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Abstract

A human in vitro cardiac tissue model would be a significant advancement for understanding,
studying, and developing new strategies for treating cardiac arrhythmias and related
cardiovascular diseases. We developed an in vitro model of three-dimensional (3D) human cardiac
tissue by populating synthetic filamentous matrices with cardiomyocytes derived from healthy
wild-type volunteer (WT) and patient-specific long QT syndrome type 3 (LQT3) induced
pluripotent stem cells (iPS-CMs) to mimic the condensed and aligned human ventricular
myocardium. Using such a highly controllable cardiac model, we studied the contractility
malfunctions associated with the electrophysiological consequences of LQT3 and their response to
a panel of drugs. By varying the stiffness of filamentous matrices, LQT3 iPS-CMs exhibited
different level of contractility abnormality and susceptibility to drug-induced cardiotoxicity.

Keywords

Induced pluripotent stem cells; cardiac disease model; two-photon initiated polymerization; long
QT syndrome; cardiac contractility; drug testing

1. Introduction

Effective treatments for numerous cardiovascular diseases are significant unmet needs, and
one significant challenge is the lack of an established in vitro model of human cardiac tissue
that would be useful for developing and testing potential therapies. Human induced
pluripotent stem (iPS) cell technology allows the recapitulation of human disease models in
vitro, which can be used to both study disease mechanisms and ultimately design and screen
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personalized therapeutics prior to large animal or clinical trials. Patient-specific iPS cell-
derived cardiomyocytes (iPS-CMs) have been shown to provide valuable models of
congenital cardiomyopathies caused by mutations in genes coding for ion channels or ion
channel-associated proteins, such as long QT syndrome (LQTS) [1,2]. LQT3, with a
mutation in the SCN5a gene, enhances late Na*™ channel currents (In,+) that fail to inactivate
completely and conduct increased inward currents. This prolonged depolarization results in
delayed repolarization, a prolonged QT interval, and increases the risk of fatal arrhythmia.

Although genetics play a critical role in the onset of cardiac disease, non-genetic stress — for
example, due to forces and paracrine factors normally experienced in the heart, or changes
in those cues in the setting of drugs or disease — also makes an important contribution to
cardiac pathology. Therefore, developing a “patient/disease-specific” three-dimensional
(3D) cardiac model of LQT3 and other cardiac diseases would be a significant advancement
for understanding the disease mechanism in vitro. Native myocardial tissues are organized
into parallel cardiac muscle fibers with aligned intracellular contractile myofibrils and gap
junction complexes between contacting CMs, which are important to form the integrated
electrical and mechanical properties of human heart. Previous studies on the disease
mechanisms of LQT3 and drug screening for treatment were highly dependent on two-
dimensional (2D) cell culture, which does not represent the cellular environment within the
myocardium [3]. The interplay between gene expression and environmental intricacies
causes large functional variations of cells [4-7]. For example, an “in vivo-like”
microenvironment with aligned CMs has been shown to facilitate mesenchymal stem cells
acquisition of cardiac-specific contractile cytoskeleton proteins, transcription factors, gap
junction protein distribution, and electrophysiological properties [8]. The substrate stiffness
contributed to the maturation of neonatal CMs [9] and regulated sarcomere structure and
calcium transient of adult CMs [10].

Previous strategies for generating aligned 3D cardiac tissue relied on the implementation of
mechanical loading by pairs of cantilever posts to stretch 3D matrices (collagen | and
fibrinogen) mixed with CMs [11,12]. By loading fibrin-based hydrogels mixed with CMs
onto microfabricated polydimethylsiloxane (PDMS) molds, others have created a 3D cardiac
tissue with aligned structure [13]; however, these animal-derived extracellular matrix (ECM)
scaffolds suffer from vial-to-vial variability, inhomogeneous structure, inconsistent
reproducibility and lack of precise control over essential scaffold parameters. Others have
also successfully electrospun 3D scaffolds with aligned nanofibers using synthetic polymers
to structurally mimic the orientation of ECM in the myocardium, which helped CMs self-
organize into an anisotropic structure [14]. However, the electrospinning method results in
nanoscale and uncontrollable porosity and cannot allow immediate cell infiltration into the
matrix to create a true 3D cellular structure. In order to systematically study human stem cell
behavior in a 3D environment, more advanced fabrication methods are needed to produce
scaffolds with accurately defined micro- and nanoscale features. Two-photon initiated
polymerization (TPIP), a laser writing technique based on the phenomenon of two-photon
absorption (TPA), can be confined to cure photoresists only near the laser focal volume,
enabling fabrication of arbitrary 3D structures with spatial resolution approaching 100 nm
[15-17].

