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Lab on a Chip

Abstract

Controlled electrical stimulation is essential for evaluating the physiology of cardiac
tissues engineered in Heart-on-a-Chip devices. However, existing stimulation techniques,
such as external platinum electrodes or opaque microelectrode arrays patterned on glass
substrates, have limited throughput, reproducibility, or compatibility with other desirable
features of Heart-on-a-Chip systems, such as the use of tunable culture substrates, imaging
accessibility, or enclosure in a microfluidic device. In this study, indium tin oxide (ITO), a
conductive, semi-transparent, and biocompatible material, was deposited onto glass and
polydimethylsiloxane (PDMS)-coated coverslips as parallel or point stimulation electrodes
using laser-cut tape masks. ITO caused substrate discoloration but did not prevent brightfield
imaging. ITO-patterned substrates were microcontact printed with arrayed lines of fibronectin
and seeded with neonatal rat ventricular myocytes, which assembled into aligned cardiac
tissues. ITO deposited as parallel or point electrodes was connected to an external stimulator
and used to successfully stimulate micropatterned cardiac tissues to generate calcium
transients or propagating calcium waves, respectively. ITO electrodes were also integrated
into the cantilever-based muscular thin film (MTF) assay to stimulate and quantify the
contraction of micropatterned cardiac tissues. To demonstrate the potential for multiple ITO
electrodes to be integrated into larger, multiplexed systems, two sets of ITO electrodes were
deposited onto a single substrate and used to stimulate the contraction of distinct
micropatterned cardiac tissues independently. Collectively, these approaches for integrating
ITO electrodes into Heart-on-a-Chip devices are relatively facile, modular, and scalable and

could have diverse applications in microphysiological systems of excitable tissues.
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Introduction

In recent years, microphysiological systems and Organs-on-Chips have emerged as
valuable in vitro models for human disease modeling' and drug discovery.> 3 These are
microfabricated systems designed to engineer cells into microscale tissue constructs that
mimic key biological, chemical, and/or physical features of native tissues and efficiently
provide physiologically-relevant, quantitative readouts in a scalable manner.* 3 Heart-on-a-
Chip systems have focused on modeling the myocardium, which is comprised of layers of
cardiac myocytes organized into parallel fiber-like structures and embedded in a compliant
extracellular matrix to maximize electrical signal propagation, uniaxial force generation, and
cardiac output.® To mimic physical features of native myocardium in vitro, cardiac myocytes
are routinely cultured on substrates with tunable rigidity, such as polydimethylsiloxane
(PDMS)” or hydrogels,!®!2 that are micropatterned using microcontact printing of
extracellular matrix proteins'3 4 or topographical features'!> 13- 16 to induce cell alignment. In
parallel, several functional assays have been developed to quantify functional outputs related
to electrophysiology and tissue contractility in vitro. For example, the morphology and
propagation of action potentials and calcium transients can be optically imaged in engineered
cardiac tissues with voltage- and calcium-sensitive dyes!> 1720 or genetically-encoded
sensors?!"23. To measure contractile stresses, assays such as the cantilever-based muscular thin
film (MTF) assay'!> 13- 2426 and traction force microscopy!? 27-? are often implemented for
two-dimensional cardiac tissues. However, a relatively ubiquitous technical hurdle for these
functional assays is the requirement for user-defined electrical stimulation at specific
locations, frequencies, and voltages.

Conventional strategies for electrically stimulating cardiac tissues in vitro impose
constraints on throughput, reproducibility, and integration of other desirable features of Heart-

on-a-Chip systems, such as use of tunable culture substrates, imaging accessibility, or
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enclosure in a microfluidic device. For example, global or local electrical stimulation is often
applied by manually positioning parallel or point electrodes, respectively, fabricated from
platinum or other corrosion-resistant metals in the bath above a tissue.’ 1>-14- 26 This approach
is time-intensive and low-throughput, has poor reproducibility and low spatial resolution, and
is incompatible with tissues enclosed in microfluidic devices, which are increasingly
implemented for microphysiological systems to increase throughput and automate the
delivery and exchange of media and other soluble factors between tissues. Wire electrodes
have also been embedded into culture chambers,>*-3* which increases throughput and
compatibility with enclosed devices, but is still limited by poor spatial resolution. To increase
spatial resolution and reproducibility, photolithography has been used to pattern metals such
as titanium nitride,3>3° palladium,* aluminum,*' and gold** into microelectrode arrays
adhered directly onto glass substrates used for cell culture. However, contact
photolithography is incompatible with rapid prototyping, which slows device fabrication and
the iterative design process. Conventional metals used for microelectrode arrays are also not
optically transparent and thus obstruct live cell imaging. Another limitation is the use of glass
substrates, which precludes the integration of many of the tunable biomaterials, surface
engineering techniques, and assays described above that are a priority for Heart-on-a-Chip
systems. Although gold electrodes have been fabricated on PDMS,*3-4 this approach is still
not ideal due to the reliance on photolithography and the opacity of the gold electrodes.
Indium tin oxide (ITO) is one of the most widely utilized transparent conductive oxide
thin films for solar cells,* 47 photodetectors,*®% and displays!> 32 due to its favorable
electrical and optical properties. ITO is also a promising material for biosensor and
biotechnology applications due to its high conductivity, substrate adhesion, stability in
electrolyte-rich solutions, relatively low cost, and optical transparency. ITO films on glass
slides are cytocompatible’® and have been implemented for cell electroporation,> 5 cell

lysis,”® cellular impedance measurements,’”> % and stimulation®® and recording® of
4
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extracellular potentials in neurons. ITO-coated glass slides have also been laser ablated to
create custom electrode arrays to electrically stimulate cardiac myocytes.®! However,
patterned ITO electrodes have not been integrated into Heart-on-a-Chip systems that offer
additional features, such as tunable culture surfaces and sophisticated physiological assays.

