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Abstract: Chondroitin sulfate (ChS), a kind of natural polysaccharide, is the sulfated glycosaminoglycan which is widely
distributed in the extracellular matrix and on the surface of animal cells. ChS possesses various biological activities, such as
promoting cartilage growth, regulating growth factors and accelerating wound healing. As a novel biomaterial, in recent years,
ChS-based injectable hydrogels have attracted much attention due to their biocompatibility, biodegradability combined with
their unique bioactivity, particularly, their applications in the fields of tissue engineering, drug delivery, cell therapy and so
on. The gelation systems gelation mechanisms and modification methods of ChS-based injectable hydrogels are reviewed.
Herein, the formation methods of the three dimensional network structure in ChS-based injectable hydrogels are mainly

introduced, involving physical thermo-induced gelation, chemical crosslinking through Schiff ’s base formation, click
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chemical reaction, formation of amide bonds and photo-crosslinking and enzyme-catalyzed crosslinking, etc. These developed
precursor polymer systems, the corresponding crosslinking methods and mechanisms have been illustrated in detail. In
addition, the methods about regulating gelation time, mechanical properties and tissue adhesion are also discussed. The
reported strategies can be summarized as the combination of two or more crosslinking methods, adjusting the constitute of the
gelation systems and forming composite hydrogels, etc. Finally, future development of ChS-based injectable hydrogels as
biomaterials is prospected. We propose that more feasible injectable hydrogel systems with suitable properties will be
developed in the future. Furthermore, the relationships among the chemical structure of ChS, the gelation behavior and
biological functions should be studied further. In addition, because of the excellent bioactivity of ChS, ChS-based injectable
hydrogels applied in other biomedical fields should be explored.
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Table 1 Precursor polymers, gelation mechanism, gelation time and applications of ChS-based injectable hydrogels

Precursor polymer Gelation mechanism Gelation time Potential application Ref.
ChS-ADH-g-PNIPAM Thermo-gelation 37 C, 70—90s Cell therapy [46]
PNIPAM-g-ChS Thermo-gelation 5%, 37 °C, no data Nucleus pulposus regeneration [50]

Thermo-gelation, amide linkage and

TGM/ChS-NHS/ChS-ADH . . 37 °C, <10 min / [51]
hydrazide-epoxy coupling

F127/ChS Thermo-gelation 37 %C, <90's Recovery of injured cartilage  [36]
. Cell therapy and tissue
OChS/SC Schiff's base formation 37 C,30—50's . [52]
engineering
OChS/HBC Schiff's base formation 4 C, 15 min Cartilage tissue engineering  [39]
CMC/OChS/CMs Schiff’s base formation 37 C, <100s Cartilage tissue engineering  [53]
] ) 37 °C, 22—238 s, depending on the ~ Cell delivery scaffold for cartilage
ChS-ADH/OXPL Schiff's base formation . . . [54]
component tissue engineering
. Drug delivery and tissue
ChS-acrylate/gelatin-TCEP Michael addition reaction 37 C, <28 min £ ) i ) [45]
engineering
PAMAM@PNIPAM/ChS-F/PEG-AMI  Thermo-gelation and DA reaction 37°C, <90 Bone tissue engineering [55]

37 °C, 40—140 s, depending on the
F127@ChS/PEG-AMI Thermo-gelation and DA reaction . Cranial bone tissue engineering [41]
concentration of PF127@ChS

SA/F127@ChS-PEG Schiff’s base formation and DA reaction 37 °C,70—80 s Bone tissue engineering [56]
Wound healing and regenerative
PEG-(NH,) /ChS-NHS Amide linkage 37 °C, 4942 5 " gancree Y s
medicine
o Cell delivery and tissue
Col I/ChS-NHS Amide linkage 37 C, 150—200 s o [58]
engineering
Col 1I/ChS-NHS Amide linkage 37 C,5—15s Cartilage tissue engineering  [59]
Col II/ChS-NHS Amide linkage 37 °C, 6 min Nucleus pulposus regeneration [43]
EDAG-ChS Amide linkage 37 °C, 9 min Cartilage tissue regeneration  [60]
Free radical polymerization initiated .
mChS/PNIPAM poy ) 320—390 nm(10 mW/ cm®), 3 min Adipose tissue engineering  [61]
by UV light
ChS/Fe™* Dynamic coordination bond <10s Tissue adhesives [44]
HRP/H,0,, 37 C, 36287 s,
ChS-TA/CMP-TA Enzyme-catalyzed cross-linking depending on the mass ratio of CMP- Cartilage repair [62]
TA to ChS-TA
ChS-TA/HA-TA Enzyme-catalyzed cross-linking HRP/H;05,37 C, 15's Bone repair and regeneration  [63]
F127@ChS-PEG-OChS Schiff's base formation and DA reaction 37°C,65s Cranial bone tissue engineering [64]

