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Hallmarks of Life in Single Cell
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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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be physiological, transformative or motional (Figure1) and
involve the interplay of intracellular and exocellular components
at different spatio-temporal scales. The mechanisms that convert
mechanical cues into biochemical responses or viceversa, define
the capacity of the cell to transduce mechanical signals and, in
doing so, regulate its physiological activity and maintain the
chemical balance. Cell mechanotransduction is hence key in
sustaining life.

Mechanics is intertwined and evolves in parallel with cellular
activity in these highly dynamic systems. This fact, together
with the relatively high variability in cell behavior, adds a
level of complexity that is not present in inanimate materials.
Notwithstanding, the mechanical tests traditionally employed in
the study of material properties have also been the experimental
approach of choice for cells. Those methods became routine
in their mechanical characterization, even though the results
produced by different groups and with different techniques may
differ from one another (Nawaz et al., 2012). The reason for
this lack of consensus has been subject of thorough discussion
(Hoffman and Crocker, 2009), but mainly attributed to the
specifics of the technique used and the experimental conditions,
which on the whole prompt the manifestation of a particular
behavioral aspect above others. Therefore, it has been difficult
to identify a universal behavior, even for cells of the same type.
A particularly illustrative example of the latter is the work of
Wu et al. (2018). The result of a large-scale, multi-institutional
cooperation, a total of seven different techniques were put in
place to measure the mechanical properties of MCF-7 cells, only
to demonstrate the discrepancy between the experimental data.
In stating the variability in cell behavior, even for those of the
same type, the work actually evinces the fundamental issue of
characterizing cells by a unique set of mechanical parameters,
on the one hand. On the other hand, it demonstrates the
limited capability of single techniques and routine experimental
protocols for the detection and qualitative assessment of cell
mechanical behavior as a complex whole. Does this/the above
mean that we might require an arsenal of techniques for a
complete assessment of the cell mechanics? In a way, it does. If
the purpose is to find a thorough description of general validity.

Despite the continuous effort of the last few decades to
understand the mechanical behavior of cells, there are still
many open questions and the scientific challenge remains
high. In the context of theory, we might be facing a similar
situation, if not more severe: “... cell mechanics is but the
tip of the iceberg, while a more profound approach would have
to consider inelastic or plastic rather than elastic deformations
and kinematic hardening rather than differential stiffening as the
most salient mechanical characteristics of live cells.” (Kroy, 2008).
Similarly, from the experimental perspective, a study concluded
that: “...the mechanical properties of a cell are not static but
dynamic and responsive to environmental conditions. Therefore,
mechanical models of a cell must include a dependence on time and
physiological conditions” (Pelling et al., 2007). These statements
are now more than 10 years ago, and yet has as much validity as
if they were made yesterday.

This review does not aim to describe as to build up on the
state of the art in single cell mechanics, scrutinizing common

scientific approaches and pinpointing current issues, outstanding
challenges and directions worth further exploring.

STATE OF THE ART

Experimental Techniques and the
Importance of Combined and Synchronous

Detection

In comparison with inanimate matter, cells are a very special kind
of materials; they possess a unique architecture of interconnected
membrane compartments and molecular networks that are in
constant evolution and physiological activity, ready to respond to
intra and exocellular cues of the most diverse kind, via multiple
processes that may occur sequentially or simultaneously, and at
different locations in a three-dimensional space.

Methods exist that allow to exert the smallest mechanical
perturbations with great precision and sensitivity, as well as
quantitatively detect and/or visualize the mechanical response at
different times and precise locations. Most of them make use
of microsized or nanosized probes, either mechanical, optical,
electric or magnetic, to apply and/or quantitatively detect,
even map, forces or deformations, and some kind of optical
microscopy to precisely locate the application of stimuli and
visualize the mechanical response. But none of the experimental,
state-of-the-art techniques can, separately, apply and detect any
mechanical perturbation, anytime and anywhere, in ways and
magnitudes that can be relevant for cells (Figure2). In this
context, relevant to define cellular behavior as completely and
thoroughly as possible.

