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Introduction

Engineering anisotropic cardiac monolayers on
microelectrode arrays for non-invasive analyses
of electrophysiological propertiest

Ahmad Alassaf,?® Gulistan Tansik,? Vera Mayo,?® Laura Wubker,? Daniel Carbonero®
and Ashutosh Agarwal & *2<

A standard culture of cardiac cells as unorganized monolayers on tissue culture plastic or glass does not
recapitulate the architectural or the mechanical properties of native myocardium. We investigated the
physical and protein cues from the extracellular matrix to engineer anisotropic cardiac tissues as highly
aligned monolayers on top of the microelectrode array (MEA). The MEA platform allows non-invasive
measurement of beating rate and conduction velocity. The effect of different extracellular proteins was
tested by using the most common extracellular matrix proteins in the heart, fibronectin and gelatin, after
aligning myocytes using a microcontact (uC) printing technique. Both proteins showed similar electro-
physiological results before the monolayer began to delaminate after the sixth day of culture. Additionally,
there were no significant differences on day 4 between the two microcontact printed proteins in terms of
sarcomere alignment and gap junction expression. To test the effect of substrate stiffness, a micromolded
(uM) gelatin hydrogel was fabricated in different concentrations (20% and 2%), corresponding to the
elastic moduli of approximately 33 kPa and 0.7 kPa, respectively, to cover both spectra of the in vivo range
of myocardium. Cardiac monolayers under micromolded conditions beat in a much more synchronized
fashion, and exhibited conduction velocity that was close to the physiological value. Both concentrations
of gelatin hydrogel conditions yielded similar sarcomere alignment and gap junction expression on day 4
of culture. Ultimately, the 3D micromolded gelatin hydrogel that recapitulated myocardial stiffness
improved the synchronicity and conduction velocity of neonatal rat ventricular myocytes (NRVM) without
any stimulation. Identifying such microenvironmental factors will lead to future efforts to design heart on
a chip platforms that mimic in vivo environment and predict potential cardiotoxicity when testing new
drugs.

systems are being deployed to screen for cardiotoxicity;
however, these models often do not recapitulate the heart

Cardiotoxicity is one of the main reasons for drugs to be with- extracellular microenvironment or the native tissue architec-
drawn from the United States drug market.' In addition, heart ture, both of which are shown to regulate myocyte
disease remains the leading cause of death in the United phenotype.®° As a result, the cultures are often short-lived,

States,>® and a large contributor to the healthcare costs.* and do not recapitulate whole organism level responses.
Importantly, current animal

11,12

models for cardiovascular In order to create a physiologically realistic heart model on

research have severe limitations in both predicting chronic car- a chip, it is essential to recapitulate the heart’s main pro-

diotoxicity and developing new cardiac drugs.

>7 In vitro perties such as the cellular organization level, cell-extracellular

matrix interactions, and the mechanical and electrical
stimulation.”®'* Heart on a chip platforms promise to over-
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ability to recapitulate the key properties of heart tissues such
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the multicellular architecture."®'® A variety of studies have uti-
lized cardiac tissue engineered neonatal rat ventricular myo-

fElectronic supplementary information (ESI) available. See DOI 10.1039/ CYyt€s or human stem cell derived cardiac myocytes, and quan-
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tified contractile function in response to different factors such
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as acute drug exposure,'” tissue architecture,®'® and mechani-
cal stretching.'® Tissues were often engineered into anisotropic
monolayers that mimicked the aligned, laminar structure of
ventricular myocardium utilizing either microcontact (uC)
printing'”*® or micromolding (uM)."” For measuring electro-
physiological readouts, microelectrode arrays (MEAs) have
often been used to measure cardiomyocyte extracellular field
potentials (FPs).>>*' FPs correlate with the cardiac action
potential and with some features of the electrocardiogram
recordings, and still allow readouts to be higher throughput
than patch clamp recordings. Thus MEAs are a useful tool to
analyze pharmacological toxicity with newly developed, or
combinations of compounds on cardiomyocytes.”® Patterning
cardiomyocytes on MEAs®> was achieved to not only measure
the FPs, but more importantly to enable the measurement of
conduction velocity and refractory period after action
potentials.*"**?* In a recent development, Qian et al. devel-
oped a novel cardiac platform that integrates two independent
yet interpenetrating sensor arrays that can record both electro-
physiology and contractility readouts on the same chip.*®

