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Abstract

Human cells encounter dynamic mechanical cues in healthy and diseased tissues, which regulate
their molecular and biophysical phenotype, including intracellular mechanics as well as force
generation. Recent developments in bio/nano materials and microfluidics permit exquisitely
sensitive measurements of cell mechanics, as well as tight control over external mechanical
stimuli to regulate cell behavior. In this review, we consider the mechanobiology of cells
interacting bi-directionally with their surrounding microenvironment, and the potential relevance
for translational medicine. We first introduce key fundamental concepts underlying the mechanics
of living cells as well as the extracelluar matrix. We then focus on case studies based on: 1)
microfluidic measurements of non-adherent cell deformability, 2) cell migration on micro/nano
topographies, 3) traction measurements of cells in 3D matrix, 4) mechanical programming of
organoid morphogenesis, as well as 5) active mechanical stimuli for potential therapeutics. These
examples highlight the promise of disease diagnosis using mechanical measurements, a systems-
level understanding linking molecular with biophysical phenotype, as well as therapies based on
mechanical perturbations. We close with a critical discussion of these emerging technologies and
future directions at the interface of engineering, biology, and medicine.

Graphical Abstract

The dynamic interplay of cell mechanics with extracellular stimuli drives new opportunities
for potential translational applications. This review focuses on the most recent advances on
fundamental understanding of mechanobiology, and emphasizes on its application including
diagnosis of disease based on mechanical measurements and therapeutic treatments that utilize
mechanical stimuli and perturbations.

yiweili@hust.edu.cn; ian_wong@brown.edu; guom@mit.edu.
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1. Introduction

Human cells experience forces and flows from the surrounding microenvironment, which
can influence both intracellular signaling as well as force transduction back to neighboring
cells and the extracellular matrix (ECM).[*] The field of cellular mechanobiology can be
defined as “any aspect of cell biology in which mechanical force is generated, imparted,
or sensed, leading to alterations in cellular function.” [21 Many tissues and organs can

be understood as complex systems which are functionally affected by physical cues at
cellular scales. Thus, a deeper understanding of mechanobiology at cellular scales is
crucial to understand homeostasis in normal healthy tissues. Moreover, dysregulation of
this biophysical cause and effect is implicated in a wide range of disease states, such

as the aberrant stiffening of ECM during fibrosis, aging and cancer, or the hindrance of
immune or stem cell recruitment to sites of injury. Recent developments in molecular

and cell biology have revealed new insights into how diverse mechanical and biochemical
cues regulate multicellular form and function. In parallel, technological innovations in
nanofabrication, microfluidics, and biomaterials have enabled precision measurement of
cell and ECM mechanics, as well as higher throughput experiments for screening many
conditions rapidly. Finally, massive improvements in computational power are driving
biomedical “data science,” which can be analyzed using machine learning and so-called
artificial intelligence. Altogether, these fundamental and technological advances have been
extremely powerful for our basic understanding of mechanobiology, but the translation to
clinical medicine remains nascent.

D’Arcy Wentworth Thompson famously postulated that the (biological) “form of an object
is a diagram of forces.”[3] For instance, each cell within a tissue is in physical contact with
the ECM, and often mechanically adhered by clustering of integrins at the cell surface to
various biochemical ligands in the ECM.[#] These integrins are linked intracellularly to the
actin cytoskeleton, which acts as a mechanical scaffold for the cell, and coordinates with
myosin motor proteins to exert contractile tensions.[®] Similarly, cells can also mechanically
interact with neighboring cells via cell-cell junctions such as cadherins, which also are
linked to the cytoskeleton.[®] This “diagram of forces” is modulated by the relative strength
of cell-matrix and cell-cell adhesions, so that stiffer ECM or more contractile neighbors
will directly impact cytoskeletal architecture and tension, intracellular molecular crowding,
and biomolecular condensation in the cytoplasm.[”8] More recently, mechanosensing

and mechanotransduction is understood to occur through switch-like processes (e.g. ion
channels) as well as dynamic processes (e.g. focal adhesions) that can respond to cyclic
stimuli and adapt to changing conditions [°]. These integrated forces are transmitted

by the cytoskeleton to the nucleus, driving downstream signaling for cell proliferation,
differentiation, migration, or apoptosis.[1%] It should be noted that the mechanics of cells
and ECM vary considerably across different tissues, and are a functional biomarker for stem

Small. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 3

cells, tissue regeneration, and cancer cells.[!1-14] Indeed, in various tissue-specific lineages,
this variation in cell mechanics is indicative of the differentiation potential of stem cells.
[15.16] Consequently, cells may extend protrusions and alter their morphology using actin
polymerization, shaped by local ECM architecture, particularly topography and porosity.[17]
Further, cells can exert forces back onto their surrounding matrix and neighboring cells,
but also deposit and modify their extracellular matrix (i.e. dynamic reciprocity).[18] This
feedback mechanism results in a stiffened ECM, elevated osmotic pressure, as well as
extrinsic shear, tensile, and compressive forces in the ECM. Therefore, various mechanical
cues can directly regulate cell functions and behaviors through a membrane-to-nucleus
signaling transduction axis, and can regulate cell physiology including the epigenetic state,
equilibrium of intracellular biochemical reactions, and cellular phase separation through
changing cell mechanics.[”l Owing to the complexity of this mechanical crosstalk, it is
essential to understand how each type of mechanical cue regulates cell function, and the
impact of cell mechanics on tissue development and regeneration.

From a technological perspective, mechanobiology was historically conducted /in7 vitro

using tissue culture plates (i.e. 2D monolayer culture) or using small animal models.
Modern nanofabrication techniques can form planar structures with highly controlled
resolution at subcellular length scales, which can be replicated into elastomeric materials
via soft lithography.[19] This approach has been widely utilized for controlled patterning

of proteins, as well as facile preparation of microfluidic devices.[20] Compliant elastomeric
and hydrogel materials have also been used as deformable planar substrates to measure cell-
generated tractions, as well as to manipulate cell adhesion, migration and differentiation.

[21] Ulltrasensitive imaging and measurement techniques have been established for single
molecule biophysics.[22] Lastly, ex vivo culture of stem cells or tissue explants (“organoids”)
has been widely investigated using natural and synthetic biomaterials, often recapitulating
some tissue architecture and physiological function.[23] These technologies are now being
integrated in microphysiological “organ-on-a-chip” systems that permit highly defined
microenvironmental conditions and are also scalable. Nevertheless, the increased complexity
of these approaches also decreases ease of use, which has limited their adoption in a clinical
setting.

In this review, we consider the reciprocity of cell mechanics with extracellular stimuli

with potential translational applications (Scheme 1). In particular, we focus on case
studies based on our own expertise at the interface of experimental cell biology with

solid and statistical mechanics. In particular, we address 1) diagnosing disease based on
mechanical measurements, 2) fundamental understanding of mechanobiology in the context
of molecular signaling pathways (i.e. omics measurements), and 3) therapeutic treatments
that utilize mechanical stimuli and perturbations. We envision that mechanobiology will
thus complement existing biochemical or genetic approaches for medical diagnosis and
treatment. The following sections include a primer on cell mechanics, microfluidic
measurements of cell size and stiffness, a primer on extracellular mechanical stimuli,

cell migration on microfabricated topographies, traction force microscopy in 3D matrix,
mechanical programming of organoid morphogenesis, and active mechanical stimuli. We
close with a critical discussion of these emerging technologies and future directions for the
field.
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2. Cell mechanics

Understanding cell mechanics and its interplay with ECM mechanics is essential to

design new engineering approaches to perturb local cell mechanics and guide its growth,
differentiation, and regeneration. Elastic and viscoelastic properties of cells and matrix
can be measured by mechanical tests including rheology, tensile measurement, AFM,
optical tweezers, magnetic twist cytometry, traction force microscopy, micro-aspiration,
and microfluidics at either microscale or mesoscale (Figure 1A, Table 1).132:33] Early
historical work investigated the mechanical properties of non-adherent blood cells using
micropipette aspiration, revealing that their rheological behavior could be approximated
as viscoelastic, with discrete contributions from the nucleus and cortical actin layer [34].

It should be noted that these techniques typically require a mechanical probe to be in
direct contact with the cell, and are better suited for either non-adherent cells in solution
or adherent cells on a planar substrate. In the latter scenario, adherent cells typically

adopt a more flattened conformation since the cytoskeleton is under increased mechanical
tension, coupling the nucleus to the underlying substrate [341. In comparison, cells embedded
within a tri-dimensional biomaterial or a living tissue are more spatially confined by their
surroundings, but also less accessible to mechanical probes, making them more difficult to
characterize [35],

Cell mechanics exhibit considerable complexity due to the dynamic biophysics of various
intracellular components, even when non-adherent to a substrate.[8] For example, cortex
mechanics, crowding of cytoplasm, and condensation of nucleus of individual cells
contribute differently to cellular functions, which may or may not be causally linked. In
addition, the cell morphological parameters, such as cell volume, spreading area, and aspect
ratio, also impact the mechanical behavior of cells. The cytoplasm may be understood as a
cytoskeletal network composed of actin, microtubules, and intermediate filaments immersed
in a motor-driven active fluid [36], and a variety of physical models have revealed new
quantitative insights. We briefly summarize these models below, and refer the interested
readers to more comprehensive reviews elsewhere [7:37.38],

Historically, cells have been characterized as viscoelastic materials, behaving as a

viscous liquid under slow deformations (low frequency) and an elastic solid under rapid
deformations (high frequency) (Figure 1B). The dynamic shear modulus G*(w) captures

the frequency-dependent ratio of stress to strain, and can be expressed as: G*(w) = G’ (w)

