHA Jix Aol FuHJr EFES
100mL DCMo. &2 33] F=38}1, 77155 100mLe brinel 2 33] ¢ Al
23} t}. anhydrous MgSOu2 £ &S AXA7| o343 3 3d =
W 55715 AMEste DCME SEAIZAL wiA gz, AES A7b
isopropyl alcohol & AAAR o AHAst] e &4 A9
Tetrazine-COOHE 53t tH5€ : 53%). Tetrazine-COOH®| =
'H NMRel <3 #ddgiek. (‘H NMR, 400MHz, DMSO-ds, &):
12.06(s, 1H), 10.58(s, 1H), 8.52-8.40(m, 3H), 7.53(d, J = 8.6Hz, 2H),
4.40(d, J = 5.9Hz, 2H), 2.28-2.17(m, 4H), 1.77(p, J = 7.3Hz, 2H).

i

3.6 PEG-ditetrazine(PEG-DTz) 7} 2 A ¢ &4

Tetrazine~-COOH(198.86mg, 0.66mmol)E RBFeA] 2mLe DMSO %
10mLe DCM<E xstets §ule &8s v, Add FES 0TAAA
arstE A gr71A 7t o]F 10mLel DCMel £3l¥ DMAP(91.62mg,
0.75mmol)< &2 A4S FAstHEA H7beArh o]o]A  10mL9
DCMell &3l¥l EDC.HCls &=l Hd3s] H7Ms &, =5 A=
A1ARE s wwkste]l =R A87)E AstAZ T olF 2mL
DCMell &31¥ PEG(300mg, 0.3mmol)E & H7psk &

=24 Aa E971 stellA Aol 4843 Fok wke it £ ES

70mLe] DCMo.2 3|43 % o]Z 1256mLe DI water® 33] Al &taL,
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100mL¢] brineo.2 13 MH3AY. F8ld DCM F& anhydrous
MgSOs= AXAIA Fiste 55 A va, I dFojd= o3 F 3
s 55715 AHESte] #4Yf kel DCMe 2 A Z . iAo = A
A& 40mL9] diethyl etherE #H7Fsle] HAAZT. AAHdHE A4S o
et sholl 1Y &9k AxXAIA &4 1A PEG-DTz 7MuAE

‘1

L

e &
_O‘L

32

al

Itk (€ : 67.13%), (‘'H NMR, 400MHz, DMSO-ds, &): 10.58(s,
2H), 8.52-8.40(m, 6H), 7.53(d, 4H), 4.40(d, 4H), 4.13(t, 4H), 3.68(t,
4H), 3.51(s, 91H), 2.34(t, 4H), 2.23(t, 4H), 1.80(t, 4H).

3.7 HA-Nb9 &4

HA-NbE olze] wyug =3o ZaeZd ot FA=HACH[21]. 7+

A A9 sbd, HA(2000mg, 0.0025mmol)E A3 golo] o]z w7}t

Al 200mLe DI wateret &35tk olojx, EDC.HCI(475.40mg,
ol

2.48mmol) ¥ NHS(427.84mg, 3.72mmoDE &g ol #H7Fs & 1A7H
o Wkt o] fMo] 5mLe DMSOe°] £3]¥ Nb-NH2(458mg,
3.72mmoDE FH7}3 &, THES H2oA 24A17F FF wHEFTh o]

o] A, NaCl(1.5g)<& 5mLe DI wateret £33t & sat&o] H7bstdc).
Al F T, o 7

T, 28AY uA =S AR AdRART ololA, iAE 200mLe

r>~1

ol 10% &<t ek 5 &5 H}Fe acetoneo = HA

DI waterol] A3kA7]aL, dialysis bag(MWCO=14kDa)e 2 =7, DI
water T4 2€7F FA S wiA o R AHES WA & 2
z3lo] 18.55%¢] X3 %=('H NMRZ =A)E ¥ HA-N

ot HA-Nbe] 7+ %% FTIR &4 o3 o % 543+ At

oft
Al

b=

i

(o3
=

32

rlr

gl

FN

jﬂ
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38 Stol=EEAY Ax

[EDDA click #h-&& 7]¥ro = g 7bal ste]=222 PEG-DTz 7halA|
ok HA-Nbe] &<l w7 &3tel ojs) /M= leh. 3704 et9fe] 7hal =4