It is for that reason that the behavioral complexity of
cells demands a proportionate and suitable combination of
measuring setups for the in-situ detection of relevant mechanical
phenomena, in two and three dimensions, and at the relevant
mechanical, spatial, and temporal scales.

In the context of single cells, probe-based microscopies
deserve special mention (Figure 3A). Collectively, this family of
techniques can precisely apply and register mechanical forces in
the pico- and nanonewton range, deformations of the order of
nano and micrometers, as well as optically track phenomena at
the nano and micrometer scales, ranging from the millisecond
to the hour. The atomic force microscope (AFM) can nominally
apply compressive and tensile loads and detect the normal
and horizontal components of forces and vertical deformations
at the upper surface of the cells. These should be preferably
attached to a substrate, meaning that the technique is sensitive
to phenomena occurring at or at the vicinity of the apical
membrane and, in any case, close enough to the cantilever-
probe. The in-plane spatial resolution is hence determined,
and limited, by the size of the probe as it applies tensions or
compressions across the cell surface. But the major limitation
is that the technique alone cannot provide a direct measure of
the contact area, let al.one the geometry of the contact region
between cell and probe. To that end, the integration of an optical-
interference technique may be required, such as total reflection
interference contrast microscopy (RICM). The combined set-
up has been earlier applied to study ligand-receptor interactions
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FIGURE 1 | Landscape of cellular mechanobiology. The discipline revolves about single cell behavior and encompasses phenomena involving supracellular,

at the molecular level (Stuart and Hlady, 1999), leveraging the
capacity of AFM and RICM to detect forces and separation
distances, respectively, with sub-nanoscale precision. Previously,
RICM had been proven effective in measuring gap distances
between cell basal membranes and the underlying substrate, in
the calculation of contact areas (Curtis, 1964; Verschueren, 1985),
and of their changes in cells under stress, either in a stand-
alone configuration (Hategan et al., 2003), or in combination
with the method of micropipette aspiration (Heinrich et al.,
2001). But despite its high measuring potential, the tandem
AFM-RICM has not been so much applied in the study of cell
mechanics as in the investigation of inert materials (Dubreuil
et al., 2003). Instead, contact areas are calculated based on
geometrical assumptions, which restrict the probes to a limited
range of sizes and geometries of high symmetry, and in turn
limits the measuring potential of the technique. The cantilever
itself, poses a limitation in the rates at which forces and
deformations can be applied: loading rates should be fast enough
to minimize the instrumental drift, and slow enough to avoid
the dominance of the hydrodynamic drag, and to quantise its
effect in the measurement of forces (Alcaraz et al., 2003; Mahafty

