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Traditionally, muscle physiology experiments require multiple tissue samples to obtain morphometric,

electrophysiological, and contractility data. Furthermore, these experiments are commonly completed

one at a time on cover slips of single cells, isotropic monolayers, or in isolated muscle strips. In all of
these cases, variability of the samples hinders quantitative comparisons among experimental groups.
Here, we report the design of a “heart on a chip” that exploits muscular thin film technology —
biohybrid constructs of an engineered, anisotropic ventricular myocardium on an elastomeric thin film

— to measure contractility, combined with a quantification of action potential propagation, and

cytoskeletal architecture in multiple tissues in the same experiment. We report techniques for real-time
data collection and analysis during pharmacological intervention. The chip is an efficient means of
measuring structure-function relationships in constructs that replicate the hierarchical tissue

architectures of laminar cardiac muscle.

Introduction

Early stage drug discovery and safety assessment is hampered by
the lack of technologies for attaining high-throughput and high
quality data in a cost effective manner.! Cardiovascular phar-
macology studies are particularly challenging due to the difficulty
of replicating tissue microenvironments in vitro and measuring
both contractility and electrophysiology. In vivo, cardiac myo-
cytes polarize their intracellular contractile apparatus and align
with neighboring cells to facilitate the rapid spread of electrical
activation and to increase the force of contraction.?”® Replicating
these functionalities in vitro may increase the accuracy of these
experimental efforts. Recent report of new methods for cardiac
cell and tissue engineering suggest a means to replicate hierarchal
cardiac tissue structure in vitro.5!

A range of tools have been developed to measure various bio-
mechanical properties of single cells in vitro."* Methods reported
for measuring the contractility of single cardiomyocytes include
computing stresses based on the deformation of elastic
substrates,'® optically measuring cardiomyocyte, or sarcomere,
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shortening,'*'* calculating stresses based on the deflection of
vertical micro-pillars,’®*® and measuring stress, or strain, by
attaching carbon fibers to cardiomyocytes.?*?> Microfluidic
systems have also been constructed to characterize electrophys-
iological properties of isolated cardiomyocytes by constraining
them in a micro-channel and measuring extracellular potential,
transmembrane currents,* or calcium transients. However,
single cardiomyocytes are not necessarily an appropriate model
for all toxicology studies. For example, a recent report suggests
pharmacological response may vary with the number of car-
diomyocytes within a cellular ensemble.?® Furthermore, even
though these chips can increase throughput of cardiac experi-
ments, they do not fully recapitulate tissue-scale functions such
as action potential (AP) propagation or contractile stress
generated .’

A variety of techniques has been reported as effective means of
measuring tissue contractility.?6*® Collectively, these techniques
lack one or more features, such as an ability to replicate the
anisotropic structure of the cardiac ventricles, the ease of
manufacture of the assay, high throughput, ability to collect
electrophysiological or morphological data, or efficient data
analysis protocols. Previously, we reported a means of using
tissue engineered myocardium in a two-dimensional (2D) tissue
construct to measure contractile strength in a tissue with designer
architecture.?*® This technique is referred to as muscular thin
films (MTF) and incorporates 2D bilaminate constructs con-
sisting of an anisotropic tissue composed of muscle cells cultured
on a deformable elastic thin film.?* The contractility of the tissue
is observed in the three-dimensional (3D) deformations of the
MTF, and the extent of the deformation will depend on film
geometry and the tissue organization.?? We have also reported
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a model to directly correlate the film’s curvature to the systolic
stress generated by the tissue.’® Thus, the MTF system is
amenable to 2D culture and analysis techniques and direct
calculation of contractile stresses of an engineered laminar tissue.

In this report, we detail a “heart on a chip” technology based
on the MTF platform. The chip is an assay where the contraction
of up to eight MTFs can be measured simultaneously. Further-
more, we demonstrated the feasibility of the “heart on a chip” for
both structure-function and pharmacological studies. In
summary, the “heart on a chip” provides several key advances in
screening technology, including the ability to measure contractile
stress as a function of time, AP propagation, and inter- and
intracellular architecture.

