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Abstract

Organ-on-a-chip systems have the potential to revolutionize drug screening and disease modeling
through the use of human stem cell-derived cardiomyocytes. The predictive power of these tissue
models critically depends on the functional assembly and maturation of human cells that are used
as building blocks for organ-on-a-chip systems. To resemble a more adult-like phenotype on these
heart-on-a-chip systems, the surrounding micro-environment of individual cardiomyocyte needs to
be controlled. Herein, we investigated the impact of four microenvironmental cues: cell seeding
density, types and percentages of non-myocyte populations, the types of hydrogels used for tissue
inoculation and the electrical conditioning regimes on the structural and functional assembly of
human pluripotent stem cell-derived cardiac tissues. Utilizing a novel, plastic and open-access
heart-on-a-chip system that is capable of continuous non-invasive monitoring of tissue
contractions, we were able to study how different micro-environmental cues affect the assembly of
the cardiomyocytes into a functional cardiac tissue. We have defined conditions that resulted in
tissues exhibiting hallmarks of the mature human myocardium, such as positive force-frequency
relationship and post-rest potentiation.
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Introduction

Ideally, arrays of functional human 3D cardiac tissues can help eliminate drug candidates
with toxicity and delineate the mechanisms of action in the early developmental stages [1,
2]. Differences in cardiac electrophysiology amongst humans and other species, limit the
predictive power of current pre-clinical models [3, 4]. Thus this motivates the development
of devices that can provide adult-like human myocardium together with the on-line readouts
of functional properties such as contraction force. Organ-on-a-chip systems, or more
specifically heart-on-a-chip, are becoming increasingly important in pre-clinical drug
development. Microenvironmental control is required to create a cardiac tissue on a chip that
closely resembles a human myocardium.

In general, three-dimensional micro-tissues have been created through cell-gel compaction
in a highly controlled /in vitro environment, such as cardiac microtissues [5], cardiobundles
[6], micro heart muscle [7] and cardiac Biowires [8-10]. In these studies, manipulation of
the micro-environment has been used to enhance cardiomyocyte (CM) functional
development [8, 11]. For example, cardiac fibroblasts (cFBs) and other stromal cells have
been used to promote tissue compaction and remodeling [9, 10, 12]. The total cell seeding
density, types and percentages of non-myocytes are important to consider for optimal results,
since both CMs that perform the contractile function and non-myocytes such as cFBs that
maintain homeostasis of the extracellular matrix are critical elements in healthy native
myocardium [9, 10, 12]. Native extracellular proteins and blood-clotting materials such as
collagen, Matrigel and fibrin are commonly used scaffolds for cardiac tissue engineering [5,
8, 11]. Although these natural materials yield functional tissues, systematic comparisons in
the context of organ-on-a-chip engineering are rarely performed as different research groups
tend to use different hydrogels [8, 11].

Electrical stimulation of cardiac tissues was found to be beneficial for improving tissue
function and accelerating CM maturation levels. Nunes et al. stepped up electrical pacing
frequency from 1 to 3 Hz or from 1 to 6 Hz within a week [8] to enhance the maturation
levels of human pluripotent stem cell-derived CMs. Similarly, Ronaldson-Bouchard et al.
extended the stimulation period to 3 weeks and reported a more pronounced ventricular
maturation [11]. However, results from different studies cannot be compared directly due to
the distinct experimental setups used.

Our goal here was to characterize and optimize a user-friendly organ-on-a-chip platform for
the cultivation of human pluripotent stem cell-derived cardiac tissues. Unlike common
organ-on-a-chip platforms, the described chip is constructed of tissue culture polystyrene
and flexible polymer wires that enable on-line tracking of contraction force. The platform,
termed Biowire 1, has open access for liquid dispensing and enables the creation of
cylindrical cardiac microtissues suspended at a constant height. Although there is no
microfluidic flow in this system, we consider it to be an organ-on-a-chip device, according
to a recent definition [13], since the platform has a significant engineering component and
spatially guides cell confinement. Here, we comprehensively explored different culture
conditions including seeding density, non-myocyte populations, hydrogel scaffolds and
electrical stimulation protocols to define a more controlled seeding and cultivation protocol
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engineering a mature, functional myocardial tissue that is ideal for drug testing and
discovery applications.

