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Heart failure fundamentally results from loss of cardio myocyte contractility. Developing new methods that
quantify the contractile stress of the human cardiomyocyte would facilitate the study of the molecular mecha-
nism of heart failure and advance therapy development, to improve the current five year survival for these
patients. The measurement of cellular electrical impedance measurement was recently applied to monitor car-
diomyocyte beating rate and rhythm, for the study at cellular maturation, and for drug screening. However, due
to the lack of a quantified relationship between the impedance signal and contractile stress, change of car-
diomyocyte contractile stress cannot genuinely be quantified from impedance measurements. Here, we report the
first quantitative relationship between contractile stress and impedance, which enables the accurate prediction of
cardiomyocyte contractility using impedance signals. Through simultaneous measurement of beating human
iPSC-cardiomyocytes using impedance spectroscopy and atomic force microscopy, a power-law relationship
between impedance and contractile stress was established with a confidence level of 95%. The quantitative
relationship was validated using pharmacology known to alter cardiomyocyte contractility and beating
(verapamil, using clinically relevant concentrations of 0.05 pM, 0.10 pM, and 0.15 pM). The contractile stress
values as measured by AFM were 9.04 + 0.14 kPa (0.05 pM), 7.72 + 0.11 kPa (0.10 uM) and 6.23 + 0.17 kPa
(0.15 pM), and as predicted by impedance using the derived power-law relationship were 9.39 kPa, 7.76 kPa, and
6.05 kPa with a relative error of 3.73%. Our power-law relationship is the first to describe a quantitative cor-
relation between contractile stress and impedance, broadening the application of electrical impedance mea-
surement for characterizing complex cardiac functions (beating rate, beating rhythm and contractile stress).

contractile function leads to heart failure, the single largest cause of
morbidity and mortality in the developed countries (Hassanabad et al.,
2019). The continued poor outcomes for heart failure patients, in part,
results from a lack of pharmacology that can directly improve car-

1. Introduction

Rhythmic contraction of cardiomyocytes is responsible for pumping
oxygen-rich blood to the organs and tissues of the body. To accomplish

this crucial function, cardiomyocytes utilize structurally ordered force-
generating filaments that produce cellular and (through alignment)
microscopic organ contractile stress (Gaitas et al., 2015; Brette et al.,
2017; Ribeiro et al., 2020; Rudolph et al., 2019). Decline of the

diomyocyte contractility (Green et al., 2016; Gorski et al., 2015; San-
t’Anna et al., 2020). Developing pre-clinical models that emulate human
cardiomyocyte and cardiac tissue function is important to understanding
heart failure physiology and to evaluate new agents for their ability to
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Fig. 1. (A) Micro-device array with microelectrodes
A4 for impedance-based measurement of iPSC-
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improve cardiomyocyte contractility (inotropes) (Liu et al., 2012).

As cardiomyocyte actin is dynamics, with important short-term and
long-term variation after drug exposure, end-point analysis (such as
a-actinin staining of fixed tissue) is less informative (Jacot et al., 2008;
Bildyug and Khaitlina, 2019). End-point analysis is also generally lower
throughput, hindering the evaluation of a large number of potential
therapeutics. Although label-based measurement using green fluores-
cent protein (GFP)-tagged proteins and fluorescent calcium dyes can
overcome the end-point limitation, photobleaching limits their appli-
cation to recording dynamic contractility with significant reactive oxy-
gen species generation and cell death overtime. For instance, when GFP
was incorporated into p-actin filaments (GFP—$-actin) to examine the
contractility of neonatal rat cardiomyocytes, significant photobleaching
occurred within 18 s of measurement (Skwarek-Maruszewska et al.,
2009).

