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A B S T R A C T

The extracellular matrix (ECM) and cells are crucial components of natural tissue microenvironments, and they
both demonstrate dynamic mechanical properties, particularly viscoelastic behaviors, when exposed to external
stress or strain over time. The capacity to modify the mechanical properties of cells and ECM is crucial for gaining
insight into the development, physiology, and pathophysiology of living organisms. As an illustration, researchers
have developed hydrogels with diverse compositions to mimic the properties of the native ECM and use them as
substrates for cell culture. The behavior of cultured cells can be regulated by modifying the viscoelasticity of
hydrogels. Moreover, there is widespread interest across disciplines in accurately measuring the mechanical
properties of cells and the surrounding ECM, as well as exploring the interactive relationship between these
components. Nevertheless, the lack of standardized experimental methods, conditions, and other variables has
hindered systematic comparisons and summaries of research findings on ECM and cell viscoelasticity. In this
review, we delve into the origins of ECM and cell viscoelasticity, examine recently developed methods for
measuring ECM and cell viscoelasticity, and summarize the potential interactions between cell and ECM visco-
elasticity. Recent research has shown that both ECM and cell viscoelasticity experience alterations during in vivo
pathogenesis, indicating the potential use of tailored viscoelastic ECM and cells in regenerative medicine.
1. Introduction

Tissues comprise cells, extracellular matrix, and extracellular fluid.
While previous research has emphasized the study of tissues' elastic
properties,1,2 recent advances in understanding the in vivo environment
have revealed the widespread presence of viscoelasticity in most tissues,
including soft tissues (e.g., liver, breast, muscle, skin, and adipose
tissue)3–8 and hard skeletal tissues (e.g., bones, tendons, ligaments, and
cartilage).9–12 Viscoelasticity in tissues is attributed to both the extra-
cellular matrix and cells. The viscoelasticity of the ECM primarily arises
from stress relaxation and creep behavior due to weak bonds between the
fibrin polymeric network and attached macromolecules.13,14 Conversely,
the viscoelasticity of cells primarily results from high water content and
the cytoskeleton within cells.15 For instance, the brain can dissipate
nearly as much energy as its storage modulus.16 Evidence suggests that
viscoelasticity plays a crucial role in biogenesis processes. Studies have
indicated that mesenchymal stem cells (MSCs) cultured on hydrogels
with different viscoelastic properties exhibit distinct differentiation
trends and cellular activities.17 Furthermore, the spreading and prolif-
eration of C2C12 cells can be modulated by viscoelastic hydrogels.18

In recent years, there has been a proliferation of experimental
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techniques designed to investigate the viscoelastic properties of materials
and cells. Examples include magnetic tweezers and magnetic twist
cytometry,19–23 which have emerged as qualitative methods for assessing
the viscoelasticity of both extracellular matrix (ECM) and cells, following
pioneering work by Crick and Hughes in 1950. Similarly, the micropi-
pette aspiration method,24,25 introduced by Mitchison and Swann in
1954, can be used to qualitatively measure the viscoelasticity of cells and
artificial microspheres. Additionally, technologies such as atomic force
microscopy (AFM),26 cytoindenter,27 and optical tweezers28,29 or laser
traps are gradually being adopted by different laboratories to explore the
viscoelastic properties of various materials. However, inconsistencies in
measurement modes, experimental parameters, and other factors make it
challenging to compare results from different studies, leaving substantial
room for interpretation. Therefore, there is a pressing need to summarize
the various test methods for ECM and cell viscoelasticity, understand the
differences and relationships among experimental parameters, and
establish common standards to harmonize the scope of these diverse
studies.

The primary emphasis in early research on how extracellular matrix
(ECM) mechanical properties affect cells has been on the elasticity of
ECM.30–32 However, recent research has highlighted the role of
024
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viscoelasticity in various physiological processes, such as cell spreading,
proliferation, differentiation, and metabolism.33–35 This is achieved by
regulating the viscoelastic properties of hydrogels with adjustable stress
relaxation. Cell mechanics, specifically the forces that cells exert and
experience, have profound impacts on the extracellular matrix (ECM).
The cell's mechanical properties, such as stiffness, can modulate the
ECM's structure and composition, influencing tissue development, ho-
meostasis, and disease.36,37 In this review, we provide an overview of the
origin of viscoelasticity in both the ECM and cells, discuss methods for
measuring their viscoelasticity, and explore potential interactions be-
tween these two key components of native tissues. Additionally, we
address the challenges in this field. The development of engineered cells
and microenvironments with customizable viscoelasticity holds promise
for advancing in vitro studies on cell-ECM interactions and for furthering
the fields of tissue engineering and regenerative medicine with potential
clinical applications.

2. Origin of ECM and cell viscoelasticity

2.1. Origin of ECM viscoelasticity

Viscoelasticity is a prevalent characteristic of living tissue and the
extracellular matrix (ECM), characterized by immediate elasticity in
response to external mechanical disturbances, followed by time-
dependent mechanical response and energy dissipation. Viscoelastic
materials deform over time when subjected to external loads and un-
dergo stress relaxation in response to those loads. Energy dissipation in
tissue and the ECM is influenced by various factors, with the ECM,
comprising a polymeric network of collagen, fibrin, and highly hydrated,
flexible polysaccharides and other macromolecules (Fig. 1), being the
primary contributor to tissue viscoelasticity.38 Dissipation in the collagen
or fibrin network is affected by the properties of the bonds linking the
fibers.13,14 The presence of a non-covalently crosslinked network and
weak bonds with fast dissociation rates can result in time-dependent
Fig. 1. The viscoelasticity of ECM and cell. ECM elasticity is mainly derived from cov
comes from the weak interaction force and bond slippage. Cell viscoelasticity mainl
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viscoelastic behavior, such as creep and stress relaxation. These weak
bonds also exhibit nonlinear mechanical behavior, consuming energy
under external mechanical deformation and loading. The reformation of
weak bonds within the ECM following deformation can stabilize it in a
deformed state, resulting in plastic deformation. Recent studies have
indicated that the viscoelasticity of the collagen network is due to the
formation of new crosslinks. However, applying large strains for short
periods of time or moderate strains at low rates can lead to permanent
fiber elongation.39 The dissipation mechanism has been observed in
tissues under mechanical loading, such as skin and tendon tissues, where
bond sliding between collagen fibers and sliding of collagen fibrils have
been observed in vivo, resulting in viscoelastic behavior.40,41 Another
mechanism is the entanglement of polymers, which allows the release of
energy and enables the matrix to flow. In tissue or the extracellular
matrix (ECM), weak bonds or entanglements coexist with more stable
covalent crosslinks, reducing the liquid-like flow and mechanical plas-
ticity throughout the matrix.42 The unfolding of proteins is also a
mechanism for energy dissipation as seen in vitro in fibrin, spectrin, and
intermediate filament networks.43,44 Tomimic the viscoelastic properties
of natural tissues in bioengineered materials, researchers have developed
energy-dissipating hydrogels. These hydrogels are typically composed of
protease-resistant polymers that do not adhere to cells. To achieve the
desired viscoelasticity, cell adhesion peptide motifs or proteins can be
attached to the polymers.45–47 In contrast, pure elastic hydrogels form
ideal polymer networks, while incompletely crosslinked polymeric net-
works in non-ideal cross-linked hydrogels lead to energy dissipation and
creeping.48 Varying concentrations of acrylamide (monomer) and
bis-acrylamide (crosslinking agent), or the addition of a non-crosslinked
linear acrylamide polymer to a crosslinked polyacrylamide gel, can be
employed to produce gels with consistent storage modulus but different
loss moduli.49,50 Furthermore, viscoelasticity can be tailored by inte-
grating weak bonds into the polymer network. For example, viscoelastic
PEG hydrogels can be synthesized using dynamic covalent hydrazone
bonds, boronate bonds, or thioester exchange.3,51–53 In alginate gels,
alent interactions between collagen and elastin networks while the viscous part
y depends on the cytoskeleton and the high-water content.
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weak ionic crosslinking induces viscoelastic behavior.17,54 Viscoelastic
hyaluronic acid-based hydrogels can be formed through hydrazone
bonds or guest-host crosslinking.35,55 Peptide-based hydrogels can inte-
grate weak crosslinks, enabling independent adjustment of viscoelas-
ticity and initial elastic modulus by modifying parameters such as
constituent polymer molecular weight, inert molecule coupling as
spacers, bond strength, weak-to-covalent bond ratio, and total bond
count.17,34,35,55–58

