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ARTICLE INFO ABSTRACT

Keywords: In its many applications, the Atomic Force Microscope (AFM) is a promising tool in cardiac mechanobiology
AFM o because it can unravel the viscoelastic and mechano-dynamic properties of individual cardiomyocytes. However,
Microfabrication the biophysical investigation of more accurate 3D models is hampered by commercial probes, which typically
Cardiomyocytes . . . ) :
Spheroids operate at the cell sub-compartmental resolution. We have previously shown how flat macro-probes can over:
Rieology come these limitations by extending the AFM mechanical measurements to multicellular aggregates. Such macro-
Mechanobiology probes are fabricated by standard micromachining and carry a flat polymeric wedge to offset the AFM mounting

tilt. Therefore, the AFM is upgraded to a micro-parallel plate rheometer with unmatched force range and
sensitivity. In this article, we show how these macro-probes can be applied to reveal the global rheology of
primary cardiomyocytes spheroids, by performing stress-relaxation tests. More importantly, we demonstrate that
these macro-probes can be used as passive sensors capable of monitoring the spheroid beating force and beating
pattern, and to perform a “micro-CPR” on the spheroid itself.

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death
worldwide, according to the World Health Organization. A major
problem in the recovery of infarcted patients is the inability of their
hearts to rebuild a functioning syncytium. Instead, the contractile tissue
is replaced by a fibrotic scar, leading to inadequate electromechanical
compliance. Many efforts are being taken to tackle this epidemic. In
recent years, studying the mechanical properties of the myocardium has
become an imperative task that biophysicists must face to build accurate
disease prediction models, regeneration strategies, and drug screening
and testing tools. The Atomic Force Microscope (AFM) allows unravel-
ing the mechano-dynamic behavior of single or clustered Car-
diomyocytes (CMs) by quantifying their exerted beating force and
profile down to the nanoscale [1,2], and their viscoelastic properties can
be probed by AFM nanoindentation [3,4]. Since these properties usually
reflect the molecular state of the cell, and generally its health, the AFM
could evolve into an excellent in-vitro tool for drug screening and
testing. Indeed, some papers present the AFM as a tool to provide useful
information on the effects of a variety of substances on cardiac cells [5].
For example, when an inotropic agent (such as dopamine) is adminis-
tered to a 2D cardiomyocyte culture, it alters its beating force. This force
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can be quantified by placing a sharp probe on the cell surface and
monitoring its vertical deflection. Similarly, a “mechanocardiogram”
(MCG) may show the effects of a chronotropic drug (such as caffeine),
including a change in beating frequency, all at the single-cell level [6].
Moreover, AFM force spectroscopy (AFM-FS) is a gold standard to
measure the mechanical properties of individual cells. In the framework
of cardiac mechanobiology, nanoindentation studies were able to link a
decrease in cell stiffness and adhesion to genetic variants in the lamin A/
C gene (LMNA), responsible for the dilated and arrhythmogenic car-
diomyopathies [7,8].

At the same time, a great deal of interest has been focused on creating
more accurate in-vitro constructs of cardiac physiology and disease.
Among them, Cardiac Spheroids (CSs) are promising three-dimensional
(3D) models [9]. These constructs are built from primary [10] or iPSC-
derived cardiomyocytes [11] which assemble to a spherical-like shape.
Also, their cell population can be tuned according to the composition of
the biological tissue by including other phenotypes, such as cardiac fi-
broblasts and/or endothelial cells [12]. These models allow to investi-
gate the myocardium behavior within a richer and native environment
and are valuable building blocks to bioprint complex microtissues with
higher complexity [13,14].

Some studies have already shown the importance of assessing the
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mechanical properties of CSs. For example, to measure their contractile
force, they can be embedded into silicon rubbers whose deflection can
be quantified and their action potentials analyzed by fluorescent cal-
cium or potentiometric imaging [15].