et al., 2004). Also, the amplitudes of oscillatory stimuli are kept
relatively low so that it is possible to reasonably assume that cells
behave as linearly viscoelastic materials, which in turn allows
for the determination of meaningful dynamic elastic moduli. As
a result, the maximal forces and deformations applied are of
the order of hundreds of pN or a few nanometres (2-50 nm),
respectively, with frequency windows between 0.1 and 10 Hz,
which limits the overall detection range of the technique (Alcaraz
et al., 2003; Mahaffy et al,, 2004; Hiratsuka et al., 2009). On
the other hand, Traction Force Microscopy (TFM) (Figure 3B)
heavily relies on optical microscopy to detect cell deformations,
primarily, through the lateral displacement of fluorescent probes
embedded in the substrate onto which the cells are adhered
(Polacheck and Chen, 2016). The optical device is usually an
inverted microscope that provides bottom-side views of cells at
a particular (focal) plane or set of planes (should a confocal
or a structured illumination microscope be used). Hence, the
technique is particularly appropriate to detect and track lateral
deformations and obtain in-plane components of cell-generated
forces at the vicinity of the basal membrane of adherent cells.
In comparison with AFM, TFM is faster in optically detecting
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FIGURE 2 | Experimental techniques most commonly used in single cell mechanics (A) Detection ranges in the mechanical, spatial and temporal scales of relevance.
(B) Main characteristics. OM, Optical Microscopy; AFM, Atomic Force Microscopy; TFM, Traction Force Microscopy; OT, Optical Tweezers; MT, Magnetic Tweezers;
AT, Acoustic Tweezers; OS, Optical Stretcher. Particle-based techniques may comprise optical or magnetic drag, tweezers or traps, and twist cytometry. Sources:
(Thoumine and Ott, 1997; Hochmuth, 2000; Lau et al., 2003; Wottawah et al., 2005; Basoli et al., 2018; Septiadi et al., 2018; Wu et al., 2018).
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concurrent mechanical events at different cell locations, and
the hydrodynamic drag nor the obtention of contact areas
poses critical issues. However, the spatial resolution lies at its
best in the (sub)micrometer range, and the data processing,
including the computation of traction forces from observed in-
plane displacements, is highly laborious, challenging and time-
consuming. Henceforth, the technique is particularly responsive
in detecting displacements at the (sub)cellular level, but not in
tracking events that occur at the molecular scale and cannot
generate mechanical maps on the fly. Also, the technique is
not most appropriate to track out-of-plane events, i.e., normal
components of forces or concurrent out-of-plane deformations.
The limitations of TEM are common to other similar techniques
that trace external deformations (i.e., by means of micropillars),
or particle-based techniques that trace internal displacements of
cell structures and organelles.

Other techniques, such as optical tweezers or the recently
developed molecular tension fluorescence microscopy (MTFM)
(Liu et al.,, 2017), are sensitive to mechanical events at the
molecular scale, and in that sense have the highest spatial and
temporal resolution. But also in these cases, the information
they provide is restricted to one or, at the most, two
spatial dimensions, and lack comparable significance at the
(sub)cellular level.

As shown above, there is indeed a panoply of high-end
technologies from which to define suitable combinations that
allow a thorough investigation of the mechanical behavior of
cells in the widest detection range. These combinations should
assist in finding missing links between mechanics, structure and
physiology, going beyond purely observational correlations into
the causal relations and underpinning mechanisms.

To date, some promising efforts to combine techniques have
been recently reported and to some extent, provided significant
evidence in that sense. For example, Schierbaum et al. (2019)
recently employed a combined AFM-TFM setup to find statistical
correlations between viscoelastic parameters and contractile
stresses in endothelial cells (Figure 4). Although the observations
clearly indicate that, on average, stiffer cells exert higher traction
forces, at a subcellular scale this does not seem to be the case.
Indeed, for a given cell, the highest traction forces were located
mainly around the more compliant and fluid regions. This
apparent discrepancy of results across length scales questions the
significance of such correlations, especially if the specifications
of each measuring technique, their synchronized use, and the
underlying mechanism(s) of force transmission inside cells are
not sufficient considered. In this particular case, stiffness and
fluidity were obtained from creep maps at the apical region
of the cells, whereas traction moments were computed from
local displacements of fluorescent beads in proximity with the
basal membrane. The set-up combination was not so much
used synchronously as sequentially, at different unspecified times,
and given the disparate spatial resolution of the techniques
employed, most presumably on different subcellular regions of
dissimilar size.

A significant step in achieving synchronicity of mechanical
and optical data, has been made by Beicker et al. (2018). In
their combined set-up, they were able to laterally visualize

the morphology of a single cell as it was mechanically tested
with an AFM (Figure 5). The integration of vertical light sheet
illumination and sideways microscopy in an AFM literally
introduces a new perspective and makes it possible to directly
observe the influence of the mechanical stimuli and the nature
of the response in relation to the cell morphology, structure
and behavior alongside the lateral region and as a function of
time. Through this combination, the authors show evidence of
structural and mechanical coupling between the cell membrane
and the nucleus, an unprecedent finding of significant relevance
that potentially shows the interplay of cell organelles in the
transmission of forces within the cell.