Given the importance of MEAs in evaluating cardiotoxicity,
we sought out to find the optimum physical and protein cues
in the extracellular matrix to engineer biomimetic cardiac
monolayers on MEA chips. For this purpose, we tested two
different groups that represent key microenvironmental factors
that have significant roles in cardiomyocyte structure and
function: Group 1, where we tested the effect of coating of
different extracellular proteins (fibronectin versus gelatin) that
were microcontact printed to engineer anisotropic cardiac
monolayers on MEAs, and Group 2, where we tested the effect
of different stiffnesses (soft versus stiff) of micromolded sub-
strates that were used to engineer anisotropic cardiac mono-
layers on MEAs. MEAs were used to quantify the beating rate,
the interval duration between these beats, and the conduction
velocity of monolayers engineered from neonatal rat ventricu-
lar myocytes (NRVM). Identifying optimal microenvironmental
factors will result in future heart on a chip development, and
lead to more accurate predictability of cardiotoxicity when
testing new drugs.

Experimental
PDMS stamp fabrication

Stamps for microcontact (uC) and micromolding (uM) proteins
were prepared using established soft lithography techniques
on a silicon master.®*®*” Briefly, elastomeric stamps were pre-
pared by molding polydimethylsiloxane (PDMS, Sylgard184,
Dow Corning) on a patterned silicon wafer that was fabricated
inside the nanofabrication facility of Biomedical
Nanotechnology Institute of University of Miami (BioNIUM). A
10 pm thin layer of SU-8 2010 was spin coated at 3000 rpm
onto a silicon wafer and soft baked at 95 °C for 3 minutes.
After the wafer cooled down at room temperature for
5 minutes, SU-8 was exposed to UV at 120 m] cm ™ through a
chrome mask with 10 pm wide exposed channels separated by

140 | Analyst, 2020, 145, 139-149

View Article Online

Analyst

15 pm wide opaque lines. Post-exposure baking and cooling
down were done at 95 °C and room temperature for 4 minutes
and 5 minutes, respectively. Lastly, the wafer was developed
with an SU-8 developer for 3 minutes followed by an isopropyl
alcohol washing step for 20 seconds. Wafers were silanized for
30 minutes by exposing the newly fabricated wafers to a gas
phase of trichloro(1H,1H,2H,2H-perfluorooctyl) silane (Sigma)
in a vacuum chamber. A 10:1 ratio of PDMS base to curing
agent (Sylgard 184, Dow-Corning) was mixed, degassed, and
poured onto silanized wafer, degassed for 1 hour and cured
overnight inside a 65 °C oven. The next day, cured PDMS was
peeled from the wafer and cut into stamps using a razor blade.

Electrophysiological recordings

Spontaneous cardiac FPs were analyzed to collect the beating
rate, inter-beat-intervals, and conduction velocities. These
functional outputs were recorded from the engineered NRVM
monolayers in a standard MEA chip (60MEA200/30IR-TI-GR,
Multi Channel Systems) that fits inside the MEA2100 system
(Multi Channel Systems). Cardiac FPs were recorded for three
minutes for each measurement using the MEA2100 system
with a temperature (37 °C) controller and an interface board
that connects the system to a PC computer (Multi Channel
Systems). Cardio2D software was used for online recordings
and Cardio2D+ was used to do off-line analysis with the option
of exporting the data into an Excel file for further analysis
(Multi Channel Systems). 20 kHz sampling rate and gain of 5
were the data acquisition settings that were chosen with the
Cardio2D software. The beat detection settings were as follows:
100 ps for the minimum rise time, and 1 ms for the maximum
rise time with a heartbeat that was at least 10x the standard
deviation of the noise level and 100 ms as the detection dead
time between the beats. The conduction velocity was calculated
from the cardio 2D software automatically by dividing the dis-
tance between the first and last electrode, which detected the
same heartbeat, over the time that the heartbeat took to travel
between these two electrodes. Data were represented as mean
+SEM, n > 3.