However, to have a rigorous estimation of their global mechanical
properties such as elasticity, viscosity, and plasticity, we need to
consider what has already been developed for similar purposes, but on
spheroids made of other cell types. In this regard, we refer to a recent
review from Robert C. Boot [16] in which several physical methods are
illustrated. Such methods comprise AFM local indentation [17], micro-
pipette aspiration [18], micro-tweezers [19], spheroid fusion [20], and
tissue surface tensiometry (TST) [21]. More recently, parallel plate
compression has been proposed as a technique able to quantify the
viscoelastic properties of living tissues [22]. In parallel plate rheology, a
vertical loading of a rigid microplate allows the application of a uniaxial
deformation to a spheroid, which is optically monitored by a camera. In
this method, as for micropipette aspiration, the main issue is that they
both rely on the visual microscopic assessment of the load ratio and, as
result, they lack the force sensitivity required to accurately describe
relevant phenomena such as small beating force variations.

To address this issue, we have developed AFM-compatible macro-
probes that combine the AFM sensitivity with the advantages of parallel
plate compression: with such an approach, oocytes deformations were
successfully investigated [23], as well as multiple cell-cell interactions
on large areas [24]. With this AFM-based system, the viscous contri-
bution can be assessed by measuring the time of relaxation after sudden
stress. During stress relaxation (SR), the whole spheroid is uniaxially
compressed between two plates. Its displacement can be finely tuned by
acting on the AFM piezoelectric actuator. Finally, its z-feedback loop is
exploited to hold the position for long time intervals on the order of tens
of seconds, minutes, or more. A Force-vs-Time curve is recorded and
analyzed accordingly.

The purpose of this SR experiment is to demonstrate that, by using
our AFM parallel macro-probes, it is possible to obtain relevant data
regarding the viscoelastic behavior of whole cardiac spheroids and, by
extension, of the myocardium itself. To our knowledge, this kind of
evidence had not been disclosed yet because of the lack of a direct, and
quantitative, physical technique.

More importantly, the macro-probes find their ultimate application
in the field of mechanical stimulation. It is now generally accepted that
external aids play a fundamental role in cardiomyocyte development.
Mechanical stimulation increases matureness by activating hypertrophic
pathways, while electrical stimulation improves connections and cal-
cium handling [25]. On this matter, in this article, we also show how
these macro-probes can be used to stimulate and monitor CSs contrac-
tility in real-time as if we are doing a “micro” heart massage.

2. Methods
2.1. Macro-probes fabrication

Different geometries and materials were evaluated using finite
element analysis on COMSOL Multiphysics®, to achieve a suitable
compromise between strength and sensitivity of the cantilever and to
match the geometrical constraints imposed by large biological samples.
Considering the size of multicellular spheroids (ranging from 100 to
400 pm), we developed a suspended Si3N4 cantilever of 300 x 300 pm in
a square area, connected to the chip bulk through a pair of 100 x 100 pm
arms. These arms are crucial in defining the stiffness of our system, as
they sustain the stress induced by the cantilever deflection. The theo-
retical spring constant of such probes is ~4 N/m as calculated from
COMSOL simulations.

The fabrication workflow, as already described in [23], consists of a
combination of UV photolithography and dry/wet etching procedures.
Those steps have been performed at the Nanofabrication Facility of
Friuli Venezia Giulia (FNF, https://fnf.iom.cnr.it).
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We begin by sputtering a thin layer (100 nm) of Cr on both sides of a
2 pm low-stress SigNg-covered silicon wafer using a custom-built
magnetron sputter-coater. The wafer surfaces were previously cleaned
and activated in Piranha solution (30% H305 in 96% H2SO4 3:7). The
pattern is transferred on the Cr-coated wafer using UV photolithog-
raphy: MEGAPOSIT™ SPR™ 220 1.2 (Micro Resist GmbH) is spin-
coated at 3000 rpm for 1’ on both sides of the wafer, which is later
baked at 115 °C for 1’30” on a generic hotplate. The following double-
sided exposure under 375 nm UV light - by means of a MA25 mask
aligner (Karl Suss KG) - make the exposed areas soluble in MF-24A
solvent (Micro Resist GmbH).

After development, the exposed Cr is selectively etched away using
an Ammonium Cerium nitrate/Acetic acid/H20 6/1.1/18 solution. The
sample is subjected to Reactive Ion Etching (RIE) for 1 h in a mixture of
0,/CF4 plasma sustained by a DC bias of 100 W to expose the silicon
beneath. A subsequent wet etching, performed in heated (80 °C) and
stirred KOH solution (6.9 M), opens those areas, leaving the chips sus-
pended and connected by structural branches. A thin (25 nm) layer of Au
is finally evaporated onto the top side of the wafer to improve laser
reflection on the AFM photodiode.

