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Abstract: Conditioned medium (CM) derived from mesenchymal stem cells (MSCs) has emerged as a promising alter-
native to cell-based therapies due to its high safety and regenerative efficacy. In this study, an injectable HGC-CM/TA
thermogel formulation with enhanced physical and biological properties was developed by incorporating CM from pla-
cental MSCs and tannic acid (TA) into N-hexanoyl glycol chitosan (HGC). TA served as a multifunctional crosslinker,
significantly improving the gel’s mechanical strength, self-healing ability, mucoadhesiveness, tissue adhesiveness, and
antioxidant activity via physical and chemical interactions within the hydrogel network. All thermogels exhibited shear-
thinning behavior and rapid thixotropic recovery, ensuring injectability and structural stability under physiological con-
ditions. This HGC-CM/TA thermogel is expected to promote wound healing and tissue regeneration by providing strong
adhesion for stable fixation, enhanced antioxidant activity for oxidative stress control, and convenient injectability with
self-healing capacity.
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APdslel gl el Fasted ARSI 492 Spectrum
Laboratories(?]=)2] Spectra/Por 4 Dialysis Tubing(MMWCO=
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9} 22-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid(ABTS)
= GibcoTM(Thermo Fisher Scientific, PI=1 Pl -Fali31Tt

HGC2| &M. HGC %A= Figure 1(a)2} o] 7190
Hag A3 WHS wel GCY N-hexanoylation RES-S 5
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33} SR 48217 B T S AR F

A%E T3l &2 Fuje] HGC ALEAE At
3 HGCO] slshy 24 418 918l 'H NMR} ATR-
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Scheme 1. Schematic illustrations for preparation of injectable multifunctional HGC-CM/TA thermogel (created with Biorender.com).
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(P/S, GibcoTM, PI=hHE 718t mediadllA] 24417F 52t vl
3l 3 M3 U7} F 30% confluencyell =232 wl, serum-
free media(SFM, MKbiotech, =1Z B]XE ZAISIH. ©]
T 48 Al ko] A AN AT S FHstReH,

oft o

i

[¢]

Zan, 4504 A15, 2026\

confluency”} 80% ol’do] =R %S wf g53ISltt. o] A&
SHof|A F& ME 2 debrise} -2 BHS AAs] $15}
o] o] 2 AT HBE AA AT F, AME A7A
-80 CollA] RaITh

HGC M2™ XMi& XM|=. HGC A4S DPBS & (pH=74,
0.01M)°l] 3 wt% FEZ &3A1A FHsk ok HGC-CM A
A G 3wt% FEE HGCS CM o) gaf5to] A
Z3139 k. HGC-CM/TA A EA2 HGCE 3 wt% &%=, TA=
HGC % thH] 3% F=& CMEol] Egsle] Al=s13t).
HGC ABA AFe] 24 2 24 7F A% 548 24371
218l ATR-FTIR 418 =331t}

FE-SEM 4. A 2A A|Y WFo] Jejehs +25 &z
3171 918l FARIAFEA U (FE-SEM, S-4800, Hitach, U )S
o]g-slo] A rAle] TS 2SIt HGC, HGC-CM, HGC-
CM/TA AEAE 37 CollA] 27k eFd3} 2 Aks} 798 A

A F, AAALE o1 FE YF F 300 BAALHY



S71AIE w8 R g

i=]

90z &<t Wl FE & FAEATHY
FHEN SN BM AR AF] 25 e fHEH
T WH3lE AEs7] flal @ 2P (HR-10 Rhometer, TA
instruments, H|=1)E €83t FAEIATE ME Y2 A7
40 mme] & FIA Abolol] 1 mm 7HE Z A4 3= YTt
7FE &%= 1 C/min, 2% H9= 10-50 C, 55 1 HZ=
I e, 10 Pad] dFgH SHE I8t S8

