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Current Research Status of Biomedical Hydrogel and Challenges and
Opportunities in Clinical Translation

[ Authors ] LIAN Huan, LIU Li, KE Linnan
General Office of State Key Laboratory of Drug Regulatory Science, Department of Medical Devices,
National Institutes for Food and Drug Control, Beijing, 102629

[ Abstract ] As representatives of the third generation of biomedical materials, hydrogels exhibit revolutionary
potential in tissue engineering, precision drug delivery, and smart medical devices due to their ability to
construct bionic microenvironments. However, the clinical translation of hydrogels is still limited by
multidimensional challenges, including biocompatibility, scalable production, and regulatory complexity.
This paper systematically reviews the design innovations, functionalization strategies, and translational
bottlenecks of hydrogel materials, integrates the latest technological trends, such as 4D printing and Al-
driven design, and proposes a collaborative optimization pathway encompassing materials, technology,
clinical applications, and policy. By introducing local Chinese innovation cases and monitoring scientific
advancements, this study offers solutions that possess both academic significance and practical guidance
for the clinical translation of hydrogels.

[Key words] hydrogel, clinical translation, intelligent biomaterials, 4D printing, regulatory science

0 5% AR A BRTT Ay, AKBERR BRI SE RN 2 AR B
Bt B TR AE R FH I RTE A,
I Jz DR JHE = 2 2R 1 R 4% 25 4 A — 2 T R 1Y VRS, Rl R R R ST Hh TE M B — T RE i

PR, X LERPRHEAR IR IE, EWRA RN AT geib + AT HRT. EbE L, KB
ERTHINLAR Y, (EAE2OIEAIZRN A RS NI R IR & R, flan, 2EEE -
A, 20234E A EROKBERE T S HIME Cak42{C%E TPAWFZEE: (National Institutes of Health, NIH) %
TC, FEAWRKEANIS%, HrkyT M HLE BRI A B TOKEEREF AR SRR, kK
60%", MZHd ik FIAA TR, HE0O%ckAn  MBFJEZE i & (European Research Council, ERC)
T 2050508 KPR I NIRRT 7K BE AT 254388 1% 3T 3R
JEAiH . [ EAHFE R (2022YFC2402804) , e sk WM& TEFRE, BEE CfEHEPET Sn&ed L

P PORPRFREIO PR R R, o HORHTEA BL7E A
it WAk, E-mail AUBELE. DRETLLA R i R AT 7 1h A T B ik

520


https://doi.org/10.12455/j.issn.1671-7104.250081
https://doi.org/10.12455/j.issn.1671-7104.250081
https://doi.org/10.12455/j.issn.1671-7104.250081
mailto:lianhuan@nifdc.org.cn
mailto:kelinnan@nifdc.org.cn

Chinese Journal of Medical Instrumentation

2025% 5549% %58

R é

JE&, A RENR 7K B i Y G158 1 L AN 3DFT Bl A
TEZK IR il v B o Yo A BRI A 1 B L6 K Bk
AR E R (i . pHIE. Jt%) Tk
i R TR R ST REdedf . Bil4n, @ idpHIE/R
JEE /Bt 2, 7K B AT o i A 5 7 AL SRR A
B2y (AnoR e ik B SRS BEREI, BEZIAR
BAL Gl R TE3.265) . i 4DIT EN & —Fh7E
3DFTENJEAIL b 2% AR T LA, KO T
FTEIH B4 P RE 0% 45 S0 I 3T Bl I 1] 5 728 L7
W, ek, Gilan, TRICICKEER IR AA
FEIT R4k BE LIS ATE LR, AR ZR B &
SR HEE,

SR, JREERHIRERAE AL R E A RS, D1
Al IR BE R R LA 7= | PR R MR AT AL
R—BME, AR PN 22 2 P (PSS B %
, UHR I AR RTRED [ K 1Y 5 S R ANZH
U PE R SeAh, IRHURHE R IR B 2
P, AP A SN Z R, DA ik
S RERHE) SR, IR IR BRI M SR e [l R
T SEBL R Ml AL 26 A0 ET 3 AR E AR B
BRI AR R 20%", FK B e A s bR 2 A i I
T T ARA RIHLIE , B4 BOAR An4DFT B[R Bt Y
P A fif e —Llin R IR S B2 44 TR TR 7EBC
HRT, £ EBUF YA BAL A DR
T, G T —RIRBOR AR R EN, £
i QIR P A R AN AL BeAh, B
FRHE ER ISR AN E bR A VR R, K EEIRAIHE
FERNELALTRME T34 MR,