2.2. Macro-probes polymeric wedging

In almost every AFM setup, the cantilever hangs tilted from 10° to
20° to prevent any possible chip crash on the uneven sample surface.
Considering the shape of our macro-probes, the above-mentioned pitch
would hinder the application of a uniaxial loading, hence promoting
indentation rather than uniform compression or inducing uncontrolled
spheroid deformation and shifting during measurements. To provide a
parallel and uniform compressing surface, we fabricate a polymeric
wedge under the cantilever’s active area following the already described
protocol by Steward and co-workers. [26]

We set up an optical path on an aluminum optical breadboard
(Thorlabs), which is shown in Fig. 1-II. The setup consists of three main
components: a 375 nm laser (not shown) which allows a rapid poly-
merization of the glue, a polymerization stage made of top and bottom
plates (Fig. 1-IL. a,b), and an optical assembly made of a 20x LWD lens
(Olympus) coupled with a CMOS sensor (Thorlabs® 1625) for magnified
observation (Fig. 1-II-c). Once the cantilever is punched out of its
fabrication frame, it can be fixed to the appropriate AFM probe holder.
The holder should always match the geometry of the available AFM
since every instrument has its own mounting tilt. In our case, we
employed a spare glass holder from JPK Instruments AG. Afterwards, the
holder is secured to the top plate, whose vertical displacement can be
adjusted using a single-axis translation stage driven by an amplified
piezo motor (Thorlabs® TPZ001). Therefore, the Z position can be
controlled in a standardized manner, which is necessary to fabricate
reproducible wedges over a batch of macro-probes.

A tiny (about 10 uL) drop of a photopolymerizable glue (NOA 63) is
deposited on a polydimethylsiloxane (PDMS, Sylgard 184, 1:10) mem-
brane. Such membrane had been previously silanized to boost its hy-
drophobicity and ease the detachment of the glue after polymerization.
The membrane is then placed on the stage’s bottom plate and the glue is
localized under the cantilever by focusing on the lens field. While
inspecting the camera, the motorized Z-stage is lowered, and the probe is
brought into contact with the glue. After 5 s, the cantilever is lifted, and
the fished glue is again pressed on a membrane’s free area, where the
wedge is polymerized by the UV laser for 5 min. To avoid any breakage
when lifting the probe from the PDMS, the stage is retracted at a slow
speed of ~5 pm/s until complete separation. An additional 2’ UV
exposure further hardens the glue. The elastic modulus of cured NOA73
is 11 MPa, which is thousands of times stiffer than that observed on
multicellular systems. Therefore, it can be assumed to be infinitely rigid
for our purposes.


https://fnf.iom.cnr.it

M. Zanetti et al.

Micro and Nano Engineering 15 (2022) 100134

Fig. 1. (I) Brief scheme of a 3D section of the wafer undergoing progressive etching, after patterning. (I) Picture of the wedging setup highlighting the z-stage mount
(a), the piezo-driven vertical positioning system (b), and the lens/camera assembly (c). (III) micrographs of the actual wedging procedure as taken from camera
assembly, showing (a) cantilever’s approach, (b) glue fishing, (c) fished drop, (d) wedge pre-formation on PDMS, (e) UV exposure, (f) polymerized wedge. Sca-

lebar: 100 pm.

2.3. Macro-probes calibration

We calibrate our macro-probes via the spring-to-spring method [27]
using a reference spring, a PPP-FM cantilever from Nanosensors®, with
a known spring constant Kg = 2.15 N/m measured by thermal noise
method. We start by mounting our chip on the AFM glass cube and
positioning the laser spot on its center. Then, a series of voltage/distance
curves are taken by pressing the macro-probe onto a glass surface,
extrapolating the ratio between the laser deflection (as voltage varia-
tion) caused by the associated piezo excursion. The linear fit of the curve
after the contact point leads to its slope, that is, the Absolute Sensitivity
of the macro probe (Sp). We repeat the exact measurement pressing the
probe onto the reference cantilever end, obtaining a Relative Sensitivity
(Sr) proportional to the concomitant deflection of the reference.

