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Beyond static models: Mechanically dynamic matrices
reveal new insights into cancer and fibrosis
progression
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The dynamic mechanical nature of extracellular matrices
(ECMs) is crucial for the mechanosensitive regulation of cell
fate. This is evident in pathological conditions such as cancer
and fibrosis, which are characterised by highly fibrotic tissue
developing over time. This fibrotic progression not only alters
tissue mechanics, but also coincides with the reprogramming
of resident cells, promoting their differentiation into aberrant
phenotypes and increasing drug resistance. Hydrogels, with
their tuneable mechanical and biochemical properties, emerge
as powerful ECM mimetics to model and study these
abnormal, mechanically-driven cell differentiation phenomena.
In this review, after establishing how conventional, mechani-
cally static hydrogels contribute to our understanding of the
role of altered mechanosensing in cell differentiation during
cancer and fibrosis, we explore the research opportunities
given by advanced dynamic matrices. Models employing
hydrogels that are fast relaxing, plastic or even with temporally
switchable mechanics reveal the otherwise hidden role of time-
dependent phenomena during disease development.
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Introduction
ECM remodelling
Abnormal fibrotic wound healing is a highly dynamic,
multistage response characterised by inflammation,
proliferation, and remodelling [1]; this draws many
parallels to the events that occur in the developing
tumour stroma [2]. Indeed, tumours are often described
as “wounds that do not heal” [3]. The normal wound
healing response begins by clotting the injury site and
forming a provisional matrix composed of a fibrin-rich
polymer interspersed with crosslinked plasma-derived

fibronectin (FN) [4]. This matrix serves as a tempo-
rary scaffold and mechanical framework to support
subsequent cell migration and invasion events; in
particular, platelets and immune cells facilitate the
recruitment of resident stromal cells by secreting growth
factors and cytokines, such as transforming growth
factor-beta 1 (TGF-b1) [4]. These recruited cells are
key players that carry out significant extracellular matrix
(ECM) remodelling by secreting proteases, such as
matrix metalloproteinases (MMPs), to replace the pro-
visional matrix with granulation tissue composed of FN,

collagen, and various proteoglycans, such as hyaluronic
acid (HA) [4]. FN is a key component of this tissue that
is crucially involved in regulating cell adhesion dynamics
via specific bioactive motifs, such as integrin binding
domain arginylglycylaspartic acid (RGD) and provides a
template for subsequent collagen deposition [5]. For
recruited cells to construct this matrix, they must
become activated and differentiate into myofibroblasts.
These cells form highly organized cytoskeletons
containing a-smooth muscle actin (a-SMA) stress fibres
that enable contraction and wound closure. In a healthy

microenvironment, activated myofibroblasts undergo
apoptosis after a wound healing response; however, in
cancer and fibrosis, their persistent activation leads to
continued ECM deposition, tissue stiffening, and ulti-
mately, loss of organ function [6].

Cell differentiation in cancer and fibrosis
In the tumour stroma, cancer-associated fibroblasts
(CAFs) are one of the most abundant cell populations,
derived from the differentiation of numerous cell types
that reside in and around the local microenvironment [7].
One of the leading environmental cues that triggers CAF
differentiation is mechanics [7]. CAFs contribute to the

formation of fibrous desmoplasia and tissue stiffening by
excessive secretion of various ECM components, such as
collagens and MMPs. Different CAF subsets have also
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2 Cellular and Molecular Aspects of Mechanobiology of the Extracellular Matrix
been shown to secrete specific collagens, MMPs, and
other ECMmolecules, which suggests that heterogeneity
occurs within CAF populations and highlights their
complex role in the tumour stroma [7]. Various cell types
can differentiate into CAFs and have been implicated in
cancer and fibrosis, including mesenchymal stem cells
(MSCs), endothelial cells, and pericytes [7]. However,
most studies using hydrogel models to study abnormal

cancer- and fibrosis-related differentiation events focus
on epithelial-to-mesenchymal transition (EMT),
fibroblast-to-myofibroblast transition (FMT), and stel-
late cell activation; thus, these are the main events that
are introduced and discussed in this review.

