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BIOPHYSICS

Unlocking the therapeutic potential of

cellular mechanobiology
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Mechanobiology is a rapidly advancing field at the intersection of biology, physics, and engineering that reveals
how mechanical forces shape cellular behavior, tissue architecture, and disease progression. By elucidating how
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cells sense and transduce mechanical cues, mechanobiology has fundamentally advanced our understanding of
processes ranging from migration and differentiation to immune responses and tissue remodeling. These advanc-
es have driven the development of innovative biophysical tools and engineered biomaterials that enable precise
modulation of the cellular microenvironment. Translating mechanobiological principles into clinical practice is
giving rise to mechanomedicine, a previously unrecognized paradigm that integrates mechanical forces as key
modulators of health and disease. This review highlights how mechanobiology informs therapeutic strategies
across diverse domains, including cancer immunotherapy, cardiovascular and neurodegenerative disorders, and
regenerative medicine. By bridging fundamental discoveries with translational applications, this review positions
mechanobiology as a cornerstone of next-generation medical innovation, translating mechanistic insights into

impactful clinical applications.

INTRODUCTION

Recent breakthroughs in understanding how cells and tissues sense
and respond to mechanical forces have propelled the emergence of
mechanobiology—a multidisciplinary field at the intersection of bi-
ology, physics, and engineering (1). Mechanobiology explores how
mechanical cues, such as stiffness, viscoelasticity, spatial confine-
ment, curvature, and hydrodynamic forces, regulate cellular behavior
and tissue architecture. These discoveries have been made possible
by the development of advanced biophysical tools (2): from plat-
forms that finely tune the mechanical properties of the cellular mi-
croenvironment to those enabling real-time visualization of cellular
adaptation, precise control of cell spreading, confinement, and the
application of mechanical forces at scales ranging from single cells
to entire tissues.

Beyond mapping the structural adaptations of cells to mechanical
stimuli, recent work has unraveled the signaling pathways that trans-
duce mechanical inputs into biochemical responses—establishing a
direct link between force transmission, cytoskeletal dynamics, nuclear
architecture, and gene regulation (3). Mechanobiology has shown that
transitions between distinct mechanical states are not merely passive
but can actively modulate homeostasis, drive differentiation, or trig-
ger disease. Dysregulation of these mechanical signals contributes to
the pathogenesis of numerous conditions, including cancer, fibrosis,
and cardiovascular and neurodegenerative diseases (4). This realiza-
tion has catalyzed the concept of mechanomedicine—a translational
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framework where mechanical forces are considered both a diagnostic
marker and a therapeutic target (5, 6).

This review aims to present a comprehensive overview of cellular
mechanobiology, focusing on the fundamental principles governing
how cells sense and respond to mechanical cues. We explore the im-
plications of these processes in disease pathogenesis and highlight
recent efforts in translating mechanobiological insights into thera-
peutic strategies, including regenerative medicine and clinical trials.

MECHANICAL CUES SHAPING CELL AND TISSUE BEHAVIOR

Cells and tissues are constantly exposed to a variety of mechanical
cues that shape their behavior and function. These cues can arise
from physicochemical modifications of the extracellular matrix
(ECM) or from external mechanical forces applied to cells and tis-
sues. These mechanical signals are sensed and integrated by cells to
regulate essential processes such as migration, proliferation, differ-
entiation, and tissue morphogenesis. Cells and tissues can also mod-
ulate their own mechanical and functional properties by activating
outside-in and inside-out mechanotransduction pathways (7). The
first part of this review focuses on the current fundamental knowl-
edge of a selected set of mechanical cues—stiffness, viscoelasticity,
curvature, spatial constraints, and hydrodynamic forces—while ac-
knowledging that other important mechanical factors also contrib-
ute to cellular behavior (8).

ECM stiffness

Among the various physical properties of the ECM, stiffness has his-
torically emerged as a central parameter in mechanobiology. It was
one of the first mechanical cues identified to directly influence cell
behavior, and it remains one of the most widely studied factors in
the field, although many other important cues have since been iden-
tified. The importance of matrix stiffness lies in the fact that the elas-
tic modulus of living tissues spans several orders of magnitude. For
example, brain tissues and healthy liver are very soft and exhibit
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elastic moduli in the range of a few hundred pascals, while muscle
tissues are stiffer with an elastic modulus around 12 kPa (9). Ten-
dons and cartilage, in contrast, display much higher stiffness, typi-
cally in the megapascal range (10). Certain tissues, such as the liver,
can undergo substantial stiffening during disease progression: As
fibrosis and cirrhosis develop, the elastic modulus can increase from
less than 1 to ~20 kPa or even higher (11, 12). In the mechanobiology
literature, the terms “stiffness,” “rigidity;” and “Young’s modulus” are
often used interchangeably to describe the mechanical resistance of
cells and matrices, despite their subtle distinctions in physics and
engineering (Fig. 1).

A foundational insight from mechanobiology is that the stiffness
of standard tissue culture substrates, such as plastic or glass, lies in
the gigapascal range, which is orders of magnitude stiffer than the
native cellular environment. As a result, most cells are cultured un-
der nonphysiological mechanical conditions. The recognition of this
mismatch has helped explain the high failure rate of in vitro studies,
particularly pharmacological tests, which often lead to misleading
conclusions and poor translation to clinical settings (13). A second
key realization regarding the importance of mechanical conditions
is that modulating the mechanical properties of the cellular environ-
ment is a critical factor for the establishment and maintenance of
proper cellular and tissue functions (Fig. 2).

Over the past few decades, extensive research has elucidated how
cells and tissues sense and respond to variations in ECM stiffness
(14). These efforts have been supported by the development of tun-
able polymeric matrices, advanced biochemical functionalization
strategies, force-based assays, and nanomechanical tools capable of
probing forces down to the molecular scale (15). In a landmark
study, mesenchymal stem cells (MSCs) were cultured on polyacryl-
amide substrates with varying stiffness to investigate how matrix
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mechanics influence stem cell differentiation. The results demon-
strated that MSCs differentiated into neurocytes on soft matrices
(0.1 to 1 kPa), skeletal muscle cells on intermediate matrices (8 to
17 kPa), and osteoblasts on stiff matrices (>34 kPa), underscoring
the pivotal role of matrix stiffness in directing cell lineage specifica-
tion. Together, these advances have revealed the remarkable mecha-
nosensitivity of cells and tissues, showing that key cellular functions,
such as migration, proliferation, and differentiation, are optimized
within a specific range of ECM stiffness (Fig. 2).

Very recent studies have unveiled previously unidentified mo-
lecular mechanisms by which cells transduce mechanical signals
into biological outcomes. For example, a specific region within the
talin protein, known as the R1R2 interface, acts as a critical force-
sensitive switch that enables cells to sense and adapt to the stiffness
of their surrounding environment (16). Destabilizing this interface
lowers the threshold for focal adhesion formation, allowing cells to
spread and generate traction forces even on soft matrices. This find-
ing identifies a direct mechanotransduction pathway linking matrix
mechanics to cytoskeletal organization and tissue integrity. Talin, a
key protein in cell adhesion, controls this connection through its in-
teraction with actin-related protein 2/3 complex subunit 5-like (AR-
PC5L), as part of the machinery that builds actin fibers. This reveals
a previously unknown layer of regulation in how cells respond to
their environment.

Together, these studies illustrate how fundamental mechanobiology
continues to reveal intricate pathways by which cells sense, integrate,
and respond to the mechanical properties of their environment. While
much attention has focused on stiffness, it is crucial to recognize that the
ECM is not a purely elastic material: It exhibits viscoelastic and plastic
properties, such as stress relaxation and creep, which also play critical
roles in tissue homeostasis and disease progression (17-19).

The main mechanotransduction axis consists of
integrins, focal adhesions, and the actomyosin
cytoskeleton. Together, they form a mechanical bridge
connecting the extracellular matrix to the cell interior.
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Fig. 1. Key principles of matrix mechanics, regulatory mechanisms, and force transmission. Myosin-driven actin flow is resisted by integrins anchored to the ECM,
enabling force transmission and mechanical sensing. The molecular clutch model describes how dynamic integrin engagement allows cells to detect both stiffness and
viscoelasticity, with distinct responses to elastic versus time-dependent materials. Adapted from (38).
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atherosclerosis. Adapted from (19, 53, 144, 151, 160).

ECM viscoelasticity
Although the first synthetic polymer matrices, such as polyacrylamide
hydrogels, successfully reproduced the variability of ECM stiffness
(14, 20), they still failed to capture its native mechanical complexity.
The initial substrates developed for mechanobiology studies behaved
as linear elastic solids under cellular deformations, whereas natural
ECMs exhibit time- and deformation-dependent mechanical behav-
iors, including nonlinear elasticity, stress relaxation, creep, and plastic-
ity (Fig. 1).

Rheological analyses reveal that in most soft tissues—such as liver,
breast, muscle, skin, and adipose tissue—the loss modulus (viscous
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component) is typically about 10 to 20% of the storage modulus
(elastic component) when measured at 1 Hz (21). This indicates
that, although these tissues are primarily elastic, they also display a
substantial capacity for viscous dissipation. Stress relaxation ex-
periments show that these soft tissues gradually lose their mechani-
cal resistance to deformation, typically over timescales ranging
from tens to hundreds of seconds (22, 23). This relaxation is essen-
tial for adapting to dynamic forces without accumulating damage.
In idiopathic pulmonary fibrosis and liver cancer, altered ECM
stress relaxation perturbs tissue mechanics and activates mechano-
transduction pathways that drive disease progression (Fig. 2).
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Notably, even stiffer tissues—such as bone, tendon, ligaments, and
cartilage—exhibit viscoelastic behavior, with a loss modulus of ~10%
of the storage modulus, underscoring that viscoelasticity is not ex-
clusive to soft tissues.

These viscoelastic properties arise from the weakly cross-linked,
hydrated protein networks that make up the ECM (21, 24, 25). For
example, collagen networks resist deformation via cross-links, which
determines their elastic modulus, but the unbinding and reorganiza-
tion of weak noncovalent interactions dissipate energy over time,
producing stress relaxation and creep, which determines their visco-
elastic properties (26). Under sustained forces, the ECM can undergo
plastic deformations, resulting in irreversible changes to its structure.
Consequently, natural ECMs such as collagen and reconstituted base-
ment membrane (e.g., Matrigel) are viscoplastic materials (27).

In biological tissues such as collagen networks, viscoelastic relax-
ation enables the formation of transient mechanical gradients that
guide the movement of groups of cells, even without chemical sig-
nals to direct them (28). This property is not limited to natural tis-
sues. Engineered materials with similar viscoelastic behaviors have
been shown to enhance the development of functional blood vessels
and promote healing after heart injury (29). On a smaller scale, the
way cells attach to and pull on their surroundings using transmem-
brane proteins (integrins and cadherins) is also influenced by visco-
elasticity (Fig. 2). This can change how cells sense forces and make
decisions about their future, such as whether to become bone or fat
cells (30, 31). Moreover, the combination of viscoelasticity and
physical confinement, such as squeezing cells into tight spaces, can
further affect how cells spread and migrate, as seen in models of
breast epithelial cells (32).