+ iG” (w), where G'(w) and G” (w) are the elastic and loss moduli, respectively, and 7is

the unit imaginary number. In living cells, it is found that G’ (w) and G” (w) crossover at
frequencies ~0.3 Hz, where G’ (w) dominates over G” (w) at higher frequencies suggesting

a liquid-like to solid-like transition. Similarly, a crude measurement of relaxation time

for cells (in response to constant stress) is approximately seconds, based on a simplistic
treatment using a single exponential function.[3%] Nevertheless, cellular viscoelastic behavior
depends on the state of the cytoplasm, which varies among different types of cells, and
during development and disease. Recent studies have revealed that different combinations of
the cytoskeletal components significantly change the cellular viscoelastic behavior (e.g. the
presence or absence of intermediate filaments).[4041] This may be responsible for changes
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in mechanics of diseased cells. For example, nontransformed and transformed (cancer) cell
lines exhibit different frequency-dependencies of the complex moduli.[42]

Empirically, the viscoelastic response of cells is poorly described by a single characteristic
timescale, indicating that classical linear models based on linear combinations of limited
number of springs and dashpots are inadequate [38]. Instead, the complex modulus can be fit
to a power law of the form | G*(w)l~wPB, where 8= 0 represents purely elastic response and
B = 1represents purely viscous response. For living cells, g has been empirically measured
to be between 0.1 to 0.5 [26:43-45] ‘and a variety of physical models have been proposed

to explain this. For instance, the sol-gel hypothesis is based on intriguing similarities of
this power law scaling with reconstituted cytoskeletal networks, although it should be noted
that these are passive systems in thermodynamic equilibrium [46]. Alternatively, the soft
glassy rheology model also gives a power law scaling, which is attributed to intracellular
components existing in a complex energy landscape with deep “wells” that are traversed

by rare “hopping” events with energetic costs appreciably greater than thermally driven
fluctuations [381. More recently, a self-similar hierarchical model has been proposed which
captures the universal power-law rheology behavior of cells.[4”] Nevertheless, these models
also do not address active cellular behaviors driven by ATP via molecular motors and other
enzymatic activities.

The cytoplasm can also exhibit poroelastic behavior due to the microscale pore size of
cytoskeletal networks and intracellular solvent flow (Figure 1C).[30:3948] Cells can behave
like a poroelastic gel at short timescales that are smaller than the poroelastic relaxation
time (~L2/Dp), where L is the characteristic length scale of the deformation and Dy, is

the poroelastic diffusion coefficient. Hu et al. systematically investigated contributions

of poroelasticity and viscoelasticity to the cytoplasmic mechanical response using optical
tweezers to drag tracer particles of varying size and speed.[3%] They presented a cytoplasmic
phase diagram which shows a fluid to solid transition as the ratio between the viscoelastic
relaxation timescale and the experimental time scale increases, and a transition from
compressible to incompressible material as the ratio between the poroelastic relaxation
timescale and the experimental time scale increases. The poroelasticity can also varies in
different types of cells, as the cellular water content and cytoskeletal components can be
changed in response to stimuli or during cell fate transition. For example, poroelasticity has
been found to play a critical role in governing cartilage mechanics.[4°]

Finally, the active, non-equilibrium contributions of ATP-driven molecular motors to cell
mechanics have been increasingly recognized (Figure 1D). These intracellular forces are
generated by the operation of molecular motors such as kinesin, dynein, and myosin Il
motors. These molecular motors are responsible for different cellular functions, including
directional cargo transportations along the microtubules and active contraction of actin
filaments. In addition to the motor-generated directional forces, the biochemical reactions
and cell metabolism can also induce active fluctuations, which exhibit similar frequency
spectra to Brownian motion but are considerably greater in magnitude. This active force
fluctuation also varies in different types of cells or during disease progression; for
example, malignant cancer cells exhibit greater active force fluctuations compared to their
non-transformed counterparts.[26] Interestingly, recent optical tweezers measurements show
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that cell cytoplasm can still be approximated as a passive material in thermal equilibrium
over short timescales (less than 0.1 s) or high frequencies (greater than 10 Hz). However,
active contributions must be considered over longer timescales (greater than 0.1 s) or lower
frequencies (less than 10 Hz). These active forces inside the cytoplasm cooperatively drive
critical functions at the single cell level, such as contraction, division, and migration.

On a whole-cell level, the physical parameters, including volume, area, aspect ratio and

etc., also affect cellular mechanical response to extracellular mechanical stimuli (Figure 1E).
[52] For example, cells undergo volume change during many biological processes including
cell cycling, stem cell differentiation, and cancer invasion.[53:54] This volume changes can
be attributed to not only the changes of the amount of intracellular materials such as
proteins and DNA, but also the influx/efflux of intracellular water content. The changes

of cell volume, especially by water influx/efflux, lead to the varying concentrations of
macromolecules in cells, thus altering the equilibrium and rate of biochemical reactions.
Recently, YAP/TAZ signaling activation and Wnt/beta-catenin signaling have been found

to be regulated by cell volume, which are further be related to gene expression and

stem cell self-renewing.[1555] |n addition to cell volume, other parameters like area and
aspect ratio are also import regulator of cell mechanics. Cell spreading area increases
significantly for cells cultured on stiffer substrates. At the same time, as the cell spreading
area increasing, the cell volume decreases and increased the stiffness of both the cell

cortex and cytoplasm. Cell aspect ratio is also an important morphological character of

the cells. An unrestricted spreading cell usually have an aspect ratio of 1, exhibiting an
isotropic cell mechanical behavior. When cells undergo migration or are stimulated by
extracellular directional stimuli, such as flow shear, stretching, confinement, the cells break
symmetry and exhibit significant anisotropy in cytoplasmic mechanics and dynamics. These
anisotropic mechanical behaviors can be attributed to the reorganization of cytoskeleton,
which also accompanies with anisotropic intracellular dynamics of motors. These above-
mentioned physical parameters have also been reported to be biomarker for certain cell type
or process, as reliable as biochemical markers. For example, large nucleus to cytoplasm ratio
has been considered to be a stemness marker of embryonic stem cells;[24] whereas large
aspect ratio and small cell volume were a representative morphology of intestinal stem cells
in crypt-to-villi epithelium;[1%] different morphological categories could indicate different
differentiation potentials of mesenchymal stem cells.[3]

In this section, we provide a brief primer on relevant mechanical principles and highlight
the mechanical properties of cells that can be modified on single cells. We subsequently
consider how to leverage these cellular phenotypes for engineering multicellular tissues,
discovering potential diagnostic markers, and developing disease treatments.

3. High Throughput Measurements of Nonadherent Single Cell Mechanics

Cellular components of biofluid samples (e.g. blood, pleural fluid, bone marrow aspirate,
cerebrospinal fluid, etc.) encode a wealth of information about patient health and disease.
[56] Classical “gold standards” of diagnostic cytopathology are based on complete blood
counts (CBC), visual inspection of cell shape (e.g. pathology), or characterization of surface
biomarker expression via flow cytometry.[57] It is becoming increasingly appreciated that
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altered intracellular mechanics are indicative of cell-specific dysregulation of subcellular
structure (e.g. nucleus, cytoskeletal proteins).[581 For instance, cancer cells have been widely
reported to be softer / more deformable than normal (non-transformed) cells, although the
underlying mechanism remains unclear.[®% In contrast, aging is associated with increased
cell stiffness and diminished recoverability after large deformation.[6% Lastly, immune cell
activation results in dramatic alterations of the cytoskeleton, altering cell size and shape.

[61] Historically, precision measurements of single non-adherent cells have utilized atomic
force microscopy, micropipette aspiration, or optical stretching, which are labor- and time-
intensive techniques. Probing cells one by one is inadequate when there is appreciable
phenotypic heterogeneity, which can only be resolved by rapidly sampling large numbers of
cells within a given population.[821 A promising alternative is to use microfluidic devices for
automated, standardized, and miniaturized analyses of single cells.[58.63-66]

Manalis’ group pioneered the use of microfluidic channels machined within a resonating
silicon microcantiever, which can “weigh” cells as they traverse these channels and alter
the resonant frequency of the cantilever.[67] One variant of this suspended microchannel
resonators incorporates a constricted region (6 pm wide) to deform cells over time (Figure
2A), revealing that some cancer cells with greater metastatic potential exhibit increased
deformability and decreased friction (against the channel walls), relative to cells with
weaker metastatic potential.[88] More recently, automated microfluidic processing was used
to sort and dispense single cells from clinical specimens extracted from brain tissue and
tumor resections.[891 Each single cell was repeatedly measured over time by flowing
successively through an array of independent cantilevers, revealing its mass accumulation
rate (“growth”).[70] Proliferating tumor cells treated with vehicle control typically exhibited
an increase in buoyant mass, while cells responsive to certain targeted drugs exhibited
constant or decreasing buoyant mass (e.g. recurrent glioblastoma or breast metastasis
sensitive to CDK inhibitor abemaciclib) (Figure 2B). Such differences were not observed
for drug resistant tumor cells (e.g. glioblastoma treated with TMZ), or non-proliferating
cells isolated from healthy brain tissue. Although this approach is exquisitely sensitive for
probing single cell mechanics of minute sample volumes, it should be noted that the overall
throughput of hundreds of cells per hour may be inadequate to sample highly heterogeneous
populations.