[£ 1]& AAste] vdd &2 38ty EA4S 7H slol=248 At
HeFsHAl A Eiabd, 2% HA-Nb £ (HA-NbE DI waterol] &34 #

Az) 200uLet gt FE9 PEG-DTz &H(PEG-DTz 7FuAE DI
waterell  &3AA  Ax) Buls EFAT. (PEG-DTz 7hulAl=
10mg/mL, 20mg/mL % 40mg/mLe] Al 7F# ZA o2 DI waterel] &3
5 t}) Eppendorf tube WolA F &4E& 156% &S vortexE ©]-8319]
FogdA EFstdnt. olfg &4 EFFES FA FAZI(25G needle) 2

7 FA FeAe HaEs,

[# 1] PTHG stol=E22 2| M= H|E3f A3 AlzZt

Sample Nb : Tz Ratio (Moles) Gelation Time(s)
PTHG-A 10 25 99
PTHG-B 10 : 5 81
PTHG-C 10 : 10 68

# A3t A7HGelation time) #LPIEE AMEste] G¥ G'o way o ®HH

A=

T

£

39 A 54 AT

stol== Ao At A2 rheometerol ol HIFH AT 53

’

sol-gel A% A7+ =, A3} A7FL slo]= 2 Ao Storage modulus(A %



AN

g5, G) % Loss modulus(£4 ©4E, G')& step-timee] =

Agomn FAHAT. A% A G's G wAPoRRE & 5

32,

t}. w7 A] 2 angle frequency sweep HIZ2EE 8 3lo] sloj= 2 29

310 Ba= A

7 HolHE ZAZHA AAT F 1 TFHS SAHAT. stoel=2A Y
Aawt oeel [4 118 e AuEie

M, — M,
[ 1] elling Ratio (%) = % 100

=
w
rlr
o
o
i,
ol
(0]
of\
ol
)
u)

|leg2A F MdE #dx9 dlo]== A9
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312 & =9 H ¥E 47

okEo] BEY¥ Jlol=2 AL A3y Y8, 2de =2 A Curcumin

S A935A Y. Img/mL Curcumin £ 948 1A HA-Nbo} &3tsle] 2

FL

fld wj7bx] wwkstdth 1¥W thS Eppendorf tubeol Curcumin®] =Y

O-

¥ 2% HA-Nb &9 200uLe} 7} %4 PEG-DTz €9 3bpulLe 2
vortexs Abgste] &9 &<
FES AT HolA AZAA 1242 FF F2 A SEATE o]o] A,
Curcumin®] =9¥ 3Flo]==24A8 3mLe W= & (20% ethyl alcohol,
80% DI water)= Al #sle] 2% FAY xHA 2 Curcumins

=
n
AAS AT UV-Vis #% #E7(h2 : 4300m) 2 ALgate] S0 F4

o
[—y
o1
P
offt
2
Iz
[
it
X
rfol
%
ol
&
O,
o
X
(ol

ol

=

= 7]&3}3, Curcumin® standard curveE %3 & =W &8
(DLE%)S =43ttt Curcumin 249 282 U2 3
=S4 5 A

4 2]

H

lo
E
.
it
>
>
OFO

—

quantity of curcumin in feed — quantity of curcumin in supernatant
quantity of curcumin in feed

Curcumin®] 249 % sfol==z Aol A|d# U o2 W= Hrls= 7 slo]=

LE %) = X 100

2705 35mLel WE wjde] x3H upo]de] Eaowa FFHAY A

i
o

50rpme]  &£x9F 37C9 2ex® AA" 2| okr](shaking
incubator)e] 2tk EA A7t 7Aooz wE wjdoA 2mLe] fAS
AFHstL UV-Vis &8 FE=AZ FIAE=E A w4 779 &
& AT 430nme] HFel M FHE SA 5, AFT AES 44

drol kel ThA] gol AlEe] Ryt AQFES FA Sk
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3.13 AT A¢ o=z ANFHA W AESA