Understanding how ECM properties (e.g., stiffness and visco-
elasticity) modulate cytoskeleton-dependent processes such as cell
migration has prompted considerable theoretical interest in the role
of adhesion complexes. These structures, which act collectively as
molecular clutches, ensure mechanical coupling between the actin
cytoskeleton and the ECM through transmembrane receptors. The
motor-clutch model describes how cells transmit forces to their sur-
rounding matrix through dynamic interactions between actomyosin
contractility and adhesion complexes (Fig. 1) (33). Clutch compo-
nents, composed of mechanosensitive proteins, undergo conforma-
tional changes when stretched, entering distinct functional states
that initiate specific biochemical signals. These signaling outputs are
shaped not only by the magnitude of force but also by the temporal
characteristics—such as duration, frequency, and mechanical his-
tory—of each force transmission event. In adhesion-dependent mi-
gration, cells often exhibit a biphasic response to substrate stiffness
(34), with maximal traction and motility at intermediate stiffness.
Some cells, however, overcome this constraint by reinforcing adhe-
sions in a force-dependent manner (35), allowing sustained migra-
tion even on stiff matrices. Beyond stiffness, viscoelasticity of the
ECM plays a crucial regulatory role: Molecular slippage within clutch
complexes and viscous stress dissipation influence force transmission
(36). Notably, fast stress-relaxing soft substrates can enhance clutch
engagement and promote faster cell migration (37), highlighting the
importance of both elastic and viscous matrix properties in guiding
cell behavior (Fig. 2). Collectively, these findings underscore that vis-
coelasticity is not a passive property but an active regulator of cellular
mechanotransduction, migration, and differentiation, shaping cell
fate decisions across physiological and pathological contexts (38).
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Matrix curvature

Beyond the variation in mechanical properties, tissues and organs
exhibit intrinsic curvature at both their outer and inner interfaces,
which profoundly influences cellular organization and behavior (39).
These curvatures, which can be either concave or convex, vary in
magnitude across tissues, typically ranging from 10 to 1 um™" (39).
An increasing body of evidence highlights local curvature as a key
parameter of the cellular microenvironment, regulating cell mor-
phology, polarity, and function (Fig. 2).

Curved surfaces generate spatially varying stress fields: Convex
regions promote tension accumulation, while concave zones tend to
dissipate mechanical forces. Cells interpret these cues through a dy-
namic balance of forces arising from cytoskeletal contractility, os-
motic pressure, and membrane tension. The actomyosin cytoskeleton
reorganizes in response, forming distinct architectures: Stress fibers
align along concave boundaries (40), while lamellipodia and branched
actin networks preferentially localize to convex areas (41). Microtu-
bules and actin filaments act in concert to generate compressive and
tensile forces that shape both individual cells and multicellular tis-
sues. These mechanical adaptations are propagated across tissue scales
via adhesive structures such as focal adhesions and cadherin-based
junctions, enabling collective cellular responses to curvature. In vi-
tro studies have shown that migrating cells are guided by the curva-
ture of their substrate—a phenomenon known as curvotaxis (42).
Cells exhibit preferential migration along specific curvatures, driven
by the minimization of membrane-substrate adhesion energy and
the energetics of membrane protein complex binding (43). At the
nuclear level, curvature induces shape deformations that influence
gene expression: Nuclei are compressed vertically at convex inter-
faces, which can alter nuclear pore organization and the localization
of mechanosensitive transcriptional regulators, while concave regions
relieve mechanical constraints (39, 44).

While these observations support a central role for curvature in
cellular mechanosensing, the precise molecular mechanisms by which
cells detect and transduce curvature cues remain an active area of
investigation (39). Nonetheless, curvature-driven mechanical gradi-
ents have been shown to regulate cell fate decisions, promoting
osteogenesis on convex zones and adipogenesis in concave regions
(45, 46). Together, these findings illustrate how cells integrate geo-
metrical and mechanical cues through curvature sensing to regulate
cytoskeletal organization, nuclear architecture, and gene expression,
which are processes increasingly implicated in pathological contexts
such as fibrosis, cancer progression, and tissue remodeling.

Confinement and spatial constraints

Matrix curvature can locally modulate confinement and spatial con-
straints by increasing cellular density within specific regions, but
spatial constraints are more broadly imposed by the architecture of
the tissue and the dimensions of the extracellular space. High cellu-
lar density in compact tissues and limited matrix dimensions create
spatial restrictions that shape cell migration, invasion, and cellular
energy metabolism.

In single and collective cell migration, substrate adhesion and
integrin-mediated frictional forces emerge as pivotal regulators (47).
At the single-cell level, spatial confinement reduces the available ad-
hesion area and alters protrusive forces, thereby directly modulating
migration speed (Fig. 2) (48). Spatial confinement induces lamelli-
podial thickening, which, in turn, reduces actin treadmilling and
lowers protrusive force generation, ultimately slowing cell migration
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speed (48). Cell trains—linear chains of single cells—are particu-
larly efficient at navigating complex microenvironments, aided by
microtubule alignment along the migration axis and the formation
of cryptic lamellipodia that facilitate forward movement (49). In
contrast, larger cell clusters that exhibit extensive cell-cell adhesions
accumulate internal stresses that propagate transversely to the mi-
gration direction, slowing down collective movement, whereas inter-
axial contacts appear to play a minimal role (49).

Spatial confinement has also emerged as a potent mechanical cue
that regulates cell behavior through nuclear deformation. When cells
migrate through spaces smaller than their nuclear diameter, the nu-
cleus stretches and unfolds its envelope, triggering a cascade of mech-
anotransductive events. This deformation activates stretch-sensitive
pathways that increase actomyosin contractility, enabling cells to
adjust their motility in confined environments (50). In vivo studies
in zebrafish further show that nuclear envelope unfolding under
confinement elevates intracellular calcium levels, which remodel ac-
tomyosin networks and promote migration plasticity (51). Together,
these findings position the nucleus as a central mechanosensor that
interprets spatial constraints to control cytoskeletal dynamics and
guide cellular adaptation in crowded three-dimensional (3D) tissues.

Beyond migration, spatial confinement has been shown to directly
influence stem cell fate. Recent work using physiologically relevant
elastomer-based microchannel systems revealed that confined migra-
tion alone, without any additional biochemical cues, can promote
osteogenic differentiation in human MSCs (52). Cells that navigated
through narrow 3- to 5-pm channels exhibited persistent nuclear
deformation, increased levels of acetylated histones—an indicator of
gene activation—and up-regulated genes associated with bone for-
mation, all of which are early markers of osteogenic differentiation.
These findings highlight that confined migration can act as a potent
mechanical cue capable of initiating differentiation pathways through
deformation-induced nuclear mechanotransduction. Together, this
body of fundamental mechanobiology research provides critical in-
sights into why highly polarized and persistent tumor clusters com-
posed of up to eight cells are frequently observed in patients with
epithelial-originating cancers (53-55) and highlights the pivotal
role of spatial confinement in regulating both physiological and
pathological processes.

Hydrodynamic forces and shear stresses

In addition to the modulation of the physicochemical properties of
the ECM and the spatial constraints imposed by the surrounding
tissue architecture, cells and tissues are also continuously subjected
to external forces, such as fluid shear stress and pressure, which pro-
foundly affect cellular behavior and tissue homeostasis (Fig. 2). This
is, for example, the case of endothelial cells (ECs), which line the
interior surface of blood vessels and continually experience shear
stress from laminar blood flow and pressure gradients.

In response to laminar shear stress, ECs undergo morphological
changes, elongating and aligning their long axis in the direction of
flow (56, 57). This reorientation is accompanied by cytoskeletal re-
modeling, including the alignment of actin filaments into stress fibers
oriented with the flow, providing structural support and facilitating
signal transduction mainly to orient and adopt elongated shape
(58). Microtubules also align along the flow direction, contributing
to intracellular transport and maintaining cell polarity (59). Cell-cell
junctions, particularly those involving vascular endothelial (VE)-
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cadherin, are dynamically remodeled under shear stress to maintain
vascular integrity. These junctions redistribute and strengthen in re-
sponse to flow, ensuring barrier function while allowing for neces-
sary permeability.

A recent controversy has emerged regarding the role of cell-cell
junctions in endothelial mechanotransduction. While some studies
claimed that ECs can align to shear flow without cell-cell contacts,
multiple independent laboratories have demonstrated that cell-cell
junctions are essential for shear stress sensing and alignment over
physiologically relevant timescales (60). Cells in blood vessels use
specialized proteins such as platelet endothelial cell adhesion mole-
cule 1, vascular endothelial growth factor receptor 2 (VEGFR2), and
VE-cadherin to sense mechanical forces such as blood flow. These
proteins help convert these physical forces into chemical signals in-
side the cell, which, in turn, control gene expression and cellular
behavior to maintain vascular homeostasis (61).

The cellular response to shear stress exemplifies the intricate in-
tegration of mechanosensing pathways, a critical area of study, as
dysregulated shear stress is increasingly recognized as a key driver
of human diseases, including atherosclerosis, aneurysm formation,
thrombosis, and cancer metastasis (62, 63). Understanding how
cells sense and respond to hydrodynamic forces is essential to
grasp the profound impact of these mechanical cues on tissue
physiology and pathology. Together, the molecular and biophysical
mechanisms of mechanosensing provide a fundamental frame-
work that allows cells to adapt to their dynamic mechanical envi-
ronment. These principles will be explored in greater detail in the
next section.

CELLULAR AND MOLECULAR MECHANISMS

OF MECHANOSENSING

Cells have evolved sophisticated molecular machinery to sense and
respond to the mechanical forces of their environment. As shown
previously, ECs, for example, rely on specialized mechanosensors to
perceive shear stress and pressure exerted by blood flow (64). This
section focuses on the key components of cellular mechanosensing
and introduces representative pathways that link mechanical cues to
gene expression, cell fate, and disease.