EMT is a transient, reversible event in which epithelial
cells lose their cell polarity and cellecell adhesion
properties and develop migratory and invasive traits that
resemble a mesenchymal phenotype. This involves
changes in expression of key protein markers, such as

shifting from E-cadherin to N-cadherin, increased nu-
clear activation of proteins like b-catenin, and increased
expression of FN and vimentin [8]. While EMT is
important in physiological processes such as tissue
morphogenesis and wound healing, during tumour pro-
gression, it is thought that abnormal differentiation can
form intermediate quasi-mesenchymal states that serve
as cancer stem cells (CSCs) [9]. CSCs drive tumour
growth and heterogeneity through their self-renewal
ability and multi-lineage differentiation capacity. Addi-
tionally, EMT has been implicated in various types of

fibrotic disease including lung, cardiac, and liver fibrosis,
as well as renal fibrosis, where it is believed that over a
third of all disease-related fibroblasts are derived from
tubular epithelia at the injury site [10]. Within the
stromal tumour microenvironment, CAFs have been
shown to be the main constituents that express EMT-
related genes in various tumour types; however, CAFs
have been identified to arise from many cell sources
[11,12].

As mentioned in the previous section, under healthy
homeostatic conditions, resident stromal fibroblasts

orchestrate ECM maintenance, regulate epithelial cell
behaviour, and undergo FMT by responding to altered
environmental cues during the wound healing response
and expressing signature markers such as a-SMA [6].
Fibroblast behaviour is however hijacked during cancer:
CAFs are formed from abnormally activated myofibro-
blasts characterised by a dysregulated wound healing
response and excessive ECM production [7]. Addition-
ally, abnormal FMT is also a hallmark of fibrotic disease
and occurs in response to dysregulated stromal remod-
elling as seen in cancer progression [6].

Another class of cells involved in regulating tissue ho-
meostasis and wound healing response are stellate cells
of the liver and pancreas, known as hepatic stellate cells
(HSCs) and pancreatic stellate cells (PSCs)
Current Opinion in Biomedical Engineering 2025, 33:100570
respectively [13,14]. Both HSCs and PSCs are charac-
terised by the presence of vitamin A-containing lipid
droplets in a quiescent state before losing this pheno-
type and acquiring an activated, myofibroblast
morphology following prolonged culture and spreading
on tissue culture plastic [13,14]. Abnormal activation of
HSCs and PSCs in response to disrupted stromal ho-
meostasis has been correlated with fibrosis and cancer in

the liver and pancreas [13,14].

Modelling the tumour and fibrotic microenvironment
The fibrotic and tumour microenvironments are complex
and dynamic; their interplay with resident cells regulates
cell fate and disease progression. In a bid to further our
understanding of these phenomena, researchers have
been developing in vitro models that recapitulate the
biophysical and biochemical cues that cells sense and

respond to in vivo. These models can be particularly ad-
vantageous for recreating the dynamic changes in tissue
properties which are seen naturally during fibrotic and
cancer disease progression. For example, using tissue
engineering approaches, many ECM models have been
fabricated with controlled tuneable properties, such as
stiffness and viscoelasticity [15,16]. Within this respect,
hydrogels are highly desirable because they can be
engineered to mimic the structural, mechanical, and
biochemical features of native ECMs. Crucially, they can
recapitulate the mechanobiological changes observed

between healthy and diseased tissues, and they also allow
encapsulation of cells within a three-dimensional (3D)
environment, recreating the dimensionality that cells
encounter in vivo [17e19].