Elastic modulus measurements

The mechanical characterization of gelatin hydrogels was per-
formed with a DHR-2 TA Instrument rheometer using a paral-
lel plate geometry (25 mm in diameter) in oscillation mode.
First, solutions of 20% and 2% (w/v) gelatin were prepared
with 4% (w/v) microbial transglutaminase (mTg, Ajinomoto)
and then the gels were cured overnight on disposable alumi-
num rheometer plates of 25 mm. After curing, all hydrogels
were incubated in PBS overnight. All rheology measurements
were performed at 37 °C and in a load of 0.5 N. First, oscil-
latory strain amplitude sweeps (y = 0.1%-100%) were con-
ducted at a fixed frequency (f= 1.5 Hz) to determine the range
of linear viscoelasticities. Then, frequency sweep measure-
ments were performed in a range of frequencies from 0.01 Hz
to 10 Hz at a constant strain (0.5%). For each gel solution, the
Young’s modulus values were averaged for the technical repli-
cates (n > 4). Data were represented as mean + SEM, n > 4.
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Hydrogel micromolding (nM)

Gelatin hydrogels were prepared in distilled water using 20%
and 2% (w/v) final concentrations of gelatin from porcine skin
(175 Bloom, Type A, Sigma) and 4% (w/v) microbial transgluta-
minase (mTg, Ajinomoto) as a crosslinker, similar to a pre-
viously published protocol.*®

The PDMS stamps used for micromolding had a negative
pattern to provide 15 pm wide grooves and 10 pm wide ridges
on the gelatin surface. The PDMS stamps were placed in a 70%
ethanol beaker and placed inside an ultrasonic cleaner (VWR)
for 15 minutes before drying them with nitrogen air inside the
biosafety cabinet. Prior to gelatin micromolding, all MEAs
were placed inside a UV Ozone cleaner (Jelight) for 8 minutes
in order to sterilize and activate the MEA surface for stamping
the ECM in the MEA wells. A 15 x 10 PDMS stamp was used to
micromold 120 pl drop of the hydrogel mixture (20% or 2%
gelatin with 4% mTg) that was placed in the MEA wells. After
overnight incubation at room temperature, the stamps were
carefully removed. After 5 minutes of UV exposure, MEA wells
were filled with PBS and stored at 4 °C until cell seeding.

Protein microcontact (pC) printing

Human fibronectin (BD Biosciences) and gelatin from porcine
skin were the proteins used to microcontact print onto the
MEA surface. The same 15 x 10 pm PDMS stamps that were
used for pM hydrogels were also used for uC printing the
protein as in previously published protocols®'”'® with some
changes to have anisotropic monolayers on the glass MEA
surface. Briefly, PDMS stamps were incubated with fibronectin
(25 pg mL™") and gelatin (100 pg mL™") solutions for one hour
inside the biosafety cabinet for uC fibronectin and pC gelatin,
respectively. PDMS stamps were air dried after one hour incu-
bation and brought into contact with MEAs which had been
exposed to UV ozone (Jelight) for 8 min for sterilization and
functionalization. Unlike previous methods in which the
stamps would be lifted off right after the contact printing, the
MEAs with the stamps inside their wells were transferred and
stored inside the 37 °C incubator overnight. The PDMS stamps
were then lifted off the MEAs and collected inside a large
beaker containing 70% ethanol and sonicated for 15 minutes
and stored for next usage. Finally, UV was applied on MEAs for
10 minutes before seeding the cardiomyocytes.

Cardiomyocyte culture

NRVM were isolated according to previously published
protocols.'®*® The protocol was approved by the Animal Care
and Use Committee at University of Miami. Ventricles were
extracted from two-day-old Sprague-Dawley rats and incubated
in Trypsin solution (1 mg mL™", Thermo Fisher Scientific)
overnight at 4 °C. Ventricles were digested by incubating them
in collagenase (1 mg mL™', Worthington Biochemical Corp)
for 2 minutes at 37 °C followed by manual agitation. A total of
four digestions were performed.