Alternatively, purely hydrodynamic flows can be used to deform cells within different
microfluidic channel geometries, with no physical contact between cells and the walls. Guck
et al. demonstrated real-time deformability cytometry, where cells enter a channel with
reduced cross-sectional area (e.g. 20 pm x 20 pm, 30 pm x 30 um), and their deviations from
a perfectly circular profile (e.g. deformability) are imaged using high-speed camera (Figure
2C).[721 Single cells were characterized based on their area and deformability, and their
phenotypic distribution was visualized using a flow cytometry-like scatter plot (Figure 2D).
Subsequent work profiled distinct cell types within a diluted blood sample, revealing unique
signatures of erythrocytes, neutrophils, lymphocytes, monocytes, etc. based on deformation,
size, and brightness.[73] This approach detected the stiffening of erythrocytes in disease
states such as spherocytosis (e.g. ankyrin and spectrin mutation) as well as malaria (/in

vitro exposure to the parasite Plasmodium falciparum), relative to healthy donors. Further,
immune cells exhibited increased size and deformability for patients with acute lung injury
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(due to bacterial origin) and viral repiratory tract infection. Most recently, this group
analyzed blood from COVID-19 patients, showing that neutrophils were larger and more
deformable, indicative of an activated state (Figure 2D).["1] Moreover, erythrocytes were
stiffened, lymphocytes were more deformable, and monocytes exhibited increased size in
COVID-19 patients relative to healthy donors and recovered patients. Troublingly, these
alterations in deformability of neutrophils and erythrocytes appeared to persist in some
recovered patients. A likely driver of these changes is reorganization of the cytoskeleton, due
to viral interactions or inflammatory signaling.

Di Carlo’s group utilized a different cross-slot channel geometry, so that immune cells

were stretched with an extensional flow, and their aspect ratio and initial diameter were
imaged with a high speed camera (Figure 2E).[62] This technology was applied to pleural
effusions, revealing an increase in aspect ratio for immune cells isolated from patients with
acute inflammation relative to healthy donors (Figure 2F,i,ii).[”4] In comparison, chronic
inflammation resulted in greater deformability and cell size (Figure 2F,iii), while malignant
diseases included a subpopulation of large and highly deformable “atypical” cells (Figure
2F,iv). Subsequent work showed that granulocytes (but not lymphocytes) exhibited enhanced
deformability during sepsis, and was highly predictive of disease severity.[7®] It should

be noted that both deformability cytometry methods exhibit relatively high throughput
(100-1000 cells per second). A recent comparison of all three of these technologies using
matched cell lines revealed that they all are sensitive to differences in cytoplasmic packing,
but that only the Manalis and Guck technologies are sensitive to alterations in actin
cytoskeletal organization.l”®] In comparison, the Di Carlo technology also probes nuclear
mechanics, likely due to differences in strain rate.[52] It is advantageous that these three
technologies are all non-destructive, and it will be intriguing to further integrate these

with emerging single cell -omics technologies for deeper molecular phenotyping.l””1 To
systematically compare the available technologies for mechanically probing ECM and cells,
we included a table containing different parameters for these technologies (Table 1).

There are some other technologies can be applied to quantify the mechanical/physical
parameters of individual cells or even on molecular levels. For example, Young et al.
developed interferometric scattering microscopy for quantification of the mass of single
biomolecules in solution with 2% sequence mass accuracy with a resolution of 19-kDa and a
precision of 1-kDal78]. These technologies on molecular level could potentially be integrated
with single cell analysis technologies to obtain more comprehensive physical/mechanical
properties of cells in the future.

4. Extracellular Mechanical Stimuli

Cells inhabit a complex microenvironment that presents dynamic biochemical cues and
mechanical stimuli.[’®] The mechanical microenvironments in native tissues not only

help maintaining structural integrity and homeostasis, but also govern the morphogenesis
of the organs and tumors. Conceptually, this mechanism can also be understood in

terms of mechanosensing (e.g. local ECM mechanics via integrins and the actomyaosin
cytoskeleton), driving cellular mechanotransduction (e.g. altering gene expression, survival
and proliferation, as well as ECM synthesis or degradation), finally resulting in
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mechanoregulation of tissue form and function [89], These mechanical cues can be
conceptually understood within four categories, which includes solid stress, fluid pressure,
microarchitecture of the ECM, and ECM mechanics.

Solid stresses are usually generated in highly-proliferative regions of tissues (Figure

3A). These regions could be a normal intestinal epithelium where the cellular layers
turnover every few days, or uncontrolled proliferation of a tumor to push and stretch

solid components of the surrounding stroma.[81-88] Tension is another type of solid stress,
which is often localized at the interface of different types of tissues, including the interface
between the tumor and stroma.[8] Tension in tumors can be actively generated by invading
tumor cells or cancer-associated myofibroblasts. These cells actively migrate within the
ECM with their high contractility. The cell-induced stretch and strain results in a higher
tension that may affect ECM alignment, tumor invasion, and angiogenesis. In normal tissues,
mechanical tension, occurring via cell-cell or cell-matrix adhesions is a significant regulator
during the morphogenesis of embryos and organs. The spatially non-uniform tension during
development has been revealed to be essential for tissue folding, cell fate decision, and
formation of multiple organs such as myocardial wall.

Fluid pressure includes hydrostatic pressure, osmotic pressure, and shear force (Figure 3B).
[90.91] The hydrostatic pressures can be caused by both hypertension diseases and tumor
progressions. Blood pressure is determined by both the amount of pumped blood and the
hydrostatic resistance of blood vessel to the blood flow. Hypertension causes a higher
hydrostatic pressure applied to the endothelial cells and surrounding tissue, which may
eventually lead to various heart diseases.[9%] Another example is solid tumor progression,
where the leakage of plasma from tumor-surrounded blood vessels and insufficient
lymphatic drainage leads to elevated interstitial fluid pressure. This elevated interstitial fluid
pressure drives both a higher hydrostatic pressure and a higher osmotic pressure.[®1 Both of
these mechanisms perturbs the physical and molecular phenotype of cells within the tumor
microenvironment. Similarly, elevated osmotic pressure can occur in homeostatic healthy
tissues. In human intestine, daily digestion and consumption result in a cyclic variation

in osmolarity in the range from 300 mOsm to 450 mOsm.[15] Moreover, the kidney is
known to experience hyperosmotic stress, as kidney medulla cells encountering a higher
osmolarity in microenvironment than cortical cells.[] Finally, shear force in the human
body is often generated by blood flow, which constantly stimulate the endothelial cells.[90.91]
Different types of shear force have distinct consequences for cell fate and disease. For
example, disturbed flow in blood vessels is associated with vascular inflammation and focal
distribution of atherosclerotic lesions.[%6:97] In comparison, the steady laminar unidirectional
shear force is anti-inflammatory and atheroprotective.

Matrix architecture and mechanics are also important extracellular mechanical cues that
stimulate the embedded cells (Figure 3C).[98-100] Conceptually, these can be understood as
non-living mechanical cues that act on cells, unlike solid stress and fluid pressure (although
ECM can be remodeled by cells over longer timescales.[192.102] Thys, the effects of matrix
architecture and mechanics are primarily dependent on the cellular capability to sense their
own native microenvironment.
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One widely used readout of matrix mechanics is stiffness (linear elasticity), which represents
the resistance of the matrix to deformation (Figure 3D).[103.104] The stiffness is an intrinsic
characteristic of the matrix and the tissue. In human body, different types of tissues and
organs exhibit a wide variation of stiffness. For example, fat and brain are believed to

have a relatively low stiffness (Young’s modulus) among all the tissue in the range of

500 Pa to 1 kPa. Meanwhile, bone exhibits the highest stiffness of 2-4 GPa as compared

to other tissues. It is known that cells and their nuclei also adapt their stiffness to that

of their localized matrix. Interestingly, by manipulating the stiffness of cells to match the
stiffness of their related microenvironment, cells are prone to differentiate towards specific
lineages that typically reside under those mechanical conditions. Matrix stiffness is also a
hallmark for many tumors, which can be used as either a diagnostic marker or a prognostic
factor. Indeed, matrix stiffening has been considered to promote tumor progression in breast,
colorectal, brain, liver, and pancreatic tumors. Recent studies have shown that both the
cancer cells and their surrounding stroma cells are sensitive to the stiffened matrix. A

stiff matrix can enhance cell proliferation, disrupt apicobasal cell polarity, and promote
invasion.[193] |n cancer stroma, there are many cells that are regulated by stiff matrix,
including cancer-associated fibroblasts (CAFs), immune cells, adipocytes, and endothelial
cells. Immune cell infiltration and recruitment are impeded by matrix stiffness;[106] CAFs
could be transferred to myofibroblasts, which change the architecture of matrix and further
affect cancer invasion;[107-109] the complex interaction between the adipocytes and tumors
can also be affected by their local stiffness;[110] in addition, endothelial cells are sensitive to
varying local stiffness, which leads to altered angiogenesis and vessel permeability.[111]

In addition to the stiffness of the ECM (e.g. linear elasticity), other mechanical properties
such as nonlinear elasticity, viscoelasticity, plasticity, and poroelasticity, have been
increasingly recognized as important. Having briefly reviewed these topics in the context
of cell mechanics, we highlight here selected mechanical features of ECM. First, nonlinear
elasticity has been observed in many mammalian tissue and biopolymers, and attributed to
the fibrillar structure of many ECM components (e.g. collagen I). Briefly, the differential
modulus of a nonlinear elastic polymer network increases with the applied stress or strain.
[101,112,113] By employing nonlinear elasticity, the matrix in tissues stiffen to prevent tissue
damage under severe stresses or large deformations. For example, hierarchical helical
structures provide the biopolymer fibrous network nonlinear elasticity in muscle and tendon,
which prevent cells from damage under large deformations. In blood vessel walls, the
blood flow shear stress stiffens the vessel walls to prevent vessel rupture. Second, most
biological tissues and matrices are viscoelastic and exhibit stress relaxation behavior. Recent
studies using synthetic viscoelastic materials have shown that stress relaxation is important
in several developmental and tumorigenic processes including cell spreading, migration,
cartilage formation, and neuron progenitor cell self-renewing.[103.114-118] Third, plasticity
occurs when mechanical loading results in an irreversible deformation of a material.
Although viscoelasticity and plasticity are rigorously defined in classical mechanics of
materials, it is often challenging to decouple and tune them individually in ECM due to
the complex molecular structure of biopolymers. Finally, a poroelastic material exhibits

a time-dependent mechanical response due to fluid redistribution when the material is
subjected to volumetric deformations. Water is the most abundant molecule in cells and
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tissues; it has been shown that water content plays an important role in cell mechanics and
functions.[7:11,15,53-55110,119] |ndeed, water redistribution and the resultant pore pressure
homogenization lead to a poroelastic stress relaxation in both cells and the extracellular
matrix. This behavior can be understood through a simple scaling law Dy ~ E&Iu, where £
and £ are the drained elastic modulus and the characteristic pore size of the matrix, and yis
the fluid viscosity.

