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Hallmarks of Life in Single Cell
Contact Mechanics: Outstanding
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Susana Moreno-Flores ™

Independent Researcher, Vienna, Austria

Cell mechanics is a fascinating subject that has witnessed a boost of scientific interest
in the most diverse disciplines. Evidence of its biological relevance is continuously
mounting, unveiling a real-life scenario ever more intricate and complex, and ever
less universal. This review revisits the topic at the same time that appraises routine
approaches and the synchronous combination of experimental methodologies to tackle
cell mechanics in all its dimensionality and complexity. The focus is placed on cultured
mammalian cells and on highly sensitive experimental techniques that rely on contact
mechanics, namely scanning-probe and traction force microscopies. The importance
of time as key variable in theory and experiment is particularly highlighted, together
with the need to unambiguously identify the active and physiological contributions to
cell behavior, and provide suitable mechanisms that dynamically interconnect relevant
events, cellular structures and organelles to thoroughly understand the mechanobiology
of cells. A special consideration is given to the role of friction and the importance of
cell-cell interactions in scaling up the mechanical behavior from single cells to tissues.
The topic is in constant demand of crossdisciplinarity, and in that sense, this review
also serves the purpose of bringing the subject nearer to the mechanical physics and
engineering community.

Keywords: cell mechanics, scanning probe microscopy, traction force microscopy, mechanotransduction,
mechanosensing, mechanobiology, cell viscoelasticity, combined micro-mechanical techniques

INTRODUCTION

Cells are the smallest living units/machines engineered by Nature. In a volume that may vary from
30 to 4 10° wm? they comprise the most refined machineries for self-division, molecular synthesis,
assembly and metabolism, that on the whole regulate their development and secure their survival
(Alberts et al., 2008). But all those activities would not be possible if the cells were not capable of
interacting with their surroundings. Many of these interactions, like cellular adhesion, are mediated
by mechanical cues (Schwarz and Safran, 2013), the mechanisms of which are so important and
complex, and yet mostly unknown. It is for that reason that Cell Mechanobiology has become
a major focus of continuous research and review, with (Kamm et al., 2017; Dufrene and Persat,
2020; Hallou and Brunet, 2020; Miller and Hu, 2020) being just a few of the most recent and
multiple examples.

Indeed, cells can sense and generate forces and other mechanical stimuli as a result of the
interaction with their surroundings, which usually trigger a functional response or are triggered
by a cellular activity (Huang et al., 2004; Vogel and Sheetz, 2006). The response or activity can
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FIGURE 5 | Example of a scientific study based on a combination of AFM, pathway rotated imaging for sideways microscopy (PRISM) vertical light sheet illumination
(VLS) for the synchronous detection of optical and mechanical events of single ovarian cancer cells (SKOV3). Inset on the top: experimental set-up. (A) The
compression tests reveal two regimes, | and Il, where the cell displays a stiffness of 2.9 and 3.9 kPa, respectively, and associated with the deformation of the
cytoplasm (I) and the nucleus (Il). (B) The decompression tests reveal a series of adhesion signatures (B-F) that can be associated to snap-off events between the
membrane and the fibronectin-coated bead (B-E) and the membrane, nucleus and bead (E,F). The results evince a mechanical coupling between cell membrane and
nucleus, a type of interconnection that mediates cell adhesion. [Figures reproduced from (Beicker et al., 2018) with permission'].

more numerous factors as batch-to-batch variability in inanimate
matter. Hence, reproducible behavior must be interpreted in
statistical terms, and based on a proportionate number of
experiments on comparably numerous cell strains and cell types.
The vast majority of studies have been mainly focussed
on unveiling the connection between mechanics and certain
components of the cellular architecture and/or the cellular

!Granted by the terms and conditions of the Creative Commons CC BY License
(https://creativecommons.org/licenses/).

membrane; in other words, the main structural elements.
In this regard, and in the context of chemical interventions,
the use of disruptive or stabilizing agents of actin filaments
and microtubules in the experimental protocols has become
commonplace ever since the early works of Rotsch and
Radmacher (2000) and Charras and Horton (2002a).
Drugs such as cytochalasin B, D or latrunculin A are often
employed to inhibit the formation of actin fibers, whereas
nocodazole, colchicine and colcemide exert a similar effect
on microtubules. Paclitaxel, on the other hand, has been the
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FIGURE 6 | Combined AFM-FRAP for the detection of a physiological response in the immediacy of the basal membrane of cells subjected to apical stress. (A) The
experimental set-up. The inset features a real-life cross-section of an adherent cell. (horizontal scale bar = 10 um, distance between planes = 4pum). (B) Experimental

protocol. Force is kept constant and applied at least two minutes before acquisition

function of applied force. The turnover rate is indicated in relation with the characteristic recovery time. (D) Statistical results of turnover rates (**, level of significance p