More recently, the work of Skamrahl et al. (2019) has
provided further evidence of dynamical mechano-adaptation of
cells by a suitable combination of AFM and optical fluorescence
microscopy (Figure 6). Indeed, the report shows alterations
in the turnover rate and length of basal F-actin stress fibers
as cells are subjected to apical loads between 0.1 and 1 nN.
The findings constitute a clear evidence of apical-basal force
transmission or “action at a distance,” whereby the application
of local mechanical stress at the top of a cell results in the
modulation of cytoskeletal activity and remodeling, i.e., an
active response, at the bottom. In this respect, the work adds
to the pioneering findings (Mathur et al,, 2000), and follows
the experimental approach of Charras and Horton (2002a).
Marthur et al. had reported on a similar manifestation of apical-
basal force transmission, whereby apical loads applied on single
HUVEC cells induce the reorganization of focal adhesions at the
immediacy of their basal membranes within minutes. Charras
and Horton on the other hand, combined AFM and confocal
microscopy to unveil for the first time the effect that mechanical
strains have in modulating Ca-mediated mechanotransduction
pathways in osteoblasts. Through this approach, they were able
to identify threshold cellular strains triggering the chemical
response, to precisely define the experimental timeframe for
the whole process within seconds, to assess the contribution of
the cytoskeletal structures, and to propose a sensible model for
the mechanism by which bone cells sense mechanical strains.
Although Skamrahl et al. provide characteristic time scales of
stress fiber dynamics, they do not propose a molecular model
or mechanism in line with their results and those reported by
Mathur et al. (2000), nor do they provide a measure of the
timeframe for the force transmission and transduction events.
The question remains open, as to when and how, in the interval
of 2 min between the application of the mechanical stress and the
time when the observation begins, force propagates and triggers
the physiological response.

Although a complete mechanistic picture remains elusive at
the cellular scale, it may not be the case at the subcellular
level. A remarkable example of the latter is the work of
Bouissou et al. (2017), which provides a detailed mechanism
of the way podosomes work in motile cells. Built upon the
podosome architecture, and consistent with the experimental
results, the authors manage to relate mechanical function to
key molecules and structures. The work is exemplary in that it
manages to obtain a mechanism of how a subcellular structure
mechanically works, via an original experimental approach that
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FIGURE 3 | Two of the most common contact-based technique to study cell mechanics. (A) Scanning probe-based techniques. Microbeads, pyramidal tips, needles,
cells or pipettes are usually employed as stand-alone probes or attached to microcantilevers. (B) TFM-based techniques. Rigid materials or non-degradable silicone
or polyacrylate are used as substrates, featuring micropillars, embedded fluorescent particles or spectroscopic rulers, i.e., fluorophore-quencher pairs attached to
unfolding molecule (a repetitive protein construct, DNA hairpin, or PEG) that acts as a force sensor (Liu et al., 2017). Both sets of techniques heavily profit from or rely

on the combination with optical microscopies. Green arrows: forces exerted by the cell; Blue arrows: exocellular forces.

comprises the combination of AFM, super-resolution optical
microscopy with numerical simulations and protein expression
knock-down techniques (Figure 7, see also section Experimental
Approaches and Protocols). Though the work eludes discussing
the podosome as a dynamic structure that emerges and
disappears with time, as the time-lapse AFM experiments show,
studies of such nature and caliber very well deserve to be
considered as gold standards in the study of cell mechanics.
Outside the AFM context, a recent study combining TFM
and arrays of micropillar actuators particularly stands out (Shi
et al,, 2019). Unlike the classical micro-rheological techniques,
the experimental set-up allows to obtain rheological maps of
cell basal regions, along with spatial distributions of cellular
fluctuations (Figure 8). Such a configuration was applied
to thoroughly describe the cytoskeletal dynamics of single
fibroblasts as a function of time and space. Via a sound and

comprehensive statistical analysis of the experimental data, the
authors were able to detect and locate distinctive behavioral traits
of the cell cortex and stress fibers, and establish meaningful
spatial correlations in the observed displacements, which showed
on the one hand, the highly cooperative dynamics of the
actomyosin network, and on the other hand, the avalanche-like
dynamics of the actin cortex. The results were not discussed in
comparable depth, and although they seemed to be in agreement
with the theoretical predictions of Ferrero et al. (2014) and
Hwang et al. (2016), they are based on different dynamic
mechanisms, neither of which could be ruled out.