ALER B AELE A o K BRI R e fad R im
(R OE7 T A 7 R EDVAE ) P L L P S 4 W 2
MAEBEE . Al TRE, IR FERUA R BoK ik
AL, RGHEPUKEERA QT 2%,
f (e B AR 2 P oLk A D DL i

1 JKBEB AR TEBAR

FEE R~ TR, R BRI BT AT AL 2 i
M AR A 52 IR . X LRI A A HERY
JRHY =4 25 REAS AL R IR BT R IR IR F 7k 53 Tk
BER R, AR AR R R TR R A B AL
Fetk, (EHAEZ gk, AATR. FEESRA
Wt 8% 5 2 - BRI I W T

IKBERE AT UARTEAL 2 sy A RIRKBEIRE . &

KB IRRIE & Bk, RO, BT
SEWIRER. IR 1RSSR KB e, TR A4
A PRV T A 2o, A oK,
PRI 2 Bk, RS T ifob
RMERE RIS BAE I, i KB IeS: & T Foh
A HAPRHOIES, SERBUE IbERE |, Hoh]
G RARE T (AFSHHE, 6T4%) i
FFEGE S S AR T (R PIRRE, 82
) SR, SR R R TCAR R e B A
PURARCPERIE D P SRR L, 4RI T LR
RERIE R e, SRR, 2k A ki
efiRie T UM A FIbk B AR I8, 5
BKIEEIRRALL , & B T A A P A 3%
T, Besh, A BK BRI T M 5 T
PRI L L, THREILIET, R
AR AT R KR, L
Bk, HUBRSREE. VolkAT ARG, TLA T
WO A IR K . ST I 26 £ K e
P, P TR B IR T P P R
SEE, G, SERHEAR L AL K T
3o 2 A S B S PERE (B MR e
0.1~2 MPa7(s [ A AT, AT B 1 O S )
ek, ATH: A et 2 38 k1 RCHE 4 B R T B
B, AL T KRR A T8, B T
WE R ABRHERE . B0, 7EBCLH AT 2tiki%
KRG, TIFAE A BRI HLES 2 ST B i
et 2Ry, S TR AR IO LA
S, RO RE B RNS A L. B
O, AT 385308 2 5 2 A P e 1
Ly p LT S oM 3 161

FEEE R R KN IE P TR A
PRb. MEMEAINAE KR (L, AL TR, ki
PR A3 b, AR T B A K G
VR T2 B SIRE EAE A, HOh, KD
W TR 2 i, e 2 R i S
B, HE TIRTTRCR IR TR, 4D4T
EIEE AR 2547 T KB e i B TG R, it 7
SHATENERE EBARTRIZERE, 9580 T KRR
RN SRS KBRS TE A TR
AR TR IR/ NIEAT FE B . B, —
FADAT EIV VD 7k I I S 24 05 1 P (0 I3 M —
PRI = ety , T EAFIE A 81, 41



Chinese Journal of Medical Instrumentation

2025% 5549% %58

R é

HeRaE B D AR R AT AR AR s . X PR
EHAEA N TR AR R B RS, wf
FATFHlE A 2, (R R R e B A,
FE 258335 05, AV AL 7K BE 1 Bid J5 4% 4 4D3T
ENE AR, Refgilis i HAa B a8 v i 25 Wi % A
gt, SLIEAEMENZGWRE. B, WA R
i i AT TR £ Kk B e 0 25 38 e VR JS
3R, G5 A ADITENH: A il H RE g i b7 A i 25 T i
Wik RS, X RGN G RESARYE IR
AR SR, T SEE RS iR,
IKEE BN A o AR B — R PR A4
HLFROR (5 4n gh 7% B 4 W7 (Flory-Huggins)
A RSl i 25 e R A e 5751 2 IR A
BAERR RS B e, i Ak e i )
BT AN IR AL (swelling polymer
network, SPN) #iFUEEA TIEHHA MRS . Rtk
SR R VS RN R A (L A B S, RENE TN K Bk R A
. WA BEiTom" . Wik, EESERE
KRBT o B RIS 20 P Y T 26 T R (1 b
ek BEGTHHESS, 1E4 R Anistdid B A&
Wy LA B AR SO o7 B A R PR A TR A . T4
ZRUIN A S, (R IIE % i T e R (L
Foke, bt B AR R A %k R e 7RI % 5 v 15 1
AT,
2 KEBERREIG R LB