Integrins and focal adhesions are physical anchors and
signaling hubs

At the core of this mechanosensing machinery are integrins, het-
erodimeric transmembrane receptors that physically and functionally
bridge the ECM and the cytoskeleton (65). Each cell type expresses
a tailored set of integrin heterodimers—selected from among the 24
available heterodimers—that are specifically tuned to recognize and
bind distinct ECM proteins, thereby integrating mechanical infor-
mation with the biochemical composition of their microenviron-
ment. By forming focal adhesions, which are dynamic multiprotein
assemblies, integrins enable cells to sense, transmit, and exert forces
across the plasma membrane (Fig. 2A). Mechanical cues, such as the
cues discussed in the previous sections, are then converted into bio-
chemical signals through downstream pathways involving focal
adhesion kinase (FAK) and Src family kinases, a group of enzymes
that regulate how cells grow, move, and respond to their surround-
ings (66). This system enables two-way communication between
external mechanical forces and internal biochemical signals.
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Cytoskeletal connectivity and linker of nucleoskeleton and
cytoskeleton complexes

Beyond the cell membrane, integrins connect to the cytoskeleton,
composed of actin filaments, microtubules, and intermediate fila-
ments. The cytoskeleton itself connects to the nuclear envelope via
LINC (linker of nucleoskeleton and cytoskeleton) complexes, creat-
ing a continuous mechanical axis that spans from the extracellular
environment to the nucleus, where genetic material is stored (44).
Through this architecture, contractile forces generated by actin fila-
ments—powered by myosin motor proteins—can be transmitted
across the cell and ultimately relayed to the ECM.

Membrane tension is a global modulator

of mechanosensitivity

Membrane tension plays a crucial role in regulating integrin engage-
ment and clustering (Fig. 2B) (67, 68). Acting as a global integrator
of mechanical signals, membrane tension sets the threshold for inte-
grin activation, enabling cells to dynamically adapt their mechano-
transduction responses to fluctuations in their physical environment
(69). Together, integrins, cytoskeletal elements, LINC complexes,
and membrane tension establish an integrated, hierarchical system
for mechanosensing and mechanotransduction (70).

While these membrane-associated structures and pathways pro-
vide an essential framework for mechanosensing, recent discoveries
have expanded our understanding of how cells decode mechanical
signals through noncanonical mechanisms. Beyond classical signal-
ing pathways, cells also rely on a diverse array of molecular sensors,
including ion channels, G protein—coupled receptors, and mechani-
cally responsive transcription factors, that broaden the landscape of
mechanotransduction (4).

In the following sections, we highlight three representative mech-
anosensitive pathways, Piezol, Yes-associated protein (YAP)/tran-
scriptional coactivator with PDZ-binding motif (TAZ), and mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK), to illustrate how cells interpret and respond to me-
chanical cues through distinct molecular strategies. Together, these
examples highlight the diversity and sophistication of mechanosen-
sitive signaling and their relevance to essential processes such as
migration, differentiation, and fate decisions, which are fundamen-
tal drivers of both physiological regulation and disease.

Piezo1 is a nanoscale sensor of force and geometry

Piezol is an essential mechanosensor that translates physical cues
from the cellular microenvironment—such as matrix stiffness, vis-
coelasticity, and mechanical forces—into biochemical signals that
regulate cell behavior (Fig. 2C). This mechanosensitive ion channel
allows the entry of calcium (Ca*) in cytoplasm to modulate signal-
ing pathways and chemical signals. Recent studies have largely ex-
panded our understanding of Piezol’s role in mechanobiology.
Notably, Piezol’s spatial distribution is regulated by membrane cur-
vature: It is excluded from highly curved membrane protrusions
such as filopodia but enriched in nanoscale membrane invagina-
tions, suggesting that Piezol functions as a nanoscale sensor of the
cell’s geometric landscape (71). This curvature-dependent localiza-
tion underscores its role as an integrator of both mechanical forces
and membrane topology. Piezol activation—triggered by chemical
agonists such as Yodal or by mechanical stretching—can lead to its
redistribution across the membrane, reinforcing its function as a
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dynamic mechanosensory. Beyond its role in sensing, Piezol also
modulates cytoskeletal organization and cell migration, notably by
regulating filopodia dynamics and interacting with cytoskeletal
components in a force-dependent manner (72). Recent work has
further demonstrated that Piezol mediates cellular responses to ma-
trix viscoelasticity in MSCs, promoting cell spreading, focal adhe-
sion formation, cytoskeletal remodeling, and nuclear tension in a
stiffness-dependent manner within viscoelastic microenvironments
(73). Piezol-dependent mechanotransduction also influences criti-
cal processes such as mitochondrial dynamics and energy metabo-
lism, linking mechanical forces to bioenergetic regulation. Piezol
activity modulates the nuclear localization of YAP, thereby con-
trolling gene expression programs essential for stem cell fate
decisions (74).

YAP/TAZ are transcriptional coactivators of

mechanical inputs

YAP and TAZ are transcriptional coactivators classically associated
with the Hippo pathway, where they regulate gene expression pro-
grams that regulate cell proliferation, survival, and differentiation
(Fig. 2D). However, YAP/TAZ can also be activated by mechanical
cues, including substrate stiffness, confinement and stretch, indepen-
dently of their canonical Hippo signaling context (75). Acting as cen-
tral mechanotransducers, they integrate physical signals from the
cellular microenvironment to control gene expression patterns that
govern critical processes including migration, differentiation, and cell
fate decisions (75). Notably, YAP plays a crucial role in maintaining
tissue homeostasis. In epithelial monolayers, cells exposed to higher
mechanical strain undergo nuclear deformation, enhancing YAP nu-
clear localization and triggering localized compensatory proliferation
(76). These spatial differences in nuclear mechanics and mechanical
input contribute to region-specific transcriptional responses that help
preserve epithelial integrity.

In the context of cell migration, YAP promotes directed move-
ment during embryonic development. In gastrulating fish embryos,
YAP sustains dorsal migration and midline convergence by coordi-
nating actomyosin tension and focal adhesion dynamics, ensuring
proper axis formation (77). In cancer models, YAP facilitates inva-
sive migration by orchestrating a Rho-guanosine triphosphatase
switch: It promotes Racl activation while suppressing RhoA/ROCK
(Rho-associated coiled-coil containing protein kinase) signaling,
thereby enhancing cell motility across diverse systems including
glioblastoma and epithelial cells (78). In cell differentiation, YAP ac-
tivity is tightly linked to mechanical context. For instance, in skeletal
muscle differentiation, myoblast elongation leads to YAP cytoplas-
mic retention and nuclear export, facilitating differentiation into
myotubes (79). In stem cells, YAP dynamically modulates cell fate:
Optogenetic manipulation of YAP levels in embryonic stem cells re-
vealed that pulsatile YAP activity enhances pluripotency markers
such as octamer-binding transcription factor 4 (Oct4) and prolifera-
tion, while sustained YAP repression promotes differentiation (80).
Moreover, substrate curvature can influence YAP distribution through
nuclear deformation, modulating chromatin organization and pro-
liferation in epithelial monolayers (81). Lastly, YAP integrates
mechanical cues from the ECM, with its nuclear translocation
modulated by viscoelastic dissipation. Even on stiff matrices, high
energy dissipation blunts YAP activation, revealing a nuanced inter-
play between rigidity and viscosity in cell mechanosensing (82).

6 of 23



SCIENCE ADVANCES | REVIEW

The MAPK/ERK pathway integrates mechanical cues into
classical signaling

Finally, the MAPK/ERK pathway, traditionally associated with growth
factor signaling, has emerged as a key mechanosensitive module. In
the classical model, ERK sits at the core of the MAPK cascade, a sig-
naling pathway that governs critical cellular processes such as apop-
tosis, migration, and mitosis (Fig. 2E) (83, 84). The pathway is typically
initiated by receptor tyrosine kinase (RTK) activation—often trig-
gered by growth factors such as epidermal growth factor (EGF)—
which sets off a phosphorylation cascade culminating in ERK
activation. Once phosphorylated, ERK translocates into the nucleus,
where it modulates gene expression programs that drive diverse cel-
lular outcomes (Fig. 2E). While pulsatile ERK activity is known to
vary depending on the specific cellular function being regulated
(84, 85), recent studies have revealed the notable mechanosensitivity
of the pathway (86, 87). For instance, during collective cell migra-
tion, mechanical stretching of leader cells activates ERK through
EGF receptor signaling, generating unidirectional ERK waves that
propagate to follower cells and coordinate collective motion (86).
Similarly, in tissue repair, mechanical stretching of cells in opposite
directions triggers ERK activation, promoting regenerative respons-
es in mouse skin models (88).

Together, integrins, the cytoskeleton, membrane tension, Piezol,
YAP/TAZ, and MAPK/ERK constitute central hubs within the cel-
lular mechanotransduction network. These pathways convert me-
chanical inputs into molecular signals that orchestrate cell behavior,
fate decisions, and disease outcomes. Understanding how these path-
ways operate in different contexts not only deepens our knowledge
of cell biology but also opens promising avenues for translational ap-
plications in mechanomedicine. To fully explore these pathways
and their relevance in health and disease, it is essential to employ

Traction force microscopy

2D protein micropatterns

biophysical tools capable of precisely manipulating and quantifying
mechanical cues (Fig. 3).

DECODING MECHANOBIOLOGY: BIOPHYSICAL TOOLS AND
TRANSLATIONAL APPLICATIONS

Substantial efforts have focused on developing tools to modulate the
physicochemical properties of the cellular environment, measure
rheological properties of cells and tissues, replicate mechanical con-
straints, and assess contractile forces at both single-cell and multi-
cellular levels. These technologies have become indispensable for
dissecting the physical forces that shape cellular behavior and for
bridging the gap between mechanobiological insight and transla-
tional applications. Techniques include micropipette aspiration,
microneedles, micropatterning, microfluidics, magnetic tweezers,
traction force microscopy (TFM), atomic force microscopy, particle-
tracking microrheology, and others (89). Together, these approaches
offer a comprehensive toolkit for probing mechanical behavior across
scales. More recently, quantitative phase imaging (90) and Brillouin
microscopy (91) have emerged as powerful, label-free, and noncon-
tact methods to study cellular and tissue viscoelastic properties. These
different tools have advanced our understanding of mechanobiol-
ogy and, in some cases, have been adapted for biomedical applica-
tions. This section highlights selected key tools, major insights, and
their potential for translational research.