In comparsion, label-free electrical impedance measurement is
commonly used for sensing cell behavior changes (e.g., shape changes)
(Biirgel et al., 2015; Fan et al., 2019; Giaever and Keese, 1984; Wegener
etal., 2000; Zhou et al., 2016), and has been applied to the measurement
of cardiomyocyte beating (Xiao et al., 2010; Scott et al., 2014; Tsai and
Wang, 2016). Impedance-based devices contain micro-scale electrodes
as a platform for cell growth. Physiological changes of cells (e.g., cell
shape; inflow and outflow of ions) alter the electrical current between
electrodes, resulting in impedance changes. Compared to fluorescent

Indentation depth 10 nm 20 nm

\ll

30 nm

P ance spectrum. C; and C, stand for the capacitance of
Ii\electrode lower and upper cell membrane. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

labeling, the impedance method enables label-free, long-term recording
of cellular signals (Pauwelyn et al., 2015; Qiu et al., 2009). Human
induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM) and
rat neonatal cardiomyocytes were evaluated by impedance recording
including the testing of pharmaceuticals and compounds known to affect
cardiomyocyte beating rate, rhythm and contractility, producing results
consistent with the known cellular targets of the compounds (Scott et al.,
2014). Present impedance-based measurement commonly uses the
metric, termed cell index (|Zx| —|Zo|)/ |Zo| (Wang et al., 2013; Ke et al.,
2011; Li et al., 2016), where |Zy| is the impedance magnitude measured
in the presence of cells, and |Zy| is the baseline cell-free impedance
magnitude. While cell index is useful to measure temporal and dynamic
changes in impedance, useful for beating rate and rhythms, it is less
consistent after changes to cell contractility overtime. Cell index is also
strongly electrode geometry dependent, varying with microelectrode
number and size and does not genuinely quantify the contractile stress
generated by cardiomyocytes. As such, impedance measurement devices
have more commercially been used to quantify drug-induced
arrhythmia, and less for the evaluation of compounds that alter
contractility.

To expand the utility of impedance measurement, capitalizing on the
label-free and long-term measurement ability of the technique, we
designed and fabricated a microdevice array with interdigitated elec-
trodes (Fig. 1A). In each well, iPSC-CMs were cultured on top of the

Fig. 2. (A) Schematic showing a tip-less AFM probe
in contact with cells by different indentation depths
(10 nm, 20 nm, 30 nm, 40 nm) during measurement.
— (B) Contractile stress generated by iPSC-CMs was
- measured by AFM under different indentation depths.

The contractile stress differs significantly with

indentation depth of 40 nm, n = 9 cells, *P < 0.0001,

40 nm
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,,,,,,,,,,,,,,,,,,,,, Fig. 3. (A) Experimental selection of the micro-
device’s working frequency. The frequency sensitive
metric is the ratio between the increase in impedance
magnitude (|Z certain-time() [-|Z celrsree(N]) and the
impedance magnitude of the cell-free device |Z celi-free
(A|. Error bar: standard deviation, n = 3 repeated
independent measurements. (B) Representative
experimental impedance waveforms, reflecting
adhesion, spreading, and contractile behaviors of the
hiPSC-CMs (electrode width = 40 pm for this partic-
ular device). Bottom-left inset shows impedance of
hiPSC-CMs at the 24th hour. Top-left inset shows
rhythmic contraction at the 36th hour, revealed
simultaneously impedance spectroscopy and AFM.
Top-right inset shows waveforms of impedance and
contractile stress at 120th hour. (C) Relationship be-
tween contractile stress and the peak-to-peak value of
impedance |Z|,., per unit area. The grey region is the
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electrodes, producing a functional, beating 2D tissue monolayer. By
recording electrical impedance signals, the device array monitored cell
behavior at different phases, including adhesion, initiation of contrac-
tion, and plateaued contractility. The contractile stress was measured
via atomic force microscopy (AFM), and quantitatively related to the
electrical impedance signals. The established relationship was validated
by comparing the changes to the AFM-measured and impedance-
measured contractile stress after treatment with the L-type calcium
channel blocker verapamil. Our quantitative power-law relationship
between the contractile stress and impedance per unit electrode area
expands the application of impedance measurement to the accurate
quantification of cardiomyocyte contractile stress, facilitating the use of
this label-free technique in the discovery of potential therapeutics for
heart failure.