2.2. Origin of cell viscoelasticity

Living cells demonstrate viscoelastic behavior, functioning as both
elastic solids and viscous fluids due to their high water content and
polymeric structural matrix. The viscoelastic properties of cells are
influenced by their cellular components, including the cell membrane,
cytoskeleton, and cytoplasmic viscosity (Fig. 1). The cytoskeleton,
comprising microtubules, intermediate filaments, and microfilaments,
significantly determines cell viscoelasticity.15 Empirical evidence has
established the cytoskeleton as a major factor in cell viscoelasticity.59–61

Cytoskeletal viscoelasticity involves two main mechanisms. Firstly, local
cytoskeletal contraction can induce intracellular poroelastic effects and
transient pressure gradients over biologically relevant timescales.62–64

Secondly, the cytoskeletal filaments are held together by few or
non-covalent bonds. Kinesins apply random athermal forces on the
cytoskeletal filopodia, leading to faster movement compared to thermal
agitation.65 This results in activated cytoskeletons being more fluid than
those without kinesin.66 The cytoskeleton, serving as the fundamental
biopolymer scaffold of living cells, maintains a balance between dynamic
reorganization and cell body maintenance through its viscoelastic prop-
erties. Changes in cell-scale viscoelasticity play a crucial role in cellular
physiology, impacting cell morphology, motility, and division.59,60

Moreover, cellular viscoelasticity influences tissue scale phenomena,
such as postmortem muscle stiffening and coagulation, which is partly
attributed to increased connections between actin filaments and myosin.
Living muscle hydrolyzes ATP to facilitate rapid formation and dissoci-
ation of actin–myosin junctions.67

3. Measurement of ECM and cell viscoelasticity

In recent years, numerous experimental methods have been employed
to measure the viscoelasticity of ECM and cells. However, due to inherent
differences among these methods, there is considerable variation in the
experimental results they yield. Here, we provide a summary of the
experimental techniques used for measuring the viscoelastic properties of
ECM and cells (Table 1).

3.1. Measurement of ECM viscoelasticity

The methods for measuring ECM viscoelasticity are primarily divided
into bulk and local viscoelasticity measurements. Bulk viscoelasticity
measurement methods include rheometer, stretcher, compressor, NMR,
and ultrasound. Local viscoelasticity measurement methods include
AFM, nano indenter, optical tweezer, and magnetic tweezer (Fig. 2).

3.1.1. Dynamic rheometer
Dynamic rheometry was initially used to analyze the rheological

characteristics of materials in order to measure their response to external
forces. In conventional rheometer testing, there are primarily two
methods for assessing the viscoelastic properties of materials. These
methods include static mechanical testing, such as stress relaxation and
creep tests, and dynamic mechanical testing, such as frequency-
dependent rheology tests.68 During static mechanical testing, stress
relaxation experiments were conducted with the goal of maintaining a
specific strain (ε0) in order to observe how the internal stress of the
elastic material decreases over time, σ(t). The creep test subjected the
3

elastic material to constant stress (σ0) for an extended period, observing
the gradual increase in strain over time, ε(t). When undergoing dynamic
mechanical testing, a viscoelastic material retains some of the energy as
shear stress, termed as the storage modulus (G0), allowing the material to
preserve its initial shape. The remaining energy is dissipated through the
material's viscous components, known as the loss modulus (G00). The
composite shear modulus can be calculated using the formula:69 jG*j ¼��� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

G02 þ G002p ���. Additionally, the damping ratio (ζ) can be determined as

the ratio of G00 to G'. Recent studies have employed dynamic rheometry
methods to assess the viscoelastic characteristics of tissues and bio-
materials. Studies have indicated that soft tissues typically exhibit loss
moduli ranging from 10% to 20% of their storage modulus at 1 Hz.42

Rheological testing has shown that the shear modulus of connective
tissue is approximately 690 Pa, while the shear modulus of fatty tissue is
only 290 Pa.70 Rheometers are also commonly used to determine the
stress relaxation time of various tissues and hydrogels. Stress relaxation
tests have demonstrated that the stress relaxation times of soft tissues
such as liver, breast, muscle, skin, and adipose tissue range from tens to
hundreds of seconds.42 Mooney's group has utilized rheometry tech-
niques to measure the stress relaxation times of sodium alginate hydro-
gels, which range from 100 to 1000s.17

3.1.2. Stretcher
Tensile tests are conducted using an extensometer to evaluate the

viscoelastic properties of biomaterials, and these tests are carried out on
a standard traction-compression machine in displacement mode.
Deformation measurements are taken using an extensometer during the
tests.71 A stress–strain curve is obtained for each test specimen after
being subjected to loading in the uniaxial tensile test. To analyze the
viscoelastic behavior of the material, a three-layer structure is used
based on the Kelvin-Voigt model, using a spring and punch configura-
tion.72 The stress relaxation modulus E(t) can be determined using the
equation

EðtÞ¼ σðtÞ
ε0

The behavior of the aortic valve is influenced by the time-dependent
stress, σ(t), and the applied strain, ε0. When experimental data is
extrapolated to the physiological strain rate, previous studies have
revealed that the viscous damping coefficients of the aortic valve are 8.3
MPa and 3.9 MPa in the circumferential and radial directions, respec-
tively.72 Furthermore, it has been demonstrated that the stress relaxation
modulus in normal bone is approximately 9MPa, but decreases to around
7 MPa in the presence of osteoporosis.73

3.1.3. Compressor
Probe indentation is a commonly employed technique for deforming

soft tissues and biological materials, enabling the evaluation of their
response to applied stresses.74 This is typically done through compression
creep tests and compression stress relaxation tests, which yield the creep
compliance function J(t) and stress relaxation modulus E(t) used to
characterize the viscoelastic behavior of the materials. The compliance
function J(t) can be determined by calculation.

JðtÞ¼ εðtÞ
σ0

The time-dependent strain ε(t) and applied stress σ0 are represented
by the variables in this context. Experimental data extrapolation to the
physiological strain rate has revealed viscous damping coefficients of 8.3
MPa and 3.9 MPa in the circumferential and radial directions, respec-
tively, for the aortic valve.75 The indentation stress relaxation modulus
during compression tests can vary from a few kPa to several hundred kPa.
In aortic valve testing, a stress of 125 kPa is applied in these
experiments.74



Table 1
Comparison of Different tools for measuring viscoelasticity.

Measurement Dimension Technology Concept Modulus Parameter relationship Example Refs

Measurement for ECM
viscoelasticity

Bulk Stretcher Classic stress–strain
analysis. Uniaxial stress is
applied to stretch the
material and a
relationship is established
with the resulting strain

E (elastic)
EðtÞ ¼ σðtÞ

ε0
E: 8.3 MPa (aortic valve);
1.23 MPa (spinal cord)

71–73

Compressor Classic stress–strain
analysis. Uniaxial stress is
applied to compress the
material and a
relationship is established
with the resulting strain

E (elastic)
JðtÞ ¼ εðtÞ

σ0

E: 125 kPa (aortic valve);
0.5–1.5 kPa (spinal cord)

74,75

Rheometer Application of small-
amplitude oscillatory
shear stress and
quantification of the
resulting strain

E (elastic)
G0, G00 (viscoelastic)
τ (stress relaxation)

G* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G

0 2 þ G002
q

G’: 0.83 kPa (Brain);
1.3 MPa (Cartilage)

12,17,68,70

NMR Magnetic resonance
visualization of tissue
deformation resulting
from the introduction of
shear waves into the
tissue derived from
external vibrations

G0, G00 (viscoelastic) E ¼ T=S G’: 9.8 kPa (lung) 76–78

Ultrasound Ultrasonic pulses produce
shear waves through the
tissue; the velocity of
these waves is measured
and used to derive the
tissue's Young's modulus

E (elastic)
G0, G00 (viscoelastic)