The spring constants (K) of the macro probes are computed accord-
ing to the equation:

K=Kre (kafl)
So

2.4. Primary cardionmyocytes extraction

Post-natal day 3 (P3) Wistar rats are euthanized by decapitation and
their chest cavity exposed by surgical incision. Ventricular Myocytes
(NRVMs) are isolated following a well-established protocol [28-30]
with minor modifications. Extractions mostly yield ~0.4 M viable
NRVMs per heart. Briefly, hearts are pulled from the aorta and placed in
a 50 mL centrifuge tube containing ice-cold CBFHH (Calcium and
Bicarbonate-free Hank’s buffer with Hepes) supplemented with Peni-
cillin (50 U/mL) / Streptomycin (50 pg/mL) and Heparin (Sigma®
H3149 at 2 U/mL). Each heart is aseptically minced using surgical
scissors, attaining regularly sized fragments of ~1 mm. Tissue is diges-
ted at RT in the same buffer supplemented with Trypsin (Sigma® T4799
at 0.70 mg/mL) and DNAse I (Roche AG at 25 U/mL), to limit cell
clumping, over 3 h. The cell suspension is then centrifuged (300 RCF,
10'), the supernatant discarded, and the pellet resuspended in fresh
growth media (Sigma® M0643 MEM supplemented with 5% Calf Serum,
0.2% Penicillin-Vitamin B12). Fibroblasts are removed by pre-plating
for 45’ into 2x T75 flasks. Finally, enriched NRVMs are collected from
the flasks’ supernatant, centrifuged again (100 RCF, 5'), and re-
suspended at a density of 2.5 M/mL in fresh media.

2.5. 3D cardiac spheroids plating

Cardiac Spheroids (CS) are formed via the hanging drop method [31]
starting from the 2.5 M/mL single-cell suspension. For this purpose, a
96 mm ¢ polystyrene Petri dish is flipped upside down. Twenty drops of
20 pL each of cell suspension are pipetted on the inner lid, resulting in
~50 k cells per drop. The bottom plate is then filled with sterile water,
and the lid is flipped onto it, leaving the drops hanging. CS assemble
over three days of incubation at 95% H0, 5% CO2, 37 °C atmosphere.

2.6. AFM measurement setup

The wedged and calibrated probe is mounted to the side-view
cantilever holder of a JPK NanoWizard® II AFM. We choose such a
holder as it bears an inclined mirror on the cantilever forefront, allowing
us to look at the spheroid deformation from the aside. However, this
implies the need to perform these measurements on the edge of a step-
ped surface to avoid mirror crashing. For this purpose, a set of 24 mm ¢
glass coverslips are spin-coated with the PDMS premix at 2000 rpm and
cured overnight in a ventilated oven at 70 °C. To obtain a suspended
platform, we use NOA73 optical adhesive (Norland Products, Inc.) to
glue a cleaved piece of microscope slide inside a 35 mm ¢ Petri dish
cover. On top, we glue the PDMS-coated coverslip in such a way that
roughly half of it protrudes towards the center of the Petri. The hanging
platform is finally positioned on the JPK CellHesion® module, which
enables an extended z-piezo excursion of 100 pm. This measurements
setup is represented in Fig. 4, panels B/C.

2.7. Cardiac spheroids stress-relaxation (SR)

At the fourth incubation day, each spheroid has a diameter ranging
from 300 to 400 pm (Fig. 4-A). After its retrieval, a 10 puL drop of Hank’s
Buffer with Hepes (HHBS) is placed on the edge of the PDMS coverslip
and the spheroid is rapidly transferred inside it. Thanks to the surface
hydrophobicity, the CS remains confined and is rapidly localized. Then,
the CS is approached with the probe and wait for a weak adhesion to set
in. After about 1 min, the probe is slightly lifted (5 pm) from the surface,
along with the fished CS. Finally, we carefully fill the Petri lid with warm
HHBS while the spheroid hangs from the probe.