ChS: Chondroitin sulfate; ADH: Adipic dihydrazide; PNIPAM: Poly(N-isopropylacrylamide); TGM: PNIPAM-based thermogelling macromer; NHS: N-hydroxysuccinimide; F127:
Pluronic F127; GAG: Glycosaminoglycan; HA: Hyaluronic acid; OChS: Oxidized chondroitin sulfate; SC: N-succinyl-chitosan; HBC: Hydroxybutyl chitosan; CMC: Carboxymethyl
chitosan; CMs: Chitosan-based microspheres; OXPL: Oxidized pullulan; TCEP: Tri(carboxyethyl)phosphine; F: Furfurylamine; AMI: Maleimido; PEG: Poly(ethylene glycol);
PAMAM: Polyamidoamine; SA: Sodium alginate; PEG-(NH,)4: Six arm polyethylene glycol amine; Col I : Collagen type I; Col II: Collagen type 1I; EDAG: Ethylenediamine

ChS-M, CMP.
raphene; mChS: Methacrylated-chondroitin-sulphate; €MP:-Carboxymethylputtutan; TA Tyramine
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Lk 1); R RILTE ALY ChS 5 O B EI R, 15 205 A WEEAY ChS(ChS-ADH), Fi-5 Hoth & B 3L 19 9 5
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SCRMEE A FEE WA, 75 OChS I 5LIE B 080 FH il £ ChS ZEnl FE S K BERE . [FHHZ ik
Z 1 OChS b WL ] 5 (R N L 8L rp ) S 07, B4 ChS 287K B i 41 2V RE M, st S 2R 5 7 R4 2
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NalO, (L5 2 A & ZBEFL ) OChS TRA, B A AR TE B JRmd 4 S5 0 (&) 2(a) 2k 1), A8 R aT b B
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Wang PR Z PV 2R S5 8 T IR T Be 5 52 BN, A5 BIK I PR 1952 T 572 R BE (HBC), 2EF HBC
55 OChS [8]J& F % Il 19 2 17 , 2R FHATHE A 5325 1) 3D A= 4T ENEE AR 1l 4 T £ Fh 45 84 (1) HBC/OChS 7K BE 1%,
WG T A R B 2T o 1% R BRI AT R] B HBC ¥ B A 184 I i 45 %, 491 4 >4 p(OChS) =
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541, Fan 2030 FZK A PE AR B JE5E BB (CMC) 55 OChS JRA, 15 3% F B 32 B i) CMC/OChS 41 7K
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AHE T & 2(a) B B B — C=N AN AR Je i, LA MER R 2 5L 5 55 1 SO0 1 ) I s i o o A . Li
SRR L 2(b) T %2R 2 s 22 5607 2, 4 & A Tk k6 1) ChS-ADH 5 & % 36 19 40 fk 5 4 > (OXPL) IR 5,
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W I ) 40 M G B, 3 K] 2(b) R BR 2R 2 il 45 9 ChS-ADH 55 74 45 8 52 7 , 45 2 74 M5 2 16 1 i ChS(Chs-
acrylate), 7& ChS H1 5] A a, BN AIER L ; I3 T Wi (gelatin) 76 AS W] 20 23 w4 s A9 40 286 A4, SR R 280U
% JE 5 153 gelatin-ADH 1 = (2-F8 2. 3%) B T RE 1L 1 B i ( gelatin-TCEP) . ¥ ChS-acrylate 1 gelatin-TCEP
HIRE)G, B & A0 50 SR IS, T AE JLA B I A ChS-gelatin BEIE (18] 5) o IZBERC T IKR 5 R A WIE R
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Fig. 5 Scheme of the preparation of the injectable ChS-gelatin hydrogel™**"”!
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IR A DA MBS, JE WA 3 K B8 I AT AR BB A2 SR 551,