The existing reports reveal the great measuring and detection
potential of combining state-of-the-art techniques, and the
incipient effort in that direction. But also, that their application
in cell mechanical studies is far from being fully exploited. Other
relevant aspects to consider are the simultaneous determination
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high traction activity with regions of high fluidity. (B) The average results show however that stiffer cells exert higher traction moments than more fluid cells. (Figures
reproduced from Schierbaum et al., 2019 with permission of the Royal Society of Chemistry).

of contact areas and the influence of lateral forces in cell
behavior. AFM, being one of the most versatile techniques in
its diverse operational modes (Figure9), can also detect the
lateral component of forces, but these are usually ignored in
non-rheological studies, most of the time under the assumption,
not fully justified, that the forces are applied normally and
hence the horizontal component is negligible or irrelevant.
This assumption may appear valid when the experiment is
performed at the apex of the cells, but not necessarily, and
much less elsewhere. The reason is simple: the cell surface is not
horizontally flat, its curvature profile is complex, adaptive and
site-dependent. Experimentally, this magnitude is not directly
measurable, and can only be assumed a-priori, or, at its best,
indirectly inferred from optical cross sections of limited spatial
resolution and asynchronously obtained. As a consequence, the
experimental study of friction at the cellular scale remains as
challenging as unexplored, with a potential biological relevance
still in process of being discovered.

Methodologies and Protocols

As in the case of inert materials, mechanical assays alone do
not suffice to understand the relation between behavior and
structure in cells. To ascertain the relative influence of individual
variables, the usual approach has consisted in manipulating the
material, either chemically or physically, in a controlled manner

and in such a way that either the nature of its constituents,
relative composition, or a particular environmental condition
during its synthesis or treatment is selectively altered. The
effect of such manipulation can be visualized optically, via the
use of molecular dyes (i.e., fluorophores) that selectively label
specific cellular structures or organelles. In the case of cells,
mechanical assays are often accompanied by chemical or genetic
interventions, whereby the cells are subjected to the action of
certain drugs of known effect or to manipulation treatments
of their genetic material or gene expression machinery. In
both cases, the interventions are mostly focused on causing
alterations of diverse nature in their cytoskeletal structure, and
most recently, dynamics. The interventions are mainly used to
test molecular hypotheses, usually with a substantial biological
background, whereby the molecule or structure believed to play a
decisive role in the process is selectively altered. The mechanical
essay is then used to either confirm or refute the working
hypothesis and draw conclusions in this regard. How generally
valid this conclusion might be, depends on the level of statistical
significance of the observation (reproducibility or repeatability
of a particular behavior) across cells of the same type and across
cell types. Unlike inanimate materials, making generalizations
on cellular behavior or on their mechanical properties from
experimental results is audacious: cell-to-cell variability is an
intrinsic feature that is far more superior and depends on far
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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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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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microscopy; F, fluorescence; FRAP, fluorescence recovery after photobleaching; TIRF, total internal reflection fluorescence; DONALD, direct optical nanoscopy with
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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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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 relation to other molecular
complexes and cell organelles.

Is Cell Plasticity Actually Plasticity? The
Passive, Active or a Physiological

Contributions

Cells are living entities, and unlike inanimate matter, have an
added level of behavioral complexity. The structural, dynamical
and physiological nature of the cell mechanical response is
ever-present and intertwined in yet unknown ways. Although
experiments can be devised in such a way that cell responsiveness
is predominantly inert and hence determined by structure, any
conclusions that may be drawn from these studies may have very
limited, if not questionable, validity.