TR B I OB 5 o e 1 Pk DA S0 22 7 vl i R
B, X —E AR TR R . Al TR
FLPPNR XM E SRS, ERi ik
R, &S a N AN 285 (fucose-rich
exopolysaccharide, FucoPol) k& i lE: e Bi H pib 4
B, R, iy BOSFR A, 2kt
JBERGE AT B B e e LRl S S R, X A A
PE(E A SR 25 i ik F Ak T TR ng", 1EZ54RE
o RE R, FucoPol k B REMS (i 18 Joy e 4 A A= 3L
TR LB —E R R R B, X IH T H
TR G54 5 258 5y T IRIAH AR, A B4Em
2T RO G AR R Y., Mg /EIEER AR
BERC RIS T E R, Mg R N5
HbgETTE, AR AR S Re B A B ELATTE
LZHFWEAR . bréa el eani g om o (5
LR IEYE . P E B A KB, FIFMg™

Ptk EE RGBS P B, W sR AR e s [
et 3% 98 35 75 7K BE ) = 2 I 4% 25 A4 v RE S 2 12 B
B, Rk iEiR st R ERER, HAA TR
FrHRHE TORTRIATRLERE" . BRILLASN, VEemeEh i
TR el R A B A AR R MR AT (2 ik, R
IR AT R BLH 2 BhRet: . it 5A R AR
HEpIE PR G A TR EIR £ HE 7K B e 70 Rz IR T A=
Zilikik | FEIEVRTT AP B T A )T R
AT, Bilan, HS5ARKEFE5E T IRt Rk an
NI SEsERERS, Il R kT s ShusE s
A FIH AT B e B SR O i 25 e e, 2
EHRITROCR s SHURFIZ &, RENSA Al H
e, G RAAT . BARRAKEE A PR T
it T e R, U2 AR N RH R S5 B ik
IhRE, kbR, WAAEEE BKEERCRI I, AR
HIZEHIIR T T SRR FLE R, ik Bk
B BERER BE (achatina fulica glycosaminoglycan,
AFG) FnH JERIGEREL AR (gelatin methacryloyl,
GelMA) ZH IR 28 K BE e (1R FRAFG/GelMA
IKEENL ), AEIRTT 1S PENE IR 2 1t 9% 75 T B AA B8
PECT, WRZE BRI B SR R B LA R P
EHIAEYTEE, GeMANIEA R4FHY A AHA
AR . R 48 5 R 1 T A 7K e e e L 1R
GFRY DM REFIAE At . REASBATLANIIE S A 5Tk
WEE, (RFEaniRZhpt . WFERN1E, AR dhE RN
R IRTT R T T B R i

X LE R GIUE B T 7Kk B I AR I PR A% AL Y W] 47
Mo BRUEEASE, E BRSO 2 FhokEER ™ &k
R A TIGRR, FEERELZ Wk, HE TR,
5 N @A FIREHEI T 5 5. EIRPHEY TS, Hh
FEARMAMFEPHEIA S (Dextenza) JKIEEKE™ bt it
EEE N5 S (Food and Drug Administration,
FDA) #tif, MITBIT ARG RIEFE R . H )
AL R B TR IR T R atfig
Aok, R T IRFEHRA SRR A R I R ok
{EMREIRTT JiE , HE IR EERAE A (Vantas)
Sk B IR I B A 2 R B AR v T 7 b AR
SEMEFA AR, ARSI ETRTT St TR RE
B A, 18 FHIE IS BB (Loxonin pap)
L& ST BN (EAE) s, DA E
HITH R BRI T ImKiaT. 0 as
T WLIE T B 7 I PR . R, B A