TFM for quantifying cell-generated forces

TFM has become a pivotal technique for quantifying cellular forces
and understanding how cells sense and respond to mechanical cues.
Since its introduction by Dembo and Wang in 1999 (92), TFM en-
ables precise measurement of cellular tractions (force per unit area)

Microfluidic devices
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Fig. 3. Biophysical and material tools to decode mechanobiology. (A) 2D traction force microscopy (TFM) allows to quantify cell traction forces at the interface be-
tween an elastic hydrogel (in blue) and cells seeded on top of it by tracking the displacement of fluorescent beads embedded within the hydrogel. The displacement is
reconstructed into forces via computational methods. (B) 3D TFM is similar to 2D TFM; however, it is applied to cells embedded within hydrogels rather than seeded on
top of them. (C and D) 2D protein micropatterns are produced by different techniques, such as microcontact printing or ultraviolet (UV)-based methods, with the aim to
precisely generate geometrically defined ECM protein islands (in red) on different materials, such as glass, elastomers, and hydrogels (in blue). Protein micropatterns can
be used to control (C) cell shape and area or (D) cell migration (773). Microfluidic devices are usually produced by bonding microfabricated devices made of elastomeric
material to glass coverslips. (E) These devices can be used to impose and study dynamic cellular deformations or generating multicellular compartments to study hetero-
geneous cellular interactions. Adapted from (724). (F) Multiorgan on a chip devices used in personalized medicine applications.
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on compliant substrates embedded with fluorescent markers (Fig. 3A).
By imaging substrates in relaxed and tensed states and using particle
image velocimetry—now available through open-source implemen-
tations (93)—TFM has been widely adopted. It has been applied to
diverse processes, such as cardiomyocyte beating (94), epithelial cell
migration guided by physicochemical footprints (95), and the regu-
lation of molecular clutch dynamics (96). Originally, 2D TFM algo-
rithms have been adapted to compute full 3D stress fields (Fig. 3B)
(97, 98). For instance, 3D TFM revealed how altered ECs guide
neighboring cells by exerting pulling forces and reshaping the sur-
rounding matrix (99). Beyond fundamental insights, 2D and 3D
TFM have been applied to pathological contexts. TFM has shown that
increased stiffness in breast tumors amplifies cellular traction forces,
promoting nuclear deformation, invasion, and metastasis (100). More-
over, 3D TFM quantified the collective forces of tumor spheroids in
nonlinear collagen matrices (101), demonstrating how collagen stiff-
ening mediates mechanical feedback and drives cancer invasion, high-
lighting the critical role of 3D mechanical forces in tumor progression.

Protein micropatterns for shaping cellular geometry

and function

TFM outputs are inherently sensitive to cellular parameters such as
adhesion area and cell geometry. This has led to increasing interest
in combining TFM with physicochemical approaches to control these
variables, particularly on soft culture substrates where deformation
fields can be visualized. A pivotal advance came from Whitesides’
(102) adaptation of microcontact printing for biological applica-
tions, enabling the creation of micrometer-scale protein islands with
predefined shapes and sizes (Fig. 3, C and D). This technique allows
precise control over cell spreading area, specific ECM interactions,
and overall geometry (103). Since its introduction, microcontact
printing has evolved into more robust methods, such as ultraviolet
(UV)-based protein patterning (104, 105), which supports func-
tionalization of soft hydrogels for TFM (106), the creation of protein
gradients (107), and complex biochemical microenvironments (108).
Because of these advances, protein micropatterning has become
widely accessible, with commercial systems available for easy adop-
tion in biology laboratories (105). Protein micropatterns have trans-
formed mechanobiology, revealing fundamental processes such as,
for instance, the relationship between cell shape (109) and function
(110) (Fig. 3C), centrosome positioning (111), migration in con-
fined spaces (48, 49, 112-114) (Fig. 3D), myoblast fusion (79), and
contractile force repair relative to cytoskeletal geometry (115, 116).
Beyond fundamental research, micropatterns are now being applied
in translational contexts. For example, multicolor protein micropat-
terns on nanoporous silica substrates have been used for multi-
plexed immunoassays, enabling simultaneous detection of multiple
antigens (117). High-throughput platforms using micropatterned
96-well plates allow systematic analysis of cell behavior under vari-
ous stimuli, aiding drug discovery and toxicology testing (118). In
tissue engineering and regenerative medicine, micropatterns guide
stem cell differentiation and tissue formation (119, 120).

Microfluidic platforms for controlling confinement and
nuclear mechanics

However, the influence of the microenvironment extends beyond
the cell periphery and mechanical forces are also transmitted to the
nucleus, where they regulate genome organization and gene expres-
sion. To probe the mechanics of the nucleus itself, complementary

Kalukula et al., Sci. Adv. 11, eaea6817 (2025) 31 October 2025

techniques have emerged, including microfluidic devices that quan-
tify nuclear viscoelasticity across diverse cell types, for instance, in
tumor cells (121) and induced pluripotent stem cells (iPSCs) (122).
These studies revealed that nuclear mechanics vary across cell types
and disease states, linking nuclear stiffness to cell fate and patholo-
gy. For immune cells, microfluidic platforms have shown how cyto-
skeletal dynamics regulate leukocyte trafficking through narrow
capillaries, with actin governing deformability and myosin IT modu-
lating surface wrinkling and shape relaxation (123). In the nervous
system, microfluidics has enabled studies of microglial responses to
mechanical stress: Compartmentalized devices have reconstructed
corticocortical networks, revealing how microglia-neuron interac-
tions and synaptic dynamics adapt to mechanical cues (Fig. 3E)
(124). A microfluidic artery model demonstrated that ECs respond
to pulsatile flow, shear stress, and cyclic strain in a stiffness-dependent
manner, linking pathological mechanical cues to impaired barrier
function and proatherogenic responses (125). Beyond fundamental
studies, microfluidics is advancing translational research. It has re-
vealed how nuclear deformability is altered in diseases such as lami-
nopathies, with implications for cell migration and differentiation
(122). High-throughput microfluidic micropipette assays have also
identified how force duration influences spheroid deformability
(126). Lastly, single-cell mechanical phenotyping of dissociated tis-
sue biopsies highlights microfluidics’ potential in clinical applica-
tions such as cancer diagnostics, therapeutic monitoring, and tissue
engineering (127).

From bench to bedside: Emerging tools

for mechanomedicine

These biophysical techniques, along with many others, are in con-
tinuous development to address increasingly specific needs in trans-
lational applications. For example, microfluidic systems have led to
the emergence of organ-on-chip technologies, which aim to replicate
the microarchitecture and function of human organs (128). These
systems are now widely used in drug development and disease mod-
eling, with ongoing efforts to integrate multiple organ systems to
simulate whole-body physiology (Fig. 3F) (129). Brillouin micros-
copy, a noninvasive, label-free optical technique, has also become a
powerful tool for measuring the viscoelastic properties of cells and
tissues at high resolution (130). This technique is being explored in
clinical contexts, including the assessment of corneal stiffness in oph-
thalmology and the mechanical characterization of tumors (131, 132).
Last, high-intensity focused ultrasound (HIFU) has emerged as a
noninvasive therapeutic modality that uses focused ultrasound waves
to ablate diseased tissue (133). HIFU has already been applied in
clinical settings for the treatment of conditions such as prostate can-
cer and uterine fibroids, demonstrating its effectiveness in targeted
tissue ablation (134). Together, these examples illustrate the success-
ful translation of biophysical tools from fundamental mechanobiol-
ogy into clinical and therapeutic applications. These advances have
not only transformed our understanding of cellular and nuclear me-
chanobiology but also laid the groundwork for exploring how me-
chanical forces contribute to human disease.

MECHANOBIOLOGY AND DISEASE PATHOGENESIS:

TOWARD MECHANOMEDICINE

Building on fundamental knowledge gained from cellular mecha-
nobiology, the identification of key signaling pathways, and the
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development of various tools and platforms, many studies in the driven by enhanced collagen deposition and cross-linking. This stift-
field have shifted toward the investigation of human diseases, giving  ening promotes tumor progression by activating integrin-mediated

rise to the term “mechanomedicine.” mechanotransduction pathways, which regulate cell adhesion, mi-
gration, and survival. For example, during the transition from duc-
ECM stiffness and viscoelasticity shape cancer progression tal carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC),

The ECM is a dynamic and complex scaffold whose mechanical prop- ~ ECM stiffening creates a proinvasive microenvironment, facilitating
erties vary widely across tissues and change over time during devel-  tumor cell invasion and dissemination (Fig. 4A, a to c) (135). While
opment, aging, and disease. A hallmark of many cancers, including  matrix stiffening is often accompanied by enzymatic remodeling
breast cancer (Fig. 4A), is progressive ECM stiffening, primarily ~ via matrix metalloproteinases (MMPs), recent studies showed that
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Fig. 4. Mechanobiology in disease pathogenesis. Created in BioRender, S.G. (2025) (https://BioRender.com/31hwpic). (A) Breast tumor progression. (a) Mammary duct
progression: normal (left), DCIS (middle), and IDC (right). Yellow fibers indicate collagen. (b) Elastic modulus in a mouse model: normal, premalignant (DCIS), and malig-
nant (IDC) tissues. (c) Confocal images of tissues in (b) stained for LOX (red) and 4’,6-diamidino-2-phenylindole (DAPI) (nuclei; blue). (b) and (c) Adapted from (735). (d)
Force-indentation curves highlight plastic deformation of human mammary tumors. Images of samples pre- and postindentation highlight plastically deformed regions
(arrows). Scale bars, T mm. Adapted from (736). (B) Placenta accreta spectrum (PAS). (a) Picrosirius Red staining of PAS tissue (scar-proximal versus scar-distal). (b) Collagen
fiber orientation distributions in patients with PAS. (c) Uterine scar stiffness in women prior Cesarean section by ultrasound elastography. Adapted from (2471). (d) Traction
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inhibitor (HDACi) during confined migration. Scale bars, 10 pm. Adapted from (753). (b) Mean cell migration efficacy over 24 hours with increasing trichostatin A (TSA).
Adapted from (752). (c) Bioluminescent images of mice treated with saline, ACY-1215, bortezomib (Bz), or ACY-1215 + bortezomib for 2 weeks. (d) Survival quantification
for treatments. (c) and (d) Adapted from (755). *P < 0.05, **P < 0.01, and ***P < 0.001.
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viscoelastic and plastic ECM properties can independently drive
cancer invasion, even without important biochemical degradation
(135). Increased ECM plasticity allows tumor cells to deform and
migrate through mechanically restrictive environments, promot-
ing metastasis to distant sites (Fig. 4Ad) (136). A key molecular
contributor to ECM stiffening is lysyl oxidase (LOX), a copper-
dependent enzyme that catalyzes covalent cross-linking of collagen
fibers by oxidizing lysine and hydroxylysine residues in collagen’s
telopeptide domains (137). Elevated LOX expression is frequently
observed in tumors, where its activity increases tissue stiffness
and disrupts normal tissue function (Fig. 4Ac) (138, 139). Con-
versely, inhibiting LOX activity has been shown to reduce ECM
stiffness and limit fibrosis and tumor progression (11). Beyond stiff-
ness alone, ECM viscoelasticity, particularly stress relaxation rate
and viscoplastic behavior, have emerged as a critical regulator of
cell behavior. Faster stress relaxation promotes malignant pheno-
types by allowing cells to remodel their microenvironment more ef-
ficiently, supporting processes such as epithelial-to-mesenchymal
transition and metastatic dissemination (18). These mechanical changes
directly influence key signaling pathways, including YAP/TAZ acti-
vation, highlighting the tight coupling between ECM mechanics and
cancer progression.