2. Results and Discussion

2.1. Biowire Il platform enables efficient use of stem cell-derived cardiomyocytes
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The Biowire 11 chip is a strip of patterned tissue culture plastic with eight rectangular
microwells for cell seeding and tissue formation (Figure 1). The chip was made of
polystyrene, commonly used tissue culture substrate, with two parallel poly(octamethylene
maleate (anhydride) citrate) (POMaC) wires affixed at either end of the microwells with a
small amount of low absorption adhesive [14]. These wires allow tissues to attach and their
displacement is used to estimate passive and active tension generation by the tissues.

The dimensions of the tissue culture microwells (5 mm x 1 mm x 300 um, L x W x H) were
uniquely designed to contain small amounts of cells and facilitate tissue formation. The
seeded cells remodel the matrix over the first week of culture, compacting the structure and
creating a cylindrical tissue affixed to the polymer wire at each end. As the input cell
number increased according to the following groups: 0.05, 0.1, 0.2, 0.3 million cells/tissue
by varying the cell seeding density (25, 50, 100, 150 million/mL), we observed that more
compaction of the hydrogel by the cells occurred in the 25 and 50 million/mL groups and
less in the 100 and 150 million/mL groups (Figure 2A).

To monitor maturation and the quality of our tissues, we measured ET and MCR on day 6
after seeding, at which time the tissues had undergone cell-gel compaction. Tissues in the 25
and 50 million/mL groups had significantly lower ET than the ones in the 100 and 150
million/mL groups (Figure 2B). In addition, 50 million/mL group had significantly higher
MCR compared to the 100 million/mL group (Figure 2C).

Tissues from the lowest seeding density exhibited the highest passive tension on day 7
(Figure 2D). After 30 days of culture, passive tension was comparable in all groups (Figure
2E). Active forces were the lowest in 25 million/mL group, which was significantly lower
compared to the group of 100 million/mL.

Confocal imaging of GFP labeled CMs, facilitated through the use of HES3-NKX2— 5¢GFPw
and Vimentin labeled non-cardiomyocyte populations, at day 7 (Figure 2F), enabled us to
quantify the cellular alignment of CMs in tissues of various groups (Figure 2G). Quantitative
analysis of GFP signal confirmed that groups seeded with 25 and 50 million cells/mL
exhibited significantly better cellular alignment in compacted tissues compared to the groups
seeded with 100 and 150 million cells/mL (Figure 2G).

Mason’s trichrome staining revealed the more pronounced presence of collagen in the
tissues at the lower seeding densities after 30 days of culture (Figure 2H). As expected, the
lowest cell density group, the group of 25 million/mL, appeared to be the least cellular,
consistent with the lowest active forces. Tissues seeded at a higher density exhibited lower
collagen presence, without any visible collagen islands, as more cells can facilitate better
remodeling of the collagen hydrogel used for seeding (Figure 21). More importantly, the
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yield of cells in the tissue after 30 days of culture was the lowest in the 25 million/mL
group, at 31% of the seeded cell number, and comparable in all other groups at 75%~106%
of the seeded cell number (Supplemental Figure 1). However, increasing cell number per
tissue failed to yield higher active forces, thus motivating the use of lower cell numbers to
maintain overall process efficiency.

One of the main goals of this work was to create a tissue with a minimal cell number to
facilitate higher throughput studies in drug discovery. Engineered cardiac tissues often
require 0.5 — 2 million CMs per tissue [8, 15], motivating the work towards cell number
optimization in order to create smaller tissues that require fewer cells, therefore, reducing
the overall cost of the preparation and evaluation. We also sought to establish that this
platform is effective when using cardiomyocytes derived from several sources (iPSCs and
ESCs) as well as to demonstrate the properties of biowires generated from ventricular versus
atrial cardiomyocytes derived from these stem cell source. Based on our findings, tissues
with a seeding density of 50 million/mL (~0.1 million cells), exhibit better cellular
alignment and absence of visible collagen islands, that are characteristic of a healthy
myocardium /n vivo, compared to the 25 million/mL group. In addition, the group seeded
with 50 million/mL cells exhibited relatively high active forces throughout the entire culture
period, comparable to those generated by seeding 100 and 150 million/mL. Therefore, we
have kept our engineer cardiac tissues at a 50 million/mL seeding density to investigate how
other micro-environmental cues affect the functional assembly of cardiac tissues.