HA-Nb, PEG-DTz 7tuA] 2 slo]j==2 Ao Mz A3AdE Azt vijo} 4

% MEMEK-293)elA  #H7bstaieh. bdatAl AW akAd,  Dulbecco’s
Modified Eagle Medium(DMEM) % 10% fetal bovine serum(FBS), 1%
Antibiotic-Antimycotic solution(Gibco™)& AF&-3Fe] 10,000cells/well 3%
UE=E 37T, 5% CO20A 24413 AiZE 48-well plateo] I}E3&F3th. o]
T AMxE wAE AASE tggt Fx=9 HA-Nb (0, 100, 500, 1000,
1500, 2000ug/mL), PEG-DTz 7FxA| (0, 10, 20, 30, 40 2 50pg/mL)
g Z3ete AEE wXE WASHA T 24X 3 k] AFHo]d ) A
X E 100uLe PBS® 23] A& 3&kar, 10uLe WST #41 & A (EZ-cytox,
Seoul, Korea)o.2 A zlstqict AAQdE HZA &N (formazan)e] FF=
£ microplate reader(33}% 450nm)E Ab&3ste] AAeo wpR7RA R,

sol=2 A FEES Agslel W slel=RAe AT 4FYS BrtaR

oy
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A NG A3 2 uF

4.1 PEG-DTz9 %4

IEDDA =g Hk$S 93t PEG-DTz 7}FuAl= Tetrazine-COOHS] 7

bl

=
544719 OH-PEG-OH®| 3fo]=EA7|7F Jh2R o= AEY v
= Tl wkEete] dzEl= Agto] FA AT PEG-DTze| 38t +x+=
[ 6]el vEbd vie} 2ol 'H NMRel <& &4 =it

413ppm® 'H NMR ¥ 2%= o=el2 A Aol FAA7F d&e et
o, §rgo] AFHOo® o|FojASS FAF F Ak WA, PEG W&
ethylene %A #= 351ppme] I =0 ¢ls] &e& < vt PEG-DTz9
TZE FTIRA 93l F71do2 RBAEa, 3475cm AN WasH w

o] C-H stretching 2@ 2886cm 'l 4 PEGS C-H stretching®] &3¢
t}, 7t21rd7)9] C=0 stretching®] 1730cm ‘oAl #Z =it A, )
Egtd Bxe C=N, C-N % C(C=C stretching vibratione Z}7}
1643cm ',  1544em™ 2 1432em ‘2 Z1ZHQITE 1103cm o A e
stretching> PEG2] C-O7]¢] &=, PEG-DTz9 3ol 434
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h,i H,O DMSO-dg

(o)
d d
C c
N=N NTN
Ne N NQ/N
a

2.00 p————————
=
o
4.01 — O
401 ————o
4.03 F———
o
9153/ —
—-

; " ,
3 L 388
© < T
10.5 95 90 85 80 75 7.0 65 6.0 55 50 45 40 35 30 25 20 1.5
1 (ppm)
(b) ———PEG-DTz
100 -
Ao 4
NS
T 90
[ )
e
S 80
_.."E |
E 704 /
0 /
s 1 1544
S 60_
-
50 -
1103 —~
40

v T T T v T T T v T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)
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4.2 HA-Nb9 34

HA-Nbe] Nb 28719} PEG-DTz9] Tz 2+-&7]1¢9] IEDDA &9 ukg
S Sol==AS AxsArh FAFOo®, HAE Nb-NHp9He] 721
olml= 7 =7 wkSo] 9& functionalization ¥+$S 4o HA-NbE A
gt 4% HA-NbE 'H NMR= #2418 An [29 T7alol e vt

o

ot

O

9} 2ol 6.0-6.20ppmell Al Nb -9 dal FAdxe] 542 334 o)
o] ERRTH

Nbe] XF=(DS)E Nb FA ] A& HAS methyl %4d=+e] 2 &3}
ZA gomM AiEo 1855%% Aoz YElETE A< HA-Nb &
JL FTIRS 98] F71=2 golx o, olgdt Axs= [27 7hlol el
itk 3300cm 'elAl OH stretching, 1612cm ‘el 4] w]th ]9 C=0
stretching, 1400cm ‘el Al 3 8¢ C=0 stretching 2 1037cm ol A]
C-0 stretching®] ##5 o] Nb7|o] ¢lat HAS 7|37 HFA oz o F
o7 Aoz FalH it
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(a)

Ox NH oy
0%&0\@&0
OH OH o NH
§<a
6:6 GLZ 5:8 5:4 5:0 ' 4.6 4.2 ‘ 3:8 I 3:4 ' 310 ' 2:6 ' 2‘.2 ' 1.8
1 (ppm)
(b)
——HA
——HA-Nb

~ 100+
)
S
c 90 -
©
b=
£
®» 80
5 1612—
P 1400

70

1037
60 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)
[22 7] HA-Nbel SAM 3} (a) HA-Nbel 'H NMR 2= EH