In this study, we implemented laser-cut tape masks to pattern ITO as parallel or point
electrodes onto culture substrates as a facile and higher throughput alternative to
photolithography that still affords the spatial resolution required for tissue-level Heart-on-a-
Chip assays. Depending on the assay of interest, ITO electrodes were patterned directly on
glass or PDMS, the latter of which was then microcontact printed with fibronectin prior to
seeding with neonatal rat cardiac myocytes. This resulted in the formation of aligned
myocardial tissues adhered to a relatively compliant surface integrated with semi-transparent
parallel or point electrodes that did not interfere with routine brightfield microscopy. We then
implemented the patterned ITO electrodes to stimulate engineered cardiac tissues either
globally or locally to quantify calcium transient morphology, propagation velocity, and
contractility using existing Heart-on-a-Chip assays. We also patterned two sets of ITO
electrodes with corresponding arrays of MTFs on the same substrate and simultaneously
paced the MTF arrays at distinct frequencies, demonstrating the potential for patterned ITO
electrodes to be leveraged in multiplexed platforms that also provide sophisticated functional
readouts. Together, these results demonstrate that our photolithography-free, facile approach
for patterning semi-transparent ITO electrodes on both glass and PDMS is relatively modular
and easy to integrate with existing Heart-on-a-Chip substrates and assays, which can be
extended to improve the usability and scalability of microphysiological systems for many

types of excitable tissues.
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Experimental

Mask fabrication

Patterns for each layer of the device (ITO, PDMS, PIPAAm) were designed in CoreIDRAW
X7 (Corel Corporation, Ottawa, Canada), as shown in Fig. S1. Low-adhesion tape (3900R
CLR360 Embossed Removable Protective Film Tape, Patco, Maspeth, NY, USA) was
attached onto a metal plate and cut into masks with a non-contact, 40 W CO, laser in an
Epilog Mini 18 (Epilog Laser, Golden, CO, USA) at 18% speed, 6% power, and 2500 Hz.
The negative areas intended for material deposition were peeled away using tweezers, as
shown in Fig. S2. Tape masks were then transferred and aligned on top of clean glass

coverslips (22 mm X% 22 mm X 0.19-0.25 mm).

Material deposition

For versions of the device designated for calcium imaging, coverslips were first spin-coated
with PDMS without tape masks, then layered with ITO following the masking and deposition
protocols described below. For the MTF version of the device, ITO was deposited first on
glass coverslips, then layered with PIPAAm and PDMS. Detailed photographs of the
fabrication process are provided in Fig. S2.

For ITO deposition, bare or PDMS-coated glass coverslips masked with parallel or
point electrode designs (Fig. S1IA and Bi) were secured on top of a silicon wafer with heat
resistant tape (Kapton Tape, Hxtape, Dongguan, China). The silicon carrier wafer with
samples was attached to a chuck and loaded in an ultra-high vacuum chamber (Kurt J. Lesker
Company, Jefferson Hills, PA, USA) with a base pressure < le-6 torr for ITO deposition. ITO
was radio frequency sputtered at a deposition pressure of 3 mTorr Argon and 48 W power for
80 min to produce a 200 nm thick film. The ITO target used was 2” diameter 99.99% pure

In;03:Sn0,, 90:10 wt % elastomer-bonded assembly (TORUS Mag Keeper, Kurt J. Lesker
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Company, Jefferson Hills, PA, USA). After deposition, the tape masks were removed and the
conductivity of the ITO on the coverslips was validated using a handheld multimeter.

For PIPAAm deposition, tape masks (Fig. S1Bii) were placed on top of ITO-covered
coverslips. 10% (wt:vol) solution of PIPAAm (Polysciences, Warrington, PA, USA) in 99%
butanol was spin-coated on top of each masked coverslip, as previously described.!?- 2426 Tape
masks were carefully peeled away to preserve the PIPAAm layer.

For PDMS deposition, bare or masked (Fig. S1Biii) coverslips were spin-coated with a
layer of PDMS (10:1 (wt:wt) Sylgard 184; Dow Corning Corporation, Midland, MI, USA)
and cured at 65 °C. After 4 hours of incubation, masks were carefully removed using
tweezers. For MTF substrates, cantilever outlines were laser-cut into the PDMS and PIPAAm
layers at 17% speed, 4% power, and 2500 Hz, as previously described.?® The cantilevers were

3 mm x 1.5 mm, spaced 0.65 mm apart.

ITO electrical characterization

Resistance of the surface of substrates was measured by the standard four-point probe
measurement. Assuming the current flow to be uniform across the entire thickness of the film,
the thickness-normalized resistance or sheet resistance of the film is calculated as Rg=R x W

L1, where W is the width of the electrodes and L is the length between the electrodes.

