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ABSTRACT

Cell-generated forces play a foundational role in tissue dynamics and homeostasis and are critically important in several biological processes,
including cell migration, wound healing, morphogenesis, and cancer metastasis. Quantifying such forces in vivo is technically challenging
and requires novel strategies that capture mechanical information across molecular, cellular, and tissue length scales, while allowing these
studies to be performed in physiologically realistic biological models. Advanced biomaterials can be designed to non-destructively measure
these stresses in vitro, and here, we review mechanical characterizations and force-sensing biomaterial-based technologies to provide insight
into the mechanical nature of tissue processes. We specifically and uniquely focus on the use of these techniques to identify characteristics of
cell and tissue “tensegrity:” the hierarchical and modular interplay between tension and compression that provide biological tissues with
remarkable mechanical properties and behaviors. Based on these observed patterns, we highlight and discuss the emerging role of tensegrity
at multiple length scales in tissue dynamics from homeostasis, to morphogenesis, to pathological dysfunction.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0046093

I. INTRODUCTION

The human body is a dynamic and self-stabilizing structure
formed through intricate connections between hierarchical building
blocks. The mechanical structure of intra- and extracellular proteins,
cells, and tissues plays a key role in achieving structural stability in
response to widely varying mechanical challenges, while simulta-
neously enabling biological systems to actively transduce and respond
to these mechanical stimuli.' * These remarkable capabilities arise
from architectures that span nanometer to centimeter length scales
and intimately link proteins, cells, tissues, and organs.

Cell-generated forces play critical roles in virtually all biological
processes, including cell migration,” tissue morphogenesis,” '* muscle
contraction,'*'* wound healing,"” and cancer invasion'*'” among
others. Dysregulation of these forces often correlates with disease onset

and progression,'® and these findings have prompted the development
of novel force quantification techniques to better understand the
mechanics of morphogenesis and pathogenesis. Traditional techni-
ques, such as laser ablation, force inference, or micromachined force
transducers, present several critical limitations.'” First, they do not
allow real-time force measurements within the same tissue due to
the destructive nature of the technique. Second, they offer limited sen-
sitivity of read-outs and cannot resolve the magnitude of different
types of forces. Finally, they can rarely be employed within in vivo or
in vivo-like contexts, resulting in unclear translational relevance.
Biomaterials can be defined as nonviable materials, natural or
manufactured, designed to interact with biological systems as part of a
living structure or medical device.*'” Among many other functionali-
ties, biomaterials can be carefully designed to measure forces generated

APL Bioeng. 5, 041501 (2021); doi: 10.1063/5.0046093
© Author(s) 2021

5, 041501-1


https://doi.org/10.1063/5.0046093
https://doi.org/10.1063/5.0046093
https://doi.org/10.1063/5.0046093
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0046093
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0046093&domain=pdf&date_stamp=2021-10-01
https://orcid.org/0000-0002-5845-4123
https://orcid.org/0000-0001-9944-9542
https://orcid.org/0000-0003-1700-0157
https://orcid.org/0000-0002-1754-8828
https://orcid.org/0000-0002-8950-2212
mailto:chris.moraes@mcgill.ca
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0046093
https://scitation.org/journal/apb

APL Bioengineering

by and within cells and tissues. Recently, biomaterial-based
approaches have emerged to monitor cell-generated forces in real-time
and in vivo at varying length scales. These technologies can measure
compressive, tensile, shear, anisotropic, and isotropic stresses within
highly realistic and biologically relevant contexts. Moreover, in princi-
ple, active biomaterials can be designed to apply local mechanical
stimuli and actively probe biological structures while passively quanti-
fying cell-generated forces.

Local tissue architecture and integrity is maintained by a delicate
balance of forces generated through various mechanisms and by vari-
ous organizing units in the body. Tensional integrity, frequently
referred to by the portmanteau tensegrity, uses both compressive and
tensile stresses to create a stabilizing prestress, which allows for consid-
erable deformation under externally applied loads and restoration of
the original shape after load release. This framework has been used to
describe biological architectures across molecules, cells, and tissues in
a hierarchical and modular fashion.””*" Modular tensegrity structures
assemble to form larger systems that themselves exhibit tensegrity
characteristics. In this way, individual modules, such as cells, can par-
ticipate in a hierarchical suprastructure, such as tissues, that are both
resilient, flexible, and dynamic (Fig. 1). The hierarchical nature of
these structures allow complex deformations such as shear to occur,
based on the combined changes in stress distribution in networks of
tensile and compressional elements, despite there being no shear-
resisting formulating element in a tensegral framework.” Biological
systems exhibit such tensegral features across length scales, from
folded proteins, to cells, to tissues, to entire organ systems. These bio-
logical structures also exist in an inherently dynamic state, responding
to local stimuli and transducing biochemical and mechanical changes.
Since they maintain their mechanical integrity through these transi-
tions, it seems reasonable that tensegrity must play an important role
in dynamic biological processes.

REVIEW scitation.org/journal/apb

Tensegrity was first defined and discussed by Fuller in the late
1950s as an architectural principle relying on balancing continuous
tension and discontinuous compression forces to provide a stably pre-
stressed structure.”” While traditional tensegrity structures predomi-
nantly consider compression-bearing struts and tense cables, broader
definitions have since emerged to encompass a wider selection of pre-
stressed structures. An energy-based interpretation of tensegrity pro-
poses stability as an equilibrium configuration which minimizes the
stored elastic energy in the structure, and considers any internal and
external compression components providing structural stability.”**’
Given the impact of tension and compression in both cellular and
non-cellular components of biological systems, in this review, we con-
sider Fuller’s structural definition, but define the system more broadly
so as to incorporate additional external load-bearing components as in
the energy-based interpretation. This approach allows us to consider
tensegrity-oriented features in the tissue microenvironment, such as
extracellular matrix (ECM) architecture, hydrostatic, osmotic, or
pneumatic pressure, interfacial tensions, and other components, which
confer stability to the biological system. Since the microenvironment
has been shown to play a critical role in tissue development and func-
tion, while pathological conditions are frequently related to microenvi-
ronmental dysregulation,”® " we believe that exploring this larger
reference frame through the lens of tensegrity may yield interesting
insights into biological processes of development and disease.

At the cellular length scale, the tensegral nature of biological sys-
tems has been well-defined, most notably by Ingber and colleagues,
whereas tensegrity in molecular and tissue scale systems remains more
speculative. Many mechanical elements contribute to the structural
stability of cells, including osmotic pressure, actin contractility, fila-
ment polymerization, and cell distention through adhesions to the
ECM or to neighboring cells. Among other components, microtubules
balance cytoskeletal prestress with a decreasing contribution during
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FIG. 1. Modularity and hierarchy of tensegrity in biological tissues. A balance between compressive and tensile stresses exists from the tissue to molecular length scales. (Left
panel) In microtissues such as multicellular spheroids, a tensile skin forms at the spherical boundary of microtissues while compressive stresses build up towards the core,
maintaining a stable spherical structure. Inwardly directed arrows indicate compressive forces acting on core cells as a result of peripheral tension. (Center panel) At the cellu-
lar level, the active contractile forces generated by actin filaments create tension in the cytoskeletal network and cell membrane, which is resisted by microtubules and nuclei
bearing a counterbalancing compressive load; thereby providing a defined cell shape and architecture. (Right panel) Molecularly, microtubule subunits are subjected to com-
pressive stresses, while intercellular junctions and focal adhesion complexes connected to the actin network are typically under tensile load in contractile cells. These junctions
transmit forces to neighboring cells, demonstrating the modular and hierarchical nature of tissue tensegrity.
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cell spreading.”® While microtubules have been found to bear some

compressive loads, this is minor compared to extracellular traction
forces,” and other structures such as the nucleus may play a larger
role in resisting tension.””” Interestingly, the nucleus itself also exhib-
its tensegral features, as it is stabilized by its internal components,
nuclear pressure, and the nuclear envelope, further demonstrating the
modular and hierarchical arrangement of tensegrity components in a
cell.” Cellular tensegrity, hence, acts as a stabilizing feature that per-
mits actuation and deformation, giving rise to cellular architecture, sta-
bility, and dynamics.”® ** Higher levels of biological organization also
show tensegral patterns of stabilization in tissues, organs, and the
whole body,””"” and experimental observations have been interpreted
within the framework of tensegrity to illustrate mechanotransductive
and morphogenetic processes at the cellular level."' However, quanti-
fying such mechanical forces contributing to tissue structure and
dynamics has proven to be a considerable technical challenge due to
the spatial scale, time-dependency, and range of forces present in bio-
logical systems.

In this review, we summarize recent biomaterials-based methods
to study cell-generated forces at the molecular, cellular, and tissue scale
within biological tissues. We also revisit the implications of the ten-
segrity model at the molecular, cellular, and tissue length scales, based
on the read-outs of cell-generated forces. Finally, we highlight how a
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tensegral balance between forces plays an important role in stabilizing
local architecture and generating morphological and biological
responses to microenvironmental stimuli, and theorize that large
imbalances in cell-generated forces may lead to disease.

Il. MEASURING FORCES AT THE MOLECULAR
LENGTH SCALE

Measuring forces at the molecular scale requires similarly sized
probes. In this section, we consider tools that have recently been devel-
oped by engineering DNA (deoxyribonucleic acid) and proteins to
provide unique force-readout capabilities (Fig. 2; Table I). Here, we
highlight how these strategies provide unique insight into molecular
length-scale mechanobiology and tensegrity. We also draw specific
attention to the limitations of such approaches, particularly in terms of
their ability to quantify compressive forces, as well as their efficacy and
utility in advanced tissue engineered models.

A. DNA probes

DNA-based techniques use DNA oligonucleotide sequences that
can be custom-synthesized to measure molecular forces between cells
and their substrates within the 10-100 pN range.”” Briefly, comple-
mentary regions of DNA can be designed to resist a defined amount
of force, before unzipping and detaching from each other in a
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FIG. 2. Molecular techniques for measuring cell-generated forces. (a) Schematic of fluorescent dye-quencher pair probe labeling strategies for a tension gauge tether assay to
visualize and measure molecular tension in quasi-real time (adapted from Ref. 42) Purple diamonds indicate attachment to the substrate through biotin-neutravidin interactions,
while an RGD peptide linker allows cell attachment through integrins. Linker configuration can be designed to measure weak forces (top) or strong forces (bottom). (b) Tension
gauge tethers have a defined physical rupture force of the double-stranded DNA, as published in Jo et al.** Reprinted with permission from Jo et al., ACS Biomater. Sci. Eng.
5(8), 3856-3863 (2019). Copyright 2019 American Chemical Society. (c) Schematic of sensor molecules made of a FRET donor (yellow circle) and acceptor (orange circle)
pairs that are separated by an elastic peptide spring (adapted from Ref. 43) Sensors are anchored to a biotinylated polyethylene glycol brush on a coverslip and an RGD
domain is added for integrin binding. (d) Upon integrin binding to the RGD sequence, cells can apply a load generated by the cytoskeleton to pull the sensor and the force can
be measured based on FRET decay, as published in Morimatsu ef al.* (blue: nucleus; red: actin; green: paxillin). Scale bar: 25 um. Reprinted with permission from Morimatsu

et al., Nano Lett. 13(9), 3985-3989 (2013). Copyright 2013 American Chemical Society.
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TABLE I. Biomaterials for measuring cell-generated forces at the molecular scale.

REVIEW scitation.org/journal/apb

Technique  Biomaterial Readout method ~ Readout range  Force type Pros Cons Ref.
DNA DNA oligo- Fluorescence when 10-100 pN  Tension, shear e Customizable e Discrete measure- 4445
probes  nucleotides fluorophore-quencher design to measure  ments only
(double-stranded  pairs are pulled apart specific forces
or single-stranded by specific forces e High resolution e Little information
hairpin structures) and specificity on force orientation
Protein  FRET protein Fluorescence when 1-100 pN Tension e Same sensor can e Difficult calibration ~ 46-48
probes  fusions FRET pairs are pulled measure a continu-
apart by specific ous range of forces
forces e High resolution e Limited continuous

measurements over
time

and specificity

5,50

double-stranded format™"" or extending secondary structures such as
hairpin loops in a single DNA strand [Fig. 2(a)].">** The rupture force
is dependent on the length and nucleotide composition of the DNA
sequence as well as the position along the length of DNA where the
rupture force is being applied. This rupture point can be designed to
include protein tags like biotin or simple polypeptide chains like argi-
nine-glycine-aspartate (RGD), which serve as attachment points to
cells or functionalized surfaces. In this configuration, DNA probes can
act as threshold tension limiters to manipulate the strength of cell
adhesions to surfaces. If the rupture threshold is exceeded and the
tether breaks, the cell is unable to spread, and tension-dependent
downstream signaling is disrupted. Hence, this system limits the forces
that cells can generate, which can, in turn, be used to manipulate cell
adhesion, morphology, and transcription factor nuclear localiza-
tion."”” Interestingly, fluorophore and quencher pairs can be incor-
porated into these DNA structures such that unzipping results in a
fluorescent signal that can be tracked to monitor when traction forces
exceed defined thresholds in real-time [Fig. 2(b)]. 244152

These cell-substrate DNA-based sensors have been used to con-
trol and quantify the tension between an integrin-ligand bond,***”
tension requirements to create a focal adhesion,” and the tension
required to activate notch signaling.*” The interplay between these
forces regulates cell spreading, focal adhesion formation, morphology,
and ultimately function.”*"””" DNA probes, thus, provide a unique
way to quantify tensional stresses contributing to molecular tensegrity
structures in protein—protein interactions and binding, ultimately reg-
ulating cell spreading, morphology, and function. However, the strin-
gent imaging and surface-modification requirements to make these
single-molecule measurements make it quite challenging to extend
these studies into three-dimensional (3D) culture materials, and these
techniques are often limited to isolated cells on a 2D surface.

B. Protein probes

Molecular forces can be directly read out by designing protein-
based probes that use fluorescence resonance energy transfer (FRET)
technology to optically image forces [Figs. 2(c) and 2(d)].” FRET uses
pairs of donor and acceptor fluorescent proteins to readout the prox-
imity between fluorescent pairs. Excitation of the fluorescent donor
protein transfers energy to a nearby acceptor protein with a similar
resonance frequency, causing it to fluoresce if the pair of proteins are

sufficiently close. To measure forces, intracellular fusion proteins can
be designed to include donor and acceptor protein pairs separated by
an elastic polypeptide linker within the protein of interest.” This
linker domain acts like a spring tethering the donor and acceptor fluo-
rescent proteins together. Therefore, when there is tension across the
protein of interest, the donor and acceptor molecules are separated
and shift their emission spectra, which correlates with the force
required to stretch the linker region.

