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Cardiovascular diseases (CVDs) are the number one cause of death globally, therefore interest in studying
aetiology, hallmarks, progress and therapies for these disorders is constantly growing. Over the last
decades, the introduction and development of atomic force microscopy (AFM) technique allowed the
study of biological samples at the micro- and nanoscopic level, hence revealing noteworthy details and
paving the way for investigations on physiological and pathological conditions at cellular scale.

The present work is aimed to collect and review the literature on cardiomyocytes (CMs) studied by AFM,
in order to emphasise the numerous potentialities of this approach and provide a platform for researchers
in the field of cardiovascular diseases. Original data are also presented to highlight the application of AFM
to characterise the viscoelastic properties of CMs.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

In the late 1980s, the atomic force microscope (AFM) was devel-
oped by Binnig et al. [1] to investigate surfaces of insulators at
the atomic scale, while avoiding damages to the specimens. AFM
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is a scanning probe technique, which exploits the deflections of a
cantilevered spring to image and probe different kind of samples.
Fundamental components and working principles of the AFM are
shown in Fig. 1.

The atomic force microscope has proven to be a versatile tool
of investigation, since it can either acquire a sample topography or
measure various mechanical properties, such as stiffness, adhesive
and viscoelastic behaviour; in the former case, the AFM works as
an imaging machine, whereas in the latter it can be considered a
mechanical instrument [2]. In addition, as the AFM can work in
aqueous environments, it was forthwith thought to be used for
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Fig. 1. AFM diagram and working principle. The tip mounted on the cantilever scans and probe the sample. Movements of cantilever-tip system in (X,Y,Z) directions are
controlled by a piezo-scanner. While interacting with the specimen, the cantilever bends; its deflections are recorded by an optical system (laser source, focal lens, mirror
and photodiode detector). The controller electronics provides a feedback loop that permits to adjust the tip-sample separation.

studying biological specimens either close to or under physiological
conditions.

Cardiovascular diseases are still the leading cause of death
worldwide. Particularly, according to Gillespie et al. [3], heart dis-
ease and stroke are the first and fourth causes of death, respectively,
in the United States. The proper functioning of the heart is pivotal
for living organisms, and cardiology research is mainly focused on
the thorough comprehension of bio-chemo-mechanical principles
underlying the physiological behaviour of the heart. Yet, the effects
of inherited or incidental cardiac dysfunctions are under investiga-
tion, likewise any possible therapy, such as drug administration
and tissue regeneration/transplantation. The study of aetiology,
hallmarks and progress of a cardiac pathology can be considered
a multidisciplinary task, since it involves physicians, biologists,
and more recently biophysicists and bioengineers. Altogether, they
investigate cardiac behaviour both at the macroscopic, e.g. via
echocardiography or ventriculography, and microscopic level.

In recent years, more and more researchers focus on the basic
constituent of cardiac tissue, mainly on cardiomyocytes (CMs),
which are the core unit of the heart, generating and transmitting the
contractile force. In this scenario, AFM can play a key role, due to its
high resolution, both in topographic and force terms. The present
work aims to review the studies that involved AFM technology to
investigate the structure and function of CMs. In addition, original
data are presented as further characterization of cardiomyocytes in
terms of plasticity index and stress relaxation behaviour.

2. AFM as imaging machine applied to cardiomyocytes

Over the years, various biological samples have been character-
ized for their topography by AFM, as thoroughly reviewed in [4,5].
Regarding the aim of the present work, in 1999, Perez-Terzic et al.
[6] imaged sarcolemma-stripped CMs from neonatal rats, focus-
ing on the nuclear pore complexes (NPCs). Data showed that both
Ca2* and ATP/GTP depletion induced a significant decrease in the
percentage of open NPCs compared to untreated CMs, the second
treatment resulting also in more relaxed pores (bigger outer diam-
eter).