ITO optical characterization:

Transmittance of the substrates was measured using a custom-built optical measurement
setup. A broadband white-light source (SLS201L, Thorlabs, Newton, NJ, USA) was used for
the excitation, and the transmitted spectrum was obtained on a spectrometer (CCS200,

Thorlabs, Newton, NJ, USA).
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Multiphysics modeling

Electric field profiles were simulated by finite element methods in the Current Flow
environment of Finite Element Method Magnetics software (FEMM Version 4.2, femm.info).
Relative permittivity of ITO was chosen as 3.33,% while that of the culture media was chosen
as 80.%> Conductivity of the media was taken as 1.5 S m!,% while that of 200 nm ITO was
taken as 1.6e4 S m! from experimental values of sheet resistance, assuming uniform current
conduction throughout the ITO thin film. For the external platinum wire parallel electrode
simulations, the conductors were assumed to be perfect due to the extremely high
conductivity of platinum relative to the culture media (1e7 S m! to 1.5 S m"!, respectively).
The distance between the electrodes was 12 mm, which is representative of these types of

electrodes.

Stamp fabrication and microcontact printing of fibronectin
Standard photolithography and soft lithography techniques were used to fabricate master
wafers and PDMS stamps.®* Briefly, a silicon wafer was spin-coated with a layer of negative
photoresist (SU-8 2002; MicroChem Corp., Newton, MA, USA) and positioned with a
photolithographic mask with 15 pm wide lines separated by 2 um gaps using a standard mask
aligner (MJB3 Contact Aligner, SUSS MicroTec, Garching, Germany). The masked wafer
was exposed to high-energy UV light, baked, and immersed in developer solution to remove
unexposed photoresist. The wafer was then silanized with trichloro(1H, 1H, 2H, 2H-
perfluorooctyl)silane overnight in a vacuum desiccator. PDMS was then poured on top of the
master wafer in 150 mm dishes and degassed again at 70 mmHg to remove residual air
bubbles. After curing at 65 °C for at least 4 h, the PDMS piece was cut into individual PDMS
stamps measuring 22 mm X 22 mm, the same dimensions as the glass coverslips.

Following previously published protocols,” ®- 12 13, 2426 PDMS stamps were sonicated

in 95% ethanol and dried using compressed air in a sterilized biosafety cabinet. Human
8
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fibronectin in distilled, deionized water (50 ug mL-!, Corning Inc., Corning, NY, USA) was
pipetted onto the surface of each stamp and incubated for 1 h at room temperature. ITO-
coated coverslips were treated in a UVO cleaner (Model 342, Jelight Company Inc., Irvine,
CA, USA) for 8 min to sterilize and oxidize the surface. Stamps were then dried under
compressed air, inverted gently onto treated coverslips to transfer the fibronectin, and
carefully removed. The coverslips remained in a sterile hood until chamber attachment and

seeding.

PDMS chamber design and bonding

All chambers were designed in SolidWorks 2018 CAD Package (Dassault Systémes
SolidWorks Corporation, Waltham, MA, USA), as seen in Fig. S3. For the contractility
device, the multi-well PDMS chamber consists of a 6.5 mm surrounding wall with a 3.5 mm
divider splitting the chamber into two equally sized compartments. The inverse of this
chamber, with extensions along the length to ease removal, was extruded in plastic with a
desktop three-dimensional printer (MakerBot Replicator 2, MakerBot Industries LLC,
Brooklyn, NY, USA). This was then used as a template for molding chambers of PDMS cured
in the same process as described above. After removal, each chamber was trimmed to a length
of 22 mm. Chambers were sterilized and oxidized in a UVO cleaner, coated with uncured
PDMS on the bottom, and centered on top of coverslips in alignment with the electrode
pattern. The devices were cured overnight in a sterile hood. For the calcium imaging device,

PDMS chambers without the divider were attached in the same manner.

Cardiac myocyte harvest, seeding, and culture
Neonatal rat ventricular myocytes were isolated from two-day-old neonatal Sprague-Dawley
rats, as previously described.”> % 12 13, 2426 [golation was performed according to protocols

approved by the University of Southern California Institutional Animal Care and Use
9
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Committee, protocol 20133. Ventricles were harvested, cut into 2-5 mm pieces, and incubated
in trypsin solution (1 mg mL-!, Affymetrix, Santa Clara, CA, USA) in Hanks’ balanced salt
solution for 11-13 h at 4 °C. Ventricles were further digested into a single-cell suspension
with four collagenase (1 mg mL-!, Worthington Biochemical) triturations for 2 min each at 37
°C, followed by manual pipette agitation. Cells were then strained, resuspended in M199
culture medium supplemented with 10% heat-inactivated FBS, 10 mM HEPES, 0.1 mM
MEM nonessential amino acids, 20 mM glucose, 2 mM L-glutamine, 1.5 uM vitamin B-12,
and 50 U mL"! penicillin. The cells were preplated twice to minimize the population of non-
cardiac myocytes. Each device was seeded with 750,000 cells and incubated at 37 °C
overnight. Devices were then washed twice with PBS and incubated in fresh culture medium
with 10% FBS. After two days, the FBS concentration was reduced to 2% in order to reduce

fibroblast proliferation. Cells were cultured for three days prior to conducting experiments.