Protein-based biomaterials for mechanical measurements have
been validated and compared against single-molecular force spectros-
copy techniques such as optical tweezers, magnetic tweezers, and
atomic force microscopy. While the details of these techniques are
beyond the scope of this review, single molecule techniques have been
applied to biological molecules to quantify protrusive cell forces,”*
adhesion forces between cells” and between ligand-receptor
pairs,A‘S’S(”57 force required to unfold proteins,58 DNA strands,””®" and
polysaccharides.”’ They also provided early details about forces
exerted on and by actin filaments** as well as morphological effects on
cells under applied loads.”” Thus, a variety of molecular scale forces
play an integral role in regulating cell function and applying the ten-
segrity model may facilitate interpreting the result of their interactions.
Unfortunately, these techniques do not provide any information on
compressive stresses within these systems, which has been shown to
play important roles in morphogenesis, cancer progression, and stem
cell differentiation.”® With further refinement, FRET-based sensors
provide a unique opportunity to study compressive stresses since their
read-outs can capture the nearing of donor and acceptor proteins, as
opposed to DNA probes. Therefore, further advances in identifying
tensegrity structures requires novel methods for quantifying compres-
sive stresses involved in homeostasis and disease progression.

C. Molecular tensegrity

Molecular scale tensegrity structures have been significantly less
studied in comparison to cellular structures, but the concept has pro-
vided a model for rationalizing protein folding”” and networks of
hydrogen bonding in globular proteins.”” Rigid domains such as alpha
helices and beta sheets act as compressive load bearing structures
within the protein, while flexible regions are under tensile stress.””"’
Additionally, structural prestress can be inferred by shape instabilities
occurring after cleavage.”® DNA structures have also been engineered
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to assemble into prestressed tensegrity structures with double helices
under compression and single helices under tension.”””’ However,
most of this evidence has arisen from in silico modeling, and support-
ing experimental data remains sparse. Thus, biomaterial-based
approaches to quantifying cell-generated forces at the molecular scale
provide a unique opportunity to uncover molecular tensegral patterns.

Designing molecules present at the anchoring sites between cells
and their surroundings can, hence, provide considerable information
on tensile forces around a cell as well as a robust means of controlling
cell shape and overall tissue architecture. Hierarchically organized and
modular tensegrity structures are present throughout this process.
Since a cell’s ability to probe its mechanical microenvironment largely
depends on receptor binding, these conformational changes to molec-
ular tensegrity redistribute forces upon loading and therefore tightly
couple mechanical and chemical signaling mechanisms at this length
scale. Proteins, such as ATP (adenosine triphosphate) synthase and
dynein, have been modelled as tensegrity structures to simulate con-
formational shifts involved in phosphorylation and sperm motility,
respectively.”” A tensile network of hydrogen bonds was shown to pro-
vide a stabilizing prestress, while stiff structures like beta sheets and
alpha helices bear compressive loads and other subunits lengthen
under tension. The tensegral balance in forces and prestress within the
molecules were found to be crucial for proper function.’” Therefore, it
can be hypothesized that, such as ATP synthase and dynein, other
molecular components of cells can behave as a tensegrity structures,
where mechanically activated conformational changes are facilitated

REVIEW scitation.org/journal/apb

by tensile and compressive bearing elements as well as molecular
prestress. Hence, molecular tensegrity plays a crucial role in force-
activated conformational shifts, providing a basis for mechanobiologi-
cal force-feedback loops to stabilize and control cellular, and ultimately
tissue architecture.

lll. MEASURING FORCES AT THE CELLULAR
LENGTH SCALE

Adherent cells will actively bind to surrounding materials and
produce cell traction forces strong enough to deform a sufficiently flex-
ible material. Cells grown on silicone rubber films, for example, will
wrinkle the substrate, which allowed Harris et al. to directly visualize
cellular contractile behavior [Figs. 3(a) and 3(b)].”" " Contractility-
associated integrin clustering and actin fiber bundling’* suggest that
traction forces depend on both the tensegrity-like cytoskeleton and on
external stimuli. Traction forces are primarily generated through
actin-myosin interactions, and in this model, the cytoskeleton is stabi-
lized by myosin-generated tensile stresses distributed across various
load-bearing cytoskeletal protein structures (e.g., actin and microtu-
bules).”” Measuring forces at the cellular scale requires tracking the
cell-generated force-induced displacements of engineered landmarks
on or within mechanically characterized substrates fabricated from
diverse native or synthetic materials (Table II, Fig. 3). While the tech-
niques to quantify cell-generated forces have been thoroughly
reviewed elsewhere;'”*””® here, we specifically focus on their
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FIG. 3. Techniques for measuring biological forces at the cellular length-scale. Arrows indicate biomaterial deformations induced by cell-generated forces. (a) Adherent cells on
thin silicone rubber films contract and wrinkle the substrate. (b) Fibroblasts plated on a thin film visibly wrinkle the substrate. Field of view is 190 x 176 um?. Reprinted with
permission from Yu et al.,”” Biomed. Opt. Express 3(1), 153 (2011). Copyright 2011 Author(s), licensed under the Creative Commons Attribution-Noncommercial-No Derivative
Works 3.0 Unported License. (c) Traction force microscopy quantifies contractile cell forces in 2D by tracking the displacement of embedded fiduciary markers in compliant
and mechanically characterized substrates. Out-of-plane traction forces can be quantified by tracking upward displacements with advanced microscopy techniques. (d) Madin-
Darby Canine Kidney (MDCK) cells expressing GFP-E cadherin exert tractions on a collagen-coated polyacrylamide substrate. Red arrows indicate traction vectors and the
green line indicates the considered area for computing total traction force. Scale bar = 5 um. Reprinted with permission from Maruthamuthu et al.,”® Proc. Natl. Acad. Sci.
108(22), 4708 (2011), Copyright 2011 National Academy of Sciences, USA. (e) Micropillar arrays quantify contractile cell forces in 2D b)}l tracking pillar deflection. (f) A smooth
muscle cell exerts traction forces on top of fibronectin-coated pillars. Scale bar =10 um. Reprinted with permission from Tan et al.,”” Proc. Natl. Acad. Sci. 100(4), 1484
(2003). Copyright 2003 National Academy of Sciences, U.S.A. (g) 3D traction force microscopy quantifies cell forces in 3D by tracking the displacement of embedded fiduciary
markers in compliant and mechanically characterized matrices. (h) A fibroblast in a 3D hydrogel exerts traction forces in 3D, which are tracked by mapping bead displace-
ments. Scale bar =50 um. Reprinted with permission from Legant et al.,”® Nat. Methods 7, 969 (2010). Copyright 2010 Springer Nature.
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TABLE II. Biomaterials for measuring traction forces at the cellular scale.

Technique Scale Biomaterials Readout method Readout range Pros Cons Ref.
2D films Cellular Silicone rubber Wrinkling of film ~ 1-10* nN o Direct visualization e Difficult calibration, 71,73
of contractile cell fabrication, and
behavior quantification
e Quantitative mea-
surements possible
2D TFM Cellular or Engineered elastomers Embedded fiduciary 1-10* Pa o Quantitative and e Computationally inten- ~ 75,78-86,91,97,98
substrates epithelial (silicone, PDMS,  marker displacement in directional assess- sive unless a reference-
sheets gelatin, polyacryl- horizontal plane ment of forces free adaptation is used
amide) or natural e Tunable linear e Limited to 2D tractions
matrices (fibrin, mechanical proper-
collagen) ties of engineered
substrates
e Non-linear mechanical
properties require com-
plex constitutive models
3D-like (2.5D) Cellular  Polyacrylamide, PEG ~ Embedded fiduciary 1-10* Pa o Quantifies out-of- e More computationally 93
TFM substrates marker displacement in plane tractions rele-  intensive than 2D TFM
horizontal and lateral vant in 3D
planes microenvironments
o Still 2D
microenvironment
2D micropost  Cellular or PDMS Pillar deflection ~ 107°-10> nN e Less computationally e Topography does not 77,114-116
arrays epithelial intense resemble physiological
sheets conditions
e Customizable sub- e Limited deflection of
strate mechanical posts possible
properties by adjust-
ing post geometry
o Discrete measurements
only
3D TFM Cellular ~ Engineered matrices ~ Embedded fiduciary 10-10* Pa ® More physiologically e Computationally intense 78,132-136
substrates (Matrigel, PEG, aga-  markers in all planes relevant

rose, hyaluronic acid

hydrogel, dextran, etc.),
natural matrices (colla-

gen, fibrin, etc.), and
composite blends

o Tunable linear
mechanical proper-
ties of engineered
matrices

© Non-linear mechanical
properties of natural
matrices complexifies
quantification

e Microenvironment
mechanical properties
change during contrac-
tion due to remodeling
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contributions in understanding the role of tensegrity in cellular biolog-
ical architectures.

A. On 2D flat substrates

In traction force microscopy (TEM), fiducial markers are intro-
duced into mechanically defined compliant substrates and tracked to
quantify both the magnitude and direction of cell traction forces [Figs.
3(c) and 3(d)].”*””"% Initially performed with silicone rubber sub-
strates,”>” this technique expanded to include increasingly more bio-
logically relevant materials such as polyacrylamide,”””" gelatin,”
agarose, ” fibrin,”* and collagen””° hydrogels. Polyacrylamide gels
have been widely used in TFM as they are linearly elastic across a wide
range of strains, which facilitates traction force computations, and
their stiffness can be easily tuned by altering polymer composition.
Patterning fiducial markers further simplifies traction force measure-
ments and alleviates computational load.”””® Additionally, substrates
can be stretched to induce predetermined strains on adhered cells,
while measuring their mechanical response as traction forces and
internal displacements of endocytosed beads.” In this way, cellular
prestress can be assessed at the subcellular length scale.

The mechanical behavior of cells on surfaces demonstrates char-
acteristics of tensegrity in which tensile forces are balanced against
compressive loads. Cells attached to gel surfaces establish mechanical
homeostasis by using their endogenously generated cytoskeletal ten-
sion, or prestress, to pull in when generating contractile forces, effec-
tively inducing a compressional component in the underlyin
substrate. Traction forces correlate with cytoskeletal tension,””””'*’
and disruption of individual cytoskeletal tension-generating stress
fibers offsets the balance between internal tension and external trac-
tion, causing a net reduction in traction forces.'"" Actin stress fibers
act as tension-bearing components in the cytoskeletal tensegrity struc-
ture, and locally compromising these fibers would hypothetically result
in the redistribution of forces within the structure. Therefore, observ-
ing a decrease in contractile forces upon disruption of load-bearing
elements supports the applicability of the tensegrity model at the cellu-
lar scale. Moreover, cytoskeletal stiffness is observed to proportionally
increase with actin contractility,”*' and internal shear modulus
increases with cellular prestress.”” Both observations are consistent
with tensegral behavior, where cohesively increasing structural pre-
stress and stiffness is an intrinsic property of tensegrity structures.

Cells also exhibit larger traction forces on stiffer substrates, fur-
ther suggesting that external mechanics exogenously promote the
development of cell prestress as well as the formation of stress fibers
and focal adhesions.' """ Alterations in the mechanical environment
have been shown to play a role in pathogenesis, suggesting that there
is a delicate balance in cellular prestress that must be maintained for
healthy function. For example, on substrates of similar stiffness to a
healthy myocardium, cardiomyocytes show an aligned sarcomere
structure and generate greater mechanical force, while on stiffer sub-
strates reminiscent of disease situations, they lose their sarcomeres,
form stress fibers and produce weaker contraction forces.'”” These
mechanically driven disease-like phenotypes have been observed in a
wide variety of tissue systems ranging from the placenta'’>'"” to
cancer. 103,108

TFM can also be applied to multicellular sheets, to measure
traction stresses exerted on the substrate, and also to quantify
cell-cell forces.'”” """ Multicellular TFM provides additional

REVIEW scitation.org/journal/apb

supporting evidence that cell sheets can behave as modular ten-
segrity structures, where cells act as individual components in a
cohesive suprastructure. Maximal stresses appear to ripple across
the whole sheet through cell-cell junctions and direct migra-
tions.'”” These stress waves also play an important role in tissue
expansion, as peripheral cells undergo “unjamming” to be more
motile at the border."'” Exposing sheets to additional loads in the
form of applied shear flow also increases cytoskeletal and intercel-
lular tension, regulating the assembly of cell-cell junctions.''’
These observations together highlight the formation of hierarchical
tensegrity structures from individual cells to cell sheets and suggest
that tensegrity may be a defining characteristic allowing force
transmission across multicellular sheets.

B. On 2D micropillar arrays

The capabilities of TFM can be greatly expanded by fabricat-
ing silicone rubber substrates into arrays of flexible micropillars,
pioneered by Tan et al., which can deflect under the action of cell-
generated traction forces [Figs. 3(e) and 3(f)]./71e-1e Micropost
array systems bypass the challenges associated with tracking the
displacement of beads and efficiently determine cell traction forces
by measuring the deflection of individual pillars.''” Furthermore,
the stiffness, length, and geometry of the microposts can also be
manipulated to control the mechanical microenvironment pre-
sented to cells. For example, shorter posts present stiffer cues for
cultured cells,''® while ellipsoidal microposts can recreate anis-
tropic mechanical properties.” Post diameters can also be
decreased to have higher resolution mapping of traction forces and
focal adhesion dynamics. On submicron pillars, forces are exerted
between neighboring pillars, generating apparent local contraction
events that produce small nano-scale displacements, akin to cells
pinching posts to sense the substrate’s rigidity.'”” Similar to mono-
layer TFM, stresses within a cell sheet, as quantified on micropost
arrays, are higher at tissue edges'’' and are transduced through
cell-cell junctions'* in a modular fashion.