In 2001, Davis et al. [7] resolved both external and sub-surface
features of fixed, intact cardiomyocytes from the ventricles of adult

guinea pigs, thus paving the way for further AFM investigations of
whole cells. More recently, the nanoscopic resolution of this tech-
nique allowed to detect changes in the plasma membrane surface of
neonatal murine CMs induced by administration of aldosterone [8].
Similarly, neonatal rat CMs were treated with GCIP-27, a synthetic
polypeptide thought to prevent cardiac hypertrophy, and exhib-
ited an increased surface roughness compared to the not-treated,
control group [9]. Another study analysed the cell surface and con-
firmed the absence of t-tubules in mouse and human embryonic
stem cell-derived cardiomyocytes (ESC-CMs), which were com-
pared with adult guinea pig ventricular CMs [10]. Moreover, AFM
revealed the cell surface properties of cardiomyocytes from healthy
and failing mice hearts: the former were characterized by a periodic
succession of crests and hollows, while the latter showed a general
loss of these structures [11].

In a ground-breaking study, AFM was applied to observe the
cytoskeleton of murine CMs stimulated by lipopolysaccharide
(LPS), which is known to be related to sepsis and, therefore, to car-
diac dysfunction. The acquired images highlighted the cytoskeleton
reorganization and the morphological changes induced by LPS, thus
proving the use of AFM to study the functional properties through
the observation of structural information [12].

The atomic force microscopy was then exploited to investi-
gate infarcted porcine myocardium treated with mesenchymal
stem cells (MSCs), either with or without glucagon-like peptide-
1 (GLP-1) expression [13]. Interestingly, Wright et al. [13] found
that collagen fibril diameter significantly increased after treatment
with MSCs, further demonstrating that the MSCs therapy option
can have a dramatic effect on the scar deposited as a consequence
of myocardial infarction.

3. AFM as mechanical machine applied to cardiomyocytes
3.1. Assessment of elastic behaviour of cardiomyocytes

Early after its invention, the atomic force microscope was used
to assess the mechanical properties, namely hardness, elastic and
plastic behaviour, by nano-indentation of the investigated sample
[14]. The mechanical analysis by AFM at the atomic level has raised
great interest in the field of mechanotransduction, which is the
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Fig. 2. When probing the mechanical properties of a sample, the AFM works in the so-called force spectroscopy mode. Dwell time is the time passing between the end of
the indentation (loading) (black curve, left panel) of the specimen and the beginning of the unloading process (red curve, left panel). If dwell time is null, stiffness, adhesion
and plasticity index can be assessed. Stiffness is evaluated fitting the portion of loading curve after the contact point “C” with an appropriate mechanical model. Adhesion
work is generally referred to the grey area above unloading curve (left panel). Plasticity index is calculated from the areas under loading and unloading curves, namely as
(1-BOD/BOC) (left panel). Not-null dwell time allows inferring the viscoelastic properties of a sample, both with stress relaxation and creep compliance experiments. In the
former, force is detected while Z-position of the tip is kept constant; the latter implies maintaining the force applied to the tip and recording the variations in the Z-position

of the probe (right panel).

study of cellular and molecular processes that convert mechanical
cues into biochemical signals [15].

Alarge number of studies on the elastic properties of living cells,
commonly described as Young’s modulus, has been issued. Young’s
modulus is a measure of the material’s stiffness, that is the aptitude
of a sample to be deformed. Basically, the AFM can act as an inden-
ter, thus can perform force measurements on a desired portion of a
cell while detecting how the specimen deforms in response to the
applied force (see Fig. 2). Nevertheless, the estimation of cell stiff-
ness is always affected by several factors, for instance the choice of
the most suitable mechanical model to fit the experimental data,
the assumptions on which that model relies, and the precision in
determining the contact point (i.e. the point in the force curve at
which the AFM probe reaches the specimen). A thorough discussion
about this topic is provided in [16].