2.2. Comparison of MSC and cFB as a hon-myocyte population

In cardiac tissue engineering, non-myocytes, such as MSCs or cFBs have been commonly
added to the engineered ventricular tissues to help with the tissue formation in the short term
and remodeling in the long term [8, 11, 16, 17]. As non-contracting and proliferating cells,
FBs were considered undesirable during early cardiac tissue engineering studies and were
routinely removed by a series of pre-plating steps [18]. Over time tissue engineers learned to
harness the power of FBs by introducing them strategically in defined percentages during
co-culture with ventricular CMs, to obtain ventricular engineered cardiac tissues with
enhanced structural and functional properties and an enhanced ability to survive in vivo [19—
26]. Alternatively, mesenchymal cell types such as MSCs have also be used [27] to enhance
the outcome of ventricular tissue engineering. No differences were observed in the
functional outcome when either FBs or MSCs have been used previously in ventricular
tissue engineering [27]. In the context of ventricular cardiac tissues based on hESC-derived
CMs, we also demonstrated enhanced matrix remodelling and functional properties in
cultures with 75% CMs and 25% hESC-derived CD90+ mesodermal cells [26]. Most recent
studies describing the generation of atrial tissues used human foreskin [28] or cardiac FBs
[29, 30] or no additional non-myocytes [31], thus systematic comparison of FBs to MSC
have not been made previously for atrial tissues, motivating our investigation here.

Initially, the compaction of tissues generated with MSCs was delayed compared to tissues
with cFBs; however, by day 7 there were no measurable differences between the two sets of
tissues (Figure 3A). After day 7, both groups experienced electrical conditioning with an
atrial specific protocol (Figure 3B). At the end of cultivation, both tissue types exhibited a
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densely compacted appearance as shown in Figure 3C. The non-myocyte population did not
affect the FFR relationship, as equivalent values (Figure 3D) were obtained. ET and MCR
(Figure 3E and F) were improved remarkably with electrical conditioning during culture in
both groups, without a significant difference between the MSC and the cFB group at either
time point.

The two tissue groups exhibited differences in their action potential profiles (Figure 3G).
CMs in the tissues with cFB had a significantly shorter APD3g and APDsgg than the CMs
with MSCs, which is a hallmark of functional improvement for atrial CMs (Figure 3H). CMs
in the tissues with cFBs had significantly lower amplitude (Figure 31), less negative
minimum diastolic potentials (Figure 3J) and similar upstroke velocity (Figure 3K)
compared to the tissues with MSCs.

Cell-mediated compaction of the extracellular matrix (ECM) is a critical modulator in tissue
engineering [32], yet different cell types may influence the function of the tissues at the
endpoint. Despite both MSCs and cFBs facilitate similar tissue formation, our results
indicate that the effect of non-myocytes is more complex in terms of action potential
properties. Furthermore, MSCs exhibit plasticity and the extent of integration and coupling
to CMs is unknown. By contrast, cFBs exist in native myocardium and are electrically
coupled with CMs through gap junctions [33] which has been shown in mathematical
modeling studies to modulate the electrical properties of the myocardium [34].

cFB percentage influences tissue function

In addition to the non-myocyte population type, studies have shown that the percentage of
non-myocytes within the microenvironment can also significantly influence the tissue
function [26]. Because of the heterogeneous nature of the cell population obtained directly
from the ventricular differentiation culture, the CM population (NKX2.5%) was accounted
for 76.1+13.0% of total cells on average. The remaining cells were non-myocytes. Here, we
compared cardiac tissue function in tissues seeded with either 10% or 25% of additional
cFBs in ventricular preparations to facilitate tissue remodeling. Therefore, total non-myocyte
population vs. CM was actually equivalent to 3:7 in tissues with 10% additional cFB, i.e.
low cFB group, and 4:6 in tissues with 25% additional cFB i.e. high cFB group. The initial
7-day compaction was significantly faster in the high cFB group (Figure 4A and B). After
electrical conditioning (Figure 4C), ET and MCR were significantly improved in both
groups (Figure 4D and E). Positive FFR is a hallmark of human adult ventricular
myocardium, whereas flat FFR is observed in the myocardium of newborns [35]. Recent
studies describe the first cultivated engineered cardiac tissue with positive FFR and a
remarkable maturation level [11, 36]. Thus, achieving positive FFR became one of the key
criteria to evaluate tissue function in our studies.