Multicellular systems are self-organized by multiple types of interacting cells and matrix
into a 3D architecture that maintains mechanical integrity and homeostasis. For example,

the intestinal epithelium self-folds into 3D crypt and villi architecture from a 2D cell layer
with a gradient of morphogens and stresses from the bottom of the crypt to the top of the
villi.l33] Beyond cellular organization, the structure of the matrix, which includes the pore
size of matrix, alignment and orientation of the fibers, can non-mechanically influence tissue
function. For instance, the pore size of the biopolymer network is an important parameter
determine biomolecular diffusion and information exchange.[120:121] Thus, the porosity can
bias the molecular transport and reaction of inflammatory cytokines. The matrix architecture
also plays a central role in cancer progression and therapy,[*22] and the collagen organization
was shown to be a prognostic biomarker.

Altogether, the matrix architecture can affect cell fate through different molecular pathways,
which includes integrin, matrix metalloproteinase (MMP), YAP/TAZ, and beta-catenin.
These integrated mechanical and biochemical stimuli are transduced to the cell nucleus

to regulate downstream phenotypic function. As an example, ECM pore size can confine
migrating cells, such as cancer cells, leukocytes, and primary mesenchymal cells. These
constraints on cell nucleus can lead to severe compression and deformation, which
eventually affect the integrity of the nuclear envelope, herniation of chromatin, DNA
damages, chromosomal aberration, and genomic instabilities.[123-130] Dyring the migration
of cells, the cell membrane also experience shearing and stretching, which can also lead

to the influx of efflux of ions by opening the mechanosensitive ion channels such as Piezo.
[131-133] OQverall, these myriad extracellular mechanical stimuli cannot be neglected for
potential biomedical diagnostics and therapies.

5. Interrogating Cell Migration Dynamics for Diagnostics and Therapeutics

Directed cell migration occurs in response to matrix topography and other asymmetric

cues during tumor invasion, leukocyte recruitment, and wound healing.[134] However, cell
migration is classically measured using Transwell assays (Boyden chamber)[3%] or scratch
assaysl136] which lack micro/nano topographies and may result in artifacts. These assays
are also sensitive to initial cell seeding densities, which can further increase experimental
variability. Modern fabrication techniques enable highly controlled topographic features
comparable in size to the fibrillar diameter and spacing of the ECM.[137] Alternatively, cells
can be fully confined within elastomeric microchannels prepared using soft lithography,
where the width and height of these channels only permit single file migration.[138]

Glioblastoma multiforme (GBM) tumors diffusely invade brain tissue along blood vessels
and nerve tracks[39, and are extraordinarily therapy resistant, resulting in 95% patient
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fatality within 5 years of diagnosis.[40] Levchenko’s group in collaboration with Quinones-
Hinojosa’s group investigated the migration of patient-derived GBM cells on nanogrooved
substrates that mimic brain ECM architecture, with raised features that were 350 nm wide
and tall, spaced apart by 1.5 um, coated with laminin (Figure 4A).[141] These GBM cells
exhibited a multipolar morphology with slower migration on tissue culture plastic (Figure
4Ai). In comparison, these cells were more elongated with faster migration on nanogrooved
substrates (Figure 4Aii), similar to their behavior within tri-dimensional reconstituted
basement membrane (Matrigel) and brain slice culture. Further, some GBM patient cells

on nanogrooved substrates exhibited migration that was responsive to platelet-derived
growth factor (PDGF), relative to limited sensitivity on flat substrates. Indeed, this could

be attributed to phenotypic heterogeneity, with some more migratory subset of the cells
responsive to PDGF relative to the bulk population. These PDGF-responsive behaviors were
recapitulated in an orthotopic mouse model, and also were predictive of poor prognosis in
the patient cohort. This assay reveals exceptional migration phenotypes that self-sort based
on speed and directional persistence, permitting increased sensitivity relative to bulk assays
that average over the entire population.

T cell recruitment to solid tumors for immunotherapy is often impeded by fibrotic

ECM architecture.[242] Immune cells can adapt their migration phenotype from a more
adhesive, traction-driven mode (“mesenchymal’) to a more contractile and propulsive
mode (“amoeboid™) based on the stiffness of the surrounding ECM. Provenzano’s group
investigated T cells on patterned polyacrylamide (PA) hydrogels of varying stiffness (e.g.
G’ = 2.3 -1000 kPa) with raised grooves of 600 nm height and 800 nm width, separated
at 800 nm spacing and coated with ICAM1 or fibronectin (Figure 4Bi).[143] T cells on

soft hydrogels exhibited a more amoeboid phenotype with microtubule-rich pseudopods
inserted into the nanogrooves, but on stiffer hydrogels exhibited a more mesenchymal-
like phenotype that was spread across the nanogrooves without any pseudopods. This T
cell mechanosensitivity was elucidated based on a microtubule-dependent mechanism to
regulate contractile response to substrate stiffness and topography. Indeed, microtubule
destabilization using Nocodazole enhanced an amoeboid mode with pseudopod insertion
and directional migration relative to vehicle control (Figure 4Bii), while microtubule
stabilization using Taxol diminished these behaviors and biased towards a mesenchymal-like
mode. These T cell migration behaviors were further validated using primary mouse and
human T cells in a 3D collagen-fibronectin matrix. These studies suggest that classical
chemotherapeutics (e.g. taxanes) intended to disrupt microtubule spindle activity during
cancer cell division could inadvertently inhibit T cell recruitment. Nevertheless, it should be
noted that the role of microtubules in immune synapse formation remains unclear, so some
care is needed when pharmacologically perturbing microtubule function.

Solid tumor invasion and metastasis are the primary driver of patient fatalities, and this
systemic disease is extremely difficult to treat successively.[144] Konstantopoulos’s group
investigated how breast cancer cells with varying metastatic potential invaded into confined
PDMS “feeder” microchannels that were 20 um wide, 10 um high, and coated with collagen
1.[145] Each channel then bifurcated into two channels, one that was 10 um wide and the
other that was only 3 um wide (Figure 4C). Cells that only entered the first “feeder”
microchannel were classified as “non-migratory,” while cells that traveled further into either
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bifurcation were classified as “migratory” (Figure 4Ci,ii). This classification was highly
predictive of breast cancer cell lines with low or high metastatic potential (in mice), which
could be further refined based on a biomarker for cell proliferation (e.g. Ki-67). This assay
was used to select for a migratory subpopulation that successfully entered the bifurcations,
which exhibited considerably increased metastatic colonization of bone, liver, and lung

in a mouse model. Gene expression profiling of this migratory subpopulation revealed
upregulation of PI3K-Akt and Ras-MAPK pathways, suggesting candidate treatments based
on targeted inhibitors. Further, these behaviors were recapitulated in patient-derived cells
that were highly metastatic in xenograft models.

Systemically dysregulated immune response after infection (i.e. sepsis) can result in organ
dysfunction and death, but remains challenging to diagnose early since the physiological
patterns can resemble other disease pathologies.[14¢] Sepsis is associated with aberrant
neutrophil function, including diminished sensitivity to chemokines as well as anti-microbial
activity.l47] Irimia’s group investigated how neutrophils isolated blood samples of human
patients with and without sepsis migrated within confined PDMS microchannels that were
10 pm wide, 4 pm high, and coated with fibronectin (Figure 4D).[148] Since there was no
exogeneous chemokine stimulation, neutrophils from non-septic patients remained largely
inactivated and rarely entered the channels (Figure 4Di). Interestingly, neutrophils from
septic patients often migrated “spontaneously” into the microchannels, with highly erratic
behaviors (Figure 4Dii). For instance, some neutrophils would migrate up a channel, then
immediately reverse its migration back down an adjacent channel. These neutrophils also
exhibited oscillatory motion up and down a single channel, as well as frequent pausing. By
considering all of these dynamical patterns, an unsupervised machine learning classifier was
constructed that was 97% sensitive and 98% specific for septic disease in patients.

Overall, tracking the migration of various cell types isolated from patient samples permits
unique insights into disease state, complementing existing measurements of molecular
biomarkers. In their current form, these technologies are semi-automated and require some
specialized training to use. For instance, plating cells at controlled initial density typically
requires some manual dilution and pipetting, although Irimia’s device can operate directly
from a droplet of blood.[248] Moreover, accurate detection and tracking of single cells from
time-lapse images requires some human supervision, although this may be addressed by
advances in computer vision and machine learning.[24%] Indeed, some care is needed when
comparing experimental conditions, since cells may migrate out of the field of view, divide,
or die, resulting in changing population size over time. Ideally, readouts of cell migration
should be as simple as possible, and downstream classifiers should be fully transparent

to aid in data interpretation. Lastly, dynamic transitions between migration phenotypes in
confined spaces, e.g. amoeboid to mesenchymal migration[50:151] or collective to individual
migration are of increasing fundamental interest,[152.153]1 and represent a promising avenue
for future investigations.

