REVIEW OF SCIENTIFIC INSTRUMENTS 86, 034302 (2015)

Angelo Gaitas,">? Ricky Malhotra,' Tao Li,® Todd Herron,* and José Jalife*

letaro, Inc., 11200 SW 8th Street, MARC 430, Miami, Florida 33199, USA

2Electrical and Computer Engineering, Florida International University, 11200 SW 8th Street, MARC 430,
Miami, Florida 33199, USA

3Electrical Engineering and Computer Science, University of Michigan, 1301 Beal Ave.,

Ann Arbor, Michigan 48109, USA

4Center for Arrhythmia Research, Department of Internal Medicine, University of Michigan,

Ann Arbor, Michigan 48109, USA

(Received 2 January 2015; accepted 9 March 2015; published online 25 March 2015)

Cardiac contractility is the hallmark of cardiac function and is a predictor of healthy or diseased
cardiac muscle. Despite advancements over the last two decades, the techniques and tools available
to cardiovascular scientists are limited in their utility to accurately and reliably measure the amplitude
and frequency of cardiomyocyte contractions. [sometric force measurements in the past have entailed
cumbersome attachment of isolated and permeabilized cardiomyocytes to a force transducer followed
by measurements of sarcomere lengths under conditions of submaximal and maximal Ca?* activation.
These techniques have the inherent disadvantages of being labor intensive and costly. We have
engineered a micro-machined cantilever sensor with an embedded deflection-sensing element that, in
preliminary experiments, has demonstrated to reliably measure cardiac cell contractions in real-time.
Here, we describe this new bioengineering tool with applicability in the cardiovascular research field
to effectively and reliably measure cardiac cell contractility in a quantitative manner. We measured
contractility in both primary neonatal rat heart cardiomyocyte monolayers that demonstrated a beat
frequency of 3 Hz as well as human embryonic stem cell-derived cardiomyocytes with a contractile
frequency of about 1 Hz. We also employed the B-adrenergic agonist isoproterenol (100 nmol 17"
and observed that our cantilever demonstrated high sensitivity in detecting subtle changes in both
chronotropic and inotropic responses of monolayers. This report describes the utility of our micro-
device in both basic cardiovascular research as well as in small molecule drug discovery to monitor
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cardiac cell contractions. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915500]

. INTRODUCTION

Cardiac myocytes have the intrinsic ability to contract.
The force of this contraction is responsive to both external and
internal stimuli. Cardiac contractility is finely regulated by the
expression, phosphorylation, and function of calcium regu-
latory proteins, such as sarcoplasmic reticular Ca?* ATPase,
ryanodine receptor type-2, phospholambam, and the sodium—
calcium exchanger (NCX), all of which contribute to changes
in the magnitude or timing of the calcium transient."? In
addition, post-translational modifications of myofilament pro-
teins can modify the transduction of the calcium-dependent
contractile response.>® Thus, an accurate analysis of car-
diac contractility by either bio-molecular or bioengineering
tools should provide relevant information on the excitation-
contraction coupling of the heart. The information obtained
would facilitate the proper handling and treatment of many
cardiovascular diseases. Furthermore, the study of cardiomy-
ocyte contractility would help unveil fundamental processes
underlying heart function in health and disease. The relevance
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of all the above outlined cardiac parameters has created a dire
need for both the development and analysis of tools that will
accelerate research in cardiac biology and disease.

The current approaches available to cardiovascular scien-
tists are limited in their applicability to measure contractile
force directly. Initial studies that evaluated cardiac contrac-
tility entailed chemical permeabilization of the cardiac my-
ocytes that has the inherent drawback of swelling of the myofil-
ament lattice and the resultant leak of soluble proteins.”® The
goal of other studies was to assess cardiac contractility in
intact cardiac cells using a carbon fiber system for cell attach-
ment and force measurement.”!! However the carbon fiber
technology relies on expensive instrumentation, unique exper-
tise and is labor intensive. In more recent years, lonOptix
technology has been used to measure sarcomere length and
cell edge displacement using complex Fourier transformation
software.'>!® Ion-Optix measurements of cardiac contractility
rely primarily on using a video-based cell geometry system to
quantify sarcomere dynamics.'* In addition, myocytes have to
be field stimulated which adds another layer of complexity to
measure native or intrinsic contractions. Scanning ion conduc-
tance microscopy'” has been used to measure cellular me-
chanics including cell volume, membrane potentials, cellular
contraction, and single ion-channel currents. Optical mapping

©2015 AIP Publishing LLC
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techniques that simultaneously measure action potential and
calcium wave propagation as a surrogate of cardiac force
generation have been developed by various laboratories but
these technologies do not per se measure contractile force.'®
Atomic force microscopy (AFM) has also been used'’~!” for
myocyte contractility studies.