=
=]

(b) HA2t HA-Nbe| FTIR A= E
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o= 2 A9 AZ

3|

4.3

o] PTHG-A, PTHG-B %

[

Nb:'Tz =95 ¥4 =2 10125, 1055, 10:10)

PTHG-C= AHA¥ Al 74

S

AEA sol gel®
T At} IEDDA

I, IEDDA 29 "8 %

R

Fe 1vh. IEDDA v

| dwbd o ARG R U[64]. IEDDA wEE-ol

o

Fol A Tzek Nb

ol
g

ol

N
il

e

X
s

o

o]
oo

i 7b e B ol A

- =
L]

= Ao

A1

ot} IEDDA

TtaE A YES A wA 7

—

on, =3 AR <

2]
=1

Aok [

3|

g tEae A4
[EDDA ®F2 o2 A %% HA 7|99

X

stol =

o, whe
1.

S

=
o~

o]
s

P
T

o)
=

8bJell A

PEG-DTz%]
, ol [29 8cldl e

=]
=

272 HA
ol 54 3=

sho] =

2Ae F4 7bs

SE]

L= FTIRO

=
=
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1 = Hydrogel

1614

60 -

Transmittance (%)

v
1037

| N —
4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)

2+2

a
J
-

[2% 8] A== sto|=2A. (a) SlO|E2A AN (2ZE
PTHG-A, PTHG-B, PTHG-C), (b) 3tol =22 FA} 754 g
Ho{F & AR, (c) PTHG-BS| FTIR AHEZ
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4.4 stol==79 A3 Azt A VIAH 54

Azt AZb stol=rm A9 A 75 rheometerE AM&3sho] W 7hst
At} slel=z2 Aol G'¥ G’ step-time, angle frequency sweep E|Z~
E9 FgaA BEAHAT step-time ANAE G Go A A
4 & d%ol Al FH Slel=2A BT soldllA] gelZ whE A W o
gl Ag. FAHeE,  [7 9a-clol  yEHSIXel PTHG-A,
PTHG-B % PTHG-Cx= 2= Wal7|7hA] ¢F 99%, 81x% % 68x7F A

Z, stolum e stuAlsl G@ol FABFE A% Algtel At

]

Y
b

A& YeEY. angle frequency sweep BEIZEE [Z18 9d-flolA &
4 g1%°] PTHG-A, PTHG-B, PTHG-C9 G’ kel 717 <F 120Pa,
134Pa 3 236Pasl<s HoFAu. oluist A= 7huA| e ghaFo] sfol=
249 7hu BxE F7AE F Ui, mEbA sol=2 A

o)
7} F7 ek skol® o] xe] RaE dHelg e} U srh[65].

rr

A A=

Py
o
fru
J
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(a) (b) (c)

—— Siorage modulus (5] | = Sterage modulus (G —— Storage modulus (G
%) — Loss medutus i67) * — Loss modulus (67) gy
— 3 — 25 —25
& g g
r 0 5 20 o
@ 0" ™
LT O 45 © 45l
U e e om0 B0 e i e W0
Step Time (s} Step Time (8) “ﬁ-pil?i‘ml ::.'“ 5ol
(d) (e) (f)
0o m
. Job{ ——G" o 30| —G"
n | []
g0, & 1504
= | b 1
T o N “
g 7 . e
; W T8 o | o 100 i 1 160
Angular frequency (radis) Angular frequency (rad/s) Angular frequency (rad/s)

[22 9] PTHG-A, PTHG-B, PTHG-C 3t0|E2# 2| | sts S,
(a-c) &St Alzte| st2 A storage modulus(G’)2t loss modulus(G”),

(d-f) angle frequency sweep EIAE

45 slol=229e FBEE AT

Ao ZaS =H 3} o [2% 10]edA & & %
o], £¢d RE dloj=zAL PBSe H F B3y 307 ool w7
A AT. o] F&3 WHe FolmzA stwe| I5A PEG AlZol

Sk 1A AeolE wold & Ak 7E BE @A F, AEEs}
A#AH A A%HoR Frletlon] 4847 Fol W& FHo| matgict
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48A17F $9] PTHG-A, PTHG-B % PTHG-C slel==249] Ho A&H=
2

lo

£ 77t o 3596%, 3346% R 3268%c1™, /bl vlgo] wgSF

et PTHG-A (10:2.5)