With the TPIP technique, we created a bioinspired cardiac tissue model with a cohort of 3D
filamentous matrices that precisely regulated the structural alignment of CMs and adjusted
the cellular mechanical environment. The filamentous matrices consisted of synthetic
parallel fibers with tunable fiber diameter and spacing. The CMs differentiated from LQT3
iPS cells were verified to faithfully recapitulate the electrophysiological abnormality of
delayed repolarization. By seeding LQT3 iPS-CMs on such a highly controllable
filamentous matrix, we generated a disease-specific 3D cardiac tissue and studied the
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contractility malfunctions associated with the electrophysiological consequences of LQT3
syndrome. By the comparison with 2D cell culture, we highlighted the different response of
our 3D tissue model to a panel of drugs associated with cardiotoxicity.

2. Materials and methods

2.1 Fabrication of filamentous matrices

The filamentous matrices were fabricated via the TPIP system (Figure 1A) based on a
femtosecond laser beam irradiated vertically to the photoresist, a UV-curable organic-
inorganic hybrid polymer (ORMOCER®, Micro resist technology). The photoresist were
spin-coated onto glass plates (25 mm in length, 3 mm in width, and 1 mm in thickness) at
4000 RPM for 100 seconds, pre-baked on a hotplate at 80°C for 2 minutes, and cured by UV
light illumination for 30 minutes. Two glass plates were assembled with two 0.5 mm-thick
spacers at the ends and subsequently hard baked at 140°C fo r 1.5 hour. The assembled glass
scaffold was filled by uncured photoresist and placed on PC-controllable X-Y-Z motorized
stages (Aerotech, ANT95-XY-MP and ANT95-50-L-Z-RH) with high precise positioning.
Single fibers were fabricated along the laser beam path with a high-repetition rate
femtosecond laser irradiation (Movie S1). The femtosecond laser (pulse duration: ~400 fs,
repetition frequency: 1 MHz, wavelength: 1045 nm, FCPA pJewel D-400, IMRA America,
Inc.) was frequency-doubled to the wavelength of ~522 nm by Lithium triborate (LBO)
second harmonic nonlinear crystal (Newlight photonics) and focused onto the glass plate/
photoresist interface with a 5X microscope objective (M Plan Apo, N.A. = 0.14, Mitutoyo).
The fibers with different diameters could be fabricated by changing the laser power and
exposure time. The power of the laser beam emitted downstream of the objective lens was
measured by a power meter and controlled by a half-wave plate and a polarizing beam
splitter. The exposure time was set by a PC-controllable mechanical shutter. Fibers with
diameters of 5 pm and 10 pm were created with powers of 2.6 mW for 0.7 s exposure and
6.4 mW for 1 s exposure respectively. Different fiber spacing within the matrices was
controlled by the X-Y-Z stage with high positioning precision operated by a PC. After
finishing the polymerization process, the samples were placed on a hotplate at 120°C for 30
min for post-baking. After cooling in the air for 10 min, the matrices were immersed in the
developer (ORMODEV®, Micro resist technology) for 1 hour to remove uncured
photoresist. To reduce the tendency of adherent between of fibers, the matrices were
immersed into the 60 mg/mL asolectin (Sigma Aldrich) solution for 30 min, and then rinsed
five times with 2-propanol (Sigma Aldrich) and deionized water by succession. To sterilize
the sample, suspended filamentous matrices were immersed in 70% ethanol before usage.

2.2 Cardiac differentiation from iPS cells

The diseased iPS cell line (LQT3) and a healthy cell line counterpart (WT) were obtained
from Dr. Conklin’s laboratory at the Gladstone Institute of Cardiovascular Research. A
small molecule WNT-mediated protocol was used to derive iPS-CMs from these cell lines
[18]. Briefly, iPS cells were maintained on 6-well plates coated with Matrigel (BD
Biosciences) in mTeSR1 medium (STEMCELL Technologies). On Day -3, cells were
dissociated with Accutase (Invitrogen) for 5 min at 37 °C and seeded onto Mat rigel-coated
cell culture plates at 25,000 cells/cm? in mTeSR1 containing 10 pM Y-27632 (Stemgent).
24 hours later, the medium was changed to mTeSR1 without Y-27632, and cells were
maintained in mTeSR1 for two additional days. On Day O, cells were treated with 12 pM of
a GSK3 inhibitor (CHIR9902; Selleckchem) in RPMI 1640 medium containing B27
supplement without insulin (RPMI/B27-1; Life Technologies) for 24 hours. The medium
was changed on Day 1 to RPMI/B27-1 and incubated for 48 hours, followed by a 48-hour
treatment with 5 uM of an inhibitor of Wnt production (IWP-4, Stemgent) beginning on Day
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3. On Day 5, the medium was changed to RPMI/B27-I for two days, and then changed to
RPMI 1640 containing B27 complete supplement (RPMI1/B27-C) on Day 7.