Micropost arrays can also be actuated to subject cells to external
mechanical stimulation through local magnetic micropost deflec-
tions''>'**° or through global mechanical”'** and vacuum-
driven'””""" stretching of the whole array. External application of
tension by stretching provides a unique opportunity to probe at cellular
tensegrity structures and quantify mechanical effects in the form of trac-
tion forces. Some cells remain unaffected by local actuation while some
generate reduced tractions at the cell periphery.'” Smooth muscle cells,
on the other hand, appear to contract more upon stimulation, leading
to an apparent global force reinforcement.'”* They also appear to
exhibit a biphasic response where, during global stretching, they initially
contract more at the cell poles to resist rapid cell deformation, but then
release tension in their cytoskeleton and soften by reorganizing them-
selves and allowing relaxation.'”” In particular, to return to mechanical
homeostasis after stretching, fibroblasts utilize both focal adhesions and
cytoskeleton tension mechanisms,*® which are intrinsically related to
cellular tensegrity. Such time-dependent effects of external mechanical
stimulation suggest that there is a dynamic nature to biotensegrity
structures, which likely arises from the viscoelastic and plastic properties
of the cytoskeleton.
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C. In 3D matrices

Although monolayer TFM and micropost array systems have
proven invaluable in understanding the structural aspects of the
dynamic prestressed cell cytoskeleton as well as its response to active
perturbations, they are inherently limited to measuring contractile and
shear stresses in 2D. Cells have the capability of generating out-of-
plane traction forces in 3D contexts, and 3D culture is known to sig-
nificantly affect cell function.”*'*'~'** However, obtaining 3D traction
forces within conventional 3D culture presents significant challenges.
Cell-induced 3D deformations can be tracked in collagen,m‘137
fibrin,"”” "’ and matrigel'”> matrices via the movement of fiduciary
markers or the distortion of the fibrous matrix network. The traction
forces driving these deformations have only recently been quantified
due to difficulties associated with characterizing the complex mechani-
cal properties of most native matrices. Not only do natural matrices
exhibit non-linear strain-stiffening material properties but also their
characteristics change dynamically near cells as they pull, stiffening
and irreversibly remodeling the matrix."*>'*”"**'*! Recently, constitu-
tive laws have been developed, allowing the reconstruction of cell trac-
tion stress fields from matrix fiber displacements as obtained using
confocal reflection microscopy'”>'** or from bead displacements
acquired with optical coherence microscopy [Figs. 3(g) and 3(h)]."*

To facilitate the measurement of 3D traction forces, engineered
matrices such as polyethylene glycol diacrylate,”® dextran methacry-
late"* or polystyrene'*” with well-defined mechanical properties can
be used. Although these scaffolds do not replicate in vivo-like condi-
tions to the same extent as natural matrices, cells grown in these syn-
thetic gels still behave realistically. They produce larger inward
tractions in stiffer matrices that increase at the cell periphery and are
localized to the cell’s slender protrusions.78 In addition, the mechanical
and architectural characteristics of these synthetic matrices can be eas-
ily tuned to more precisely study the influence of the local microenvi-
ronment on cell behavior. Adherent cells seeded within stiff dextran
methacrylate gels with aligned fibers migrate continuously following a
2D migration mechanism. However, when cells are grown in disor-
dered deformable matrices, they migrate using a slingshot mechanism
where they contract the matrix and store elastic energy within it to
rapidly jump forward, following matrix recoil due to loss of adhesion
at the cell rear.'** The extracellular scaffold can be interpreted as a
modular tensegrity structure to the cell, where matrix fibers bear ten-
sile loads which counterbalance hydrostatic or cellular compressive
stresses, preventing the structure from collapsing on itself. Cells are
attached to their external matrix through focal adhesions, which are
also linked to their tensegral cytoskeleton, effectively linking them to
form a tensegral suprastructure. Variations in neighboring components
induce tensegrity structures to redistribute structural loads to regain
stability, resulting in the propagation of a local response. Therefore, the
observed change in cellular behavior in response to alterations in the
surrounding matrix suggest that the ECM and cells act as modular
tensegrity structures to maintain the construct’s stability.

Interestingly, and similar to molecular force sensors, these cellu-
lar scale methods also generally quantify tensile forces, and measuring
piconewton-scale compressive stresses remains a challenge. To provide
compressive stress readouts, compliant sensors can be designed to sus-
tain compressive loads and deform in a measurable ways. Recently,
subcellular hydrogel microparticles have been used to quantify com-
pressive stresses during phagocytosis,"*" showing promise for future
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applications in morphogenesis, cancer progression, and stem cell
. c . 64
differentiation.”

IV. MEASURING FORCES AT THE TISSUE
LENGTH SCALE

While cellular length scale tensegrities have been quite well-
established, understanding tensegrity at intermediate length scales
between cells and organs remains challenging, primarily due to techni-
cal limitations in quantifying forces within small tissues. Forces at the
tissue scale are more complex than the simple sum of cellular scale
forces, as additional factors such as collective behaviors, spatial pro-
files, and supracellular elements must be considered. Measuring forces
at the tissue length scale generally requires some knowledge of the
mechanical properties of the tissue, which typically depends on tissue
state and composition, and are usually non-linear and time-variant.
Furthermore, these properties can be highly heterogenous, particularly
at the length scale of individual cells. Hence, recent strategies to resolve
tissue-scale forces have involved designing tissues with small regions
of precisely defined properties, and measuring the deformation of
these defined zones to quantify generated forces. These techniques can
be broadly split into two categories: tissue-scale measurement of aver-
age forces [Table 111, Figs. 4(a)-4(j)] or cellular-scale measurement of
cell forces within tissues [Table IV, Figs. 4(k)-(0)].

A. Macro-scale bulk tissue forces

Microengineered tissues are a powerful tool to recreate and study
cellular behavior in in vivo-like conditions, encompassing cell-ECM
and cell-cell interactions. Developing such tissues typically requires
the cells to remodel, reorganize and structure the tissues, through pro-
cesses such as matrix contraction [Figs. 4(a) and 4(b)]."*""> ">
Recent advances in bioprinting have allowed fabrication of more com-
plex structures such as tissue beams, where their deformations under
cell-generated stresses are used to quantify mechanical properties and
stabilizing tissue behaviors.”® In this section, we review strategies to
measure forces across such tissues, which can often be challenging due
to their evolving viscoelastic nature.

1. Tissue-scale 3D traction force microscopy

Collective tissue forces can be quantified by embedding complex
tissues such as breast ducts'”” '’ or cancer spheroids/tumoroids'®" '’
in ECM with well-defined mechanical properties and integrated
fiduciary markers to track displacement and stress fields during tissue
morphogenesis [Fig. 4(c)]. Using this technique, high mechanical stress
and peripheral tensile stresses were found to arise during invasion of
mammary epithelial tissues into the surrounding ECM, at sites of acute
tissue curvature. The increase in peripheral tension compresses the sur-
rounding matrix and facilitates normal duct formation and outward
collective cell migration."”*'*” In pathogenic conditions, reducing the
peripheral contractility of cells in the tumor decreases their invasive
potential in both breast cancer'®” and fibrosarcomas.'” These contrast-
ing observations suggest an optimal tensile balance at the microtissue
periphery, which is essential for maintaining homeostatic architecture.
Similarly, an imbalance between peripheral tension and core compres-
sion can be hypothesized to disrupt the tensegral structure of the
microtumor and cause local invasion. These findings therefore suggest
that alterations in the tensegral force balance in tissues may play a role
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TABLE lIl. Biomaterials for measuring cell-generated forces at the tissue scale.

Technique Biomaterials ~ Readout method Readout range Force type Pros Cons Ref.
Contracting  Natural ECM Observed 1-10 mN Contraction e Resolves tissue-relevant o Non-linear mechanical proper-  147,153-155
cell-laden (collagen) contraction of contractile forces in 3D ties of ECM gels make direct
gels microtissue force quantification difficult
e Quantifiable contraction in e No spatial resolution within
physiologically relevant the tissue
microenvironment
o Self-assembled tissue
construct
3D tissue Natural ECM Embedded 1-10° uN Traction e Physiologically significant o Computationally intense 158,163,164
TFM (collagen) and fiduciary 10-10° Pa microenvironment and
substrates engineered markers in all geometry
matrices planes o Resolves spatial profiles o Quantifies overall tissue trac-
(silk-collagen related to tissue geometry tion forces, no information on
hybrid) and function internal spatial profiles
© Non-linear mechanical proper-
ties of native matrices com-
plexifies quantification
Thin film PDMS, algi-  Thin cantilever ~ 0.1-100 kPa Contraction e Direct quantification of e Challenging fabrication and 148,168,169
cantilevers nate, gelatin, buckling and tissue contractility imaging
dextran, deflection e High-throughput e Only for cell sheets or thin
collagen measurements possible tissue not embedded in ECM
o Little spatial information of
spatial profiles
Embedded PDMS Cantilever 0.1-10 uN Contraction o Self-assembled tissue e Only quantifies uniaxial 149,183,185
micro- buckling and 0.1-10 kPa construct contractile stresses 197,206
cantilevers deflection e Direct contractility e Limited spatial profiling of
quantification of 3D internal tissue forces
microtissues without need
for high computation power
e High-throughput o Limited deflection range of
measurements possible posts and possibility for tissue
to fall off cantilevers
3D micro- PDMS Post deflection ~ 100-300 nN  Growth-induced e Direct growth force o Confined tissue as growth 189
post arrays compressive quantification of 3D continues
stresses microtissues
e Limited spatial profiling of
internal tissue stresses
Wires POMacC/ Wire deflection 1-100 uN Contraction e Robust hold on microtissue e Only quantifies uniaxial 150
PDMS, PDMS/ preventing falling off from contractile stresses
titanium device
composites e Direct contractility quantifi- e No spatial profiling of internal

cation of 3D microtissues

tissue forces
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FIG. 4. Techniques for measuring tissue-scale forces. Arrows indicate biomaterial deformations due to cell-generated forces. (a) Cell-laden matrices contract due to cell-
generated forces. (b) Microdroplets of collagen are contracted by MC 3T3 cells. Scale bar = 1 mm. Reprinted with permission from Moraes et al.,'*’ Biomaterials, 34(37),
9623-9631 (2013). Copyright 2013 Elsevier. (c) Patterned microtissues are embedded within a mechanically characterized matrix with fiduciary markers and forces are quanti-
fied by tracking their displacements. (d) Thin film cantilevers curl up under contractile forces exerted by adherent cell sheets which are quantified. (¢) Cardiomyocyte sheets
are seeded onto thin PDMS films, which curl under diastolic and systolic contraction. Contractile stresses are computed from the relative x-projection of the curled film to the
initial film length. Republished with permission from Grosberg et al., Lab Chip, 11(24), 4165 (2011);'*® Copyright 2011 Clearance Center, Inc. (f) Embedded micro-cantilevers
induce prestress within the self-assembled tissue constructs and the deflection of cantilevers are correlated with contractility. (g) Self-assembled microtissues of NIH 3T3 cells
in collagen contract and bend embedded PDMS cantilevers. Scale bar =100 um. Reprinted with permission from Legant et al.,'*’ Proc. Natl. Acad. Sci. 106(25), 10097
(2009). Copyright 2009 National Academy of Sciences, USA. (h) Pillars deflect as the spheroid grows and quantifies outwards growth forces. (i) Parallel wires hold the self-
assembled tissue construct in place and deflect inwards due to contractile forces. (j) Cardiac microtissues derived from BJ1D stem cells self-assemble around POMaC wires,
which deflect under generated contractile loads. F-actin and troponin-T staining show cardiomyocyte and sarcomeric contractile protein alignment, which are necessary for
proper tissue function. Top and middle scale bar = 1 mm. Bottom scale bar = 30 um. Reprinted with permission from Zhao et al.,"* Cell 176(4), 913-927 (2019). Copyright
2019 Elsevier. (k) Filamentous matrices deflect like parallel wires, but are smaller and quantify contractile forces at the single-cell scale in tissues. (/) Cardiac microtissues pas-
sively contract 5 um OrmoClear™ fibers in diastolic status, and are actively contractile in systolic status. Scale bar = 100 um. Reprinted with permission from Ma et al.,"*’
Nat. Biomed. Eng. 2, 955 (2018). Copyright 2018 Springer Nature. [(m) and (n)] The deformation of (m) oil or (n) hydrogel microdroplets injected into tissues allows measure-
ment of cell-generated anisotropic forces (m) or isotropic forces (n). (o) Circumferentially oriented hydrogel micropdroplets indicate that there are tensile stresses at the periph-
ery of fibroblast spheroids, while compression radially compresses droplets. Scale bar =50 um. Reprinted with permission from Lee et al., Nat. Commun. 10, 144 (2019)."*
Copyright 2019 Author(s), licensed under a Creative Commons Attribution (CC BY) license.

in both priming and driving pathogenic phenotypes, particularly in forces, as the mechanical properties of the deformable structures can
cancer progression. be well-defined. For example, thin films can be designed to quantify
tissue-scale contractile forces of self-assembled myocardial cell sheets
by measuring how much they curl up under contractile forces [Figs.

2. Embedded def ble struct
mbedded deformable structures 4(d) and 4(e)] and can be readily implemented using a variety of tech-

Integrating deformable structures into an otherwise mechanically niques including soft lithography,'*’ spincpating,148"(’8 laser cut-
complex tissue provides a convenient method to quantify contractile ting, """ multi-material  3D-printing,”” and  microfluidic
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TABLE IV. Biomaterials for measuring cell-scale forces within tissues.