Calcium imaging and analysis
Similar to previous studies,” '7- 1 devices were incubated with 1.7 ug mL-! Fluo-4 AM (Life
Technologies, Carlsbad, CA, USA) for 30 min, immersed in Tyrode’s solution, and moved to
the stage of an inverted fluorescent microscope (Nikon Eclipse Ti, Nikon Corporation, Tokyo,
Japan) enclosed in a 37 °C incubation chamber (OKOLAB USA Inc., San Bruno, CA, USA).
The ITO electrode was connected to an external stimulator (Myopacer, lonOptix, Westwood,
MA, USA) using conductive tape. Image sequences (4 s) of the calcium transient fluorescence
were captured at 20 V at 0.5, 1.0, and 2.0 Hz using a 2x air objective and a high-speed camera
(Andor Zyla sCMOS, Oxford Instruments, Abingdon, UK) at 100 frames per second, 4 x 4
binning, and a gain of 4.

Calcium transients were extracted by plotting average fluorescence intensity of a
specified region of interest and processed using custom MATLAB software (MATLAB,

MathWorks, Natick, MA, USA). Calcium wave propagation velocity was also calculated
10
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using custom MATLAB software, as previously described.” '° Briefly, the recorded image
sequence was divided into individual activation cycles based on the stimulation frequency.
For every pixel in each activation cycle, the activation threshold was calculated using the
mean and standard deviation of the fluorescence intensity. When the fluorescence intensity of
the pixel exceeded the activation threshold, an activation time was recorded. The activation
times of each pixel were plotted into a two-dimensional heat map that displays the wave of
calcium release across the tissue. Specified regions of interest were manually selected in the
direction of tissue alignment and the x-position (mm) of each pixel was plotted against its
respective activation time (s). Calcium wave propagation velocity was defined as the slope of

the line (cm s™!) after robust linear regression.

MTF contractility assay and analysis
MTF devices were rinsed in Tyrode’s buffer solution (0.5 mM HEPES, 0.1 mM magnesium
chloride, 0.54 mM potassium chloride, 0.33 mM sodium phosphate, 1.8 mM calcium
chloride, 5.0 mM glucose, pH 7.4 at 37 °C) and placed on the stage of a stereomicroscope.
The temperature of the solution was decreased to room temperature to allow the phase
transition of PIPAAm to liquid. Tweezers were used to manually peel each MTF away from
the coverslip as the PIPAAm layer dissolved. When all films were peeled, the devices were
refilled with 37 °C Tyrode’s. Each pair of electrodes were connected to external field
stimulators (Myopacer, lonOptix, Westwood, MA, USA) using conductive tape. The films
were paced at 0.5, 1.0, and 2.0 Hz, and their movement was recorded from above at 100
frames per second. The stimulation voltage was set at 20 V. Each set of films was also paced
at different frequencies using two separate stimulators.

The longitudinal planar projections of contracting MTFs were automatically detected
using custom ImageJ software (National Institutes of Health, Bethesda, MD, USA) and used

to derive the radius of curvature using custom MATLAB code (Mathworks, Natick, MA,
11
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USA), as previously described.!® 2> Radius of curvature, elastic modulus, and thickness of the
MTFs was used to calculate the stress generated using previously published models.!3-

Due to the limited field of view of the stereomicroscope, a cell phone (iPhone 8, Apple
Inc., Cupertino, CA, USA) was used to record the entirety of the device from above for
multiplexing experiments. From the video, regions of interest within each film were selected
and each frame was stitched into a single-row montage in ImageJ. This montage was then
compressed in the x-direction for visualization purposes. Average intensity within these

regions of interest was also plotted against time and normalized.

Results and discussion

Characterization of ITO films deposited on bare and PDMS-coated glass coverslips

ITO was first deposited on bare and PDMS-coated glass coverslips as a 200 nm thin film
using radio frequency sputtering. As shown by the SEM image in Fig. 1Ai, ITO deposited
directly on glass coverslips formed a smooth, uniform surface with occasional nanoscale
islands, which may have developed due to the migration and accumulation of highly mobile
In and Sn atoms. In contrast, ITO deposited on PDMS-coated glass coverslips showed a
textured morphology (Fig. 1Aii), likely due to the natural stress relaxation of the deposited
ITO film that deformed the underlying viscoelastic PDMS layer. This difference in
morphology had a direct consequence on the electrical properties of the ITO films on the two
substrates. The measured sheet resistance of ITO on glass coverslips was 302 £ 118 Q per
square (n = 6), whereas that of ITO on PDMS-coated glass coverslips was 400 + 235 Q per
square (n = 6). We then assessed optical transmittance across the visual spectrum (~400-740
nm) for all conditions, as shown in Fig. 1B. Transmittance for both bare and PDMS-coated
glass coverslips without ITO was close to one across the entire spectrum. The ITO coating

reduced transmittance for both bare and PDMS-coated glass coverslips due to the additional

12
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reflection and absorption from the ITO layer. As expected, based on the SEM images,
transmittance was lower for PDMS-coated glass coverslips coated with ITO compared to bare
glass coverslips coated with ITO. However, transmittance was still relatively high across the
visible spectrum for all substrates. Thus, bare and PDMS-coated glass coverslips coated with

ITO films were both conductive and semi-transparent.

