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Abstract: As osteoarthritis rises with aging, effective strategies for non-regenerative articular cartilage are essential. We
developed hydrogels crosslinked with TGF-43 using the Schiff base reaction between oxidized gellan gum (OGG) and
silk fibroin (SF). We confirmed the formation of crosslinks and the porous structure through physical and chemical prop-
erty analysis. As the SF content increased, we observed a decrease in sol fraction, a decrease in swelling ratio, and an
increase in compressive strength (8.2 kPa—23.5 kPa). Notably, the OGS0.5% hydrogel group effectively modulated the
initial burst release of TGF-43 compared to the free solution state and sustained release for over 28 days, promoting the
proliferation of human bone marrow-derived mesenchymal stem cells and cartilage differentiation. The accumulation of
GAG was 2.8 times higher, and there was increase in the expression of cartilage-specific genes like SOX9, COL2A1,
and COMP. In conclusion, this hydrogel has the potential to be a promising injectable scaffold that can effectively induce
cartilage regeneration.
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Figure 1. FTIR spectra of pristine GG, oxidized GG (OGG), SF, and
the prepared hydrogels in the range of 400-4000 cm™.
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Figure 2. Morphological characterization of the hydrogels: (a)
OGG; (b) 0GS0.15%; (c) 0GS0.3%; (d) OGS0.5% (scale bar =
200 um); (e) average pore diameter of each hydrogel group (values
are expressed as mean + standard deviation; p < 0.05 (¥), p < 0.01
(**), p < 0.001 (**)).
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Figure 3. Physicochemical characterization of the hydrogels: (a) sol
fraction (%); (b) swelling ratio (%) (PBS, 37 C, dry weight measured
after 24 h of swelling). Values are expressed as mean + standard
deviation (n=6); p <0.05 (*), p<0.01 (**), p<0.001 (***).

N

T7t S7vske A ERIEAITE ol SF =99 w}ﬂ‘r
*é% Iz Q7] 7t 71E MESAE o 55 ¢

, FAAZ HAolA Sui7t A3t € o I 73754 a
7P dIgk=| Q7] W Zol2tal AR E T HIS 7] A7) tha
23192 0GS0.5% wollA] #&s = e gt 71
TEE sfol=2Ae] v EHA S Y Mxe] 2 8-S

N H oft
o

off oY

a0
- 0GG
~ili= 0GS50.15 =
o= —i— DGS0.3
ﬁ M+ oesos
w
8
2 ad
reny
€=
h=l
= 107
D L] 1 Ll 1 L
1 7 14 21 28
Time (days)

Figure 4. Degradation profiles of the hydrogels (%).

Zan, 45048 A45, 2026\

A S R I o

=Y T e vAHESES AT S Alolth
£ B2 ¥ ¥ /S O}O]_E%J_Olw 8L 7laEA

U3 gl §E T LA ARee] WIS efuldie) o) 2

7ta=s YeplE Zolth? ¥4 A3 SFE XA 2
0GG 9= slo|=24l 71 =& = 85 Yehli%laL SF
gafo] 7?6%% < B8 fomsA Asisi

°ol& SF7F OGG Ak 75 dAske 7hAl 24 834 oR
2 ms ovgith BE slol=rAde A= 239
ARSE =2 31488 Kl o) 03 SRe] dlako] 28l whEf
Warle AR Fhasiint. o] sk Avbat &
2] SF W9 254 w=mQl(B-sheet T-3)0] slo|=24 njE
g o] HAAAR S 2dste] Aed AES WAg
7/—1% /\]-,,E_,_Ehil— 32,33

A2 Hel HE BN AXAE R 2Fo] A==
S0 BHEA el Eofof gt

PBS Wjol] A5k S0l A 28U7F a3k A= WA
BA A3} 0GG sto] =24 oF 28.1% dgko] 714381t
| 0GS0.5% Blo| =24l oF 23.8%2 B3l 4w AA
F Yt OGGE ©]e 7Iw& <138t 714 Bz ol3)] ma &
&7} YouA| et SFrF =98 2ol s 4= 7] Alo] 3}
ol=zA YEYA Yo & o] AES AAAA 7l

15000+

" OGG
. « 0OGS0.15
% * 0G30.3
— 100004, oGgsos
P
L=
75}
o
0 5000+
>
i} ? T
40 35 30 25

Temperature (°C)

Figure 5. Viscosity changes of the hydrogels as a function of temperature.