Readout
Technique Scale Biomaterials method Readout range Force type Pros Cons Ref.
Filamento- Cellular and Organic/ Filament 10-10° nN Contraction o Quantifies contrac- e Computationally 151,195
us matrices  cellular inorganic deflection tile stresses at the intense
within tissue hybrid polymer single-cell level
(OrmoClear) within tissues
o Customizable ® Requires
geometry and pat-  inhomogeneous
terning of mechani- microenvironment
cal properties of the
microenvironment
o Challenging and
low throughput
fabrication
Oil Cellular  Fluorocarbon, Droplet 0.01-5 kPa Anisotropic ® Measures single o Limited upper 207,209
droplets within tissue  ferrofluid deformation cell-generated range of force mea-
anisotropic forces surements due to
within tissues breaking up of
droplets
o Customizable e Cannot quantify
surface treatment isotropic forces
of droplets
o Allows spatiotem-
poral profiling of
forces in vivo
Hydrogel Cellular  Polyacrylamide, Droplet 0.1-10 kPa Isotropic (tension, e Measured single o Challenging fabri-  152,211,212,216,217
droplets  within tissue PEG, alginate ~ deformation compression) cell-generated cation and imaging

isotropic forces
within tissues

e Customizable
surface treatment
of droplets

o Allows spatiotem-
poral profiling of
forces in vivo

® Requires monodis-
perse bead fabrica-
tion or unstrained
bead dimensions
for quantification
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techniques.'”* Incorporating grooves on the cantilever’s surface aids
cell alignment, and generates enhanced contractility.”'”>'"® This sys-
tem can be designed to directly readout strains electronically, by incor-
porating strain gauges within the PDMS (polydimethylsiloxane)
ﬁlmsll71,l73

While this method is limited to measuring tension generation in
a sheet of cultured cells, the concept can be extended by designing
more advanced structure geometries. Legant et al. first developed
microfabricated pillars with integrated anchoring structures [Figs. 4(f)
and 4(g)],""” where pillar deflection can be used to study contractile
forces generated across a 3D tissue. Applications to date have included
fibroblast-populated collagen matrices, *” cardiac tissues,””'** airway
smooth muscle and fibroblast co-cultures, **'** wound healing,185
clotting under shear flow,"* skeletal tissues,"*” and smooth muscle
constructs.'*® Multi-pillar arrays can also be developed to study direc-
tional stresses across the tissue, to study the effects of fibrosis'** and
breast cancer proliferation [Fig. 4(h)]."™ In each of these studies, the
induced prestress in the self-assembled tissues was found to be crucial
for contractile functionality and for generating normal physiological
responses. The balance in prestress magnitude also arises as an impor-
tant parameter, where suboptimal stress can impede maturation, while
excessive stresses triggers pathogenic fibrosis and hypertrophy.'*’

Similarly, the deflection of suspended polymer wires during the
formation of a tissue can be used to quantify forces across the tissue in
a high-throughput well-plate format [Figs. 4(i) and 4(j)]. This system,
known as the Biowire II, can be readily integrated with stimulation
electrodes to study myocardial fibrotic contraction forces'”' and can
be extended to generate spatially differentiated atrio-ventricular co-
cultures to model diseases such as ventricular hypertrophy.'”’
Interestingly, passive tension is higher in fibrotic tissues, impeding
their ability to generate sufficient contractility for proper function.'”"
An alternative wire-based platform integrates a flexible plastic probe
to apply and monitor local tension to the microtissue by bending the
suspended tissue.'””'”” This platform was used to demonstrate that
the tissue prestress was necessary for contraction generation poten-
tial'”* as well as being used to quantify changes in tissue mechanical
properties during active and passive force generation.w“l

Recently developed filamentous matrices provide a way to make
similar measurements to the Biowire II platform with higher resolu-
tion within the tissue since fibers span single cell widths and are com-
pliant under cell-generated forces [Figs. 4(k) and 4(l)]. Matrices
composed of organic-inorganic hybrid polymer filaments of varying
diameters, synthesized by two-photon photopolymerization methods,
are coated in Matrigel, and seeded with cardiomyocytes which self-
assemble to form cardiac tissues.”" By quantifying the deflection of
fibers under cell-generated stresses, the non-uniformity of microenvi-
ronmental properties leads to contractile malfunction and disorganiza-
tion in myocardial tissues.'”” A fibronectin-derived grid can also be
used in a similar fashion draped on top of individual cells, cell sheets,
or tissues, where the grid deformations provide reference-free com-
pression and tension quantification.'”®

Internal tissue prestress can also be controlled by designing
actuatable structures that apply local forces on demand. By mounting
nickel microbeads'”” or bars for high throughput capacities'” onto
pillars, cantilevers can be actuated by electromagnetic forces.
Alternatively, pneumatically actuated cantilevers can also be designed
to provide a wider range of induced strains."”” *’" Under cyclic loads,
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the tissue prestress could be manipulated, allowing measurements that
decouple the effects of uniaxial*”*"* and multiaxial** cell-generated
forces and ECM properties on tissue stiffening and stabilization.””*
Notably, microtissues were found to strain-soften and lengthen to
maintain their mean tension,””” suggesting tissues respond to exter-
nally applied stresses by shifting their architecture to maintain ten-
sional homeostasis. While compressive stresses were not quantified in
this scenario, we hypothesize that tensegrity exhibits itself as the
observed redistribution of forces and consequent tissue reorganization.
Taken together, these studies lead to the intriguing hypothesis that the
balance between tensegrity-associated forces in prestressed tissue may
lead to either homeostasis or pathogenesis when dysregulated.

B. Micro-scale tissue forces

The techniques discussion in Sec. IV A are limited in their capac-
ity to resolve spatial differences within the microtissues and instead
provide readouts of force over the whole tissue. These metrics, hence,
provide an ensemble measurement over multiple cells and cannot
resolve forces at the single-cell length scale. These limitations make it
challenging to observe tensegrity within the microtissues themselves,
and the following techniques have recently been developed to provide
sufficient spatial resolution to make these inferences.

1. Oil droplets

To achieve high spatial resolution within microtissues, deform-
able structures must be both small enough and compliant enough to
observably deform under cell-generated stresses. Injectable oil micro-
droplets were first developed and introduced between cells in mam-
mary epithelial aggregates and embryonic tissues to quantify
anisotropic forces at the droplet location [Fig. 4(m)].”””*** Oil micro-
droplets could be designed and functionalized to allow cell adhesion,
and direct observations of droplet shape allow measurements of local
shear stress. Local cellular-generated stresses were found to increase in
mesenchymal aggregates due to growth and compaction of the sphe-
roids.”” Oil droplets containing magnetic particles can also be mag-
netically actuated to locally probe mechanical tissue. These studies
reveal cell-scale viscoelastic properties in zebrafish embryos, which
play a key role in time-dependent elongation of the tissue.””
Furthermore, cell jamming was found to yield more solid-like tissue,
providing a backbone during embryonic elongation, while other
regions of the tissue remained fluid-like and remodeled under
supracellular-generated stresses.”'’ These mechanical insights into the
morphogenesis process suggest that an intricately organized tensegral
system of sequentially stabilized units arises to develop form and func-
tion from a relatively homogenous embryo.

2. Deformable hydrogel particles

Oil microdroplets are incompressible and can only be used to
quantify anisotropic forces. In contrast, deformable hydrogel beads
can be both porous and compressible, thus offering a way of quantify-
ing absolute stresses within tissues [Figs. 4(n) and 4(o)]. The stiffness
of polyacrylamide,"”**"'~*"* poly(ethylene glycol),”'” and alginate’'®
beads can be tuned to measure a range of forces, from applied com-
pressive stresses”'' to cell-generated tensile stresses within fibroblast
spheroids.””” While certain sensors rely on pressure-induced
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fluorophore diffusion”'” or local FRET-based changes in fluorescence
due to deformations’” to quantify stresses, they require extensive
characterization and calibration to be used in vivo. Tracking the defor-
mation of beads within multi-layered cell sheets,?'° spheroids,15 2,211,216
and zebrafish embryos”' ' has been shown to resolve tissue pressure
and cell-generated force profiles throughout tissues and development.
Lee et al. used this system to demonstrate that a “skin” of tension
forms on the periphery, while compressive stresses build up towards
the core of fibroblast spheroids [Fig. 4(0)]. Inhibition of peripheral
contractility also decreased spheroid compaction, indicating that outer
tension is counterbalanced by compression of cells at the core, and
demonstrating that observable tensegral patterns arise within days of
spheroid formation.'”” More recently, thermoresponsive hydrogel
droplets made of poly-n-isopropylacrylamide swell on demand and
can be used to probe local stiffness within tissues by comparing the
swollen and compacted states of the hydrogel droplets. This technol-
ogy was used to demonstrate that significant spatial heterogeneities
exist in invasive breast cancer tissue mechanics.”'” These findings
demonstrate that, even though tensegrity might exist to stabilize the
tissue, local mechanical properties arise to internally stabilize and
prime the spheroid for future biological activity.

V. EMERGING VIEWS OF TENSEGRITY IN BIOLOGY

Spatial force profiles within tissues, cells, and molecules are essen-
tial in dictating the progression of tissue shape and function in homeo-
stasis, morphogenesis, and pathogenesis. During development,
cell-generated forces are well-established to drive key changes in tissue
configurations, such as gastrulation,” epithelial curling,”'* and elonga-
tion.” The compressional and tensile balances of forces within the
tissue, as well as their spatial configuration, are essential for the proper
tissue formation in such processes.” The balance of these forces in
hierarchical, networked architectures also allows complex deformation
modes such as shear at larger length scales, despite not including shear
elements in the tensegral formulation. Local force coordination
through cytoskeletal components like microtubules'’ and long-range
force transmission through fiber strain-stiffening”'” further emphasize
the importance of tensegral prestress in tissue formation, without
which, cohesive behavior of cells within a tissue would be severely
impaired. Not only is this coordination of forces and tissue prestress
key during morphogenesis but also during wound healing to orches-
trate collective cell migration'” and initiate wound closure.”"®

While classical tensegrity structures are composed of both rigid
(load-bearing) and linearly elastic components that return to their ini-
tial shape after external loads are removed, biological tissues do not
exhibit this general behavior. Instead, the elastic response is typically
observed immediately after mechanical load, and viscoelastic behavior
dominates over the long-term, leading to creep, release of internal
stress, and plastic or permanent remodeling. When stretched, both
cells'”” and tissues™” strain-soften over time, resulting in decreased
prestress to preserve their tensional balance. During morphogenesis,
this process of viscoelastic remodeling is essential, as the tissue must
undergo strain-softening and plastic deformation to adopt the shapes
necessary for tissue and organ function.””” To guide this shape change,
active and rigid mechanical elements must also play a role. For exam-
ple, jammed cells can form solid-like regions within the tissue, provid-
ing mechanical support to bear the compressive load required to
elongate the tissue.”'” Thus, both static and dynamic force balances in
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viscoelastic tissues ensure proper formation and remodeling, especially
in morphogenesis. Hence, incorporating time-dependent elements in
tensegrity models may be an important strategy to model longer-term
developmental processes.

The role of tensegrity in pathological processes is less well-
established and may prove to be a novel line of inquiry in understand-
ing the mechanics of disease progression. In luminal cancers, such as
breast carcinomas, the tissue begins as a hollow duct structure. The
basal side on the outside of the duct and the apical side on the inside
of the duct can both be considered as tensile skins balanced by the
pressurized fluid within the lumen. Luminal collapse on the apical side
is a structural failure which occurs in early breast cancer progres-
sion,””” suggesting that a significant imbalance between lumen com-
pression as well as basal and apical tension leads to the cancer’s
progression. We reason that once the luminal region begins to fill with
cells at the onset of ductal hyperplasia, the duct solidifies and develops
additional growth-induced compressive stresses, and tension in the
basal layer and myoepithelium must be released and breached during
structural progression of the disease. Interestingly, cell extrusion by
overcrowding in epithelial tissues has also been suggested as a mecha-
nism for luminal filling in cancer, which normally occurs apically to
maintain epithelial homeostasis, but occurs basally in more aggressive
diseased conditions.””'**’

The importance of tensegrity during pathological processes may
be more directly considered by correlating the invasive properties of
cells with their spatial distribution within tumors. Cells at the periph-
ery of breast cancer spheroids are softer and more motile than those
under compressional load at the core. This compressive load is
hypothesized to push intracellular fluid through intercellular gap junc-
tions, effectively swelling cells under less compressive stresses, yielding
a more invasive phenotype at the periphery.”** Following the tensegr-
ity model, higher compressive stresses at the core would require higher
tensile stresses at the periphery to stabilize the structure. Interestingly,
generating these higher tensile stresses would require the peripheral
cells to be more contractile, and this cell phenotype is known to
remodel and reorganize collagen, stiffening local ECM and facilitate
local invasion of cancer cells."” This suggests that cells at the periphery
might be more contractile due to the build-up of compression at
the core, effectively highlighting the importance of tensile and com-
pressive force balances in the tissue. Additionally, the cells at the
core were less active and motile,””* which is consistent with the
concept of increased cell jamming under compressive stresses from
neighboring cells, which must overcome higher energy barriers to
migrate past each other.””” The unjamming process seems to play a
key role in breast cancer progression, where the decrease in com-
pressive stresses enhances collective migration in more invasive
cancers.'®°

Taken together, this mechanical analysis of disease progression
suggests that when the balance between tensional and compressional
stresses is affected, this can lead to disease progression. We propose
that the normal, developmental, and pathological balance between ten-
segral force balances range across a spectrum (Fig. 5). A perfect
dynamic balance between tension and compression provides a stable
biological structure that maintains homeostatic function. Small imbal-
ances, in conjunction with time-dependent changes in tissue mechani-
cal properties, provides the mechanical conditions to drive shape and
function changes during morphogenesis. We theorize that extensive
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FIG. 5. The tensegrity spectrum: stable, dynamic, and unstable structures. When compressive and tensile stresses are balanced with the appropriate magnitude, the overall
tensegral tissue structure is stable, a necessary condition for homeostasis. Dynamic structures arise with slight imbalances in stresses, as seen in morphogenesis; while we
theorize that an extreme imbalance in stresses can lead to pathogenesis and disease progression. Black arrows indicate peripheral tensile stresses, white arrows indicate

growing compressive stresses towards the core, and gray arrows indicate shape changes.

imbalances compromise the tissue’s tensegrity, leading to structural
instability and loss of organization, resulting in disease progression
such as unrestricted growth and local invasion in cancer, or loss of
architecture and function in degenerative disease conditions. Hence,
developing a tensegrity index to quantify these imbalances across
multiple length scales and spatial locations may be of considerable
value in robustly predicting and interfering with disease progression.
This would be particularly challenging as a tensegrity index would
have to simultaneously convey quantitative information comparing
tensional and compressional signatures as a function of space, and of
hierarchical length scale. Formulating such an index might, however,
facilitate distinguishing between homeostatic, dynamic, and unstable
biological structures (Fig. 5). Considerable advances in both
biomaterials-based techniques to measure forces and local
mechanics within realistic tissue models, as well as a common lan-
guage and descriptor for the mechanical state of tissues that cap-
tures time-, space-, and state-dependent properties and
progression of the tissue will, therefore, be needed to apply this
concept for practical gain.

