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Figure 1 Mechanical behaviour associated with biological tissues and advances in the study of viscoelastic hydrogels for biomedical applications. A:
Linear elastic materials in which stress is linearly related to strain and there is no mechanical energy loss and no reversible deformation (i.e., the
loading and unloading curves follow the same path); a typical example is metal; B: viscoelastic materials exhibit a combination of elastic energy
storage in the form of a solid and mechanical energy loss in the form of a fluid. (This is reflected in the hysteresis in the stress-strain relationship during
loading and unloading), a typical example is jelly (left); when the stress exceeds the yield stress, the material exhibits permanent deformation
(plasticity), i.e., irreversible deformation of the material after mechanical load is applied (right); a typical example is Play-Doh; C: Web of Science

database with the keywords dynamic/adaptable/viscoelastic/plastic hydrogels to count the number of papers on biomimetic viscoelastic hydrogels in
the biomedical field between 2010 and 2020 (color online)
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Figure 2 Viscoelasticity of the soft tissues of living organisms. A: In the stress relaxation test, a constant strain is applied, and the stress changes with
time. Biological soft tissue and ECM exhibit significant stress relaxation (modified from ref. [19] with copyright permission from Springer Nature). B:
In the creep test, a constant stress is applied, and the strain changes with time. /n vivo tissues have different degrees of creep (modified from ref. [41]
with copyright permission from Elsevier). C: The creep recovery tests can be used to measure plasticity of tissues and materials, the degree of plasticity
is expressed by the ratio of irreversible strain to total strain. The soft tissues of living organisms have varying degrees of plasticity (modified from ref.
[41] with copyright permission from Elsevier)
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Figure 3 Technical means of characterization of viscoelasticity. A: Schematic diagram of material viscoelasticity measurement based on parallel
plate rheometer (modified from ref. [69] with copyright permission from Springer Nature); B: schematic diagram of tensile test based on mechanical
tester (modified from ref. [70] with copyright permission from John Wiley and Sons); C: schematic diagram of stress relaxation test; D: schematic
diagram of creep test; E: schematic diagram of nanoindentation tip probe based on depth sensing (modified from ref. [71] with copyright permission
from Elsevier); F: schematic diagram of AFM-based nanoindentation tip probe (modified from ref. [71] with copyright permission from Elsevier); G:
multi-particle tracking microrheology measurement of random thermal motion images of colloidal probe particles embedded in soft materials (scale bar
:40 um) (modified from ref. [72] with copyright permission from Royal Society of Chemistry); H: schematic diagram of the working of magnetic
tweezers (modified from ref. [73] with copyright permission from Annual Reviews) (color online)
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Figure 4 Classification of viscoelasticity hydrogel (color online)
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Figure 5 Stress relaxation time scales for natural tissues as well as for common dynamic bonds
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Figure 6 Viscoelastic hydrogels based on ionic cross-linking and their biomedical applications. A: Schematic diagram of the viscoelasticity hydrogel
network constructed based on sodium alginate-CaH (modified from ref. [19] with copyright permission from Springer Nature); B: representative
immunofluorescence staining images for actin (green), nuclei (blue) and YAP (red) of MSCs cultured in different viscoelastic hydrogels for one week
(scale bar: 10 um) (modified from ref. [19] with copyright permission from Springer Nature); C: confocal images of MSCs encapsulated in alginate
gels with different plasticity (modified from ref. [79] with copyright permission from National Academy of Sciences)
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Figure 7 Viscoelastic hydrogels based on host-guest interactions and their biomedical applications. A: Schematic diagram of double network cross-
linked hydrogel formation (top); oscillation time scans of host-guest single network (GH) hydrogels and double network cross-linked (DC) hydrogels
and in vitro erosion curves (bottom) (modified from ref. [84] with copyright permission from John Wiley and Sons); B: schematic diagram of covalent
chemically cross-linked and sliding ring cross-linked hydrogels and the representative images of immunofluorescence staining for lipogenic,
chondrogenic and osteogenic markers of hMSCs embedded in elastic and viscoelastic hydrogels (scale bar: 100 pm) (modified from ref. [86] with

copyright permission from John Wiley and Sons)
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Figure 8 Viscoelastic hydrogels based on borate ester bonds and their biomedical applications. A: Schematic diagram of oral administration of
alginate-BA and alginate (modified from ref. [92] with copyright permission from American Chemical Society); B: comparison of cell morphology and
YAP/TAZ subcellular localization in elastic and stress-relaxing gels (scale bar: 5 um) (modified from ref. [31] with copyright permission fromJohn

Wiley and Sons)
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Figure 9 Viscoelastic hydrogels based on imine bonds and their biomedical applications. A: Schematic design of a fast-relaxing hydrogel based on
imine bonds (modified from ref. [94] with copyright permission from American Chemical Society); B: immunofluorescence images of cellular
osteogenic differentiation markers encapsulated in different stress-relaxing hydrogels (scale bar :25 pm) (modified from ref. [94] with copyright

permission from American Chemical Society)
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Figure 10 Acylhydrazone bond-based viscoelastic hydrogels and their biomedical applications. A: Immunofluorescence staining images of cellular
actin backbones (red) and nuclei (blue) encapsulated in different types of hydrogels. (8-H:8-AA: viscoelasticity hydrogel; 8-H:8-BA: elastic hydrogel)
(scale bar: 20 pm) (modified from ref. [50] with copyright permission from American Chemical Society); B: the viscoelastic hydrogel network can
rapidly form FA, while the elastic covalent hydrogels do not promote the formation of FA, leading to an abrogation of vascular morphogenesis