DA SR 3E BRI AN 2 Ak 2 B e Ak i 75 B TR 54 (— 028 0.5 h) o TE RS AR N J5 8 s fhad /2 v, B
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(RN K ZF 4, (ELTCTE TR K B, SO 5% N 50K SRR 55 ChS-NHS TR A, A5 F1 47 HIURT Ak~ WU BX (1) ] 34 S
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F b Y S A A TR A T R R e B T SE B . AN, Gao IR 8 ) 45 T T AL (155 ChS-NHS 40 i
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FH 3 R DL B NHS BORCEE  Fh e A8 5 L4388 ) o BERS AWK PE I % ChS-NHS FH 2 (1384 i 34 i

F34b, Zhou ZEMLKL R 28 NHS {5 1LAY ChS 55 Col IR A i, LATCHE . A HT R AL FE & & A HI 0 5 Je A
R A A, A B s R R VR T A R K B S, IR YT REAZ AR M L e T R LRI i A 4 L A T
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5%, TR B0 7K B e LA B G 9 A AR 5, T R B A e S M S R 3Rk, R F R AR R A i AR L (RS
JEZ AR AR R s AR TR 0 B R, S L A
1.2.4 A iy X bR LRI Jemk . 5T S 0L A B ok e S 1) fh 27 38 BR A, 38 oAb~ 238 B R 8h 745 4
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FNPEATKBERE o 24 4F mChS FAARE R ARG 17 T 20 B 58 20 e g 105 2 2B, S 3R B 8 /K S Aise T FEAE g 77 4
ZUT RS ZEM AL . T34, Ornell Z0771 DL H I PR A5 2 4 7K H o B A8 L 3As 1) FR SE DN AR R IF 55 ChS S Bz, 15 2]
AP OE R A BTAR S YRR ECE R B I NG R 4R 7K HIMER (ChS-GMA, WK 2(¢) ). RIGTE
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RIAE - AULIT 259 a2 Z MET e e .l IR R B9 41U ChS-GMA Hr F L P Jas R IR U, T
DAAR 7 (5 2t 1815 245 10 19 070 BRI TS, A B8 988 N R SR T S

34k, Dai 4 il & T —Fp LT ChS Fl FeX* Z [0] 1 sl 4 I -FL A LA Ak 27 1 vl V59 4 Jm K BE G« %7K
B F I B A YR . B A MmN M. K S Fe Ml ChS MR IEE R FIRA 5, B Fe'ly
ChS 4# I —OH, —COOH Ml —NH— i P £ &, 76 10 s P RITE BEAL o 12 /K Bk e A 28 2 266 BRH kA1 T s
LU L, S —FP R R ER R AR 5350, 76 pH. BT P¥Esr T 45 G 50 M AL IR B S A8 bR HBECT,
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1.3 ESMELATELAY ChS AT E STk B AR

it AL S B 8 2 1 R A s/ N FHE L W AL R R A SR I g, HLAA R — | R SOV AR TR RN
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£ ChS 28 1] 7 5 /K 8 162 63,781 HRP J&:—Fh HUGE g AU I 2T R (1, Jead S ALY B v )32 i —Fb, il 5
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Wk FH 25 T B 3, 1% A BB ChS-TA 38 IR Iy e 56 A Ak R 2R 480 B 3L, AR5 T R 4R 1) C— C i,
SABAL Rl 5 R A AU, AR B S R g S5 R U0, FE SRR OY st AR v, IS PR B B R ChS-TA
FIRE 5 A0 M AP B R O3 1 b B By R R A A SR A, DT B e BB e Ml 5 1 RS S — i