To start the SR, the stage is lifted by 30 pm (500 ms) towards the
cantilever, so the spheroid becomes suddenly compressed. Then, the
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piezo is locked in position. By monitoring the vertical deflection over
time, it is possible to follow the relaxation pattern of the spheroid
quantitatively because the cantilever had been previously calibrated
against a reference probe. The test is performed on three spheroids
(SPH1/2/3) by collecting 10 to 12 curves each, with 5” pauses in-
between. Then, each Force vs Time curve is analyzed by fitting the
data to a two-component Maxwell model by least-square method. The
model is described by the following equation:

=0

iy o
F(t)y=ayta,ee 7 +ta,ee 2

The model considers an initial, elastic response and a following
viscous relaxation. Therefore, each CSs is approximated to a pure
viscoelastic body whose relaxation occurs in a set of times, t1 and 72,
where:

n
T=—

E

i.e., the ratio between the viscous and the elastic components. The
fitting procedure is performed on Igor Pro (Wavemetrics Inc.), and

finally, values are mediated for each CS.
3. Results and discussion

The micromachining process resulted in a series of probes batch
suspended from a silicon frame via connecting arms (Fig. 2-A).

The fabrication met the physical requirements, although there was
an undesirable over/under etching of the silicon at the end of the chip,
opposite to the cantilever side. This can be seen in Fig. 2-A where black
regions are silicon while the yellow ones are gold-coated silicon nitride
membranes. However, if mounted properly, this defect does not affect
operation. In attempting to solve this minor problem, a slight redesign of
the optical masks might be considered.

Regarding the polymeric wedge, SEM imaging (Fig. 3) shows the
detachment pattern of the hardened NOA73 resin, represented by
transverse lines. This can result from the separation of the surfaces (i.e.,
the resin and the PDSM) occurring in discrete steps rather than contin-
uously. One way to minimize this effect would be to extend the curing
time, but this could strengthen the bond between the adhesive and
PDMS, making them harder to separate, to the point of fracturing the
SigN4 arms. Nevertheless, this microscopic pattern does not affect the
performance of the measurements because the lines are narrow, and the
roughness lies in the order of hundreds of nanometers. Larger detach-
ment lines could have caused multiple indentations instead of a uniform
compression, which is why it is important to fabricate a smooth surface.

After the calibration, we determined the macro-probe spring con-
stant to be K = 1.67 N/m.

Regarding SR measurements, three CS were initially probed (SPH1,
SPH2, and SPH3) using this calibrated probe. After the sudden (500 ms)
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30 pm deformation induced by the piezo-driven displacement towards
the probe, the closed feedback loop of the AFM was exploited to hold the
position for 30 s. The corresponding stress, as shown in Fig. 5-B, is about
7 uN per each CS. As a result, the CS recovered from the applied stress in
a double exponential decay. All the spheroids showed a similar relaxa-
tion pattern consisting of a rapid elastic relaxation followed by a slow
viscous dissipation (see Fig. 5-B) rather than a single exponential decay.
This phenomenon is known from studies on other microtissues and has
already been discussed in a pioneering work carried out via micropipette
aspiration [18].

Two relaxation constants (t1 and t2) are extrapolated by least-
square fitting. The exemplificative distribution is shown in Fig. 5-C.
The first relaxation (tl) occurs in a time of (0.747 4+ 0.153) s,
(0.521 + 0.056) s, (0.685 + 0.073) s for SPH1, SPH2, and SPH3
respectively (Mean + SD). The second relaxation occurs in a time (t2) of
(9.22 £1.45) 5, (9.26 4 0.61) s, (9.59 + 0.57) s. Both 71 and t2 show a
SD less then 11%, apart from SPH1 for which it is higher (20% and 16%).
As seen from the optical micrographs in Fig. 4-A, SPH1 appears to be
slightly larger than the other two, while its external corona is less
compact. It can be hypothesized that the mechanical interactions be-
tween the embedded cells differ from the other spheroids because of its
apparent looser architecture, resulting in relaxation times which in turn
are more dispersed. Moreover, the compression section of the SR plots
(Fig. 5-B first 500 ms of red curves) tells us SPH1 is softer because of the
reduced slope, which agrees with the optical evaluation and the higher
relaxation times.