522



Chinese Journal of Medical Instrumentation

2025% 5549% %58

=

R é

(ConvaTec) 2y &) f1jiE 5 #% ( Smith & Nephew)
2wl HE TR R YK EE OB &, S P Ak
I AREE, Rt PmE" . FEAERE A
A B K EE ™ SR 5 T (5 1 ah . RSB LS
Bitr, BORBEFZATE. EOREESE, —
T 28 R e S Pl i P R 7 e Jie AR A5 B A A F
7 (Conformité Européenne, CE) IATIE, A.OREME
SIRITIRASHTI RO %, R E, KEERHE
IR 5 &R K, Hlm PR AT it
WA TRESRR. Rl EAayE %, KEER
JEBLH T Z IR 0, A Al k& 5 R AEY
B, EFHETTS, E2PIT A N 2 RokEER ™
ms JZ N ATFIRIRIGTT . X 26 a4 15 A
PERR K EE R BORE, B s BhReBoRt . AR RORIR
BEWE, Ef s BERTT RSO AT T ARG i
wG TR TEZEEM, Wb, Bxtafidin ks
FEBEE 250 K BERS P L AE T R 2, TR & K BE
JRAE B 2 g7 s

3 KGR eIFRB

By A 2 N R R PR 7K BB 5 7 it e 5 B A& DA
TR B, EIRENS MR E O R B A
PRI ek, s I R IRGEUE ] 17 dh 22 4k
AR fHK, HOROGFHR S 17 SR E A
PR fJa, FRRTIEMIERIFERETSIA
FIRIHET o BB AR R R P E R B AR T
TRBLH A S 2 HOR BRI i SR B IR B 1L, il S
Z AR IR TR, h R ARG
FE,

3.1 HEI|KER

IR BE L oL A TR YT ik, Tk
. ShER IR RN SR R T S
GikeFEMPRARLL, ARZORBERIEME T — Rk A H. T
ERRT TR, REEME NE R E ke dE, AL
BELEBTT S 5 ML, [ 02D ef i B A L A 1%
HEA PR IETOR AR E L, TR P 2
KL WL DhRE . AEAIN 55 1R A fa 2R BRI
AP PR R A, TR IR UEIKBER 5 A
ABFIFIEAL, Ao EERER PR, 7k
BER R A NIRRT RES [ S IR
NG A Ge rT REX R BEIIR A ey, 51k sk
WE, SBRIERPL, RIEEFFEAAE, PR

WA A RO R IE W B AP, IR R RES [ 4
PR, i H., KRR AR A th v RE
RS . B K BERAE R NP AR, H= 4
FTRERA —ERIAEREE, 200 JA B 22 An Ay IE
WABIHRE A T, AL AERE . ik
B, IRBER AR A P (] R 2ok UG, AR A
Pt PR AR A AR AL, gl AT RETC T 2 LY
Dhet, HEMENRFEDR, ERRESETER
Ho HUBPEREMIIA MARICHE, JCH AR ZE M 7T B
TRHYSR AR E VR, PR AN ALYy al IR PR PR
XK BERAE R NI T A R, BRI
iR Re s Ntk 2 R, BOREER BT T
AW ik, WM RE R P ARG T AR B il 25 4
BRI
32 FREKER

P B BER EE A TP AR, EHSRIEAL
PP BRRECATARG AR JERE s X oK BEGE # BA
RLAFHOBRRRPAEFI ORI, REAE T A B THI T BAR & 1Y
PRAPR, 08D RAE SR B ATRETZ K, T B B 7k it
R AR TR Y 5 B3 A i) T B 475 72 1 A4 A 288 58
e DLAE P NER AR LR B PR A2 0 B HE P B g

LR LR, AR A A P AR BB R
TNERREATTE . ENUHHENRNRILH R 4T
HI A, B 5 i B A e B R s R
o XSRS IKBEIR I A LA B B R TN AR =4
BEATARBCEEAL . HUAERERY 2R Bk 3B 7Kk B i 44 20
HA T I UAGR RN A, LORSZ R NIRRT
PR, B, FERTCE BT, KEERT
HA 5 B ARERE AR DL H 4 B B Fn i o7 Rt
RS ER T e R TPE 05T D 7 BB e s AR 7
NEREE, FTERIPERERMFOR AL N
T, PR R DA R T RERR AN E AT,