6. Traction Force Microscopy in 3D Matrix

Cells embedded within natural or synthetic biomaterials can exhibit tissue-like form and
function (“organoids™), recapitulating some aspects of embryonic development and disease.
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(23] One potential advantage of such ex vivo culture is to culture patient-derived human
cells, whose response to drugs and genetic manipulation could predict therapeutic efficacy.
[154] Moreover, these platforms represent a versatile testbed to investigate the bi-directional
interactions between cells and ECM. Early work by Chen’s group investigated how
individual fibroblasts deformed synthetic hydrogels (e.g. polyethylene glycol diacrylate),
based on the displacement of fluorescent tracer particles embedded throughout the hydrogel
(e.g. traction force microscopy).[25%] For these experiments, the synthetic hydrogel exhibited
a linear elastic response, so that the cell-generated stresses could be extracted from the
matrix strain field based on a well-defined constitutive equation. However, this approach

is not necessarily applicable for naturally-derived biomaterials which exhibit nonlinear
viscoelastic response, and can be irreversibly remodeled by the cells.[156]

Fabry and Wu’s groups have investigated how individual cancer cells deform highly
fibrous collagen | hydrogels,[157:158] showing that cells may locally perceive very non-
uniform mechanical conditions, due to the variability of the random fiber architecture.[15]
Interestingly, highly contractile cells may locally align collagen fibers to stiffen the matrix,
permitting longer ranged force transmission relative to synthetic biomaterials comprised
of spatially homogeneous flexible polymers. Both these publications utilize constitutive
equations that account for discrete fiber architectures,[157.158] but were extrapolated from
rheological measurements on cell-free hydrogels, which do not include contributions from
cells. Franck’s group proposed an alternative approach for neutrophils that only considers
the displacement field of the 3D matrix, revealing functional information about cell
contractility, volume changes, and rotation.[6% In principle, this approach can infer cell-
matrix interactions based on the geometry and displacement of the cell-matrix boundary,
with minimal information about cell morphology. However, the scalar metrics used for
cell and matrix deformations were spatially averaged and do not account for spatially
non-uniform cell behaviors.

Guo’s group utilized optical tweezers to directly probe matrix rheology near individual

cells (Figure 5A.,i).[101] For example, latex microparticles (4.5 um diameter) were embedded
within a collagen I hydrogel (1.5 mg/mL) (Figure 5,A,ii), and each bead was manipulated
with a controlled displacement x using a tightly focused 1,064 nm laser, resulting in a
resistant force F~that scales with the local matrix stiffness (Figure 5Aiii). The matrix
stiffness was systematically measured at varying distances from the cell (Figure 5A,iv). For
highly contractile cells (e.g. mesenchymal cancer cells, MDA-MB-231), their surrounding
matrix were found to be significantly stiffer as compared to remote locations, particularly
parallel to the cell axis; this is because cell contraction triggers nonlinear matrix stiffening
by inducing local fiber alignment and buckling . Analogous trends were observed for
reconstituted basement membrane (e.g. Matrigel) as well as fibrin 3.0 mg/mL). Thus,
nonlinear rheology and cell-mediated remodeling can be highly pronounced for naturally-
derived biomaterials, and must be carefully considered in elucidating mechanobiology in 3D
matrix.

Groups of cells can exhibit emergent behaviors such as coordinated tractions and
collective migration that are not observed with individuals.[161-163] Wong’s group has
profiled how multicellular clusters alter their matrix adhesions as they disorganize and
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disseminate.[164] This technology was implemented on a 96-well plate scale using a
composite silk-collagen hydrogel,[165] permitting higher throughput measurements of cell-
matrix interactions with several different drug perturbations. Using topology-based tracer
particle tracking algorithms, the displacement of tracer particles could be visualized with
submicron resolution,[16¢] revealing localized patterns of protrusive and contractile matrix
displacement. As a case study, mammary epithelial cells (MCF-10A) underwent controlled
induction of the Snail transcription factor, a master regulator of the epithelial-mesenchymal
transition (EMT). As a negative control, epithelial clusters typically exhibited compact
morphologies with several regions of protrusive and contractile matrix displacement. In
comparison, clusters induced to a transitory EMT state extended protrusions and applied
more extensive contractile matrix displacements to their surroundings. Lastly, mesenchymal
clusters exhibited highly elongated morphologies with localized contractile displacement
and minimal protrusive displacement. Thus, accounting for spatial non-uniformity in cell-
matrix interactions also reveals meaningful information about functional phenotype. This
approach is compatible with a wide variety of biomaterials and cell types, which may enable
preclinical testing of human patient samples to inform personalized treatments.

Adie’s group has demonstrated a label-free approach based on optical coherence
tomography, which can detect both cells as well as collagen fiber remodeling.[168] Using
temporal speckle contrast, this approach can directly visualize collagen matrix deformation
as well as degradation over time. This approach was applied to investigate multicellular
spheroids of oncogene transfected mammary epithelial cells (MCF-10AT1) with or without
co-culture with adipose stem cells.[167] After embedding in dense collagen | hydrogel (6 mg/
mL), mammary epithelial cells alone exhibited minimal invasion into the matrix. However,
spheroids that included adipose stem cells exhibited collective invasion into the matrix,
which was particularly pronounced with adipose stem cells isolated from obese mice. These
coordinated behaviors could be suppressed by inhibition of matrix degradation (e.g. MMP
inhibitor Batimastat) or cellular contractility (e.g. Y27632). This visualization approach is
highly promising for future traction measurements, particularly to elucidate the crosstalk of
mechanobiology and metabolism in a controlled ex vivo setting.

Overall, profiling cell-matrix interactions in 3D biomaterials is highly promising to elucidate
tissue disorganization in disease as well as drug response. Ongoing challenges include the
role of nonlinear matrix response and the local fibrillar architecture, which exhibit greater
spatial non-uniformity in vivo due to the presence of cell-sized spaces.[169] Moreover,
ECM mechanics and architecture will continue to evolve over time as different cell types
deposit and remodel their surroundings, particularly during disease states. The co-culture
of epithelial cells with various stromal or immune cells represents one approach to reverse
engineer these microenvironmental interactions from the “bottom-up.” Recent advances in
structured illumination could further improve spatiotemporal resolution while minimizing
phototoxicity [170171] Nevertheless, further work is needed to make these biophysical
techniques more turnkey, so that they can be implemented in a clinical or biological lab
setting with reduced training and instrumentation requirements.
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Mechanical programming of organoid morphogenesis

Epithelial tissues fulfil a protective role at the surface of many organs, and must withstand
harsh external environments including such as shear, tension, and scratch.[172-175] To do
so, there are niches for epithelial stem cells that actively proliferate to replenish and

repair wounds and replace the cells that die from the wear and tear. At the same time,

the regeneration of epithelial tissues from stem cells is mechanoresponsive, and can be
triggered by either the mechanical forces directly or the loss of tissue integrity.[176-179]
Recent fundamental studies on epithelial development have focused on the fundamental
role of stem cells and their progeny, with potential applications for for organ regeneration,
and even replacement therapy by ex vivo tissue grafts.[180-184] The intestine has been
widely studied as a representative model of stem cell plasticity and differentiation. Several
recent papers have revealed that cells from non-stem cell pools can be mobilized after
ablation of intestinal stem cells in the niche.[182.183] |ntestine injury was introduced by
using irradiation or cytotoxic drugs (such as 5-fluorouracil (5-FU) and doxorubicin. After
injury, a rapid repair and replenishment of crypt unit have been observed, implying that
plasticity of differentiated mature cells contributes to the regenerative process. One possible
mechanism is that exposure to niche signals such as Wnt3a can revert differentiated cells
to multipotent stem cells. The plasticity of stem cells has also been confirmed in other
epithelial tissues, such as liver, hair follicles, epidermal, mammary gland, sweat gland,
sebaceous glands, and lung alveolus.[180-184] | several epithelial tissue types, the transitions
of mature cells to stem cells have been found to be related to mechanoresponsive pathways
such as YAP/TAZ signaling and Wnt/beta-catenin signaling.[182] However, it should be
noted that the injuries are often associated with the disruption of the tissue mechanical
integrity. The remaining cells are exposed to various types of mechanical cues such as
altered osmolarity, tension, contraction, and changes in matrix stiffness. Thus, targeting the
local mechanical microenvironment of organ epithelium could be possible as a therapeutic
strategy.

Manipulation of mechanical cues is a highly promising approach to engineering organoid
growth, complementing other experimental systems in vivo.[188-1911 An organoid is a
miniaturized recapitulation of a certain type of organ that developed ex vivo or in vitro
with three dimensional microanatomy of native organ. Organoids have great relevance for
fundamental developmental biology, modelling diseases, facilitating drug development, and
enabling tissue/organ replacement therapy. Benefitting from advances in material science
and microtechnology, microenvironments with varying mechanical cues can be constructed
to study the impact of extracellular stimuli on organoid growth.[186.192-198] | recent
researches, engineered hydrogels with varying stiffness haven been proved to regulate

the growth of intestinal organoids, kidney organoids, and liver organoids (Figure 6A).