E ¼ T=S E: 1 MPa
（skin）

2,79

Local AFM uses a sharp probe to
measure the forces
between the probe tip and
the sample surface,
providing information
about the surface's
mechanical properties at
the atomic scale

EðtÞ ¼ E0tβ E: 322 kPa (skin) 80–84

Nano indenter Indentation of the tissue
with a probe of defined
geometry and calculation
of the relationship
between indentation
depth and probe load (the
probe must be smaller
than the sample)

E (elastic)
β(viscoelastic)
τ (stress relaxation)

hðtÞ2 ¼ π
2
P0 cot α

�
1
E1

þ
1
E2

ð1� e�tE2=η1 Þ þ 1
η2

t
�

E: 17.8 GPa (trabecular
bone);
20 GPa (cortical bone)

27,30,85

Optical tweezer light enters a medium of a
different refractive index
the light path changes

E (elastic)
G0, G00 (viscoelastic)
τ (stress relaxation)

G0 �
ω¼ kOT

6πa�A cos δ ðωÞ
DðωÞ �1

�

G00ðωÞ ¼ kOT
6πa

G’: 5–1000Pa (melanoma
tumors)

86–89

(continued on next page)
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Table 1 (continued )

Measurement Dimension Technology Concept Modulus Parameter relationship Example Refs

�A sin δðωÞ
DðωÞ

�

Magnetic tweezer the magnetophoretic
motion of the beads
subjected to a constant
magnetic force

E (elastic)
μ (shear viscoelastic)

μ ¼ E
2ð1þ σÞ

E:0.5–30 kPa (Fibroblast) 22,90

Measurement for Cell
viscoelasticity

Single Cell/Subcellular AFM E (elastic)
β(viscoelastic)
τ (stress relaxation)

E ¼ T=S E:0.5 kPa (alveolar cells)
0.7 kPa (bronchial cells)

83,91–93

Nano indenter E (elastic)
β(viscoelastic)
τ (stress relaxation)

F ¼ 3EI
L3

δ
E:
2.5 kPa (MSC)

94

QDC analyze and quantify the
mechanical properties of
cells, such as cell stiffness
and deformability, by
subjecting them to
controlled flow
conditions within
microchannels.

E (elastic)
β（viscoelastic）

E ¼ T=S β: 0.6 (macrophage) 100–102

micropipette
aspiration

Establishment of the
relationship between the
pressure of aspiration and
the aspirated volume of
the sample

E (elastic)
β（viscoelastic）

E ¼ T=S E: 0.89 kPa (osteogenic
MSC), 0.22 kPa
(adipogenic MSC)

103–105

Optical tweezer/Optical
stretcher

E (elastic)
G0, G00 (viscoelastic)
τ (stress relaxation)

G0 ðωÞ ¼ kOT
4πa

	
3

2 sin θ
þ

cos θ
sin3 θ

�

�Acos δðωÞ
DðωÞ

�
� 1

G00ðωÞ ¼ 3kOT
16 asin θ�Asin δðωÞ

DðωÞ
�

Neurons:
50 Pa � G ' � 136Pa,
23Pa � G " � 84Pa
Astrocytes:
32Pa � G ' � 100Pa,
19Pa � G " � 59Pa

28,95,96

Magnetic tweezer E (elastic)
μ (viscoelastic) G* ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G

0 2 þ G002
q μ: 210 Pa s (macrophage) 20,22,97

Magnetic twisting
cytometry

Obtain mechanical
properties through
microbeads via which a
magnetic torque is
applied

E (elastic)
G0, G00 (viscoelastic)
τ (stress relaxation)

G* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G

0 2 þ G002
q

G’:0.55 kPa (naive ESC),
�2 kPa (differentiated
ESC)

23,98,99

Brillouin Microscopy utilizes Brillouin
scattering of light to
measure the mechanical
properties of cells, such as
their viscoelasticity and
acoustic properties

Brillouin shift 106
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Fig. 2. Measurement tools for ECM viscoelasticity. Schematic diagram and formula for bulk measurement (e.g. stretcher, compressor, rheometer, NMR, ultrasound)
and local measurement (e.g. AFM, nano indenter, optical tweezer, magnetic tweezer) tools for ECM viscoelasticity.
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3.1.4. NMR
Nuclear magnetic resonance (NMR) methods are used for monitoring

and mapping the elastic properties of tissues.76 It was shown that the
relationship between the second moment of the 1H NMR absorption line
and the slope of the strain and strain–stress relationship curves at high
strain values in vascular tissues. It is proposed that NMR relaxation times
can be used to detect the stress state of tissues. Recent studies have
revealed systematic characterization of the underlying microstructural
changes on different organs and processes such as liver fibrosis, neuronal
tissue degeneration and muscle contraction by using ultrasound and
magnetic resource imaging (MRI).77 Studies have demonstrated that
tissue degeneration in the brain is associated with a decrease in the
viscoelastic parameters μ and α. Additionally, chronic muscle has been
shown to have a significant effect on tissue viscoelasticity, with a
decrease of 20.46% in μ and 6.07% in α.78 Other researchers have uti-
lized 3D MR elastography to measure the shear modulus of tissues,
finding that the pancreas has a shear modulus of approximately 1.15 kPa,
while the liver has a higher value of around 1.6 kPa.76

3.1.5. Ultrasound
The elastic properties of soft tissues are influenced by their molecular

constituents and organization at the micro- and macro-structural scale
(cite). Common ultrasound imaging techniques rely on differences in
acoustic impedance among body tissues. However, the impedance echo
signal poses challenges in distinguishing tissues with the same acoustic
impedance. For instance, breast tumors and healthy cystic tissues appear
faint in B-MODE and are difficult to differentiate.78 Ultrasound elastog-
raphy is an innovative application of ultrasound technology, initially
proposed by Ophir et al. in 1991. It primarily examines the correlation
between tissue's elastic modulus and its biological properties for imaging
purposes (cite). The elastic modulus of a tissue can be expressed by the
formula E¼ T/S, where E represents the elastic modulus, T represents the
6

stress, and S represents the strain. Ultrasound elastography applies either
external or internal static/dynamic pressure to the tissue, including inner
body movements like breathing and heartbeat. By utilizing ultrasound
imagingmethods in conjunction with digital signal processing and digital
image processing techniques, it is possible to estimate the corresponding
changes in internal displacement, strain, velocity, and other tissue pa-
rameters, thus obtaining the distribution of mechanical properties such
as the elastic modulus.79 A study has demonstrated that the average
Young's modulus, as measured by ultrasonic shear wave elastography, is
14.8 GPa and 20.7 GPa for individual trabeculae and cortical bone,
respectively.2

3.1.6. AFM
Atomic Force Microscopy (AFM) was invented in 1986 and has since

become a widely used tool for measuring the mechanical properties of
materials and cells. AFM's ability to accurately apply forces and distur-
bances at the picoscale has made it particularly valuable for these types of
measurements.80 In a traditional AFM system, a soft mechanical canti-
lever and a sharp probe are attached to the device, which is then used to
touch the surface of the sample. When performing pressure experiments,
AFM uses the mechanical cantilever to measure force displacement by
applying a small pressure in a direction perpendicular to the sample
surface. Young's modulus can be determined using analytical theories,
such as the Hertzian contact model, based on the indentation loading
curve.81 While force-displacement curves are commonly used in AFM to
measure the local, nanoscale elastic properties of soft materials, a theo-
retical framework for extracting viscoelastic constitutive parameters
from force-displacement data has been lacking.82 Recent advancements
have validated an approach based on the principle of elastic-viscoelastic
correspondence through finite element (FE) simulations and comparison
with existing in vivo cell and hydrogel AFM techniques. Using this
approach, viscoelastic model parameters such as the relaxation time (τ)
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for the standard linear solid (SLS) model or the power-law decay expo-
nent (α) for the power-law rheology (PLR) model can be calculated by
fitting the data.83 For example, AFM was used to obtain nanoscale
viscoelastic data for PAAM hydrogels using the SLS model with a relax-
ation time (τ) of 0.01 s and the PLRmodel with an alpha (α) value of 0.12
80. In terms of tissue, AFM has been used to measure the Young's
modulus of normal skin, which was found to peak at approximately 322
kPa and range from 25.8 kPa to 1.18 MPa. The relaxation time for the SLS
model was determined to be 3 s.84