2. Results and discussion
2.1. Impedance and contractile stress measurement

We utilized an impedance spectrometer (HF2IS, Zurich Instruments)
and a bio-AFM (AFM, Bioscope Catalyst, Bruker) for impedance and
contractile stress measurement on iPSC-CMs. (Fig. 1B). While imped-
ance signals were recorded, the AFM probe was moved onto the surface
of a cardiomyocyte for simultaneous measurement of contractile stress.

The AFM measurement requires direct contact between the AFM
probe and the cell. Indentation by the AFM probe can mechanically
stimulate cardiomyocytes through stretch-induced activation of calcium
channels or area composita (Pieperhoff et al., 2009; Moncayo-Arlandi
and Brugada, 2017; Bers, 2002), with contact stress reported in the
literature ranging from 3.1 kPa to 12.7 kPa (Ossola et al., 2015; Pesl
et al., 2016; Smolyakov et al., 2017; Borin et al., 2020). To select an
appropriate value for our measurement, indentation depths of 10 nm,
20 nm, 30 nm, and 40 nm were tested, as shown in Fig. 2A. When the
tip-less AFM probe (nominal spring constant = 0.01 N/m, minimum
0.005 N/m, maximum 0.02 N/m) contacted the cardiomyocyte with an
indentation depth of 10 nm, the contractile stress generated by indi-
vidual iPSC-CMs were measured to be 9.52 4+ 0.13 kPa (n = 9 cells,
Fig. 2B). When the indentation depth was increased to 20 nm and 30 nm,
the contractile stress was measured to be 9.58 4 0.15 kPa (n = 9 cells)
and 9.64 + 0.29 kPa (n = 9 cells), respectively. However, the contractile
stress dramatically increased to 12.77 + 0.75 kPa when the indentation
depth was increased to 40 nm (P < 0.0001 compared to10 nm, 20 nm,
and 30 nm).

These results indicate that the application of a large force from the
AFM probe on cardiomyocytes (0.4 nN, which corresponds to a 40 nm

prediction intervals with a confidence level of 95%.

indentation depth) can undesirably cause the cell to generate signifi-
cantly larger contractile stress, and that smaller indentation depths
allow for AFM measurement without altering the inherent cell physi-
ology. Thus, a small indentation depth of 10 nm was chosen for mea-
surements of contractile stress, and the indentation depths larger than
40 nm were not tested for contractile stress measurement. The signifi-
cant increase of contractile stress caused by 40 nm indentation may be
attributed to the following reasons. (1) The large contact force
(approximately 0.4 nN) may have activated the area composita of car-
diomyocytes. Area composita are cadherin-mediated heart-muscle
adhering junctions. Adhering junctions are connected via bipolar
intercalated disks (IDs) that are responsible for cell adhesion and force
transmission during heart muscle contraction (Pieperhoff et al., 2009).
The activation of area composita has been shown to strengthen car-
diomyocyte contraction (Moncayo-Arlandi and Brugada, 2017). (2) The
large force can also potentially active Ca?* channels on the cell mem-
brane and cause Ca?" influx into cells, leading to enhanced contraction
due to the inherent excitation-contraction mechanism
diomyocytes (Bers, 2002).

A small indentation depth results in a small contact area between the
AFM probe and the cell membrane (e.g., 23 pm? + 2 pm? under the
indentation depth of 10 nm). To study whether local measurement using
a small contact area is representative of a cardiomyocyte monolayer,
contractile stress measurements were obtained from geometrically
distant cells (minimum 2 mm between measured cells), with the results
shown in Fig. 2C. Using an indentation depth of 10 nm, the measured
contractile stress ranged from 8.42 kPa to 10.71 kPa. While heteroge-
neity in cardiomyocyte activity is known to exists in a monolayer
(Maltsev et al., 2004), our findings suggested a uniform generation of
contractile stress (no statistical significance across the monolayer, 9.52
+ 0.13 kPa, n = 9 cells) using an indentation depth of 10 nm.