Overall cardiac contractility assessment methods that
are currently available to researchers need improvement and
refinement for reliable measurements. In this report, we have
developed a method that offers direct measurement of cardiac
contractility in both spontaneously beating and pacing cardiac
cell monolayers. The cantilever has the advantage that it can
operate in opaque liquid environments. A highly sensitive
polyimide cantilever sensor capable of detecting minor differ-
ences in force in intact, non-permeabilized cells is gently
brought into contact with myocytes in a monolayer and is able
to measure the contractile force and frequency. The cantilever
includes a force sensor embedded inside the cantilever (Fig. 1).
The cantilevers that we have fabricated offer high compliance,
sensitivity, robustness, and durability and have the capability
of measuring, in a fairly rapid manner (<1 min), cardiac
contractility (force and frequency) in cultured cardiomyocyte
monolayers without the need for any manipulations.
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FIG. 1. (a) Scanning electron micrograph of the cantilever depicting the
location of the embedded sensing element (in dashed lines) sandwiched
between two polyimide layers and the gold layer. (b) Schematic represen-
tation of the cantilever controlled by motorized micro-manipulator inside
media and resting on the cell monolayer surface. The electrical interface is
shown. Rp represents the cantilever’s sensing element in the bridge circuit
arrangement shown. The output of the bridge connects to an amplifier, which
is connected to a DAQ card and to a computer for data storage and analysis.
(c) Phase contrast photomicrograph of the cantilever in contact with the
cellular membrane of UM22-2 cardiomyocyte monolayer. Mag. 200x.
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Il. EXPERIMENTAL METHODS
A. Microcantilever

The specialized polyimide cantilever used in the present
study?® and has an embedded sensing mechanism, eliminat-
ing the need for the laser feedback normally used in AFM
technology (Fig. 1(a)). These cantilevers are 40 um wide,
150 pum long, and 2 pm thick. There are two polyimide layers
with thickness 1.5 ym and 0.5 pm, respectively. The sensing
element is a thin film of Cr/Au with 2 nm/10 nm thickness
and is sandwiched between the polyimide layers. The micro-
cantilever was fabricated by oxidizing a silicon wafer, coat-
ing the wafer with 1.5 yum of polyimide and patterning. The
2 nm/10 nm thick Cr/Au sensing element is then deposited
and patterned. The Ti/Au/Ti 20 nm/500 nm/2 nm pads are
deposited. To form the top layer, a 0.5 um layer of polyimide
is deposited and patterned. Finally, to form the cantilever,
the wafer is etched, while the front side and the handles are
protected.

The cantilever’s spring constant, k, is ~0.059 N/m and
its nominal resistance is between 160 and 170 Q. The
polyimide cantilever is wired to establish electrical contact and
then insulated with the inert polydimethylsiloxane (PDMS)
material to insulate the electrical contacts. The cantilevers are
glued on glass slides and thoroughly cleaned by sequential
immersion for 10 min in methanol, acetone, isopropanol-2,
and distilled water and finally for 5 min in phosphate buffered
saline (PBS) before the start of measurements. The cantilever
was also calibrated and initialized by measuring the change in
resistance with distance travelled in the Z-axis before actual
measurements with cells. This calibration was accomplished
by moving the motorized stage at predefined intervals and
recording the change in resistance of the cantilever with
the stage’s movement. This measurement allowed us to later
derive a simple relationship between the change in resistance
and the movement of the cantilever in the Z-axis at the
instant the cantilever comes in contact with the cell monolayer
surface, which was used to estimate the contractile force
as described below. The relationship between the change in
resistance and the movement of the cantilever is linear.?!~2*

The fine movement of the cantilever is controlled with
a motorized micromanipulator with 25 x 25 x 25 mm? range
and 0.1 pm minimal increment step (KT-LS28-MV, Zaber
Technologies). LabVIEW software was used to control the
movement and record the output of the sensor.