For instance, Gjorevski et al. have shown that PEG RGD hydrogels with higher stiffness
promote the colony formation ratio of intestinal stem cell spheroid as compared to softer
hydrogels.[199]1 Using a similar hydrogel, Sorrentino et al. studied the effect of matrix
stiffness on liver organoid formation, demonstrating a promotion effect on liver organoid
formation using a stiffer hydrogel.[200] Both these two studies using hydrogels of varying
stiffness in a range from 300 Pa to 1.7 kPa, which is slightly larger than the stiffness
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of the Matrigel. In another study, Garreta et al. induced kidney organoids from human
pluripotent stem cells.[202] By exposing the organoids to a polyacrylamide hydrogel with
different stiffness (1kPa and 60kPa), they showed that a soft microenvironment promoted the
growth and differentiation of implanted kidney organoids. Synthetic matrix has also used to
construct pancreatic ductal adenocarcinoma organoids. In this study, Below et al. developed
an eight-arm PEG-based hydrogel system, where adhesion-linker pre-functionalized vinyl
sulfone-activated PEG macromers (f-PEG-VS) are cross-linked via peptides sensitive to
matrix metalloproteinase to form hydrogel.[202] Their results showed that, by increasing
hydrogel stiffness to mimic pancreatic cancer microenvironment, the organoids can engage
mechano-sensing pathways and express tumorigenic genes. The matrix stiffness also impacts
the growth of 2D multicellular organoids. Pérez-Gonzalez et al. showed that, in 2D

intestinal enteroid, the size of the crypt region containing stem cells varies according to the
extracellular-matrix stiffness and endogenous cellular contractility.[293] They showed that a
stiffer substrate leads to a smaller stem cell niche area and smaller numbers of stem cells.

In addition to the stiffness, the relaxation has been reported to be an important regulator of
the morphogenesis of the crypt structure (Figure 6E), which suggested that other aspects of
matrix mechanics were also sensed by the organoid during its growth.

Traction force and tension are also important mechanical regulators of organoids (Figure
6C). Xue et al. reported that generation of neuroectoderm tissue from human pluripotent
stem (hPS) cells self-generated patterned traction stresses, where larger traction stresses
were observed on the boundary of the patterned hPS cells.[204] This organized traction stress
was highly correlated with BMP-SMAD signaling and together guide the differentiation

and formation of neural plate border. In a more recent study, Muncie et al reported

that issue geometries can generate cell-mediated tension to direct the spatial patterning

of the BMP4-dependent “gastrulation-like’ phenotype by enhancing phosphorylation and
junctional release of b-catenin to promote Whnt signaling and mesoderm specification.[18°]

In addition to synthetic materials and micropatterning technology, microfluidic devices also
provide a powerful tool to control extracellular stimuli for organoid development, especially
for controlling the fluid stresses (Figure 6B). Microfluidic chips enable improved regulation
of organoid formation by defining local biochemical cues, matrix mechanics, initial seeding
cells, and growth architectures. The microfluidic devices have been reported to generate
homogeneous synthetic embryo formation and morphology-predefined intestinal organoids.
[205] Thus, microfluidic chips have significant potential to control and study the effect of the
extracellular stimuli on organoid growth. For instance, Homan et al. reported that cellular
polarity and adult gene expression of vascularized kidney organoids can be enhanced

when cultured under microfluidic flow as compared to static controls to generate more
mature podocyte and tubular compartments.[296] Alternatively, our previous study controlled
the local extracellular osmotic pressure (using hypertonic medium) and mechanical stress
(compression by weight on microdevice) (Figure 6D).[15] We show that the volumetric
compression can promote the self-renewing of intestinal stem cells via stabilizing the
formation of LRP6 signalosome and elevating Wnt/beta-catenin signaling, which eventually
facilitate growth of intestinal organoids. In addition to osmotic compression, an agarose-
based mechanical compression device was reported to compress the embryo, while also
regulate the differentiation of stem cells (Figure 6F). With the capability to engineer
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epithelial organoids to recapitulate multiple aspects of real organs, advances in microfluidics
and materials enable organoids to model diseases for precision medicine, and transplantation
for tissue replacement therapy.

The application of organoid engineering can also model immune response by mimicking
either healthy lymphoid/tonsil tissue or tumor microenvironment(297]. Immune responses
vary dramatically from spices to spices. However, the majority of our knowledge about
adaptive immunity were gained from animal models such as mice, which have questionable
physiological relevance for human patients [2071. A biobank of patient-derived organoids that
mimic the native healthy lymphoid or tonsil tissue could be an ideal platform to confirm

our knowledge obtained from mouse and discover the human unique adaptive immune
behaviors. Wagar et al., developed a functional organotypic system from human tonsils

to mimic several key germinal center features /n vitro, including producing antibodies,
somatic hypermutation and affinity maturation, plasmablast differentiation and class-switch
recombination[297]. This study demonstrates that the ex vivo organoid technology provides
new opportunity to study the immune behaviors in human genetic background. The

immune response in tumor system is also species dependent, which means that we also
require human resourced organotypic systems. Tumor organoids have been widely used for
modeling diseases and test drug responses. The patient-derived tumor organoids are required
to be co-cultured with immune cells, such as tumor-infiltrating lymphocytes (TILs), to
recapitulate the immune response of human system. Neal et al. recently employed air-liquid
interface (ALI) method propagated patient-derived organoids with native embedded immune
cells (T cells, B cells, NK cells and macrophages) [208]. Their results demonstrated that PDO
TILs accurately preserved the original tumor T cell receptor spectrum and recapitulated
immune checkpoint blockade with anti-PD-1 or anti-PD-L1, which expanded and activated
tumor antigen-specific TILs to elicit tumor cytotoxicity. Together, these recent studies
demonstrate the promising potential of organoid technology for both fundamental and
translational immunology, and the future researches can take the cell mechanics and their
mechanical microenvironment into account for better ex vivo engineering.

8. Active Mechanical Stimuli

External mechanical forces apply additional stress and strain on cells and tissues within
native microenvironment. Extracellular mechanical force and their consequential strain
are integral parts of the cellular microenvironment to regulate cellular proliferation,
regeneration, differentiation, and migration.[29%] These mechanical stimuli transduced to
biochemical signals that activate the genes and signaling pathways that is critical for
organ development, tissue regeneration, wound healing, and inhibiting fibrosis during
wound closure. Cancerogenesis and tumor metastasis are also highly correlated with
abnormal mechanical properties applied to tissues.[210-213] Thus, external application of
active mechanical stimuli into the native tissue could enable new mechanotherapies for
many diseases. In /n vitro systems, recapitulating different modulus of mechanical stimuli
can develop better ex vivo multicellular model systems. The mechanical stimuli commonly
actively applied is categories as compression, stretching, and shearing. Additionally,
building on advances in materials science, some passive mechanical parameters in ECM
can be actively manipulated.
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The active mechanical stimuli are enabled by current developments in several areas
including microfabrication, soft robotic, materials, and microfluidics.[214215] The devices
for active mechanical stimuli can be categorized by soft robots, mechanical hardware,
stimuli responsive polymers, microfluidic devices, magnetic materials, dynamic crosslinking
of hydrogels. The /n vivo actuation can be achieved by embedding soft robots. In a recent
work, Dolan et al. reported a milliscale dynamic soft reservoir, which can be implanted into
the tissue to actively modulate the biomechanics of the biotic-abiotic interface by changing
strain, fluid flow, and even the cellular activity of surrounding tissue.[221] One advantage is
that this soft robot significantly inhibits the induced fibrosis as compared to similar device
without actuation. In addition, by coupling this soft robot with a porous reservoir, they could
enhance the transportation of therapy analogs, and promote their pharmacokinetics. The
development of soft robotics could also help with regenerating heart function. Soft robotic
cardiac assist devices have been developed that adhere to the external surface of the heart

to augment cardiac function (Figure 7A). Alternatively, in vivo mechanical stimuli could
utilize multiple types of mechanical hardware. Nia et al. developed an in vivo compression
device to simulates the solid mechanical forces to mimic the compressive force generated
by a hyperproliferating tumor (Figure 7B).[84] This device was fabricated by adapting
standard transparent cranial windows in mice to include a turnable screw for controllably
appliying compressive force to the brain tissue. This device was used to actively compress
the cerebellar cortex while allowing longitudinal imaging of the brain tissue. Instead, Poling
et al. employed compressed nitinol springs to generate uniaxial strain to impact transplanted
human intestinal organoids for enhancement of growth and maturation of the organoids.[85]

Magnetic nanomaterials are advantageous for remotely inducing mechanical forces.
Fernandez-Sanchez et al. developed a method to mimic a mechanical pressure in

intestinal crypt by using intravenous injection of stable ultra-magnetic liposomes (UML)
encapsulating super-paramagnetic iron oxide nanocrystals (Figure 7F).[220] They also
inserted a 3-mm cylindric magnet subcutaneously in adjacent to the colon to induce
mechanical load into the colon tissue with the UML. Using this system, this study revealed
the possible mechanical activation of the tumorigenic beta-catenin pathway, which might
eventually contribute to tumor propagation. Another example is the usage of 3D magnetic
hyaluronic hydrogel, which offers noninvasive neuromodulation via inducing magnetically-
induced mechanical stimulation to primary dorsal root ganglion neurons.[222] The authors
also demonstrated that mechanoresponsive ion channels, such as TRPV4 and PIEZO2,
played an important role in regulating mechano-induced calcium influx in DRG neurons.

Several types of devices have also been developed for local mechanical stimuli of /n

vitro and ex vivo systems. In principle, these in vitro mechanical devices can generate

more controlled stimuli relative to those utilized for in vivo systems. For example, these
stimuli generated can not only apply forces on mesoscale tissues, but also stimulate cells in
subcellular region. To do so, Sutton et al. reported a type of 2D active cell culture material,
which permits directional, remotely controlled, and highly localized surface deformation in
the uN force range (Figure 7C).[217] To fabricate this 2D active material, a passive array

of microstructures was embedded in a stimuli-responsive hydrogel layer. These temperature-
responsive PNIPAAmM hydrogel layers encapsulating light-sensitive gold nanorods (AuNRsS)
enabled remote control of localized microstructure actuation to apply forces to cells.
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Microfluidic devices are also a powerful tool to control the dynamic mechanical
microenvironments for both the cultured /n vitro cells and ex vivo organoids (Figure 7D).
Cells are usually cultured inside the microchannels or microchambers, while subjected to

a flow to control its medium exchange. By simply adjusting the flow rate of the liquid,
microfluidic device can actively control the shear force and its load frequency. In a recent
work, Jin et al. proposed a microfluidic-based cell culture device with a continuous dynamic
flow of media.[218] The exchange of medium and the shear force that applied to the cells
were controlled by a rocker system. The rocker system assisted achieving a gravity-driven
flow that mimics inside the microfluidic device to mimic blood recirculation. By mimicking
blood flow shearing, the 3D vascularized liver organoid in device exhibited strengthened
cell-cell interaction, metabolic activity, and hepatic functionality. Another example of a
microfluidic device to control mechanical stimuli is the organ-on-a-chip system (Figure 7E).
[223] |n Jung-on-a-chip or gut-on-a-chip systems, cells are cultured on a porous membrane
to mimic alveolar capillary interface of the human lung or the structure of intestinal villi.

