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Fig.1 Organoid formation Regulation through mechanical properties of biomaterials
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Fig.2 The biomechanical properties of borate polyethylene glycol ( PEG ) hydrogel
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Fig. 3 The spatial mechanical stimulation based on cell adhesion from ECM-mimetic hydrogels to enhance migration from

cytoplasm toward nucleus
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95.2% Sk T [ b o & A axX — BG4 9 s R 7E T
PAOX /K BEIEA & ECM R 1, Tk 5 K Bl
5 )RR A S SR a0, T2
b R A A TE R A ST A A A SR - OO P . X — A
R TG ZE-ECM AH BAE FAE b Rt g s iy

Rt Mz

Hushka 55 ' BYBIFFERET, I A5t T LLid ik
HASHE MRS RK-ECM AR A, a1 RE
R BERGA, TS Rho/ROCK A2 YAP/TAZ
SR, WS RARBAKE. M
AR PME] R RS A ECM Aoy Rk, e
FURMRE A FVUR, B RS I R AR E S A5t
TIEAEI . X dER T R RS KA R B
S, IKsh4i A B ECM & 544 A AL %
LA
23 NEFEESEEUESHXZEER

AR ZIIIEUESE, S o SRR T 1Y
EHAETERA B b Rl g iz .
TEA KA KRR, 3 B2 8 A SR AU A 7
9 BRI A9 OC B . Melcher 45 7 & B, FE
W 3 3 R O LR A OGS 5 A (myocardin
related transcription factor A, MRTF-A) ##: {5
TGF-B 1555 BAEH . 7 0.1~0.2 kPa R FE T I,
MRTF-A fiff B 0T, BRdideas.O, MifE~4 kPa iy
BEFEST I+, MRTF-A AAZBOE £F 4E L 5L K . Rho/
MRTF ) 50 L 390 5 W P24, A g 245 ik
LSl 2R e s R T, S A A [R]
e R KA, Sorrentino 25 ! I FHIRIEE R 9 () 7K
BERCAS G AL SRR A AR R 7
R-spondin 5% ) HiFRIHFEAEH . R A, 1.3 kPa
(49 A BRI 3 3 A K -Sre Z G B (Sre family
kinase, SFK) -YAP i {2 7 i #H 40 Jfg 4 5, 1
4 kPa F 555 e W B2 UL k) A 4O B IR ET AL A
YAP 0l 771 T LB b R 2SO, T UL sk A 4 o R
SR IETE , s TF2RAS B 2 S AL
ShEREE IR, T2 o SFK R YAP, SEis%
S B T R 4EFF T 1 o Pérez-Gonzalez
S5 RN T 2R AR E T BRI EE 5 4 M AR 5K )
AOPMEIVERT o BCHEIT b s i i T i e 42,
LT b R M AR G o LR R R S Thg
FL U X B CMDE B 25 5504, 5 Wt Notch 55
A=A B L Rl e B e - B Al ok, 4RV Ik
TIBBEEAERIERS . Manhas 55 ' 3 4 iPSCs Y514 1)
PN R A MR C LA A = 4RO S8 e, T
#1555 VEGFR 5 S H M HAE M . VEGFR- %
R P A i 57 (tyrosine kinase inhibitor, TKI)
i EY e B e T VML AU i (Piezo-type
mechanosensitive ion channel component 1,

PIEZO1), SEN ) TokEBABY )1, —% L&
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/b PIEZO1 3 5h7 Yodal Al 6% N f 3 fiE b 5 -
PR WL 45 T fE . Notch fF5% &L, N E2 & 1%
55 WSRO IR DS R, R PIEZO1-45
5 %5 VEGFR %5/ Ll % S B Rl ok . fitkn]
WL, IR 1 B AT R AR ECM, FEEE A
AR FUNFRYRINIER IR R G, AHEEHN
RS RS IR PRI R AR, DI A 1A S AL T
BAn A BRI D RE MR 1

Zib, N ESERA R ZIRIEA ECM Y3
J& M, WE YAP/TAZ ¥ i 9 5 TEAD 45 &,
s . A TR BRA BN SRR
55 TGF-B. VEGFR %4 4bid B AC B AR, P
E HALATIS o I LTINS ) A N A e it
MR, SEPRAREER R B IR O B B