3.1.7. Nano indenter
Nanoindentation is a valuable technique for characterizing the me-

chanical properties of biomaterials and tissues at a submicron level.27

The Burger model is commonly used in creep tests to determine the
viscoelastic properties of these materials.85 According to this model, the
penetration depth (h) increases with time according to the following
equation:

hðtÞ2 ¼ π
2
P0 cot α

�
1
E1

þ 1
E2

�
1� e�tE2=η1


þ 1
η2

t
�

In this equation, P0 represents the peak force, α is the equivalent cone
half-angle, E1 and E2 are the moduli measured in gigapascals (GPa), η2 is
the long-term creep viscosity measured in GPa, and 1/E2 is the creep
time constant measured in seconds (s).30 Recent research has indicated
that the creep time for both cortical and trabecular bone at the
sub-microscopic level is approximately 60 s.85 Furthermore, the storage
modulus for trabecular bone was found to be 17.8 GPa, while the storage
modulus for cortical bone was found to be 20.0 GPa.27

3.1.8. Optical tweezers
In recent years, optical tweezers have been widely used for measuring

the mechanical properties of biological materials, cells, and bio-
molecules.86 Typically, microspheres of varying sizes are utilized as light
traps to capture objects. The study of mechanical properties involves
measuring both the specific and non-specific binding of the object. In
general, position-sensitive detectors based on four-quadrant photodiodes
are employed by optical tweezers for accurately detecting the position of
microspheres in terms of spatial and temporal accuracy.86 For mechan-
ical calibration, microspheres that are not bound to the object being
tested and are free in solution are used. The optical trap stiffness, denoted
ask, is determined by examining the time-dependent thermodynamic
perturbations of the microspheres.87 Using optical tweezers, the visco-
elastic energy of the biological material can be calculated by directly
measuring the displacement (D) and phase shift (δ) of particle motion in
response to the oscillation trap. The expression for calculating the
viscoelastic energy is given by:88

G
0 ðωÞ¼ η

0
ω¼ kOT

6πa

	
A cos δðωÞ

DðωÞ � 1
�

G00ðωÞ¼ η00ω¼ kOT
6πa

	
A sin δðωÞ
DðωÞ

�

A recent study has found that both mouse melanoma tumors and
human breast tumors exhibit complex moduli ranging from 5 to 1000 Pa.
Specifically, the storage modulus of a PEG-LMWH hydrogel was
approximately 30 Pa, while the loss modulus was around 2 Pa.89

3.1.9. Magnetic tweezers
Magnetic tweezers commonly utilize a magnetic sphere as the target

of magnetic force. Through appropriate modification of the magnetic
ball, it can be specifically combined with the test sample, and subse-
quently a magnetic field is applied to the ball for the purpose of analyzing
the mechanical properties of the test sample.22 Generally, magnetic
tweezers determine the velocity at which a magnetic bead approaches a
pole piece in a liquid with known viscosity under different coil currents.
7

This allows for the calibration of the correlation between the force
exerted on the magnetic sphere and the distance it travels using Stokes'
law. In the context of magnetic tweezer experiments, the viscosity co-
efficients are typically acquired through creep response experiments. By
employing these experiments, the shear modulus can be calculated using
the equation

μ¼ E
2ð1þ σÞ
To illustrate the effectiveness of magnetic tweezers, a recent study

reported a shear modulus of 0.03 Pa for F-actin solutions.90
3.2. Measurement of cell viscoelasticity

There are various methods for measuring cell viscoelasticity,
including traditional techniques like AFM, nano indenter, magnetic
twisting cytometry, magnetic tweezer, optical tweezer, micropipette
aspiration, as well as newer developments such as QDC and Brillouin
microscopy (Fig. 3).

3.2.1. AFM
Atomic ForceMicroscopy (AFM) is a highly precise technique used for

surface characterization. It has gained popularity in the field of biology
for its ability to image and analyze various biological samples with great
detail. One area where AFM is extensively employed is in studying the
mechanics of cells. AFM force spectroscopy, for instance, is utilized for
measuring cellular elasticity and rheology.91 In addition, stress relaxa-
tion, creep experiments, and oscillation tests can be readily conducted to
gather information on the mechanical properties of cells over time.83

Recent examinations of AFM indentation and stress relaxation assays
have shown that cells respond to mechanical stimulation in a manner
consistent with the theory of “poroelasticity,” similar to the behavior
exhibited by organs in the body.92 To illustrate, the AFM rheology system
was employed to measure the shear modulus of lung cells, resulting in a
measurement of 0.5 kPa for alveolar cells and 0.7 kPa for bronchial
cells.93

3.2.2. Nano indenter
The nanoindentation technique has been developed as a dynamic

indentation test to enhance the capabilities of existing indentation
methods. This method utilizes both sinusoidal loading and quasi-static
loading to conduct a wide range of tests. In brief, according to the the-
ory for a cylindrical cantilever beam, the bending of the beam can be
related to the reaction force by the equation:

F¼ 3EI
L3

δ

where E (Young's modulus), I (moment of inertia), and L (length of the
cantilever beam) are known.93 A study demonstrated that by using a
cell-indentation apparatus (cytoindenter), the shear modulus of MG63
osteoblast-like cells was found to be 2 kPa. This value is two to three
orders of magnitude smaller than that of articular cartilage, six to seven
orders smaller than that of compact bone, and quite similar to that of
leukocytes.94

3.2.3. Optical tweezers
The use of optical methods for cell imaging has a long history. In

recent years, there has been a growing interest in cell mechanics, leading
to the development of several methods that utilize light trapping to
manipulate cells.28 The conservation of momentum ensures that light
passing through a material experiences a restoring force, allowing for the
trapping and manipulation of cells or beads using collimated light
sources.95 Traditionally, two models have been used to measure cell
viscoelasticity. In intracellular measurements, an internal granule is
trapped and oscillated to determine G0 and G''. These values are obtained



Fig. 3. Measurement tools for cell viscoelasticity. Schematic diagram and formula for measuring cell viscoelasticity (e.g., AFM, nanoindenter, magnetic twisting
cytometry, optical tweezer, QDC, micropipette aspiration).
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from experimentally measured particle displacement magnitude (D) and
phase shift (δ) using the equations provided
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0 ðωÞ¼ kðωÞ

6πa
¼ kOT
6πa

	
Acos δðωÞ
DðωÞ

�
� 1G00

’ðωÞ¼ωηðωÞ¼ kOT
6πa

	
Asin δðωÞ
DðωÞ

�

In extracellular measurements, uncoated beads attached to the cell
surface are trapped and oscillated. The storage modulus G00 and the loss
modulus G00 of the cell are determined using the equations provided
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Studies have shown that neurons have an elastic modulus ranging
from 50 to 136 Pa and a viscous modulus ranging from 23 to 84 Pa.
Astrocytes, on the other hand, have an elastic modulus ranging from 32
to 100 Pa and a viscous modulus ranging from 19 to 59 Pa. This suggests
that the soft nature of astrocytes may be better suited to provide support
for neurons, as neurons prefer softer substrates for proliferation and
differentiation. It is worth noting that neurons can also change their
mechanical properties during growth and development.96

3.2.4. Magnetic tweezers
Magnetic beads, microspheres, and rods offer the opportunity to

introduce precise and localized forces into specific cellular compart-
ments. Magnetite, magnetite/nickel, and cobalt alloy nanoparticles
(NPs), microspheres, and rods enable the application of these forces to
specific cellular compartments as well as surface receptors like integrins
and catenin structures.97 These materials have facilitated the quantifi-
cation of mechanical properties of the cytoplasm and nucleus, and have
been employed to study mechanotransduction pathways. Consequently,
magnetic beads (MBs) possess unique qualities that distinguish them
from other micro- and NPs. When these beads are subjected to an external
8

magnetic field (MF), they generate forces within the physiological range
observed in vivo (10–12 to 10-9 N).20 Additionally, they can be easily
synthesized in various sizes, ranging from nanoscale spherical particles to
micron-sized beads and rods, with excellent control over their shape,
crystallinity, and size uniformity. MBs can be produced as either single
superparamagnetic NPs or multi-domain ferromagnetic beads, which can
be functionalized with specific ligands to target specific receptors.
Magnetic tweezers employ a magnetic field gradient to pull individual
beads, allowing for high spatial resolutionmanipulation of 1 MB at a time
and the ability to track its motion during magnetic stimulation. By uti-
lizing magnetic tweezers, the shear modulus of macrophages can be
measured. The shear modulus values exhibit significant variability
within the cell population, ranging from 20 to 735 Pa (averaging at 343
Pa), and a factor of 2 variation within individual cells. The cytoplasm's
effective viscosity displays a relatively sharp distribution, with an
average value of η ¼ 210 Pa s (�143 Pa s).22