In particular, for the lung-on-a-chip system, the cyclic strain that usually applied to human
lung during breathing was recapitulated by employing two side channels that connected to
computer-controlled vacuum. This vacuum can achieve strain ranging from 5% to 15% to
match normal levels of strain observed in alveoli within whole lung /n vivo. They showed
that the toxic and inflammatory responses to silica nanoparticles and the cellular uptake of
nanoparticles were enhanced by the cyclic mechanical strains. Thus, soft and active devices
applying programmed mechanical stimuli can control cell behaviors and fate decisions for
potential biomedical applications.

9. Conclusions and Outlook

Cells dynamically sense and respond to mechanical stimuli in healthy tissues, but the
dysregulation of these processes is associated with various disease states. Clinically, these
functional alterations have been inferred from changes in cell morphology and tissue
architecture, as well as the measurement of genetic and molecular biomarkers. In this review,
we first considered how mechanical measurements represent a complementary approach to
diagnose disease and elucidate fundamental systems biology.

Modern micro/nano fabrication techniques enable structures with exquisitely controlled
feature sizes comparable in size to living cells. For instance, microfluidic devices have been
utilized for sensitive and standardized measurements of cell size and deformability under
nonadherent conditions. These approaches enable non-destructive single cell measurements
with varying throughput, revealing how the statistical distribution of biophysical phenotypes
varies in response to drug treatment or inflammation, including COVID-19. Moving
forward, we envision that mass produced microfluidic devices in plastic can be combined
with low cost digital cameras and cloud-based computer vision for turnkey technological
platforms that can be pushed out to clinical settings. Larger-scale clinical studies with
different patient biofluids and disease states may reveal new insights into disease
progression, particularly at earlier timescales than can be achieved using conventional
diagnostic pathology. Moreover, the capability to sort exceptional single cells by biophysical
phenotype permits additional genetic, transcriptomic, or epigenetic characterization to link
function back to molecular signaling.
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Individual cell migration has also been investigated using micro/nano surface topographies
and confining microchannel geometries. These structural features mimic some aspects

of the ECM in vivo relative to conventional 2D tissue culture on featureless flat

substrates. These devices can be fabricated and manufactured in a highly reproducible
fashion, so that cell-to-cell and patient-to-patient differences in migration behavior can be
attributed more to biological heterogeneity rather than experimental variability. Combined
with single cell tracking, these approaches are also better able to resolve exceptional
outliers and the effects of drug perturbations. Moreover, complete control over feature
geometry presents the interesting possibility of interrogating cellular decision making in
more complicated environments, such as bifurcating channels. Nevertheless, additional
technology development is needed to streamline the process of “sample-to-answer”. For
instance, isolation of patient cells can be performed directly from blood, but otherwise
requires extensive processing and labor-intensive preparation before transfer to the device.
Moreover, the understanding of which cell migration metrics are clinically meaningful
remains relatively nascent (e.g. average speed, directionality, persistence), relative to more
straightforward readouts of cell size and deformability discussed previously in deformability
cytometry. Thus, additional fundamental work is needed to understand how cell migration
behaviors map back to molecular signaling and population heterogeneity. Nevertheless,
manufacturing of microfluidic devices and inexpensive open-source microscopy should
make these platforms increasingly accessible at least to biological research labs with limited
engineering expertise.

Alternatively, 3D cell culture in compliant biomaterials that mimic ECM mechanics and
biochemistry represent more biomimetic conditions, and have been successfully utilized

to culture primary cells from patients and mice as organoids. Nevertheless, further
investigations are warranted to understand why these culture conditions are effective. In
particular, naturally-derived biomaterials often exhibit a nonlinear viscoelastic response

and can be remodeled by cell-generated forces and secreted factors. Thus, cells are

actively reprogramming their surrounding ECM to more amenable conditions, even utilizing
these fibrous architectures for longer-ranged coordination. These behaviors are further
complicated by collective behaviors of interacting groups of cells within a cluster or
organoid, which can be highly heterogeneous. One technological limitation is the difficulty
of imaging single cell behaviors and local matrix architecture with high spatial and temporal
resolution, which is necessary to fundamentally understand these dynamic cell-matrix
interactions. Further, multiscale computational modeling could be trained and informed by
live cell imaging to gain further physical insight into how these complex behaviors emerge.

Although organoids often exhibit remarkable tissue-like architecture and cellular hierarchy
when cultured in 3D biomaterials with optimized media conditions, they often exhibit
appreciable variability in size and morphology. It is intriguing that additional spatial and
temporal cues that mimic the in vivo microenvironment would better regulate organoid
morphogenesis. For instance, dynamically tuning mechanical properties of the biomaterial,
application of mechanical pressure or shear, as well as templating organoid shape can
perturb organoid growth and form. Nevertheless, this represents a sizable experimental
parameter space for optimizing organoid culture conditions. A predictive and quantitative
understanding of how organoids develop is likely needed to rationally design improved
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organoid culture systems. Ideally, these platforms should also be standardized and turnkey,
to facilitate experiments with different patient-derived cell types in a clinical setting.
Automated, high throughput drug screening platforms have already been demonstrated at
384 well plate scale for organoids in 3D culture, and there is no technological reason why
additional mechanical stimuli and readouts could not be included. Indeed, it is conceivable
that human patient organoids cultured under human-mimetic mechanical and biochemical
stimuli could be more predictive of the patient disease response than a xenograft model.

Lastly, this review considers how mechanical stimuli and perturbations could be utilized

for therapeutic treatments. For instance, pneumatic or magnetic actuation devices can be
positioned adjacent to a tissue or implanted with animal models to apply purely mechanical
stimuli to cells. Gentle application of these mechanical stimuli can reduce fibrosis and
promote cell differentiation for tissue repair and regeneration. However, aberrant mechanical
cues are also sufficient to enhance tumor progression. These preclinical investigations are
highly promising, although additional clinical trials will be needed to rigorously validate
these approaches. In principle, these approaches could augment existing drug treatments
since mechanics-based therapy could have diminished side-effects, require no genetic
manipulation, impose less burden to metabolic system, can be implemented using FDA-
approved materials, and act upon the local ecosystem / niche rather than specific receptors or

cell types.

Although this review has focused on case studies based on technology development, we
briefly mention several diseases that could benefit from mechanobiology-based approaches.
First, aging is a process that naturally occurs and increase the risks of many diseases.
Recent data suggest that the ageing microenvironment drives biophysical alterations in

the ECM, including reduced deformability and more fibrillar architecture. Fibroblasts in
connective tissue lose their contractility during the aging process, and results in loss of the
integrity of the skin and other soft tissues. A promising therapy is to reprogram fibroblasts
in connective tissue, or replace the aged cells with reprogrammed ones. Moreover, the
previously described techniques for organoid culture may be useful to diagnose and inform
treatments for aged patient cells.

Second, host immune cell and stem cell homing are modulated by mechanical cues
including both forces and material properties. For instance, fibrotic ECM can limit how
easily immune cells can access a tissue or tumor site. An intriguing prospect is to

expand and prime immune cell and stem cells with controlled mechanical cues prior

to reintroduction in the body. Moreover, these cells could be genetically engineered

with enhanced mechanosensitivity in order to be recruited to a disease site and release

a therapeutic payload. Lastly, biomaterial-based microenvironment niche enables direct
manipulation of host immune cells inside the body, thus can not only reduce the cost but also
rapidly enough numbers of therapeutic cells.

Another important direction is to integrate mechanobiology with the translational medicine.
It remains challenging to controllably deliver and localize mechanical cues to specific
tissue sites, relative to conventional systemic delivery of drugs. Future directions could
address the regulation of ECM/stroma in patients and the delivery of mechanical stimuli in
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patients. First, to therapeutically treat the ECM/stroma, cell-based therapy in combination
with synthetic matrix could be applied. The synthetic matrix can not only define the
mechanics of ECM for surrounding stroma in all aspects including stiffness, viscosity, and
plasticity [224-227] The cells can be directly used for therapy with programmed behaviors
that controlled by the matrix. The cells or other encapsulated reagents such as matrix
metalloproteinases (MMPs) can be applied to modify the mechanics of ECM [228-232],
Second, to deliver mechanical stimuli /n7 sitv in native tissue, employment of soft robotics
or stimuli-responsive injectable materials is promising [233-2371. Before its practical usage in
human, biocompatibility and biosafety requires further assessment.