(modified from ref. [24] with copyright permission from Elsevier)

i A2 i Ay T P 280 P AR B TG B 5 B R 2 11
SR N LS, (ER IR T R R N, HAL
2 SOE FE AR 107 B 1077 s ). EARTT I I RRAR
BE Ak SN — BN N R R AR A B 1 2 i, (HE 3
B 7 FFURAIE 78 e 3h A4 P X 4R AT A B
Ansethif 81 >R FI RS KB IT T &30
MSCsHli J& IS (B 11A).  HF AR R B fe ik 18
PEG K4 T ¥R 5 &G MASH RN — 2m3 01
KEI, 43 e A e B X g R R 28 B TR IR, T
T lig K e HH, AT T A P 2% R B 724 hz Y
R AR, AR AR IR A BRI %,
ThMSCs ik 5 38 3 J [l A 5 PR R (B 11B). 1
Ah, AR T R A e ST T KB K T
Bk, HR FHLAPANS-FRUK F I -2-FRBR(E M B i
K IE 51 R B8 R4 SN, T T FE X 4 Hh (R AR A
J, MM R B AR b Btk 8 53495 4 g ELAS e A e
B RIS OL T, ADRF I RA S ] 25740000 s 5 14
T i 7K B A SR B AR Sy i st Ve K . 5 5 IR A Al
PEKEEE b I R er 4 dn o pe L, B i KR e it T
UM, T2 T YAP/TAZKZR L. £59524 him il it
BEAR K B I A, 200 PP 6 2 T AR LA K YA P/ TAZ A%
JR B S R (&I 11C). Grinstaffif i 4] ™9 & 7 —Fh
S5 T T T TR ) 28 R A M P T (R A A ) T
B KB R B R 2 T AR i A e 5 N B

A BRI L INHSHGE IPEGRUSE, T I i 52 1B )
JE TR A ARERE. A 3 AR R S T B IR Ry o A3 78
fir,  FLARIL L OB MY 1 BE AT IR LIS VR e
FEREfeBER IS MR s, BEGRRE
BORHRHLE, 2R KB AT gt 1 ik
T LAEE G B 0 B BRESORE I IS B — L 3, B
A7 BT A R R, F S

33 HAAH
HETHRREL AL M- . S
LA 2 1A B AR AN 2 18] USRI 2H A 07 SO oK
S, A RIS 7 TR T 1 712 R R 5 A
Ht AT oA, wd B A B, T BASEELK
EEIRE 77 5 1 RE MR AR, 0 T A 1 ik o AR 155 1 2 B A
ST R B E ) S bR ORI I ARE. k4L,
GBI, 8 A2 I L 2 I 2 B Y L2 4% 1)
F, — 77 T ] ORIEZK B P 28 R s, 53— 7 T8
TR i B I S5 R AR 2 I 5N, A d it 1 26
Az i, BEACHRMI 2% At 7t N SR AL T 35 11K
AL T B, BT R A A R K g I I 45 1) A 9
Chaudhuriif 120 g i 1 5 41 3 % (reconsti-
tuted basement membrane, rBM)FIE I RAN-Ca™ 20 Bf
HEIN AT = RN, 2% 2 ] 7R CRRERI

439



AR O A R R v T KRR S A W 2 N

A
=R1.__SH
DINEERES
K =R2_ o
—0—x
s (2 IR ER) =R3 S
(TEDVE)
B ToIRBERTIRA puR==2iYi ]

C ) fi = sRmn
‘ o ey
i m o

I mopit f o |
0X 1x 2X
st 2

B T AR AR A R S KR S S BB S N A SR G RR SE HOK B e B ARG SR RIADEIE T, 2 5 RE M6
W MU RE AR e 2 18] e A 30000 B L 90 2% o A A1 1) o T I A A i 58 80 e B o 5 S BRI S L (2 24 525 SCIR[54], B3R

#3Elsevier AL VFAT); B: HARTEEAS ACR BIR: S I 2 b A SR ORIF IR T, T 280 360 ek o % vl PR 200 Y S 00 e 4 P8 PR T S (R A1)
J: 50 um)(fE 2 E 2% SCHR[54], B3RS Elsevier AT, C: 23 BPE I B E R B30 . B3 RS K B IR 45 [T YAP/TAZ
et AIPHEIEGHS (). DAPICIE ()R YAP/TAZ(4t €)(FL R 30 p)(F 30 5% SCHR[98], E4K43 Springer Nature LY i)