Adult rat atrial myocytes were nano-mechanically character-
ized by AFM both in their quiescent and contractile status, along
their overall surface (i.e. nuclear and peripheral regions), and under
different conditions (i.e. either with different extracellular cal-
cium concentrations or after fixation) [17]. Also adult male mouse
CMs were tested in their relaxed and contractile state, exploit-
ing either high-K* solution or low-CaZ* solution with EGTA and
2,3-butanedione monoxime [18]. Spontaneously beating, neona-
tal rat cardiomyocytes were studied with AFM in their systole
and diastole by Azeloglu and Costa [19], revealing the spatial het-
erogeneity of mechanical properties within a single cell and the
increase of CMs stiffness during contraction than relaxation. The
same study demonstrated that administration of blebbistain, a
specific inhibitor of actin-myosin interaction in cardiac muscle,
reduced the elastic modulus of CMs to diastolic values; the authors
also outlined that increasing the culture time of cells resulted in the
stiffening of both systolic and diastolic moduli, although in the last
case, the variation was not statistically significant. Saenz-Cogollo
and colleagues [20] grew a confluent layer of rat embryos CMs on
microelectrode arrays (MEA) and coupled the system with AFM.
Such setup allowed the recording of extracellular action potential
signal and the synchronization of the contractile cycle with mor-

phological and mechanical measurements. Similarly to what was
reported in [19], a substantial stiffening of cells during contraction
was observed, followed by softening in the relaxation phase.

Dague et al. [11] studied the effects induced by formamide,
which is known to cause detubulation, both on topography and
elastic properties of murine cardiomyocytes. They found that the
response of cells to various concentrations of formamide mimics
the phenotype of CMs from failed hearts at different stages. In
another study, CMs derived from chicken embryos were analysed
after dosing cytochalasin B, in order to determine the influence of
the actin network on the Young’s modulus of these cells [21]. Here,a
consistent decrease of the elastic modulus was observed after actin
depolymerization.

Anticancer drugs are well-known to cause cardiotoxicity, ergo
primary adult murine CMs were exposed to an anthracycline
anticancer drug (doxorubicin) and a cardioprotective agent (dexra-
zoxane), and cell stiffness was assessed to elucidate the effects of
these two drugs at the cellular level [22]. Doxorubicin treated CMs
displayed the same stiffness of control CMs within the first 50 min,
followed by a significant softening, whereas pre-treatment with
dexrazoxane avoided these variations.

Besides the outcome of various chemical substances in the
mechanical properties of CMs, the effect of a gradient of sub-
strate rigidity in the elasticity of neonatal rat ventricular myocytes
(NRVMs) was investigated [23], resulting in a non-significant influ-
ence.

The AFM was also exploited to study the role of different
cytoskeletal proteins in maintaining the structure and function of
cells, as in the case of vinculin. Cardiomyocytes from vinculin het-
erozygous null mice were softer than cells from their wild type
littermate; yet, rescue of vinculin restored the elastic modulus to
control levels, as demonstrated by Tangney et al. [24]. Adult CMs
from ephrin-B1 knock-out mice were found to be stiffer than their
counterpart derived from wild type animals, as resulted from the
destabilization of the lateral membrane induced by the absence of
the considered membrane protein [25].
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Tangney et al. [24] investigated vinculin because its mutations
are related to hypertrophic and dilated cardiomyopathy (DCM),
thus suggesting the AFM as a valuable tool to investigate patho-
logical conditions and the effects of drug therapies. Several other
studies support this application: for instance, ageing was related to
left ventricular diastolic dysfunction and was demonstrated to be
crucial for the stiffness of rat CMs; values for 30-months-old male
animals were higher than those from 4-months-old rats [26]. The
increase of cell stiffness with age was confirmed also in intact, enzy-
matically isolated cardiomyocytes derived from aged and young
murine hearts under Ca2*-free conditions [27]. Similarly, diabetes
induced a stiffening in adult mice CMs, as observed in [28]. In addi-
tion, the Young’s modulus of NRVMSs was assessed to elucidate the
effects of genetic mutations in A-type lamin, which are responsible
for a particular class of pathologies called laminopathies. Lanzicher
et al. [29] showed that NRVMs infected with human D192G LMNA
were stiffer than wild type (expressing wild type human lamin)
and control (not-treated) counterparts. Moreover, cell stiffness was
investigated in hypertrophied hearts: adult male rats were treated
with either a vehicle (control) or isoproterenol (ISO), resulting in an
increase of the elastic modulus of the ISO group compared to the
control one [30]. Another cardiopathological condition,the heart
failure, was studied from a mechanical point of view, exploiting
the unique properties of the AFM. Indeed, Dague et al. [11] com-
pared the elasticity of cardiomyocytes from healthy and failing
mice hearts, finding that early after heart failure, CMs decreased
their Young’s modulus, whereas at later stages, cells became stiffer
than controls. Likewise, Liu et al. [31] exploited the AFM to compare
the properties of induced pluripotent stem cells derived cardiomy-
ocytes (iPSC-CM) from healthy subjects and patients affected by
dilated cardiomyopathy. The authors demonstrated that DCM led
to a decrease in iPSC-CMs elasticity. It is noteworthy to stress that
in the last study, cardiomyocytes were derived from human skin
biopsies, whereas most of the reported works used animal models.
Growing efforts have been recently made to develop protocols for
obtaining CMs, e.g. iPSC-CM, that resembles those found in native
human heart tissue. Indeed, this approach could overcome the lim-
itations imposed by the differences between human and animal
models and the obvious challenges faced to obtain CMs from heart
biopsies.