Results and discussion
Chip design and fabrication

We fabricated the chip by blocking the edges of a 25 mm cover
slip with a protective film (Fig. la(i)) and spin coating a layer of
poly(N-isopropylacrylamide) (PIPAAm) on the surface (Fig. 1a

(a) Fabrication of “heart on a chip” substrate

(i) Place t: apg on the glas edges (ii) Spin coat PiPAAm

(i1)), which dissolves at temperatures below 35 °C. The protective
film was peeled away leaving an island of PIPAAm (Fig. 1a(iii)),
and then polydimethylsiloxane (PDMS) was spin coated over the
cover slip and cured for 8 h (Fig. 1a(iv)). Several cover slips were
manufactured simultaneously by placing a protective film over
both surfaces of a large glass section (Fig. 1b(i)) and cutting out
rectangular sections (10 x 6 mm) from the top protective film
with a straight-edge razor blade. PIPAAm was spin coated onto
the exposed glass, and the top protective film was removed
(Fig. 1b(ii)). PDMS was spin coated onto the glass surface and
cured for 8 h (Fig. 1b(iii)). The bottom protective film was
removed to expose the bare glass, which was scored with a dia-
mond glass cutter for customized substrates (Fig. 1b(iv)).

The “heart on a chip” was designed to be compatible with well
established 2D cell culture techniques, such as microcontact
printing of extracellular matrix proteins.*'**' Therefore, to
organize myocytes into anisotropic tissues, we microcontact
printed a fibronectin (FN) “brick wall” pattern on the PDMS
surface and seeded neonatal rat ventricular myocytes onto the
functionalized substrate (Fig. 1c(i)). The myocytes self-organized
with respect to the FN pattern into an electromechanically
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Fig. 1

“Heart on a chip” assembly and use. (a) Fabrication of 25 mm round substrates; (b) schematic representation of batch fabrication of substrates

with large glass sections for higher throughput; (c) contractility assay is run using anisotropic layers of myocytes; bottom row shows a 3D schematic
representation, top row shows the view from above; the insets in (i): RH237 membrane dye stain (left) and an immunostain of a-actinin — red, actin —

green, nuclei —

blue (right), scale bar 20 um; (d) Contractility experiment (PDMS layer = 18.6 um): (i) Brightfield images of films attached to the

substrate, (ii) films bend up at diastole and peak systole, and (iii) the length of films (blue) and x-projection (red) overlaid on “heart on a chip” images —

scale bar 5 mm.
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coupled anisotropic monolayer (insets-Fig. 1c(i)). The contrac-
tility experiments were performed by placing the chip in normal
Tyrode’s solution and manually cutting the thin films into an
array of two opposing rows of two to four rectangles (Fig. 1c(ii)).
The extraneous MTFs were peeled away, and the PIPAAm layer
dissolved as the media cooled to room temperature. The chip was
placed in a temperature-controlled bath, and the tissues were
field-stimulated by placing platinum electrodes (1 mm diameter)
above and below the rows of MTFs (Fig. 1c(iii)). To ensure that
cardiomyocytes were consistently 5 mm below the electrodes, the
platinum wires were built into a standard 35 mm Petri dish top.
The MTFs, fixed to the substrate by one edge, would have the
free edge deflect vertically away from the cover slip plane during
systole (Fig. 1c(iv)). For a 4 mm MTF, the projection on the
culture plane ranged ~1-4 mm (Fig. 1d(i)). The films’ kinematics
were recorded with a video camera mounted on a stereomicro-
scope (Fig. 1d(ii), Video 1, ESIf), and the film’s length and
projection on the culture plane were calculated using ImageJ and
MatLab analysis software (Fig. 1d(iii), Videos 2-3, ESI}).