After straining and re-suspending the cell solutions in
M199 culture media supplemented with 10% heat-inactivated
fetal bovine serum, 10 mM HEPES, 0.1 mM MEM nonessential
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amino acids, 20 mM glucose, 2 mM r-glutamine, 1.5 mM
vitamin B-12, and 50 U mL™" penicillin, the cells were pre-
plated twice (45 minutes each) to reduce non-myocyte cell
populations. Each MEA was seeded with cardiac myocytes at
2000 cells per mm®. One day after seeding, the dead cells were
washed out. The fetal bovine serum concentration was
reduced to 2% after two days in culture, and 2% medium was
changed every two days until the end of the experiment.

Immunocytochemistry and quantification of cell sarcomeres
and gap junctions

Tissues from all conditions were cultured for 4 days on 25 mm
glass coverslips (Electron Microscopy Sciences). On day 4, each
coverslip was incubated for 10 min with 4% paraformaldehyde
(PFA) solution containing 0.05% Triton X-100 to fix and per-
meabilize the cells, respectively. Coverslips were then rinsed
with PBS three times and inverted onto drops of PBS with two
primary antibodies; mouse anti-sarcomeric a-actinin for the
Z-disks (Sigma, 1:200), and rabbit anti-connexin 43 for the
gap junction (MilliporeSigma, 1 : 200).

After 1 hour incubation at 37 °C, the coverslips were rinsed
with PBS three times and inverted onto drops of PBS with 4',6-
diamidino-2-phenylindole (DAPI, 1 : 200), Alexa Fluor 488 phal-
loidin (Life Technologies, 1:200), Alexa Fluor 594 goat anti-
mouse (Life Technologies, 1:200), and Alexa Fluor 555 goat
anti-rabbit (Life Technologies, 1 :200). After 1 hour incubation
at 37 °C, the coverslips were rinsed with PBS three times and
mounted onto glass slides with a ProLong Gold Anti-Fade
Reagent (Life Technologies) and sealed with nail polish after
curing of the mountant.

Stained tissues were imaged on a Nikon Eclipse Ti inverted
fluorescence microscope with an Andor Zyla sCMOS camera.
Each condition had two coverslips, and three images from
each coverslip (n = 6) were collected at randomly selected
locations on the tissue using a 60x oil immersion objective.

To calculate sarcomere alignment, the images of Z-disks
stained with anti-sarcomeric o-actinin were analyzed using
a custom MATLAB code based on fingerprint detection as
previously reported.®'®?°! Sarcomere alignment in all six
images of each condition was quantified by calculating
the orientational order parameter (OOP) that ranges
from 0 (completely random tissue) to 1 (completely aligned
tissue)."®

The expression of gap junction (connexin 43) was calculated
and reported as a normalized connexin area of the stained
color (red). The designed computer algorithm used MATLAB to
obtain an inputted RGB image and split it into the image’s
colored channels. The channel of interest (connexin 43) was
then made binary according to a user set threshold for inten-
sity to minimize the noise. During post-filtering, the fluo-
rescence positive area for the channel was divided by the total
frame area to arrive at a proportional fluorescence area.
Finally, the proportional fluorescence area of connexin was
reported as the normalized connexin area (a.u.) after dividing
it by the number of cells in the field of view. Data were rep-
resented as mean + SEM, n = 6.
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Statistical analyses

All statistical analyses were performed on Prism v8 software
(GraphPad, San Diego, CA). One-way ANOVA, and repeated
measures one-way ANOVA followed by Tukey’s post hoc were
used for statistical comparisons for immunocytochemistry and
MEA recording analyses, respectively. For comparing only two
conditions, an unpaired two-tailed Student’s ¢-test was used.
All values were reported as the mean + standard error of the
mean unless otherwise reported, and p < 0.05 was considered
statistically significant.