Figure 11 Viscoelastic hydrogels based on thioester bonds and their biomedical applications. A: Schematic diagram of photopolymerized thioester
exchange hydrogel; under photoinitiator and light, thiol reaction occurs between multifunctional thiol and bifunctional alkene; excess thiol present in
the network reacts with the main chain thioester in the thioester exchange reaction (modified from ref. [54] with copyright permission from Elsevier);
B: representative image of cell shape:cells in the elastic network remain round, while cells in the viscoelastic network present a spreading shape(scale
bar: 50 um) (modified from ref. [54] with copyright permission from Elsevier); C: YAP/TAZ staining of cells seeded on elastic, viscoelastic and
switched hydrogel network, respectively; cell mask (orange), DAPI (blue), and YAP/TAZ (green) (scale bar: 30 um) (modified from ref. [98] with

copyright permission from Springer Nature)

RO B — SIS 0L T, S U R ) #3855
(K12A). HABMM 2 BB ER, Fl st
2R B P RN TV 2R e i i 1 5 R T B v i DAL ) 4
TE A W TETR Bh-Ca” W 25 SR 22 P B 21, i 3o
VA2 g R TR R 1) 23 - B 5 SRR R B ke SO AT AR
£, M 5 BEPE RIS, AR R oK B ek R A 9T T
TEZ IRIASE R, JE 5 B P T L e 41 fEMDA-MB-
23R 5o, R INAE i 2R RN 2 v, 20 e = A A
T2 B E & B-integrin, Racl, VAN Amp23E &
W, X RO L Y S 2 0 R L AR A8 B L 5 R 2 B L 1
AT @ R E R, DLSRIE g AT f2(K112B). It
Ah, A AR A] I g B R WL PR B R L i,
Chaudhuri A & 7 3 FHAM 1 BURJF 115 /]

440

F o . 27 W 26 7K AR, T FEECMI & 38 X MSCs
T, Hoh, HAR 28 il fEHA _E B S AT
PRMERE, T T BR R AC IR B, 0 2% A 800 R st 2 ]
HIBERLAE MR AP S . HARIR LR TE. HAMIZS 5 IR
AT B A T2 X 2 R BILHH RAS R PR R 70 e sty i
P —Fhok BIRIELT 4R EANRSD; 53— Fhok HHA
LIRS S Eh Jy . R B PR AN R 18
Tiknat Ve RE AL T AR EL, T B A AN S B
Sk ik B A Lo X 2% /K BRI T CAAE SRR B e L I
JREFHE FAL L KA 5 R LR . Best, Bl-in-
tegrin M # F (paxillin) P Fh &5 4 BE AR ELESD A
W28 e R BE AR K, IR R B TR st B R K 7K et R i T
JREE BERA FHUT, AR e, SeBA



P EBNE: ARl 2024 E 0 54 % A3

A — e
e DB B ety "
K] ERmENG | B
EEBER z
S
&
Y ot |/ o3mER | &

Bl 12 BT E A SCHRA RS KB S AR B 2 T . Ax ) P a5 IR e (O €)1 L 2 R I I3 (4 €40 ) L 7 P 2% T 428 7K
RSB YL T s B B (1B B 225 SCHR[21], E.3%45 Springer Nature B EETT); B: %% BEHIFRICHIB 1 -integrinf i ¥ M 7K Bt e
¥ 2% Hh i AR, paxillin ) A (EFL A, i CEAR I [ 2% B 1-integrin Mpaxillin R AR (FL 1 L 10 pm)(I2 2 1 225 SCHR[21], ©
3R15 Springer Naturehf AL 47

Figure 12 Viscoelastic hydrogels based on composite cross-linking and their biomedical applications. A: Schematic illustration of the method for
regulating matrix plasticity in the interpenetrating network of alginate (blue) and rBM matrix (green) (modified from ref. [21] with copyright
permission from Springer Nature); B: the marker of adhesive spots, B1-integrin, is highly expressed in the high plasticity hydrogel network, paxillin is

distributed in its periphery, while both p1-integrin and paxillin are lowly expressed in the low plasticity network (scale bar: 10 pm) (modified from ref.

[21] with copyright permission from Springer Nature)
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The intrinsic viscoelasticity of natural extracellular matrix and soft tissues of living organisms is a key factor in regulating cell
behavior and tissue repair and regeneration. Dynamic polymeric hydrogels based on cross-linking of dynamic constructs can
effectively mimic the viscoelastic mechanical microenvironment of in vivo cells or tissues, providing an important tool to regulate cell
fate in vitro and reveal their mechanobiological response mechanisms, as well as providing a biomimetic scaffold material for tissue
repair and regeneration. Based on the introduction of natural extracellular matrix and viscoelasticity of biological soft tissues, this
review focuses on summarizing the design ideas, performance characterization and influencing factors of dynamic hydrogel materials,
revealing the mechanisms of the viscoelastic microenvironment affecting cellular and tissue behavior. Finally, the existing problems
in this field are analyzed and the future development direction is prospected. This review will help to inspire the design ideas of
biomimetic functionalization of polymer hydrogels and the study of biological effects of materials, and further expand the biomedical
applications of polymeric hydrogel materials.

biomimetic polymeric hydrogels, viscoelastic microenvironment, constitutional dynamic chemistry, mechan-
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