Overall, cellular mechanobiology is well positioned to impact translational medicine. One
overarching question is to understand how single cell heterogeneity is driven by locally
varying extracellular stimuli (both mechanical and biochemical) in conjunction with the
“intrinsic” noise of gene expression. Another key question is to understand how the
activity of myriad signaling pathways are transduced into an integrated mechanobiological
phenotype (e.g. migration, proliferation, differentiation), which could link normal and
diseased states across ex vivo and in vivo conditions. We believe that new insights can

be revealed by integrating mechanobiology measurements with systems biology approaches,
e.g. next-generation sequencing, and mass spectrometry. We also note that mechanical
cues are intrinsically linked to the spatial architecture of the tissue, and this larger scale
information should be retained whenever possible (e.g. Human Cell Atlas). Since the
crosstalk between different cues and molecular signaling processes is so complex, we
envision that “big data” and machine learning approaches will be increasingly utilized.
Finally, we note that controlled physiological function at the tissue level emerges due

to multicellular (mechanical) coordination of heterogeneous single cells. We argue that
improved understanding and control of local mechanical cues will improve reproducibility
and augment function in disease modeling, drug development and cell-based therapies.
Indeed, the capability to reverse engineer a given mechanical niche ex vivo is exciting

to elucidate our understanding and interrogate multiple conditions. This could occur
through biofabrication technologies such as multimaterial 3D printing, which may be
amenable to bespoke engineered tissues, which could further be implanted back into
animal models. Thus, new mechanobiology-enabled materials and devices, integrated with
advanced imaging and artificial intelligence, are well positioned to move beyond animal
models towards next generation medical diagnostics and therapeutics.
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Figure 1. Schematic illustration of different aspects of cell mechanics and toolsfor measurement
of cell mechanics.

(A) Schematic illustration of tools for measurements of cell mechanics, including

atomic force microscopy, micropipette aspiration, fluidic deformation, magnetic twisting
cytometry, optical tweezer microrheology, and optical stretcher. (B) Schematic illustration of
viscoelasticity of cells. (C) Schematic illustration of poroelasticity of cells. Reproduced

with permission.[5%] Copyright 2018, Elsevier. (D) Schematic illustration of cells as

active materials. Reproduced with permission.[26] Copyright 2014, Elsevier. (E) Schematic
illustration of physical parameters of cells, including but not limited to volume, shape,
spreading, and aspect ratio. Reproduced with permission.[11 Copyright 2014, American
Chemical Society.
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Figure 2. Schematic illustration of high-throughput measurement of nonadherent single cell

mechanics.

(A) Schematic illustration of suspended microchannel resonator. (B) Serial measurements
of tumor cell mass accumulation rate with drug using suspended microchannel resonator.
(C) Schematic illustration of real-time deformability cytometry. (D) Testing deformability
of neutrophils in health people and COVID-19 patients using real-time deformability
cytometry. Reproduced with permission.[”X] Copyright 2021, Elsevier. (E) Schematic
illustration of deformability cytometry. (F) Profilling inflammation based on leukocytes and
deformability using deformability cytometry. Reproduced with permission.[74] Copyright
2013, The American Association for the Advancement of Science.
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Figure 3. Schematic illustration of extracellular mechanical stimuli including
(A) solid stress, Reproduced with permission.[92] Copyright 2014, Ivyspring International

Publisher, (B) fluid stress, Reproduced with permission.[92] Copyright 2014, Ivyspring
International Publisher, (C) microarchitecture, Reproduced with permission.[93! Copyright
2019, WILEY-VCH, and (D) mechanics, Reproduced with permission.[?4] Copyright 2017,
Intechopen.
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A. Glioma Cell Migration is Sensitive to PDGF
on Nanogrooved Substrates
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Figure 4. Schematic illustration of Interrogating Cell Migration Dynamics for Diagnostics and

Therapeutics.

(A) Schematic illustration showed that glioma cell migration is sensitive to PDGF on
nanogrooved substrates. (B) Schematic illustration showed that T-cell directional migration
is regulated by contractility and microtubule (MT) instability. (C) Schematic illustration
showed that metastatic potential of breast cancer cells can be indicated by invasion of
branched channels. (D) Schematic illustration showed that active neutrophils from septic
patients exhibit spontaneous, sporadic migration.
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A. Optical Tweezers Probe Stress Stiffening of ECM
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Figure 5. Traction force microscopy in 3D matrix.
(A) i. Representative image of a MDA-MB-231 cell (blue) in a 3D collagen network

(green). (Scale bar, 10 um.) (ii-iv) Scheme of the force—displacement measurement with
laser tweezers and the relation between matrix stiffening (blue potential wells) and the
cell-generated stress field in the cell contraction direction. Reproduced with permission.[10]
Copyright 2018. (B) i. Experimental setup for high-throughput imaging to measure cell-
induced matrix deformations. ii. Multicellular clusters were grown inside a silk—collagen
matrix with embedded 1-um red fluorescent tracer particles in a 96-well-plate setup. To
achieve high-throughput imaging, clusters were imaged by using a spinning-disk confocal
microscopy with a low-NA air objective. iii. The 3D cell-induced matrix deformations
recovered by directly tracking tracer particles. Reproduced with permission.[164] Copyright
2020. (C) Optical coherence microscopy of multicellular spheroids of mammary epithelial
cells alone (MCF10at1) and in co-culture with wild type adipose stem cells (WT-ASC) or
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obese adipose stem cells (ob/ob ASC). Reproduced with permission.[671 Copyright 2020,
Wiley-VCH.
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Figure 6. Schematic illustration of mechanical programming of organoid morphogenesis.
(A) Schematic illustration of synthetic hydrogel for organoid culturing with varying

stiffness. (B) Schematic illustration of microfluidic device for inducing flow shearing
force to cultured organoid. (C) Schematic illustration of micropatterning technology for
inducing local tension and contractility for cultured organoids and embryos. Reproduced
with permission.[185] Copyright 2020, Elsevier. (D) Schematic illustration of osmotic
compression to mimic local fluid pressure in native tissue for organoid culturing.
Reproduced with permission.[*3] Copyright 2021, Elsevier. (E) Schematic illustration of
photo-degradable hydrogel for mimicking tissue stress relaxation for organoid culturing.
Reproduced with permission.[188] Copyright 2020, Wiley-VCH. (F) Schematic illustration
of hydrogel confinement for mimicking compression force for organoid and embryo.
Reproduced with permission[187]. Copyright 2019, Elsevier.
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Figure 7. Development of new technologies for inducing active mechanical stimuli.
(A) Schematic illustration of soft robot for inducing cyclic mechanical compression.

Reproduced with permission.[216] Copyright 2018, Nature Publish Group. (B) Schematic
illustration of compressive cranial window for mimicking solid stress generated by brain
tumor. Reproduced with permission.[84] Copyright 2020, Nature Publish Group. (C)
Schematic illustration of stimuli responsive polymer for inducing local force for cells on
substrate. Reproduced with permission.[217] Copyright 2017, Nature Publish Group. (D)
Schematic illustration of microfluidic devices for inducing flow shearing force for cells.
Reproduced with permission.[218] Copyright 2018, Wiley-VCH. (E) Schematic illustration
of organ-on-a-chip for inducing stretching to cultured cells. Reproduced with permission.
[219] Copyright 2012, Royal Society of Chemistry. (F) Schematic illustration of magnetic
nanomaterials for inducing local forces in mice. Reproduced with permission.[220] Copyright
2015, Nature Publish Group.
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Scheme 1.
Schematic illustration of reciprocity of cell mechanics with extracellular stimuli for

various biomedical regenerative applications. Cell mechanics contains four characteristics
including viscoelasticity, poroelasticity, physical properties, and active material behaviors.
Extracellular stimuli contains four formulas of stresses, including solid stress, fluid pressure,
ECM architecture, and ECM mechanics. The cell mechanics interplay with extracellular
stimuli. The study of the interplays benefits fundamental mechanobiology, biophysical
disease diagnosis, and therapeutic mechanical stimuli. Reproduced with permission.[11.24-31]
Viscoelasticity: Copyright 2020, The American Society for Cell Biology; Poroelasticity:
Copyright 2013, Nature Publishing Group; Physical Properties: Copyright 2019, Royal
Society of Chemistry; Active materials: Copyright 2014, Cell Press; Extracellular stimuli:
Copyright 2019, Nature Publishing Group; Solid stress: Copyright 2020, Elsevier; Fluid
pressure: Copyright 1998, Elsevier. Architecture: Copyright 2020, National Academy

of Sciences; Mechanics: Copyright 2020, Royal Society of Chemistry; Cell Mechanics:
Copyright 2020, Cell Press.
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Table 1.

Comparison of microfluidic methods for measuring cell mechanics.

Page 42

microscopy

within 3D matrix

Method Types of Readout Strain Stres Force Throughput
cell rate, e S, c sensitivity
(kH2) (kPa)
Atomic force Adherent cells Elastic and viscoelastic 10°5-102 pN - uN 1-10 cells / hour
microscopy response of a local region or
whole cell
Micropipette Non-adherent or Elastic and viscoelastic 1075-103 pN - nN 1-10 cells / hour
Aspiration adherent cells response of a local region or
whole cell
Particle-Tracking Adherent cells Elastic and viscoelastic pN 10-100 cells / hour
Rheology response of a local region
Magnetic-Twisting | Adherent cells Membrane /surface 103-107 pN - nN 1000 cells / hour
Rheology elasticity
Optical Tweezers/ Adherent or non- Elastic and viscoelastic 103-103 fN - pN 1-10 cells / hour
Traps adherent cells response of a local region,
or whole cell deformability
Suspended Suspended cells The inverse of Passage ~the order of The N.A. lcells/s
Microchannel time; Cell buoyant mass; 1072 order of
Resonator Apparent elastic moduli
Real-Time Suspended cells 1-Circularity; Young’s ~the order of The N.A. 100 cells /s
Defor mability moduli; Viscosity 0.1 order of
Cytometry
Defor mability Suspended cells Aspect ratio the order of ~6 N.A. 1000 cells /s
cytometry 10; can <2
2D traction force Adherent cells Matrix deformation N.A. N.A. nN 10-1000 cells /
microscopy hour
3D traction force Embedded cells Matrix deformation N.A. N.A. nN 1-100 cells / hour
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