Fabrication of parallel ITO electrodes to stimulate calcium transients
As described above, patterning cardiac tissues to mimic the alignment of native myocardium
and subsequently measuring calcium transients are two prioritized features for Heart-on-a-
Chip devices. To achieve both features with ITO electrodes integrated into the substrate, we
deposited two wide strips of ITO on the edges of PDMS-coated coverslips to serve as parallel
electrodes (Fig. 2A). To control the geometry of the ITO, removable adhesive tape was laser-
cut with the desired pattern and aligned on a PDMS-coated coverslip (Fig. S1). ITO was then
deposited onto the coverslip and the tape mask was removed, leaving two wide regions of
ITO on opposing borders of the coverslip (Fig. 2B). Electric field simulations predicted
relatively even distribution of voltage between the electrodes (Fig. 2C). We also simulated the
electric field generated by an external parallel platinum electrode positioned above a coverslip
(Fig. 2C), which resulted in a field distribution with less uniformity than the surface-
integrated ITO electrodes. We then microcontact printed arrayed 15-pum lines of fibronectin
separated by 2 um over the entire PDMS-coated coverslip, including regions coated with ITO,
and bonded a rectangular PDMS frame on top of the coverslip aligned perpendicular to the
parallel electrodes to serve as a cell culture chamber (Fig. 2A).

Next, neonatal rat ventricular myocytes were seeded in the PDMS chamber, which
self-assembled into an aligned tissue after three days in culture. Tissue confluence, alignment,
and general health were confirmed by brightfield imaging, which was possible in regions with

and without ITO coating (Fig. 2D). We then incubated the tissue with Fluo-4, transferred the
13
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device to an inverted fluorescence microscope, and connected the exposed regions of ITO
outside of the cell culture chamber to an external stimulator using conductive tape. While
pacing the tissue with 20 V at 1.0 Hz, we recorded Fluo-4 fluorescence (Movie S1, Fig. 2E)
and subsequently plotted calcium transients in a region of interest (Fig. 2F) using custom
MATLAB software.® As expected, calcium transients occurred at 1 Hz, matching the
stimulation frequency. These data demonstrate that ITO electrodes deposited on PDMS can
successfully pace cardiac tissues that are aligned by fibronectin micropatterned on the same

continuous PDMS layer.

Fabrication of point ITO electrodes to stimulate calcium wave propagation
Another important physiological metric for assessing engineered cardiac tissues is
propagation velocity, which requires a point electrode to stimulate a very small region of the
tissue. Voltage and calcium signals then propagate outwards from the initial site of activation,
which can be imaged using voltage- or calcium-sensitive dyes, respectively.!® % 19 To
stimulate calcium wave propagation with ITO electrodes, we designed a tape mask that
included two wide regions of ITO on opposing sides of the coverslip (similar to Fig. 2) and
two thin rectangles that extended from these wide regions to the center of the coverslip, where
they were separated by a 0.5 mm gap (Fig. 3A). Simulations predicted that this design would
generate a highly localized and uniform electric field in the gap between the ITO projections
(Fig. 3B) and thus act as a point electrode. Using the same techniques described above,
PDMS-coated coverslips were covered with the tape mask during ITO deposition,
microcontact printed with fibronectin, and seeded with neonatal rat ventricular myocytes.
After three days in culture, we incubated the micropatterned cardiac tissue with Fluo-4
and imaged it using both brightfield and fluorescence microscopy. Consistent with the
analysis shown in Fig. 1, ITO caused some discoloration but did not prevent brightfield

imaging (Fig. 3C). In contrast, Fluo-4 fluorescence was almost completely blocked by the
14

Page 14 of 32



Page 15 of 32

Lab on a Chip

ITO, preventing capture of Fluo-4 signal in the regions deposited with ITO (Fig. 3D). For this
reason, we aligned the tissue perpendicular to the ITO point electrodes to maximize the field
of view for capturing propagation of the calcium wave in the longitudinal direction of the
tissue (Fig. 3C). Longitudinal propagation velocity is faster and more relevant to cardiac
tissue physiology compared to the transverse direction.” 13 After connecting the exposed
regions of ITO to an external stimulator using conductive tape, the tissue was paced at 1.0 Hz
and a movie of Fluo-4 fluorescence was captured for 4 s (Movie S2, Fig. 3D). Next, we
calculated a map of the maximum change in fluorescence intensity over time for each pixel
(Fig. 3E), which is useful for visualizing the calcium wave front and identifying regions that
are optimal for measuring calcium wave propagation velocity.® The calcium wave originated
between the electrodes and traveled with an elliptical wave front, as expected for an aligned
cardiac tissue. Next, we cropped the movie to isolate a segment of the wave front that was
parallel to the alignment of the tissue to calculate longitudinal propagation velocity (Fig. 3E).
After separating each 1 s activation cycle (Fig. 3F), we plotted distance against activation
time within the region of interest and quantified the slope of this line as the calcium wave
propagation velocity for each activation cycle (Fig. 3G). The values of propagation velocity
were similar to those recorded from aligned cardiac tissues stimulated by an external point
stimulation electrode.” Collectively, these data demonstrate that the point ITO electrode on
PDMS effectively stimulated a small region of micropatterned cardiac tissue, inducing

calcium waves to propagate outwards and enabling quantification of propagation velocity.