4 FAERPaaPbiR SRR

KB e AR AE B AW SIS 28 0 — i
RUESRIE FAT T 280k, (05 AlE R R A 2 [7]
FEREZR, T EIARIKEER™ % T4
Yidik . 07 NBORHRRE IR B 55 Bl i, i 27
an FE I R B R R T B2, B SRHIFRIFTAHEL
HAEBAR G 240 HVE R L O5A 2285, @it 1Y
WERTEAR L, 3 X RHELAR B SRS 22 TeH, fl4n
WETEHUA BRI B R, RERS BFIE B T4

523



Chinese Journal of Medical Instrumentation

2025% 5549% %58

R é

A B HOPERE R AL, ik Z XoF I DR 75 2R T B 4240 5
XTI, B A P B AR (7 75 2 e
MR, XA R GRR = i — A e, 0%
7 FE A G AU A P T AT s XL
B, REERHIEL IR R 2, 4DITED .
PLEE AL R E R e Z 2 )@ H PP4RRE, Izt X
7= Al AT REYS e 24 Bl K AME X iR SR, eIt
I P RERERT A m &t BRotZoh, HRrEx
Feanfett, BERREEE KU AR ARk
an E TGS — bR BB AR AR IR
Fe (DLTELT) A Aol vl ) 25 B A 2R B A PT RE 3L
HTDRFE, & B R AN IR A B ERIR B, Ik
LA A TR B TER E AT 1)

SERREAERERLOT | Al iR M EiERE
TRANSE:
AR
TRk LN
it o i PETENI
CHEE . pHITS) TRt e
IDFTENAKEE S-e e
AR R N5 R
K s ST AR
itz AL EEHE VAR
------ o KA
A UL,
LA CEPrEn
—— | | I AR 3
e e S AT
-
roosme TR
FRgLLt KAEES
T AR

A1 ZHBKEI T S i AR
Fig.1 Translation process of classic hydrogel products

RIS Z, KERERECE -1 E2H %
B, EANTHERE ERRE:, SFRE T
AR TEHUEN T SRS RN R 2 BT Y bk [R] 55
7. it PR AR, A RIS PR A 4
TP, TRBEAEARR HIBETT (e SUSA B A% 5
INESERIVER . Sh RO kBRI R LBk, BF
FEMETTHRERR T LM, BERGHE
Stk AR, JEERER S RLEE, ER A AR AN
TR, WA E TR SRAT A B A= 4 mT B
10 i = O i g o)) SO A S8 g A O T D
AR EMK A Zh A T A W oy AT, DA
PROKEEBABHE AN A SRR Y,
FENUBCIERE TS 1T, et 150 LB ] 45 S5 Ay sl ] R 40
KRE A MEHEEOREER, $2TF T s, R R
R TR, fEEEE AR A RN IR SR
W B g KR S SEIR AN T AL ) I8
ML A BT Rk BB A AT o R A AR A

Rl PR B PR A S B S R

h T SEHRE LA, kBT TR RERIE T
P, AMERF T SCRER G B A DR B il K 5 e
IEERIFIIERE, FFRACRHLR A —Bc:, B5IA T
AIRFHIEFREE, @it ETZE, K TR
ARG R TR, AT, A
7 (S BEdr AT R T A IR 24 8l BT 85
B e gk B 25 R R RAVE LY (Bl K
(2024] 53%5) W “fRATSTA. —d—K. 2R
T WFEHEIS)T AVESk, Al 5L R RI
FPERIANE A By T I e LR A, B IRMER TGS &
IR, It AR, TEA R G S
J, JF R AR KRR T AR I 2 A R R
A, BAGR T IKBEBAEA RIPABES T BB E PEANTE
W ZEBHAERMES), A THEERNE. A%
L LRERIR R B~ U 2l i, (et 1
QIR T R R IR, A TIRE T, BH
FE RGN T Beyy Ll N BIAN B R 7k BB
AHINH, Rl s WA n il R &, TERA
TOKBEBART T BRI S . AEHR AL RS AN
rlv AL Ty, il s SRR B BRI
Skt I & 1R, kBB B T4
il S BEE T A, FREEREREORT IR R A
B S, AWk e G, MRk B
REAB T & AT LI IR TR .