VI. CONCLUSIONS

Cell-generated forces have been quantified across the biological
length scales from the molecular to the tissue level by engineering
designer biomaterials to provide insight into the location, direction,
and magnitude of these forces. Molecular probes have uncovered pat-
terns in tensile stresses within single cells and cell-cell junctions,
highlighting the importance of cytoskeletal prestress for cell shapes
and functions. Quantifying forces at the cellular level further confirms
the significance of internal prestress within cells in order to exert forces
on their surroundings and also develops a better understanding of
mechanotransductive pathways involved in cell signaling and disease.
Novel developments to measure these forces in highly realistic 3D

engineered tissues further suggest that tensegrity is a fundamental,
modular, and hierarchical characteristic across biological length scales.
These studies confirm and reinforce the ubiquitous presence of ten-
segrity as an organizing principle for biological systems. Given the
accumulating evidence that tissue stability, morphogenesis, and patho-
genesis of several diseases and organ systems are associated with ten-
segral imbalances, there remains a fundamental need to further
develop the techniques necessary to measure these complex features of
tissues in development and disease.

ACKNOWLEDGMENTS

We thank Wontae Lee for her helpful discussion and valuable
insight in structuring this paper. This work was supported by the
Canadian Cancer Society (Grant Nos. 704422 and 706002) and the
Canadian Institutes for Health Research (Grant No. 01871-000) to
CM. and LM, the Natural Sciences & Engineering Research
Council of Canada (No. Discovery RGPIN-2015-05512) to C.M,
and the Canada Research Chairs in Advanced Cellular
Microenvironments to C.M.

AUTHOR DECLARATIONS

Conflicts of Interest

The authors have no conflicts to disclose.

NOMENCLATURE

ATP  Adenosine triphosphate

DNA  Deoxyribonucleic acid

ECM  Extracellular matrix

FRET  Fluorescence resonance energy transfer

APL Bioeng. 5, 041501 (2021); doi: 10.1063/5.0046093
© Author(s) 2021

5, 041501-14


https://scitation.org/journal/apb

APL Bioengineering

RGD  Arginine-glycine-aspartate
TFM  Traction force microscopy

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

REFERENCES

1C. S. Chen and D. E. Ingber, Osteoarthritis Cartilage 7, 81-94 (1999).

2D. E. Ingber, L. Dike, L. Hansen, S. Karp, H. Liley, A. Maniotis, H. McNamee,
D. Mooney, G. Plopper, J. Sims, and N. Wang, Infernational Review of
Cytology (Elsevier, 1994), pp. 173-224.

3D. E. Ingber, Annu. Rev. Physiol. 59, 575-599 (1997).

4N. Wang, J. Butler, and D. Ingber, Science 260, 1124-1127 (1993).

5], R. Lange and B. Fabry, Exp. Cell Res. 319, 2418 (2013).

®M. Behrndt, G. Salbreux, P. Campinho, R. Hauschild, F. Oswald, J. Roensch,
S. W. Grill, and C.-P. Heisenberg, Science 338, 257-260 (2012).

7N. C. Heer and A. C. Martin, Development 144, 4249 (2017).

8M. Merkel and M. L. Manning, Semin. Cell Dev. Biol. 67, 161-169 (2017).

M. Rauzi, P. Verant, T. Lecuit, and P.-F. Lenne, Nat. Cell Biol. 10, 1401
(2008).

104, Singh, T. Saha, I. Begemann, A. Ricker, H. Niisse, O. Thorn-Seshold, J.
Klingauf, M. Galic, and M. Matis, Nat. Cell Biol. 20, 1126 (2018).

TK.-H. Kuo and C. Y. Seow, J. Cell Sci. 117, 1503 (2004).

125, B. Lemke and F. Schnorrer, Mech. Develop. 144, 92-101 (2017).

BA. Brugués, E. Anon, V. Conte, J. H. Veldhuis, M. Gupta, J. Colombelli, J. J.
Munoz, G. W. Brodland, B. Ladoux, and X. Trepat, Nat. Phys. 10, 683-690
(2014).

145, J. Evans, M. M. Alkaisi, and P. H. Sykes, Cell Biochem. Biophys. 77,
293-308 (2019).

15p, P. Provenzano, K. W. Eliceiri, J. M. Campbell, D. R. Inman, J. G. White,
and P. J. Keely, BMC Med. 4, 38 (2006).

'6J. Huynh, J. P. Califano, and C. A. Reinhart-King, Mechanobiology of Cell-Cell
and Cell-Matrix Interactions, edited by A. Wagoner Johnson and B. A. C.
Harley (Springer, Boston, MA, 2011), pp. 47-74.

7W. J. Polacheck and C. S. Chen, Nat. Methods 13, 415-423 (2016).

185, Petrulyte and D. Petrulis, Handbook of Medical Textiles, edited by V. T.
Bartels (Woodhead Publishing, 2011), pp. 1-35.

9B, D. Ratner, A. S. Hoffman, F. J. Schoen, J. E. Lemons, W. R. Wagner, S. E.
Sakiyama-Elbert, G. Zhang, and M. J. Yaszemski, Biomaterials Science, 4th ed.,
edited by W. R. Wagner, S. E. Sakiyama-Elbert, G. Zhang, and M. J.
Yaszemski (Academic Press, 2020), pp. 3-19.

20D, E. Ingber, Chest 99, 345 (1991).

2K Pienta and D. Coffey, Med. Hypotheses 34, 88-95 (1991).

22R. 'W. Burkhardt, Encyclopedia of Life Sciences (John Wiley & Sons, Ltd.,
2008).

23R, B. Fuller, Portfolio Art News Ann. 4, 114 (1961).

24R. Connelly and A. Back, Am. Sci. 86, 142 (1998).

25N. Wang, I. M. Toli¢-Norrelykke, J. Chen, S. M. Mijailovich, J. P. Butler, J. .
Fredberg, and D. Stamenovi¢, Am. |. Physiol.: Cell Physiol. 282, C606 (2002).

26G. Huang, F. Li, X. Zhao, Y. Ma, Y. Li, M. Lin, G. Jin, T. J. Lu, G. M. Genin,
and F. Xu, Chem. Rev. 117, 12764 (2017).

27D, E. Ingber, Circ. Res. 91, 877 (2002).

28M. J. Paszek and V. M. Weaver, ]. Mammary Gland Biol. Neoplasia 9,
325-342 (2004).

295, Kumar and V. M. Weaver, Cancer Metastasis Rev. 28, 113 (2009).

305, Hu, J. Chen, and N. Wang, Front. Biosci. 9, 2177 (2004).

5ID. Stamenovi¢, S. M. Mijailovich, I. M. Toli¢-Norrelykke, J. Chen, and N.
Wang, Am. . Physiol.: Cell Physiol. 282, C617 (2002).

327, Khavari and A. J. Ehrlicher, PLoS One 14, 0221753 (2019).

33C. Moraes, B. Choul Kim, X. Zhu, K. L. Mills, A. R. Dixon, M. D. Thouless,
and S. Takayama, Lab Chip 14, 2191 (2014).

345, B. Khatau, C. M. Hale, P. J. Stewart-Hutchinson, M. S. Patel, C. L. Stewart,
P. C. Searson, D. Hodzic, and D. Wirtz, Proc. Natl. Acad. Sci. 106, 19017
(2009).

REVIEW scitation.org/journal/apb

35R. Vishavkarma, S. Raghavan, C. Kuyyamudi, A. Majumder, J. Dhawan, and
P. A. Pullarkat, PLoS One 9, e107895 (2014).

3D, E. Ingber, ]. Cell. Sci. 104(Pt. 3), 613 (1993).

57D. E. Ingber, Proc. Natl. Acad. Sci. 100, 1472 (2003).

38D, E. Ingber, FASEB J. 20, 811 (2006).

394, S. Ermakov, Russ. . Dev. Biol. 49, 87-100 (2018).

“OD. E. Ingber, Prog. Biophys. Mol. Biol. 97, 163 (2008).

“ID. E. Ingber, N. Wang, and D. Stamenovi¢, Rep. Prog. Phys. 77, 046603
(2014).

“ZM. H. Jo, W. T. Cottle, and T. Ha, ACS Biomater. Sci. Eng. 5, 3856-3863
(2019).

“3M. Morimatsu, A. H. Mekhdjian, A. S. Adhikari, and A. R. Dunn, Nano Lett.
13, 3985 (2013).

4B, L. Blakely, C. E. Dumelin, B. Trappmann, L. M. McGregor, C. K. Choi, P.
C. Anthony, V. K. Duesterberg, B. M. Baker, S. M. Block, D. R. Liu, and C. S.
Chen, Nat. Methods 11, 1229 (2014).

45 Wang and T. Ha, Science 340, 991 (2013).

46N Borghi, M. Sorokina, O. G. Shcherbakova, W. I. Weis, B. L. Pruitt, W. J.
Nelson, and A. R. Dunn, Proc. Natl. Acad. Sci. 109, 12568 (2012).

“7C. Grashoff, B. D. Hoffman, M. D. Brenner, R. Zhou, M. Parsons, M. T. Yang,
M. A. McLean, S. G. Sligar, C. S. Chen, T. Ha, and M. A. Schwartz, Nature
466, 263 (2010).

“8D, R. Stabley, C. Jurchenko, S. S. Marshall, and K. S. Salaita, Nat. Methods 9,
64 (2012).

“9p_Roca-Cusachs, V. Conte, and X. Trepat, Nat. Cell Biol. 19, 742 (2017).

SO, Chowdhury, L. T. S. Li, B. J. Leslie, S. Doganay, R. Singh, X. Wang, J.
Seong, S.-H. Lee, S. Park, N. Wang, and T. Ha, Integr. Biol. 7, 1265 (2015).
SlY. Liu, K. Galior, V. P.-Y. Ma, and K. Salaita, Acc. Chem. Res. 50, 2915

(2017).

52y, Zhang, C. Ge, C. Zhu, and K. Salaita, Nat. Commun. 5, 5167 (2014).

53X. Wang, J. Sun, Q. Xu, F. Chowdhury, M. Roein-Peikar, Y. Wang, and T.
Ha, Biophys. J. 109, 2259 (2015).

S4M. Prass, K. Jacobson, A. Mogilner, and M. Radmacher, J. Cell Biol. 174, 767
(2006).

55M. Benoit, D. Gabriel, G. Gerisch, and H. E. Gaub, Nat. Cell Biol. 2, 313
(2000).

SBF. A. Fierro, A. Taubenberger, P.-H. Puech, G. Ehninger, M. Bornhauser, D. J.
Muller, and T. Illmer, J. Mol. Biol. 377, 1082 (2008).

S7R. 1. Litvinov, H. Shuman, J. S. Bennett, and J. W. Weisel, Proc. Natl. Acad.
Sci. U. S. A. 99, 7426 (2002).

S8M. Rief, M. Gautel, F. Oesterhelt, J. M. Fernandez, and H. E. Gaub, Science
276, 1109 (1997).

59C. Gosse and V. Croquette, Biophys. ]. 82, 3314 (2002).

805 B. Smith, L. Finzi, and C. Bustamante, Science 258, 1122 (1992).

1G. Francius, D. Alsteens, V. Dupres, S. Lebeer, S. De Keersmaecker, J.
Vanderleyden, H. J. Gruber, and Y. F. Dufréne, Nat. Protoc. 4, 939 (2009).

82R. M. Simmonst, J. T. Finer, H. M. Warrick, B. Kralik, S. Chu, and J. A.
Spudich, Mechanism of Myofilament Sliding in Muscle Contraction, edited by
H. Sugi and G. H. Pollack (Springer, Boston, MA, 1993), pp. 331-337.

85H. Huang, C. Y. Dong, H.-S. Kwon, J. D. Sutin, R. D. Kamm, and P. T. C. So,
Biophys. J. 82, 2211 (2002).

4y, Chen, Z. Li, and L. A. Ju, Biophys. Rev. 11, 311-318 (2019).

85G. Zanotti and C. Guerra, FEBS Lett. 534, 7-10 (2003).

8GR, P. Bywater, Heliyon 3, €00307 (2017).

87C. B. Reilly and D. E. Ingber, Extreme Mech. Lett. 20, 21 (2018).

88D, E. Ingber, Ann. Biomed. Eng. 38, 1148 (2010).

89T, Liedl, B. Hogberg, J. Tytell, D. E. Ingber, and W. M. Shih, Nat.
Nanotechnol. 5, 520 (2010).

703, S. Simmel, P. C. Nickels, and T. Lied], Acc. Chem. Res. 47, 1691 (2014).

71A. K. Harris, P. Wild, and D. Stopak, Science 208, 177 (1980).

72x . Yu, M. Cross, C. Liu, D. C. Clark, D. T. Haynie, and M. K. Kim, Biomed.
Opt. Express 3, 153 (2011).

73B. Hinz, G. Celetta, J. J. Tomasek, G. Gabbiani, and C. Chaponnier, Mol. Biol.
Cell 12,2730 (2001).

74M. Chrzanowska-Wodnicka and K. Burridge, J. Cell Biol. 133, 1403
(1996).

75A. K. Nguyen and K. A. Kilian, ACS Chem. Biol. 15, 1731 (2020).