<0.01). (Figures reproduced from Skamrahl et al., 2019 with permission?).

of fluorescence recovery data. (C) Typical fluorescence recovery curves as a

drug of choice to stabilize microtubules. Less common, but
important if the purpose is to disrupt cytoskeletal activity or
mechanotransduction pathways, is the employment of enzyme
or pathway inhibitors. Blebbistatin and ML-7 disrupt the activity
of enzymes associated to the actomyosin network, whereas

2According to the terms of Creative Commons Attribution 4.0 International
License: http://creativecommons.org/licenses/by/4.0/.

gadolinium ions, verapamil or thapsigargin supress the calcium
entry pathway, each in a different way (Charras and Horton,
2002a). Interestingly, these chemical agents do not disrupt
cellular structures so much as physiological processes in a
selective manner. In the first case, it is the mechanism of
cytoskeletal contractility as example of active cellular response
or hallmark of dynamic cellular behavior. In the second, the
trafficking of Ca ions as part of a mechano-transducing pathway.
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FIGURE 7 | Experimental study of the podosome structure and working mechanism. (A) AFM measurements: Topology of a pair of podosomes from fingerprint
tracks left on a Formvar membrane. Simulation results: Protrusion-traction model of a single podosome in agreement with the experimental results. The stability of the
podosome at a certain time is the result of a mechanical balance between protrusion forces (Fp) at the center of the podosome (red) and peripheral traction forces ()
(gray). (B) DONALD measurements. Spatial distribution of key structures and molecules (F-actin, talin, paxillin and vinculin) in a single podosome (left), and their
corresponding probability density distributions (center). The immunofluorescence images (right) show the distribution of F-actin and vinculin in single podosomes and
evince the contribution of talin in co-maintaining the annular structure. (C) Proposed general model of a podosome, featuring the molecular structure and the
mechanical configuration of exerted forces. (Figures reprinted and adapted with permission from Bouissou et al., 2017). Copyright 2017 American Chemical Society.
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FIGURE 8 | Example of combining TFM and actuator arrays to obtain microrheological data and map cell-generated fluctuations at the basal membrane of adherent
cells. (A) Image of cells on the microstructured substrate. (B) Typical experimental output of a non-actuated (upper graph) and an actuated micropillar driven by a
double-sinusoidal magnetic field at 1 and 7 Hz (lower graph). (C) Dynamic stiffness as a function of frequency for micropillars situated in the central (blue) and the
peripheral (red) regions of the cell, exhibiting different power-law dependences. (D) From left to right: mean square displacements of passive micropillar deflections
and MSD exponents that differ in the central (cortical) and the peripheral (dense in stress fibers) regions and show superdifusive behavior. Spatial distributions of MSD
exponents, mean square displacements and traction forces across the cell and according to the regions rich in actin cortex and stress fibers. MSD values and traction
forces according to type of micropillar (level of significance: “*p < 0.01; **p < 0.001). The effect of cytoskeletal disrupting agents on the cellular fluctuations reveal that
the structure involved is the actomyosin network. (Figures reproduced from Shi et al., 2019).

In this sense, those substances and similar others with tuneable ~ without major practical complications, allowing the study of
and controllable effects and well-known mechanisms of action  their effect on the same cells and in one single experiment. A
at the single cell level, hold great scientific potential and hence  major objection to the use of drugs is that these may cause
are much in need. They enable to ascertain the relevance  perturbations on cells that may not be controllable, measurable,
and influence of physiologically active processes, and hence to  reproducible or selective enough at the cellular scale. Besides,
understand the mechanical behavior of cells as living entities. a substantial knowledge of their effects and mechanism of