FDA it i (5 == 224 B 5 26 B A5 19 ) 2= M fig CME@%%.%H%D@%#%%@&Ymﬁ
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PR R A YRR L, R LK HRP I HoO0, BB, wT LA (58 b 3 5 K 2 (0 BRIV S50, Qn o i AR ek ] 8 e
JiE Ve RE R AR AT 4 . 4N, M EE K 0.6 U/mL (9 HRP H1 1 mmol/L % H,0. YEF T, 4 CMP-TA/ChS-TA
(1) J5 15t b A 2l CMP-TA %% 748 Sy 4li ChS-TA I, BB AL A (] I 36 s 2 3 I E] 287 s, 3 ihd BH {4 5 1) 858 st fb st
] i ChS-TA & & A3 K38 i . X AT 5 B F ChS-TA o & 45 0 2 (iR i & F (I — 080, f1—COo0-), HA
B2 (B B, B3 3 i e A P 55 i 0% 0 M R ZE A B VR, DN RRAIS 17 B G A3 %6 . ox o o] 3 S /K
JE A ELAT A AR 25 P A P A SRR S M A S a5 . S 3 0 6 LU Ry 301 B, K e L AT o i 1) A v At L
& YR BE G K R R R B A . 53 41, ChS-TA [ i At B S U 55 T CMP-TA /K #E IE /Y 98 E IR o

B E WL (HA) B A1 34 R KT 5% ChS 19 B L FE UM, Zhang 5501 SR FH 2B  12% , H6 1 Je 1& 1i 1)
HA(HA TA) Fl ChS-TA 7£ H,O0, Al HRP 1E T, J& il v] 4 151 ] 70 55+ 40 e (BMSCs) 11 m] 2 5 K 88 e,

HHLUEZEMEA (5 6) . BUE HoO, AT HRP (& B2, W] LAy (i iy 81 15 44 32 (9 6 e Ak i TR 6 Lo e 21 LAD
ZI‘ETJ, AT JH AT BEE Y Sr 2R BE . AN, 24 HRP B9%E N 1.5 U/mL, HyO, P R 4 mmol/L B, 14 & A5k
IFR] A 15's, BEIEFLAR R 100~300 um, A F1) T HER P 40 A A7, WiE T H B2 150k,

g& O
EDCNOS | HO
M M
HN HN
+ + :mi - =
é é HRP/H,0,
OH oH

HA-TA ChS-TA BMSCs

Bl 6 LB 1 s BMSCs ) ChS/HA RIVE S /K BRI ) il 75 i 1)
Fig. 6 Synthesis route of BMSCs-laden ChS/HA injectable hydrogel with enzyme-catalyzed crosslinking!®!
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2.1 iEEEAR AT A

U T AR, SR FH #3156 TG 28 16 119 1A 2R — s EL AT A 1) 68 M Ak BT 110, T DAL 52 07 A8 106 D 7 2 5 4 e (1]
(A AR IB U438 B0, Sy 4 5 B — DA b2 SC R FR 0 B I AL IS (8], 38 5 R TP B A K 5 1k 2 AC HR AR S
Y XA HE 7 24551, B4, Liun PR SS Hil T —Fp e AR Hr A DA INAEACSEHR . A 1S 58 1) ChS 28 n] 3 55
IKEENE o R R AETE ST ARG, 38 2 PRS-S54 Mo 8] 1) 32 RO 8 8 0 T AH ELVE DL 2. PNIPAM iR
BB 1Y) sol-gel 4 48 e S LA R 1 T S 38 Ak o R i 3 3k Ik MR #2245 79 ChiS(ChS-F) 1 38 ok S e i 119 5 &
ZBE(PEG-AMI) [H] & A DA st 52 i 32 356 (An 14 2(b) Hr 2k 3) o XAy B AS 56 Ak 2 S8 BR AR, (i3 1A
RO BERALISIZE 90 s AP o XM HH AR AL e iR T B — DA 0y 38 Bk B e fh i[RI (Y il s, i B8 1K
WS 14 7 258 B (% AB A IR 3 25 MPa) FI& 7K (> 98 %), S T & v 1tk B 10 Tl i 5 /K BRI 4R A 7 i %
IR I R AR T v, LD SR ok S e 8 i ) Vi SR 5 1) F127(F127-AMID) 2 28 XU AR SCHE T, 5 Rk Al ik
W #Z AL %) ChS(ChS-F) & 4= DA fInBL N, 7EARSM G B T IR EE F127@ChS Y. 485 AR i) PEG-AMI
RA, Ml TSI DA b2 38 DU 22 Bk 19 T 33 551 /K 88 i F127@ChS-PEG, 1 ] T R #b B — 1 DA JZ i
A2 B A4 2R R I A I T A Bl B 40 IR R (20 @/L) Y F127@ChS b S 8 4 nl LA AE 2B BRI T &2k
sol-gel #5745, VE R Wy BRACHK R 43, AR R PR EER AL . 24 F127@ChS (5T v 2 M\ 20 g/L 35 mE) 60 g/L B, #E
JRE AL RS ]t = M 140 s 9870 F] 40 s,