Interestingly, in the beginning, CS did not spontaneously contract.
However, they started to, after a few SR cycles (see Fig. 6-A). This
finding is consistent with the concept of the heart mechano-electric
feedback, which tells an electrical current leads to a contraction, but
the opposite is also true, giving rise to a feedback loop thanks to which a
forced contraction often induces an autonomous one [32]. In a recent
work [33], the same effect was observed on human-derived self-beating
spheroids. Nakano and co-workers were able to uniaxially compress
individuals and pairs of CSs and monitor their electromechanical
coupling under parallel plates, via creep measurements. They also
showed how CS work both under and against mechanical load, and how
their beating frequency is influenced by the applied static force. The
upper plate of their system was connected to a calibrated spring whose
compression was monitored by optical microscopy. We reproduced
Nakano’s experiment on our spheroids using our macro-cantilevers
which offer, thanks to the AFM configuration, a much better force and
position sensitivity and faster time responses. Instead of creep experi-
ments, we applied a set of mechanical stimulations via the AFM macro-
probe to the CSs. By inducing 10 cyclic compressions (650 ms, 50 pm
displacement setpoint), we could induce a transient beating and, at the
same time, evaluate the beating pattern. Graphics in Fig. 6-B represent
an example of this experiment performed on SPH1 after the SR. The

Fig. 2. A. central section of the processed silicon nitride wafer. A single element is made by 10 individual chips (red square). The opposite end from the macro-probe
(yellow circle) displays unwanted silicon etching. B, an optical micrograph of the suspended macro-probe prior to wedging. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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A. Stress is translated into contractility
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Fig. 6. A. Inactive spheroids started beating after a few SR cycles translating a mechanical stimulus to autonomous contractility. Yellow arrow indicates progres-
siveness in measurement number (from 1 to 12, for SPH1). Each curve is vertically displaced by 1 A.U. to discriminate the single measurement. B shows the effects of
a controlled stimulation on SPH1, resulting into transient contractility from ~7 to ~12 s. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

faded portion of the plot (first ~7 s) shows the cyclic compressions,
while the rest of the plot shows the passive force monitoring of the CS
transient beating, i.e., the vertical deflection of the cantilever over time,
while the CS is displacing it upwards by its contractions. After 4-5
contractions, SPH1 stopped beating and needed another cycle of micro-
CPR to beat again, probably because the cardiomyocytes had already
reached a significant maturation level at P3 (plus 4 days in culture).
Since our probes’ spring constant is known, we could also have per-
formed the mechanical loading using a force setpoint instead of a z-
displacement one. We regard this as a prominent detail since it would
allow investigating the CS response at different loading forces. We refer
to this kind of experiment as “micro-CPR” because of the analogy to the
human cardiopulmonary resuscitation applied as chest compressions.

Our platform could greatly help explore the results of prolonged
mechanical stimulation on the CS development, albeit we should
consider the need for a biological environment for the CSs to survive for
a long time. For this purpose, a redesign of the macro-probe would be
essential to be fully integrated - for example - into a cell culture incu-
bator. In this framework, its operation would have to be decoupled from
the AFM machine, e.g., by integrating a piezoelectric circuit on its legs as
a sensing element (to measure its deflection) and a piezoelectric tube as
a displacement actuator (to tune its vertical load).

4. Conclusions

Mechanobiology of heart tissue is a rapidly growing field of research
that holds important promises in numerous applications. The rising
availability of three-dimensional constructs for heart tissue modeling
could help create novel drug-testing platforms, further reducing the gap
between animal models and the human heart. Moreover, it opens new
possibilities regarding the bio-fabrication of cardiac patches for
infarcted tissue regeneration in personalized medicine. On another side,
the AFM is a powerful tool to inspect these constructs’ mechanical
properties but is practically limited by their size, allowing a local nano-
investigation only. For this reason, we have shown how it is possible to
extend the AFM capabilities to the mechanical investigation of cardiac
spheroids by fabricating flat macro-cantilevers. We have designed and
later performed their micromachining in a cleanroom environment and
showed their optical and SEM characterization. We have used these
macro-probes to perform stress-relaxation measurements of whole car-
diac spheroids made of primary neonatal rat cardiomyocytes. We were

able to measure their beating force and frequency, and we stimulated
their beating via the AFM itself via a so-called “micro-CPR”. To our
knowledge, this is the first time cardiac spheroids are individually
probed and stimulated by such a sensitive instrument.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.mne.2022.100134.
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