To determine if a quantitative relationship between impedance
measurements and contractile stress exist, impedance spectrometric and
AFM-determined contractile stress were recorded simultaneously. To
determine the optimal working frequency for the microdevice, the
frequency-dependence of the impedance signal was quantified
(Fig. S1A), including at cell free stages and with cell monolayer creation
(cell adhesion, spreading, and monolayer beating). The impedance
magnitude varies with sampling frequency because the impedance
generated by the capacitive components is frequency dependent (Fig. 1C
and D). To select the optimal working frequency for the device, the
frequency-sensitive metric (Pauwelyn et al., 2015; Qiu et al., 2008;
Wegener et al., 2000b), i.e., the ratio between the increase in impedance
magnitude (|Zcuured dme (f)|-| Zeett free (f)|) and the impedance magnitude
of the cell-free device (|Zeei free(f)|) Was used, where |Ziyured time(f)|

in car-
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Fig. 4. (A) Tissue monolayer contractility measurements performed by impedance method (top) and AFM (bottom) during testing with increasing concentration of
verapamil. (B) Comparison of contractile stress values measured by AFM and as predicated by our developed relationship between impedance and contractile stress

(n = 3).

denotes the impedance magnitude of the cells at a specific time. The
determined relationship between the frequency-sensitive metric and the
device sampling frequency, by sweeping from 100 Hz to 100 kHz with a
voltage magnitude of 650 mV, revealed that the optimal metric was
obtained at 1 kHz frequency (Fig. 3A). Therefore, 1 kHz was selected as
the working frequency.

Within 4 h of cell seeding, the magnitude of the impedance signal
was observed to increase slightly and continued to increase over the next
five days (Fig. 3B), before reaching a plateau. The initial increase of
impedance magnitude was due to the attachment of cells to the elec-
trodes, and the changes thereafter resulted from cell spreading, cell
contraction and the establishment of tight intercellular contacts (facili-
tating coordinated 2D tissue contraction). Periodic waves of impedance
signals became apparent after culturing for 36 h (top-left inset in Fig. 3B
and Fig. S1E), indicating the appearance of rhythmic cardiomyocyte
contraction. Although impedance magnitude increased slightly after
culturing for 60 h, the peak-to-peak value of impedance waves (|Z],_,)
plateaued after culturing for 120 h (Fig. S1 F-M, P value between the
peak-to-peak value of impedance at 120th hour and that at 132nd hour
>0.08). When the contraction of cardiomyocytes generated periodic
impedance waveforms (after culturing for 36 h), AFM indentation for
contractile stress measurement was performed every 12 h.

2.2. Relationship between contractile stress and impedance per unit
electrode area

During impedance measurement, the electrodes were applied with
alternating current of low magnitude (<10 mA) and high frequency
(>400 Hz). The current flows along two paths, one extracellular and one
transcellular (Fig. 1C). To better understand the two current paths, an
equivalent circuit model was established. The model includes three
impedance components, Z., Zmedium, aNd Zejecrode, cOrresponding to the
electrical impedance from the cell, the medium, and the electrode.
Electric current passes through medium, cell, and electrode in series.
The inter-cellular current is impeded by the resistance between adjacent
cells (Rp); the trans-cellular current is impeded by the upper and lower
plasma membrane (C; and C2) and by the electrode in contact with the
cell membrane (Z.,).

According to (Giaever and Keese, 1991; Reiss and Wegener, 2015),
the total impedance is

-1

7 _Zelecirode
electrode Zetectrode +Zcell

T ( U > 35 Io(yr
+
Ze ectrode Ze lectrode ZL(’
lectrod lectrod 1l 0. Il:(yL) R 1 1 )

Ziotal =

(yre) Zetectrode + Zean

+ Zmedium (l)
where Iy(yre) and I (yr.) denote modified Bessel functions of the first

kind of order zero and one, respectively. Z,, represents the total
impedance of the impedance measurement device with cells seeded;

Zelecrode 18 the impedance of a cell-free electrode; Z . represents the
membrane capacitance of cardiomyocytes; Zeq4im is the impedance of
culture medium; Ry, is the resistance between adjacent cells; and r is the
effective radius of cardiomyocytes. In Eq. (1)

ch 1 1
y= + (2)

re Zelectmde Zcell

p
Zew="rer |~ 3
e\ 3

re

4
(D —2r.) @

Ry=p

where r; is resistivity of culture medium; h is the gap between electrode
surface and cardiomyocyte; and D is the distance between adjacent
cardiomyocytes.