LR, X LERMERYSEHE A A K BER
IRIEALARBE THEW IR 2, AR A EARIT
RARMBE T E IR EANAIR, AR R ZIEIL K
ERC AR He 22 2 VEDR Al R I PR A AL i R rh A ml
S —Ih, FTEPR AN, WEIAT LXK
L% Ty, DARRORF Al e o Bt Fr ™ S e 2k

5 BE

KRN E AR B I bR}, el
GUEMFRER B . A, HlE R R B A
AR I R T s SRR, [RII
S a TATEEOR . BOR SCHR A E Br & 1R R B AL
B AR, IREERHEITR SR Bl R B L, TFk
% DIREE R BERE . 15 BADAT ENHe R LB PR 1B
BRIT . BRFRAEY) ] BEARADRHIL R e A RE i b 7k
BRI, I IRECACERE IR . 2 2 PERFFERIER ALL
T 5 % FHE b & VER ISR , RHE Sk BE e R &
J&, AN MEREVEHE R Tk

524



Chinese Journal of Medical Instrumentation

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

9]

[10]

(1]

[12]

[13]

[14]

2025% 5549% %58

R é

Sk

1JAZ F, TAHIR H M, ALI S, et al. Biomolecule-based
hydrogels and their potential biomedical applications: a
comprehensive review[J]. Int J Biol Macromol, 2023,
253(Pt 6): 127362.

Grand View Research. Hydrogel market size, share &
trends analysis report (2024) [R]. San Francisco: Grand
View Research, 2024.

DRz, JEEHWE, T HAN. SN B 7K BE AR AL A B 2

R R 92 7 2 0], , 2022, 49(1):
12-18.

LIU B, LI H, MENG F Z, et al. 4D printed hydrogel
scaffold with  swelling-stiffening  properties  and
programmable deformation for minimally invasive
implantation[J]. , 2024, 15(1): 1587.

LIU Y, CHEN X F, ZHAO M. 4D printing of shape-
morphing hydrogels for biomedical applications[J]. Nat
Commun, 2024, 15(3): 1123-1135.
THANUSHA A V, KOUL V. Assessment of
biocompatibility of developed hydrogel wound dressings
as per ISO-10993-11 standard — In vitro and in vivo
studies[J]. Biomed Phys Eng Express, 2021, 8(6):
065007.
LIU J C, DU C C, HUANG W, et al. Injectable smart
stimuli-responsive hydrogels: pioneering advancements in
biomedical applications[J]. Biomater Sci, 2023, 12(1): 8-
56.
| 5 24 it A BLR) . BT 2 LU S AR A R
HIR] AbH: EEK 200 AR, 2023.
JIA K, CHEN A Q, DONG M, et al. Preparation of three-
dimensional graphene oxide electric-field/temperature-
sensitive hydrogels and transdermal-controlled release
drug delivery study[J]. , 2023, 52(5):
3374-3385.
CORREA S, GROSSKOPF A K, LOPEZ H H, et al.
Translational applications of hydrogels[J]. ,
2021, 121(18): 11385-11457.
SUN L H, XU Y, HAN Y, et al. Collagen-based
hydrogels for cartilage regeneration[J]. ,
2023, 15(12): 3026-3045.
PITA-LOPEZ M L, FLETES-VARGAS G, ESPINOSA-
ANDREWS H, et al. Physically cross-linked chitosan-
based hydrogels for tissue engineering applications: a
state-of-the-art review[J]. , 2021, 145:
110176.
SHAO M L, SHI Z, ZHANG X F, et al. Synthesis and
of biodegradable
polysaccharide wound dressing[J].
1358.
B T RN, 2552 A RE /R R IR AE 11 T B = 3 Y 2 P [J].
, 2022, 42(8): 1192-

based on
, 2023, 16(4):

properties hydrogel

1196,1200.