Integration of parallel ITO electrodes into MTF devices to stimulate contraction

The MTF assay was previously developed to measure forces generated by engineered muscle
tissues by culturing cells on laser-cut cantilevers of microcontact-printed PDMS, which
deflect as the tissues contract.!? 25> 26 The cantilevers are temporarily adhered to a glass

coverslip during cell culture by a sacrificial layer of PIPAAm that is solubilized at the time of
15
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the assay by reducing the temperature. Conventionally, the MTF assay requires a user to
manually position a parallel platinum electrode built into a Petri dish over the MTF substrate,
which is relatively bulky and limits the user to stimulating all cantilevers at the same
frequency. To overcome these limitations, we designed and deposited two sets of parallel ITO
electrodes onto glass coverslips using laser-cut tape masks that each encompass a row of
MTFs (Fig. 4A and B). Similar to the point electrode pattern, each electrode was connected to
a wide region of ITO on the sides of the coverslip for connection to external stimulators. After
ITO deposition on the glass coverslip, tape masks were used to sequentially deposit two
rectangles of PIPAAm covered by two larger rectangles of PDMS (Fig. 4Ci), which were
each positioned inside a set of parallel ITO electrodes. Next, we laser-cut rectangular
cantilevers into the PDMS (Fig. 4Cii) and microcontact printed fibronectin in alignment with
the length of the MTFs. Finally, a PDMS chamber with a center divider (Fig. 4A, Fig. S3)
was bonded to the coverslip to separate each set of MTFs with its corresponding electrodes.
Similar to the parallel electrodes for the calcium imaging device (Fig. 2), simulations
predicted that this electrode pattern would maintain uniform voltage distribution within each
set of ITO electrodes, where the MTFs are located (Fig. 4D). A complete assembled device is
shown in Fig. 4E.

Next, neonatal rat ventricular myocytes were seeded and cultured on an ITO MTF
device. Cell alignment was confirmed in the direction of the MTF using brightfield imaging
(Fig. 5A). We then moved the device to a stereomicroscope and added room temperature
Tyrode’s solution to activate the phase transition of PIPAAm. Upon PIPAAm dissolution, we
carefully peeled MTFs from the glass coverslip using tweezers and raised the temperature to
37°C. Similar to the parallel and point electrode experiments, we connected the exposed
regions of ITO to conductive tape (Fig. 5B) and external field stimulators (Fig. 5C). Because
this device had two PDMS chambers, each with two MTFs, the device was linked to two

separate stimulators for independent control of the MTFs in each chamber. Next, we recorded
16
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videos of MTFs in each well while pacing tissues at 0.5, 1.0, and 2.0 Hz. Based on the
deflection of the MTFs (Fig. 5D, Movie S3), we calculated contractile stress profiles at each
frequency by assuming that the film is a plane strain beam.!32%26 As shown in Fig. 5E, MTFs
contracted in synchrony with each stimulation frequency, indicating successful pacing by the
ITO electrodes. Additionally, the MTFs generated stresses on the same order of magnitude as
previously reported studies using conventional stimulation electrodes.

To demonstrate that distinct sets of ITO electrodes on the same substrate can stimulate
their corresponding MTFs independently, we next set each external field stimulator to pace at
different frequencies during a 30 s recording. Starting at 1.0 Hz for the top chamber and 0.5
Hz for the bottom chamber (Fig. 6A, Movie S4), the frequencies were switched
approximately every 10 s. As expected, each pair of MTFs contracted at the frequency
designated by their respective stimulator. This was confirmed by selecting regions of interest
(white squares in Fig. 6A) within each MTF, stitching the images from the video into a single-
row montage, and compressing them in the x-direction to easily visualize the physical
movement of the MTFs (Fig. 6B). Average pixel intensity within each region of interest was
also plotted over time (Fig. 6C). As seen using both methods, each set of MTFs contracted
according to its respective stimulation frequency with no interference from the other set.
These results demonstrate that patterned ITO electrodes can be used to independently pace
different regions of cardiac tissue within a single Heart-on-a-Chip device, which can be

implemented to improve multiplexing and ultimately increase throughput.

Conclusions

In this study, we integrated parallel or point electrodes into Heart-on-a-Chip devices
featuring tunable culture surfaces and quantitative physiological assays. Electrodes were

fabricated from ITO, which is semi-transparent and thus does not interfere with brightfield

17
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microscopy, and were patterned using laser-cut tape masks, a facile method compared to
contact photolithography. Depending on assay requirements, ITO electrodes were deposited
directly on glass or PDMS and then used to successfully stimulate cardiac tissues either
globally or locally to measure three key functional readouts: calcium transient morphology,
calcium propagation velocity, and contractile stresses. We also demonstrated that multiple
sets of ITO electrodes can be patterned on a single device, enabling users to distinctly
stimulate different regions of a substrate simultaneously for multiplexing.