2.3 Generation of 3D cardiac tissue

Each filamentous matrix was placed into one well of a 6-well plate. The matrices were
rinsed with Dulbecco's phosphate buffered saline (DPBS, Gibco Invitrogen) three times and
coated with 50 pg/mL fibronectin (Sigma Aldrich) in DPBS for 1 hour. The matrices were
rinsed with DPBS three times before loading the cells. Sheets of beating CMs were
dissociated using a singularization protocol, which included incubation with 1 mg/mL
collagenase Il (Worthington) with 40 Unit/mL DNase | (BioLabs Inc.) in Hank’s balanced
salt solution (HBSS) for 1 hour and followed by 0.25% trypsin/EDTA treatment for 5 min at
37°C [19]. The cells were collected, pelleted and resuspended in EB20 media (Knockout
DMEM supplemented with 20% fetal bovine serum (FBS), 2mM L-glutamine, 1X MEM
non-essential amino acids (MEM-NEAA), 400 nM 2-Mercaptoethanol and 10 pM
Y-27632). 500 pL cell suspension with a density of 1 million cells/mL was pipetted over
each matrix. After 2 hours, another 4 mL EB20 media was added into each well to cover the
whole matrix. The media was switched to RPMI/B27-C the next day to reduce the non-CMs
overgrowth and changed every 2 days.

2.4 Immunostaining and microscopy

Cells were characterized using immunostaining and fluorescent microscopy. Samples were
fixed with 4% (vol/vol) paraformaldehyde (PFA) for 15 min, permeabilized with 0.2%
Triton-X-100 for 5 min, and blocked with 2% BSA, 4% goat serum and 0.1% Triton-X-100
for 30 min. The samples were then incubated with primary antibodies for 2 hours and
secondary antibodies for 1.5 hour. DAPI was used to stain cell nuclei in monolayer cell
culture and To-Pro-3 was used for filamentous matrices, because the fiber material was
auto-fluorescent under UV excitation. For bright-field and epi-fluorescent microscopy, the
images were taken using a Nikon Eclipse TS100F microscope with SPOT Flex camera. For
confocal microscopy, the images were taken with a Zeiss LSM710 laser-scanning
microscope the in Biological Imaging Facility at UC Berkeley. The antibodies used in this
study are listed in Table S1.

2.5 Flow cytometry analysis

The pluripotency of iPS cells and efficiency of cardiac differentiation was evaluated using
flow cytometry. The iPS cells were dissociated with Accutase and stained using a human
pluripotent stem cell multicolor flow cytometry kit against Oct4, SSEA4, and Sox2 (R&D
system). Human iPS-CMs were dissociated using the singularization protocol described
above, fixed with PFA for 15 min, and incubated with primary antibody (mouse monoclonal
cardiac Troponin T, Thermo Scientific) and secondary antibody (Alexa488, Life
Technologies) for 30 min each. The labeled cells were analyzed by Guava easyCyte™ Flow
Cytometer (EMD Millipore) in the Stem Cell Shared Facility at UC Berkeley.

2.6 RT-qPCR analysis

The expression level of cardiac specific genes was analyzed using RT-qPCR at Day 12.
Adherent cells were washed with DPBS and homogenized with 1 mL TRIzol LS reagent
(Invitrogen). Total RNA was collected and purified using RNeasy Mini Kit (Qiagen). The
total RNA concentration was quantified using a Nanodrop and integrity was determined
using the Agilent BioAnalyzer. Conversion of total RNA to cDNA was carried out using
SuperScript 111 Reverse Transcriptase (Invitrogen) with random primers. gPCR was
performed on the Applied Biosystems StepOnePlus instrument with customized target
arrays in 96-well format (SA Biosciences/Qiagen), using 10 ng cDNA per reaction and
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SYBR Green ROX MasterMix (Qiagen). The data was analyzed using 2-2Ct method relative
to level of the housekeeping gene. The genes used in this study are listed in Table S2.

2.7 Assessment of tissue formation

The formation of 3D cardiac tissue was assessed using fluorescent images from confocal
microscopy. The cells penetrating the top layer and spreading on the middle layer were
counted by nuclei as Nc, and the total number of fibers within the image was counted as
NE. Thus, the tissue formation was quantified as cells per fiber (Ncm/ NE).

2.8 Assessment of iPS-CM alignment

The CM alignment along the fiber direction was assessed with respect to the cell’s
elongation and orientation in fluorescent images from confocal microscopy. The cell nuclei
were measured with transverse diameter (Dy) and conjugate diameter (D¢). The nuclei index
representing the cell’s elongation was calculated using the ratio of D/ D;. The cell’s
orientation was measured with the acute angle between the fiber direction and nuclei
transverse diameter as #(0° < #<90°) . The alignment index relative to fiber long axis was
calculated by cosé.

2.9 Assessment of iPS-CM electrophysiology

The CM electrophysiology was assessed with an MEA system (MED64, Alpha MED
Scientific Inc). The iPS-CMs on Day 15 were dissociated using the singularization protocol
described above and replated on an MEA chip with a density of 1 million cells/mL. The
cells were cultured using RPMI/B27-C for 7 days before starting the measurement. During
the recording, the cells were maintained at 37°C in a sterile environment. The el ectrical
waveform representing the field potential of CMs can export the electrophysiological
parameters, including beating frequency (BF), field potential duration (FPD) and field
potential amplitude (FPA).