309 — 0OGG
— - G50.15
£ 251 — DGSD.3
@ - GS0.5
‘g‘ 2.0+
—
p 1.54
g
b 1.04
2,
= 0.54
0.D1 T T T 1
0 10 20 30 40
Time

Figure 6. Injection force profiles of the hydrogels as a function of time.



ﬁ
&
o2
N
Sl
Kl
>
ot
@
p

juh)
>
0
=)

3 £2E oA fxgith A A= gutd oz
2z oAe] Al7ko] AQHETS 4R % ok 759 o] Ak
S A8k OGS slol=24e S/ X7 dIF2 &
slelarl Az 718S S 38T e Ak AT
g A A0 ARG
U AEY HIL A8 2= X HEs]
2] It A Fo|th B sl 2= AlEe] 12t 23} o
TP Asl 27 B 739l e AUl o]2]elx of
o] EAfgit}. slo|=2Al o] dlgl 25 He Z4S 53
3 7}stA T

0GG 3lo|=24L 29 T F-Zojl A3y} o] Fojx o,
OGS sto|=24 59| 79 30-31 C F-2ol|A] Aslrt o]
FoHTE o= SFO] =%¢] GG AKE 7k &4 58-S
31510 Aslel] gt ofuix] AE-S HSAZ7] Wz
A Eh 53] 0GS0.5% wollA #2E 7Y £ Hre
SF eHl A jo] Bsheet 727} sto] =24 Yojx] Bejzoz
AEE Bkehs 988 Fallste] HAH vES A Het
A PINAROE AR

FAL Bolde Hrish] S8 AEE 24 A% 0GS0.15%
2 0GS0.3% 7= OGGS} fAkeE 752] W e S Ko
n) A HEedd Aeee g1

Tt R =7 7V =9Y 0GS0.5% oA E AjE o=z

Hn
o

o oo H1 0
ilo o
T
-{N’

o W of rlo

QA Aol SHEEE W9l AN 20 N U2l Slo]
18 7P5Ee BGAT F e ARAE 39 A ok A
Jo1}, #4480l Fele ARA ] f4S
fAsR= felspl 288 Aol

o
4
o oo
o
ot >
ity
ﬂl[ﬂl

i)
L
0N
Hn
E
N
ax
1A
J
s
HI
T
<
%
e
ikl
lo
ot
o
s
ox

Q1 BEL s wA AFe Pl YR 9F A5
el Wi zolt), 18] whize] XA 7)) 2
—

)

=
==

AT A DS AYAE 942 BOELS 45

U I )

oo ol

7 — oce
— (G50.15

15 = OGS0.3
-— 0GS0.5

n
[l

L=
L

Compressive strength (kPa)
=

=

10 20 30 dfl 50
strain (%)

Figure 7. Compressive stress-strain curves of the hydrogels.

ol

Bl FAKY

fol=248 E3F TGF-43 X4 AY 2 AF )4 529

0,154

0.104

0.05+

Initial elastic modulus (kKPa)

=2

=

=
1

OGG 0GS0.15 0GS0.3 0GS0.5

Figure 8. Initial compressive elastic modulus of each hydrogel
group (values are expressed as mean =+ standard deviation (n=6); p
< 0.05 (¥), p<0.001 (**%)).

MYE T4 24 A SFe Yol F/1A4F spol=zA
o Fdl 9% S} 0GG W] Hls] B 2] T

\

FE YR

o]E Ca¥oll &3+ GGY| o] 7hule}l H=
EAtA o)F UESL A A|=Flo] &7 &
BEANZS Ao 7 ALRHTLY SF 3Hafo] =342 vtk ¥
FEo] sk As I

ol& A ARES] fEAdo] AlghE7] e Aol =
oA olggt AaE eSS oJn| gt

TGF-B3 W& 78 Tt A34R1Ake] a829] A2 24
AL 71531 = Yk TGF-B35 8440]7] wjie] F
P 7, Y FHlolA HFEER] Rl v #ol &
S22 AL o] FoA] Fehs whdo] EA ST whEbA]
TGF-43& sto| =24 Wjof] Bx|ate] 2/l me} < des
A8
SF 3}l =2 0GS0.5% =2 <F 77.52%2] 7HE =& 74

N

| 35 Age]

~= 0OGGT - OGST0.15 — OGST0.3 — OGSTO0.5

=
T

AT
1

¥
(=1
1
—
e
123
H

Cumulative release (%)
F-Y
o
1
_\1
-
—

¥

1 7 14 21 28
Time (Days)

Figure 9. Cumulative release profiles of TGF-43 from the hydrogels
(values are expressed as mean + standard deviation (n=0)).