ECM-driven, fibrosis, and scar mechanics

Fibrotic diseases are paradigmatic examples of pathological mecha-
notransduction. In placenta accreta spectrum (PAS) (Fig. 4B), a severe
obstetric disorder marked by abnormal placental invasion, histo-
logical analyses of scar tissue from prior uterine surgeries have re-
vealed disorganized collagen architecture (Fig. 4B, a and b) and
increased stiffness—two key features of impaired ECM remodeling
(Fig. 4B, c to e) (140). This stiffened microenvironment promotes
excessive cellular contractility (Fig. 4B, d and e), driven by Rho/ROCK
and YAP/TAZ signaling. This mechanical stress also activates Piezol
channels, leading to inflammatory responses that further contribute
to PAS pathogenesis. Together, fiber misalignment and increased
stiffness disrupt mechanical feedback between maternal and placental
tissues, promoting invasive trophoblast behavior and poor decidual-
ization. Emerging biophysical models suggest that altered scar me-
chanics reduce tissue resistance to placental anchoring, exacerbating
invasion (140). These findings highlight the central role of altered
biomechanics and mechanosensitive pathways—particularly Piezol-
mediated inflammation—in PAS, emphasizing the need to incorporate
tissue mechanics into clinical risk assessment and future therapeutic
strategies.

Similarly, fibrosis in general is driven by sustained myofibroblast
activation, excessive ECM deposition, and aberrant integrin engage-
ment. A central mediator of this process is transforming growth
factor—p (TGF-f), a master regulator of fibrogenesis that is stored in
the ECM in a latent form. Mechanical tension applied via specific
integrins, such as oy and o, P; (Fig. 2A), activates latent TGF-f
(141), leading to downstream signaling that perpetuates fibroblast
activity and ECM stiffening. This mechanosensitive activation mecha-
nism links cellular contractility to fibrotic progression and has made
integrins and TGF-p signaling attractive therapeutic targets (142).
Inhibitors targeting TGF- receptors or integrin-mediated activa-
tion (e.g., ay integrin antagonists) are currently under clinical inves-
tigation in various fibrotic diseases, including idiopathic pulmonary
fibrosis (143, 144) and liver fibrosis (145). Recent studies further
highlight that the reversal of fibrosis may require not only biochemical
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inhibition but also mechanical reprogramming. The transition of
myofibroblasts back to a quiescent state is controlled by dynamic
changes in fibronectin tension, integrin usage, and expression of
matrix remodeling enzymes (146). These insights underscore the
importance of therapies that disrupt maladaptive force transmission
and mechanically driven TGEF-p activation, offering original strate-
gies to halt or reverse fibrotic progression.

Tissue curvature drives cancer progression and prognosis
Emerging evidence underscores the pivotal role of tissue curvature
in cancer development and progression. Interfacial curvature has
been identified as a critical mechanobiological parameter influenc-
ing tumor morphogenesis and cellular behavior (147, 148). In pancre-
atic cancer models (Fig. 4C), studies using micropatterned hydrogels
have demonstrated that convex curvature enhances edge stress, pro-
moting a myofibroblast-like phenotype in cancer-associated fibro-
blasts (CAFs) (149). Similarly, in melanoma, convex curvature at the
tumor periphery has been shown to prime cancer stem cells (CSCs),
the subpopulation responsible for metastasis and recurrence, with
CSCs preferentially localizing to these regions (150). Clinically, the
significance of curvature is further highlighted in colon adenocarci-
noma. Analysis of biopsies from 97 patients revealed that advanced
cancer stages exhibit increased interfacial curvature, correlating with
poorer prognosis, higher recurrence rates, and reduced survival.
These findings suggest that local curvature not only serves as a
mechanobiological cue but also holds potential as a prognostic bio-
marker (151). Further emphasizing the role of curvature, in vivo and
histological studies have shown that local epithelial curvature influ-
ences tumorigenesis (148). In the pancreatic ductal system, curva-
ture thresholds dictate lesion expansion direction, either outward
(exophytic) or inward (endophytic) (Fig. 4C, a and b). Transformed
cells in both cases exhibit apical-basal redistribution of phosphory-
lated myosin light chain 2 (pMLC2) (Fig. 4C, c and d), indicating
conserved cytoskeletal remodeling. Notably, a critical tube curva-
ture of ~0.05 pm™", corresponding to a radius of 20 pm, has been
identified as the threshold for this transition across various organs
and cancer types (148). Collectively, these insights reveal that tissue
curvature is not merely a geometric feature but an active regulator of
cellular behavior and disease progression, offering innovative avenues
for prognostic assessment and therapeutic intervention in oncology.

Spatial confinement influences cancer cell invasion

Several strategies have been developed to limit confined migration
and thereby reduce the invasive potential of tumor cells, for in-
stance, in breast tissues (Fig. 4D). One promising approach involves
the pharmacological stabilization of microtubules through inhibi-
tion of histone deacetylase 6 (HDAC6). Trichostatin A (TSA), a
pan-HDAC inhibitor, has been shown to reduce migration through
3D confining pores and impair cancer cell dissemination (Fig. 4Da)
(152, 153). While TSA effectively inhibits HDAC6 and reduces
cancer cell migration speed (Fig. 4DDb), its broad inhibition of mul-
tiple HDAC isoforms raises concerns about off-target and pleiotro-
pic effects. These studies suggest that HDAC6 activity plays a key
role in enabling tumor cells to adapt to physical confinement and
sustain invasive migration under restrictive conditions. In addition,
TSA affects chromatin structure and gene expression globally, com-
plicating its use in vivo. Its poor pharmacokinetic profile and cyto-
toxicity at higher doses further limit its clinical applicability. These
challenges have driven the development of more selective HDAC6
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inhibitors—such as ricolinostat (ACY-1215), currently under clini-
cal evaluation—with better safety and efficacy profiles (154). It was,
for instance, demonstrated in preclinical studies using mouse xeno-
graft models that ACY-1215 exhibited antitumor activity both as a
single agent and in combination with bortezomib, a proteasome in-
hibitor Fig. 4Dc (155). At low doses, the combination of ACY-1215
and bortezomib produced a synergistic anti-multiple myeloma
(MM) effect. In vivo, the anti-MM efficacy of the combination was
further validated in two different severe combined immunodeficient
mouse xenograft models, where median overall survival was signifi-
cantly extended in animals receiving the combination therapy com-
pared to those treated with either agent alone (Fig. 4Dd).
Metastatic cell clusters exhibit elevated integrin tension at their
trailing edge, enabling them to navigate confined microenvironments
such as narrow tissue spaces or microchannels (156). However, con-
finement imposes substantial energetic demands, driving metabolic
reprogramming in migrating cells. This adaptation is characterized
by an increased adenosine 5'-triphosphate (ATP)/adenosine 5'-
diphosphate ratio and heightened glucose uptake—metabolic shifts
that fuel persistent migration under physical constraints. To con-
serve energy, cells preferentially migrate along paths of least resistance.
Cell deformability plays a critical role: Softer cells exhibit enhanced
invasive capacity in confined environments. These findings under-
score the intricate coupling between mechanical constraints, cellular
mechanics, and metabolism, highlighting the potential of targeting

altered metabolic pathways as a strategy to restrict metastatic cell
migration (157).

Mechanical forces fueling cancer progression, invasion,

and metastasis

Cancer progression is intimately linked to mechanical cues within
the tumor microenvironment. In breast cancer, nuclear deformabil-
ity has emerged as a promising biomarker of metastatic potential
(Fig. 5A). Histological analyses of breast tumors reveal that microin-
vasive regions, which are rich in motile cell markers such as Ras-
related protein Rab-5A (RAB5A) and display elevated DNA damage
[phosphorylated form of histone H2A variant X (YH2AX)], contain
a high density of deformed nuclei, typically associated with cell
crowding and migration (Fig. 5A, a and b) (158). These findings
suggest a strong correlation between nuclear deformation and inva-
sive behavior. Supporting this, a recent study analyzing breast cancer
biopsies reported a direct link between low lamin A expression, in-
creased nuclear deformability, and poor patient prognosis (Fig. 5A,
cand d) (159).

Beyond nuclear mechanics, the viscoelastic properties of the
ECM also play a critical role in shaping cancer cell behavior. Recent
studies highlight the impact of ECM stress relaxation—independent
of stiffness—on liver disease progression, notably under conditions
such as nonalcoholic steatohepatitis (NASH), type 2 diabetes melli-
tus (T2DM), and hepatocellular carcinoma (HCC) (19). Under these
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positive nuclei shows greater DNA damage in invasive foci than in the tumor bulk. **P < 0.01. (a) and (b) Adapted from (758). (c) Lamin A/C and lamin B1 immunolabeling
for MDA-MB231 and HCC40 cells. Scale bar, 20 um. (d) Nuclear deformability inversely correlates with the lamin A/C:lamin B1 ratio. Colored dots indicate a panel of breast
cancer cell lines. (c) and (d) Adapted from (7159). (B) Matrix viscoelasticity in liver cancer. (a) tyrosine kinase substrate with 5 SH3 domains (TKS5) (green) and membrane
type 1 MMP (MT1-MMP) (red) staining of HCC cells in fast-relaxing hydrogels mimicking diseased liver showing enhanced invasive protrusions (bottom) versus slow-
relaxing hydrogels (top). Scale bar, 10 um. (b) Stress relaxation curves across liver disease progression: healthy, nonalcoholic steatohepatitis (NASH), and type 2 diabetes
mellitus (T2DM). (a) and (b) Adapted from (79). (C) Vascular stenosis and atherosclerosis. (a) Confocal microscopy of platelet aggregates on ECs, platelets labeled using
3,3'-dihexyloxacarbocyanine iodide (DiOC 6; false color). Scale bar, 100 pm. Adapted from (766). (b) Endothelial response to wall shear stress (WSS): High WSS induces
elongation and flow alignment, whereas low WSS causes disordered organization, inflammation, and permeability, hallmarks of early atherogenesis. (c) Computational
fluid dynamics of a vascular cuff, showing low laminar shear stress upstream and low oscillatory shear stress downstream. (b) and (c) Adapted from (760). (d) Carotid artery
cross sections with a cuff: Laminar shear stress proximally prevents atherosclerotic plaque, while oscillatory shear stress downstream promotes plaque (P) with lipid core
(black arrows). Vessel lumen was indicated by an asterisk. Adapted from (63, 242).
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conditions, the accumulation of advanced glycation end-products
alters ECM stress relaxation, promoting cancer cell proliferation
and survival by activating mechanotransduction pathways, such as
YAP/TAZ signaling via Tensin 1 in vivo (Fig. 5B). Experimental
models using mechanically engineered high viscoelastic hydrogels,
designed to mimic the malignant in vivo environment, have re-
vealed further insights into how ECM viscoelasticity drives cancer
invasion. Cells cultured within these matrices form invadopodia, which
are specialized, linear protrusions that facilitate ECM degradation
and invasion. Invadopodia are characterized by canonical markers
such as membrane type 1 MMP (MT1-MMP), tyrosine kinase sub-
strate with 5 SH3 domains (TKS5), active integrin f;, and pMLC
(Fig. 5Ba). In addition, stress relaxation curves showed that the tis-
sue relaxes quickly in the pathogenic liver, meaning that internal
stress decreases efficiently over time as observed in soft, viscoelastic
behavior, while the curves show faster stress relaxation as the liver
progresses toward NASH and T2DM, indicating decreased mechan-
ical resistance and altered matrix viscoelasticity (Fig. 5Bb). This me-
chanical time-dependent softening and increased ability to dissipate
stress are thought to create a microenvironment that favors tumor
initiation and progression, even before fibrotic scarring becomes
clinically apparent. These findings highlight the critical role of ma-
trix mechanics in regulating tumor progression, providing a com-
pelling rationale for targeting the mechanical properties of the
tumor microenvironment as part of therapeutic strategies.