Results and discussion
Modification of MEA with micromolded (uM) gelatin and
microcontact (uC) printed proteins

Ventricular myocardium is composed of stretched, aligned
cardiovascular myocytes within a flexible extracellular matrix
network.*> In order to more accurately compare puC protein

0%
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(Fig. 1A) and pM hydrogel (Fig. 1B), using MEAs as a glass sub-
strate, we developed a way to produce anisotropic monolayers
for all conditions (Fig. 1C, and ESI Movies 1 and 2f).
Anisotropic monolayers cultured on glass coated with micro-
molded (uM) hydrogels have been previously shown to maxi-
mize stress generation and sarcomere alignment.*"?
Specifically, gelatin hydrogels with different elastic moduli
have been investigated in previous studies.’®** Gelatin hydro-
gels are not just naturally non-toxic and amenable for cell
adhesion, but also can be made thermostable by cross-linking
with mTg and have tunable elastic moduli to match the
desired stiffness.**® McCain et al. reported bulk compressive
elastic moduli of approximately 24 kPa, 56 kPa, and 114 kPa,
when 5%, 10%, and 20% (w/v) gelatin was used, respectively.*®
We extended that range to include 2% (w/v) gelatin hydrogels
using 4% (w/v) mTg as a cross-linker. Instead of determining
stiffness with bulk compression studies or with atomic force
microscopy based indentation assay, we performed rheological
measurements to arrive at the shear modulus and Young’s

Seed with cardiac cells

Coat PDMS stamp Dry ECM-coated Microcontact print
with ECM protein stamp ECM protein on MEA
5 .
o °
sseoes o2 oW
/ oeeecee / oeccecee Vs /
Apply hydrogel Cast hydrogel under Remove stamp after Seed with cardiac cells
drop on MEA PDMS stamp hydrogel crosslinks

Fig. 1 Engineering an anisotropic cardiac monolayer on a microelectrode array (MEA). (A) Schematic illustration of the microcontact (UC) printing
technique. (B) Schematic illustration of the micromolding (uM) technique. (C) Bright field images of live cultures from day 4 for all of the 4 conditions
(UM 20%, uM 2%, pC gelatin, and pC fibronectin) showing anisotropic monolayers on the MEA. Scale bar represents 200 pm.
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Fig. 2 Young's modulus of elasticity for 20% and 2% gelatin hydrogels
crosslinked with 4% (w/v) mTg. For each gelatin solution, the Young's
modulus values were averaged for the n > 4 technical replicates. **p <
0.01.

modulus of elasticity (ESI Fig. 1A-D¥). For 20% and 2% gelatin
hydrogels, the Young’s modulus of elasticity was measured to
be of 33 + 6 kPa and 0.7 + 0.1 kPa, respectively (Fig. 2). These
hydrogels were considered as our stiff and soft hydrogels,
respectively. We were able to cast these gelatin hydrogels
directly on top of MEA chips, and successfully collect field
potential recordings. MEA platforms, in general, have been
used with very thin coatings (<10 nm)®” in order to not block
the field potential signal of cardiomyocytes from reaching the
electrodes. Gelatin hydrogels in our pM groups, which had a
gel thickness of 70 um approximately, did not cause any issue
with signal retardation. This could be explained by the rela-
tively high cell culture media conserved within these gels that
allow electrical conduction.*® Furthermore, these gelatin
hydrogels enable larger strain in the cardiac tissues due to
their soft deformable feature, therefore leading to stronger
amplitudes.**

No prior work, however, has developed anisotropic cardiac
monolayers on glass directly with microcontact (uC) printed
protein without the use of an additional polymer coating, such
as polydimethylsiloxane (PDMS).*'®?*?® The use of PDMS
necessitates additional design considerations as it relates to
applications in drug discovery,*® since the absorption of hydro-
phobic compounds can affect the prediction accuracy of drug
toxicity and efficacy.*®° Therefore, direct microcontact print-
ing on glass MEAs is an important development in engineer-
ing anisotropic cellular layers on glass without an underly-
ing layer of PDMS. Unlike previous methods in which the
stamps would be lifted off immediately after contact printing,
the stamps were left overnight on UV ozone treated MEAs for
successful transfer of protein patterns from PDMS stamps
to MEA.