Here, a positive FFR was achieved for both the low cFB and high cFB group after electrical
conditioning (Figure 4F). Importantly, active forces from the low cFB group were
significantly higher than those of the high cFB group when paced at the same frequency
(Figure 4G) with roughly 3—4 fold difference. This difference in the active force was
achieved with the same number of seeded CMs, suggesting that the CMs in the tissues with
low cFB have higher efficiency in their contractile machinery likely due to the improved
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electromechanical connectivity and mechanical coupling. Moreover, tissues from the low

cFB group have significantly higher active forces than passive tensions, unlike the opposite
trend from high cFB group (Figure 4H). Higher active forces result in higher displacements
of the polymer wire, which provides more accurate active force readouts from the platform.

Due to the nature of our system, the tissue experiences higher tension along the longitudinal
direction of the microwell during remodeling, which facilitates the uniaxial contraction
(Supplemental Figure 2, Supplemental Video 1) [37]. Previous studies suggest that cFBs can
sense and align with this tension [38] and therefore facilitate the alignment of CMs. Without
adding cFBs to the tissue, the low level of cellular reorganization during the first week led to
the formation of a thin film of CM sheet with minimal tissue contraction (Supplemental
Figure 3, Supplemental Video 2). Previous studies also show that at low fibroblast density,
impulse propagation in cardiac tissues is sustained when CMs couple to more depolarized
fibroblasts [39, 40]. In our case, the preferred non-myocyte population is approximately
30% (low cFB group), which is consistent with other studies [26]. However, a further
increase in the fibroblast number within the tissue is thought to promote conduction blocks
in the areas covered with large fibroblast numbers, thus increasing the tissue stiffness [41]
and slowing down conduction [10]. Our results here are consistent with those findings.

2.4. Slower electrical conditioning improves tissue function and consistency

Progressive increase in the frequency of electrical conditioning is proven to be useful for
cardiac tissue functional development [8, 11]. Here, we compared two conditioning
protocols with different intensity of frequency increase: supra-threshold electrical
conditioning of 1Hz weekly step-up and 0.2 Hz daily step-up (Figure 5A). ETs (Figure 5B)
were significantly decreased in both groups with electrical conditioning reaching
approximately the same levels. MCRs increased after electrical conditioning in both groups.
In addition, at the end of electrical conditioning MCR in the 1Hz group was significantly
higher than the MCR in the 0.2Hz group (Figure 5C). Similarly, the success rate for tissues
to achieve positive FFR were also slightly higher in the 1 Hz than the 0.2 Hz group (Figure
5D). The results were potentially due to the faster overall frequency step-up in 0.2 Hz group
(equivalent to 1.4 Hz/week) compared to the 1 Hz group (1Hz/week).

During the frequency ramp-up protocol, conceptually it is important for the tissue to capture
the applied pacing frequency. Therefore, slower step-up may be more beneficial. Pronounced
positive FFR from 1-3 Hz was observed in both groups without any significant difference
(Figure 5E), however, the percent of tissues able to achieve this at the end of the
conditioning protocol was lower in the 0.2 Hz group compared to the 1 Hz group, which
suggested that 0.2 Hz per day of frequency increase would be too fast for all tissues to
achieve desired functional improvement (Figure 5D). Post-rest potentiation (PRP) of force is
another hallmark of the adult myocardium in addition to positive FFR. The PRP indicates
the capacity of the sarcoplasmic reticulum (SR) in CMs to store, efficiently release and
subsequently replenish Ca2* Both of our stimulation protocols are able to generate tissues
with positive FFR. However, tissues from the 1Hz group developed a higher PRP than those
of the 0.2 Hz group (Figure 5F). Confocal images of MLC 2v, sarcomeric a-actinin, F-actin,
CTNT and Cx43 demonstrated no appreciable differences between the groups (Figure 5G
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and H). Based on the improvements in the success rate and the functional properties, a
weekly 1 Hz step-wise electrical conditioning may be a better approach in further studies.

2.5. Collagen/Fibrin hydrogel blend improves the intracellular organization

In cardiac tissue engineering, hydrogels are primarily used to immobilize cells right after
seeding and maximize cardiomyocyte viability by providing structural and mechanical
support as well as a biological niche for tissue assembly [42]. Notable recent approaches
managed to eliminate the use of hydrogels [7]. However, in our system, the opening of the
microwell is too large to enable successful tissue compaction and stabilization in the absence
of hydrogels. Here, tissues seeded with Collagen hydrogel or Collagen/Fibrin hydrogel, two
commonly used hydrogels in cardiac tissue engineering [5, 43], were compared after
conditioning with the 1Hz step-up protocol (Figure 6A). Tissues based on Collagen or a
combined Collagen/Fibrin gel developed equivalent ET and MCR (Figure 6B, C). Success
rate determined by the percentage of tissues that reached a positive FFR at the end of
cultivation, was also equivalent between the two hydrogel groups (Figure 6D).