Mechanical stress and vascular pathology

Variations in shear stress across the vascular network strongly influ-
ence EC behavior and can trigger disease onset and progression
(Fig. 5C). In regions of low or disturbed shear stress, such as arterial
branches and bifurcations, aberrant activation of developmental sig-
naling pathways leads to inflammation, increased permeability, and
atherosclerotic plaque formation, key features of early atherogenesis
(Fig. 5C, a and b) (63). More broadly, mechanical homeostasis,
when dysregulated, contributes to pathologies including hyperten-
sion, atherosclerosis, arrhythmias, and preeclampsia (160, 161). In
atherosclerosis, for example, endothelial damage triggers inflamma-
tory cascades and the accumulation of lipids and other substances in
the vessel wall, leading to plaque formation, arterial narrowing, and
impaired blood flow. Recent advances in mechanobiology have iden-
tified mechanical cues as critical regulators of EC function, opening
promising therapeutic avenues. Microstretcher platforms mimicking
hypertensive stress reveal how ECs adapt to mechanical overload
(162-164), offering insights into endocytosis-based drug delivery,
while VEGFR2 emerges as a key mechanochemical sensor and ther-
apeutic target in flow-related vascular diseases (58, 165). Comple-
mentary in vitro models, such as microfluidic stenotic chambers,
have proven essential for replicating shear-dependent vascular pro-
cesses, including thrombus formation (166-168). These systems reveal
how platelets preferentially aggregate downstream of high-occlusion
sites, where flow separation and recirculation zones create localized
low shear regions that favor thrombus development (Fig. 5Ca) (166).
Beyond thrombosis, these models have been instrumental in demon-
strating how spatial variations in wall shear stress (WSS) influence
EC behavior. Under high WSS, ECs align parallel to the flow direc-
tion, promoting vascular quiescence and barrier integrity. In con-
trast, regions of low or oscillatory WSS—common downstream of
stenotic sites—induce random EC organization, increased permea-
bility, and proinflammatory gene expression, contributing to early
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atherogenic events (Fig. 5Cb) (160, 161). Clinically, integrating en-
dothelial shear stress measurements with coronary computed to-
mography (CT) angiography now enables noninvasive mapping of
shear stress distributions, improving the prediction of myocardial
perfusion abnormalities and aiding in risk stratification (Fig. 5Cc)
(169). These disturbed flow regions often correlate with sites of mas-
sive atherosclerotic plaque deposition, as observed in zones of tur-
bulent flow within coronary arteries (Fig. 5Cd). Lastly, bridging
mechanobiology with clinical research—such as ongoing trials tar-
geting mechanosensitive signaling pathways such as p38 MAPK,
which are implicated in lamin-related cardiomyopathies (170, 171)—
holds great promise for advancing cardiovascular therapies and im-
proving patient outcomes.

Mechanical forces and neurodegenerative disorders
Traumatic brain injury (TBI) exemplifies a disease where mechanical
forces directly induce brain deformation (172), resulting in internal
stress and inflammation (Fig. 6A). Depending on the magnitude and
location of the mechanical insult, TBI predisposes individuals to
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and
amyotrophic lateral sclerosis. Repeated concussions, often leading to
chronic traumatic encephalopathy (CTE) (Fig. 6Aa), are character-
ized by brain atrophy, particularly in the frontal and temporal lobes,
and a progressive inflammatory response driven by glial cells (173).
This secondary injury mechanism highlights the brain’s specific vul-
nerability to mechanical stress due to its rheological properties and
limited adaptive capacity (174). Unlike other tissues, the brain cannot
adapt to short-term mechanical changes, making it especially vul-
nerable to injury (175). Studies emphasize the importance of the
mechanical environment on neural cells (176, 177) and their own
rheological properties (178, 179). Neurons, astrocytes, oligodendro-
cytes, and microglia are all sensitive to mechanical stress, which can
inhibit axonal regrowth and modulate inflammatory signaling path-
ways. For instance, mechanical loading has been shown to influence
neuronal fate (180, 181), while glial scars formed by astrocytes after
injury soften brain tissue (Fig. 6A, b and c) and reorganize the ECM
(Fig. 6Ac) (182), impeding regeneration. Increased glial fibrillary
acidic protein (GFAP) and vimentin expression have been observed
around scar lesions (182), consistent with reactive gliosis (Fig. 6A, d
and e). Axonal growth, sensitive to stiffness gradients (179), further
underscores the critical role of brain tissue mechanics in develop-
ment and repair. In vitro studies replicating TBI-like mechanical con-
ditions have demonstrated that single or repetitive uniaxial (124, 183)
and biaxial (184, 185) deformations induce inflammatory states in
glial cells. Astrocytes subjected to stretch exhibit increased inflamma-
tory signaling, influencing synaptic modulation through tumor ne-
crosis factor-a receptor isoforms (186). Studies on microglial cells
revealed that stretch injury increases ionized calcium-binding adapter
molecule 1 (Ibal) protein levels, densifies actin cytoskeleton, and
enhances migratory persistence (Fig. 6A, f and g) (124). These cyto-
skeletal and migratory adaptations are consistent with previous find-
ings implicating the involvement of the integrin/FAK pathway in
microglial reactivity to mechanical stretch (176, 185). Mechanically
activated microglial cells introduced into healthy cortical neuronal
networks in microfluidic devices demonstrated synaptic pruning
activity independently of neuronal injury. These insights provide a
more comprehensive understanding on the role of microglial cells in
synaptic loss following TBI (187).
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Fig. 6. Mechanobiology of brain injury, cancer progression, and metastasis. Created in BioRender, S.G. (2025) (https://BioRender.com/3Thwpic). (A) TBI and CTE. (a)
Repetitive mild TBI leads to CTE, characterized by brain weight reduction, cortical atrophy, and enlarged ventricles. Adapted from (773). (b) Image of glial scar 9 days
postinjury (P1). Scale bar, 2 mm. (c) Tissue stiffness map showing reduced tissue stiffness ipsilateral to the lesion. (d) Immunofluorescence showing increased GFAP (astro-
cytes; green) and vimentin (purple) around the lesion. Scale bars, 500 pm. (e) Quantification of GFAP/vimentin expression, highlighting reactive gliosis. au, arbitrary units.
(b) to (e) Adapted from (782). (f) Immunofluorescence of stretched cells showing increased IBA1 (microglia; green) and GFAP (astrocytes; red). (g) Quantification of IBA1
increases after 20% stretch. (f) and (g) Adapted from (724). (B) YAP silencing in SCLC and its antimetastatic effects upon reexpression. (a) YAP protein detection by immu-
nostaining in lung adenocarcinoma (LUAD), lung squamous carcinoma (LUSC), and small cell lung carcinoma (SCLC) tumors. (b) Quantification of immunohistochemical
(IHC) score confirms high YAP expression in LUAD and LUSC but absent in SCLC. (c) Survival curve of nude mice after orthotopic injection of control or YAP inducible H209
cells. (d) Liver sections from vehicle and doxycycline-treated mice, stained against synaptophysin (SYP), demonstrating that YAP induction inhibits liver metastasis (brown
areas). (e) Quantification of liver metastasis (foci per mouse) following treatment. Adapted from (792). (C) MAPK pathway deregulation in metastatic uveal melanoma. (a)
Eye fundus images showing healthy eye tissue versus uveal melanoma. Adapted from (203). (b) BRAF V600E mutation drives MAPK pathway hyperactivation, with pulsatile
dynamic and sustained ERK activity observed over 6 hours. (c) Fluorescence imaging of ERK dynamics using an ERK-mRuby?2 reporter in MCF10A cells, showing increased

nuclear recruitment of ERK in MAPK-mutated cells (bottom) compared to healthy controls (top). (b) and (c) Adapted from (200). ***P < 0.001.

YAP/TAZ is a mechanosensitive transcriptional regulator

in disease

YAP/TAZ act as key mechanosensitive transcriptional regulators
across a wide spectrum of diseases. Recent studies highlight how
nuclear deformation and chromatin tension directly regulate YAP
activity, positioning nuclear mechanics as a central determinant of
YAP-mediated mechanotransduction (188). Within the nucleus,
YAP/TAZ bind to TEA domain family member 1 (TEAD) transcrip-
tion factors and activate gene programs that are dysregulated across
a spectrum of diseases, including cancer (189), cardiac dysfunction
(190), and immune disorders (191).

In lung and liver cancers, YAP’s role in tumor progression and
metastasis appears notably context dependent (Fig. 6B). Immuno-
histochemical (IHC) analysis revealed that YAP protein is highly
expressed in lung adenocarcinoma (LUAD) and lung squamous cell
carcinoma (LUSC) but absent in small cell lung cancer (SCLC)
(Fig. 6B, a and b) (192). This was confirmed by quantitative analysis

Kalukula et al., Sci. Adv. 11, eaea6817 (2025) 31 October 2025

of patient samples, underscoring YAP’s selective role in non-SCLCs.
Functionally, orthotopic mouse models demonstrated that inducing
YAP expression in H209 cells—derived from the bone marrow of a
patient with SCLC—significantly prolonged mouse survival in or-
thopedic models (Fig. 6Bc) and reduced liver metastases, as shown by
histology and immunostaining after doxycycline treatment (Fig. 6B,
d and e). These findings suggest that YAP activation can suppress
SCLC metastatic potential, emphasizing the context-specific effects
of YAP signaling on tumor progression.

Similarly, in breast cancer, YAP has been identified as a central
regulator of collective invasion, operating through a positive mecha-
notransduction feedback loop. YAP activation enhances cytoskele-
tal tension and ECM remodeling via transcriptional up-regulation
of actomyosin contractility and fibronectin production, which, in
turn, further stimulates YAP signaling in leader cells. Disruption of
YAP or its downstream effectors impairs force generation, ECM
alignment, and collective invasion, highlighting YAP’s pivotal role
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in coordinating mechanical and transcriptional programs that drive
tumor progression (193). Beyond cancer, YAP/TAZ signaling also
regulates key processes in post-myocardial infarction remodeling,
including cardiomyocyte proliferation, fibroblast activation, and an-
giogenesis (194). While YAP hyperactivation is often linked to tu-
mor progression, such as in malignant pleural mesothelioma (195),
recent findings also reveal YAP’s tumor-suppressive roles within the
tumor microenvironment. For instance, excessive ECM deposition
by CAFs can induce mechanical compression, leading to cytoplas-
mic exclusion of YAP in neighboring tumor cells and thus suppress-
ing their proliferation (196). This duality underscores the complexity
of Hippo pathway regulation in disease, posing both challenges and
opportunities for therapeutic targeting of YAP/TAZ-TEAD interac-
tions (189). Recent studies have also uncovered roles for YAP in im-
mune regulation, particularly in macrophages. Substrate stiffness
dynamically controls YAP nuclear localization and activity, modu-
lating the macrophage inflammatory response to stimuli such as lipo-
polysaccharide. Macrophages cultured on soft ECMs show cytoplasmic
YAP retention, reduced proinflammatory cytokine production, and
increased interleukin-10 expression compared to those on stiffer
substrates (197).