It is also noteworthy to mention that the deformability of car-
diomyocytes was assessed even under nonconventional conditions,
like after antiorthostatic suspension [32,33] or 2-g centrifugation
[34].

Some of the reviewed works applied the Hertz model or
its variants to quantify the Young’s modulus of cardiac cells
[11,23,24,29,30,35]. Nevertheless, the suitability of these models
for biological specimens has been questioned. A better descrip-
tion of cellular stiffness was proposed by Soufivand and colleagues
[36], using hyperelastic models to fit data from embryonic murine
CMs. Furthermore, nonlinear elastic behaviour of rabbit CMs was
already proven in the past by Mathur et al. using AFM [37]. It is the
opinion of the authors that assumption of elastic behaviour (within
the limits of applicability) and use of Hertz model could be com-
monly accepted for comparative investigations, as in the case of the
presented studies.

3.2. Assessment of adhesive behaviour of cardiomyocytes

From the first studies demonstrating AFM to have the sensitivity
for investigating intermolecular forces [38], to the development of
single cell probe force spectroscopy [39], biological samples have
been widely characterized for their adhesive properties (see Fig. 2).
In particular, the cell adhesion of CMs has been reported in some of
the aforementioned studies [18,24,29]. Notably, in the study of Wu
et al. [ 18], substrate coating did not affect cell adhesive properties
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Fig. 3. Plasticity index for NRVMs expressing the human D192G lamin mutation
compared to wild type (WT) and control (NT) cells. Data were acquired on n>40
cells for each condition. Statistical significance was probed with Kruskal-Wallis non-
parametric test and Dunn’s correction for multiple comparisons. A p-value <0.05
was assumed as statistically significant. n.s.=not significant.

in adult murine CMs. On the other hand, it was demonstrated that
the geometry of the tip (sharp versus microbead) and the status of
the cell (contracted versus relaxed) influence the adhesion of CMs,
due to the different contact area between tip and sample and to
the variation of active integrin receptors and costamere complexes
during contractile cycle, respectively [18].

Vinculin was shown not to affect the initial peak adhesion force,
while the probability of adhesion between AFM-fibronectin coated
probe and a cell decreased significantly in vinculin null murine CMs
compared to wild type specimens [ 24]. In the same study, the rescue
of vinculin expression restored the adhesive properties to the level
of wild type controls. Another protein, the human mutant LMNA,
zeroed the adhesion work in NRVMs, whereas wild type and control
cells exhibited similar values, as demonstrated by Lanzicher et al.
[29].

3.3. Assessment of plasticity index on cardiomyocytes

The mechanical models used to estimate the elastic properties of
a cell rely on strict assumptions, such as isotropy and homogeneity
of the investigated sample, thus severely affecting the reliabil-
ity of Young’s modulus estimation. To overcome this limitation,
Klymenko et al. [40] introduced the so-called index of plastic-
ity, exploiting the hysteresis between loading and unloading force
curves (Fig. 2). Such difference is attributed to an energy dissipation
due to cytoskeletal organization. To the best of our knowledge, this
parameter was measured by other groups in living cells [41,42], but
not in cardiomyocytes. In particular, in the work of Mendez et al.
[42], the plasticity index provided additional information to elu-
cidate the role of vimentin in the viscoelastic response of mouse
embryonic fibroblasts, thus demonstrating the relevance of this
mechanical property.