Pronounced positive FFR and robust PRP were observed in both hydrogel groups without
significant differences (Figure 6E, F). Notably, tissues generated with the Collagen/Fibrin
hydrogel had more aligned and organized structural proteins, i.e. myosin light chain 2v,
sarcomeric a-actinin, F-actin and troponin T, compared to those tissues cultivated from the
Collagen hydrogel (Figure 6G, both left and right panel). The myofiber alignment was
quantified from confocal images of cTNT staining and a significantly better alignment was
shown in Collagen/Fibrin group (Figure 6H). In addition, confocal images of Cx43 staining
demonstrated the robust presence of this gap junctional protein in both groups (Figure 6G,
right panel).

According to these results, we concluded that both hydrogels were able to serve as a scaffold
for tissue formation and maturation. Despite no measurable differences in contractile
function, tissues in the Collagen/Fibrin group appeared to have an improved organization of
intracellular structural and functional proteins compared to the Collagen only group.

Although collagen and fibrin hydrogels have similar microscopic structures [44], the shear
modulus of pure Collagen hydrogel was reported to be only half that of the Collagen/Fibrin
hydrogel, according to the studies that used identical Collagen/Fibrin ratio as we have
explored here [45]. Lower elastic modulus, higher ultimate tensile stress and toughness were
observed in the Collagen/Fibrin gels compared to the pure Collagen gels in the previous
studies [46]. In addition, the mechanism of tissue compaction is closely related to cell
migration, both of which can be linked to fibrin and its degradation products [47-49]. These
differences in chemical and mechanical properties may contribute to better CM alignment
and enhanced intracellular organization in the tissues seeded with the fibrin-containing
hydrogel.

This study focused on delineating microenvironmental factors governing human cardiac
tissue formation in a unique organ-on-a-chip platform that is constructed entirely of
cytocompatible low-absorption plastic and enables direct, non-destructive and continuous
monitoring of the active force and passive tension of the developing tissue. The optimized
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microenvironmental factors enabled us to create miniaturized human cardiac tissues with as
little as 0.1 million cells, while still obtaining hallmarks of adult-like functionality and
maturation such as positive FFR and substantial PRPs. We found that the optimal seeding
density for tissue formation was 50 million/mL. As a non-myocyte population for co-culture,
cFBs enabled enhancement of electrophysiological properties consistent with cardiac
chamber specificity. Further increasing the percentage of added cFBs was found to have
detrimental effects on functional properties such as active force. Electrical conditioning was
found to consistently enhance structural and functional properties in all groups. Moreover,
the slower the frequency step-up, the more cardiac tissues successfully achieved the desired
maturity as measured by the tissues ability to achieve a positive FFR. Finally, when
comparing hydrogel scaffolds, a collagen hydrogel blended with fibrin enhanced
intracellular organization of CMs. Controlling all the micro-environmental cues presented
here may give rise to cardiac tissues that have a significant potential to improve the
robustness and fidelity of stem cell-derived adult-like cardiac tissue models for use in drug
development and disease modelling applications.

3. Experimental Section

3.1. The Fabrication of Biowire Chip

A repeating pattern consisting of rectangular microwells (5 mm x 1 mm x 300 um, L x W x
H) interconnected by two parallel grooves (200 pm x 100 um, W x H) was designed and
fabricated by soft lithography. [50] The negative polydimethylsiloxane (PDMS) master was
made by plasma bonding a sheet of patterned PDMS (Mold#1) to a silicon wafer and was
used to hot emboss the microwells into a clear polystyrene sheet [16, 51].
Poly(octamethylene maleate (anhydride) citrate) (POMaC) [52] polymer wires (100 pm x
100 pm x 8 cm, W x H x L) were prepared separately. PDMS mold (Mold#2) with channels
(100 pm x 100 pm x 8 cm, W x H x L) was lightly pressed against the clean glass slide. The
POMaC prepolymer was perfused [16] through the channels and crosslinked with UV
exposure. After peeling off the PDMS from the glass slide, POMaC wires were exposed and
manually placed into the two parallel grooves patterned into the polystyrene sheet.
Approximately 41 mg (after curing) of clear polyurethane 2-part adhesive (SP 1552-2, GS
Polymers, Inc.) was used to fix the POMaC wires in place in order to obtain a single strip of
8 microwells [14]. (Figure 1A) The column of eight microwells was cut and used for tissue
culture, as shown in the photograph (Figure 1B).