The change in Z,,; is due to cardiomyocyte contraction, which alters
cell morphology and effective contact area with electrodes. Contraction
shortens the equivalent radius of the cells (r,), resulting in an increase of
each component (Ry, Z., and Z,) in Z.; [Egs. (2)-(4)].

Zlecrode depends on the electrode material (Au) and geometry, and is
fixed after the device is fabricated. To avoid the effect from the electrode

geometry differences, normalized impedance |Z|, , was calculated by

dividing the magnitude of Zgroqe by the electrode area S. Devices with
different electrode geometries (electrode number, size etc.) are
normalized by the electrode area S, i.e.,

Zetectrode
7|, , = e | e | ®)

The change in Ze4ium is caused by inflow and outflow of various ions
during cardiomyocyte contraction. Within the contractile cycle, sodium
and calcium flow from culture medium into the cardiomyocyte, after
which potassium flows from cardiomyocyte into culture medium (Bers,
2002). The flows of ions could affect the impedance of culture medium,
Zomedium- However, since the change in sodium, potassium and calcium
concentrations is small compared to the baseline concentration of the
ions in the medium (baseline impedance in the cell-free condition is in
the scale of 1 kQ, as shown in see Fig. S1A), the change of Z,e4im during
cardiomyocyte contraction is small (in the scale of 10~® k<, as measured
by inserting two probes in the culture medium of beating car-
diomyocytes) compared to the change of Z,; during cardiomyocyte
contraction (in the scale of 10~ kQ).

In summary, when cardiomyocytes contract and generate contractile
stress, the shortened equivalent radii of the cells leads to an increase in
Ry, Z¢, Zew, and Zy, while the impedance from the device is not affected
by the cells’ contractile stress. Therefore, changes to the overall
impedance (Z,q) quantitatively reflect the contractile stress generated
by the cells. We found that the experimentally quantified relationship
between contractile stress and impedance per unit area satisfied a
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power-law, Fig. 3C, with the largest contribution to model uncertainty
from the variations in the cell morphology parameters of individual
cardiomyocytes; for example, the cell height varied from 4.2 pm to 6.3
pm, and the cell spreading area varied from 3.89 ym? (Brette et al.,
2017) to 5.77 um? (Brette et al., 2017).
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Fig. 5. (A) Devices created with different electrode
geometries. (B) iPSC-CMs cultured on the devices
(magnification 20x). Inset shows a confocal image of
the cardiomyocytes on the device which formed a
monolayer after culturing for 36 h, proving that the
cells fully covered the device. Cells were fixed and
stained: a-actinin (green) and nucleus (blue). Scale
bar: 30 pm. (C) Traditional cell index vs. contractile
stress for the three devices, at different culturing time
points. (D) |Z| ., per unit electrode area vs. con-
tractile stress for the three devices, at different
culturing time points. All follow the power-law rela-
tionship. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

yibuen

wrl ppz9

width=60 pm
spacing=100 ym
o

— width = 60 pm
Y = 1/[a+b*™X="]
a=0.59 £ 0.031
b=-0.35+0.019
c=1509+7.77
R-square=0.95

— width = 40 ym
Y = 1/[a+b*X="]
a=059+017
b=-012+0.011
c=2171+383
R-square=0.96
— width = 20 pm
Y = 1/[a+b™X="]
a=067+0041
b=-0.72 £0.037
c=3767+298
R-square=0.98