APL Bioeng. 5, 041501 (2021); doi: 10.1063/5.0046093
© Author(s) 2021

5, 041501-15


https://doi.org/10.1053/joca.1998.0164
https://doi.org/10.1146/annurev.physiol.59.1.575
https://doi.org/10.1126/science.7684161
https://doi.org/10.1016/j.yexcr.2013.04.023
https://doi.org/10.1126/science.1224143
https://doi.org/10.1242/dev.151282
https://doi.org/10.1016/j.semcdb.2016.07.029
https://doi.org/10.1038/ncb1798
https://doi.org/10.1038/s41556-018-0193-1
https://doi.org/10.1242/jcs.00996
https://doi.org/10.1016/j.mod.2016.11.003
https://doi.org/10.1038/nphys3040
https://doi.org/10.1007/s12013-019-00888-z
https://doi.org/10.1186/1741-7015-4-38
https://doi.org/10.1038/nmeth.3834
https://doi.org/10.1378/chest.99.3_Supplement.34S
https://doi.org/10.1016/0306-9877(91)90072-7
https://doi.org/10.1511/1998.2.142
https://doi.org/10.1152/ajpcell.00269.2001
https://doi.org/10.1021/acs.chemrev.7b00094
https://doi.org/10.1161/01.RES.0000039537.73816.E5
https://doi.org/10.1007/s10911-004-1404-x
https://doi.org/10.1007/s10555-008-9173-4
https://doi.org/10.2741/1352
https://doi.org/10.1152/ajpcell.00271.2001
https://doi.org/10.1371/journal.pone.0221753
https://doi.org/10.1039/C4LC00122B
https://doi.org/10.1073/pnas.0908686106
https://doi.org/10.1371/journal.pone.0107895
https://doi.org/10.1242/jcs.104.3.613
https://doi.org/10.1073/pnas.0530201100
https://doi.org/10.1096/fj.05-5424rev
https://doi.org/10.1134/S1062360418020030
https://doi.org/10.1016/j.pbiomolbio.2008.02.005
https://doi.org/10.1088/0034-4885/77/4/046603
https://doi.org/10.1021/acsbiomaterials.8b01216
https://doi.org/10.1021/nl4005145
https://doi.org/10.1038/nmeth.3145
https://doi.org/10.1126/science.1231041
https://doi.org/10.1073/pnas.1204390109
https://doi.org/10.1038/nature09198
https://doi.org/10.1038/nmeth.1747
https://doi.org/10.1038/ncb3564
https://doi.org/10.1039/C5IB00080G
https://doi.org/10.1021/acs.accounts.7b00305
https://doi.org/10.1038/ncomms6167
https://doi.org/10.1016/j.bpj.2015.10.029
https://doi.org/10.1083/jcb.200601159
https://doi.org/10.1038/35014000
https://doi.org/10.1016/j.jmb.2008.01.085
https://doi.org/10.1073/pnas.112194999
https://doi.org/10.1073/pnas.112194999
https://doi.org/10.1126/science.276.5315.1109
https://doi.org/10.1016/S0006-3495(02)75672-5
https://doi.org/10.1126/science.1439819
https://doi.org/10.1038/nprot.2009.65
https://doi.org/10.1016/S0006-3495(02)75567-7
https://doi.org/10.1007/s12551-019-00536-z
https://doi.org/10.1016/S0014-5793(02)03853-X
https://doi.org/10.1016/j.heliyon.2017.e00307
https://doi.org/10.1016/j.eml.2018.01.001
https://doi.org/10.1007/s10439-010-9946-0
https://doi.org/10.1038/nnano.2010.107
https://doi.org/10.1038/nnano.2010.107
https://doi.org/10.1021/ar400319n
https://doi.org/10.1126/science.6987736
https://doi.org/10.1364/BOE.3.000153
https://doi.org/10.1364/BOE.3.000153
https://doi.org/10.1091/mbc.12.9.2730
https://doi.org/10.1091/mbc.12.9.2730
https://doi.org/10.1083/jcb.133.6.1403
https://doi.org/10.1021/acschembio.0c00304
https://scitation.org/journal/apb

APL Bioengineering

78y Maruthamuthu, B. Sabass, U. S. Schwarz, and M. L. Gardel, Proc. Natl.
Acad. Sci. 108, 4708 (2011).

77J. L. Tan, J. Tien, D. M. Pirone, D. S. Gray, K. Bhadriraju, and C. S. Chen,
Proc. Natl. Acad. Sci. 100, 1484 (2003).

78W. R. Legant, J. S. Miller, B. L. Blakely, D. M. Cohen, G. M. Genin, and C. S.
Chen, Nat. Methods 7, 969 (2010).

79K. A. Beningo, M. Dembo, I. Kaverina, J. V. Small, and Y. Wang, J. Cell Biol.
153, 881 (2001).

80\, Dembo, T. Oliver, A. Ishihara, and K. Jacobson, Biophys. J. 70, 2008
(1996).

8M. Dembo and Y.-L. Wang, Biophys. J. 76, 2307 (1999).

82y, Doyle, W. Marganski, and J. Lee, J. Cell Sci. 117, 2203 (2004).

83c, Jurado, J. R. Haserick, and J. Lee, Mol. Biol. Cell 16, 433-1011 (2004).

8"]. Lee, M. Leonard, T. Oliver, A. Ishihara, and K. Jacobson, J. Cell Biol. 127,
1957 (1994).

85C.-M. Lo, H.-B. Wang, M. Dembo, and Y. Wang, Biophys. J. 79, 144 (2000).

865, Munevar, Y. Wang, and M. Dembo, Biophys. J. 80, 1744 (2001).

87T, Oliver, K. Jacobson, and M. Dembo, Cell Motil. 31, 225 (1995).

88N. Hersch, B. Wolters, G. Dreissen, R. Springer, N. Kirchgefner, R. Merkel,
and B. Hoffmann, Biol. Open 2, 351 (2013).

89T Razafiarison, C. N. Holenstein, T. Stauber, M. Jovic, E. Vertudes, M.
Loparic, M. Kawecki, L. Bernard, U. Silvan, and J. G. Snedeker, Proc. Natl.
Acad. Sci. 115, 4631 (2018).

9OR. J. Pelham and Y. Wang, Mol. Biol. Cell 10, 935 (1999).

Y. P. Butler, I. M. Toli¢-Norrelykke, B. Fabry, and J. J. Fredberg, Am. J.
Physiol.: Cell Physiol. 282, C595 (2002).

92\, F. Fournier, R. Sauser, D. Ambrosi, J.-J. Meister, and A. B. Verkhovsky,
J. Cell Biol. 188, 287 (2010).

%3y, Toyjanova, E. Hannen, E. Bar-Kochba, E. M. Darling, D. L. Henann, and C.
Franck, Soft Matter 10, 8095 (2014).

9"]. P. Winer, S. Oake, and P. A. Janmey, PLoS One 4, e6382 (2009).

95W. M. Petroll, L. Ma, and J. V. Jester, J. Cell Sci. 116, 1481 (2003).

96p_ Pakshir, M. Alizadehgiashi, B. Wong, N. M. Coelho, X. Chen, Z. Gong, V.
B. Shenoy, C. A. McCulloch, and B. Hinz, Nat. Commun. 10, 1850 (2019).

975, R. Polio, K. E. Rothenberg, D. Stamenovi¢, and M. L. Smith, Acta Biomater.
8, 82-88 (2012).

98N. Q. Balaban, U. S. Schwarz, D. Riveline, P. Goichberg, G. Tzur, 1. Sabanay,
D. Mahalu, S. Safran, A. Bershadsky, L. Addadi, and B. Geiger, Nat. Cell Biol.
3, 466 (2001).

99E. P. Canovi¢, D. T. Seidl, S. R. Polio, A. A. Oberai, P. E. Barbone,
D. Stamenovi¢, and M. L. Smith, Biomech. Model. Mechanobiol. 13, 665
(2014).

100N, Schierbaum, J. Rheinlaender, and T. E. Schiffer, Soft Matter 15, 1721
(2019).

1015, Kumar, 1. Z. Maxwell, A. Heisterkamp, T. R. Polte, T. P. Lele, M. Salanga, E.
Mazur, and D. E. Ingber, Biophys. J. 90, 3762 (2006).

1927 R. Polte, G. S. Eichler, N. Wang, and D. E. Ingber, Am. ]. Physiol: Cell
Physiol. 286, C518 (2004).

103, J. Paszek, N. Zahir, K. R. Johnson, J. N. Lakins, G. I. Rozenberg, A. Gefen,
C. A. Reinhart-King, S. S. Margulies, M. Dembo, D. Boettiger, D. A. Hammer,
and V. M. Weaver, Cancer Cell 8, 241 (2005).

10"]. P. Califano and C. A. Reinhart-King, Cell. Mol. Bioeng. 3, 68-75 (2010).

105]. G. Jacot, A. D. McCulloch, and J. H. Omens, Biophys. J. 95, 3479 (2008).

1067, Ma, L. Sagrillo-Fagundes, R. Tran, P. K. Parameshwar, N. Kalashnikov, C.
Vaillancourt, and C. Moraes, ACS Appl. Mater. Interfaces 11, 47810 (2019).

1977, Ma, L. Sagrillo-Fagundes, S. Mok, C. Vaillancourt, and C. Moraes, Sci. Rep.
10(1), 5837 (2020).

198 E, Knight, V. Y. C. Sung, E. Kuzmin, A. L. Couzens, D. A. de Verteuil, C. D.
H. Ratcliffe, P. P. Coelho, R. M. Johnson, P. Samavarchi-Tehrani, T. Gruosso,
H. W. Smith, W. Lee, S. M. Saleh, D. Zuo, H. Zhao, M.-C. Guiot, R. R. Davis,
J. P. Gregg, C. Moraes, A.-C. Gingras, and M. Park, Cell Rep. 22, 3191
(2018).

199D, T. Tambe, C. Corey Hardin, T. E. Angelini, K. Rajendran, C. Y. Park, X.
Serra-Picamal, E. H. Zhou, M. H. Zaman, J. P. Butler, D. A. Weitz, J. J.
Fredberg, and X. Trepat, Nat. Mater. 10, 469 (2011).

0D, T. Tambe, U. Croutelle, X. Trepat, C. Y. Park, J. H. Kim, E. Millet, J. P.
Butler, and J. J. Fredberg, PLoS One 8, e55172 (2013).

REVIEW scitation.org/journal/apb

my. Trepat, M. R. Wasserman, T. E. Angelini, E. Millet, D. A. Weitz, J. P. Butler,
and J. J. Fredberg, Nat. Phys. 5, 426 (2009).

M2 Serra-Picamal, V. Conte, R. Vincent, E. Anon, D. T. Tambe, E. Bazellieres, J.
P. Butler, J. J. Fredberg, and X. Trepat, Nat. Phys. 8, 628 (2012).

3L, H. Ting, J. R. Jahn, J. L. Jung, B. R. Shuman, S. Feghhi, S. J. Han, M. L.
Rodriguez, and N. J. Sniadecki, Am. J. Physiol.. Heart Circ. Physiol. 302,
H2220 (2012).

4], Fu, Y.-K. Wang, M. T. Yang, R. A. Desai, X. Yu, Z. Liu, and C. S. Chen, Nat.
Methods 7, 733 (2010).

TSN. J. Sniadecki, A. Anguelouch, M. T. Yang, C. M. Lamb, Z. Liu, S. B.
Kirschner, Y. Liu, D. H. Reich, and C. S. Chen, Proc. Natl. Acad. Sci. 104,
14553 (2007).

8L, Trichet, J. L. Digabel, R. J. Hawkins, S. R. K. Vedula, M. Gupta, C. Ribrault,
P. Hersen, R. Voituriez, and B. Ladoux, Proc. Natl. Acad. Sci. 109, 6933
(2012).

T7C. A. Lemmon, N. J. Sniadecki, S. A. Ruiz, J. L. Tan, L. H. Romer, and C. S.
Chen, Mech. Chem. Biosyst. 2, 1-16 (2005).

T8M. T. Yang, J. Fu, Y.-K. Wang, R. A. Desai, and C. S. Chen, Nat. Protoc. 6, 187
(2011).

"9M. Ghibaudo, A. Saez, L. Trichet, A. Xayaphoummine, J. Browaeys, P.
Silberzan, A. Buguin, and B. Ladoux, Soft Matter 4, 1836 (2008).

1205 Ghassemi, G. Meacci, S. Liu, A. A. Gondarenko, A. Mathur, P. Roca-
Cusachs, M. P. Sheetz, and J. Hone, Proc. Natl. Acad. Sci. U. S. A. 109, 5328
(2012).

1210, du Roure, A. Saez, A. Buguin, R. H. Austin, P. Chavrier, P. Siberzan, and B.
Ladoux, Proc. Natl. Acad. Sci. 102, 2390 (2005).

1227, Ganz, M. Lambert, A. Saez, P. Silberzan, A. Buguin, R. M. Mége, and B.
Ladoux, Biol. Cell 98, 721 (2006).

123N, J. Sniadecki, C. M. Lamb, Y. Liu, C. S. Chen, and D. H. Reich, Rev. Sci.
Instrum. 79, 044302 (2008).

124y _C. Lin, C. M. Kramer, C. S. Chen, and D. H. Reich, Nanotechnology 23,
075101 (2012).

125K, Nagayama, T. Inoue, Y. Hamada, and T. Matsumoto, . Biomech. 65, 194
(2017).

126K, Nagayama, T. Inoue, Y. Hamada, S. Sugita, and T. Matsumoto, Biomed.
Microdev. 20, 85 (2018).

127K . Nagayama, A. Adachi, and T. Matsumoto, J. Biomech. 44, 2699 (2011).

1285 Weng, Y. Shao, W. Chen, and J. Fu, Nat. Mater. 15, 961 (2016).

129). M. Mann, R. H. W. Lam, S. Weng, Y. Sun, and J. Fu, Lab Chip 12, 731
(2012).

130R. H. W. Lam, S. Weng, W. Lu, and J. Fu, Integr. Biol. 4, 1289 (2012).

31C. Ort, W. Lee, N. Kalashnikov, and C. Moraes, Expert Opin. Drug Discovery
16, 159-171 (2021).

325 1. Fraley, Y. Feng, R. Krishnamurthy, D.-H. Kim, A. Celedon, G. D.
Longmore, and D. Wirtz, Nat. Cell Biol. 12, 598 (2010).

33y, L. Han, P. Ronceray, G. Xu, A. Malandrino, R. D. Kamm, M. Lenz, C. P.
Broedersz, and M. Guo, Proc. Natl. Acad. Sci. 115, 4075 (2018).

134 A, K. Harris, D. Stopak, and P. Wild, Nature 290, 249 (1981).

135R. Poincloux, O. Collin, F. Lizdrraga, M. Romao, M. Debray, M. Piel, and P.
Chavrier, Proc. Natl. Acad. Sci. 108, 1943 (2011).

136). Steinwachs, C. Metzner, K. Skodzek, N. Lang, I. Thievessen, C. Mark, S.
Minster, K. E. Aifantis, and B. Fabry, Nat. Methods 13, 171 (2016).

157 A. Malandrino, X. Trepat, R. D. Kamm, and M. Mak, PLoS Comput. Biol. 15,
€1006684 (2019).

138K. A. Jansen, R. G. Bacabac, I. K. Piechocka, and G. H. Koenderink, Biophys.
J. 105, 2240 (2013).

1395, Natan, Y. Koren, O. Shelah, S. Goren, and A. Lesman, Mol. Biol. Cell 31,
1474 (2020).

1401, M. Owen, A. S. Adhikari, M. Patel, P. Grimmer, N. Leijnse, M. C. Kim, J.
Notbohm, C. Franck, and A. R. Dunn, Mol. Biol. Cell 28, 1959 (2017).