2.10 Assessment of iPS-CM contractility

The CM contractility was assessed based on the recorded video and motion tracking
software. The video was taken at 30 f/s and exported as image stacks for motion tracking
analysis. The in-house developed motion tracking software, based on block matching
algorithms [20], was optimized for tracking CM beating events. This software can identify
the contraction and relaxation events during the entire CM beating sequence and export the
contractility parameters, including BF, maximal contraction velocity (MCV), maximal
relaxation velocity (MRV), and beating duration (BD).

2.11 Fiber stiffness measurement

The fiber stiffness is represented as the elastic modulus (Ez ) of the fiber, which can be
measured by atomic force microscopy (AFM, XE-100, Park Systems) with tip-less AFM
cantilevers (TL-CONT-SPL and TL-FM-SPK, Nanosensors). The shape of fiber is assumed
to be a cylinder with circular cross-section, and accordingly the elastic modulus of the fiber
with can be calculated by:

64K d.DP
=3 (d; —dyy @

where | is the fiber length, D is the fiber diameter, d. is the displacement of the tip-less AFM
cantilever, and ds is the relative deflection of the fiber. The spring constants (K) of tip-less
AFM cantilevers were determined using the thermal tune method [21] and calculated using
AFM software (XEI, Park system).
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2.12 Statistical analysis

Data were presented as mean + SEM. For single comparisons, one-tailed Student’s t-test was
used. For multiple comparisons, one-way ANOVA was used with Bonferroni post hoc test.
p<0.05 was considered significant.

3. Results

3.1 Characterization of matrix fabrication

Independent control of matrix parameters is essential for creating an enabling method
capable of robust parametric analyses of the effect of each feature on CMs alignment and
contractility. The design of filamentous matrices was divided into two classes: (1) constant
fiber spacing with varying fiber diameter (5 pm and 10 pm); and, (2) constant fiber diameter
with varying fiber spacing (25 pm, 50 pm and 75 pm). Three layers of fibers were fabricated
for each matrix to form a 3D structure (Figure 1B). The filamentous matrices with different
parameters were defined as “F/Diameter-Spacing”. Figure 1C shows a SEM image of an F/
10-50 matrix. The fiber stiffness was measured using AFM and listed in Table 1: The fibers
within the F/10-50 matrix were about 4 times stiffer than the fiber within the F/5-50 matrix.

3.2 Characterization of cardiac differentiation

The LQT3 and WT iPS cells were seeded as single cells and grown as a monolayer in
defined mTeSR1 medium on Matrigel-coated plates. Robust expression of Oct4, Sox2, and
SSEA4 were confirmed by flow cytometry on both cell lines (Figure 2A). The LQT3 iPS
cells were further characterized by immunostaining with antibodies against Oct4, Nanog,
and Sox2 one day after passage (Figure S1A-C), which shown homogeneous expression of
these pluripotent markers. The LQT3 cell line was also characterized by cytogenetic analysis
and shown to be normal human karyotype of GTG-banding (Figure S1D).

Following the WNT-mediated differentiation protocol, the beating CMs were observed as
early as Day 8 and developing CMs formed contracting sheets of cells by day 10 (Movie
S2). At Day 12, RT-gPCR analysis showed the upregulation of cardiac specific genes
NKX2.5, TNNT2, TNNI3, MYH6, and MYH7 on both LQT3 and WT iPS-CMs (Figure
S1E). These sheet-beating CMs stained positive for sarcomeric a-actinin, cardiac troponin T
(cTnT), and B-myosin heavy chain (3-MHC, Figure 2B&C). Flow cytometry with antibodies
against cTnT demonstrated that the differentiation efficiency of LQT3 and WT cell lines
were about 90% CMs and 75% CMs, respectively, in the whole cell population (Figure
2D&E). Using MEA analysis, LQT3 iPS-CMs exhibited prolongation of FPD compared to
WT iPS-CMs (Figure 2F&G), equivalent to the longer QT interval in electrocardiography
(ECG) measurement. These data verify that LQT3 iPS-CMs can faithfully recapitulate the
LQT3 electrophysiological abnormality in vitro.

3.3 3D tissue formation and CM alignment

The differentiated sheet-beating CMs were dissociated and seeded directly onto the
filamentous matrices. It took three days for iPS-CMs to form the 3D cardiac tissue and
restart beating on the fibers. The condensed and aligned cardiac tissue on the filamentous
matrix was visualized with cytoskeletal staining for SM22 (Figure 3A). The CMs within the
matrices were stained using an antibody against sarcomeric a-actinin specifically, imaged
through confocal microscopy and reconstructed as 3D image stacks (Movie S3). Connexin
43 was found between CMs growing on the fibers, ensuring electrical propagation (Figure
3B). 3D tissue formation was quantified by cell per fiber, and CM alignment was measured
as nuclei index and alignment index (Figure 3C).
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Confocal images of the middle layer of matrices (Figure 3D) were used to assess the 3D
tissue formation and CM alignment according to different fiber diameters and spacing. The
tissue formation within matrices with 50 pm fiber spacing was significantly larger than the
other two types of matrices with 25 um and 75 um spacing (Figure 3E). The small fiber
spacing, 25 pm, made it difficult for cells to penetrate the top layer and grow on the other
layers; therefore, cells on these matrices spread as 2D structure on the top fiber layer, instead
of forming a true 3D structure. With the large fiber spacing, 75 pm, the spacing was too
large for cells to spread and bridge between adjacent fibers, thus the few cells grew inside
the matrices and also failed to form condensed and connected tissue structure. The cells on
F/5-50 and F/10-50 matrices were able to form highly connected tissue relative to the fiber
backbone.

