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Abstract Biomechanical forces at the cellular and tissue levels are essential regulatory factors in develop-
ment and regeneration. Despite the long history of research in mechanobiology limited technological capabilities

have historically hindered a deeper and more comprehensive understanding of this field. Organoid systems, which
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can simulate cell communication and cell-extracellular matrix interactions during tissue development and regen-

eration, offer a promising solution. As an in vitro culture system, organoids are well-suited for live imaging, tissue

force measurement, and mechanical perturbation experiments. These advantages position organoids as a crucial re-

search model for studying cellular and tissue mechanobiology. This article introduces the mechanisms of tissue me-

chanical force generation and morphogenesis in various organoid systems, summarizes the influence of the physical

properties of the extracellular matrix on organoid growth reviews commonly used tools for tissue and cellular force

detection, and discusses the opportunities and challenges in studying mechanobiology through organoid systems.
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Tissue mechanics

Tension

AC-derived tension drives tissue invagination

CCM-generated tension facilitates tissue budding

Stretch force

Moderate stretch promotes cell proliferation

4-—-33

Excessive stretch causes cellular dysfunction

Shear stress stimulates cell proliferation and differentiation

MlcrO'rawty

Microgravity causes abnormal cell proliferation and physiological functions

Hydrodynamic shear stress

Microgravity

ECM biomechanical features

ECM stiffness

Stiffness |
Low Moderate High
(Physiological) (Pathological)

Physiological stiffness regulates cellular balance of proliferation and dintiation
Pathological stiffness induces apoptosis and promotes cancer cell migratiom

ECM viscoelasticity

Moderate High
Viscoelasticity regulates cell proliferation and malignant transformation.

ECM micropattern and microtopgraphy

; Flat surface

Micro-column

‘ Micro-pit

Microtopgraphy

Micropattern

Geometric cues in micropattern impact cell fate decisions
Microtopography influence cellular behaviors

> (o] <&
Mechanics  Epithelial stem cell ~ Dividing cells ~ Cancer cell
== (0 Loy
\_I
Flow direction  Neuron progenitor cell Differentiated cells ~ Apoptotic cell

AC: apical contraction CCM: collective cell migration ~ ECM: extracellular matrix
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Fig.1 Effects of mechanical cues on organoid development
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(A)

Stem cell
self-renewal

Intestinal stem cell

Ca2+
,... %
{;IEZO activation

‘.
‘ ¥ Stretch force
l Wnt Notch I
Differentiation of
secretory lineage

®)

Microgravity

~

Proliferation

Neural stem cell

A: AR JTIEIT S PIEZO & Tl 18 1 Ca2 I, 3% Wnt/Notch/(E 5 il B, 520 18 40 B R TR 501, B: L S8 0 T YAPHI 5

T, IFB0E 1 BMPS S, ST M TN RE /) T R

A stretch activates PIEZO channels and Ca** influx to modulate Wnt/Notch signaling, regulating intestinal stem cell self-renewal and differentiation. B:

microgravity enhances YAP cytoplasmic retention and activates BMP signaling, reducing neural stem cell proliferation.
E2 U IEEAAEIT AR 2 FHLE

Fig.2 Molecular mechanisms of mechanical force regulation of cell behavior
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l Neuroepithelium cells

Neural tube

S W

B3 MERREIEME EREEEMHESEORRK

Fig.3 Micropattern-restricted neuroepithelial cells width affects neural tube shape
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K3 U AR, (RIS R I = A 0 A 20 B A i
TR A4 BB R, 3X 2 ) 54 ) B (foreign body
response) ) R EEIEIR 2 — P, X — 25 BOH AN
SR IT BRI R AR 36 58 1 S

3 E¥MhreNT A
BT SCIHE T & FhE 58 G AT 3 R P i 4

NI ZAHEAT J3 A T HRANERGN, DAAEAT 2L b i
FERER, REATT ZMORE A IR o AT X)
W B AEY ki T R #AT N4

Ji ¥ 71 WA (atomic force microscopy, AFM)
ez N TR A e . ARMGZ —
AR DT, R TN R S D B 5 2 1 1)
VIEAMERT . AR R R, BREAEAE 3R W N
N AINRS S €73 e X o N R R A - S CB U
DGR SR B R OGBS — AR AT 25 0 B AR T A
BV AT REAE it R I FE  ERE 55 ) S R AR AT R T DU E

WO E] (laser cuts) FHOGTH @ (laser ablation)
£ 77 254 I 7 T #S RT 38 6] S 88 B R e S A 2 T
FeHEIAR, HIE A . A I RS — B A A1 i
REE I FE , AT HESR AL A 2R AE 1% SR AL 5K )
NG