3.2.5. Magnetic twisting cytometry
Magnetic torsion cytometry (MTC) is a valuable technique for

investigating cellular micromechanics. In MTC, modified magnetic beads
(typically RGD-coated ferromagnetic microbeads) are used. These beads
bind specifically to the integrin transmembrane receptor, which is known
to be associated with the actin cytoskeleton.23 In conventional magnetic
torsion cytometry experiments, microbeads linked to integrins and,
consequently, to the cytoskeleton, are used to apply a magnetic moment
directly to the cell surface. The magnetic field is oriented horizontally,
parallel to the cell monolayer. This orientation allows for the generation
of a perpendicular magnetic moment by a Helmholtz coil, which pro-
duces a uniform field strength that facilitates the rotation of the magnetic
sphere. This rotation provides the corresponding viscoelastic parameters.
Recent research has appliedMTC in combination with optical tweezers to
evaluate the viscoelastic properties of adherent alveolar epithelial cells. It
was found that the E values obtained using MTC (~34–58 Pa) were
smaller than those obtained using optical tweezers (~29–258 Pa).
However, the relaxation time constants were similar for both techniques,
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approximately 2 s.98 Another study revealed that the shear modulus of
naive embryonic stem cells is 0.55 kPa, while that of differentiated em-
bryonic stem cells is approximately 2 kPa.99

3.2.6. QDC
The QDC microfluidic device comprises of a bifurcated channel

network that extends into a parallel array of 16 channels containing
micrometer-scale constraints. In the QDC experiment, cells are initially
impeded by spatial constraints as they traverse the first narrow channel
in the microfluidic characterization zone. However, under fluid pressure,
the cells deform and successfully pass through the narrow channel.100

Despite the presence of the bypass, the fluid pressure in the flow channel
of the characterization zone remains unaffected, even when the cells
squeeze through the narrow channel and temporarily block the flow.101

During the passage through the first narrow channel, the external force
remains relatively constant, and the passage time exhibits an inverse
correlation with the cell's deformation ability. Therefore, by quantifying
the passage time, it is possible to compare and measure the deformation
ability and elastic modulus of different groups of cells. The QDC method
offers an improved approach for high-throughput quantification of cell
viscoelasticity. Recent studies have indicated that cancer cells possess
softer mechanical properties compared to normal cells, as demonstrated
by smaller deformation parameters in QDC tests.102

3.2.7. Micropipette aspiration
Micropipette aspiration (MA) is a cost-effective technique widely

used in the study of deformation mechanics in whole cell or vesicle
membranes.103 In MA experiments, membranes are pulled into a glass
tube of known inner diameter, usually with a micropipette smaller than
the vesicle diameter, using a vacuum. The membrane then slides and
deforms inside the tube under continuous suction. Previous studies have
observed various regimes of bending and membrane surface area
expansion over extended periods of time.25 In the bent state, the lipid
bilayer acts as an incompressible material, preserving the total mem-
brane area. However, in the area expansion regime with higher tension,
the membrane experiences strain due to the direct expansion of the
surface area of each lipid molecule. The applied suction pressure typi-
cally falls within the range of 0.1–1 kPa, and measurement resolutions as
precise as�25 nm have been reported. Estimating the force on the vesicle
requires knowledge of the pressure difference. Various experiments have
been conducted using MA to investigate the viscoelastic behavior and
volumetric strain of erythrocytes, cytoskeletal actin, and chondrocytes.
Recently, Bhatia et al.104 employed MA to characterize giant unilamellar
vesicles (GUVs) featuring embedded nanotubes on their membrane sur-
face. Although these GUVs lack internal structures like cytoskeletons or
organelles, they exhibit behavior similar to cell membranes due to the
increased elasticity bestowed by the embedded nanotubes. In general,
MA is capable of monitoring dynamic changes in cell membrane prop-
erties following treatment with agents such as drugs. For example, Lee
et al. employed MA to assess the stiffening of breast cancer cells
(MDA_MB-231) after introducing Taxol. MA can be readily adapted to a
microfluidic setup compared to other techniques, largely due to its
minimal hardware requirements. However, its usefulness in measuring
larger vesicles is limited by the physical size of the pipette.105

3.2.8. Brillouin microscopy
Confocal Brillouin microscopy (BM) was proposed as a nondestruc-

tive, label- and contact-free technique in 2008, which allows probing of
mechanical properties in a high resolution. On the basis of visible or
infrared monochromatic (laser) light from gigahertz-frequency longitu-
dinal acoustic phonons to acquire the resulting Brillouin spectrum, it is
capable of gaining the information of the longitudinal modulus of the
(bio-)material. Coupled to a confocal microscope, BM is enabled to
achieve diffraction-limited resolution in 3D. Therefore, BM was widely
applied in the research of intracellular biomechanics in living cells, ex
vivo and in vivo tissues and biomaterials as well as the diseases diagnosis.
9

Meanwhile, in order to overcome the problem of the weak typical signal
levels and difficulty in achieving high resolution, stimulated Brillouin
scattering (SBS) was introduced to acquire high mechanical specificity.
Through the coherently driving, and thus enhancing, the phonon popu-
lation inside a sample at a given frequency via two interfering laser
(pump) beam, SBS is capable of spectral measurements at a higher res-
olution that are free of elastic background contributions. Nevertheless,
SBS is normally restricted to relatively non-absorbing samples thinner
than ~100–200 μm that can be optically accessed from two opposing
sides, which constrains its development in biological sciences. To solve
this flaw, a pulsed pump–probe approach was introduced, which even-
tually realize a substantially (>10-fold) lower illumination dosage at
comparable signal-to-noise ratio (SNR), spectral resolution, image qual-
ity and speed compared to recent SBS demonstrations. This achieves
photography without sample heating or phototoxic effects.106

4. Correlation between the ECM and cell viscoelasticity

4.1. Effects of ECM viscoelasticity on cell behavior

4.1.1. Cell spreading and cell migration
The viscoelasticity of the ECM significantly impacts cell spreading

and migration (Fig. 4a). Initially, Mooney's group focused on investi-
gating the influence of the viscoelastic properties of the extracellular
microenvironment on cell proliferation and spreading in 2D cell culture
systems. To accomplish this, they developed a range of RGD-modified
alginate hydrogel substrates with different initial elastic moduli,
ranging from 2.8 kPa to 49.5 kPa, each with distinct relaxation rates from
79 to 519s. Through the cultivation of C2C12 myoblasts on these sub-
strates, they observed that only cells grown on soft RGD-modified algi-
nate hydrogel substrates (particularly those with elastic moduli of 2.8
and 12.2 kPa) demonstrated increased cell spreading on viscoelastic
substrates compared to those on elastic substrates of the same stiffness.
However, no noticeable difference in cell spreading was observed on stiff
substrates (Fig. 4b) (specifically, those with a modulus of 49.5 kPa).18