Using hydrogel-based models for cancer and fibrosis,
researchers have been able to decipher the role of
various mechanosensitive signalling players in the dif-
ferentiation of cells towards pathological phenotypes.
These include YAP/TAZ (yes-associated protein 1/
transcriptional coactivator with PDZ-binding motif),

Rho/ROCK (Rho family of GTPases and Rho-associated
kinases), TWIST1 (twist-related protein 1), Piezo1,
focal adhesion kinase (FAK), integrin b1 and integrin-
linked kinase (ILK). YAP is perhaps the most widely
investigated mechanosensitive protein and has been
identified as a potent oncogene that is amplified in
various cancers and fibrosis [20,21]. Ras homolog family
member A (RhoA), known to control cytoskeletal dy-
namics, has been implicated in cancer and fibrosis
through its regulation of many cell processes, including
cell cycle maintenance [22,23]. Inhibitors of ROCK, a

key cytoskeletal regulator that influences cell
morphology and migration, are often employed to un-
derstand the role of cytoskeletal-mediated cell events in
disease progression, and are potentially interesting for
therapeutic targeting [24]. TWIST1 is a key mechano-
sensitive protein whose nuclear localisation in response
to increasing matrix stiffness has been found to promote
EMT, migration, and invasion in cancer and fibrosis
www.sciencedirect.com
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Dynamic models for cancer and fibrosis Walker et al. 3
[25,26]. Piezo1, a mechanosensitive ion channel that is
stretch-activated upon changes in mechanical percep-
tion, regulates Ca2þ signalling and is essential for key
cellular processes, has been implicated in cancer and
fibrosis when dysfunctional [27,28]. Various actors
involved in cellematrix interactions have been also
implicated in cancer and fibrosis: FAK and its phos-
phorylated form pFAK, which are essential proteins for

the formation of focal adhesions [29,30]; integrin b1, a
critical component of the cell-ECM interactive ma-
chinery whose dysregulation is associated with cancer
and fibrosis [31,32]; and ILK, a multifunctional molec-
ular actor in cellematrix interactions, cell adhesion, and
anchorage-dependent cell growth [33].

Hence, in this review, we discuss how recent advances in
hydrogel-based models have progressed our understand-
ing of how mechanosensing and key related signalling
pathways are altered during cancer and fibrosis progres-

sion, leading to abnormal cell differentiation. After an
overview of insights gained using “conventional”
mechanobiology approaches that employ mechanically
static hydrogels, we then introduce advanced mechani-
cally dynamic models. These include hydrogels with
controlled relaxation and plastic deformation, which
allow us to investigate the dynamic and dissipative
properties of diseased ECMs, and hydrogels with
switchable mechanics where cell mechanosensing can be
probed in response to temporal changes in matrix me-
chanics, as seen during disease progression (Figure 1).
Mechanically static hydrogels
Conventional mechanobiological studies consider
hydrogels as mechanically static materials, which can be
characterised only via their elastic modulus or stiffness.
However, hydrogels are inherently viscoelastic and

display some viscous, stress relaxing behaviour. Most
works disregard this dissipative contribution and make
no deliberate effort to either control or alter it. Within
this respect, hydrogels are considered elastic, or in any
case slow relaxing, and the observed cell responses are
ascribed to changes in substrate stiffness alone.

Stiffness relates to the extent an object resists defor-
mation in response to an applied force; this is highly
variable across different biological tissues. As highlighted
in the introduction, one of the hallmarks of fibrotic and

cancerous progression is tissue stiffening accompanied by
significant stromal reorganisation and differentiation of
multiple cell types into CAFs and fibrotic phenotypes
[7]. Hence, changes in stiffness have been modelled
using hydrogels of varied elastic modulus to investigate
how mechanosensing is consequently altered and con-
tributes to cell differentiation in cancer and fibrosis; ex-
amples of these models are summarised in Table 1.
Results demonstrate that elastic stiffness is a major
player in driving cell differentiation through EMT, FMT
www.sciencedirect.com
or stellate cell activation via altering of mechanosensitive
pathways. For example, Lopez-Cavestany et al. showed
that EMTof prostate cancer epithelial cells increased on
stiffer matrices in a Piezo1-dependent manner
(Figure 2a) [34]; similar responses have been observed
for other types of cancers, including pancreatic and breast
[35e37]. In FMT, Walker et al. showed that stiffer
matrices coincide with a cardiac myofibroblast phenotype