Calculating tissue stress and the radius of curvature during the
contractile cycle

When the film lies flat on the glass, its radius of curvature (r) is
infinite, so the length of the film (L) can be measured directly
(Fig. 1d(i), Fig. 2a). After PIPAAm dissolved, the films bent to
a curvature corresponding to the diastolic stress in the tissue.
During contraction, the radius of curvature decreased until peak
systole (Fig. 2a). In the previously published MTF assay,*® the
curvature of the films could be observed directly (curving lines in
Fig. 2a). In the “heart on a chip” experiments, the films are viewed
from above, where only the horizontal projection is visible (grey
rectangles in Fig. 2a). During systole, this projection shortens, and
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Fig. 2 Calculation of the radius of curvature. (a) A schematic drawing
contrasting the view of the regular MTF assay with the “heart on a chip”,
through the contraction cycle; (b) The x-projection measured during the
running of the assay, as the radius of curvature increases; (c) Plot showing
the relationship between the measured x-projection and the radius of
curvature, with appropriate equations to use in each region.

we refer to the length between the film’s attached edge and the
visible projection edge (red bars in Fig. 1d(iii), 2a, and 2b) as the x-
projection (x). The schematic of concentrically overlaid films
(blue, Fig. 2b) illustrates the quantities measured by the
x-projection during the contraction cycle. Until the film makes an
arc with an angle (§ = L/r) greater or equal to /2, the projection
decreases as x = rsin(L/r) with decreasing r. Thereafter, the
x-projection is the radius of curvature, x = r, as long as the film
does not come into contact with itself (§ < 27). Therefore, the
expected measurement of the x-projections is in the range of
(L/27) < x = L. Because the radius of curvature would no longer
be constant throughout the MTF if the film comes into contact
with itself, we did not cut the films long enough to make a full circle
and designed the analysis code to eliminate any experiments in
which the measured x-projection was x < (L/27). The relationship
between the x-projection and the radius of curvature is fully
defined as long as the length of the film is known (Fig. 2¢). For
x-projections approaching the length of the film, the radius of
curvature increases rapidly; however, that does not negatively
impact the accuracy of the stress calculations because the stress at
large radius of curvature is very small compared to peak systole.
For films with a thicker layer of PDMS, or with weak myocytes, it
was possible to cut one row of longer films (24 films, ~8mm long)
to extend the observed range of motion and improve accuracy.

The radius of curvature was used to compute the stress for
each frame by considering the film as a two layer plane strain
beam, and the volume growth method was used with the PDMS
film and cardiomyocyte monolayer as the passive and active
layers, respectively.?® Unlike the analysis developed for other
biohybrid films,?”# this method for calculating stress is designed
for contractions of anisotropic tissues, yet it is not as computa-
tionally intensive as finite element models of MTFs.** As shown
in the parametric studies by Alford et al.,*® the observed radius of
curvature for the same stress depends on both the PDMS and cell
layer thickness. While an average cardiomyocyte layer thickness
was assumed to be the same as used previously in the work by
Alford et al.** (~4 pm), the PDMS layer thickness was measured
for every experiment with a profilometer. Each chip can have its
own PDMS layer thickness, and we report it in the figure legends
for every experiment. However, unlike the observed radius of
curvature, the calculated stress could be compared among MTFs
from chips with different PDMS thicknesses. The ability to vary
the thickness of the PDMS layer extends the range of measurable
stresses within the deformation limit ((L/27) < x = L).

In the “heart on a chip” experiments, each film represents an
independent experimental sample, with its own stress profile
(Fig. 3a). Calculated from three chips with a total of 20 inde-
pendent films, the systolic and diastolic stresses at 37 °C and 2 Hz
pacing were within the range previously reported for isolated rat
right ventricular papillary muscle strips (Fig. 3b).3* Although, the
chips consisted of a 2D monolayer of cardiomyocytes, which
cannot fully replicate the 3D myocardium structure, the average
systolic stress (20.7 £ 5.6 kPa) and diastolic stress (8.0 4 2.0 kPa)
lie within the stress range previously measured in isolated muscle
strip experiments (11-30 kPa and 7-14 kPa, respectively).333*
The peak systolic stresses were higher than those reported in
engineered cardiac tissues paced at 0.5 Hz at room temperature
(9.2 £ 3.5 kPa),* likely due to the fact that the chip experiments
were conducted at physiological temperatures.
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Fig. 3 Cardiac contractility recorded with “heart on a chip . (a) Stress
traces for each film from chip in Fig. 1d; (b) stress summary for 20 films in
3 chips compared to isolated right ventricular muscle(dashed lines);*
PDMS layer thicknesses for three chips: 18.6, 15.6, 14.5 pm.