It is therefore essential to include the dynamical and
physiological aspects of cell behavior in the study of cell
mechanics, if the purpose is to gain a solid and comprehensive
knowledge. In this respect, some fundamental questions arise: to
what extent is the mechanical behavior of cells a consequence
of dynamics or physiology? How all these contributions
interconnect to one another and deployed? Is it possible to
identify them experimentally? All this boils down to prove
the following hypothesis: that the physiological processes have
their own mechanical fingerprint, and this is dependent on the
timing and duration of each process. As far as cytoskeleton
remodeling is concerned, it has been evinced that stem cells are
particularly sensitive to shear oscillations of low frequency (i.e.,
0.1-0.5Hz) at the basal membrane, modulating their adherence
and triggering their differentiation accordingly (Kang et al,

7Though not explicitly shown (Matzke et al, 2001) hints at the relevance that
microtubules may well have in shaping cell shape and stiffness prior cell division
by the following brief remark: “Adding of 10 M nocodazole blocked the increases
in both height and stiffness that occur before furrowing and cell division (data not
shown)”. The comment appears even though the discussion uniquely revolves
about actin microfilaments being key in the process. Nocodazole does not disrupt
microfilaments so much as microtubules (see section “Experimental Approaches
and Protocols”), and yet has such a distinctive effect that nonetheless is left out
from the discussion.
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2017); oscillations of slightly higher frequency, i.e., 2 Hz, have not
such effect, which suggests a possible frequency window for the
manifestation of such physiological response. For the particular
case of cell mitotic division, the proof of concept of the hypothesis
mentioned above, was early reported by Matzke et al. (2001),
and only much later was it further explored by Stewart et al.
(2011) and Cattin et al. (2015). At the level of molecules, the
outstanding work of Guo et al. (2014) and particularly their
original experimental approach, deserves special mention. The
authors smartly leveraged the measuring potential of optical traps
and tweezers and combined active and passive microrheology,
in order to obtain force spectra out of spatial fluctuations of
intracellular particle tracers. In this way, they were capable of
identifying the active forces caused by motor proteins in the
cytoskeleton and detect differences in the cytoplasm activity
between normal and cancer cells of the same type. From
this perspective, the work sets a remarkable precedent and
evinces once more the great benefit of combining experimental
capabilities and analytical resources in gaining fundamental
knowledge of the active mechanics of cells. In consequence, it
is to be expected that the integration of multiple techniques for
synchronous detection, measurement and data analysis holds
great potential in providing qualitative and quantitative evidence
of interrelated processes, as well as in identifying mechanical
signatures and characteristic time scales.

Cell confluency: the role of cell-cell interactions in the
mechanical response. Cells that form tissues need to establish
connections with other cells in order to develop properly.
Therefore, it is rational to expect that the mechanical behavior of
these cells be different if studied in isolation or in the presence
of other neighboring cells. In this respect, the cell density can
be an important parameter to consider in the study of cell
mechanics (Briickner and Janshoff, 2018; Broussard et al., 2020).
In the context of two-dimensional in-vitro cell culture models,
cell confluency, or the percentage of substrate area covered by
a monolayer of cells, has proven to be an influential factor
in determining the mechanics of healthy epithelial cells, as
compared to invasive tumor cells of the same type (Schierbaum
et al., 2017), in enhancing membrane tension (Pietuch et al.,
2013a,b) or in modifying the cell elasticity, although with
quite different results in the latter case (Efremov et al., 2013;
Schierbaum et al., 2017). In the context of 3D in vitro cell culture
models, recent attempts have been reported to characterize
the elasticity and cell-cell interfacial tensions of multicellular
spheroids by cavitation rheology (Blumlein et al., 2017), as well
as the overall viscoelasticity of epithelial cysts (Shen et al., 2017)
and elasticity of multicellular spheres of mesenchymal stromal
cells by AFM (Tietze et al., 2019). Both latter works provide
evidence of characteristic relaxation dynamics and indentation
mechanics that differ substantially to those of single cells. It
is thus reasonable to expect “transitions” in the mechanical
behavior as cell proliferate and develop into mature spheroids
(Moreno-Flores and Kiipcti, 2015).