—— width = 60 pm

Y = a+b*Xe
a=119+021
b=513+081
c=063+0047
R-square=0.997

—— width = 40 ym

Y = a+b*Xe

a=129+025
b=5.06+0.88
c=061x0051
R-square=0.996

—— width = 20 pm

Y = a+b™Xe
a=118+0.23
b=508+098
c=063+0054
R-square=0.996

2.3. Validation of impedance-contractility relationship

To validate the quantified relationship between contractile stress and
impedance, 2D iPSC-CM monolayers were treated with verapamil, an L-
type calcium channel blocker that decreases contractility and beating
rate by inhibiting Ca®" transit (Tanaka et al., 2009). Three concentra-
tions (0.05 pM, 0.1 pM, and 0.15 pM) of verapamil that represent
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clinically relevant drug amounts were used to treat cardiomyocyte
monolayers after culturing until stable beating (132 h). After verapamil
treatment, the impedance signal was recorded and converted to con-
tractile stress using the derived relationship, allowing for comparison to
direct measurements performed with AFM (Fig. 4A). As expected, we
observed a dose-dependent and linear decrease in the contractility
measurements after the addition of verapamil. The contractile stress
values as measured by AFM were 9.04 + 0.14 kPa (0.05 pM), 7.72 +
0.11 kPa (0.10 pM) and 6.23 + 0.17 kPa (0.15 pM), and as predicted by
impedance using the derived power-law relationship were 9.39 kPa,
7.76 kPa, and 6.05 kPa with a relative error of 3.73%, indicating no
significance difference in the measurements between the techniques
across the drug concentration series.

2.4. Dependence of measurements on electrode geometry

With existing impedance measurement methods, cell index (|Zy|
—|Zo))/ |Zo| has been used as a surrogate to reflect the contractility of
cardiomyocytes, but the reported raw values of this metric can vary
significantly (Xiao et al., 2010; Qiu et al., 2008; Qian et al., 2017) due to
variations in electrode geometries adversely affecting the reproduc-
ibility and reliability of compound testing. The cell index is related to
|Zo| (impedance magnitude of a cell-free device) that is electrode
geometry-dependent (number, length, width, and spacing of interdigi-
tated microelectrodes). To experimentally investigate the geometry
dependence of our technique, devices with three different geometries of
microelectrodes were used for culturing cardiomyocytes with the same
cell density (Fig. 5, device 1: width = 20 pm, length = 6.2 mm, spacing
= 100 pm, electrode area = 3.03 mm?; device 2: width = 40 pm, length
= 6.2 mm, spacing = 100 pm, electrode area = 5.19 mm? device 3:
width = 60 pm, length = 6.2 mm, spacing = 100 pm, electrode area =
6.81 mm?). Using the same iPSC-CM monolayer culture density and
timing for all three devices, the impedance data was collected and
traditional cell index values were calculated (Fig. 5C). At each culturing
time point, representing different states of monolayer function (attach-
ment, spreading, and coordinated contraction), the cell index values
were statically different among the three devices. For instance, at the
96th hour, the cell index value was 5.51 + 0.084 for the device with
width = 20 pm, 6.33 + 0.14 for the device with width = 40 pm, and
10.07 + 0.18 for the device with width = 60 pm (ANOVA test, P <
0.0001). These results illustrate that if the traditional cell index is used
for predicting contractile stress, electrode geometry dependency is sig-
nificant, and devices with different electrode geometries must be indi-
vidually calibrated in order for impedance to genuinely reflect
contractile stress.

Alternatively, we use impedance per unit area to establish the rela-
tionship between contractile stress and impedance. The electrode
number, length, and spacing together determine the effective area of
electrodes, making impedance per unit area less geometry-dependent
after normalization. As shown in Fig. 5D, the predicated contractile
stress values using the quantified power-law relationship are consistent
across all the tested geometrics device (P-values>0.91). The relationship
between contractile stress and impedance per unit electrode area for the
three different electrode geometries all followed the power-law form
(vs. exponential-law form in Fig. 5C when a traditional cell index is
used), with pair-wise P-values larger than 0.83 for all culturing time
points.