Polym. Korea, Vol. 50, No. 4, 2026



530 oA - oldg

252 1 5 AT tht SF7E §l 0GG Hal|
A 236%2] HH)g HEES FR1gth

ol gt “itE AxE BEAMEH 1 UdL aEA nE
229} TGF-3 7¥e] 714 g2zl 71918 Ao A}
EHE GGY| HHE ©@eldl] EAst= 7HE4A71(-CO0 )=
A4 pHollA Sol2/3S UM, 9718 S48 (pI8.9)2
712 TGF-p3E A2l A pH(7.4) ZA00AM <= FHsE ue
Zog ByEo] Jrk? wed 0GG MEE A W So]eA]
72719} FAEke] TGF-A3 Ateloll 1717 <lgo] A
2 7 o, o)e Fold T slo|=2Ao)A FHst
chi g o] Wo] HA7)A s age o) Adxe AoR
g 7]E Aot dXgh® o]y gk Fs kgl 0GG @
Stol|A] ke F38] AlgHARl Wl 71st ZoE 4
o}

WE 229 SHAA 23T o, 0GS0.5% w2
297ke] FAS WE o]F 2F o) AEHAR] WE <
Bk 2719 =& WEFS VA2 27] Bkl
gAslsh=t frElsh 23 ool A& wEe

e
N

3

it 1

re ol

@ s
— BN OGG B OGS015 HE OGS0.3 HE OGS05
E 44 3 +Control
o
[,
L
z
‘@
=
2 2
=
g
= 14
o
O

0~

24 72 168

Time (hours)

b

( ) BN OGG HE 0GS0.15 HE OGS0.3 Bm O0GS0.5
‘;_‘ 1504 B3 + Control

Pt wik
- e ok -
B ' ; ]
@ 1004 [ ] 2 —1

c —1

$ [

©

L 50

=

=%

o

Time (hours)

Figure 10. Cytocompatibility analysis by MTT assay: (a) absorbance
for cell viability measurement; (b) cell viability relative to the negative
control (values are expressed as mean + standard deviation (n=6);
p<0.05 (*), p<0.01 (**), p<0.001 (***)).

Zan, 45048 A45, 2026\

A S R I o

B 0GG ES OGST
4g80{ HE 0GS0.15 EE OGST0.15
Bl OGS0.3 HE OGSTO0.3
= 1501 @l 0GS0.5 EE OGST05
E
o 1204
=
g 904
O 60+
304
O,.
14 28
Time (Days)

Figure 11. Biochemical characterization by quantitative analysis of
glycosaminoglycan (GAG) content (values are expressed as mean +
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Table 1. Primer Sequences Used for Real-Time PCR Analysis

Gene Primer Sequence
F: 5-“ACTTTGTGAAGCTCATTTCCTGGTA-3'
GAPDH R: 5-GTGGTTTGAGGGCTCTTACTCCTT-3'
F: 5-GATTTCCGGGCCTTCCAGAC-3
CoMP R: 5-GGTCGCTGTTCATGGTCTGC-3'
F: 5“TGGGTGTTCTATTTATTTATTGTCTTCCT-3'
cor i R: 5-GCGTTG GACTCA CACCAGTTAGT-3'
F: 5-AGTACCCGCACCTGCACAAC-3'
SOX9 R: 5-CGCTTCTCGCTCTCGTTCAG-3'
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Figure 12. Expression of cartilage-specific genes analyzed by RT-
PCR: (a) SOX9; (b) COL2A1; (c) COMP (values are expressed as
mean =+ standard deviation (n=3); one-way ANOVA followed by
Tukey’s HSD post hoc test; p<0.05 (*), p<0.01 (**), p<0.001
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