The effects of viscoelastic substrates with low elasticity were probably
mediated, at least in part, through the same pathway associated with
stiffness, involving β1 integrin adhesions, actin polymerization, acto-
myosin contractility, and nuclear translocation of YAP. It is important to
note that Janmey et al. observed contrasting cell spreading behaviors in
normal hepatocytes (such as primary human hepatocytes, PHH) and
hepatocellular carcinoma cells (such as Huh7 cells) on viscoelastic
polyacrylamide substrates. They found that Huh7 cells exhibited a faster
rate of cell spreading on viscoelastic substrates compared to purely
elastic substrates, whereas PHH cells displayed the opposite behavior.
This observation suggests that the impact of viscoelasticity on cell
spreading is not static and varies depending on the cell type. According to
the motor-clutch model, Huh7 cells were in a “frictional slippage”
regime, and restricted retrograde flow resulted in increased cell
spreading on viscoelastic substrates. In contrast, PHH cells were in a
“load and fail” regime, and high retrograde flow led to decreased cell
spreading on viscoelastic substrates.107 Recently, studies on matrix
viscoelasticity-regulated cell spreading and proliferation in 3D cell cul-
tures have been conducted. Mooney's group developed alginate-PEG
hydrogel with varying PEG density, enabling controllable regulation of
stress relaxation for 3D culture,34 while the stress relaxation half-times
varied from tens of seconds to thousands of seconds. The study exam-
ined the effect of PEG spacer densities on stress relaxation and cell
behavior of 3T3 fibroblasts encapsulated within alginate gels. The results
revealed that faster stress relaxation in alginate-PEG hydrogels promoted
cell spreading in 3D culture. This could be attributed to the
co-localization of paxillin and β1-integrin at the cell periphery, which
initiated the formation of focal adhesions and enhanced cellular capacity
for extracellular matrix (ECM) remodeling through nuclear localization
of YAP/TAZ. The study also suggested a potential role of the nucleus in
mechanotransduction towards the viscoelastic cell microenvironment, as



Fig. 4. Effect of ECM viscoelasticity on cell spreading and
migration. a) Diagram of how cell spreading is affected by
ECM viscoelasticity. (b) Illustrations of C2C12 cells cultured
for 22 h on elastic and stress-relaxing hydrogels with initial
moduli of 2.8, 12.2, and 49.5 kPa. The scale bar represents 20
micro-meters in each panel. Reproduced with permission.18 c)
Representative images of human mesenchymal stem cells
cultured in HA collagen hydrogels with tunable viscoelas-
ticity. The right panels show MSC outlines representative of
each group. The scale bar represents 50 micro-meters in each
panel. Reproduced with permission.35 d) Representative im-
ages of hMSCs cultured in non-thioester and thioester
hydrogels for 3 d. Scale bar: 50 μm. Reproduced with
permission.52 e) Illustrations of MSC cells cultured on slower
and faster stress-relaxing hydrogels. Reproduced with
permission.109 f) Representative images of single cells
migrating using either amoeboid or mesenchymal cell
migration over 60 min were shown. Circles represent the cell
body, while the dots represent the centroid of the cell body.
Yellow arrows represent direction and relative path of
migration. g) quantification of cellular migration responses
including velocity, path length and straight-line length. *p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. f-g)
Reproduced with permission.111
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changes in cell spreading and YAP/TAZ distribution correlated with al-
terations in nuclear volume and shape. Similar findings were observed in
chondrocytes108 and MSCs35,52,109 cultured on hydrogels with faster
viscoelastic stress relaxation (Fig. 4c–e).
10
Cell migration is a crucial process for the establishment and mainte-
nance of cellular functions. The microenvironment provides mechanical
cues that regulate cell migration. A previous study found that liver si-
nusoidal endothelial cells (LSECs) cultured on polyethylene glycol (PEG)
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hydrogel substrates with stiffness ranging from 140 to 610 Pa promoted
collective migration of LSECs and the formation of capillary-like struc-
tures.110 Recent research has focused on the influence of substrate
viscoelasticity on cell migration. For example, epithelial monolayers
exhibited rapid and coordinated movement on viscoelastic poly-
acrylamide substrates through the reorganization of both cell–matrix and
cell–cell adhesions.111 During this process, vinculin was transferred from
focal adhesions to intercellular junctions through the cadherin complex.
Along with fibronectin reorganization and focal adhesion kinase
(FAK)-mediated actomyosin contractility, vinculin translocation
effectively facilitated coordinated movement of epithelial monolayers
(Fig. 4f and g).

In addition to substrate viscoelasticity, the viscous component of the
substrate also influences the modes of cell migration. Brown's group re-
ported that the viscoelastic properties of microgel thin films efficiently
controlled migration modes in fibroblasts. On thin films with the highest
loss tangent value (e.g., 1% BIS films), round or ellipsoid fibroblasts
loosely attached to the substrate with poor stress fiber formation. These
cells exhibited slow rates of migration and decreased spreading area,
suggesting an occurrence of amoeboid cell migration. On the other hand,
thin films with the lowest loss tangent value allowed elongated fibro-
blasts with robust stress fibers to form strong substrate adhesions, indi-
cating a dominant mesenchymal migration. On films with intermediate
loss tangent values, a transition between amoeboid and mesenchymal
Fig. 5. Effect of ECM viscoelasticity on cell differentiation and maintenance of Stem
entiation. b) Faster stress relaxation alginate-PEG hydrogels promoted osteogenic dif
OCN, ALP, RUNX2, and BSP. Reproduced with permission. c) Representative images o
μm **p < 0.01, ***p < 0.001. b-c) Reproduced with permission.34 d) mechanical
promote dendritic cell differentiation. Reproduced with permission.114 e) Representa
the nucleus in a viscoelastic and mechanically crosslinked alginate hydrogel as well
munostaining images of OCT-4 using hESCs cultured on substrates of different sti
Reproduced with permission.119 g) immunostaining images of OCT-4 using hESCs cu
200 micro-meters in each panel. Reproduced with permission.120
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migration was observed. It was confirmed that the signaling pathways
mediated by ROCK and CDC42 were important in regulating amoeboid
migration of fibroblasts on low loss tangent films, while the Rac pathway
played a critical role in guiding mesenchymal migration of fibroblasts on
films with high loss tangent values.112

4.1.2. Cell differentiation and maintenance of stemness
The viscoelasticity of the ECM can influence cell differentiation

(Fig. 5a). Previously, Chaudhuri's research group examined the effects of
manipulating the viscoelastic properties of alginate and alginate-PEG
hydrogels on mesenchymal stem cells (MSCs). They achieved this by
altering the molecular weight of alginate and varying the density of the
PEG spacer. The findings showed that MSCs in alginate hydrogels with
faster relaxation exhibited higher levels of alkaline phosphatase (ALP)
and collagen-1 expressions, as well as greater mineral formation. Simi-
larly, in alginate-PEG hydrogels with faster stress relaxation, MSCs
demonstrated increased expressions of osteogenesis markers (OCN, ALP,
RUNX2, and BSP) and higher ALP activity,34 suggesting enhanced oste-
ogenic differentiation in a viscoelastic microenvironment with a fast
relaxation rate (Fig. 5b and c). The study also revealed that the degree of
matrix remodeling governed the osteogenesis of MSCs in a viscoelastic
microenvironment. A faster relaxation rate led to greater mechanical
remodeling of the matrix, resulting in improved cell spreading and MSC
osteogenesis.
ness. a) Schematic diagram of the effect of ECM viscoelasticity on cell differ-
ferentiation of MSCs. The gene expression of markers of osteogenesis including
f ALP staining of MSCs in hydrogels with different stress relaxation. Scale bar: 25
checkpoint of monocyte cell fate transduces external mechanical resistance to
tive images illustrate the immunofluorescence staining of actin, nestin, sox2, and
as elastic and covalently crosslinked alginate hydrogels. f) Brightfield and im-

ffness for five days. the scale bar represents 200 micro-meters in each panel.
ltured on substrates of different stiffness for five days. The scale bar represents
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Subsequently, Chaudhuri's group further investigated how matrix
remodeling affected MSC osteogenesis in viscoelastic microenviron-
ments.113 They discovered that MSCs cultured in faster-relaxing hydro-
gels exhibited significant volumetric expansion during cell spreading.
This greater volume expansion was found to enhance osteogenic differ-
entiation, independent of cell morphology. The study revealed a strong
correlation between volume expansion, TRPV4 expression and activa-
tion, and the feedback between TRPV4 and volume expansion that
increased nuclear localization of RUNX2 for facilitating MSC osteogenic
differentiation. These findings emphasized the importance of stress
relaxation as a crucial design parameter for biomaterials in regulating
cell differentiation. This understanding can greatly contribute to stem
cell-based therapy, tissue engineering, and regenerative medicine
(Fig. 5d).114