Quantification of expression of cardiac sarcomeres and gap
junctions

The OOP is an established metric for quantifying alignment in
biological systems.®>'®*%™*? To quantify the OOP, we measured
the OOP of stained sarcomeric a-actinin in our engineered
cardiac tissues (Fig. 3A and B). Cardiac myocytes on the micro-
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molded groups reported an OOP = 0.33 + 0.02 and OOP = 0.34
+ 0.02 for uM (20%) and pM (2%), respectively. Microcontact
groups, on the other hand, reported an OOP = 0.31 + 0.02 and
OOP = 0.32 * 0.02 for pC gelatin and pC fibronectin, respect-
ively. The results were in line with what have been reported
before.'®*%*! Even though there was no significant alighment
difference between the four groups, micromolded groups had
slightly more aligned sarcomere than the microcontact groups.
Petersen et al. reported similar finding; higher tissue align-
ment with the micromolded gelatin group compared to the
microcontact printed PDMS group.’”> The height difference
between the micrometer scale features in the micromolded
groups compared to the nanometer scale features in the micro-
contact groups®” could be the reason that the increased tissue
alignment and decreased cell width were observed only in the
micromolded groups.*?

Rapid spread of action potential and subsequent calcium
waves in the myocardium is known to be crucial for synchro-
nizing the contraction of cardiac myocytes and maximizing
the cardiac output. Gap junction channels, in particular, elec-
trically couple adjacent myocytes and play an important role
in transmitting action potentials in cardiac myocytes.** The
expression of the gap junction of stained connexin 43 in our
engineered cardiac tissues across the different conditions was
imaged, calculated, and reported as a normalized connexin
area (Fig. 3C). Micromolded groups reported a normalized
gap junction area as 3.6 x 10™* + 3 x 107> for uM (20%) and
3.8 x 107 + 4.7 x 107> for pM (2%). Microcontact groups, on
the other side, reported 3.4 x 10~* + 2.3 x 107> for pC gelatin
and 3.1 x 107" + 1.3 x 107 for pC fibronectin. As OOP, the
gap junction expression was slightly higher in the micro-
molded groups compared to the microcontact groups without
any significant difference among the four groups. More inten-
sive investigation needs to be done regarding the gap junc-
tions because very different expressions were seen from the
same conditions depending on the imaging field of view.
Nevertheless, sarcomere and gap junction expression results
suggest that micromolded hydrogel groups that recapitulate
the mechanical properties of myocardium provided better
cues for cardiac cells to align uniformly and have more gap
junction channels that allow for better action potential
propagation.

Beating rate and inter-beat interval

The spontaneous and synchronous contraction of NRVM is a
well-known phenomenon that starts after about three days in
culture, and has been reported using different substrates and
coatings.*>**™*” All of our four groups had similar beating rate
values (ESI Table 1Af) in their first twelve days of culture
(Fig. 4A, B and ESI Fig. 2At), which were similar to what has
been reported before.*>*>*” The beating rate of the pC fibro-
nectin group (2.3 + 0.2 Hz) was significantly higher than pC
gelatin (1.8 + 0.2 Hz) and pM 2% hydrogel (1.9 + 0.1 Hz)
groups, but not significantly higher than the pM 20% hydrogel
(2.0 + 0.2 Hz) group. Even though the beating rate recorded in
our study showed mixed results between the two pC conditions
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Fig. 3 Immunocytochemistry analyses. (A) Representative images of cardiac tissues engineered on each substrate (blue: nuclei, green: actin, red:
connexin 43, yellow: sarcomeric a-actinin, scale bars: 25 pm). (B) Orientational order parameter for sarcomeric alignment of cardiac tissues engin-
eered on each substrate (n = 6). (C) Normalized gap junction (connexin-43) area for each substrate (n = 6).

and the two pM conditions, all four conditions were within the
previously published range®*®*° (~2 Hz). Synchronized beat-
ings were visually observed more often with the micromolded
groups from day to day monitoring under the microscope com-
pared to the microcontact groups. In addition to beating fre-
quency, we calculated the inter-beat interval, defined as the
time between one beat to another. Time-traces appeared more
regularly for micromolded conditions than for the microcon-
tact printed conditions (Fig. 4C-F). However, the mean beating
interval for pM 20%, uM 2%, pC gelatin, and pC fibronectin
(ESI Table 1BY) was calculated to be 1.42 + 0.15 s, 1.10 + 0.02 s,
1.98 + 0.24 s, and 1.10 + 0.10 s, respectively, and did not reveal
significant difference between conditions (Fig. 4G). We reason
that the mean inter-beat-interval was not significantly different
between the groups because of the considerable variation
observed across different days for the same MEA. The fact that
these measurements were collected from spontaneous contrac-
tions, as opposed to electrically stimulated cultures, could
have contributed to that variability. To further evaluate beating
synchronicity across conditions, the coefficient of variation
(which is a statistical measure of the dispersion of data points
in a data series around the mean) of the inter-beat interval was
calculated across a three minute recording every two days for
each MEA. The coefficient of variation analysis (ESI Table 1Ct)