We exploited the plasticity index to highlight the different
behaviour of a living cell induced by a genetic mutation. The same
protocol reported in [29,43] was used to extract, infect and cul-
ture NRVMs expressing the human mutant D192G LMNA gene or
the wild type form. Not infected (NT) NRVMs were used as further
control. Measurements were performed directly on Petri dishes
kept at physiological temperature. Cells were then indented on
the nuclear region using a gold spherical probe (diameter around
5 wm) attached to a triangular cantilever (nominal spring constant
k=0.08 N/m). Data are displayed in Fig. 3 (original, unpublished
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data) and show that NRVMs expressing the mutant LMNA were
significantly altered compared to controls.

3.4. Viscoelasticity characterization of cardiomyocytes

Besides the applications reported so far, the AFM has been
used to characterise cells for their viscoelastic behaviour, indent-
ing the sample and keeping either the height (stress relaxation)
or the force (creep) constant for a fixed period of time [44] (see
Fig. 2). Alternatively, after indentation, the cantilever can oscillate
atsmall amplitude and variable frequency to describe the viscoelas-
tic behaviour in terms of storage and loss moduli [45,46]. Despite
this potentiality, to the best of our knowledge, only few examples of
AFM rheological characterization of cardiomyocytes were reported
in the literature.

In the work of Lanzicher, Martinelli et al. [43], stress relax-
ation experiments were performed on NRVMs infected with human
LMNA D192G mutant gene. Relaxation data were fitted with the
standard linear solid (SLS) model, also known as Zener’s model. As
compared to controls and cells expressing wild type human LMNA,
mutant samples showed an increased purely elastic contribution,
in accordance with Young’s modulus values [29]. Moreover, cells
with mutant A-type lamin exhibited a reduced viscosity, which was
attributed to an impairment of length and thickness of the actin
cytoskeleton elements induced by the lamin mutation.

The effect of different substrates (i.e. fibronectin- or collagen-
coated, aligned or not) and of ageing (from 1 to 15 days of culture)
on the viscoelastic behaviour of neonatal rat CMs were assessed by
Deitch et al. [47] through stress relaxation experiments. Here, the
(normalized) relaxation data were fitted both with the Quasilin-
ear Viscoelastic (QLV) and the SLS models to evaluate the percent
relaxation after 60 s of load, the first resulting in a better fit of the
experimental data. A decrease of the percent relaxation from day 1
to 3 in all samples was observed, then stabilizing to plateau values.
CMs on aligned substrates displayed generally a lower relaxation
than on random coating, since the actin fibres were more oriented,
thus better counteracting the applied stress.

In a recent work by Robison et al. [48], AFM contributed to
demonstrate the effect of detyrosination on buckling or sliding of
microtubules during contraction in adult rat ventricular myocytes,
where microtubules act as force bearing structures anchored to
sarcomeric Z-disks by desmin. In particular, the SLS model was
used to describe the elastic and viscous components as function
of the indentation rate. Lowering the detyrosination level, both
elasticity and viscosity of CMs were significantly reduced com-
pared to controls. Depletion of desmin expression strongly reduced
cell stiffness because of the missing connection between detyrosi-
nated microtubules and sarcomeric Z-disks. On the other hand,
on desmin-depleted CMs, viscosity did not vary after reduction of
detyrosination levels.

Stress relaxation data can be used to predict the rheological
behaviour of cells as function of frequency, assuming that the
imposed deformation is within the linear regime. In the linear vis-
coelastic theory, the Boltzmann superposition is applicable and
the relaxation modulus can be considered a predictive constituent
parameter of the model for any arbitrary deformation history [49].
Relaxation data can be described using the Generalized Maxwell
model, namely a purely elastic element (a spring) in parallel with
Maxwell elements (a spring in series with a dashpot). Considering
the integral form of the linear generalized viscoelastic model and
an oscillating deformation of angular frequency w, the storage (E’)
and the loss moduli (E”) are calculated as:

w?T?
E'(0) = Ee+ X0 E; i 1)

1+ w?7?