141]. Kim, J. Feng, C. A. R. Jones, X. Mao, L. M. Sander, H. Levine, and B. Sun,
Nat. Commun. 8, 842 (2017).

42\, Anguiano, X. Morales, C. Castilla, A. R. Pena, C. Ederra, M. Martinez, M.
Ariz, M. Esparza, H. Amaveda, M. Mora, N. Movilla, J. M. G. Aznar, L
Cortés-Dominguez, and C. Ortiz-de-Solorzano, PLoS One 15, €0220019
(2020).

143, A. Mulligan, X. Feng, and S. G. Adie, Sci. Rep. 9, 4086 (2019).

APL Bioeng. 5, 041501 (2021); doi: 10.1063/5.0046093
© Author(s) 2021

5, 041501-16


https://doi.org/10.1073/pnas.1011123108
https://doi.org/10.1073/pnas.1011123108
https://doi.org/10.1073/pnas.0235407100
https://doi.org/10.1038/nmeth.1531
https://doi.org/10.1083/jcb.153.4.881
https://doi.org/10.1016/S0006-3495(96)79767-9
https://doi.org/10.1016/S0006-3495(99)77386-8
https://doi.org/10.1242/jcs.01087
https://doi.org/10.1091/mbc.e04-10-0860
https://doi.org/10.1083/jcb.127.6.1957
https://doi.org/10.1016/S0006-3495(00)76279-5
https://doi.org/10.1016/S0006-3495(01)76145-0
https://doi.org/10.1002/cm.970310306
https://doi.org/10.1242/bio.20133830
https://doi.org/10.1073/pnas.1704543115
https://doi.org/10.1073/pnas.1704543115
https://doi.org/10.1091/mbc.10.4.935
https://doi.org/10.1152/ajpcell.00270.2001
https://doi.org/10.1152/ajpcell.00270.2001
https://doi.org/10.1083/jcb.200906139
https://doi.org/10.1039/C4SM01271B
https://doi.org/10.1371/journal.pone.0006382
https://doi.org/10.1242/jcs.00357
https://doi.org/10.1038/s41467-019-09709-6
https://doi.org/10.1016/j.actbio.2011.08.013
https://doi.org/10.1038/35074532
https://doi.org/10.1007/s10237-013-0526-8
https://doi.org/10.1039/C8SM01585F
https://doi.org/10.1529/biophysj.105.071506
https://doi.org/10.1152/ajpcell.00280.2003
https://doi.org/10.1152/ajpcell.00280.2003
https://doi.org/10.1016/j.ccr.2005.08.010
https://doi.org/10.1007/s12195-010-0102-6
https://doi.org/10.1529/biophysj.107.124545
https://doi.org/10.1021/acsami.9b19906
https://doi.org/10.1038/s41598-020-62659-8
https://doi.org/10.1016/j.celrep.2018.02.095
https://doi.org/10.1038/nmat3025
https://doi.org/10.1371/journal.pone.0055172
https://doi.org/10.1038/nphys1269
https://doi.org/10.1038/nphys2355
https://doi.org/10.1152/ajpheart.00975.2011
https://doi.org/10.1038/nmeth.1487
https://doi.org/10.1038/nmeth.1487
https://doi.org/10.1073/pnas.0611613104
https://doi.org/10.1073/pnas.1117810109
https://doi.org/10.1038/nprot.2010.189
https://doi.org/10.1039/b804103b
https://doi.org/10.1073/pnas.1119886109
https://doi.org/10.1073/pnas.0408482102
https://doi.org/10.1042/BC20060039
https://doi.org/10.1063/1.2906228
https://doi.org/10.1063/1.2906228
https://doi.org/10.1088/0957-4484/23/7/075101
https://doi.org/10.1016/j.jbiomech.2017.10.017
https://doi.org/10.1007/s10544-018-0328-y
https://doi.org/10.1007/s10544-018-0328-y
https://doi.org/10.1016/j.jbiomech.2011.07.023
https://doi.org/10.1038/nmat4654
https://doi.org/10.1039/C2LC20896B
https://doi.org/10.1039/c2ib20134h
https://doi.org/10.1080/17460441.2020.1822815
https://doi.org/10.1038/ncb2062
https://doi.org/10.1073/pnas.1722619115
https://doi.org/10.1038/290249a0
https://doi.org/10.1073/pnas.1010396108
https://doi.org/10.1038/nmeth.3685
https://doi.org/10.1371/journal.pcbi.1006684
https://doi.org/10.1016/j.bpj.2013.10.008
https://doi.org/10.1016/j.bpj.2013.10.008
https://doi.org/10.1091/mbc.E20-01-0079
https://doi.org/10.1091/mbc.e17-02-0102
https://doi.org/10.1038/s41467-017-01011-7
https://doi.org/10.1371/journal.pone.0220019
https://doi.org/10.1038/s41598-019-40608-4
https://scitation.org/journal/apb

APL Bioengineering

T44hW. Y. Wang, C. D. Davidson, D. Lin, and B. M. Baker, Nat. Commun. 10,

1186 (2019).

145K Sheets, J. Wang, W. Zhao, R. Kapania, and A. S. Nain, Biophys. J. 111, 197
(2016).

48D Vorselen, Y. Wang, M. M. de Jesus, P. K. Shah, M. J. Footer, M. Huse, W.
Cai, and J. A. Theriot, Nat. Commun. 11, 20 (2020).

47C. Moraes, A. B. Simon, A. J. Putnam, and S. Takayama, Biomaterials 34,
9623-9631 (2013).

484, Grosberg, P. W. Alford, M. L. McCain, and K. K. Parker, Lab Chip 11,

4165 (2011).

W. R. Legant, A. Pathak, M. T. Yang, V. S. Deshpande, R. M. McMeeking, and

C.S. Chen, Proc. Natl. Acad. Sci. 106, 10097 (2009).

150y, Zhao, N. Rafatian, N. T. Feric, B. Cox, R. Aschar-Sobbi, E. Y. Wang, P.
Aggarwal, B. Zhang, G. Conant, K. A. Pahnke, S. Protze, J. H. Lee, L.
Davenport Huyer, D. Jekic, A. Wickeler, H. Naguib, G. M. Keller, G.
Vunjak-Novakovic, U. Broeckel, P. H. Backx, and M. Radisic, Cell 176,
913 (2019).

1517, Ma, N. Huebsch, S. Koo, M. A. Mandegar, B. Siemons, S. Boggess, B. R.
Conklin, C. P. Grigoropoulos, and K. E. Healy, Nat. Biomed. Eng. 2, 955
(2018).

152\, Lee, N. Kalashnikov, S. Mok, R. Halaoui, E. Kuzmin, A. J. Putnam, S.
Takayama, M. Park, L. McCaffrey, R. Zhao, R. L. Leask, and C. Moraes, Nat.
Commun. 10, 144 (2019).

'53E, Bell, B. Ivarsson, and C. Merrill, Proc. Natl. Acad. Sci. US.A. 76, 1274
(1979).

154D, Stopak and A. K. Harris, Dev. Biol. 90, 383 (1982).

35T, Wakatsuki, M. S. Kolodney, G. 1. Zahalak, and E. L. Elson, Biophys. J. 79,
2353 (2000).

'56C. D. Morley, S. T. Ellison, T. Bhattacharjee, C. S. O’Bryan, Y. Zhang, K. E.
Smith, C. P. Kabb, M. Sebastian, G. L. Moore, K. D. Schulze, S. Niemi, W. G.
Sawyer, D. D. Tran, D. A. Mitchell, B. S. Sumerlin, C. T. Flores, and T. E.
Angelini, Nat. Commun. 10, 3029 (2019).

1574, A. Alobaidi and B. Sun, Cancer Convergence 1, 1 (2017).

58N Gjorevski, A. S. Piotrowski, V. D. Varner, and C. M. Nelson, Sci. Rep. 5,
11458 (2015).

159N Gjorevski and C. M. Nelson, Integr. Biol. 2, 424 (2010).

160ON. Gjorevski and C. M. Nelson, Biophys. J. 103, 152 (2012).

1614 3. Khoo, T. M. Valentin, S. E. Leggett, D. Bhaskar, E. M. Bye, S. Benmelech,
B. C.Ip,and I. Y. Wong, ACS Biomater. Sci. Eng. 5, 4341 (2019).

162]. Kim, C. A. R. Jones, N. S. Groves, and B. Sun, PLoS One 11, e0156797
(2016).

1633, E. Leggett, M. Patel, T. M. Valentin, L. Gamboa, A. S. Khoo, E. K. Williams,
C. Franck, and I. Y. Wong, Proc. Natl. Acad. Sci. 117, 5655 (2020).

164C. Mark, T. J. Grundy, P. L. Strissel, D. Bohringer, N. Grummel, R. Gerum, J.
Steinwachs, C. C. Hack, M. W. Beckmann, M. Eckstein, R. Strick, G. M.
O’Neill, and B. Fabry, eLife 9, €51912 (2020).

1854, M. J. Valencia, P.-H. Wu, O. N. Yogurtcu, P. Rao, J. DiGiacomo, I. Godet,
L. He, M.-H. Lee, D. Gilkes, S. X. Sun, and D. Wirtz, Oncotarget 6, 43438
(2015).

1667, Kim, Y. Zheng, A. A. Alobaidi, H. Nan, J. Tian, Y. Jiao, and B. Sun, Biophys.
J. 118, 1177 (2020).

167}, Park, J. Ryu, S. K. Choi, E. Seo, J. M. Cha, S. Ryu, J. Kim, B. Kim, and S. H.
Lee, Anal. Chem. 77, 6571 (2005).

684, W. Feinberg, A. Feigel, S. S. Shevkoplyas, S. Sheehy, G. M. Whitesides, and
K. K. Parker, Science 317, 1366 (2007).

1694 Agarwal, J. A. Goss, A. Cho, M. L. McCain, and K. K. Parker, Lab Chip 13,
3599 (2013).

1704, Agarwal, Y. Farouz, A. P. Nesmith, L. F. Deravi, M. L. McCain, and K. K.
Parker, Adv. Funct. Mater. 23, 3738 (2013).

171 U. Lind, M. Yadid, I. Perkins, B. B. O’Connor, F. Eweje, C. O. Chantre, M. A.
Hemphill, H. Yuan, P. H. Campbell, J. J. Vlassak, and K. K. Parker, Lab Chip
17, 3692 (2017).

72M. L. McCain, A. Agarwal, H. W. Nesmith, A. P. Nesmith, and K. K. Parker,
Biomaterials 35, 5462 (2014).

73] U. Lind, T. A. Busbee, A. D. Valentine, F. S. Pasqualini, H. Yuan, M. Yadid,
S.-J. Park, A. Kotikian, A. P. Nesmith, P. H. Campbell, J. J. Vlassak, J. A.
Lewis, and K. K. Parker, Nat. Mater. 16, 303 (2017).

149

REVIEW scitation.org/journal/apb

1745, Malladi, D. Miranda-Nieves, L. Leng, S. J. Grainger, C. Tarabanis, A. P.
Nesmith, R. Kosaraju, C. A. Haller, K. K. Parker, E. L. Chaikof, and A.
Giinther, ACS Biomater. Sci. Eng. 6, 4236 (2020).

75p. W. Alford, A. W. Feinberg, S. P. Sheehy, and K. K. Parker, Biomaterials 31,
3613 (2010).

176]. C. Nawroth, L. L. Scudder, R. T. Halvorson, J. Tresback, J. P. Ferrier, S. P.
Sheehy, A. Cho, S. Kannan, 1. Sunyovszki, J. A. Goss, P. H. Campbell, and K.
K. Parker, Biofabrication 10, 025004 (2018).

77T, Boudou, W. R. Legant, A. Mu, M. A. Borochin, N. Thavandiran, M. Radisic,
P. W. Zandstra, J. A. Epstein, K. B. Margulies, and C. S. Chen, Tissue Eng,,
Part A 18,910 (2012).

78G. Chen, S. Li, I. Karakikes, L. Ren, M. Z.-Y. Chow, A. Chopra, W. Keung, B.
Yan, C. W. Y. Chan, K. D. Costa, C.-W. Kong, R. J. Hajjar, C. S. Chen, and R.
A. Li, Circ.: Arrhythmia Electrophysiol. 8, 193 (2015).

79A. Hansen, A. Eder, M. Bonstrup, M. Flato, M. Mewe, S. Schaaf, B.
Aksehirlioglu, A. Schworer, J. Uebeler, and T. Eschenhagen, Circ. Res. 107,
35-44 (2010).

189w, R. Legant, C. S. Chen, and V. Vogel, Integr. Biol. 4, 1164 (2012).

181G, W. Serrao, I. C. Turnbull, D. Ancukiewicz, D. E. Kim, E. Kao, T. J.
Cashman, L. Hadri, R. J. Hajjar, and K. D. Costa, Tissue Eng., Part A 18, 1322
(2012).

182N, Thavandiran, N. Dubois, A. Mikryukov, S. Massé, B. Beca, C. A. Simmons,
V. S. Deshpande, J. P. McGarry, C. S. Chen, K. Nanthakumar, G. M. Keller,
M. Radisic, and P. W. Zandstra, Proc. Natl. Acad. Sci. 110, E4698 (2013).

183M. Asmani, S. Velumani, Y. Li, N. Wawrzyniak, 1. Hsia, Z. Chen, B. Hinz, and
R. Zhao, Nat. Commun. 9, 2066 (2018).

1844, R. West, N. Zaman, D. J. Cole, M. J. Walker, W. R. Legant, T. Boudou, C. S.
Chen, J. T. Favreau, G. R. Gaudette, E. A. Cowley, and G. N. Maksym, Am. J.
Physiol.: Lung Cell Mol. Physiol. 304, L4 (2013).

185M. S. Sakar, J. Eyckmans, R. Pieters, D. Eberli, B. J. Nelson, and C. S. Chen,
Nat. Commun. 7, 11036 (2016).

1867 Chen, J. Lu, C. Zhang, I. Hsia, X. Yu, L. Marecki, E. Marecki, M. Asmani, S.
Jain, S. Neelamegham, and R. Zhao, Nat. Commun. 10, 2051 (2019).

187M. S. Sakar, D. Neal, T. Boudou, M. A. Borochin, Y. Li, R. Weiss, R. D.
Kamm, C. S. Chen, and H. H. Asada, Lab Chip 12, 4976 (2012).