3 ERANFURIERE R KE R
EEE

20 36 o R R SRR A2 AR ECML Y ) 2 )
P, Jf 28t YAP/TAZ S5 A% .0 IO I 16 4y PR A
SR AL N IS SRR N o XSS TN
PSLAEAE, BN TREE TR B KT . 365
TS N AR A R R, SR SR B T
[T AN “orFIFC” 2] “4iffH AT
R “FLEE” BRI S R, RN
e =P AN Bur B ATID VRIS 5SS vE- SN a1 1)
R AEFZIERFR (K1),
31 AR BRRESESE

TEZEAF B BURRI AR B B, 5 M1 32 o) 44 i 2R
LRG0 E B . Carpentier 25 1 X} L T A NI
JEKBEAT N IR e B s . AR A
HPERC R VLR IE A () B34 (atomic
force microscope, AFM) 1545196 kPa, 782~
FARMTE 27 6.2 kPa) B /KEEREA RESCHFIEAR B 1Y
WEYHG, T AE Y K BE R U R R TR AR E Y
(250 N8
32 WHEME: EKEESRE

TEY B B, BT MG I 2R AR B R
AN, ISR OB AR KA. Hushka 55 ' W55
FEAR AL BN REOKEERE (29 1.3 kPa) ', JiE T
MR TETCIIE s, IRFFECIRENMIE S . FE
JCHRAALRT AR, BRI, JFAES st
HEB 38 B e i T B . SR, SRR (10s)
FEREIE MBCR TR, HIE BB B s K AR
(2920 um) . FoE > (Z14EE) . X— KM

W, DI, BERE IR
BRI REOE A, RERR AL 2 S ML R AR
ERAIE S e AR e

Li % S mad i A 3D ATENR AR, 75 £ I
Jo7 240 il 171 281 GelMA SCHE S IATED T BA K
W XA YE L MTITED T 6 7332
(60°Fff1) . 124337 (3003 ff) T AR ER-1Y)
MIERE I R GRS G5, XS TEN S 7E s FR
PR AR, M T Al fe = rh e s
23K, IHE BRI MEsR . X —HAR A
I A U] I PP 2 285 T 25 8 A 3 3L T i B
ENZENEOR S
33 SULERARNE: EREFLSIERRE

Arkenberg 4§ '} hiPSCs PR N B 2R 88 B
i 355 Tk - UK 0 D' A2 JK ) WY e K eI
FEIE A A AR RWE A T IR SR LA SE B B A N
FETE . TR, 7E£20.02% (REAESL) A
fb A R BE K 4rF  (macromolecule oxidized dextran,
oDex) AbHRYEREENE (~150 Pa) Hf, ZRERE A4
WL R . BeXT &2 (paired box 2, PAX2) JEH
Feik S 1 N BB A A3 5 O T R BT R
Y (&14) . B4 RNA T B8, SR 4w
£ T ECMAZURH & B AHOCH B, N TRERREAH
N4 T A LBERIE M WNT (5 58 1%, 2R e
RS BRAE A2 3 B B /K BE e rh B 3R T re vk N H
B4

Buchmann %5 “* FI] F A Ji AR 2L B 255 5 200 Jfd 7E
PR IS S LE I v 15 5% 1 B O S A5 i FLIR S A
B o BN ANMEIE B R PR EE R B, A SR
IFARFELLIEAT, M2 f AR AR R 1 R 0132 B 3K 3
(o BRI ) S0 1) A E SRR Rl ECM KL [ 43
SEARURANLRS , T ] PN Y 20 A B A B R
B o MR K 15T TR AT A ) S R
JaFREUEAL, BAE S SRFDE AR B T
OB REAE ST ST ECE . TEAImEAL, 514
Jia LRE 1 vy ol i A A o it HI Rho S4B
M Y-27632 WMkl A4 o, Sifdi BN
FHT A R AR M )% 422, 4RIl 43 SOE . 3%
W TAEFE /R T AN 0-ECM [1] 324 B s anfa] 3K 5l
TR

Prince %5 '/ JF & T —Fh i IS L AL £F 4 R 40k
A AN B B R AR AEK eI, T REFRERE K
TRRIFLIR IR AR B o AR 4K BEIR BEA 5 AT
FERA T A SR I (~44 Pa), (HHZFZES5H I
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FLBR R LT R M 8 ECM., B2, 49K
LT YRR BB AL R 28 57 R B/ TN TIEEE (11%
vs 56%) o B 3 FPAN [] 535 S B 1 2L A 9 4 )
S TR LT AE R BEI A TR, B TESE
wEIEA . W . BRI (Spearman HHOC &
£00.89) FNLG W RUR ATy T = EEARRL. JE R OCHE
M, TEMNEF RIE R MR (patient-derived
tumor xenograft, PDX) HES AR ERT, KT
AERBERILF- 58 il 1/ EAnpyis e (L
0.08%), TN THEREL Wik 51.4% . X —{F il
TG K £ A K BRI N JE 7 4l PDXOR IR A% B
[ RRAREE T