144 | Analyst, 2020, 145, 139-149

revealed that the inter-beat interval exhibited significantly less
variation around the beating interval mean with uM 20% and
2% hydrogels (49 + 15% and 30 + 14%, respectively) compared
to uC gelatin and fibronectin (115 + 14% and 105 + 26%,
respectively, Fig. 4H), suggesting more synchronicity in cul-
tures on hydrogels than on glass. There was no significant
difference between pM 20% and pM 2% hydrogels, or between
pC gelatin and pC fibronectin conditions. A substrate that has
physiological elastic modulus has been shown to maximize the
contractile output'® and promote the maturation®®>' of
cardiac myocytes. Since the micromolded gelatin hydrogels
(Young’s modulus of 0.7 and 33 kPa in our case) mimic the
in vivo myocardium elastic moduli®*> more closely than glass
(Young’s modulus of 75 GPa),>>>* it is conceivable that cardiac
cultures beat in a significantly more synchronized fashion
under uM conditions than under pC conditions.

Conduction velocity

Conduction velocity, which is a measure of the speed of
cardiac field potential signal propagation across the mono-
layer, is another important metric of cardiac maturation, and
electrophysiological safety and efficacy assessment in drug
discovery and development.’®*>°® Previous studies have
reported conduction velocity using either human induced

This journal is © The Royal Society of Chemistry 2020
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conditions (n > 3 chips for each condition). (B) The average of beating rate for the different conditions (n > 3 chips for each condition). **p < 0.01,
***p < 0.001. Time-traces of the cardiomyocyte beatings from day 6 of the culture for (C) uM 20% hydrogel, (D) uM 2% hydrogel, (E) uC gelatin, and
(F) pC fibronectin over 1 minute of recording. Box and whisker plot with median for (G) beating interval for the different conditions (n > 3 chips for
each condition), and (H) coefficient of variation around the beating interval mean for the different conditions (n > 3 chips for each condition). *p <

0.05 compared to pM 20%, # p < 0.01 compared to uM 2%.

pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) or
NRVM.>""*#23757 Conduction velocity has also been reported
with anisotropic monolayers.>>"*> However, these studies
either used only 2D fibronectin coating, or 3D collagen or
gelatin with only one stiffness.>*">> Furthermore, the record-
ing in these previous studies was taken only in one day post
seeding and after some electrical stimulation.®>">> We present

This journal is © The Royal Society of Chemistry 2020

a more comprehensive study by comparing two different 2D
coatings, fibronectin and gelatin, as well as two different stiff-
nesses, 33 kPa and 0.7 kPa of 3D micromolded gelatin coating
(ESI Fig. 2Bf). In our study (Fig. 5A and B), the conduction
velocity of propagation across MEA for uM 20% and 2% hydro-
gels (22 + 4 ecm s™' and 22 + 2 cm 5™, respectively) was signifi-
cantly greater than those of pC gelatin and pC fibronectin
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Fig. 5 Conduction velocity recording over 12 days of culture. (A) The conduction velocity over the different culture days for the four different con-
ditions (n > 3 chips per condition). (B) The average of conduction velocity for the different conditions (n > 3 chips per condition). *p < 0.05 compared
to uM 20%, # p < 0.01 compared to uM 2%. Representative velocity time points over 3 minutes of recording and propagation map of spontaneous
cardiac field potential on MEA over time from day 4 of the culture for (C) pM 20% hydrogel, (D) uM 2% hydrogel, (E) pC gelatin, and (F) uC fibronec-
tin. The red color in the propagation map denotes early detection of the field potential, and the blue color denotes the late detection of the field

potential.