Maintaining the stemness of stem cells is essential in many biomedical
applications. To achieve this, stem cells must continually express proteins
characteristic of the stem cell state, undergo self-renewing proliferation,
and retain the capacity for appropriate differentiation into mature cell
types.115 Various niche factors, such as matrix stiffness, composition, and
microstructure, have been shown to regulate stemness in different types
of stem cells (Fig. 5e) (e.g., pluripotent stem cells, hematopoietic stem
cells, MSCs, intestinal stem cells, and muscle stem cells).116–118 For
example, a previous study investigated the influence of substrate stiffness
on embryonic stem cells and their derived progenitor cells using PEGDA
hydrogels with controlled stiffness (i.e., 380 Pa, 3.5 kPa, and 40 kPa).
The findings revealed that these cell types exhibited different changes in
apparent Young's modulus in response to substrate stiffness, which
significantly affected their maintenance of pluripotency and
lineage-specific characteristics. On substrates that were too rigid or too
soft, fluctuations in apparent Young's modulus occurred during cell
passaging and proliferation, resulting in a loss of lineage specificity. On
substrates with an “optimal” stiffness, the apparent Young's modulus
remained constant, preserving lineage specificity. The effect of substrate
stiffness on apparent Young's modulus and downstream cell fate was
correlated with intracellular cytoskeletal organization and nuclear/cy-
toplasmic localization of YAP (Fig. 5f).119

Additionally, Heilshorn et al. reported that the maintenance of
stemness in neural progenitor cells (NPCs) within alginate hydrogels
depended on matrix viscoelasticity, regardless of the initial stiffness
(Fig. 5g).120 Viscoelastic and physically crosslinked alginate hydrogels
facilitated matrix remodeling, cell spreading, and cell–cell contact,
thereby preserving the Sox2 and Nestin expressions of NPCs at different
stiffness levels. In contrast, elastic hydrogels with covalent crosslinking
inhibited matrix remodeling and cell spreading, resulting in the loss of
stemness. This matrix remodeling-dependent maintenance of NPC
stemness in viscoelastic hydrogels occurred through modulation of
cadherin-mediated β-catenin signaling. Utilizing a viscoelastic cell
microenvironment for maintaining stemness could have broad applica-
tions in regenerative treatments following oriented differentiation.

4.1.3. Cell behavior and function in diseases
The mechanical characteristics of the extracellular matrix (ECM) are

crucial factors affecting cell behavior and function. They provide physical
support and transmit mechanical signals that regulate biological pro-
cesses within cells. These mechanical cues play a pivotal role in various
diseases, notably in pathological conditions such as calcification, fibrosis,
and bone-related disorders. In this part, we integrate relevant literature
exploring how ECM mechanical properties influence cell behavior and
function in disease contexts.

Ye et al. investigated the role of ECM mechanical properties, such as
stiffness and elasticity, in regulation of lysosomal stability and cellular
calcification processes, thereby influencing osteoarthritis progression.
This suggests that changes in ECM mechanics could alter the cellular
environment, contributing to observed pathological changes in osteoar-
thritis.121 In another study, Zhu et al. examined fibrocytes' involvement
in fibrous epulis pathogenesis. As primary producers of ECM, fibrocytes
12
are significantly affected by ECM mechanical properties. The stiffness of
the ECM in fibrous epulis may regulate fibrocyte differentiation and
migration. This underscores how ECM mechanics dictate cellular
behavior in fibrotic conditions.122 Moreover, Xu et al. demonstrated that
a fibrotic matrix induces mesenchymal transformation of epithelial cells
in oral submucous fibrosis. This transformation correlates with ECM
stiffening, indicating the critical role of ECM mechanical properties in
disease progression. These findings suggest that ECM stiffness drives
pathological epithelial–mesenchymal transition, contributing to oral
tissue fibrosis.123 Additionally, Wan et al. observed that upregulation of
mitochondrial dynamics promotes osteogenic differentiation of mesen-
chymal stem cells (MSCs) cultured on self-mineralized collagen mem-
branes. This highlights how ECM mineralization and mechanical
properties regulate intracellular mitochondrial function, thereby direct-
ing stem cell fate and supporting osteogenesis.124 Furthermore, Li et al.
explored the impact of matrix stiffening on guided bone regeneration,
revealing that ECM stiffening enhances osteogenic differentiation
through mechanical signaling pathways. This emphasizes how ECM
mechanical properties are critical in bone regeneration and repair, sug-
gesting that adjusting ECM stiffness could facilitate stem cell-mediated
bone formation.125 Overall, ECM mechanical properties profoundly
impact cell behavior and function across diverse diseases. Mechanical
signals regulate crucial cellular processes such as differentiation,
migration, proliferation, and survival. Understanding and manipulating
ECM mechanics offer promising therapeutic strategies for disease treat-
ment and advancements in regenerative medicine.

4.1.4. Cellular transcriptional activation
The ECM plays a crucial role in regulating various cellular processes,

including gene expression. Its viscoelastic properties, encompassing both
viscosity and elasticity, significantly influence how cells sense and
respond to their microenvironment, ultimately impacting gene expres-
sion patterns. This intricate interplay involves a multitude of signaling
pathways, each contributing to the diverse effects of ECM viscoelasticity
on cellular behavior.36,126

Embedded within the cell membrane, mechanosensitive ion channels
act as gatekeepers, translating mechanical forces exerted by the ECM into
biochemical signals. Among these channels, Piezo1 and TRPV4 exhibit
pivotal role in mediating ECM-driven gene expression changes. Piezo1-
mediated calcium signaling has been shown to regulate the expression
of genes involved in various cellular processes, including proliferation,
differentiation, and migration.127,128 For example, Piezo1 activation has
been shown to promote the expression of genes associated with osteo-
blast differentiation and bone formation.129 It has been also shown to
promote cell spreading and adhesion on stiff substrates.130

TRPV4-mediated calcium signaling has been implicated in the regulation
of genes involved in inflammation, pain, and vascular tone.131,132 For
example, TRPV4 activation can promote the expression of
pro-inflammatory cytokines and contribute to the development of
chronic pain.133 TRPV4 activation can also influence cellular behavior,
such as promoting cell migration and vascular permeability.134

Integrins, transmembrane receptors with a dual role, bind to specific
ECM components while simultaneously sensing the stiffness and elas-
ticity of the surrounding matrix. This ability to translate physical cues
into biochemical signals makes integrins crucial players in ECM-
mediated regulation of gene expression.135 Upon activation, integrins
trigger various signaling pathways, including the MAPK and Rho/ROCK
pathways. These pathways, in turn, regulate the activity of transcription
factors, ultimately influencing gene expression patterns.136 For instance,
integrin-mediated signaling has been shown to regulate the expression of
genes involved in cell proliferation, migration, and differentiation,
highlighting its role in diverse cellular processes.137–139

The mechanisms by which ECM viscoelasticity influences gene
expression extend beyond the well-characterized pathways mentioned
above. Other signaling pathways, such as the YAP/TAZ pathway and the
Hippo pathway, have also emerged as key players in mediating these



Fig. 6. Effect of cell contraction on ECM stress-stiffening. Cell stiffens their surrounding ECM when being encapsulated in 3D ECM systems.
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effects. The YAP/TAZ pathway, primarily regulated by cell–cell contact
and ECM mechanical properties, controls organ size and tissue regen-
eration.140 In response to increased ECM viscoelasticity, YAP/TAZ
translocate to the nucleus, where they interact with transcription factors
and influence gene expression patterns. This pathway plays a crucial
role in various processes, including tissue development, regeneration,
and cancer progression.141 The Hippo pathway, acting as a tumor sup-
pressor pathway, regulates cell proliferation and apoptosis. This
pathway is also sensitive to ECM mechanical properties, with increased
viscoelasticity leading to the activation of the Hippo pathway and
subsequent inhibition of YAP/TAZ activity.142 This intricate interplay
between the YAP/TAZ and Hippo pathways highlights the complex
signaling landscape underlying ECM-mediated gene expression
regulation.