S ——E'NT

001] —EN195K
1E-3  0.01 0.1 1 10 100
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Fig. 4. Representative curves of storage (E’, continuous lines) and loss (E”, dashed
lines) modulus profiles vs. the angular frequency w for NRVMs bearing a mutation
in the lamin gene (N195K, red curves) and in the native form (NT), used as control
(black curves).

wT;

Elo) =2k
i

(2)
where E, is the relaxation modulus at equilibrium (t — oo), n is the
total number of Maxwell elements used to fit the relaxation pro-
file, E; and T; are the elastic modulus and the relaxation time of the
Maxwell element i. Thus, the elastic and viscous contributions of
the mechanical response are easily separated and compared. As an
example, we applied this model to predict the viscoelastic response
of NRVMs after infection with human mutant N195K lamin, using
the same protocol reported in §3.3. Results were compared to those
obtained on not-treated samples (NT). Cells at physiological tem-
perature were indented on the nuclear region with the spherical
probe previously described, at 20% of their height. Relaxation force
data were converted to moduli and fitted with a model consisting
of one pure elastic element in parallel with two Maxwell elements,
which demonstrated a better description of the initial part of the
curve than a single Maxwell model. Resulting storage and loss mod-
uliarereportedin Fig. 4 (original, unpublished data), where a higher
elastic contribution at both low and high frequency is displayed for
mutant cells compared to controls. Even the viscous contribution
for frequencies around 1 rad/s is more marked for mutant cells.

3.5. AFM quantification of beating activity

Monitoring the deflection of the cantilever positioned on a beat-
ing cardiomyocyte (or on a cluster of them) gives information about
contractile force, frequency and vertical displacement of the cell.
To the best of our knowledge, the first characterisation of beating
profile was performed by Domke and co-authors [50], who mea-
sured the height change and the vertical deflection due to each
pulse. Considering that contraction of adherent CMs is primarily
a lateral displacement inducing a height change, Liu et al. [51]
suggested the lateral (torsional) deflection of the cantilever as a
more reliable signal to measure contractile activity. Nonetheless,
most of the reported studies considered the vertical deflection,
since the associated force can be easily calculated by multiplying
the deflection signal by the sensitivity and the spring constant of
the cantilever. Chang et al. [52] introduced the short-term Fourier
transform to identify even small variations in the beating fre-
quency, and suggested its application to detect CMs dynamics after
drug administration.

The confluence level of CM culture is a key parameter affecting
the beating profile: indeed, the frequency was shown to be much
more regular on confluent cultures than on sub-confluent ones,
whereas the effect on the beating amplitude seems controversial
[31,50,52].
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A deeper characterisation of the contractile behaviour of car-
diomyocytes has been obtained coupling the AFM with other
techniques. Very often, the atomic force microscopy is mounted
on inverted microscopes, in order to perform simultaneous optical
and mechanical investigation of the cells. The intracellular oscil-
lation of Ca%* ions can be monitored loading CMs with a proper
calcium sensitive medium, as CaZ* plays a fundamental role in
contraction of the sarcomeric units that form the contractile appa-
ratus of cardiomyocytes [53]. The aforementioned work of Liu and
co-workers [51] demonstrated a linear relationship between the
torsional force and the calcium flux intensity, whereas vertical
deflection did not show such dependence. Burridge et al. [54] syn-
chronized the mechanical and fluorescent signals, thus describing
the time-dependence between calcium flux and force generation.
AFM beating measurement was combined with digital holographic
microscopy analysis by Yue et al. [22], overcoming the limits in
resolution that affect the classical optical methods used to monitor
contraction.In 2016, Tian and colleagues [55] coupled the AFM with
amicroelectrode array (MEA), thus proposing a novel and powerful
method to simultaneously characterise the electrical and mechan-
ical activity of contractile CMs. Although, some limitations were
identified, particularly the presence of false peaks in the force and
extracellular field potential profiles produced by cell clusters. These
false peaks were absent when a single CM was deposited on the
MEA.