which was associated with activated YAP expression
(Figure 2b) [38]; similar responses have also been
observed in other cardiac fibrosis studies [39] and in the
context of lung fibrosis [40]. In stellate cell activation,
Budde et al. showed that PSCs become activated on
stiffer substrates, with increased durotaxis which was
shown to be a Piezo1-dependent mechanism (Figure 2c)
[41]; similar observations have been found in the context
of liver fibrosis [42].
Mechanically dynamic hydrogels
Viscoelastic and plastic hydrogels
Mechanobiological studies in cancer and fibrosis using
conventional mechanically static hydrogels have
revealed the crucial role of stiffness in driving mecha-
notransductive changes that promote the differentiation

of resident cells into diseased phenotypes, contributing
also to drug resistance. However, these matrices do not
fully recapitulate the mechanical properties of native
tissues, which are instead highly dynamic and dissipa-
tive environments [43]. Indeed, most biological tissues
exhibit viscoelasticity as they present both elastic and
viscous properties, demonstrated for example by a time-
dependent strain when a stress is applied. Recent
studies have moreover confirmed that tumour micro-
environments not only undergo changes in their stiff-
ness, but also in their viscoelastic properties, likely as a
result of abnormal matrix crosslinking [44]. Hence,

generating hydrogels with controllable viscoelastic
properties has great potential in improving our under-
standing of cancerous and fibrotic disease progression;
these dynamic models could help identify mechano-
sensitive pathways as potential therapeutic targets.
Indeed, the role of environmental viscoelasticity in
pathological differentiation, such as EMT, has been
discussed and speculated recently [45].

Fabricating viscoelastic hydrogels is a novel area of
research which has seen various strategies employed to

harness the viscoelastic potential of different systems.
Examples of strategies include steric spacing of cross-
linking points and incorporation of viscous, linear
polymers; these approaches successfully modulate
hydrogel viscoelasticity and have a significant influence
on key cell behavioural aspects, such as adhesion and
differentiation [46,47]. It has also been shown that the
interplay between matrix stiffness, viscoelasticity, and
ligand density influences cell behaviour and should be
considered when developing viscoelastic materials to
Current Opinion in Biomedical Engineering 2025, 33:100570
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Figure 1

Hydrogel-based models to study mechanobiology of cell differentiation in cancer and fibrosis. Cancer and fibrosis microenvironments support
the differentiation of healthy cell phenotypes into diseased phenotypes that sustain disease progression; the changes in microenvironmental me-
chanical properties observed in vivo can be modelled in vitro using conventional mechanically ‘static’ (elastic) hydrogels, or more advanced ‘dynamic’
matrices. These models can help to decipher changes in key mechanosensitive signalling pathways and players, including YAP/TAZ, Rho/ROCK,
TWIST1, Piezo1, pFAK, Integrin b1 and ILK. Figure prepared in Biorender.
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understand disease progression [48]. Hence, re-
searchers have been recently addressing cell behaviour
during cancer and fibrosis in response to dynamic and
dissipative properties of the microenvironment,
revealing a link between viscoelasticity and cancer/
fibrotic progression.

In the context of hepatocellular carcinoma, Fan et al.
showed that disease progression was found to be

accompanied by changes in collagen architecture that
enhance ECM viscoelasticity, with greater viscous dissi-
pation and faster stress relaxation, but no changes in
stiffness. Mechanistically, viscoelasticity was demon-
strated to promote proliferation and invasion via an
integrin-b1etensin-1-Rho/ROCKeYAP mechano-
transductive pathway (Figure 3a) [49]. EMT in breast
cancer has also been linked to altered ECM viscoelas-
ticity; Sacco et al. showed that overexpression of ILK
increases cell spreading, promotes TGFb1-induced EMT
and abrogates TGFb1-induced apoptosis in cells cultured
Current Opinion in Biomedical Engineering 2025, 33:100570
on viscoelastic polyacrylamide gels with a storage
modulus of 2 kPa [50].