—=—PTHG-C (10:10)
3500 - z %
—~ 3000 1
X
~ —=—PTHG-C (10:10)
o 2500+ g, o rmezit, A
E 2000 - 3000 '__‘”: I
g’ | %2500 /ﬁ/l
= A E 2000
d;, 1500 _ %1500_
¥ 1000 - & 1000 ]
1 500 -
500 0 :
0 1 2 3 4
| Time(h)
0 T T . T 1 T g T T 1
0 10 20 30 40 50
Time(h)
[Z22 10] PBS(pH 7.4)0llM slo|=2d 2o R M. (7] 4A2H
Sob sfo|=zde RS HoFE AelE)

46 stol=2A9 B % R vw B4

sfol=zAe] mHy Yy FxE SEMoz #AFerh (29 11]94
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M
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o
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A=

PTHG-

o
N

gaol

Al

ol

7}

2 5 4 Q.

o)
M

& YERH A ]

RETA
[¢)

a7

=7]9]

R R

-C= 49 Ad

PTHG

0| 2 (SEM)

51

[

()2l FAL MR

(a) PTHG-A, (b) PTHG-B, (c) PTHG-C

o|of x|,
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S

7}

Arol dHgwet 7IAHY EA4S 7F¥ PTHG-B(Nb:Tz = 10:5)

]

8

[e)

=

&

Aol Nty PEG-DTz 7}uA = A% HA 74

ny m% of T Y M M N MM o im oo *owp B R
— T =T f )
T oo ol MOF s O _M W dr B N oo oy ,xu )
on .5 o + ~ % m . © e T T o o Mﬁ N E
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100 -

[==]
=)
1

Curcumin release (%)
oo [=5]
= =]
1 1

]
=
|

C(»°1 20 0 30— "lpN 5
Time (h)

[28 12] 20% ollE2& e wet PBS W sto|E=H

PTHG-B2l Al& 2t W Curcumin &#& HS

4.8 A7 2 Wl o=z AlAH Ul AE AP

il
]
o

ZbaAl, HA-Nb A4 3 Alxd spol==2a2 Aot &85

AE =40l glojef ghrh. webx PEG-DTz, HA-Nb % ¥l &loj==

i)
lo

ANESH S Brkskel o5 AL AYY S ZAstsich. HEK-203 A
A4 AL =a2 AUsti, WST 242 Agste AL 76l

o AlzsA Er7tE 9@l HEK-293 AlxE vt %9 PEG-DTz,
HA-Nb % %l sfe]=2 2A(PTHG-A, PTHG-B, PTHG-O)3 &7 2443t
)b wiFstTh. [ 13]el uEbd AESA grhe] Adkeh o),
HA-Nb&= A A §do] =ta, HEK-293 A&l A= 2000pg/mLe] &
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A AEEAE YeElWA 29tk PEG-DTz 7haAls= W 50pg/mL
o] FEAAANE Ax F8AS YEATAE BEE > 80%). HgH, Wl
stol=2 A Mxmd Hr7h A= PTHG-A, PTHG-B %
PTHG-C 3dlol=2 A= HEK-293 AZE Agd Foll= AME5Ade o3

% ¢ka, wEkA] Wl slol=2 AR A ATl = AL Feoldhyrt.
o]#]3t ZAul= [EDDA =8 7}lm ¥tLo] & Azx¥ vaA Fol=za
ol Whga: Bok MEA A2E A ve FAES A4dsA @)
Hizol A Aol e BT, =3 IEDDA W& FHjE 28
2 82 @ow A A 2 AN dojdrt wiHAM, 5 I

& BT 2o BFY FuE e o AA 48 sHol=rAL F

A Ad okE gE Ao 2 f8% TR H S ALk
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(a) (b)
100 - I 100{— T
1 | |
—_ — 1 T
T X 80 I T I
2 2
= 604 = 604
o o
S s
> 40 > 404
° ©
o 20 (&) 20
0 _ - 04— . : . .
0 100 500 1000 1500 2000 0 10 20 30 40 50
HA-Nb Concentration (ug/mL) Concentration of crosslinker (ug/mL)
(c)
I

100 4 -

©
o
L

>
o
I

Cell viability (%)

»n
o
1

Control PTHG-A PTHG-B PTHG-C

[328 13] HEK-293 M z=Z2| Alg 2 W MEZABHA. (a) HA-ND,
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