FUY SM(injectability) "7} ARAL] FAE EAS
E23517] $J3l 9 20E](HR-10 Rheometer, TA instruments,
n]=h2 ALS3510] shear-thinning 71834 thixotropic 7152 &
2513t} shear-thinning 715 41 918 27 40 mme] 3
e AREsI e, 25 Colld A& 0.01-100 s 9] W
oA flow ramp W2 02 A= ¥SlE SA3IGITH ARl
thixotropic 715 412 rotational recovery testE 37 CollA]
F&YsATE 2002 5 A £S5 0155 7HF F, 10032
Rt 100 579 A £EE ThelE Ale]EE W] e
35 AsS Hrkskint

AlZHol| I REEE S A A0 A7kl e e
54 A4S Flste] Akt Akl wE A% B4 E(storage
modulus)®] ¥slel=A15 #&sIATh o|& 18] H2rH
(HR-10 Rheometer, TA instruments, U= S o]&3}o] 37 C
oflx] A% 10 Pa 332 1 Hz2] T3 3l time sweep
7o =R 60 B A BIES S S A
20 mm, 7H4 1000 pm®] 7 33 Atojol] wiz| = Act. 2t Al
Fo] FRISH ASS 0A17E 3A7H 6AIZE, 12717, 2441 7F,
48717 708 st

X7IXIfs H7t HGC-CM/TA A=A 2] A7 x4 54
H7ystz] Qe WA St #ES AT oF 913
37} 28 HGC-CM/TA A RAS 5= 7o) xztog 4
g &, 225 CelA 3087 A3AIA 214 38 AsS
S A=

oA B2 918l HGC-CM/TA AHEAe] fHss B4
| 27 EJ(HR-10 Rheometer, TA instruments, 7]=1)S ©]-8-3}]
ZA3IAE A& A7 20 mme] ElelRg 3 Atelol] v
a3z, HE 748 1000 pmE AR ST WA, AF 2=
HEES B8 A8 53 dAXES gjlsh] €18 1.0 Hz
2204 HAER)S 1.0%14 5000.0%7H4 ARz 5
7718 A E(G) SR E(G)e] ke S5
At

0] %, alternate step strain sweep testS E3ll A7} 54
B7lskdnt. o] AdoM e 22 M E(=1.0%) & W3
E(7=5000.0%) 7217} 60% 7HH 0= wzto}l 2-gahaA,
A F9R 1.0 Hz 2 % 25 C 24 sl ¢ol 3%

O

i o

fljo

o Rl oot dlo

=5 FEs g
gist 53 ™It HGC, HGC-CM, 12]32 HGC-CM/TA
A5 A e ghaksl A4S Ko g B3] 3 tiasel

M 2909 A

wAl AP Az % A 5 2 39

git)z 27 B98¢ DPPH % ABTS Al&S =ad8ith.
DPPH |Z &7 %7k 02 mM %2 DPPH §9&
HekEo| gafisie] FHlsi o, BESIE WRIs] Slal oF
Z70M B3ttt 2 A 0.5 mL)yS DPPH &
N (1.5 mL)y EFste] A 308 vEAIZ F AS
AAsHA . Folgli= DPPH €49 §8%5 517 nmolA]
UV-vis spectrophotometer(SINCO, §H=)2 |83t =43}
Atk x2S E DPPH T &S ARSI oH, 34 %
zlolE Alksle] B A S H7BINTHn=3). ABTS
o)z 2A% W7Fe 7 mM ABTS €943} 24 mM 34t
ZH& (potassium persulfateyS 1:1(viv) HIEE &3] 9z
Aol 12-16 A7+ BESAIA ABTS 2]z g8 A %319
t}. o] F, s &S vESE 3]Xate] 734 nmollA T3
7} 0.7(0.01)0] EHEE 2AsIT) o], 7} ARA A8
(0.5 mL)Z ABTS €(1.5 mL)# &gste] 7oA 30
BB RESAIZ T, A RAS A AT T e g 3
TE 4313 ABTS T 898 202 ARSI S
™, 734 nmelA¢] FEFE Aol E olg3te] Hozd £A &
S EAEATHN=3).”