Besides viscoelasticity, a known dissipative feature of
ECMs is their plasticity, which relates to permanent
microstructural rearrangements in the matrix. Wisdom
et al. developed hydrogels with tuneable plasticity using
soft (w2 kPa) alginate gels with varied polymer mo-
lecular weight and crosslinking ratios [51]. Interestingly,

in gels with high plasticity, various breast cancer cell
lines showed increased invasive and migratory behaviour
by opening channels in pores through progressively
widening and lengthening protrusions, which suggests
that more aggressive cell behaviour is promoted in this
setting. Additionally, this study showed that the
observed cell behaviour was independent of protease-
mediated matrix remodelling, which is known to pro-
mote cancer and fibrosis, suggesting that the stress-
relaxing properties of soft tissue could be crucial as
well in driving cancer progression (Figure 3b).
www.sciencedirect.com
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Table 1

Mechanically static hydrogel-based models reveal that stiffness-induced mechanobiological changes regulate differentiation towards cell phenotypes implicated in cancer and fibrosis.

Differentiation Disease Cell/tissue type Material Ligand Dimensionality Stiffness Cell response Signalling Ref

EMT Pancreatic ductal
adenocarcinoma

Primary human
PDAC cells

Self-assembled
peptide based

3D 1, 10 kPa In stiffer hydrogels:
- Increased EMT
marker

- Increased ECM
protein expression

- Increased resistance
to gemcitabine and
paclitaxel

In stiffer hydrogels:
- Increased nuclear YAP/TAZ

[35]

Breast cancer DU4457 Fibrin 3D 0.17,
0.52 kPa

In stiffer hydrogels:
- Increased EMT
marker expression

In stiffer hydrogels:
- RhoA-dependent response

[36]

Patient-derived
tumour
xenografts

Collagen type I 3D 140 Pa,
1.2–2 kPa

In stiffer matrices:
- Increased EMT
expression

- More metastatic lesion
formation

In stiffer matrices:
- Upregulation of adhesion
markers integrin b1 and p-
FAK

- Increased YAP activation

[37]

Prostate cancer PC3, DU145 Polyacrylamide Collagen type
I

2D 5, 60 kPa On stiffer hydrogels:
- Increased EMT
marker expression

On stiffer hydrogels:
- Increased intracellular Ca2+

- Piezo1 agonist Yoda1
enhances EMT

- Piezo1 antagonist GsMTx-4
inhibits EMT

[34]

FMT Cardiac fibrosis Primary adult rat
ventricular
fibroblasts

Polyethylene
glycol-
norbornene

RGD 2D 6, 41 kPa On stiffer hydrogels:
- Increased expression
of myofibroblast
markers

[39]

Primary porcine
valve interstitial
cells

Polyethylene
glycol acrylate

RGD 2D 5, 13 kPa On stiffer hydrogels:
- Increased expression
of myofibroblast
markers

- Chromatin remodelling

On stiffer hydrogels:
- Increased YAP activation
- YAP inhibition with
verteporfin reverses
myofibroblast activation

[38]

Lung fibrosis Primary human
lung fibroblasts

Gelatin
methacrylate

2D 5, 15 kPa On stiffer hydrogels:
- Increased
myofibroblast
activation

On stiffer hydrogels:
- Increased YAP activation

[40]

Stellate cell
activation

Hepatocellular
carcinoma

Human primary
HSCs

Polyacrylamide Collagen type
I

2D 1, 32 kPa On stiffer hydrogels:
- Myofibroblast
activation of HSCs

- Increased carcinoma
growth and metastasis

On stiffer hydrogels:
- Response mediated by E2F
transcription factor 3

[42]

Pancreatic
adenocarcinoma

Murine primary
PSCs

Polyacrylamide ECM mixture 2D 0.75, 5,
13.5 kPa

On stiffer hydrogels:
- Myofibroblast-like
phenotype and marker
expression

- Increased durotaxis
towards stiffer regions

On stiffer hydrogels:
- Pharmacological alteration
of Piezo1 activity abolishes
durotaxis