Chemical intervention can be easily incorporated in the  action, also in the appropriate dose(s), is required prior to
mechanical assays; drugs can be added or removed in-situ  their utilization. Factors such as the extent of drug intake or
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FIGURE 9 | Operational modes and technologies employed in the experimental study of cell mechanics with scanning probe microscopies (SPM, left-hand side) and
optical microscopies (OM, right-hand side), the latter in combination with the former. Some references are included of pioneering or outstanding works. M,
microscopy; F, fluorescence; FRAP, fluorescence recovery after photobleaching; TIRF, total internal reflection fluorescence; DONALD, direct optical nanoscopy with
axially localized detection; sr, super-resolution.

resistance at the single cell level are critical but likely to vary  protein, with the corresponding alterations in the processes
among cells, resulting in an added variability of behavior that  or structures the protein is part of. In this sense, the genetic
cannot be experimentally controlled. In this regard, the physical  approach introduces a higher level of control and versatility in
investigation heavily relies on (and lags behind) the biological  the type and number of processes it can modify. However, the
and pharmaceutical investigations pertaining drug development  manipulations are complicated and laborious, which rules out
and associated effects in-vitro. As positive as this interaction may  a simple, in-situ implementation, require numerous materials
be in enhancing cross-disciplinarity, it also limits the gain in  and dedicated equipment, not to mention the expertise and
physical knowledge in that it restricts the nature and number of ~ know-how of geneticists and biologists. Also in this case,
hypotheses to test. the biological and genetic knowledge is key in defining the
Genetic manipulation may be more precise and a method  appropriate course of action (i.e., choice of relevant proteins
of choice when it comes to modulate the presence of key  and genes to manipulate and how) for the intended outcome
molecules inside cells. These molecules are proteins, and usually  (alteration of cellular activity or structure).
constituents of the cellular skeleton or of molecular complexes
putatively relevant in determining the mechanical characteristics ~Data Analysis and Interpretation
of cells, such as cell-substrate (e.g., focal adhesions) and cell-  Despite the advancement in the measuring technologies and
cell anchors (e.g., cell-cell junctions. The manipulations, which  the level of sophistication of the experimental methodologies,
usually occur at the DNA level, aim at the up-regulation, the analysis and interpretation of (opto-)mechanical data
down-regulation or suppression (knock-out) of the expression of ~ have not witnessed a comparable development. Indeed,
the corresponding target protein. Correspondingly, the process  the current techniques can generate big sets of data
usually results in the increase, decrease or absence of intracellular ~ with relative ease, but only a relatively small portion can
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be easily explained or is susceptible of routine analysis
and interpretation.

Also in the context of living matter, a typical mechanical
experiment allows to obtain the relations between forces and
deformations, also as a function of time or of frequency.
Reports abound in which the behavior of many types of cells
have been investigated via “indentation” tests’, which have
become a routine procedures, or through stress relaxation,
creep or rheological experiments at the microscale. In all these
cases, the results have been analyzed in analogous ways as for
inanimate materials, borrowing the traditional models of contact
mechanics, in particular of the theory of linear viscoelasticity
(Figure 10). It is hence not uncommon to find elastic or complex
moduli (usually tensile or shear), as characterizing parameters
for various cell types or subcellular regions. The models range
from those of purely elastic and homogeneous bodies, tension-
based models whereby cells are considered as pre-stressed entities
characterized by a homogenous membrane tension, to those of
linear viscoelastic bodies, either homogeneous or not. When
the cells are treated as viscoelastic bodies, the models employed
vary according to the type of mechanical assay performed;
in the case of transient-type experiments (stress relaxation,
creep), the spring-dashpot-based representation and its variants
is usually the model of choice, with Kelvin-type or Voight-
type elements representing the contribution of cell components
to the observed behavior. Whichever cell components these
may be, remain a matter of data interpretation, usually in
the form of hypotheses that may or not be confirmed by
chemically intervention experiments of the type described
above. In dynamic microrheological tests, the power-law model
is predominantly applied, whereby the elastic component of
the shear modulus (G’) is expected to depend linearly on
the logarithm of the frequency. The slope, denoted as f, is
taken as a measure of the fluidity of the material, a value
between 0 (linear elastic solid) and 1 (linear fluid). Typical
values for cells are 0.1-0.3 at low frequencies, increasing with
frequency toward the value of 0.75 (Hoffman and Crocker,
2009).