=L £, HGC, HGC-CM, 28]32 HGC-CM/TA A
TAe] 71AA AeE AP o2 Frksl] 8] 45 AlEe
Tyt zhzke] MES 47 10 mm, 0] 10 mme] 9471
5 FEl2 A3 3, texture analyzer(EZ-SX, Shimadzu, ¥
ol 500 kN load cellS A2Fsle] ZA A A1HS 5
mm/min®] Y3} cross head £E= =431} 2+ A=
Y 27604 3 vHE 45Tk S E FE e

rr rlo

EE UAS T B O Lehdns

FHop 2& EM TJ} HGC, HGC-CM, 183 HGC-CM/
TA A RA o] Hul B2 (mucoadhesiveness)S #7111
all, 7} AEAS FAlF 119 FA vEE Stk 3
Ay 2248 93] & 27| E(HR-10 Rheometer,
TA instruments, "|=} Y5 A8-3]9 oscillation frequency sweep
NS APsIet. 273 20 mm ElelE HE Alolol] 1000 um
A s, 37 CE ARIsIch A% B8E(G) 0.1-
10 Hz9] Ful4= Wslol 2As19on, RE 242 A ¥
W e § Fagkn=3)0= JERlUT.

ARAZL 72 7k Ao Ag-S Vel AlUA| eiziEs

E(AG) TR g4l wet AldkE le
AG'= G'yis—G,

>
il
rr
Ho
2\

A7NN G AEAFA EFES A% BHE, G
Bl M) 2% BEL oulaie, AG7} omTh 2 A

=5 = [e] i
ut §z B8 =t

i)

X Fa sS4 Wt ARl x4 QY 2457
o

17 F) o} FARRE HiA] w3 228 AlY SR A}
Fach $A4, 4 58S 10 mmx10 mm 2712 A3k

f
2

op
ol

Polym. Korea, Vol. 50, No. 1, 2026



e

40 AR - e

Fahzl

% pH7.49] PBS &0) 37 CollA 117+ HA|3}] =314
21 5, 9] S AASA o]F, 5 242 10 mm
x50 mm F7| 2 A polyimide ZEol H2HAE AFE-3|
F2EIATE M EA S-S 7 o] FHE I 2E] Aol
T3 5 AHA HE s g FHes w4 37 C
X 6A7F ERF Hatato] Hzpo] FES] o] FoRA =S §I3
o} HzhE AMEe HE A== 500 kN load cellS “g2H3h
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LIVE/DEAD™ viability/cytotoxicity ¥4 7]E (Invitrogen, V]
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MTT £42 93ll, AlZE 96-well platecl] 1310712 £
gk, 5%2] CO7t FA1=E 37 T AulolE 4] 24A17F
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3]43k F well B 200 uLA A9} 37 CTollA] 48A17F <t
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ATR-FTIR 412 ‘g2l SR1331tt. Figure 1(a)l] A1 Bkt
o], GC At ofRl7lel & N-IA=U7E I A
32 Tl 2 A FA5S 72 HGC M A
=g

Figure 1(b)°ll GCSF HGC®] 'H NMR 2 E S H] sl
AA &AL GCE 6=3.5~4.0 ppm 77X SFF5 9|
TEe] 2HEH §H 9] F2 ¥AE BTh HGCAME
F7HoZ 50.89 ppmIE7]), 6=1.3, 1.6, 2.3 ppm(HIE#
71yl aldshe F=27F AEAl FEE AT o= rked7)
E]oll e 5olF AEA, o]F FEl N-EHARYsE 5
Sk HGCY] §do] A2 o]Fofi 5 ERlsst. =
Fanehed 2] Fa 938} daed 7)o g3 AR
28 ¥ nste] HGCS] X]13h8-(degree of hexanoylation, DH)S
Arker A3, 2|ghgo] 372%= IR1=Tt