[29]

[30]

525

BRIGHENTI R, COSMA M P. Mechanics of multi-
stimuli temperature-responsive hydrogels[J].
, 2022, 169: 105045.
KANG W W, LIANG J C, LIU T, et al. Preparation of
silane-dispersed graphene crosslinked vinyl carboxy-
methyl chitosan temperature-responsive hydrogel with
antibacterial properties[J]. , 2022,
200: 99-109.
SHENG H L, LIR L, LI R, et al. Molecularly engineered
chitosan-derived poly(aprotic/protic ionic liquids) double-
network hydrogel electrolytes for flexible supercapacitors
and wearable strain sensors[J]. , 2024, 497:
154994.
LI Z, SONG P R, LI G F, et al. Al energized hydrogel
design, optimization and application in biomedicine[J].
,2024,25:101014.
ZHANG J, HURREN C, LU Z, et al. pH-sensitive
alginate hydrogel for synergistic anti-infection[J]. Int J
Biol Macromol, 2022, 222(Pt B): 1723-1733.
LI'Y H, WANG C, LUAN Y H, et al. Preparation of pH-
responsive cellulose nanofibril/sodium alginate based
hydrogels for drug release[J]. , 2022,
139(7): e51647.
NI C J, CHEN D, YIN Y, et al. Shape memory polymer
with programmable recovery onset[J]. , 2023,
622(7984): 748-753.
FLORY P J. Thermodynamics of high polymer
solutions[J]. J Chem Phys, 1941, 9(8): 660.
HUGGINS M L. Solutions of long chain compounds[J]. J
Chem Phys, 1941, 9(5): 440.
HUANG Z H, CHEN X Y, O'NEILL S J K, et al. Highly
compressible  glass-like  supramolecular
networks[J]. ,2022,21(1): 103-109.
RICHBOUR N, WECHSLER M E, RODRIGUEZ-CRUZ
J ], et al. Model-based modular hydrogel design[J].
, 2024, 2: 575-587.
KIM Y, HU Y L, JEONG J P, et al. Injectable, self-
healable
succinoglycan/chitosan ~ for ~ pH-responsive
delivery[J]. ,2022,284: 119195.
LI X L, XU X Y, LIU Y, et al. Hydrogel systems for
targeted cancer therapy[J]. ,
2023, 11: 1140436.
SU X, ZHUANG W H, YU T, et al. ROS and GSH dual-

responsive GEM prodrug micelles for ROS-triggered

polymer

and adhesive hydrogels using oxidized

drug

fluorescence turn on bioimaging and cancer therapy[J].
, 2020, 7(13): 2000294.

HU L L, SONG C L, LI H Y, et al. Oxidized

dextran/chitosan hydrogel engineered with tetrasulfide-

bridged silica nanoparticles for postsurgical treatment[J].
, 2024, 24(1): €2200565.

ZHOU B X, JIANG X L, ZHOU X X, et al. GeIlMA-


https://doi.org/10.7518/gjkq.2022015
https://doi.org/10.1038/s41467-024-45938-0
https://doi.org/10.1007/s11664-023-10307-y
https://doi.org/10.1021/acs.chemrev.0c01177
https://doi.org/10.1111/os.13884
https://doi.org/10.1016/j.eurpolymj.2020.110176
https://doi.org/10.3390/ma16041358
https://doi.org/10.7655/NYDXBNS20220823
https://doi.org/10.7655/NYDXBNS20220823
https://doi.org/10.7655/NYDXBNS20220823
https://doi.org/10.7655/NYDXBNS20220823
https://doi.org/10.1016/j.jmps.2022.105045
https://doi.org/10.1016/j.jmps.2022.105045
https://doi.org/10.1016/j.ijbiomac.2021.12.050
https://doi.org/10.1016/j.cej.2024.154994
https://doi.org/10.1016/j.mtbio.2024.101014
https://doi.org/10.1002/app.51647
https://doi.org/10.1038/s41586-023-06520-8
https://doi.org/10.1038/s41563-021-01124-x
https://doi.org/10.1038/s44222-024-00167-4
https://doi.org/10.1038/s44222-024-00167-4
https://doi.org/10.1016/j.carbpol.2022.119195
https://doi.org/10.3389/fbioe.2023.1140436
https://doi.org/10.1002/admi.202000294
https://doi.org/10.1002/mabi.202200565

Chinese Journal of Medical Instrumentation

[31]

[32]

[33]

[34]

[33]

[36]

[37]

2025% 5549% %58

=7 8

-‘LEF

&

based bioactive hydrogel scaffolds with multiple bone

defect repair functions: therapeutic strategies and recent

advances[J]. , 2023, 27(1): 86.