The significance of giving mechanical constants as intensive
magnitudes is relative in the sense that they allow to easily
compare and classify cell types based on their mechanical
characteristics, as for any other kind of material. But, to which
extent these values are a faithful and complete representation of
the cellular mechanical behavior is a matter that, surprisingly, has
not been settled or discussed extensively enough. And it should,
for various reasons:

Calculation of moduli and compliance. The problem of the
contact area. The fundamental relations are based on intrinsic
magnitudes, stress and strains that, in order to be properly
and accurately calculated, require the knowledge of the contact
area between the cell and the surface, or surfaces, where forces
and deformations are applied. A parameter that cannot be
obtained experimentally via the techniques usually employed

3 Although the term indentation could be in this case misleading, as this may not
be what it actually occur when cells are subjected to normal loads, and especially if
these forces are non-local.

and previously described. Indeed, the geometry of the contact
region is either unknown or poorly defined, and prone to vary
among locations on the cell surface, if local probes are used in
the mechanical tests. For the sake of simplification, the type of
mechanical probes for the experiments are intently chosen to be
highly symmetrical or geometrically simple, mainly flat planes
or spheres. But still assumptions need to be made that concern
the contact mechanical behavior of cells, including values for
parameters such as the Poisson’s ratio, with typical values ranging
between 0.35 and 0.5 (Trickey et al., 2006; Liu et al., 2019). This
is nothing other than paradoxical, as that is precisely what one
wants to find out through the experiment. The procedure appears
at times inconsistent, especially when contact areas or Young’s
moduli are calculated from indentation-type experiments under
the assumption that cells behave elastically, while, at the same
time, transient data, from force relaxation or creep compliance
tests, are being analyzed with viscoelastic models (Gullekson
et al, 2017; Liu et al, 2019). Another challenge related to
the contact area is, particularly in the case of cells and in
long experiments, its dependence with time. This aspect is most
frequently overlooked, but its relevance can compromise the
validity of the assumptions and the analysis approach as a whole.

The intentional search for simplicity. The use and abuse of
Hertzian models. Many experimental studies have been done
under conditions, usually small deformations (i.e., few nm)
and/or forces (ie., < 1 nN) and during short periods of
time (i.e., < 1-2s), whereby the instantaneous response of
cells is registered and found to be similar to that of linearly
elastic, even rigid and semi continuous bodies. As much as
this approach simplifies the data treatment and interpretation, a
question remains regarding the actual relevance and significance
of the results and the calculated parameters. The treatment
has become routine to an extent that it is now possible to
obtain stiffness maps of whole cells automatically (Figure 11),
without so much as a simple calculation of slopes, or of
Young’s moduli, mostly according to the Hertz model (Hertz,
1882). The Hertzian approach for a spherical indenter, and to
a less extent the later modifications introduced by Sneddon
and Bilodeau for axisymmetric (Sneddon, 1965) and pyramidal
indenters (Bilodeau, 1992), have gained widespread acceptance
and use in cellular studies, although their validity is far
from evident in this experimental context. Indeed, the issue
of applying Hertz-based models in cell mechanics has been
discussed as early as 2002 (McElfresh et al., 2002): these models
work on the assumption that the material is relatively hard,
linearly elastic, and represented as a continuous, isotropic and
homogeneous half-space. Besides, the material should have a
flat and non-adhesive surface for test and analysis. But the vast
experimental evidence on cells amassed in the last 30 years clearly
indicates that, in rigor, none of these assumptions can faithfully
approximate the nature and behavior of cells. More realistic
contact mechanical models have been reported that consider
the effect of surface (Ding et al., 2018), i.e., membrane tension
(references in Figure 10) and glycocalyx (Sokolov et al., 2013;
Guz et al, 2014) and that have been applied to cells. Despite
their good performance, they have not gained the widespread
popularity of the hertzian models. In the same line of thought
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and to the author’s knowledge, classical models that consider the
effect of adhesion, such as the Johnson-Kendall-Roberts (JKR)
model (Johnson et al, 1971), the Derjaguin-Muller-Toporow
(DMT) model (Derjaguin et al., 1975) or the generalization of
Maugis and Pollock (1984), their solutions for different contact
geometries and approaches for viscoelastic materials (Popov
etal., 2019), as well as derived models (e.g., Hui et al., 2015; Long
et al., 2016) have so far not been applied to cells.

Passive vs. active responses. Influence of structure and
physiology. Cells are active and living materials, and in
this sense, they constitute a special kind of smart matter.