34, Lin P4 04 303 3 DA R AP W sh A BERR 6 & T 2 S22 38 F127@ChS-PEG-OChS 7K
BERE o XL, ShASEERF BT R R 0T RS R A A, 4606 T Al DA SN S BK1 BE S AL E] . {H DA 32
I T 384 o 7K 956 e 7E A P B RS E T, O R T AR IR S M RE . BRMBOER R, B E R R 2 DA IO B L
F127@ChS-F i 858 & ¥, 8 if EDC/NHS [ b iR & 6 AL 2 56, -5 & ek s i, 15 %] F127@ChS-F-ADH.
SR K — 5 7t 1) PEG-AMI 5 F127@ChS-F-ADH ¥ 5114, I 5 & AL ChS 43511 % A XUE FE ST 2% 1, Al BF
JEIE B F127@ChS-PEG-OChS 7K B85 . 7EIAAR 22, AMI %% 35 1k e 55 A1 22 W] % 4F DA 4627 K2, 1 ADH 5%
FLFN OChS 1LY B s A i Tk s Bl o 308 3 080 S I06 2 B RN SR 5 2 i, il AR Dy (o b o080 1 4% 3R 114 BB G b
F (] A L3 osi 20 2 T LR
2.2 HESEEARMI N EERE

— St 5, A IV A 2R A 2 R A B R, AT LA A R 0 S A R RELT 31, T R AR FR A R
A M R 22 ) B8 M A 3l 2, o S B IO 15 1 0 2 e fE o bk, PSR 2 g KR, JE i — F
= ACHR 1) B A R 14050, SR O R 1 S #PERE . B An7E 3R F127@ChS-PEG w] 7 S /K BE I v, 5% B3 15
F127@ChS I Wk IR 2 A 5 PEG-AMI - 1Y 55 5 9 0 i 5k B i — 20 & 2 DA IR e B i Ak 2 38 BG , i BT 2
PR 7K B 2 1 BT 1) A7 i R e A B 4 RS2 B Y F127@ChS 7K BE Y 100 Pa 2 47 458 5] 1 kPa LA |, H B
PEG-AMI ]2t (934 RIS R 3 o] 3 56 7K B I 17 280 i 18 52 IX 1 I 16 R BRI B v 7 Fh R BLE R 4P )
BEHR.

Shen 5781 5 FH 35 - 1 ot il 110 7 25 S B 2 SFe 4y ol v o 52 1) 3D T /K BRI o 2% /K B B 1 Tl R R TR 47
% H b P R 6 B A& i 9 ChS(GMA-ChS-TA) . R b 80 Ak g . 40 280 W Sl AL I L 6 2 . TR0 4 TR B R 7K A AL
HARR T AT W 2D (1) 3 % A0 it f A 7 2 W ST A T80 2 R TRR 1 HL 0., 75 HoO, FBIAR o S8 Ak Wy il 2
[F/EF T, GMA-ChS-TA H i) I 2 0% 1k, &AW S 10 3SR S, B ) 2 56 B 45 55 1 /K BE IR 1; (2) GMA-
ChS-TA 1) it e 4k 2k R ao S0 A 0y i/ 4 W ST Bl A b AL, T I -t B H 3, 5 R AR 3R b 3 XU T
s Tk feke 0 FH B R 075 T Vi 1 v 7 U & 2E B PR SRR3R I ST B KR 1. 1R I 25 SR Ik S 1 A5 8 A 6 e T
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AMUEA PR b B fR2E T2 R, 38 T LR K Hb R A S5 5 T 21 1) &5 4 5 b mT o g i A
YRR 25 P, i I, Tang S5 000K A7 i 2o o0& 1 1) S8 A A 380 5 TR FR LTS AL 1Y ChS 2Rz, A= hl I
HEACHR Y B AR BERE o IZAR R VT HE 10 min WIR O BERCAL . 55— i) ChS BECAR L, 52 A /K B8RS 4 I EE 34
320%, 1IN 70%.
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