3. Conclusion

Heat failure is the single largest cause of death in the developed
countries, and possesses the largest individual treatment cost of any
disease. Yet there is a paucity of pharmaceuticals that directly target the
contractile defects of the cardiomyocyte, in part because of the difficulty
in measuring this quantity accurately and over time in preclinical
models. The continuous functional measurement of iPSC cardiomyocyte
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monolayers by electrical impedance provide an important label-free
method for the evaluation of potential therapeutics using human-
derived cells and tissue. We have addressed an important limitation of
this method by describing how impedance measurements can be accu-
rately and repeatable used to quantify tissue monolayer contractility.
Our delivered method was validated using the commonly prescribed
calcium channel blocker verapamil, known to alter human heart
contractility. We illustrate how normalizing electrode area removes the
dependence of contractile stress measurements on electrode geometry,
with impedance and contractility following a power-law relationship
across a large dynamics range a low error (less than 3.73%). Our find-
ings will allow for the use of impedance measurements to repeatable
quantify cardiomyocyte and cardiac tissue monolayer contractility,
enabling label-free evaluation of new potential heart failure
medications.
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Experimental Methods
Device Fabrication

Devices with three electrode dimensions (electrode width = 20 pm,
40 pm, and 80 pm) were fabricated. A glass substrate was rinsed by
acetone, isopropanol, and deionized water. S1818 photoresist was spin-
coated at 2000 rpm for 1 min, followed by UV exposure and develop-
ment. The electrodes were formed by sputtering and lift-off, composed
of a Cr layer with a thickness of 15 nm and an Au layer with a thickness
of 150 nm.

Cell culture and drug treatment
Human induced pluripotent stem cell-derived cardiomyocytes

(hiPSC-CMs) were obtained from Cellular Dynamics International. Prior
to culturing, microdevices were UV sterilized. The sterilized top surface
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of the devices was coated with a matrix mixture consisting of fibro-
nectin, gelatin, and laminin and incubated at 37 °C for at least 4 h. Cells
were plated at a density of 1.56 x 10° cells/cm? in iCell Cardiomyocyte
Plating Medium (Cellular Dynamics International) and cultured at 37
°C/5% COg. Cells were thawed in hiPSC-CMs Plating Medium (Cellular
Dynamics International) and centrifuged for 5 min at 180 g. After 4 h of
post-plating, the plating medium was replaced with iCell Cardiomyocyte
Maintenance medium, and the maintenance medium was subsequently
replaced every second day. Once after hiPSC-CMs were seeded, the
microdevice array was placed in a humidified 37 °C incubator with 5%
COo, and the impedance signal started to be recorded. For testing the
effect of verapamil (M5644, Sigma-Aldrich), 100 pL serum-free media
was added to each well of the device array, and the dose of the drug was
increased gradually by adding 1 pL more drug of higher concentration
each time. After each drug addition, cells were incubated for 10 h for
each dose before impedance signals were recorded.

Impedance and contractile stress measurement

To establish the relationship between impedance and the contractile
stress of cardiomyocytes, an Atomic Force Microscopy, AFM (Bioscope
Catalyst, Bruker) and an impedance spectroscope (HF2IS, Zurich In-
struments) were used. The system was built around on an inverted
fluorescent microscope (Nikon Eclipse TS100). Microscopy imaging
provides visual feedback for AFM to locate the AFM Probe and cells.
Each element in the microdevice array has a pair of electrodes including
the working electrode and counter electrode. The pair of electrodes were
connected to the impedance spectroscope. Impedance signal was
continuously recorded; a tip-less AFM cantilever (MLCT-D, Bruker) with
a spring constant of 0.01 N/m was used. The AFM tip was moved to a
cardiomyocyte to obtain force-displacement curves around the cell
center. Thirty two repeated measurements were collected for each cell,
and statistics were calculated for the forces, intervals between beats, and
duration of each contraction. Forces across cells were compared with
two-tailed Student’s t-test. Stress was obtained by dividing force with
contact area.
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