Applications of the chip

One of the applications of the “heart on a chip” technology is to
simultaneously measure the contractile function of multiple
tissues during pharmacological interventions. MTF bending due
to spontaneous contraction of cardiomyocytes was observed for
a cumulative drug dose-response experiment with epinephrine,
a standard chronotropic agent. The stress profiles generated at
each concentration were used to calculate the average frequency
of contraction (Fig. 4a). The resulting dose-response curve
exhibited the expected chronotropic effect with frequencies rising
by a factor of four as the concentration of epinephrine increased
from 10~ M to 10-°* M (Fig. 4b). The results from this experi-
ment recapitulated previously reported epinephrine dose
response curves from isolated atria strips of adult rats.?s

We also compared the stress generated by each tissue on the
chip relative to its sarcomere organization. To visualize intra-
cellular architecture after the contractility experiments were
completed, the tissues (Fig. 4c(i)) were stained for nuclei, actin
(Fig. 4c(ii)—(iii)), and sarcomeric a-actinin (Fig. 4c(iv)). Prior to
mounting the chip on a microscope slide for imaging, the films
were flattened on the glass, which did not disrupt the cytoskel-
eton because the cardiomyocytes were originally cultured on the
flat substrate. We compared the contractility of two tissues with
different architecture: isotropic (chip 1) and anisotropic (chip 2)
cellular alignment (Fig. 4d(i)). As evident from the sarcomeric
a-actinin stain, on chip 1 the monolayer was isotropic, and on
chip 2 it was anisotropic (Fig. 4d(ii)). The distribution of
sarcomere orientation angles (Fig. 4d(iii)) was used to calculate
the orientational order parameter (Fig. 4e(iv)), which was
significantly different for the two types of tissues (p < 0.001). As
expected from previous reports** a high degree of alignment
corresponds to significantly (p < 0.01) higher diastolic and peak

systolic stresses (Fig. 4d(iv)). Thus, the “heart on a chip” is useful
for quantitative, correlative studies between cytoskeleton orga-
nization and contractility.

Measuring excitation and contraction in a single tissue

The “heart on a chip” is also amenable to measurement of
electrophysiological properties of engineered tissues with an
optical mapping system (OMS), where tissues are stained with
a voltage-sensitive membrane dye.'® After contractility
measurements, we moved the chip to the OMS (Fig. 5a), and the
tissues were point stimulated by platinum electrodes placed at the
fixed edge of the MTF (Fig. 5b). The cardiomyocytes were
incubated with RH237 voltage membrane dye for five minutes
(Fig. 5c¢), and an excitation-contraction decoupler, Blebbistatin
(10 uM), was added to suppress motion artifacts. To collect
electrophysiological data, the tissue was exposed to an excitation
light beam, and the emitted light was filtered through an array of
optical fibers (overlaid on the RH237 image in Fig. 5c). The
transmembrane potential of the myocytes was proportional to
the amount of photocurrent passed by the photodiodes coupled
to the fiber array.3¢-%7

Thus, in a “heart on a chip” experiment, the contractile stresses
(Fig. 5d), AP morphology (Fig. 5e), and action potential wave-
fronts (Fig. 5f) can be measured. These data reveal a contractile
tissue with an action potential morphology and wavefront shape
consistent with previous reports.’® The only limitation of the
current design is the necessity to measure the contractility on
a stereoscope and the electrophysiology on an inverted fluores-
cent microscope coupled to the OMS. The transfer of the chip
from one system to the other prolongs the experiment beyond the
viability of cardiomyocytes. To overcome this problem and to
collect the contractility and electrophysiological data simulta-
neously, a microscope could be built where the MTF kinematics
could be observed from above with low magnification while the
OMS data are taken from below with a high magnification
objective. These experiments suggest that the current chip design
will support a variety of morphological and physiological
experiments on a single preparation.