- Mechanosensitive ion
channels TRPV4 and
TRPC1 also involved

[41]
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Figure 2

Examples of using mechanically static hydrogels to investigate differentiation towards disease phenotypes via EMT (a), FMT (b) and stellate
cell activation (c): a) Diagram showing the influence of Piezo1-mediated Ca2+ signalling during mechanosensitive EMTon soft and stiff polyacrylamide
substrates, reproduced with permission [34]. b) Representative images of male valve interstitial cells (VICs) cultured on stiff or soft polyethylene glycol
acrylate hydrogels when immunostained for a-SMA (green) and DAPI (blue), cell mask, scale bar = 100 um, (i) Quantification of myofibroblast-like
phenotypes using a-SMA relative fluorescence intensity, cell area, and nuclear area for VICs on soft or stiff hydrogels. n > 592 cells (ii), reproduced with
permission [38]. c), Representative phase-contrast image of PSCs on an ECM-coated gradient polyacrylamide hydrogel. The dashed line indicates the
centre of the gradient separating “stiff” and “soft” gradient regions. Scale bar = 250 mm, (i), Representative immunofluorescence images of the
myofibroblastic PSC marker a-SMA (green), vimentin (red) and DAPI (blue) of PSCs seeded on stiff (left) and soft (right) regions, respectively, from
N = 4 experiments. Scale bar = 150 mm, (ii), Scatter plot of total PSC a-SMA fluorescence assessed by multiplying cell area with a-SMA fluorescence
intensity. n cells measured/N experiments �51/4, (iii) Schematic depiction of “positive” durotaxis. The cells move towards the stiffer side of the gels (left)
and durotaxis polar plots depict individual PSC trajectories over 24 h (black lines). The radius of the blue half circles is proportional to the mean cellular
displacement into the directions 0� and 180�, respectively. Radial lines indicate 0�, 90�, 180�, 270�. The scale bar corresponds to two sizes: 100 mm for
the trajectories and 50 mm for the half circles. Radius of the concentric circle is a visual aid for the scale bar (right), reproduced with permission [41]. (For
interpretation of the references to color/colour in this figure legend, the reader is referred to the Web version of this article.)

6 Cellular and Molecular Aspects of Mechanobiology of the Extracellular Matrix
Switchable mechanics
As mentioned in the introduction, desmoplasia in cancer
and fibrosis is characterised by stromal reorganisation
over time. To model this, recent studies have developed
hydrogel-based systems that can undergo switchable,
Current Opinion in Biomedical Engineering 2025, 33:100570
on-demand changes in mechanics. While dynamically
stiffening microenvironments can model disease pro-
gression within the stroma, softening hydrogels have

also demonstrated to be useful platforms, for example to
study fibrotic regression.
www.sciencedirect.com
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Figure 3

Examples of using fast-relaxing hydrogels to investigate pathological
cell responses in cancer and fibrosis: a) Schematic of the role of tensin
1, which functions as a key component of the ECM mechanosensor
complex by binding to integrin b1 in the high-viscoelasticity ECM which
arises in liver cancer through increased production of advanced glycation
end-products (AGEs) and disruption of collagen architecture. The diagram
was created using BioRender. Reproducedwith permission [49]. b)Known
modes and newly discovered mode of confined migration in cancer. For
pores sizes smaller than a cell but larger than ~3 mm, it is thought that cells
can squeeze through pores to migrate, without requiring proteases. It is
thought that for pores smaller than ~3 mm, cells are considered confined to
such a degree that they require proteases to migrate. The authors report a
migration mode that is plasticity-mediated and protease-independent: if
pores are smaller than~3 mmand thematrix is sufficiently plastic, then cells
can use progressively widening and lengthening protrusions to physically
open up a channel in the surrounding matrix and enable cell migration.
Reproduced with permission [51].
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Stiffening
In the context of cancer progression, Joyce et al. used an
alginate-Matrigel platform capable of undergoing dy-
namic ECM stiffness modulation via Ca2þ ion release
under near infra-red light to mimic the increase in tissue
stiffness seen in breast cancer. They observed that dy-
namic stiffening of MDA-MB-231 breast cancer cell-
laden gels from 0.2 to 1.6 kPa or 2e3 kPa resulted in
significantly increased EMT and greater chemothera-
peutic resistance than their static gel counterparts. This
suggests that dynamic stiffening hydrogels may serve as