Our approach has several advantages over previous strategies for electrically
stimulating cardiac tissues in vitro. Compared to inserting external electrodes into the tissue
bath, we showed that our ITO electrodes provide a more uniform and reproducible electric
field. We also demonstrated that our ITO electrodes can be implemented to stimulate different
regions of the same substrate at distinct frequencies, a multiplexing feature not feasible with
external electrodes. Surface-integrated electrodes are also more compatible with enclosing
tissues into a fluidic device or other enclosed system compared to external electrodes, which
is often a desirable design feature for Heart-on-a-Chip systems.?6: 66 67

Our approach also offers several advantages compared to conventional microelectrode
arrays, which are usually fabricated by depositing patterns of opaque metal on a glass
substrate using photolithography. Although contact photolithography is advantageous for
achieving spatial resolutions on the order of single micrometers, it is not amenable to rapid
prototyping because it is a relatively time-consuming process with a high iteration cost. In this
study, we used laser-engraved tape masks to pattern electrodes, which is a more flexible
technique that can be rapidly customized by the user. Although the spatial resolution of laser-
cut tape masks is limited to several hundred micrometers, we showed that this is adequate for
generating parallel and point electrodes for stimulating cardiac tissues globally or locally,

respectively, which is sufficient for the majority of Heart-on-a-Chip physiological assays.

18
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Another advantage of our approach is the semi-transparency of ITO. Although ITO
was not transparent for fluorescence imaging, it was sufficiently transparent for brightfield
imaging, which is useful for evaluating basic phenotypes such as cell adhesion, morphology,
and beat rate. The transparency of the electrodes could possibly be further optimized by
reducing the radiofrequency sputtering power, introducing oxygen to the gas mixture, or
performing post-deposition annealing at high temperatures (700-800°C), which could be done
only on glass substrates without PDMS.%-7° Hydrogenated indium oxide can also be explored
as a transparent conductor, as it shows transparencies of ~99% and can be directly deposited
on desired samples.”! Graphene microelectrode arrays on glass have been shown to be
transparent for fluorescence imaging,’? but patterning graphene electrodes requires several
intricate steps and the use of multiple high-end tools and high-purity gases. Graphene
electrodes also cannot be grown directly on desired substrates and thus must be fabricated
separately and then transferred to cell culture substrates.”® In contrast, ITO can be deposited
directly on cell culture substrates using fewer steps with tools that are easily accessible in
most academic settings, which reduces variability and increases scalability with the tradeoff
of reduced transparency for fluorescence imaging.

Another advantage of our approach is the ability to deposit ITO electrodes directly on
PDMS, a very popular substrate for Organ-on-Chip systems because it has tunable rigidity,
can be microcontact printed with extracellular matrix proteins to dictate tissue architecture,
and is highly compatible with replica molding. Although gold electrodes have been deposited
on PDMS,#% gold is completely opaque in the entire visible spectrum, which limits the
ability to broadly monitor general cell and tissue health throughout the culture period.

One limitation of our multiplexed device is the need for multiple stimulators. This
could be addressed in future iterations by integrating a frequency dividing circuit to enable
multiple output frequencies from a single input channel. For example, with a ‘divide-by-2’

frequency divider, the input frequency f; could pulse different chambers at f; divided by 2, f;
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divided by 4, and so on.”* This would remove the need for multiple stimulators when
stimulating wells at different frequencies, which would likely minimize connection errors and
improve device portability and integration into a cell culture incubator.

Collectively, we report a facile approach for integrating semi-transparent electrodes
into Heart-on-a-Chip devices that also offer tunable culture surfaces and rigorous
physiological assays. This is a unique combination of features and the procedures are overall
modular, scalable, and easy to adapt to other systems. For example, we envision that these
techniques would be useful for stimulating three-dimensional cardiac or skeletal muscle
tissues,”>- 7¢ tissue explants,® or neural organoids.”’ Surface-integrated ITO electrodes could
also be implemented to provide continuous electrical cues to cells and tissues during extended
culture periods, which has been shown to improve the differentiation of engineered cardiac®!:
78-80 and skeletal muscle®!: 32 constructs. The uniformity of the electric field generated by
surface-integrated ITO electrodes compared to external electrodes could be especially
important for skeletal muscle tissues, which have a graded response to electrical stimulation®3
and thus often require more voltage control compared to cardiac tissue. We also anticipate
that ITO could similarly be patterned directly on other types of materials commonly used for
cell culture, such as softer blends of PDMS? or polystyrene, and could also be deposited
directly on larger slabs of PDMS for easy integration into sealed, continuously perfused
microfluidic devices. Although ITO cannot be deposited directly on hydrogels, our masking
approach could be implemented to first pattern ITO electrodes on a glass substrate and the
attach slabs of hydrogels for cell culture.!! Previous studies have shown that gelatin hydrogels
directly on top of conventional microelectrode arrays are sufficiently conductive to enable
electrical communication between the electrodes and cells,®* which would likely be the case
for surface-integrated ITO electrodes as well. ITO stimulation electrodes could also be
integrated with electronic components for tissue sensing, such as strain gauges,’* 34 to reduce

the reliance on microscopy and further increase throughput. Thus, the facile and modular
20
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approaches reported here have many diverse applications in microphysiological systems for a

broad range of excitable tissues.
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Fig. 1 Surface morphology and transmittance of bare and PDMS-coated glass coverslips

coated with ITO. A) Scanning electron microscopy images of (i) ITO on a glass coverslip and