The matrices with 75 um spacing had the largest nuclei index and alignment index. The
nuclei index of CMs on the 50 um spacing matrices was significantly larger than 25 pm
spacing matrices, but this was not true for alignment index (Figure 3F&G). There was no
significant difference between two fiber diameters with the same spacing. On F/5-25 and F/
10-25 matrices, the alignment on the top layer was hampered because too many cells packed
on the top layer; however, the cells that penetrated and grew on the middle layer were still
able to align due to the parallel topographic feature of fibers. On the other hand, on F/5-75
and F/10-75 matrices, cells grew and elongated along single fibers, which resulted in the
best cell alignment. Although F/5-75 and F/10-75 matrices had highest CM alignment, the
wider spacing compromised 3D tissue formation, thus 50 pm spacing matrices (F/5-50 and
F/10-50) were used in the following experiments to determine the CM contractility.

3.4 Effect of fiber stiffness on CM contractility

CM contractility is the mechanical behavior resulting from the electrical activity, and the
relationship between electrophysiology and contractility has been determined by
simultaneously electrical measurement using the MEDG64 system and motion-tracking
analysis using bright-field microscopy for video recording. The electrical waveform and the
motion vectors were correlated to show that longer field potential duration resulted in the
longer duration of entire contraction-relaxation. The LQT3 iPS-CMs with 400 ms FPD had
the BD about 460 ms.

We then used real-time video recording and motion-tracking software to capture and analyze
the beating behavior of LQT3 iPS-CM on the F/5-50 matrix (Figure 4A, Movie S4). The
heatmap was plotted to visualize the spatial motion profile of CM beating on the filamentous
matrix during the entire recorded video (Figure 4B). The area with highest mean motion
velocity was selected to plot the motion-tracking waveform (Figure 4C). Using the
waveform, we easily determined the maximal contraction velocity (MCV), maximal
relaxation velocity (MRV) and beating duration (BD). The features of CM contractility
(MCV, MRV, and BD) of WT and LQT3 iPS-CMs were compared between two matrices
with different fiber diameters, F/5-50 and F/10-50 (Figure 4D-F). Because of the different
stiffness of the fibers with different diameters, the beating CMs were able to deform the
fibers on F/5-50 matrices, but not on F/10-50 matrices. Therefore, the MCV, MRV and BD
of both cell types growing on F/5-50 matrices were larger than the ones growing on F/10-50
matrices. LQT3 and WT iPS-CMs growing on F/10-50 showed no significant difference in
contractility, but LQT3 iPS-CMs growing on F/5-50 exhibited higher MCV and longer BD
than WT iPS-CMs. Growing only on F/5-50 matrices, the LQT3 iPS-CMs exhibited
contractility abnormality compared to WT iPS-CMs. Therefore, we used F/5-50 matrices in
the following experiments to create tissue models from LQT3 iPS-CMs.
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3.5 Drug testing on cardiac model

Once we had optimized the 3D cardiac tissue model for LQT3 iPS-CMs according to 3D
tissue formation, CM alignment, and abnormality contractility, we then validated this model
by testing the response of LQT3 iPS-CMs to different chemical compounds that had well-
known effect on cardiac tissue (Table S3). After growing LQT3 iPS-CMs on F/5-50
matrices for 7 days, they were treated with two different doses of each compound, and CM
responses were evaluated using real-time video recording and motion-tracking software to
determine the contractility malfunctions (Figure 5). Caffeine is known to increase heart rate
and enhance the internal Ca2* release from the sarcoplasmic reticulum. Since intracellular
Ca?* transient is directly related to CM contractility, applying caffeine to our 3D cardiac
tissue model with LQT3 iPS-CMs caused the BF and MCV to increase. A L-type Ca2*
channel blocker, nifedipine, decreased the BF and MCV, and increased the BD by
decreasing CM Ca?* influx. Higher doses of caffeine (500 nM) and nifedipine (300 nM)
both caused LQT3 iPS-CMs to cease beating, but no uncoordinated beating resulting from
arrhythmias was found via the motion-tracking waveform (Figure S2B&C). E4031, a hERG
K* channel blocker, and propranolol, a beta-adrenergic antagonist showed similar effects on
LQT3 iPS-CMs, decreasing BF and MCV and increasing the BD in a dose-dependent
manner. E4031 caused a small level of irregular beating patterns shown in the baseline of
the motion-tracking waveform (Figure S2D), but propranolol induced significant
uncoordinated beating, suggestive of cardiac arrhythmias (Figure S2E).