Experimental
Substrate fabrication

The muscular thin film chips were made with a multi-step
fabrication process on round or rectangular glass cover slips. The
circular chips were made with 25 mm cover slips to fit into
standard assay setups (e.g. heating stages). The substrates were
cleaned by sonicating for 60 min in 95% ethanol and air dried.
For round cover slips, two pieces of protective film (regular
Scotch tape) were attached on the edges approximately 1 cm
apart (Fig. la(i)). Next, poly(N-isopropylacrylamide),
(PIPAAm, Polysciences, Inc., Warrington, PA) was dissolved in
99.4% 1-butanol at 10%wt (w/v). An excess of the PIPAAm
solution (~1 pL mm~2) was deposited onto the portions of glass
not covered with the protective film and spin coated onto the
surface at 6000 RPM for 1 min (Fig. 1a(ii)). The top protective
film was peeled off without disturbing the layer of PIPAAm
(Fig. la(iii)). Next, Sylgard 184 (Dow Corning, Midland, MI)
polydimethylsiloxane (PDMS) elastomer was mixed at a 10 : 1
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Fig. 4 Drug dose-response and structural studies. (a) Epinephrine drug dose assay stress traces (PDMS layer = 28 um). (b) The epinephrine dose-
response summarized for a two film assay. (c) Bright field and fluorescent images of a “heart on a chip” tissue: (i) image of an 8-film chip; (ii) a stain of
two of the films, actin (green), nuclei (blue); (iii) actin fibers (green), nuclei (blue); (iv) sarcomeres (a-actinin). (d)(i) Example stress traces; (ii) sarcomeres
(a-actinin); (iii) sarcomere orientation histograms; (iv) summary of OOP, peak systole and diastole stresses. Scale bars = 2mm for (b), (c)(i)—(ii); 20um
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for (d)(iil)—(iv), (e)(i); PDMS layer thickness: chip 1-20 pm, chip 2-15.6 pm.

base to curing agent ratio and cured at room temperature for 3 to
6 h prior to further spin coating. PDMS properties for different
curing times were described in detail in previous publications.?

Fig. 5 Contractility and electrophysiology experiments: (a) Chip in OMS. (b) Brightfield image of a chip marked with a field of view (fov) (PDMS
layer = 23um); (c) RH237 membrane dye image, overlaid with the fiber array location (outlined as fov in (b)). (d) Example stress trace from two chips. (e)
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PDMS was spin coated over the whole glass section (Fig. 1a(iv))
with a 2.5 min ramp protocol and 4000 RPM as the maximum
rotation speed. PDMS-coated glass was cured at 65 °C for 8 h.
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For round cover slips, every seventh sample was saved to
measure the thickness of the PDMS thin film.

For batch production of multiple chips, we attached protective
film (Static Cling Film, McMaster-Carr, Robbinsville, NJ) on
both the top and the bottom of a large glass section (7 cm x
11.5 cm) and used a razor blade to cut strips out of the top film
(10 x 6 mm) that were separated by 4 mm horizontally and by
6 mm vertically (Fig. 1b(i)). Next, we spin coated PIPAAm onto
the surface, and then peeled off the top film, leaving small
patches of PIPAAm (Fig. 1b(ii)). The PDMS was spin coated
over the glass section (Fig. 1b(iii)) and, after curing, we cut the
glass, using a diamond glass cutter, into 42 rectangular cover
slips (14 x 12 mm) to fit into differently sized multi-well plates
(Fig. 1b(iv)). Two samples from each glass section were saved for
thickness measurements. The thickness of the PDMS thin film
was measured using a profilometer and ranged 10-30 pm (Dek-
tak 6M, Veeco Instruments Inc., Plainview, NY).

Fibronectin (FN, Sigma, St. Louis, MO or BD Biosciences,
Sparks, MD), an extracellular matrix protein, was microcontact
printed onto the surface of the substrate to provide guidance cues
for self-assembly of the chemically disassociated myo-
cytes.2*31:33:3438 PDMS stamps with “brick wall” patterns (each
brick was 20 um wide and 100 pm long, and each short edge
terminated with 5 pm long “saw-tooth”) were sterilized by
sonicating for 30 min in 50% ethanol and air dried in a biohood
under sterile conditions. The patterned surface of the dry stamps
was covered in 250 pL of 50 pg mL~' FN and incubated for
60 min. The surface of the cover slips was sterilized and func-
tionalized by exposing them for 8 min to UV ozone (Model No.
342, Jetlight Company, Inc., Phoenix, AZ). The stamps were
dried with compressed air and used to transfer the FN pattern to
the cover slips. The cover slips were then transferred to multi-
welled plates and covered with 1% Pluronics F127 (BASF
Group, Parsippany, NJ) in DI water for five minutes and washed
three times with Phosphate Buffered Saline (PBS). Alternatively,
for isotropic tissues, the cover slips were incubated in 25 pg mL~!
FN for 15 min and washed three times with PBS. Following
previously developed procedures all cover slips were stored dry at
4 °C for no more than three days prior to myocyte seeding.?*-*