These findings are in line with the underlying idea that
the mechanical signatures of cells evolve as they network
and eventually develop into tissues and organelles, or in
case of cancer cells, as they develop tumors with a certain

invasiveness. Stablishing the connection between mechanics and
cell development at the fundamental level (Hallou and Brunet,
2020), can thus be critical in gaining a deeper understanding
of morphogenesis (Keller, 2012), as well as tumor development
and metastasis (Kumar and Weaver, 2009; Wirtz et al., 2011).
In this regard, the clinical application of the cell mechanotype
and of micromechanical techniques in cancer detection does no
longer seem to be a far-fetched possibility (Nautiyal et al., 2018;
Stylianou et al., 2018).

The 3D view. Cell anisotropy is a property that varies
according to cell type and may evolve in the course of time, i.e.,
cell life cycle and physiological activity. The basal-apical polarity
of epithelial cells, and the dendrite-to-axon transmission of
electrical signals in neurons are two classical examples. Likewise,
cells in vivo are subjected to, and exert, a characteristic set
of mechanical cues that determine their development, function
and shape in a three-dimensional space. The in-vivo scenario
heavily contrasts with most of the experimental studies in
cell mechanics, whereby the application of stimuli and the
observation of the response are limited to a single direction
or plane. Hence, technologies enabling 3D visualization and
mapping of micromechanical interactions between cells and their
environment in a dynamic manner would be much needed.
These in combination with 3D scaffolds of controlled structure—
pore size, fiber length and diameter—dynamic behavior and
degradability, capable of active sensing and responsiveness,
fluidization and remodeling (Kennedy et al., 2017; Lemma et al.,
2019), may prove promising in defining the new state of the art
in the methodology for cell mechanobiology.

Single cell tribology. Friction can cause or aggravate tissue
damage and inflammation, induce bone, tooth wear and blister
formation, and lead to commonplace pathologies such as
osteoarthritis. Therefore, a considerable effort has been put
in place to understand tissue resilience and degradation, as
well as to investigate restorative treatments or, alternatively
and whenever applicable, replacement materials for implants
(Gebeshuber et al., 2008; Correa and Lietman, 2017; Pina et al.,
2018). A recurrent model material in the characterization and
engineering studies has been the articular cartilage, for which
a wealth of reported research exists (Correa and Lietman,
2017; Pina et al., 2018). However, much is still unknown
at the level of single cells, in particular about the relation
between cell rheology and cell tribology and the impact
that friction may have on the mechanical and physiological
behavior. A significant contribution in that direction suggests a
relation between cell deformability and surface friction, and that
both characteristics may determine the metastatic potential of
cancer cells (Byun et al., 2013). Just recently, friction-induced
mechanisms for cellular inflammation and cellular death have
been proposed for corneal epithelial cells and chondrocytes
from multicellular experiments (Bonnevie et al., 2018; Pitenis
et al, 2018), and, in view of the relevance of the findings,
this type of investigations are expected to gain momentum. In
this respect, active microrheological techniques able to apply
and detect shear stress and strains inside and outside single
cells, in combination with microfluidic approaches can make a
significant difference.
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CONCLUSIONS AND OUTLOOK

Despite the impressive record of research work, single cell
mechanics has still a long way to go in reaching consensus
and thorough understanding. There is great need in putting
the reported findings in relation to one another, and from
this perspective, revise the vast knowledge amassed so far.
On the other hand, tackling the questions still open in the
field requires integrative approaches and methodologies on a
par with the still unfathomed cell complexity. The search for
a complete and universal mechanistic view of cell mechanics
remains to be a formidable task and an outstanding challenge
that absolutely depends on extensive crossdisciplinarity to be
fruitful. A roadmap toward such aim should consider the
variable time as key experimental and theoretical parameter,
the development of rigorous gold standards for the routine
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