(ii)) ITO on a PDMS-coated glass coverslip. Scale bars: 10 um. B) Transmittance

measurements of substrates across the visual spectrum. Data presented as mean + standard

deviation (n = 5 for Glass and PDMS-on-Glass, n = 9 for ITO-on-Glass and ITO-on-PDMS-

on-Glass).
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Fig. 2 Fabricating parallel ITO electrodes on PDMS-coated coverslips to stimulate calcium
transients in micropatterned cardiac tissues. A) Schematic of device, consisting of a glass
coverslip, a spin-coated layer of PDMS, a patterned layer of ITO, microcontact printed
fibronectin (FN), and a PDMS cell culture chamber. B) Photograph of parallel ITO electrodes
on a PDMS-coated coverslip. C) Left, simulated electric field profile (top view) of the ITO
parallel electrodes with an applied voltage of 20 V. Right, simulated electric field profile (side
view) of external platinum parallel electrodes with an applied voltage of 20 V. The outlined
rectangle represents the typical location of a coverslip, roughly 2 mm below the wires. D)
Brightfield image of micropatterned neonatal rat ventricular myocytes three days after
seeding. The cells form a monolayer that spans the ITO film on the PDMS-coated coverslip,
which is located below the dotted line. E) Fluorescent images of tissue incubated with Fluo-4
and paced at 1.0 Hz and 20 V with parallel ITO electrodes. Frames show the tissue at the
beginning of the activation cycle (i) and at peak intensity (ii). F) Average Fluo-4 signal
(normalized) for the region of interest indicated in E. The circled time points correspond to

sub-panels Ei and Eii. Scale bars: 10 mm for A, B, and C; 100 pm for D; 1 mm for E.
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Fig. 3  Fabricating point ITO electrodes on PDMS-coated coverslips to stimulate calcium
wave propagation in micropatterned cardiac tissues. A) Schematic of device, consisting of a
glass coverslip, a spin-coated layer of PDMS, a patterned layer of ITO, microcontact printed
fibronectin (FN), and a PDMS cell culture chamber. B) Simulated electric field profile of the
ITO point electrodes with an applied voltage of 20 V. Inset shows the area between the point
electrodes in more detail. C) Brightfield image of aligned cardiac tissue cultured on device for
three days. The double-headed arrow indicates direction of alignment. D) Fluorescent image
of an aligned cardiac tissue incubated with Fluo-4 and paced at 1.0 Hz and 20 V with a point
ITO electrode. E) Change of fluorescent intensity of each pixel across a 4 s video. Regions of
interest (red, dashed white lines) were used for further analysis. F) Representative calcium
transient from the red region of interest in E. Automatic peak detection divided the signal into
activation cycles, separated by the dotted lines and labelled i-iii. G) For each of the three
activation cycles in F, a corresponding activation map (i-iii) was generated for the white

region of interest in E. The calcium wave propagation velocity is shown above the arrow,
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which indicates the direction of the wave. Scale bars: 10 mm for A and B; 1 mm for C, D, E,

and G.
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Fig. 4  Fabricating parallel ITO electrodes on MTF devices to stimulate contraction of
micropatterned cardiac tissues. A) Schematic of device, consisting of a glass coverslip, a
patterned layer of ITO, spin-coated layers of PIPAAm and PDMS, microcontact printed
fibronectin (FN), and a PDMS cell culture chamber with a divider splitting the device into
two wells. B) Photographs of a coverslip (i) with a tape mask and (ii) after ITO deposition. C)
Photographs of a coverslip with (i) a tape mask for PIPAAm and PDMS and (ii) laser-cut
MTF cantilevers. D) Simulated electric field profile of one of the pairs of ITO parallel
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electrodes with an applied voltage of 20 V. E) Photograph of a complete assembled device.

Scale bars: 10 mm.
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Fig. § Measuring contractile stresses generated by MTFs stimulated by parallel ITO
electrodes. A) Brightfield image of aligned cardiac tissue on MTF cantilever three days after
seeding. The double-headed arrow indicates direction of alignment. B) Photograph of
contractility device showing MTFs and connections between ITO and conductive copper tape.
C) Photograph of device during assay. The tape electrically connects each pair of ITO
electrodes to external field stimulators (Myopacers). D) Frames of MTFs stimulated at 0.5 Hz
and 20 V from diastole (i) to peak systole (ii). Blue boxes indicate lengths of MTFs prior to
peeling from base substrate. Red “T” bars indicate the horizontal projection tracking of each
MTF. E) Representative traces of contractile stress generated from the MTFs in D at indicated
pacing frequencies. The circled time points correspond to Di and Dii. Scale bars: 100 pm for

A; 10 mm for B; 50 mm for C; 1 mm for D.
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Fig. 6 Independent stimulation of two sets of MTFs within a single device. A) Brightfield
image of MTFs in two compartments separated by the PDMS chamber. White squares (i-iv)
indicate regions of interest for further analyses. Scale bar: 10 mm. B) Montages of regions of
interest from Ai-iv. 925 frames from brightfield videos of each region of interest were stitched
together in a single row montage and compressed in the x-direction to display the movement
of each MTF over time. Insets show MTFs within the top chamber at diastole, when the
regions of interest appear darker, to peak systole, when they appear lighter. These correspond
to the black and grey regions in the compressed montages. C) Representative traces of MTFs
(normalized intensity of Ai-iv across 30 s) paced at 1.0 Hz (Ai-ii) and 0.5 Hz (Aiii-iv) at 20
V. Approximately every 10 s, the stimulation frequencies were switched to the indicated

values.
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