Myocyte harvest, seeding, and culture

The use of all laboratory animals in this study was conducted in
accordance with the guidelines of Institutional Animal Care and
Use Committee of Harvard University. Cardiac ventricular
myocytes were harvested from two day old neonatal Sprague-
Dawley rats (Charles River Laboratories, Wilmington, MA)
based on published protocols.” Briefly, ventricles were extracted
and homogenized by washing in Hanks balanced salt solution,
then incubated with 1 mg mL™" trypsin overnight at 4 °C.
Ventricular tissue was digested with 1 mg mL~! collagenase at
37 °C for several minutes to release the myocytes into solution.
Cells were re-suspended in M 199 culture medium supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 10 mM
HEPES, 0. mM MEM non-essential amino acids, 3.5 g L™!
glucose, 2mM L-glutamine, 2 mg L' vitamin B-12, and 50 U/ml
penicillin. The myocytes were seeded on the substrates at
a density of 1 million myocytes per cover slip for six-well plates or
400,000 myocytes per cover slip for 12-well plates. The cardiac

MTFs were cultured for a period of 4 days prior to conducting
the experiments. The first 48 h of incubation were at 37 °C and
5% CO, with 10% FBS media in the culture; thereafter, main-
tenance media (2% FBS) was used.

Contractility experiments

For the contractility assay, we transferred cover slips from the
incubators to a stereomicroscope (Model MZ6 with darkfield
base, Leica Microsystems, Inc., Wetzlar, Germany) in a 60 mm
Petri dish filled with warm (37 °C) normal Tyrode’s solution
(1.192 g of HEPES, 0.901 g of glucose, 0.265 g of CaCl,, 0.203 g
of MgCl,, 0.403 g of KCI, 7.889 g of NaCl, and 0.040 g of
NaH,PO, per liter of deionized water, pH 7.4; reagents from
Sigma, St. Louis, MO). To create the film formation shown in
Fig. 1c(ii), a straight-blade razor was used to make two cuts
perpendicular to the tissue direction in the middle of the cover
slip, between 0.5 mm and 2 mm apart. The resulting strip was
peeled off using tweezers. Another 6 to 10 cuts were made
parallel to the tissue direction, the first spaced about Imm to
2 mm and the next 2.5 mm to 3.5 mm away, etc. Tweezers were
used to peel up the thinner strips, which were then cut at the base
with a scalpel and disposed of. As a result, 4 to 8 films each
between 2.5 mm and 3.5 mm wide were fixed to the substrate at
one edge (Fig. 1c).

Field stimulation electrodes were built from 1 mm diameter
platinum wire (VWR, Radnor, PA) and a standard 35 mm Petri
dish cover with a rectangular whole in the center (1 x 2.5 cm).
Each platinum wire was bent into three sections at right angles to
each other (0.5 cm—1.5 cm—1 cm), and the ends were inserted into
Imm holes drilled in the Petri dish top and fixed in place using
5-minute epoxy (Devcon, Danvers, MA). During the experi-
ments, the electrode Petri dish top was placed on top of the
35 mm Petri dish containing the chip, which ensured the elec-
trodes were consistently 0.5 cm above the cardiomyocytes and
parallel with the row of MTFs. The chip was imaged through the
rectangular hole in the electrode Petri dish top.