1884 Shahini, P. Mistriotis, M. Asmani, R. Zhao, and S. T. Andreadis, Tissue
Eng., Part A 23, 535 (2017).

1891, Aoun, S. Larnier, P. Weiss, M. Cazales, A. Herbulot, B. Ducommun, C.
Vieu, and V. Lobjois, PLoS One 14, €0217227 (2019).

190A. Leonard, A. Bertero, J. D. Powers, K. M. Beussman, S. Bhandari, M.
Regnier, C. E. Murry, and N. J. Sniadecki, J. Mol. Cell. Cardiol. 118, 147
(2018).

9E. Y. Wang, N. Rafatian, Y. Zhao, A. Lee, B. F. L. Lai, R. X. Lu, D. Jekic, L.
Davenport Huyer, E. J. Knee-Walden, S. Bhattacharya, P. H. Backx, and M.
Radisic, ACS Cent. Sci. 5, 1146 (2019).

1927, K. Schroer, M. S. Shotwell, V. Y. Sidorov, J. P. Wikswo, and W. D.
Merryman, Acta Biomater. 48, 79 (2017).

193y, Y. Sidorov, P. C. Samson, T. N. Sidorova, J. M. Davidson, C. C. Lim, and J.
P. Wikswo, Acta Biomater. 48, 68 (2017).

1944, A. Sulgin, T. N. Sidorova, and V. Y. Sidorov, Biill. Sib. Med. 19, 85 (2020).

195C. Wang, S. Koo, M. Park, Z. Vangelatos, P. Hoang, B. R. Conklin, C. P.
Grigoropoulos, K. E. Healy, and Z. Ma, Adv. Healthcare Mater. 9, 1901373
(2020).

196D, J. Shiwarski, J. W. Tashman, A. Tsamis, J. M. Bliley, M. A. Blundon, E.
Aranda-Michel, Q. Jallerat, J. M. Szymanski, B. M. McCartney, and A. W.
Feinberg, Nat. Commun. 11, 5883 (2020).

197R. Zhao, T. Boudou, W.-G. Wang, C. S. Chen, and D. H. Reich, Adv. Mater.
25,1699 (2013).

198E. Xu, R. Zhao, A. S. Liu, T. Metz, Y. Shi, P. Bose, and D. H. Reich, Lab Chip
15, 2496 (2015).

199\, Walker, M. Godin, and A. E. Pelling, Biomed. Microdev. 20, 43 (2018).

200C, Moraes, G. Wang, Y. Sun, and C. A. Simmons, Biomaterials 31, 577
(2010).

201C. Moraes, R. Zhao, M. Likhitpanichkul, C. A. Simmons, and Y. Sun,
J. Micromech. Microeng. 21, 054014 (2011).

202p, Zhao, C. S. Chen, and D. H. Reich, Biomaterials 35, 5056 (2014).

APL Bioeng. 5, 041501 (2021); doi: 10.1063/5.0046093
© Author(s) 2021

5, 041501-17


https://doi.org/10.1038/s41467-019-09121-0
https://doi.org/10.1016/j.bpj.2016.05.031
https://doi.org/10.1038/s41467-019-13804-z
https://doi.org/10.1016/j.biomaterials.2013.08.046
https://doi.org/10.1039/c1lc20557a
https://doi.org/10.1073/pnas.0900174106
https://doi.org/10.1016/j.cell.2018.11.042
https://doi.org/10.1038/s41551-018-0280-4
https://doi.org/10.1038/s41467-018-07967-4
https://doi.org/10.1038/s41467-018-07967-4
https://doi.org/10.1073/pnas.76.3.1274
https://doi.org/10.1016/0012-1606(82)90388-8
https://doi.org/10.1016/S0006-3495(00)76481-2
https://doi.org/10.1038/s41467-019-10919-1
https://doi.org/10.1186/s41236-017-0004-9
https://doi.org/10.1038/srep11458
https://doi.org/10.1039/c0ib00040j
https://doi.org/10.1016/j.bpj.2012.05.048
https://doi.org/10.1021/acsbiomaterials.9b00519
https://doi.org/10.1371/journal.pone.0156797
https://doi.org/10.1073/pnas.1918296117
https://doi.org/10.7554/eLife.51912
https://doi.org/10.18632/oncotarget.5874
https://doi.org/10.1016/j.bpj.2020.01.008
https://doi.org/10.1016/j.bpj.2020.01.008
https://doi.org/10.1021/ac0507800
https://doi.org/10.1126/science.1146885
https://doi.org/10.1039/c3lc50350j
https://doi.org/10.1002/adfm.201203319
https://doi.org/10.1039/C7LC00740J
https://doi.org/10.1016/j.biomaterials.2014.03.052
https://doi.org/10.1038/nmat4782
https://doi.org/10.1021/acsbiomaterials.0c00321
https://doi.org/10.1016/j.biomaterials.2010.01.079
https://doi.org/10.1088/1758-5090/aa96de
https://doi.org/10.1089/ten.tea.2011.0341
https://doi.org/10.1089/ten.tea.2011.0341
https://doi.org/10.1161/CIRCEP.114.002049
https://doi.org/10.1161/CIRCRESAHA.109.211458
https://doi.org/10.1039/c2ib20059g
https://doi.org/10.1089/ten.tea.2011.0278
https://doi.org/10.1073/pnas.1311120110
https://doi.org/10.1038/s41467-018-04336-z
https://doi.org/10.1152/ajplung.00168.2012
https://doi.org/10.1152/ajplung.00168.2012
https://doi.org/10.1038/ncomms11036
https://doi.org/10.1038/s41467-019-10067-6
https://doi.org/10.1039/c2lc40338b
https://doi.org/10.1089/ten.tea.2016.0494
https://doi.org/10.1089/ten.tea.2016.0494
https://doi.org/10.1371/journal.pone.0217227
https://doi.org/10.1016/j.yjmcc.2018.03.016
https://doi.org/10.1021/acscentsci.9b00052
https://doi.org/10.1016/j.actbio.2016.11.010
https://doi.org/10.1016/j.actbio.2016.11.009
https://doi.org/10.20538/1682-0363-2020-2-85-95
https://doi.org/10.20538/1682-0363-2020-2-85-95
https://doi.org/10.1002/adhm.201901373
https://doi.org/10.1038/s41467-020-19659-z
https://doi.org/10.1002/adma.201203585
https://doi.org/10.1039/C4LC01395F
https://doi.org/10.1007/s10544-018-0286-4
https://doi.org/10.1016/j.biomaterials.2009.09.068
https://doi.org/10.1088/0960-1317/21/5/054014
https://doi.org/10.1016/j.biomaterials.2014.02.020
https://scitation.org/journal/apb

APL Bioengineering

203p_ Bose, J. Eyckmans, T. D. Nguyen, C. S. Chen, and D. H. Reich, ACS
Biomater. Sci. Eng. 5, 3843 (2019).

2044 S, Liu, H. Wang, C. R. Copeland, C. S. Chen, V. B. Shenoy, and D. H.
Reich, Sci. Rep. 6, 33919 (2016).

205\, Walker, P. Rizzuto, M. Godin, and A. E. Pelling, Sci. Rep. 10, 7696 (2020).

20865 J. Dubois, N. Kalashnikov, and C. Moraes, Tissue Eng., Part C 25, 677
(2019).

2070, Campas, T. Mammoto, S. Hasso, R. A. Sperling, D. O’Connell, A. G.
Bischof, R. Maas, D. A. Weitz, L. Mahadevan, and D. E. Ingber, Nat. Methods
11, 183 (2014).

2087 A. Lucio, A. Mongera, E. Shelton, R. Chen, A. M. Doyle, and O. Campas,
Sci. Rep. 7, 12022 (2017).

209 Serwane, A. Mongera, P. Rowghanian, D. A. Kealhofer, A. A. Lucio, Z. M.
Hockenbery, and O. Campas, Nat. Methods 14, 181 (2017).

2104, Mongera, P. Rowghanian, H. J. Gustafson, E. Shelton, D. A. Kealhofer, E.
K. Carn, F. Serwane, A. A. Lucio, J. Giammona, and O. Campas, Nature 561,
401 (2018).

2\, E. Dolega, M. Delarue, F. Ingremeau, J. Prost, A. Delon, and G. Cappello,
Nat. Commun. 8, 14056 (2017).

2125, Girardo, N. Triber, K. Wagner, G. Cojoc, C. Herold, R. Goswami, R.
Schliifller, S. Abuhattum, A. Taubenberger, F. Reichel, D. Mokbel, M. Herbig,
M. Schiirmann, P. Miller, T. Heida, A. Jacobi, E. Ulbricht, J. Thiele, C.
Werner, and J. Guck, J. Mater. Chem. B 6, 6245 (2018).

2158, Ingremeau, M. E. Dolega, J. Gallagher, I. Wang, G. Cappello, and A. Delon,
Soft Matter 13, 4210 (2017).

REVIEW scitation.org/journal/apb

214N, Triber, K. Uhlmann, S. Girardo, G. Kesavan, K. Wagner, J. Friedrichs, R.
Goswami, K. Bai, M. Brand, C. Werner, D. Balzani, and J. Guck, Sci. Rep. 9,
17031 (2019).

2151 W. Neubauer, N. Hauck, M. J. Ménnel, M. Seuss, A. Fery, and J. Thiele, ACS
Appl. Mater. Interfaces 11, 26307 (2019).

218E, Mohagheghian, J. Luo, J. Chen, G. Chaudhary, J. Chen, J. Sun, R. H.
Ewoldt, and N. Wang, Nat. Commun. 9, 1878 (2018).

2175, Mok, S. Al Habyan, C. Ledoux, W. Lee, K. N. MacDonald, L. McCaffrey,
and C. Moraes, Nat. Commun. 11, 4757 (2020).

218] Fouchard, T. P. J. Wyatt, A. Proag, A. Lisica, N. Khalilgharibi, P. Recho,
M. Suzanne, A. Kabla, and G. Charras, Proc. Natl. Acad. Sci. 117, 9377
(2020).

2194, Wang, A. S. Abhilash, C. S. Chen, R. G. Wells, and V. B. Shenoy, Biophys.
J. 107, 2592 (2014).

220, Halaoui, C. Rejon, S. J. Chatterjee, J. Szymborski, S. Meterissian, W. J.
Muller, A. Omeroglu, and L. McCaffrey, Genes Dev. 31, 1573 (2017).

221G, T. Eisenhoffer, P. D. Loftus, M. Yoshigi, H. Otsuna, C.-B. Chien, P. A.
Morcos, and J. Rosenblatt, Nature 484, 546 (2012).

2229 Ohsawa, J. Vaughen, and T. Igaki, Dev. Cell 44, 284 (2018).

223G, M. Slattum and J. Rosenblatt, Nat. Rev. Cancer 14, 495 (2014).

224y L. Han, A. F. Pegoraro, H. Li, K. Li, Y. Yuan, G. Xu, Z. Gu, J. Sun, Y. Hao,
S. K. Gupta, Y. Li, W. Tang, H. Kang, L. Teng, J. J. Fredberg, and M. Guo,
Nat. Phys. 16, 101 (2020).

225p_ Bi, J. H. Lopez, J. M. Schwarz, and M. L. Manning, Soft Matter 10, 1885
(2014).

APL Bioeng. 5, 041501 (2021); doi: 10.1063/5.0046093
© Author(s) 2021

5,041501-18


https://doi.org/10.1021/acsbiomaterials.8b01183
https://doi.org/10.1021/acsbiomaterials.8b01183
https://doi.org/10.1038/srep33919
https://doi.org/10.1038/s41598-020-64725-7
https://doi.org/10.1089/ten.tec.2019.0123
https://doi.org/10.1038/nmeth.2761
https://doi.org/10.1038/s41598-017-12363-x
https://doi.org/10.1038/nmeth.4101
https://doi.org/10.1038/s41586-018-0479-2
https://doi.org/10.1038/ncomms14056
https://doi.org/10.1039/C8TB01421C
https://doi.org/10.1039/C6SM02887J
https://doi.org/10.1038/s41598-019-53425-6
https://doi.org/10.1021/acsami.9b04312
https://doi.org/10.1021/acsami.9b04312
https://doi.org/10.1038/s41467-018-04245-1
https://doi.org/10.1038/s41467-020-18469-7
https://doi.org/10.1073/pnas.1917838117
https://doi.org/10.1016/j.bpj.2014.09.044
https://doi.org/10.1016/j.bpj.2014.09.044
https://doi.org/10.1101/gad.300566.117
https://doi.org/10.1038/nature10999
https://doi.org/10.1016/j.devcel.2018.01.009
https://doi.org/10.1038/nrc3767
https://doi.org/10.1038/s41567-019-0680-8
https://doi.org/10.1039/c3sm52893f
https://scitation.org/journal/apb

	l
	s1
	f1
	s2
	s2A
	f2
	s2B
	s2C
	t1
	s3
	f3
	t2
	s3A
	s3B
	s3C
	s4
	s4A
	s4A1
	t3
	s4A2
	f4
	t4
	s4B
	s4B1
	s4B2
	s5
	s6
	l
	f5
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97
	c98
	c99
	c100
	c101
	c102
	c103
	c104
	c105
	c106
	c107
	c108
	c109
	c110
	c111
	c112
	c113
	c114
	c115
	c116
	c117
	c118
	c119
	c120
	c121
	c122
	c123
	c124
	c125
	c126
	c127
	c128
	c129
	c130
	c131
	c132
	c133
	c134
	c135
	c136
	c137
	c138
	c139
	c140
	c141
	c142
	c143
	c144
	c145
	c146
	c147
	c148
	c149
	c150
	c151
	c152
	c153
	c154
	c155
	c156
	c157
	c158
	c159
	c160
	c161
	c162
	c163
	c164
	c165
	c166
	c167
	c168
	c169
	c170
	c171
	c172
	c173
	c174
	c175
	c176
	c177
	c178
	c179
	c180
	c181
	c182
	c183
	c184
	c185
	c186
	c187
	c188
	c189
	c190
	c191
	c192
	c193
	c194
	c195
	c196
	c197
	c198
	c199
	c200
	c201
	c202
	c203
	c204
	c205
	c206
	c207
	c208
	c209
	c210
	c211
	c212
	c213
	c214
	c215
	c216
	c217
	c218
	c219
	c220
	c221
	c222
	c223
	c224
	c225