(11 + 4 em s7" and 11 + 3 cm s, respectively) conditions.
Steadier velocity and field potential propagation within the
three minute recording were also noticed across culture days
with the micromolded groups compared to the microcontact
groups (Fig. 5C-F, ESI Table 1D and Movies 3-47), mimicking
the same trend as that observed with the coefficient of vari-
ation of the inter-beat interval. The conduction velocity results
for micromolded groups, unlike the microcontact groups, were
in agreement with ex vivo readouts for NRVM,***° and
similar to previously reported values for in vitro cardiac
monolayers.>*>>”° No statistical difference was found between

146 | Analyst, 2020, 145, 139-149

stiff (20%) and soft (2%) hydrogels, as well as between the two
different proteins, gelatin and fibronectin. While it was sur-
prising that no significant differences were observed between
33 and 0.7 kPa stiffness conditions in terms of conduction vel-
ocity measured over the first twelve days, perhaps a more com-
prehensive investigation that employs gels of additional
stiffness values,”® or extends measurements beyond twelve
days, might uncover the dependence of electrophysiological
properties on substrate stiffness. Nevertheless, these findings
clearly suggest that cardiac tissues engineered on micro-
molded hydrogel groups that recapitulate both the mechanical

This journal is © The Royal Society of Chemistry 2020
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properties of myocardium and highly anisotropic cellular
architecture exhibit superior electrophysiological properties.

Long-term viability and functionality

In our study, there was no sign of culture degradation on pM
substrates until our maximal culture time of 12 days (ESI
Fig. 3At), while pC conditions began delaminating by day 6
(ESI Fig. 3Bft). These observations mimic previous results
where a spontaneous contractile activity of NRVM was
observed for several weeks on the micromolded gelatin sub-
strate compared to the fibronectin-micropatterned PDMS sub-
strate.”® Multiple observations have been reported to explain
the differences between pC and uM conditions in terms of
delamination  and short  time of  spontaneous
activity,'*?128°951:58:59 Gelatin hydrogels used under uM con-
ditions are much softer and closer to the in vivo myocardium
elastic moduli, as previously indicated. Furthermore, a more
3D topography, that micromolded conditions provide, has
been linked to improved sarcomerogenesis,®® cell-cell coup-
ling,** and conduction velocity.® Meanwhile, fibronectin,
which is employed for uC conditions, is known to not be the
dominant extracellular matrix protein in the native heart,>®
leading to differences in binding to different integrin receptors
in the cell membrane.”%%

Maintaining functional engineered cardiac monolayers for
several weeks is particularly important when considering such
a platform for screening drugs that might reveal cardiotoxicity
only at a chronic exposure timescale, such as cytotoxic cancer
drugs.®* Another emerging application of long term mainten-
ance of cardiac cultures is to drive the maturation of
hiPSC-CMs, where cultures often need to be maintained for 4
weeks to differentiate and achieve a more mature
phenotype.®>®® Human-relevant cells, such as hiPSC-CMs,
combined with biomimetic substrates, such as micromolded
gelatin, will lead to MEA based heart on a chip platforms that
are ideally suited for safety screening during the preclinical

stages, and the development of precision medicine
applications.
Conclusion

In this study, we explored different microenvironmental
factors to engineer long-term cultures of anisotropic cardiac
monolayers on MEA platforms and non-invasively analyzed
their emergent electrophysiological properties. Two different
extracellular proteins, fibronectin and gelatin, were microcon-
tact printed directly on MEAs without an underlying layer of
PDMS. Similar functional readouts were collected from the
resulting anisotropic cardiac monolayers. Both cultures had
similar sarcomere alignment and gap junction expression on
day 4 before the start of tissue delamination on day 6. To study
the effect of substrate stiffness, micromolded gelatin hydrogels
were fabricated in physiologically relevant stiffness of 0.7 kPa
and 33 kPa directly on top of MEA. 3D micromolded gelatin
substrates significantly enhanced the culture lifetime, syn-

This journal is © The Royal Society of Chemistry 2020
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chronicity and conduction velocity of cardiac cultures. 3D
micromolded gelatin substrates, also, seem to have the poten-
tial to align cardiomyocytes and express more gap junction
when compared to microcontact printed substrates. Our
efforts to optimize microenvironmental factors will lead to
future heart on a chip platforms that aim to develop drugs or
search for disease mechanisms in a patient-specific manner.
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