AFM has been widely used to assess the role played by spe-
cific genes in the beating activity, as their mutations are often
associated with cardiomyopathies. Nguyen et al. [56] showed that
the knock-down of the stromal interaction molecule 1 (STIM1), a
transmembrane protein on the sarcoplasmic reticulum acting as a
CaZ* sensor, decreased the beating regularity of HL-1 cardiac cells.
The inhibition of the protein kinase C & isoform (PKCe), which
is associated with a decreased phosphorylation of troponin T in
ischaemic heart failure, was demonstrated to reduce the contrac-
tion amplitude in neonatal rat CMs [57]. Mutations in the cardiac
troponin T can lead to dilated cardiomyopathies, thus Sun et al.
[58] studied the effects of a point mutation of the TNNT2 gene, car-
ried by a cohort of patients. Authors obtained cardiomyocytes from
patient-specific iPSCs and studied them using AFM. DCM-derived
CMs exhibited similar beating frequency and duration compared
to healthy donors, but the contraction force was weaker. This was
restored by inducing the overexpression of sarcoplasmic reticulum
CaZ* adenosine triphosphatase (Serca2a). Liu et al. [31] compared
the beating profiles of single iPSC and ESC derived cardiomyocytes:
despite the high variability, which resulted lower in CMs clusters,
the two cell lines exhibited comparable beating force, while iPSC-
CMs demonstrated a slightly higher beat duration and a lower
beat rate than ESC-CMs. A protocol to improve the homogeneity
of embryoid bodies (EBs) to obtain beating cardiomyocytes both
from human ESCs and iPSCs was proposed by Pesl et al. [59]. Even in
this case, AFM measurements of the beating profile of EBs demon-
strated comparable beating force in the two models, while the beat
rate was higher for iPSCs derived CMs. Recently, the same group
|60] proposed the use of EBs coupled to an AFM cantilever as a sen-
sor to probe the effects of different environmental conditions (i.e.
applied force, temperature, calcium level and drug treatments) on
beating force and rate. Authors suggested this novel biosensor also
for biomechanical characterisation of heart diseases and drug ther-
apies, since EBs are closer to physiological conditions than single
CMs on 2D cultures.

AFM studies were conducted to evaluate also viability and beat-
ing activity of CMs on supports purposely designed to deliver these
cells to the injured cardiac tissue and repair it. Burridge et al.
[54] used AFM to verify that interaction of iPSC-CMs with other
cell types in a 3D hydrogel did not interfere with the contractile
activity. Lin and co-workers [61] investigated the effect of size and

orientation of electro-spun fibrous patches of gelatine-coated poly-
acrylonitrile on the beating frequency and force of neonatal rat
myocytes. Authors found that CMs on aligned nanofibres beat faster
and stronger than those on randomly oriented ones. The co-culture
with endothelial cells also increased the frequency and force of the
beating, whereas the use of micron-sized fibres strongly reduced
the adhesion and the beating force, as nanofibres have dimensions
closer to native cardiac extracellular matrix.

Detection of cardiomyocyte contractile activity can be also fruit-
fully used to evaluate the effects and/or cytotoxicity of drugs at
the single cell level. Several studies demonstrated the reliabil-
ity of AFM in recording the chronotropic (variation of frequency)
and/or the inotropic (variation of beating force) actions of cer-
tain substances, suggesting its use for preclinical tests of candidate
treatments. Studies reported in the literature used different CMs
models, concentrations and administration approaches, so that a
real quantification and comparison of the effects of each drug
on the contraction force and the beat rate is cumbersome. As a
general observation, drugs activating a1 and 31 adrenergic recep-
tors such as epinephrine (or norepinephrine, a demethylated form
of epinephrine) led to an increase of both the beat rate and the
contraction force [31,52,55]. The same effect was produced by iso-
proterenol [55,57,59,60], a 3 receptor agonist, which was shown to
augment both the beat rate and contraction force after inhibition
of Ser208 phosphorylation [57], or treatments with (31 receptor
blockers, such as metoprolol [59,60] or propranolol [55]. More-
over, caffeine enhanced the Ca2* release from sarcomeric reticulum
by activation of the RyR2 pathway, resulting in a fast increase of
the contraction force, followed by a progressive decrease and lead-
ing to highly irregular beat frequency (arrhythmia) [59,60]. Other
tested blocking agents were esmolol hydrochloride and doxazosin
mesylate, acting on the 3 and o adrenergic receptors, respectively,
and leading to a decrease of both the beat rate and contraction
amplitude [52]. Ibutilide, a drug used to treat arrhythmia, caused
an increase of beating frequency and a reduction of the contraction
force [51].