Duan 55 7 Fi| HIR AR AT 306 9 K 21 2K BE 1
FROMEIERAE . Hh R CH s SR R 1 )
-b- (WEENBIRRNER) #ad R GV A AR
L, TE37°C T NEEIE, 1E4°C RN, iXFh
FAAT S PEAAS 2 A% AT A Aok 5 B A U v S Pk ey
OB, REARL T AL ST 20 g 2 ThI AT O B R A
JIRYFEN . FEFR IR SRR AR B TEZH L . BRIk
ISFIAR N R BE ) 07 5 N T HERRZH AR, HR
AR E 68% (NTIHMBET5%) . % TAEREGE
TR AR ML LS AL 1B

Nerger 45 ™ WF5Y 3R, PR bt 5L i 1o 7o
VFKBERRE-2E A% B FHm G B8, ' B i B
s AL T e AR, et R/ ME B
W ARNE 2R, SunSF P LB, PR FA K
BRI AT 9K SN M4 28 & B SE I 2R 2/ NSl ik A Y
SERMEAERE, IR CNUSER A ST T DIREAR
fito A YFRIE R, BITERE R AR S

Bt i S AR AR 51 ) . BRI LR,
o A B Y B 2 = RS AS LA R R R
FE™ L DT S B LI A 4H 29 1 Th Ak 2K B8 B G TR
AP VN AL /i N RS S L E Colens RSB OOl i R
OGRS PS40, AZS A S P A T 25
RAE M

34 ERHPRESELRRE

ARk, A2V E W U Er 4 bl 21

(18 S W BT S B 2 O, I T 2
FRERZEAR B AL T 1245 S IR st
FROYBEAR . Ma 55 8 R F S MR 5 53531 8 1 kPa,
6~20 kPa & 3 GPa ) ECM 5 3% & fm 4 . b Fz fl
AR R B RV E, K m NI L 4k1k
5 -l A, T IEASBUAr itk 25 0 2=
SEEVER . Wu g 0 FF & T 2.9~13.3 kPa i Bl U it
A B ] A P TR 3 T M - O 200 R R K B T A
R, B RREORIF I A B 5 I AT 4 A A
R, RS NI 8 i TGF-B 5 512 iF MMP %
ik AR 24 B G RS A ROA R Y B Liu 45 7
KRBT AR EERE , it /N384 SC B
M 0.8~6 kPa B P Efffl, 5597 A iPSCs T 2
W, KBRS SR IR R . R4k
TebraE ) FARI 2L, LI 2 ROCK/YAP i # .
Xiong 55 7 45 B SE AN B 5 WUGET 4k 4 At
Rige TN THEE A, I AR 12 5 g A 39 in i £F
AL EE , TE BRI B2 i SEG YAP A 54k T
2y, I STAL A R S YAP Al i R 2, X e Rt
TR, TR =R S A B
P ERRE, SABLEIRENT . 2590 K AR