Irrespective of the categorization in elastic or viscoelastic
materials, the mechanism of the response may be active
or passive, a mixture of both and non-linear. In this
sense, the experiments have not been conclusive enough,
and the methods for data analysis routinely employed
do not allow making distinctions of such kind. Although
chemical and genetic interventions can throw some
light on the influence of certain structural elements and
molecular roles, the issue lacks sufficient experimental
evidence. Instead, it remains a subject of interpretation and
hence, debatable.
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FIGURE 11 | Multiparametric imaging on the fly. (A) Generation of multiplexed data from AFM force-displacement curves. Stiffness are computed as slopes from
linear fits of parts of the loading curve contact region (traces in shides of orange). The fitting limits are either preset or readjusted a posteriori (graphics adapted from
Moreno-Flores and Toca-Herrera, 2013, fig. 7.9). (B) Height and stiffness maps of motile bacterial leaving a trace of, presumably, slime of distinctive softness (figure
reproduced from Dhahri et al., 2013 with permission?). (C) Time-lapse topological and mechanical maps of single bacteria (E. Coli) undergoing cell division. The Young
moduli were calculated according to the Hertz model via a data analysis software of the AFM manufacturer (figure reproduced from Bhat et al., 2018 with permission?).
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Cell heterogeneity. Influence of the immediate environment
and time. As mentioned before, a contact-based technique such
as AFM can map the viscoelastic properties of whole cells by
systematically and sequentially probing their local response to
an applied force or deformation at specific locations across the
cell body. Cells are not homogeneous materials nor do they have
a defined shape, and in this respect, the maps reveal certain
spatial variability of the mechanical behavior. This variability may
be attributed to multiple factors, such as local variations in the
morphology and structure, variations in cell thickness (i.e., cell
height) and cell adherence. But neither are cells inert, and their
dynamics and interactions with their immediate surroundings
can play a significant role in the observed behavioral diversity.
In this sense, the underlying substrate, its nature and mechanics,
as well as the presence of neighboring cells (cell confluency) are
relevant aspects that should be considered. In particular, whether
these factors are intrinsic or extrinsic to the cellular behavior are
issues worth debating, as only in the latter case, and depending
on the technique employed, may constitute an environmental
factor that should be at least considered in the analysis (Managuli
and Roy, 2017; Ding et al., 2018), rather than corrected. In the
case of tissue-forming adherent cells, such as epithelial cells, for
which the contact with substrates and other cells is essential
in order to properly develop function, both cells and substrate
are constitutive of the system and their role an integral part of
the cellular response. Contrarily, suspension cells, such as blood
cells, reproductive cells or certain types of bacteria, the existence
of which does not depend on contact with substrates or with
other cells, those factors may not be part of the system but can
influence the response in one way or another. It remains to
consider if this response has any biological significance, and in
this sense, the cellular response should be correctly identified
and interpreted.

Cells as in vitro samples. Reproducibility of cell behavior.
Cells are no ordinary materials, and this also extends to the
ways in which the cells samples are produced, which should
also be considered. Animal cells for in vitro studies can be
purchased as batches of cell lines, or obtained from primary
cultures. The former are “modified versions” of naturally-
occurring cells, which can be maintained at the laboratory, in
principle indefinitely (Freshney, 2005). This is possible due to the
capability of these cells to continuously grow and proliferate, if
cultured with the appropriate growing medium and in suitable
amounts. The cell lines, called immortal for that reason, share
characteristics with and originate from tumors. Cell lines are
maintained in-vitro via a procedure named cell passaging, in
which the cells, when reaching a certain limiting confluence,
are detached from the old substrate, dispersed, diluted and
transferred to a new substrate, in a fresh medium. Cell passaging
is a routine practice, but relative aggressive to cells, which
in practice limits the number of times it can be performed
without irreversibly and uncontrollably altering the integrity of
cultured cells. The frequency at which cells should be passaged,
as well as maximum number of cell passages vary with each cell
line, and when applicable, are recommendations determined by
biological practice and integrated in the experimental protocols
of cell culture. Though expected to bring changes, the variability

in biological behavior and cell function, also phenotype and
genotype, between cells of the same type but from different
passages is not well determined. This includes the physical
behavior. Contrarily, primary cells are directly extracted from
living tissue, tumor or not, and have limited capacity to survive.
They are much more sensitive to passaging, and hence do not
stand in-vitro maintenance. Also in this case, primary cells may
display different behavior depending on the tissue, the subject
they have been extracted from, as well as the procedure of
preparation and maintenance of the integrity of the samples prior
to experiment. Taking the above into account, it is reasonable
to ask the extent to which the parameters experimentally
obtained are actually influenced by the preparation method and
in-culture pre-treatment.