As previously stated, atomic force microscopy can be used to
evaluate the toxicity of drugs on single CMs and to identify the
best administration strategy to minimize the adverse effects. For
instance, treatment with doxorubicin was demonstrated to signif-
icantly affect the beating properties of cardiomyocytes. Yue et al.
[22] proved an increase of the beat duration and a quick intensifica-
tion of the beating force in murine myocytes, followed by a strong
decrease. Meanwhile, Chang et al. [52] found high irregularity and
reduced contractile force in chicken embryonic myocytes. In the
first case, the action of dexrazoxane as cardioprotective drug was
proved, showing that its administration 30 min before doxorubicin
treatment reduced the cardiotoxic effects. In the work of Chang and
colleagues [52], the antioxidant action of vitamin C was shown to
restore the contraction force of cardiomyocytes.

4. Other applications of AFM on cardiomyocytes

Beyond the already discussed assessment of contractile activity,
AFM was employed to induce contraction in living cells, activating
their mechano-sensitive ion channels. This was exploited by He
et al. [62] to demonstrate the formation of membrane nanotubes
as a transport mechanism between NRVMs and rat fibroblasts that
are not strictly connected by gap junctions. Using simultaneous
fluorescence imaging, authors showed that the Ca2* signal from
induced contraction propagated through the membrane nano-
tubes, thus leading the connected cells to contract. In 2015, Galie
and co-workers [63] studied the effects of indentation depth and
frequency for AFM induced contraction on 3D suspended constructs
of NRVMs and rat fibroblasts. Authors found that indentation depth
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(from 1 to 3 wm) did not change either the contraction force or the
contractile velocity, which was shown to increase with the inden-
tation rate (from 0.5 to 2 Hz).

Ossola and colleagues [64] exploited hollow cantilevers con-
nected with a pressure control system (FluidFM technology) to
develop an AFM-based patch-clamp device, that can characterise
both electrophysiological and mechanical activity of contracting
CMs. This setup took advantage from the force control loop of AFM
for a more stable coupling between the hollow tip and the beating
cell compared to the common patch clamp technique. The repeata-
bility and the potential use of this technology as microinjector tool
was demonstrated, while the limitations coming from the low elec-
trical resistance in the cell-tip coupling were addressed for future
improvements.

Recently, Smolyakov et al. [65] optimized the application of a
novel multiparametric AFM mode for morphological and mechan-
ical investigation of living and fixed adult murine cardiomyocytes.
In the classical topological mapping with AFM, the force-volume
method is exploited, where each pixel is probed by a force-
deformation curve. The alternative technique uses high frequency
oscillating cantilevers for multiple probing on the same point. Such
improvement allows higher resolution, reduced acquisition time
and better contrast for cellular substructures in terms of height,
stiffness, adhesion (related to the surface chemistry) and dissipa-
tion (related both to viscous and chemical effects) compared to the
classical force-volume method. In the cited study, authors were
able to clearly characterise even subsarcolemmal structures, such
as mitochondria and sarcomeric apparatus, identifying both Z-lines
and M-bands.

5. Conclusion

The interest in cardiovascular research is constantly fos-
tered by the striking amount of deaths caused by cardiovascular
diseases, therefore new methods and approaches are being
pursued to better understand the pathophysiological condi-
tions of the heart, both at the macro- and microscopic
level.

The present work has been focused mainly on studies performed
on single cells and cellular clusters, and reviewed most of the lit-
erature about cardiomyocytes investigation via AFM, ranging from
the first works on CMs topography to the most recent ones exploit-
ing advanced nanomechanical mapping. Reported data provided a
thorough insight into cardiac physiological and pathological condi-
tions, as well as the effects of therapeutic approaches at the cellular
scale.

Nowadays, the topics hereby discussed are among the most
pressing issues, and many open questions still require to be
answered. Researchers in the field could take advantage of this
review and the potential of AFM technique in order to test their
hypotheses, achieve a deeper comprehension of cardiac behaviour
and, hopefully, find new and effective therapies for cardiac patholo-
gies.
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