more effective models for drug studies compared to static
ones [52]. Shou et al. also showed that dynamic stiffening
is important for EMT in breast cancer; MCF-7 cells
encapsulated in 3D gelatinehyaluronic acidemagnetic
microparticle (GHAM) hydrogels that were dynamically
stiffened using magnetic actuation from 0.5 to 2.5 kPa
showed upregulated EMT marker expression, increased
drug resistance and elevated mechanotransduction of
YAP and TWIST1 [53]. Also in the context of breast
cancer, Ondeck et al. developed a methacrylated hyal-
uronic acid (MeHA) hydrogel that can undergo dynamic

stiffening from 0.15 to 3 kPa via photopolymerisation to
mimic mechanical changes from healthy to malignant
breast cancer tissue. They demonstrated that dynamic
stiffening supported EMT of mammary epithelial cells
via a mechanism mediated through mechanosensitive
transcription factors TWIST1 and YAP [26]. Nguyen
et al. instead developed a highly flexible dynamic
hydrogel using an adapted gelatin-norbornene system
that can independently increase not only elasticity, but
also stress relaxation; in this study, dynamic increases in
elasticity from 2 to 6 kPa, rather than stress relaxation,

enhanced EMT of COLO-357 cells in the context of
pancreatic cancer [54]. Finally, Caliari et al. developed
MeHA hydrogels that undergo dynamic stiffening from
1.75 to 33 kPa to mimic mechanical changes in liver
fibrosis. In this study, they showed that dynamic stiff-
ening induced myofibroblast activation of primary rat
HSCs through upregulation of myofibroblast marker a-
SMA and nuclear activation of mechanosensitive tran-
scription factors YAP/TAZ [55].

Softening
Using magnetically softening GHAM hydrogels, Shou
et al. showed that softening of the ECM from 2.5 to
0.5 kPa reverts MCF-7 breast cancer cells to a more
epithelial phenotype by reversing EMT responses
through reduced mechanotransduction of YAP and
TWIST1, improving drug efficacy [53]. Sankhe et al.
also showed that dynamic softening from 2.1 to 0.2 kPa
results in a reversion of the EMT phenotype of MDA-
MB-231, MCF7 and MCF10A breast cancer cells using
MeHA gels that soften upon pentaerythritol tetrakis (3-
mercaptopropionate) hydrolysis; this response was

further linked to an attenuation of ILK (Figure 4) [57].
These studies could hence provide platforms to inves-
tigate not only the role of substrate mechanics in EMT
Current Opinion in Biomedical Engineering 2025, 33:100570
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Figure 4

Example of dynamically softening hydrogels to investigate pathological cell responses in cancer and fibrosis: a) Immunofluorescence staining
for vimentin (green) and E-cadherin (red) showing changes in vimentin and cadherin expression across time for i) MDA-MB-231 breast cancer cells and
ii) MCF10A mammary epithelial cells cultured on dynamic hydrogels and treated with ILK inhibitor QLT0267 or vehicle control. Scale bars: 25 mm. b) i)
Western blotting for ILK1 in MDA-MB-231 breast cancer cells seeded on static and dynamic MeHA-based hydrogels for various time points. ii)
Densitometric analysis of ILK1 from blot shown in panel a, showing that ILK levels decrease as a function of time as the matrix softens. Data normalized
with respect to static MeHA 210 Pa day 15 sample. Data indicate mean ± sem for n = 3 trials. **p < 0.01. Reproduced with permission [57]. (For
interpretation of the references to color/colour in this figure legend, the reader is referred to the Web version of this article.)
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Dynamic models for cancer and fibrosis Walker et al. 9
plasticity, but also matrix softening strategies as anti-
cancer treatments. In the context of fibrosis, Caliari
et al. developed MeHA hydrogels with hydrolytically
degradable crosslinks which could gradually soften from
w15e20 to w1e3 kPa over 14 days to mimic mechan-
ical changes during liver fibrosis regression. Here, they
mechanically primed rat HSCs on stiff substrates to
induce a myofibroblast phenotype and showed that, in