The influence of ECM viscoelasticity on gene expression is a complex
and multifaceted phenomenon, orchestrated by a symphony of signaling
pathways. Mechanosensitive ion channels, integrins, and other signaling
pathways work in concert to translate the physical cues of the ECM into
biochemical signals, ultimately shaping the cellular response and
Fig. 7. Effect of cell stiffness on ECM remodeling and degradation. a) Invadopo
permission.144 b) Ponceau S staining of collagen matrix after 12 and 48 h’ degradatio
collagen matrix with degradation mediated by nLSECs and dLSECs. d) Representati
dLSEC. b-d) Reproduced with permission.145
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influencing gene expression patterns. Understanding these intricate
mechanisms is crucial for unraveling the diverse roles of ECM visco-
elasticity in various physiological and pathological processes, paving the
way for novel therapeutic strategies targeting ECM-mediated signaling
pathways.

4.2. Effects of cell mechanics on ECM

4.2.1. Effect of cell contraction on stress-stiffening of ECM
Although numerous prior studies have demonstrated the significant

impact of the mechanical properties of the extracellular matrix (ECM) on
cell behavior and function, the influence of cellular mechanical proper-
ties on the ECM remains largely unexplored. By using nonlinear stress
inference microscopy (NSIM), a technique to infer stress fields in a 3D
matrix from nonlinear microrheology measurements with optical twee-
zers, recent research has shown that cells can actively contract and
thereby increase the stiffness of the surrounding ECMwhen encapsulated
in 3D ECM systems such as collagen, fibrin, and Matrigel (Fig. 6). These
forces result in spatially varied gradients of matrix stiffness induced by
dia-associated ECM degradation by SCC-61 cells on PAAs. Reproduced with
n mediated by dLSECs. c) Representative fluorescent images of CHP staining of
ve images of dynamic degradation of collagen matrix mediated by nLSEC and
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cells, which could serve as mediators of mechanical communication be-
tween cells.143

4.2.2. Effect of cell stiffness on ECM degradation
Cells can sense the mechanical properties of the ECM through intra-

cellular tension generated by actomyosin contractility. These contractile
forces are transmitted to the surface of the matrix as traction stresses,
facilitating mechanical interactions with the ECM. Researchers have
recently examined the invasiveness and contractility of invasive cancer
cell lines using polyacrylamide gels of varying stiffness. The experiments
demonstrated that cell traction forces regulate ECM degradation, sug-
gesting that the generation of cellular forces plays a significant role in
mediating degradation of the tumor microenvironment (Fig. 7a).144

Recent study also showed when compared to the normal endothelial
cells, ECM-degrading liver sinusoidal endothelial cells primed by PMA
and Accutase, which may have different cell viscoelasticity, exhibit su-
perior ability to degrade collagen (Fig. 7b–d).145

5. Conclusion

Tissues are comprised of cells, extracellular matrix (ECM), and
extracellular fluid. Recent studies have revealed the prevalence of
viscoelastic properties in most tissues, which are attributed to both ECM
and cell components. Viscoelasticity in ECM results from stress relaxation
and creep behavior due to weak bonds between the fibrin network and
attached macromolecules, while cells exhibit viscoelasticity primarily
due to their high water content and cytoskeleton. This property is sig-
nificant in biogenesis processes, influencing cell differentiation and ac-
tivities. Various experimental techniques, such as magnetic tweezers,
micropipette aspiration, and atomic force microscopy, are used to
investigate the viscoelastic properties of materials and cells, but in-
consistencies in measurement modes and parameters limit the compa-
rability of results, necessitating the standardization of these methods.
Recent research highlights the role of viscoelasticity in regulating cell
behavior and its impact on ECM component and structure, influencing
tissue development and disease. The future development of the field is to
summarize and standardize the testing methods for ECM and cell visco-
elasticity to enhance comparability and advance the fields of tissue en-
gineering and regenerative medicine.

6. Outlook

With the rapid advance of biomechanics, there is increasing evidence
that highlights the significance of viscoelasticity as a fundamental me-
chanical characteristic of living organisms. While the recent advance-
ments in this rapidly evolving field have shed light on the correlation
between cell viscoelasticity and ECM, the influence of cell physical
properties on the ECM remains an area that requires further investiga-
tion. the specific mechanisms through which cell physical properties,
such as cell stiffness or contractility, affect the ECM are not yet fully
understood. This article provides a comprehensive overview of the recent
advancements in this rapidly evolving field. It also examines the chal-
lenges faced and potential directions to explore, including the origin,
measurement methods, and correlations between extracellular matrix
(ECM) and cell viscoelasticity. Moving forward, this review identifies
three major areas that warrant further improvement in this field: the
development of novel experimental techniques, the establishment of
standardized measurement methods, and the customization of
viscoelasticity.

6.1. Effects of cell mechanics on ECM

Compared to the influence of the physical properties of the extra-
cellular matrix on cell behavior and function, the influence of cell
physical properties on the extracellular matrix has yet to be thoroughly
investigated. Future research should focus on understanding the impact
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of cell viscoelasticity on the degradation, reorganization, and sedimen-
tation of the extracellular matrix, particularly in relation to the ECM's
degradation and reorganization. Furthermore, exploring the interaction
between the viscoelasticity of the extracellular matrix and cells and its
potential applications in biology and medicine is essential.

6.2. New tools for viscoelasticity measurement

In recent years, numerous experimental techniques have been
employed to investigate the viscoelasticity of the extracellular matrix
(ECM) and cells. These methods include utilizing a dynamic rheometer to
measure the viscoelasticity of the ECM, as well as employing techniques
such as nuclear magnetic resonance (NMR), ultrasound, atomic force
microscopy (AFM), optical tweezers, and micropipette aspiration to
measure the viscoelasticity of cells. However, a common limitation of
these traditional methods is the relatively small number of samples that
can be measured within a reasonable time frame. The throughput of
measuring only dozens or even hundreds of samples per hour is incom-
parable to the high-throughput sequencing and flow analysis used in
biological experiments. Fortunately, microfluidic-based experimental
methods have emerged as a promising approach to greatly enhance the
efficiency of measuring the viscoelasticity of cell samples. These micro-
fluidic techniques have the potential to accomplish high-throughput
screening. Additionally, another avenue for improving experimental
throughput is the integration of high-throughput data collection with
artificial intelligence analysis. This integration would enable making AI
predictions based on ample data.

6.3. Standardization of measurement methods

One of the key factors that significantly impacts the widespread
application of biomechanics in biology and medicine is the lack of
standardized protocols. The differences in measurement modes among
various methods, such as the size of the measurement area and the
application of force, result in vastly different experimental outcomes,
even when measuring the same sample. Traditionally, there have been
orders of magnitude discrepancies in results, highlighting the crucial
need for standardized experimental procedures and methods in biome-
chanical measurements. A potential solution could be the use of stan-
dardized, inert bionic materials as reference samples. For example, when
doing a cell assay, GUV can bemeasured as a standard sample to calibrate
the differences between measurement tools.146 By including reference
samples in all types of experiments, a consistent benchmark can be
established for comparative analysis. Furthermore, inspired by the for-
mation process of databases like genomes, proteomes, and tran-
scriptomes, the development of a high-throughput technology-based
biomechanical database with standardized protocols holds promise for
the future.

6.4. Tailor viscoelasticity for therapy

The time scale is a crucial factor in biological processes within the
body. While certain processes like signal transduction and cell activation
occur rapidly, others, such as stem cell differentiation, can span tens of
days. Hence, future developments in viscoelastic material design must
consider a broader time scale to match physiological conditions. Addi-
tionally, it is essential to investigate the precise control of material and
cell viscoelasticity. This can be achieved through the development of
biomaterials with adjustable viscoelastic properties, thereby combining
the viscoelasticity of biomaterials with cell viscoelasticity to achieve
temporal precision. Regulating the viscoelasticity allows cells to alter
their physiological functions by becoming softer or stiffer under different
conditions, providing a new avenue for further exploration. In the
context of biological therapy, these developments are significant. By
creating biomaterials with tunable viscoelastic properties, we can better
mimic physiological conditions, thereby promoting stem cell
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differentiation and tissue regeneration. This approach holds promise for
regenerative medicine, providing new therapeutic strategies. Moreover,
precise control of cell viscoelasticity could have broader biomedical ap-
plications, such as in drug screening and disease diagnostics.
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