Table 1 The effects of mechanical parameters on organoid formation

F1 KRRUEXBEWBI BTN NFRESEINC BRI

BE L FIF RS PS Vv
Jigy 18 RN (polyacrylic acid, PAA) BEJRNIRE (PR 0.2~15 kPa) 5 I s B A B O
L EE (polyethylene glycol, PEG) FERNIRE (RAPEREES00 Pa~1.3 kPa) AL A2 i3 H 2 ek i) A g i T2
FtE (,~2) PRI b (L K B Rk B
BT W IR AL (gelatin methacryloyl, GelMA) RN (BPERE12~20 kPa) T 5 A1 5 4 L ke 12
MRIFE-4-MEER  (2-ureido-4-pyrimidone, UPy) FERRAIE (PAPEBR~2 kPa) +IIR AL B (R BTk (o 7
T HEIR L BE (1, 9~HES) PRI b (L B B 2 h oA B4
JFFE PEG BCRWIEE (PR E0.3~1.3 kPa) A L B O AR A T
i)iia BERRIEE (FRMERERE~196 kPa) A P R SRR A g T
O PEG SRR (FPERR.3~11.9 kPa) BRI At s = T R )y 2
B GelMA/DNA B (7,,<18) PR A Tt A1 g 4L T 7
IR BRI Faptk (g,~118) PRIERATIAZ NS 4k B
&k DNAXZ . FtE (g, <1 s~HUNID PR RA T SR IR SRR ) 2 145
JirEg YRR NGB (SR ~44 Pa) A A T A G Y T
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Fig. 4 The effect of macromolecular oxidized dextran ( oDex ) percentage in hydrogels on inner ear organoids growth
E4 KEFRPENLEEEKSTF (macromolecule oxidized dextran, oDex) B4 tb¥t HE KSR E & KA
(a) SHISKBEMMPMCRIEIGAEY O EMG; (b) 43K, RFESKMH FRIAFEEH?2 (F-box protein 2, FBX02, £1{4) . MXf & & M2
(paired box 2, PAX2, Ztfi) A% (nuclei, BE€) AYGRETOLYE; (o) AR FFRAHHIFHME 14 (Purkinje cell protein 4,
PCP4, 4tff) . SRY & %55%[HF2 (SRY-box transcription factor 2, SOX2, £I{%,) FIPOUZKA4[RVE A 3% AT (POU class 4 homeobox 3,
POU4F3, Fifa) MBS0 BT ) (Copyright 2024 Elsevier) .

SRR L TR L AT RARR R A

i LRTR, Ji2EfE il s A R YAP/
TAZ 5%, J15 TGF-p Akl s HAEH,
[P A AT IS o i AL 2 PR 4 i 3R
. BERA . IR T2
R, SRS ER e, M
VRN E R B IR o

4 ITREUNFRIMZRIEERRE

AR 2 AR B A g EEARAT
T KBRS, kP RS | SR
SN RO o3 A EAE R, R ] e o
A S (K5 . #ilan, PEG. WMWK
(polyacrylic acid, PAA). GelMA 454 ik Z Al i
SEVE TSR, TR EEIRER ST e Y . A
JiL ECIVE 45 55 6 DU VRG> 5 o s [ R P 285 5L i )3
SIS AN B EGRE 3—AH ELAVE R AT LS SN B 4 i) 25
AL g R, DT ASE UL A R e B 2H 2L ) A
AR
4.1 RHAMEIEHZHE

Tang 55 7 R A “Sis” MM T
“MFEEIREG - N TR AR Pt 454l . &
SR AR E AR T 2% N T IR s %
L, FEE B ACHRAEAZ OO NE TR — S R4S
IKBEIE , JEEEFEHILE 30~40 pmo LL0.1% (kA

FREL) AR AR e B (A i 55 N T A
(<100 Pa), {HEAGAYEERAT] BEAENE. SMZ
SeHNE L Z TR, (G YRR T
M y2AR o XS RS AR A N2 PR A AR AN 4
JIRE BRI e Xk, N ERZ DR TN TR
(AR S A IR RE ST . TR TR R
5 dJEE N EBAE KK AR, SCBLT 24
W BRI O R ORI RE E TR
T ARG A A A ) oy, HETESIASL
T8 ik 2% 79 BV AT S B B R4
42 ERMHBEHHFRE