The electrical signal from the cantilever was measured
using two parameters. For higher frequencies (>1.5 Hz), we
increased acquisition speeds by using a Wheatstone bridge
type of circuit connected to a low noise amplifier, and
a National Instruments digital acquisition (DAQ) card to
record the data into a computer (Fig. 1(b)). This electronic
circuitry was very useful for neonatal rat cardiomyocytes
that typically have high contractility frequencies. For smaller
frequencies (<1.5 Hz), such as the ones observed in human
stem cell derived cardiomyocytes, we used a micro-Ohm
meter (Agilent Technologies, HP-34420A) connected to a
computer to directly record the resistance changes. The micro-
Ohm meter provides better signal to noise ratio but is not
capable of operating at high frequencies. Further, we obtained
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validation of our results on contractility measurements by
utilizing the IonOptix Contractility System in independent
experiments.

B. Cultured cardiomyocyte monolayers

We employed two different cellular models of cardiac
myocytes to measure contractility to validate the versatility
of our bioengineering device. First, we utilized primary
cultures of neonatal rat cardiomyocyte monolayers.”> We also
measured contractility in monolayers of human embryonic
stem cell-derived cardiomyocytes (hHESC-CMs) that have been
used to generate specific cardiac myocyte lineages®*?’ and
approved on the NIH stem cell registry.?®2° The human cardiac
cell line used was a control or healthy stem cell derived
cardiomyocyte, UM22-2. The plating and differentiation of
the hESC-CM cell line used in the present study have been
extensively described.?!>> After complete differentiation, cell
monolayers were maintained in RPMI 1640 basal medium
(Invitrogen) plus B27 complete supplement (Invitrogen) and
the medium was changed every 2 to 3 days. Both rat
primary cardiac myocytes and hESC-CMs were maintained
as monolayers in a humidified incubator with 5% CO,. The
cells were seeded on Matrigel coated round coverslips for
measurements.

C. Monolayer contractility measurement

On the day of the measurements, the hESC-CMs or rat
cardiomyocyte monolayers plated on glass coverslips inside
6-well tissue culture (TC) plates were switched to Hank’s
balanced salt solution (HBSS) (Sigma) (a defined balanced and
buffered salt solution to avoid inaccuracies and discrepancies
in measurement due to undefined growth factors present in
serum) and placed inside a 35 mm TC dish. This TC dish
was placed on the heated (37 °C) stage of an inverted Nikon
TE2000 microscope. The stage was motorized and controlled
remotely and also the myocytes were perfused as needed.

The micro-cantilevers were attached to a Zaber micro-
manipulator that rested on top of a motorized stage. Prior to
the start of the experiments, cardiomyocyte monolayers were
selected on the basis of showing forceful contractions under
an inverted microscope. If a monolayer area was deemed
suitable for recording, then its position was recorded using
the motorized stage controller. After optically focusing on the
monolayer, the tip of the cantilever was brought slowly in
contact with the cells. The motorized stage was used to finely
position the cantilever over the cells establishing a 10 ym
contact so that about 10 um X 40 um of the cantilever would
be in contact with the monolayer. We ensured same amount
of contact by first calibrating the cantilever on an area of the
slide without cells and by bringing the cantilever in contact
with the glass coverslip and recording the resistance change.
The cantilever is slowly brought in contact with the cells (once
there is contact, there is an immediate change in the resistance
of the cantilever sensor) and cantilever is then moved 10 um
past the initial contact point.

Simultaneously, the resistance of the cantilever was
continuously monitored and plotted using LabVIEW so that
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any detectable change in resistance would indicate a contact
between the cantilever and the cells. The change in resistance
or voltage of the deflection-sensing element of the micro-
cantilever was measured and recorded with software loaded
on a computer.

Typically, we collected data for 10-12 contractions for
each monolayer under baseline conditions in the absence
of any drug. In some experiments, we also superfused the
monolayers with the non-selective beta-adrenergic agonist
isoproterenol at a final concentration of 100 nM to investigate
chronotropic and inotropic responses.