We took an image of the MTFs while they were still attached
to the substrate (Fig. 1d(i)). An image of a ruler was taken at the
same magnification, which allowed us to measure the lengths of
the films. The Tyrode’s in the dish equilibrated to room
temperature, and the MTFs were gently peeled up as the
PIPAAm dissolved (Fig. 1c). The sample was transferred to
a 35 mm Petri dish with a fresh normal Tyrode’s solution and the
temperature was raised to physiological (34-37 °C). An addi-
tional calibration image with a ruler was taken once all the films
were in focus. Electrodes were placed into the dish spaced
approximately 1cm apart, such that all the films were in the space
between the two electrodes (Fig. 1c(iii)). The myocytes would
contract spontaneously, or were paced at 2 Hz with 5-20 V using
an external field stimulator (Myopacer, IonOptix Corp., Milton,
MA) which applied a square wave pulse of 10 msec duration. The
voltage was set at 20% above the capture voltage, such that all
the MTFs in a dish moved simultaneously with the specified
frequency. A digital video of the kinematics of the MTFs was
taken for each data set (Fig. 1d(ii), Video 1, ESI}). In a control
experiment with no cardiomyocytes, it was confirmed that there
was no residual stress in the PDMS. All images and movies were
collected using a Basler camera (A602f Basler Inc, Exton, PA)
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controlled by LabView (National Instruments, Austin, TX), with
all movies containing 100 to 120 frames per second.

Contractility assay data analysis

In the “heart on a chip,” the films remain fixed at one edge to the
glass (Fig. 1d) and were observed from the top, unlike previously
described methods,?**® where the films were observed from the
side (Fig. 2a). As a result, in our setup, the curvature of the films
could not be directly observed, and we therefore employed
a different method to calculate the radius of curvature. The
radius of curvature was calculated by numerically solving
x = rsin(L/r) for x > 2L/w and was directly measured, i.e. r = x,
for L/27 < x < 2L/, where x is the length of the film projection
onto the horizontal plane (i.e. the length of the visible film in the
image stack), L is the film length (taken from the initial image),
and r is the radius of curvature (Fig. 2b & 2c). The digital videos
made during the contractility assay were converted to image
stacks and made binary using image processing software
(ImageJ, NIH). The stacks of binary images were analyzed using
a MatLab (Mathworks, Natick, MA) code to calculate the visible
length of each film for each image in the stack (Fig. 1d(iii),
Video 3, ESIY).

The stress was calculated using the radius of curvature in the
same way as in previously published work?®® by considering the
film as a two layer plane strain beam. As such, we assumed that
there is a relationship between the film curvature and the cross-
sectional stress. To calculate the stress, the finite volumetric
growth method was used, with PDMS as the passive layer and
the myocyte monolayer as the active layer undergoing contrac-
tion.3** The true stress calculated with this method is equivalent
to the results of an isometric tension test, as the radius of
curvature of the thin PDMS beam is much greater than its
thickness and the true deformation to the myocyte layer is very
small. The details of the mathematical analysis can be found in
the paper by Alford et al.,** and the methodology was imple-
mented in a MatLab code. To characterize the contractile
properties of the stress we calculated the global maximum and
minimum for each contraction cycle. The systolic and diastolic
stresses were defined as the averages of these maxima and
minima, respectively. The frequency of contraction was found by
dividing the number of contraction cycles in a data recording by
the total time of the movie.

Immunofluorescent staining, imaging, and analysis

Cardiomyocytes on the films were fixed in 4% PFA with 0.01%
Triton X-100 in PBS buffer for 15 min. The myocytes were then
stained for actin (Alexa 488 Phalloidin, Molecular Probes,
Carlsbad, CA), nuclei (4',6'-diamidino-2- phenylindole hydro-
chloride, DAPI, Molecular Probes, Carlsbad, CA), and sarco-
meric o-actinin (clone EA-53, Sigma, St. Louis, MO). Secondary
staining was performed using tetramethylrhodamine- conjugated
goat anti-mouse IgG antibodies (Alexa Fluor 594, Molecular
Probes, Carlsbad, CA). A Leica DMI 6000B microscope (Leica
Microsystems, Inc., Wetzlar, Germany) was used to conduct all
fluorescence imaging using a 40X plan-apochromat objective. A
CoolSnap HQ CCD camera (Roper Scientific, Tucson, AZ)

controlled by IPLab Spectrum (BD Biosciences/Scanalytics,
Rockville, MD) was used to collect immunofluorescence images.