Rijns &5 ™ SR “H T ILd1%e” ot oemg,
BT UPy DU S o1 s S KEERE , #%
OO ST AT AR 5 R T T 1 1 28
. —Jrm, HAEDIREfk Y M-UPy 5 4 cRGD
() UPy-cRGD #% AN [A] B /R HE AR, i o Akl
B NI A 4F4E. T UPy-cRGD HYFE/R 5 Ho e
TAYEP IR S IR, R G B AN
AR R AT R ORI AN AR T ik 7 AR A A5 A e
o Sy—JriE, 8 B UPy #k B 5 M-UPy 5
B-UPy A9 Eb 1], 2 57 98 5 7K BE i i 5 P A i
(0.1~8 kPa) FIZZHLE ., BT A 4l ¥l i e A0
S A AR, WP KEER SN IR E (g
HI~1000s) ., PZHMEITEL T ECACE T | 22 ULRIBE Al
SIAFRER = SHURAE, RS SO T B P
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Fig. 5 The main methods for constructing the engineering mechanical microenvironment
E5 IRUNERAEMENEESE
R B (polyethylene glycol, PEG) TEXGGI A FIAAAE T3 i) SN S A L WUR £ WS BEIE o PRI T g FUU PR s P e £ o T 1 4
I A T RIE R N IR R (polyacrylic acid, PAA) JKBENE . W 4 58 A0 55 B Ak ) WY Jie R 2 D 05 1 2 (gelatin
methacryloyl, GelMA) ZKEEME . [BEIFAEACHE o AN ST AAAE NI U I H FE 475 6L (collagen methacryloyl, COLMA) JKEERE . W
Rk 5 MM B FA G IEBIGEER (alginate) ZKEERS . il VRSN BRI P AR, SR AIRECM, F AT AL 20k IE Y
(tissue-derived) 7KEEME ) (Copyright 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.)
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i ECM 522 Z (W Ee i, nl DLl B 3T S 1 i A
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POKBEIRE, I RIS (57 B f B 5 Y
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Abstract Organoid technology has become a highly promising in vitro model in biomedical research, but its
traditional culture relies on animal-derived basement membrane matrices, which suffer from batch-to-batch
variability, undefined biochemical composition, and poorly controllable mechanical properties. Recent studies
have confirmed that matrix stiffness, viscoelasticity, topography, and temporal mechanical dynamics play
regulatory roles equally as critical as biochemical signals in stem cell self-organization, lineage specification, and
functional maturation of organoids. This review systematically summarizes the progress in understanding how
extracellular matrix (ECM) mechanical properties regulate organoid formation. Focusing on the YAP/TAZ factors
and the integrin receptors, which engage in crosstalk with biochemical signals to synergistically determine cell
fate. We then elaborate how specific mechanical parameters, such as stiffness, viscoelasticity, and topography,
influence each distinct stage of organoid development, from initial aggregation and compaction, through
proliferative expansion, to lineage-committed differentiation and terminal functional maturation. Appropriate
stiffness facilitates efficient aggregation and symmetry breaking, while excessive rigidity impairs proliferation

and accelerates cellular senescence. In hepatic organoid expansion where only stiffness matching liver tissue
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(~6.2 kPa) supported robust growth. Viscoelastic stress relaxation promotes integrin clustering, enhances focal
adhesion maturation, and stimulates endogenous ECM deposition, thereby supporting self-organized crypt-villus
architecture and basement membrane assembly. Notably, dynamic softening of hydrogels enables optimal crypt
budding, whereas rapid stress relaxation permits nephron segment coiling and drives vascular organoid maturation
toward arteriole differentiation, highlighting stress relaxation as a key temporal parameter. Topographical cues
provide contact guidance that directs polarized outgrowth, lumen formation, and neuronal orientation, all of which
are essential for achieving organotypic architecture. The embedded 3D printing of complex neural networks
enables precise control over branching geometries, facilitating studies of morphogenesis under spatial constraints.
The engineered mechanical microenvironments have been successfully applied to recapitulate disease phenotypes:
stiff matrices induce fibrosis and epithelial-mesenchymal transition in liver organoids, promote chemoresistance
in cholangiocarcinoma. Furthermore, we summarize engineering strategies for both natural and synthetic
hydrogels aimed at creating mechanically defined culture platforms. Natural biomaterial modifications achieve
spatial separation of mechanical constraints from biochemical support, enabling self-limited compressive
stimulation within a defined time window. Synthetic polymers allow independent tuning of stiffness, ligand
density, and viscoelasticity through adjustable crosslinking and dynamic non-covalent interactions, thus providing
orthogonal control over multiple mechanical parameters. Dynamic microenvironments that mimic progressive
stiffening as observed in development, tumor evolution, or fibrosis can be constructed using composites that
undergo spontaneous structural transitions. In the future, critical challenges include deciphering the synergistic
rules governing mechanical-biochemical interplay, developing spatiotemporally programmable hydrogels that
enable on-demand modulation of local mechanics, establishing comprehensive databases of tissue-specific
mechanical parameter windows, and advancing standardized high-throughput screening platforms to accelerate
preclinical validation and clinical translation. Moreover, integrating real-time mechanical sensors and non-
invasive imaging techniques would allow dynamic monitoring of intracellular forces and tissue-level stress during
culture. Ultimately, this review aims to provide a theoretical foundation for deepening our understanding of
mechano-biological coupling mechanisms and for rationally designing high-fidelity, physiologically relevant

organoid culture platforms that fully harness the regulatory power of mechanical cues.
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