Different — experimental methodologies and models of
analysis. As suggested before, different technologies have
distinctive experimental sensitivities and hence likely to
provide divergent perspectives of the cellular mechanical
behavior. Therefore, it is reasonable to expect that the
respective results may not be necessarily coincident or
comparable in quantitative terms. Besides, the mechanical
parameters are likely to differ if disparate methods of data
analysis and interpretation are chosen for the same kind of
experimental data.

Theory and Simulation

Theoretical models. Just as with notions of the theory of
linear (visco)elasticity to obtain mechanical properties of cells,
single cell biophysics has also borrowed pre-existent theories
and models of material science to explain and understand
the mechanical behavior (see the summary of Figure 12).
Among the latter, rigid scaffolds and various types of soft
matter such as polymer-based gels, soft glassy (foams and
emulsions) or biphasic (sol-gel) materials have been considered
as references with which to compare the behavioral features
of certain cell components, especially the cytoskeleton. Indeed,
the theories/models employed so far have been able to explain
particular aspects of the cellular behavior, but none of them has
stood out as a “theory for everything” in cell mechanics; a model
that can account for the behavior of cells in all its experimental
manifestations and complexity.

Ingber’s theory of Tensegrity (Ingber, 1993) explains the
static mechanics of structural scaffolds. In this sense the model
accounts for the passive behavior of cells, as long as these
are viewed as pre-stressed structures with capacity to maintain
their mechanical and structural stability under loads. In the
model, the cytoskeletal network is the resilient structure that
sustains the mechanical forces and preserves the mechanical
equilibrium, with the actin microfilaments and microtubules the
elements supporting tensions and compressions, respectively.
The disruption of either of these elements disturbs the force
balance between the cells and their surroundings, increasing
tractions on the substrate (MT) or in the cell (MF). The
theory provides a macroscopic view of the passive behavior of
biopolymer fibers and cytoskeletal networks and in this sense, it
can explain strain-induced stiffening exhibited by some type of
cells. But it fails to explain their dynamics and hence the active
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FIGURE 12 | Summary of some of the theories to understand the behavior of living cells, in particular cell components, under mechanical stress or deformation.
[Artworks of tensegrity, dynamic models and poroelasticity reproduced from (Ingber, 2003), (Hoffman et al., 2007), and (Hasse and Pelling, 2015), respectively, with
permission].

behavior to compensate the mechanical unbalance, the strain-  responding to transient stimuli. In this case, cells have been

softening behavior of other cells, also from a microscopic point ~ found to behave as soft glassy materials when subjected to

of view (Hoffman and Crocker, 2009; Hasse and Pelling, 2015). periodic shear® but also relax under steady loads as though
The mechano-dynamic aspects of cellular behavior have  they were poroelastic (Moeendarbary et al., 2013). In each case,

been usually identified with those of the cytoplasm. From a

macroscopic point of view, the interior of cells can be considered  4n enlightening summary of experimental and theoretical works supporting the

as made of a (homogeneous) material capable of dynamically statement can be found in Hwang et al. (2016) and Shi et al. (2019).
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the mechanical response could be described by a power-law
behavior in frequency and time, in qualitative agreement with the
predictions of Sollich, or of the poroelasticity theory (Biot, 1941),
respectively. Indeed, the SGR theory of Solich (1998) predicts
a power-law-like behavior, whereby the availability of non-
thermal® free energy, rather than temperature, is the determining
factor that elicits the dynamic response. This is defined by
the parameter x, with values lower than 1 characteristic of a
glassy state, of frozen dynamics, and values between 1 and
2 defining the dynamic range. x is related to the power-law
exponent, 3, by a simple relation (8 = x + 1). In this sense,
the SGR theory can be useful in explaining the mechanical
behavior of cells driven by ATP-dependent processes. Although
able to explain some relevant experimental observations such
as strain-induced softening or non-trivial rheological behavior,
the quantitative predictions do not seem to square with the
observations (Hoffman and Crocker, 2009). More successful
in its quantitative predictions has been the poroelastic model
(Moeendarbary et al., 2013). In it, the cytoplasm is coarsely-
grained modeled as a bicomponent material; an elastic, porous
mesh embedded in an aqueous fluid. The dynamics is determined
by the movement of liquid through the mesh pores in response
to an applied load, resulting in characteristic times defined by the
pore size, the elasticity of the mesh, and the properties of the fluid.