LI'Y N, HAN Y J, LI H X, et al. Antimicrobial hydrogels:

potential materials for medical application[J]. ,

2024, 20(5): €2304047.

CAI M H, CHEN X Y, FU L Q, et al. Design and

development of hybrid hydrogels for biomedical

applications: recent trends in anticancer drug delivery and

tissue engineering[J]. , 2021, 9:

630943.

PARK K Y, ODDE D J, DISTEFANO M D.

Photoresponsive hydrogels for studying mechano-

transduction of cells[J]. Methods Mol Biol, 2023, 2600:

133-153.

ZHANG D, LI Z M, YANG L, et al. Architecturally

designed sequential-release hydrogels[J]. ,

2023, 303: 122388.

YANG Y L, SHI K, YU K M, et al. Degradable hydrogel

adhesives with enhanced tissue adhesion, superior self-

healing, cytocompatibility, and antibacterial property[J].

,2022, 11(4): €2101504.

BERTSCH P, DIBA M, MOONEY D J, et al. Self-

healing injectable hydrogels for tissue regeneration[J].
, 2023, 123(2): 834-873.

SOBCZAK M. Enzyme-responsive hydrogels as potential

drug delivery systems-state of knowledge and future

[42]

[43]

[45]

526

, 2022, 23(8): 4421.
. AR A XTI 25 A S

prospects[J].

240 Mo i P A0 £ 2R Y 52 M [ , 2024, 37(9):
43-46.
ISO. Biological evaluation of medical devices - Part 18:

Chemical characterization of medical devices: ISO
10993-18: 2020[S]. 2020.

KHAN Z M, WILTS E, VLAISAVLJEVICH E, et al.
Electroresponsive hydrogels for therapeutic applications
in the brain[J]. ,2022,22(2): €2100355.
YIN Y, GU Q Z, LIU X B, et al. Double network
hydrogels: design, fabrication, and application in
biomedicines and foods[J]. ,
2023, 320: 102999.

NERGER B A, SINHA S, LEE N N, et al. 3D Hydrogel
encapsulation regulates nephrogenesis in
organoids[J]. , 2024, 36(14): €2308325.
ALY S,LIN Z X, ZHAO W Q, et al. Nanocellulose-based
hydrogels for drug delivery[J]. , 2023,
11(30): 7004-7023.

CHEN Y, WANG X, TAO S, et al. Research advances in

with potential

kidney

smart responsive-hydrogel dressings
clinical diabetic wound healing properties[J]. Mil Med
Res, 2023, 10(1): 37.

SAHOO J K, HASTURK O, FALCUCCI T, et al. Silk
chemistry and biomedical material designs[J].

,2023,7(5): 302-318.


https://doi.org/10.1186/s40824-023-00422-6
https://doi.org/10.1002/smll.202304047
https://doi.org/10.3389/fbioe.2021.630943
https://doi.org/10.1016/j.biomaterials.2023.122388
https://doi.org/10.1002/adhm.202101504
https://doi.org/10.1021/acs.chemrev.2c00179
https://doi.org/10.3390/ijms23084421
https://doi.org/10.3969/j.issn.1002-2376.2024.09.011
https://doi.org/10.1002/mabi.202100355
https://doi.org/10.1016/j.cis.2023.102999
https://doi.org/10.1002/adma.202308325
https://doi.org/10.1039/D3TB00478C
https://doi.org/10.1038/s41570-023-00486-x
https://doi.org/10.1038/s41570-023-00486-x

	0 引言
	1 水凝胶基础研究现状
	2 水凝胶的临床转化现状
	3 水凝胶设计创新案例
	3.1 栓塞水凝胶
	3.2 隔离水凝胶

	4 转化过程中的挑战与解决策略
	5 总结
	参考文献