A fingerprint, ridge detection algorithm*' coded in MatLab*?
was adapted previously in our lab for identifying sarcomere
orientation,*® and used here to quantify the sarcomere organi-
zation. The code produced an orientation pseudo-vector
(7 = [rs, r]]) for every pixel that was not empty, and the vectors
were used to calculate the orientational order tensor:

= rirg rr| |10
T7<2{rjri rjrj} {0 1}>

The orientational order parameter (OOP), extensively used in
quantifying degrees of orientation,*** was defined as the
maximal eigenvalue of tensor T; it ranges from 0 in isotropic to 1
in perfectly aligned systems. The OOP and stress data were
compared with a one-way analysis of variance (ANOVA) with
pair-wise comparison significance computed with a Turkey test.

Dose-response experiment

The dose-response curve was generated by cumulative 1.0 loga-
rithmic increases in the concentration of epinephrine (Sigma, St.
Louis, MO) ranging from 10~ M to 10~* M. The myocytes were
contracting spontaneously throughout the experiment. The chip
was kept in the same location on the microscope stage, while the
kinematics of the films was recorded for 4-8 s at each drug
concentration. The data were analyzed using the same proce-
dures described above with user input required for the first movie
set and the rest analyzed automatically.

Optical mapping experiments

To prepare the samples for optical mapping, the Tyrode’s solu-
tion was aspirated, which resulted in the PDMS films attaching
to glass via hydrophobic forces. The ends of the films were
further fixed to the glass with vacuum grease. In general, the
procedure for optical mapping was described in previous
works!®37*¢ and followed in this work.

After the films were settled down onto the glass, the sample
was placed into a cover slip holder with 1 mL normal Tyrode’s
solution. Transmembrane potential data were collected using
a custom-built optical mapping system integrated into an
inverted epifluorescence microscope (Zeiss Axiovert 200, Ober-
kochen, Germany). Except for the transfer, the sample was kept
at 34-37 °C throughout the experiment. Bipolar electrodes were
placed at the base of a single MTF, stimulated at 2 Hz and the
voltage increased 5-10% beyond capture (Fig. Sa-b). The sample
was incubated for 5 min with 1 mL of the voltage sensitive dye
RH237 at 4 uM (Invitrogen, Carlsbad, CA), then washed three
times with normal Tyrode’s solution, and then the excitation-
contraction was uncoupled by incubating the myocytes in 10 uM
Blebbistatin (Calbiochem, Gibbstown, NJ) for the duration of
the experiment.*’” Using a 40x objective (Zeiss EC Plan-NEO-
FLUAR, numerical aperture 1.3), un-paced and paced electro-
physiological data were collected from the tissue on the film that
had remained attached to the substrate during the contraction
experiments (Fig. 5a-b). To collect data, the films were illumi-
nated with excitation light with wave lengths of 530 nm to
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558 nm for two seconds. The emitted light, long-pass filtered at
615 nm, was focused on a hexagonal array of 1 mm diameter
optical fibers. The array consisted of 124 such optical fibers
coupled to photodiodes, which converted the photocurrent to
voltages that were amplified and digitalized at 5 Hz at 12-bit
resolution (Fig. 5¢). To analyze the electrophysiological data, the
signals were low-pass filtered at 100 Hz and normalized. Acti-
vation times were defined as the time it took to achieve half of the
maximal action potential amplitude (Fig. 5f).

Conclusion

We reported the development of a novel chip design for in vitro
cardiac contractility and pharmacological studies. Previous
technologies!*'¢»32* are capable of providing correlations
between single myocyte electrophysiological and contraction
properties, but they cannot be used to garner tissue scale data.
This need is addressed by the “heart on the chip” technology,
which is used in conjunction with cell culture techniques that can
recapitulate healthy, diseased, and developing cardiac tissues.
Our technology is ideal to study the two factors that can
contribute to the force produced by in vitro cardiac tissues: the
alignment of the contractile apparatus and the gene expression
profile, which is affected by the shape and deformation of cellular
structures.*® In sum, we have demonstrated the chip to be
a platform for quantification of stress, electrophysiology, and
cellular architecture.
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