To compare the drug response of LQT3 iPS-CMs between our 3D cardiac tissue model and
traditional 2D cell culture, we grew LQT3 iPS CMs on 2D surfaces, F/5-50 matrices and F/
10-50 matrices. We used 30 pM propranolol to treat these cells growing on different
substrates and quantified the change in BF, MCV and BD due to the drug interference
relative to control groups without any treatment. The change in CM contractility on F/5-50
matrices was significantly larger than F/10-50 matrices and 2D surfaces (Figure 6A-C), thus
LQT3 iPS-CMs were more sensitive to the drug if they grew as a 3D tissue structure with
low fiber stiffness. The change in MCV on F/10-50 matrices was larger than 2D surfaces,
but no significant difference of BF and BD between these two substrates. We also quantified
the percentage of uncoordinated beating within one motion-tracking waveform with
different doses of propranolol (10 M, 30 1M and 60 uM). The percentage of uncoordinated
beating increased with the increasing propranolol concentration (Figure 6D) for all the
substrates, but the difference was not significant among these substrates until the
concentration was increased to 30 pM, at which time LQT3 iPS-CMs experienced more
arrhythmias growing on F/5-50 matrices than F/10-50 matrices and 2D surfaces. At a
concentration of 60 uM, about 70% beating of LQT3 iPS-CMs on F/5-50 became irregular
and uncoordinated. The percentage of uncoordinated beating on F/5-50 was still the largest,
and the percentage on F/10-50 also became significantly larger compared to the 2D surfaces.
These results indicated that LQT3 iPS-CMs are more susceptible to cardiotoxicity caused by
pharmacological interference when grown as 3D cardiac tissue with lower stiffness.

4. Discussion

As proof of principle to assess the susceptibility of cells exhibiting genetic cardiac disorders
to drug-induced cardiotoxicity, we differentiated and characterized iPS-CMs with LQT3
syndrome, which were then used to test a panel of drugs known to affect cardiac
electrophysiology. We have consistently been able to generate LQT3 iPS-CMs with 90%
purity using a small molecule WNT-mediated differentiation protocol [18], and these
diseased CMs were characterized via multiple cardiac specific markers and various
experimental methods. They exhibited prolongation of QT interval compared to WT iPS-
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CMs as observed by electrical field potential, which verifies that the LQT3 iPS-CMs can
faithfully recapitulate the electrophysiological abnormality in vitro.

In the natural tissue environment, cells are surrounded by a 3D organization of supporting
matrix and neighboring cells with gradients of chemical, electrical and mechanical signals.
Creating a multicellular architecture with a highly controlled cellular microenvironment
makes it possible to manufacture standardized in vitro models, which allow controlled
modulation of various parameters (e.g. cellular composition, environmental factors) and are
amenable to high-content drug screening and toxicity testing. In vivo CMs polarize their
intracellular contractile apparatus and align with neighboring cells to facilitate the rapid
spread of electrical activation and increase the contraction force [22,23]. Due to the
difficulty of replicating such 3D aligned tissue microenvironment in vitro, cardiovascular
pharmacology studies are particular challenging and may result in false readouts. The
limitations of existing 2D cell culture practices have therefore provided an impetus for the
development of alternative cell-based in vitro models that better mimic the complex cellular
architectures and functions of living organs [24,25].

In this study, we used the TPIP technique to create a cohort of 3D filamentous matrices to
regulate the structural organization of CMs and their functions. We successfully created
TPIP matrices with different fiber diameters and spacing, and found that fiber spacing
predominantly determined the formation of 3D tissue and CM alignment. The smaller 25 um
spacing hampered the immediate infiltration of CMs into the matrices necessary to create a
true 3D cellular structure, and accumulation of CMs on the top layer created non-aligned 2D
monolayer. The larger 75 pm spacing hampered the cell connections among multiple fibers,
thus resulting in single-cell alignment along individual fiber instead of a condensed tissue
structure. Therefore, we concluded that the matrices with intermediate fiber spacing, 50 pm,
were best to generate 3D condensed cardiac tissue with proper CM alignment. It has been
suggested that CM alignment involved with the CM contractile function and dysfunction in
the cardiac tissue [26]. The parallel registration of sarcomeric Z-line and calcium
metabolism were strongly correlated with the range of CM shapes [27], and cytoskeleton
and sarcomeres play an important role in modulating ion channel kinetics and calcium
transient [28]. The spatial alignment of CMs in our filamentous matrices enhanced the
parallel coupling of myofibrils to maintain the polarity of the contractile apparatus of CMs
and might eventually altered intracellular network responsible for the spatiotemporal
coordination of cellular contractility.