Neither of these models take into consideration the
microscopic dimension, and cannot provide a mechanistic
view that integrates, at least, the most relevant molecular
components. Consequently, they cannot fully explain the
dynamic heterogeneity observed in single cells, as well as among
cells and cell types. The microscopic models such as the sol-gel
hypothesis, the glassy worm like chain model (GWLC) or
active gels, consider the interior of cells as dynamic networks
of protein fibers, interconnected or not, in a fluid medium.
In each respective model, the dynamic response is viewed as
a consequence of reversible molecular processes of fibrillar
assembly and disassembly, of hindered fibrillar motion and, in
the case of active gels, either of cross-link formation/disruption,
or of the activity of motor proteins/binding proteins (Lau et al.,
2003; Mizuno et al., 2007). However, these models can only
explain a relatively narrow range of non-universal cellular
behavior, strain-softening (Kroy, 2008) or strain-stiffening
(Mizuno et al., 2007), provide a partial view of the structural
dynamics and heterogeneity of the cytoskeletal network, and
they are structure-specific®, which limits their validity. Besides,
the sol-gel hypothesis cannot provide a rational explanation
of non-thermally driven dynamics and fails to describe cell
crawling (Hoffman and Crocker, 2009; Hasse and Pelling, 2015).
Also, the GWLC model and the model of an active biopolymer
gel differ notably in their fundamental assumptions despite
their structural similarity, with one attributing the dynamic
molecular response to equilibrium fluctuations and the other
to non-equilibrium fluctuations. And in all cases, the influence

°Meaning chemical and ATP-dependent.

®The sol-gel hypothesis relies on the dynamics of the fibre assembly/disassembly
to explain a particular type of active response of cells (cell migration, cell
deformation), whereas the behaviour of cross-linked gels is determined by the
polymer composition, the nature of the cross-linker or the active molecule.

of non-cytoskeletal and non-cytoplasmic constituents in the
mechanical response is either overlooked or not considered.
This might result in an oversimplification, taking into account
that organelles such as the nucleus accounts for 10-20% of the
total cell volume (e.g., 16% in NIH/3T3 fibroblasts), exhibit
distinctive mechanical characteristics of singular physiological
relevance and responsiveness (Guilak et al., 2000; Lherbette
et al, 2017; Stephens et al., 2017), are actively involved in
mechanotransduction processes (Burridge et al, 2019) and
mechanically coupled with other structural elements, as
suggested by the work of Beicker et al. (2018).

Simulations. Computational approaches such as the Finite
Element Method (FEM) have been regularly employed to
reproduce the response (i.e., force and deformations) of materials
to mechanical stimuli. Basically, these materials are modeled
as/discretized as bi- or tridimensional meshed objects with a
specific geometry and material properties, and a well-defined set
of boundary conditions or assumptions. In the context of cell
mechanics, this type of simulations has provided a “proof of
model,” confirming or refuting the working hypotheses of the
wet-bench (experimental) studies. Cells have been represented
as axisymmetric constructs (Unnikrishnan et al., 2007), spheres
or ellipsoids (Liu et al, 2019), with or without structural
components (Bursa and Fuis, 2009). The former are the structural
models, whereby some of the cell constituents, namely the
membrane cortex, cytoplasm and nucleus, are modeled as
homogeneous continua or discrete elements. The non-structural
models were relatively simple and the first to be developed;
these represented the cell as a homogeneous, isotropic continuum
(Charras and Horton, 2002b). Both the structural and non-
structural models have been combined in the so-called bendo-
tensegrity model (Bansod et al., 2018). The model combines
continuous and discrete elements to simulate the nucleus and
cytoplasm on the one hand, and the cytoskeletal fibrillar network
(actin filaments, microtubules and intermediate filaments) on
the other hand. In all the previous cases, calculations have been
made under the assumption that the mechanical characteristics
of the object or of its critical components are known, and
they focus on simulating the structural response based on an
assumed architecture. Something that, in the case of cells and
in view of the above and the observed behavioral variability,
is still a matter of discussion and speculation, as is the
identification and contribution of those critical components.
Other assumptions include the nature of the contact region, the
interaction between simulated components, and the Poisson’s
ratio. In this sense, simulations rely heavily on experimental
background data, and mechanical parameters obtained through
experiment. Consequently, the simulation results may be as
reliable or questionable as the experimental data, and hence
subjected to a similar kind of discussion.