lll. EXPERIMENTAL RESULTS

We first measured the contractile force in rat monolayers,
as illustrated in Fig. 2. We estimated the distance traveled in
micrometers (wm) by the cantilever by converting the reading
from voltage or resistance using a simple calibration described
above in Sec. II C. The beat frequency of the rat monolayer
was 2.97 + 0.06 Hz in agreement with values reported earlier.
The frequency was similar to the one recorded with the
IonOptix system, and as expected, the time between the crest
and the trough of each contraction was 0.24 s (Figure 2).
The values obtained of the cantilever displacement in pm
from the change in resistance were then used to estimate
the force by multiplying the displacement with the spring
constant of the cantilever. Subsequently, the force per unit
area was approximated from an estimation of the contact area
(10 um x 40 um) of the cantilever with the cells (where N is
the number of samples) (N = 4) 38.6 + 2.2 N/m?. The slight
drift in the recording is due to the inherent noise of the bridge
circuit and the amplifier. This drift is not critical because we
are looking at the relative signal change.
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FIG. 2. Contractility force measurements in a neonatal rat cardiomyocyte
monolayer. The Y-axis is the cantilever displacement measured from a change
in resistance and the X-axis represents the time elapsed in seconds. The
broken vertical lines mark the time elapsed between the crest and the trough
of a single contraction. The inset shows the contractile frequency recorded
independently using the IonOptix system in the same monolayer.



034302-4 Gaitas et al.
IonOptix recording
r w/o iso with iso
w 1 1 -
£ o
g | 2 0% 096 111 11 ::
|
S 0.92 092 k'iinytee
"g /‘%’
~ 0.88 L1 0.88 L
7 ¢ 0123 4 01234
E time (sec) time (sec)
2
N
<5
3
1
_1 'l 'l 'l
0 1 2 3 4
@ time (sec)
1200 1.8
Force Freq.
L000F 16 } T
£ =
Z 800 z
] g14 B
Z600 | s
= [ [no ).
400 F[no 1.2 so iso
18 iso
200 1
(b) (c)

FIG. 3. (a) Sample raw data of contractile force measurements in human em-
bryonic stem cell derived UM22-2 cardiomyocytes. (Inset) IonOptix record-
ing. (b) Force per area and (c) bar graphs showing frequency of the contractile
beat in the presence and absence of isoproterenol (100 nM).

After measurements with the rat monolayers, we ex-
tended our studies to human cells. We utilized monolayers
of hESC-CMs designated as UM22-2 in the stem cell registry.
The UM22-2 contractility measurements are shown in Fig.
3. The Y-axis is the cantilever displacement and the X-axis
represents the time. The solid-line represents the cantilever
recording in monolayers without isoproterenol, while dashed-
line represents the recording with isoproterenol at a final
concentration of over 100 nM. In 4 monolayers, treatment of
the cultures with the [-agonist increased the beat frequency
from 1.35+0.1 Hz to 1.56 +£0.1 Hz showing a positive
inotropic effect. [soproterenol also decreased the time between
the crest and the trough, making the drop sharper, from 0.8 s to
0.6s. As previously, we estimated the basal force generated per
unitareaas 471 + 8.2 N/m? (N = 4) for measurements without
isoproterenol addition, a nd the force generated per unit area
as 835+ 15 N/m2 (N = 4) after addition of isoproterenol.
Thus, contractile force almost doubled after treatment of
cultured monolayers with isoproterenol. Compared with the
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rat monolayers, the force of contraction increased over one
order of magnitude, while the frequency was reduced by
about three times in the human UM-22-2 cardiomyocyte
monolayer. The contractile frequency recorded independently
with the IonOptix system with and without isoproterenol
yielded similar results. The optical measurements using the
IonOptix software were performed on the coverslip in close
proximity to the location before or right after the cantilever
measurements and closely match the cantilever recording
(shown in in-set of Fig. 3(a)).

IV. DISCUSSION

We present a versatile method to measure the contractile
force in cultures of cardiac myocytes using a micro-machined
cantilever with an embedded sensing mechanism. The system
is readily adaptable to function with a conventional inverted
microscope and thus can be widely used in cardiovascular
laboratories to study cardiac biology. We demonstrate that
neonatal rat cardiomyocyte monolayers had a contractility
beat frequency of ~3 Hz and that the human cardiac cell lines
demonstrated a beat frequency between 0.41 and 0.75 Hz. We
have also demonstrated that our cantilever is sensitive enough
to effectively detect subtle changes in both chronotropic and
inotropic responses to -adrenergic stimulation. These initial
observations reinforce our contention that our cantilevers have
the potential to indirectly depict changes in Ca2+ fluxes since
these translate to increases or decreases in force generation in
cardiac myocytes. Our micro-machined polyimide cantilevers
with an embedded deflection-sensing element offer unlimited
possibilities to monitor cardiac contractility in a real-time
fashion.