These synthetic fibers serving as the backbone of the 3D cardiac tissue can be considered to
mimic the perimysial collagen fibers of myocardium, since their physical dimensions and
material properties correlate with CM alignment and contribute to myocardium nonlinear
passive stiffness [29,30]. Therefore, the fiber stiffness can mimic the tissue stiffness of the
3D cardiac tissue and serve as the passive mechanical stimulus to the cells, which has been
considered as one of the dominant factors in how cellular microenvironment regulates cell
function. It has been reported that CMs were able to sense the local tissue stiffness through
various cellular mechanotransduction pathways and consequently alter their
electrophysiology and contractility [31,32]. By seeding and growing LQT3 iPS-CMs and
WT iPS-CMs on F/5-50 and F/10-50 matrices, we found that beating iPS-CMs can easily
bend the 5 pm fiber, but not the 10 pm fibers, and the iPS-CMs exhibited significantly more
contractile motion on the F/5-50 matrices relative to what they exhibited on F/10-50
matrices. Interestingly, we observed that LQT3 iPS-CMs exhibited longer beat duration
comparing to WT iPS-CMs only when growing on the matrices with lower stiffness, which
suggested that variation of scaffold stiffness was required to facilitate monitoring of the
genetic deficiency in LQT3 iPS-CMs. It is also possible that scaffold stiffness itself plays a
role in this etiology. Our work suggested 3D in vivo-mimicking tissue structure with
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physiological relevant stiffness represented more the dominantly diseased phenotype and
might be essential for generating the in vitro model for understanding the mechanism of
cardiac disease.

Although characterized by the same syndrome, patients with LQT1 (KCNQ1) and LQT2
(hERG) experience cardiac arrest due to exercise and emotion stress, but patients with LQT3
experience it with a slower heart rate during sleep and rest. Clinical evidence clearly
indicates that only certain environmental conditions can amplify the electrophysiological
disorder into the sudden heart dysfunction. Therefore, drug testing for LQT3 iPS-CMs in
different cellular microenvironments may result in different pharmaceutical responses. Our
findings indicated that LQT3 iPS-CMs became more susceptible to drug-induced cardiac
toxicity growing on F/5-50 matrices compared to F/10-50 matrices and the pharmaceutical
industry standard 2D surface as assessed by measurement of the beating duration and
induction of uncoordinated beating, suggestive of cardiac arrhythmias. LQT3 iPS-CMs on F/
5-50 matrices experienced a 40% higher risk of uncoordinated beating compared to 2D
surfaces when treated with 60 1M propranolol. The high frequency of contractility
malfunction observed in LQT3 iPS-CM on F/5-50 suggests that there might be false-
negative readouts during toxicity testing if only traditional 2D cell culture systems are used
for drug screening. Further drug testing on LQT3 iPS-CMs with other compounds showed
that increased beating frequency by caffeine did not result in uncoordinated beating, which
was consistent with clinical records of LQT3 patients who had cardiac arrest with slow heart
rate. The L-type Ca2* channel blocker, nifedipine, has been reported to shorten the CM
action potential duration [33]. Conversely, its effect on LQT3 iPS-CMs on F/5-50 matrices
was found to elongate the beating duration. This is likely the consequence of slow Ca2*
influx, which results in a longer release time of the internal CaZ* stored in the SR necessary
to complete the contraction. This phenomenon suggests CM contractility might not fully
represent the CM electrophysiology, especially with drug interference. The hERG K*
channel blocker E4031 has been known as the drug inducing severe arrhythmias, which was
used in our study to test the cardiotoxicity tolerance and contractility malfunction of LQT3
iPS-CMs growing on F/5-50 filamentous matrices. We found that E4031 decreased the
LQT3 iPS-CMs contractility, elongated the beating duration, and induced irregular
contractions. The irregular movement between contraction and relaxation within one beat
are most likely the result of early afterdepolarizations (EADs), and the ones between two
beats are most likely the result of delayed afterdepolarizations (DADSs). Propranolol is used
to control the LQT1 and LQT2 syndrome by decreasing the heart beat rate, which has been
proved with lethal effect for LQT3 patients. In our study, we found this drug induced
uncoordinated beating, which was consistent with clinical cases.

The limitations of this 3D cardiac tissue model need to be stated. The CMs generated from
iPS cells were immature embryonic or neonatal-like CMs, which morphologically cannot
compare with large and stiff ventricular CMs in the adult human heart [34]. The cardiac
tissue constructed by iPS-CMs had significantly lower field potentials and contraction forces
than adult ventricular tissue and at this point cannot be considered an exact in vitro model of
mature myocardium. Numerous studies have been published suggesting that CM alignment
is beneficial to maturation [11,35], thus direct differentiation on 3D filamentous matrices,
instead of replating CMs from the 2D differentiation system might help CM differentiation
and maturation. Electrical stimulation would be an alternative method to help CM
maturation [36], a long-term stimulation system is under development, which can adjust the
magnitude and frequency of the electrical field. The filamentous matrices were fabricated
between two glass plates, with the two ends of each fiber fixed on the glass. This design
resulted in larger contractions of iPS-CMs perpendicular to the cell alignment direction,
since the glass plates were too stiff to bend. We’re developing a new filamentous matrix, in
which the glass plates are replaced by pairs of flexible posts. A PDMS membrane has been
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fabricated with an array of post pairs, and the fibers will be polymerized between each pair
of PDMS posts. Therefore, CMs will be able to bend the posts and result higher contraction
along the fiber direction, which is more precisely mimicking the physiological fashion.