DISCUSSION

Single cell mechanics has undergone a considerable and
significant development, that continues today. The non-stopping
effort and intensive research have led to numerous and significant
findings as regards the importance of mechanics in shaping cell
type and behavior. Although with certain lack of consensus in
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the quantitative details and important questions still open, it
is generally agreed that, from the materials point of view, cells
are heterogeneously complex, viscoelastic materials, that exhibit
linear and non-linear behavior depending on the environmental
conditions. Indeed, the mechanical behavior of cells highly
depends, among other factors:

e on the time during which the mechanical stimulus is applied,
and on the speed with which this is applied
on the integrity and dynamics of
structural elements

on cell type, topology and density (confluency).

interconnected

Likewise, the cellular elasticity and adherence have proved
mechanical signatures of cell type, tumor cell malignancy, and
cell-cell communication, that are mainly determined by the
cytoskeletal network, in particular the microfilaments, or F-
actin. Also, the substrate stiffness and the mechanical state of
the cell can affect its shape, pre-stress, adhesion on substrates,
differentiation, and motility.

The body of work supporting the statements above is
considerable. If anything, it evinces the high complexity and
variability of cellular behavior, including the interaction with
its surroundings, and the interconnection between external
and internal, structural and non-structural factors. It has
enabled to stablish statistical correlations between cellular
structure, behavior and function, but without hardly providing
a mechanistic view or proof of mechanisms that can account
for all the observations as yet. How could one tackle the
outstanding challenges?

Time matters in cell mechanics. In principle, many of
the experimental methodologies available today are capable of
capturing events occurring in different locations inside and
outside the cell, as well as in the course of time (Figure 2).
Given that cells are highly dynamic systems, this kind of
experiments can be paramount in finding causal correlations
out of the time sequence of physical, chemical and physiological
events that take place inside the cell, and in identifying the
agents (molecules, organelles and structures) actually involved.
This type of information may prove valuable in discovering
the mechanisms by which cells sense, generate, transduce
and transmit mechanical cues. So far, the efforts have been
mainly focussed in finding statistical correlations between
cell mechanical parameters and the functionality of the cell
cytoskeleton, particularly the actin-actomyosin network. In most
of these works, time is not considered as experimental variable,
and hence the degree of interconnection between the different
behaviors is missing in those studies.

Time may also be behind the question of how important
the cytoskeletal microtubules are in shaping the mechanical
response of cells. The pivotal work of Rotsch and Radmacher
(2000) set an influential precedent in experimentally showing
that microtubules are not particularly relevant in defining cell
elasticity of fibroblasts, as much as the microfilament network
is, and quite a number of later reports have supported this
idea. The conclusions are mainly based on loading tests under
conditions—low compressive loads (of the order of 10? pN),
short times (barely tens of seconds to seconds)—where cells

may mostly reveal an elastic response of structural nature,
mainly determined by the actin cortex. A discussion in terms
of dynamics and the interconnectivity of the microfilament and
microtubular networks are in most cases, if not in all, missing.
And yet, there is sufficient evidence of the importance that the
architecture and dynamics of the microtubular network has in
cell division’, polarization and locomotion (Alberts et al., 2008),
in sensing sound-induced vibrations (Schwander et al., 2010),
as well as in sustaining high compressive loads (Brangwynne
et al., 2006), in determining the response to mechanical strains
(Charras and Horton, 2002a), or in maintaining local stiffness
(Pelling et al., 2007). Likewise, there is an established importance
that intermediate filaments have in shaping mechanics of cells
and tissues (Broussard et al., 2020). It is thus reasonable to
suppose that, as the works described in the previous section,
the mechanical role and dynamics of microtubules as well as
intermediate filaments manifest at larger mechanical and spatio-
temporal scales that have been either scarcely or not thoroughly
explored on the experimental ground, nor have they been studied
in mutual interconnection, or in relat