Together, these insights reveal the dual nature of YAP/TAZ in
medicine: They are essential for tissue regeneration yet can also
drive pathological remodeling and cancer progression. Their activi-
ty, finely tuned by nuclear mechanics, matrix viscoelastic properties,
and cytoskeletal forces, represents a promising therapeutic axis for
next-generation mechanomedicine.

ERK signaling is a mechanically tuned pathway in

disease progression

The ERK pathway acts as a crucial node linking mechanical signals
to disease pathogenesis. In diabetic wound healing, magneto-induced
dynamic mechanical stimulation of fibroblasts enhances keratino-
cyte activity via ERK, promoting angiogenesis and wound closure
(198). In organ development, ERK activation in response to tissue
curvature promotes actin polymerization and drives morphogenetic
events. Mutations in the ERK pathway further emphasize its impor-
tance in pathological scenarios. For example, V-Ki-ras2 Kirsten rat
sarcoma viral oncogene homolog (KRAS) or B-Raf proto-oncogene,
serine/threonine kinase (BRAF) mutations—observed in 50 to 80%
of melanomas—alter ERK pulses dynamics, driving oncogenic phe-
notypes (199, 200). These mutations often disrupt negative feedback
loops, preventing proper inhibition of pathway kinases (201, 202).
In uveal melanoma (Fig. 6C), the most common form of eye cancer,
BRAF is frequently mutated, promoting uncontrolled cell growth
and tumor progression (Fig. 6Ca) (203). In vitro studies demon-
strate that ERK maintains a sustained activity and a nucleus concen-
tration higher than in the cytoplasm (Fig. 6C, b and c), leading to a
pathological cell fate, when MAPK pathway proteins are mutated.
Recent phase 2 clinical trials have tested competitive ERK inhibitors
in patients with this aggressive and treatment-resistant cancer (204-
206), highlighting ERK as a promising therapeutic target. Ulixer-
tinib (BVD-523) is an ATP-competitive inhibitor of ERK1/2 causing
a conformational change and altering the principal kinases function
of ERK proteins proving to be a potential anticancer treatment
through inhibition of the MAPK pathway. Moving forward, devel-
oping less invasive and more localized therapeutic approaches that
leverage ERK’s mechanosensitivity may offer more tissue-specific
and less toxic interventions in oncology and regenerative medicine.
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Across diverse diseases—spanning cancer, cardiovascular disease,
fibrosis, immune disorders, and neurodegeneration—mechanical
forces emerge not as passive by-products of disease but as active
drivers of pathogenesis. These forces regulate cellular behavior, acti-
vate key signaling pathways such as YAP/TAZ and ERK, and modu-
late ECM remodeling. To translate this knowledge into effective
therapies, mechanistically targeted interventions that restore or redi-
rect mechanical signaling must be developed, whether through bio-
materials, pathway inhibitors, or microenvironment engineering.
As mechanomedicine evolves, integrating mechanobiological prin-
ciples will be essential for designing innovative, context-specific
treatments that address the fundamental mechanical underpinnings
of disease.

HYDROGELS AND MECHANOBIOLOGY IN

REGENERATIVE MEDICINE

Hydrogels have emerged as a versatile class of biomaterials in regen-
erative medicine, offering tunable mechanical, chemical, and bio-
logical properties that can mimic the native ECM and modulate
cellular behavior (207). Recent advances have leveraged hydrogel
platforms not only for in vitro modeling but also for therapeutic ap-
plications, where their mechanical properties—particularly stiffness,
viscoelasticity, and degradability—play a critical role in guiding cell
fate decisions. Below, we highlight key developments in hydrogel de-
sign that illustrate how the mechanobiology of these materials is be-
ing harnessed for regenerative medicine.

ECM viscoelasticity and cancer therapy

ECM viscoelasticity has emerged as a critical factor in regulating
tumor progression and shaping the immune microenvironment. In
cancer, altered ECM viscoelasticity not only drives malignancy but
also influences the efficacy of immunotherapies, presenting an op-
portunity for therapeutic intervention (208, 209). Recent advances
have harnessed this concept by developing viscoelastic hydrogels
that better mimic the native ECM, enabling both physiologically rel-
evant in vitro models and mechanical modulation of immune cells
for translational applications.

For example, engineered viscoelastic collagen I hydrogels have
been shown to modulate the functional properties of T lymphocytes,
including genetically modified subsets such as chimeric antigen re-
ceptor (CAR) T cells (208). In particular, ECMs with slower stress
relaxation enhanced the cytotoxic activity of CAR T cells by up-
regulating the activating protein 1 signaling pathway, an effect con-
firmed invivo usingahumanlymphoma mouse model (Fig.7A) (208).

Building on this, high-throughput microfluidic techniques have
enabled the fabrication of synthetic viscoelastic antigen-presenting
cells (SynVACs) composed of alginate-based microgels functional-
ized with anti-CD3 and anti-CD28 antibodies (137). These tunable
platforms promote CAR T cell expansion under fast-relaxing condi-
tions, resulting in superior antitumor activity and improved survival
in vivo (Fig. 7B). SynVAC-generated CAR T cells also outperformed
those produced using Dynabeads, the current clinical standard, in
both in vitro tumors killing (Fig. 7C) and in vivo efficacy across
multiple tumor models and sites (Fig. 7D).

Together, these studies position viscoelastic hydrogels as power-
ful tools to enhance CAR T cell therapies in cancer treatment. By
replicating the dynamic mechanical environment of the ECM, they
offer a promising route to improve immune cell function, increase
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Fig. 7. Hydrogels and mechanobiology in regenerative medicine. (A and B) Modulating T cell function. (A) Schematic of collagen | ECMs with tunable stress relaxation,
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slow-relaxing hydrogels (slow CART) improved survival compared to fast-relaxing hydrogel CART (fast CART). d, days. (A) and (B) Adapted from (208). (C and D) Viscoelastic
microgels for CAR T activation. (C) Scanning electron microscopy image of T cells (blue) interacting with rigid elastic beads (Dynabeads; top) and viscoelastic beads [syn-
thetic viscoelastic antigen-presenting cells (SynVACs); bottom] after 1 day of culture (both gray). Scale bars, 2 pm. (D) Quantification of tumor bioluminescence (TBL) signal
in ovarian tumor xenograft mice. SynVAC-activated CAR T cells reduced tumor load in metastatic organs compared to vehicle or Dynabeads CART. NS, not significant. (C)
and (D) Adapted from (209). (E to G) Hydrogel therapies for bone regeneration and osteonecrosis. (E) Schematic of a methacrylated heparin (HepMA)/gelatin methacryloyl
(GelMA)-platelet-rich fibrin (PRF) hydrogel polymerized with UV light in the extraction fossa. Bisphosphonates (BPs) contribute to osteonecrosis by binding hydroxyapatite
(HAP) crystals in the bone via two adjacent phosphonic acid groups chelating calcium, forming a strong bond. Created in BioRender, S.G. (2025) (https://BioRender.com/
12tneqs). (F) Posttreatment outcomes after 4 and 8 weeks with ZOL and Hep/GelMA-PRF hydrogels. Scale bars, 1 mm. (G) Graph of bone filling percentages for control, ZOL,
Hep/GelMA hydrogel, and Hep/GelMA-PRF groups. w, weeks. (F) and (G) adapted from (2217). (H to J) DNA hydrogels for calvarial defects. (H) Schematic of DNA hydrogel
promoting bone regeneration. The hydrogel degrades physiologically, releasing phosphate ions and adenine to support osteogenic differentiation. Created in BioRender,
S.G. (2025) (https://BioRender.com/I2tnegs). (I) Micro-CT images of rat calvarial defects at 10 and 28 days postsurgery for buffer (negative control), autogenous graft (positive
control), and DNA hydrogel. (J) Quantification of bone tissue at defect edges in each group. (I) and (J) Adapted from (226). *P < 0.05; **P < 0.01; **##P < 0.001; **##P < 0.0001.

therapeutic efficacy, and address current challenges in adoptive cell Natural polymers such as chitosan, gelatin methacryloyl (GelMA),
therapies (208, 209). and hyaluronic acid have been widely used because of their biocom-

patibility, tunability, and ease of functionalization. These materials
Photocrosslinked composite hydrogels for have found applications in mechanobiology, regenerative medicine,
tissue regeneration cell transplantation, disease modeling, and drug delivery (211-214),

Photocrosslinkable composite hydrogels represent a major advance-  driving the development of increasingly sophisticated materials for
ment in tissue engineering and regenerative medicine, offering precise  tissue repair and regeneration.

control over critical material properties. Photochemical cross-linking A compelling application of composite hydrogels lies in address-
enables the creation of stable, biomimetic scaffolds that replicate key  ing the challenges associated with bisphosphonate (BP) therapies
features of the ECM and support essential cellular functions including ~ (215). While drugs such as zoledronic acid (ZOL), a potent inhibi-
proliferation, differentiation, and remodeling, making them versa-  tor of bone resorption used in the treatment of osteoporosis and
tile platforms for regenerative applications (210). cancer-related bone conditions, effectively treat osteoporosis and
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cancer-related bone loss, long-term use can lead to medication-related
osteonecrosis of the jaw (MRONY]), which is a severe condition linked
to impaired bone turnover (216). BPs strongly bind hydroxyapa-
tite (HAP) crystals in bone via bi- or tridentate chelation and, once
internalized by osteoclasts, inhibit ATP synthesis and the mevalon-
ate pathway, disrupting osteoclast function and triggering apoptosis
(217). This results in impaired osteoclast function, reduced bone
resorption, and, ultimately, osteoclast apoptosis. However, excessive
inhibition of bone turnover can compromise normal tissue repair,
predisposing patients to MRONTJ.