T3}, ATR-FTIR ¥4 (Figure 1(c))S %3l HGCS| +%
312 13kt GCE= 3400 cm oA -OH7| ¢} N-H A&
s 330 el W FAE, 1584 cm'oAE= oFR17]9]
N-H w3 & 935 Yepdoh 8HA, HGColA = N-H
A& A% 9= k29 37 1553 em'olA] amide 1T w3 X
o dFshs MZE F5 F=7F AFHAUT o= A=
d7] =Yoo= 1%t ofnfol= A7t FAS ofw|sh, N-EAL
=3t Hhgo] AFAOR o]FARR-S T

F7H 22 HGC 719t HiRE 2 Sd=714 2 v
(CM) 2 A ZgdE2 TAS 78k t7]s4 HGC-
CM/TA A4S 723199 tH(Table 1). HGC-CM/TAE 3 wt%
HGC® HGC th¥®] 3% A &2 TAE H7lste] A|lxy
o™, ATR-FTIR ¥4 Z3KFigure 1(d)E 531 2+ +4 A
o] 548 ERIg  ASTh HGCoF HGC-CM A
2HEZS B ok HGC-CM/TA A RA 4= F 800 cm
Hooa TAS] WS C-H #3 2%, 283 1260 cm” &
2ol TAS] 7H327]9} HGC 7+e] ol 2~E] At FAe 7]
18k C-0 215 Fgo] AAFUTE o= TAS ks ¥l
w2 7% kel 74 HGCS TA Alole] Eglslsta o=z
A FAol ol FoAHeS orl gt

A EA] thgd W73 FEIE FARIAEY)H (FE-SSEM)yS
E3) #s1ithFigure 1(e)). HGCH HGC-CM A Ale] 7

il
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Table 1. Preparation of HGC, HGC-CM and HGC-CM/TA
Thermogels

Sample HGC (wt%) TA (wt%) T’ (°C)
HGC” 3 - 32.5
HGC-CM? 3 - 33.0
HGC-CM/TA® 3 0.09 273

“HGC in DPBS (pH 7.4); "HGC in conditioned media; “Mixture solution
of HGC and TA in conditioned media; “Sol-gel transition temperature
was identified through by rheological analysis.
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Figure 1. Characterization of HGC and its derived thermogels: (a) synthetic scheme of HGC; (b) '"H NMR spectra of GC and HGC; (c) ATR-
FTIR spectra of GC and HGC; (d) ATR-FTIR spectra of HGC, HGC-CM, and HGC-CM/TA; (e) FE-SEM images of HGC, HGC-CM, and

HGC-CM/TA.
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Figure 2. Thermo-sensitivity of HGC, HGC-CM, and HGC-CM/TA thermogels: (a) photographs showing the thermosensitive sol-gel tran-
sition at 25 °C and 37 °C. Temperature-dependent rheological behavior of (b) HGC; (¢) HGC-CM; (d) HGC-CM/TA thermogels.
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Figure 4. (a) Time-lapse images; (b) time-dependent changes in storage modulus of the thermogels at 37 °C; (c) strain sweep test of HGC,
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Figure 5. Antioxidant properties of the HGC, HGC-CM and HGC-CM/TA thermogels: (a) color change of DPPH solution after reaction with
thermogels; (b) UV—vis spectra of the DPPH solutions after a contact time of 30 min with thermogels; (¢) DPPH-scavenging activity of ther-
mogels; (d) color change of ABTS solution after reaction with thermogels; (e) UV—vis spectra of the ABTS solutions after a contact time
of 30 min with thermogels; (f) ABTS-scavenging activity of thermogels.
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Figure 6. (a) Compressive strength of HGC, HGC-CM, and HGC-CM/TA thermogels; (b) mucoadhesive properties of HGC, HGC-CM, and
HGC-CM/TA thermogels; (c) the lap shear adhesion strength of HGC, HGC-CM, and HGC-CM/TA thermogels. Each value represents the mean
+ standard deviation (n = 3); (d) representative image of the lap shear adhesion test.
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skin fibroblast cells after 48 h incubation with thermogel-extracted
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