However, one inherent limitation of the present study is
that we measured cardiac contractility in monolayers of rat and
human cardiac cells. Since single cell cardiac contractility is
critical for both basic and drug discovery research, we envision
that with improvements of cantilever sensitivity, acquisition
speed, and refinements in the software, our cantilever will also
be beneficial to monitor single cell cardiac contractions. The
cantilever sensitivity to the contractile force changes can be
improved by reducing the spring constant of the cantilever,
k. This can be optimally achieved by reducing the thickness
or the width and increasing the length of the cantilever. The
current sampling time of 30 ms, that is dependent on the DAQ
hardware and LabVIEW software, can be improved for faster
measurements of single cell contractions by using a higher
sampling rate in the DAQ card with an optimized program.

Our data on the beat frequency and force generated in rat
and human cardiac monolayers are both in agreement and in
disagreement with some of the values reported in the literature.
The vertical displacement of the cantilever that is used to
measure force generated from change in resistance gave us
values of ~0.8 um in rat monolayers and ~8-10 ym in the
human monolayers. These values are in very close agreement
with values reported in both rat ventricular myocytes and
hESC-CMs using scanning ion conductance microscopy that
uses an AFM type glass nanopipette as a sensitive probe.'’
However, the magnitude of force generated in the cardiac
myocyte preparations varies widely in the literature from the
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values obtained in our study. We obtained force values of
38.6 N/m? (0.04 nN/ pum?) in rat monolayers and basal value
of 471 N/m? (0.471 nN/ um?) in human cardiac monolayers.
In comparison, other groups have reported values that are
1-2 orders of magnitude larger (5.5 nN/um?) using novel
approaches for real-time and high-resolution measurements
of forces applied by cardiac cells using elastic micropatterned
substrates®® as well as values that are several orders of
magnitude higher (7 mN/mm?) as reported in rat trabecular
muscle from right ventricles and values of 11 mN/mm? in
single human ventricular cells using force transducers.*!-3?

It is also important to mention that as compared to
conventional AFMs, our device with an embedded sensing
element does not require laser alignment and the operation is
not affected by operation in the liquid tissue culture medium.
The cantilever is mounted on a simple motorized stage that has
range of motion of several tens of millimeters in the XYZ axis.
The biocompatible polymer cantilever is very compliant and
does not require a sharp tip on the cantilever, thus simplifying
the preparation and allowing for preservation of cell integrity.
The polymer cantilevers can be bent at angles greater than
90° without breaking thereby allowing it measure tens of
microns of motion and achieve high force sensitivity. A high
compliance adds a long lifetime to these sensors.

Myocardial contractility (inotropy) is a fundamental
property of normal heart function. Analysis of cardiomyocyte
mechanics has historically proven an excellent tool in provid-
ing relevant information on the excitation-contraction coupl-
ing of the heart.?* The study of cardiomyocyte contractility has
helped to unveil the fundamental processes underlying heart
function in health and disease.'*3* The relevance of this study
has created a need for analysis tools in this area of research.
Many inotropic factors modulate the contractile behavior of
the heart, which can be studied in isolated cardiomyocytes.>>3
With the cantilever technique presented in this manuscript, we
were able to measure the force and frequency of contraction
of cardiomyocyte monolayers. Since this procedure does
not require extended waiting time, it is immediate, highly
reliable, and robust, and can be completed in <1 min from
start-to-finish. Finally, compared to IonOptix measurement
of sarcomere lengths as a surrogate for cardiac contractility,
our device does not require pacing or sophisticated tools and
expensive software to accomplish the goal.

We envision that with further refinements, our device can
have important applications in both basic and drug discovery
cardiovascular arenas. We need to emphasize that the current
sensor works with monolayers of beating cardiac myocytes
and we are in the process of replicating our results using single
beating cardiac myocytes. Needless to mention that it is of
paramount importance to assess cardiac inotropy early in the
drug discovery process before a potential drug enters clinical
trials. The ultimate goal of our future research and effort is to
develop a novel diagnostic tool for rapidly monitoring cardiac
force generation to facilitate both basic and drug discovery
research in the field of cardiac biology and a device which
may even find clinical diagnostic applications. The proposed
methodology is relatively easy to understand and implement,
yet provides a robust measurement of contractility without the
need for expensive and sophisticated equipment.
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