To address this, innovative hydrogel-based strategies have been
developed (218-220). Among these, biomaterial-based therapeutic
design based on a composite hydrogel comprising GelMA, methac-
rylated heparin (HepMA), and platelet-rich fibrin (PRF) has shown
strong therapeutic potential. This system, delivered as a liquid and
photocrosslinked in situ, creates a stable scaffold that releases PRF-
derived growth factors directly at the wound site (Fig. 7E). In preclini-
cal models of BP-related osteonecrosis, Hep/ GelMA-PRF hydrogels
significantly enhanced bone regeneration compared to ZOL-treated
controls, which exhibited delayed healing, chronic inflammation,
and extensive necrosis by week 8 (Fig. 7F) (221). The inclusion of
PRF further reduced necrotic area relative to Hep/GelMA alone,
highlighting its synergistic role in tissue repair. Quantitative analy-
ses confirmed the highest bone fill in the Hep/GelMA-PRF group
(Fig. 7G), underscoring the mechanobiological potential of this ma-
trix to counteract pharmacologically induced healing defects (221).

Collectively, these findings underscore the transformative poten-
tial of photocrosslinked composite hydrogels in tissue engineering.
By integrating mechanical tunability with bioactive molecule deliv-
ery, these materials provide a powerful platform for promoting tis-
sue regeneration in challenging clinical scenarios. Looking forward,
innovations, such as programmable, dynamic materials, including
DNA-based hydrogels, are set to further expand their versatility and
therapeutic compromise in regenerative medicine.

DNA-based hydrogels in regenerative medicine

DNA-based hydrogels have emerged as a promising class of biomate-
rials, combining biocompatibility, biodegradability, and the program-
mability of synthetic systems. Their sequence-defined architecture,
dynamic cross-linking, and tunable mechanical properties make them
a versatile platform for regenerative medicine applications (222, 223).
By providing control over both mechanical and biochemical cues,
DNA hydrogels offer scaffolds that mimic the native ECM and are
suitable for clinical translation.

Bone regeneration

Recent studies have demonstrated the osteoconductive properties of
DNA-based hydrogels, showing their ability to support osteogenic
cell viability, matrix deposition, and HAP mineralization—the main
inorganic component of bone (224-226). A key advantage lies in
their degradability, which release phosphate ions and adenine, both
essential for osteogenic differentiation. Phosphate ions contribute to
calcium phosphate formation and HAP mineralization, while
adenine supports cell migration and osteogenic gene expression
(Fig. 7H). In rat calvarial defect models (226), DNA hydrogels pro-
moted bone growth as early as 10 days postinjection and achieved
substantial defect filling by 28 days (Fig. 7, I and J). Although early
degradation was observed, the material effectively enhanced osteo-
blast activity and matched the healing levels of autologous bone grafts,
outperforming buffer-treated controls.
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Cartilage and neural tissue applications

Beyond bone repair, DNA hydrogels have shown potential in carti-
lage and neural tissue regeneration. In osteoarthritis models, they
improved retention and viability of bone marrow-derived MSCs,
leading to enhanced cartilage repair and regeneration in rabbits (227).
In neural applications, highly porous DNA hydrogels supported neu-
rogenesis and spinal cord recovery (228). Preclinical studies in mouse
models of spinal cord injury (SCI) revealed that these hydrogels sup-
port the migration and differentiation of neural stem cells (NSCs) and
facilitated neural network formation at injury sites, resulting in func-
tional improvement. Together, these findings underscore the broad
utility of DNA hydrogels as dynamic, programmable scaffolds for re-
generative therapies across diverse tissue types.

Therapies combining stem cells and hydrogels in
regenerative medicine

The ability to control stem cell differentiation through the mechanical
properties of the cellular microenvironment has become a corner-
stone of mechanobiology and regenerative medicine. Since the foun-
dational work of Discher et al. (14), Engler et al. (229), and Smith et al.
(230), it is well established that stem cells are highly responsive to ma-
trix mechanical cues, which can direct their fate and function.

Stem cells are powerful tool due to their capacity for self-renewal
and differentiation into specialized cell types. They can be derived
from reprogramming of somatic cells as iPSCs or harvested from
adult niches, such as MSCs from the bone marrow or NSCs from the
hippocampus. However, the therapeutic success of stem cell-based
therapies critically depends on microenvironmental signals, under-
scoring the critical interplay between stem cells and their ECM.

Hydrogels offer precise control over these cues by modulating
matrix stiffness, viscoelasticity, and biochemical composition. Stud-
ies have shown that softer hydrogels promote neurogenic differentia-
tion, while stiffer ones guide osteogenic fate (230, 231). In addition,
matrix mechanics influence the efficiency of cellular iPSC repro-
gramming, although the underlying molecular mechanisms remain
under investigation.

Recent insights have revealed that substrate rigidity can directly
influence the 3D organization of the genome, thereby regulating lineage-
specific gene expression programs. Softer substrates, mimicking the
mechanical properties of brain tissue, promote chromatin reorgani-
zation patterns that favor neural lineage commitment. In contrast,
stiffer substrates resembling bone tissue induce chromatin condensa-
tion and gene expression profiles associated with osteogenic differen-
tiation (Fig. 8A) (232). This mechanotransduction pathway, where
mechanical signals are transmitted to the nucleus, inducing nuclear
deformations and chromatin remodeling, provides a direct link between
the physical properties of the ECM and the activation of lineage-
specific transcriptional programs.

Many injuries involve ECM disruption, necessitating its replace-
ment or supplementation with engineered hydrogels. When loaded
with stem cells, these hydrogels not only replicate key physicochem-
ical features of native ECM but also support tissue regeneration.
However, hostile injury microenvironments, marked by inflamma-
tion and elevated reactive oxygen species (ROS), can impair stem
cell function and differentiation. This is particularly problematic for
SCI, where inflammatory niches pose major challenges for stem
cell-based therapies.

ROS-scavenging hydrogels loaded with NSCs have been de-
veloped to address these barriers by modulating the pathological
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microenvironment. In a rat long-span transection SCI model, NSCs
encapsulated within ROS-scavenging hydrogels promoted axonal
regeneration and remyelination, as demonstrated by improved nerve
tissue repair and motor function recovery (Fig. 8B). Axonal markers
(Fig. 8C) and myelination markers (Fig. 8D) confirmed regenera-
tion around the lesion site (Fig. 8E), underscoring the potential of
NSC-laden ROS-scavenging hydrogels as an innovative strategy in
regenerative medicine, particularly for SCI treatment (233). Togeth-
er, these findings highlight the promise of combining stem cells with
engineered hydrogels to create biomimetic microenvironments that
guide cell fate, protect against hostile microenvironments, and en-
hance tissue regeneration across a wide range of regenerative medi-
cine applications.

TOWARD MECHANOMEDICINE: CHALLENGES AND
FUTURE DIRECTIONS
Mechanobiology has emerged as a transformative frontier in the life
sciences, revealing how physical forces and mechanical cues govern
biological processes across scales—from molecular signaling and
cellular behavior to tissue organization and organ function. These
groundbreaking insights are now driving a new era of medical in-
novation, with profound implications for diagnostics, therapeutics,
and regenerative medicine. While substantial progress has been made,
particularly in regenerative applications, several nascent areas hold
immense promise for future clinical translation.

One exciting direction is the interplay between mechanical forc-
es and neural function. The mechanobiology of the nervous system

Kalukula et al., Sci. Adv. 11, eaea6817 (2025) 31 October 2025

is a rapidly evolving field with critical relevance to both neural re-
pair and neurotechnology. For example, mechanobiological mecha-
nisms underpin the formation of gliosis, a key response to neural
injury that directly affects the longevity and functionality of bioelec-
tronic implants (234). Deciphering how mechanical cues drive gliosis
could inform the design of next-generation bioelectronic interfaces,
reducing device failure and promoting neural repair. Similarly, me-
chanical forces are increasingly recognized as key regulators of neural
development, guiding processes such as cell migration and differen-
tiation. Amoeboid-like migration has been shown to play a pivotal
role in retinal layer formation during vertebrate development (235),
suggesting that targeted mechanical modulation could offer thera-
peutic strategies for neurodevelopmental disorders (236).

Mechanobiology is also reshaping the landscape of ocular medi-
cine. The mechanical properties of the cornea are critical for maintain-
ing visual acuity and tissue integrity, and altered corneal biomechanics
are now recognized as a major contributor to diseases such as kera-
toconus (237). These insights are catalyzing the development of bio-
mechanically informed interventions—including advanced tissue
engineering strategies and laser-based procedures—that aim to re-
store or enhance corneal function. Beyond the eye, similar princi-
ples are being applied to other ECM-rich tissues, such as the vocal
folds. By targeting the mechanophenotype of vocal fold tissues af-
fected by cancer, it is possible to restore normal ECM mechanics and
recalibrate cellular mechanosignaling, effectively reversing tumor
progression and promoting tissue normalization (238). These ap-
proaches exemplify how mechanobiology can inform therapies that
both inhibit disease and restore functional tissue architecture.
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An emerging and particularly innovative application of mecha-
nobiology lies in addressing the biological hallmarks of aging. Cel-
lular senescence, a key driver of tissue degeneration, is profoundly
influenced by mechanical forces. Recent studies demonstrate that
applying specific mechanical cues to MSCs derived from aged do-
nors can reduce senescence, enhancing their proliferation, multipo-
tency, and regenerative capacity (239). These rejuvenating effects are
mediated through the modulation of oxidative stress, activation of
DNA repair pathways, and global transcriptomic reprogramming
induced by mechanical conditioning (240). This research heralds a
new frontier in antiaging therapies, offering strategies to delay age-
related dysfunction, enhance tissue regeneration, and improve qual-
ity of life.

Looking ahead, several promising directions are poised to shape
the future of mechanomedicine. Integrating mechanobiology with
bioelectronics—for example, by developing bioelectronic interfaces
that incorporate mechanosensitive elements—could revolutionize the
design of neural prosthetics, wearable sensors, and diagnostic tools.
Precision mechanomedicine, an emerging concept, envisions the de-
velopment of personalized therapies tailored to patient-specific
mechanical environments—such as the specific stiffness profiles of
tumors or fibrotic tissues—offering an alternative paradigm for en-
hancing treatment efficacy. Last, the design of smart biomateri-
als that dynamically respond to mechanical cues holds immense
promise for next-generation regenerative therapies, enabling the
creation of adaptive scaffolds that evolve in concert with tissue
healing processes.

However, a key translational challenge lies in the ubiquitous role
of mechanical pathways in maintaining tissue homeostasis, raising
concerns about potential off-target effects when therapeutically mod-
ulating these systems. To address this, future strategies may rely on
spatially and temporally controlled delivery of mechanoactive agents,
the development of cell type- or tissue-specific biomaterials, and the
use of targeted bioelectronic systems that localize mechanical mod-
ulation to diseased microenvironments. By refining the precision of
mechanical interventions, it will be possible to mitigate systemic effects
while harnessing the full therapeutic potential of mechanobiology.

As mechanobiology continues to evolve, its integration into medi-
cal practice, what we might term mechanomedicine, offers the poten-
tial to revolutionize how tissues are diagnosed, treated, and regenerated
across a wide range of pathologies. The coming decade will be critical
for translating these advances from the laboratory to the clinic, mark-
ing the beginning of an era in which mechanical forces become central
tools in precision medicine and regenerative therapies.
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