5. Conclusion

We established an in vitro model of 3D human cardiac tissue by populating synthetic
matrices with healthy WT and patient-specific LQT3 iPS-CMs. We determined the
optimized fiber spacing as 50 um for the 3D human cardiac tissue model by observing the
formation of 3D tissue structure and CM alignment. We found that LQT3 iPS-CMs
exhibited more contractility abnormality than WT iPS-CMs, and were more susceptible to
drug-induced cardiotoxicity when grown on the filamentous matrices with low fiber stiffness
compared to the matrices with high fiber stiffness and 2D surfaces. This highly defined
human 3D cardiac model will help us better understand the LQT3 disease mechanism and
formulate better therapeutic strategies for this syndrome. This model is also a pioneering
testbed for assessing drug efficacy for patients with rare genetic disorders, moving drug
discovery and development into the era of personalized medicine.
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Figurel.

(A) Schematic of TPIP system to fabricate the filamentous matrices; (B) Schematic of TPIP
fabrication process to polymerize fibers with highly defined diameter and spacing; (C) SEM
images of a fabricated F/10-50 filamentous matrix. (Scale bar: 50 pum)
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Figure 2.

(A) Characterization of LQT3 and WT iPS cells with pluripotent markers SSEA4, Oct4 and
Sox2 with flow cytometry method. The differentiated LQT3 iPS-CMs expressed cardiac
specific markers: (B) sarcomeric a-actinin and (C) cardiac troponin T (cTnT) and B-myosin
heavy chain. The differentiation efficiency was characterized using flow cytometry method,
and histogram (D) showed that the selected cTnT+ population (red) represented the CMs
relative to isotype control (grey). (E) We obtained about 90% purity for LQT3 iPS-CMs
differentiation and 75% purity for WT iPS-CMs differentiation. (F) The waveforms of field
potentials measured using MEA system were plotted and showed elongated FPD of LQT3
iPS-CMs comparing to WT iPS-CMs. (G) We found the average FPD for LQT3 iPS-CMs
was ~370 ms, whereas WT iPS-CMs was ~250 ms.
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Figure 3.

(A) The entire 3D condensed cardiac tissue was visualized by staining SM22, which was
positive for both CMs and myofibroblasts. (B) Confocal images of CMs aligned on one fiber
showed the sarcomere structure stained by sarcomeric a-actinin and intercellular gap
junctions stained by connexin 43, which ensured the electrical integration within the cardiac
tissue (white arrow pointing to connexin43 staining). (C) Confocal images showed the cell
nuclei within the filamentous matrix, and the parameters used for calculation of nuclei index
and alignment index. (D) The confocal images for LQT3 iPS-CMs growing on the middle
layer of filamentous matrices and aligning along the fiber direction with different fiber
diameters and spacing. The formation of 3D cardiac tissue was quantified by the cell number
on the middle layer relative to the fiber number, and we found (E) matrices with 50 pum fiber
spacing resulted in highest value of cell per fiber. The CM alignment was quantified by (F)
nuclei index and (G) alignment index, and we found matrices with 75 um fiber spacing
resulted in highest value of CM alignment. (*p<0.05, N=10)
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Figure4.

(A) LQT3 iPS-CMs grew as 3D condensed cardiac tissue on a F/5-50 filamentous matrix
and were able to spontaneously beat, which was captured and analyzed by motion-tracking
software. (B) The heatmap was plotted to show the area with highest mean motion velocity
during the entire recorded video. (C) In the motion tracking waveform, we can easily
identify the contraction and relaxation during one CM beating and measure the beating
duration. According to motion tracking waveform, iPS-CMs on F/5-50 matrices had higher
(D) MCV, (E) MRV, and (F) BD than the ones on F/10-50 matrices, and LQT3 iPS-CMs
exhibited significant higher (D) MCV and (F) BD than WT iPS-CMs only on F/5-50
matrices. (*p<0.05, N=10)
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Figure®6.

The LQT3 iPS-CMs response to 30 uM propranolol was tested on three different substrates:
2D surfaces; F/10-50 matrices; and F/5-50 matrices. The change of (A) BF, (B) MCV and
(C) BD resulted from drug treatment was calculated relative to control groups without
treatment, and LQT3 iPS-CMs experienced higher changes on F/5-50 matrices than 2D
surfaces and F/10-50 matrices. (D) The uncoordinated beating was counted within
individual trace of motion tracking waveform for three different substrates with different
dose of propranolol (10 uM, 30 uM and 60 pM).
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Table 1

Calculated elastic modulus of the fibers within the filamentous matrices

Diameter (um) | Elastic modulus (M Pa)
5 158.06 + 9.14
10 598.31 + 86.17
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