Tk B W Sl W (micropipette aspiration ) KF RS
B SRR G, DU I 40 i 20 2K 1 5k
TTo PRGBS MM AR B R4 fS , 8 i e A
FREIIE L BIG I T, G RRALTEAE, Eai):U”'JE”&
THUAH [T AR I 75 B R0, sk T ) 485 64 —hi
Hr(Young-Laplace) A s BRF & KA H *Miﬁ/ﬁlﬁjj
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Table 1 Biomechanical testing tools
o T A ol 75 IR P TG EE BTN
Testing tool Measurement content Measurement precision Applicable scope References
Atomic force microscopy Stiffness, viscoelasticity, adhe- ~ Force: pN-nN Molecules, cells, tissues, [92-93]
sion, intermolecular forces Displacement: nm extracellular matrix
Modulus: kPa-GPa
Optical tweezers Stiffness, elastic modulus, Force: fN-pN Molecules, cells [94]
adhesion, fluid shear force Displacement: nm
Magnetic tweezers Stiffness, elastic modulus, Force: pN-nN Molecules, cells [95]
torsional force Displacement: nm
Torque: pNxnm
Micropipette aspiration Tissue tension Force: pN-nN Cell membrane [19,96]
Modulus: Pa
Laser cuts Tissue tension Force: nP Cell membrane, cytoskel- [18-19]

Displacement: um

Fluorescence resonance Tissue tension

energy transfer

Parallel plate compression Elastic modulus, stiffness,

viscoelasticity

Force: pN

Force: mN-N
Displacement: pm-mm

eton, extracellular matrix

Molecules [97-98]

Distance: nm

Cells, tissues, extracellular ~ [74,99]
matrix, biomaterials

Modulus: kPa-MPa

Nanoindentation Elastic modulus, stiffness,

viscoelasticity

Force: nN-mN

Displacement: nm

Modulus: kPa-GPa

Micro tweezers Stiffness, viscoelasticity

Force: uN-mN

Cells, tissues, extracellular ~ [100-101]
matrix, biomaterials
Cells, tissues [102]

Displacement: um
Modulus: kPa-MPa

Brillouin microscopy Stiffness, elastic modulus

Frequency shift: MHz-GHz

Cells, tissues, extracellular ~ [103]

Modulus: MPa-GPa matrix

Fluorescence speckle micros-  Intracellular random forces

copy

Velocity: nm/s

Cytoskeletal proteins [104]

FEF 5 R 58 = % #% (fluorescence resonance
energy transfer, FRET) 15K /7 1% B 14 5 11 ik 22 £
1 S 2 DR ) 0 K 3 S T ) — A 2 AR ) A R
Ml fETRIKIIMIEOL T, KSR 0%, FRET
FtE; Hndr di i E, FRETRAK. [Ft, nlidit
R FRET K V55K T KN

LAk, “FAT B E 4 (parallel plate compression)-
412K R (nanoindentation) LS (micro twee-
zers)~ A BLIH 4% (Brillouin microscopy)2 1. 7
MU I AW EEA T 2RI (R 1). fEJ15%4E
YIEAR S T R, T8 B 2 BRI T VA RS A A A
EAMEI . IR, SRR AT DUE RS, B0
RGO WU 7 A ) AR AR A T HEWT 5 DB

4 WitSRE
UL, W ) ) R B S AR YR

TREFEZ AR BRNIREM G, B E R
i B AZALZU) A8 AL 3 T B 1 5 4 i ELER
HINED . AR, 22 22 B SO AR BE T AATTx
TR YR B AL B, & RS
N T 2 P ALGAE B O R A R S I RE R I B O
BRIER , X OWRIETEAE e R RORS A 4 DA R i R 2
ARRPR AL T B RYE ABOR SR U1, HT, 2T
R BRI I A EY R RGBSR C & A4
GULRE . FAEBEY: . BIRiSTT M2y ik 4 2 >4
Sl R B LE R SRR 7o A9 D E RADLAAR P fir R 1
PRI EE LA b B SR BRI DS 3 Y, RES BB 1 1t
W R R 2 e, TR BEAT AT 2590, DASP
fili F3 52 25 A X B R R i 1O, AERFRAR S A B
TEIMAEFFARTI T, dA Bl TR0 R o) 25 1A
FIPEF O, BEAN , S S50 5 AR i AT Dy itk
ATHEIE, A BT ROR B A AR ORS00 D i
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B ZH 23 P AR SR TR

EAFE R, 20X A1 54 2 ) S R A
M AL A1 A 22 B AR LRI, [RI, AEAN R SR A 40
MRE L, FIFE NIRRT B = A R R 2
BRI S5 R, TR IR R 2% HoRr 57 1045 5
5 00 2 v P Bl )RR, TR AT 0 S R R 4
AT 9 AR B F A ARG B A 5 A R AE AL
i, & 4| T I I IR Bkl e — P 72 2 AR RUZ
b, HEVE 3DELJT PR AR, AT &5
VERTRIEZ S A0 1 R U s A i) i AN TG 4, HAFAE
BORRE I _E R WAE. BEAk, B H AT QeI R
Fy i 7 HA B A A AR E AR B LA, JF
UESE T HAH AT Be 5 18 A L BA B A B
BRI AR N LSRR e, Bl SR e B e 4L
ST IR DA R Dy e 5 B S5 T THTI AR AE AN 2 101000,
S /0 [ BB O A SR /K i AN 16 v 5 2 N e S 7/
SRS R B, FERSM i B A R s A A B
MRMERIRSGE RS, e a2y~ Higed
TR TT S22 A R 8 ABIR IS, R 2
A A2 B = TR A AR SR A X
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