response to hydrogel softening, they reverted to an in-
termediate phenotype, akin to that reported in vivo, with
downregulation of myofibroblast marker a-SMA and
mechanosensitive rheostats YAP/TAZ [56]. This study
demonstrates that dynamically softening hydrogels
represent an optimal tool to mimic fibrosis regression.
Outlook
Hydrogels, thanks to their tuneability as ECMmimetics,
provide effective mechanobiological models to study the
mechanosensitive processes that regulate pathological
cell differentiation in cancer and fibrosis. Conventional
mechanically static hydrogels have demonstrated that
the stiffer environments encountered during cancer and
fibrosis progression coincide with the activation of key

signalling molecules, such as the mechanical rheostat
YAP/TAZ, which facilitate differentiation into diseased
phenotypes through EMT, FMT or stellate cell activa-
tion. These models can hence facilitate the identification
of potential mechanosensitive therapeutic targets to
disrupt abnormal cell differentiation events.

More complex dynamic models that better recapitulate
the mechanical properties of the diseased stroma have
further revealed that the viscoelastic and plastic proper-
ties of the matrix cannot be overlooked, as they are able

to reveal cellular behaviours, like modes of migration and
invasion, that conventional models cannot predict. Dy-
namic models have also allowed temporal control over
changes in mechanical properties. Besides being able to
mimic the timescales associated with disease progression,
hence constituting an inherently improved disease
model, these platforms have further revealed the limi-
tations of mechanically static hydrogels by showing that
drug resistance is influenced by these dynamic changes.
Dynamic stiffening and softening hydrogels hence pave
the way to more complete mechanobiological models

which can improve our understanding of disease dy-
namics and potentially reveal new treatment options.

Despite the aforementioned advances in hydrogel
technologies, there are still limitations of these
mechanobiological platforms which future research will
need to address. Static systems provide researchers with
a high degree of control over the physical properties of
the microenvironment, but are not appropriate for
predicting real-time changes in cell phenotype during
www.sciencedirect.com
disease progression as a function of dynamically altered
mechanics. To predict cell responses that are clinically
relevant (e.g., drug resistance) these studies must be
conducted in line with timescales appropriate to path-
ological progression. In this way, changes in cell
phenotype can be investigated gradually throughout the
transition between healthy and diseased tissue, in
response to appropriate time-dependent mechanics that

regulate mechanosensitive responses. While dynamic
platforms certainly progress towards mimicking these
time-dependent mechanical changes, precise control
over them to coincide with in vivo timescales remains an
ongoing challenge. Another challenge in the field of
dynamic ECM systems is that biochemical cues also
change alongside mechanics during the transition from
health to disease. To more accurately recapitulate these
complex changes, researchers should endeavour to
introduce functionalities that present ECM cues to cells
dynamically, in a manner which captures the transition

from healthy to pathological tissue. Collaboration be-
tween material scientists, bioengineers, biophysicists
and cell biologists has been encouraged in previous re-
views of static and dynamic systems [58]; this will be
critical to develop more accurate disease models that
encompass the complex myriad of dynamic changes that
the ECM experiences as disease progresses.

Going forward, it is hence crucial that we build upon the
mechanobiological knowledge gathered using conven-
tional platforms, progressing towards the development

of models with dynamic signals which are reminiscent of
those seen during disease progression. This will provide
new insights into how cells perceive and respond to
changes in mechanical stimuli, better informing cancer
and fibrosis researchers and ultimately providing clini-
cally relevant diagnostic and therapeutic information.
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