3.2. Cells and Generation of Engineered Cardiac Tissue

Predominantly ventricular cardiomyocytes (CMs) were derived from the human embryonic
stem cell (hESC) lines HES3-NKX2-59PW and the human induced pluripotent stem cell
(hiPSC) line BJ1D using published differentiation protocols [53, 54]. Ventricular cell
populations from BJ1D iPSCs contained 74.7+6.3% (n=9) of CMs, based on cardiac
troponin T expression analysis with flow cytometry at day 21 of the differentiation.
Ventricular cells from HES3-NKX2.59fP"W hESCs contained 76.1+13.0% (n=6) CMs, based
on GFP+ expression analysis with flow cytometry at day 21 of the differentiation.
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Predominantly atrial cardiomyocytes were derived from HES3-NKX2-59P/W hESCs using
an atrial-specific EB differentiation protocol as described [55]. Briefly, all-trans retinoic acid
(0.5 pM, Sigma R2625) was added during the cardiac mesoderm specification stage (days 3—-
5 of differentiation) to promote atrial cardiogenesis. Atrial cardiomyocytes from HES3-
NKX2-59PW hESCs were analyzed and defined based on the proportion of NKX2.5+,
CTNT+ and MLC2v-cells using flow cytometry on day 20 of differentiation, 79.1+8.0%,
n=10. Differentiated cells were dissociated to single cells for subsequent tissue seeding, as
previously described [16].

3.3 Flow Cytometry

Cells were obtained by dissociating differentiation cultures with collagenase (200 unit/mL).
The cells were fixed with 4% paraformaldehyde (Sigma 158127) in PBS for 10 min at room
temperature while shielding from light, to prevent bleaching of GFP fluorescence. For
HES3-NKX2-59PW hESC derived ventricular CMs, no further staining was required. For
the rest of the cell types, cells were blocked with 5% fetal bovine serum (FBS) (Life
Technologies 12483020) in phosphate buffered saline (PBS) for 30 min and followed by
permeabilization with PBS containing 5% FBS and 0.1% Triton X (Alfa Aesar A16046) for
10 min on ice. Mouse anti-cardiac Troponin T (¢TnT) (ThermoFisher MS295-P; 1:200) and
donkey anti-mouse-Alexa Fluor 488 (Abcam ab150105; 1:400) were used subsequently to
stain CMs. For HES3-NKX2-59P'W hESC derived atrial CMs, additional rabbit anti-myosin
light chain-2v (Santa Cruz sc-15370), and Donkey anti-rabbit IgG (H+L), AlexaFluor555
(Thermo Fisher A31572) were used to identify atrial specification.

3.4. Hydrogel Preparation and Seeding Conditions

Collagen hydrogel (0.5mL at 3.0 mg/mL) was prepared with high concentration rat tail
collagen (9.82 mg/mL, Corning 354249) with 15 % (v/v) Matrigel (Corning 354230),
deionized sterile H,O and 10 % (v/v) M199 (Sigma M0650) and neutralized by NaHCO3 (E
COM SX0320-1) and NaOH (Caledon 7860-1-70). A Collagen/Fibrin hydrogel was
prepared by combining the Collagen hydrogel with 33 mg/mL fibrinogen (Sigma-Aldrich
F3879) in a 3:1 ratio. When the Collagen/Fibrin hydrogel was used, fibrin conversion to
fibrinogen polymer was facilitated by the addition of 0.5 pL of 25 IU/mL thrombin (Sigma-
Aldrich) to each well prior to seeding. Aprotinin (10 pM, Sigma A3428) was added in the
first week of culture to the media in order to maintain the integrity of fibrin.

For seeding, CMs were dissociated from embryoid bodies or monolayers, they were mixed
with the supporting cells, pelleted and resuspended in the specified hydrogel according to
the experimental design, then 2 uL of cell-hydrogel mixture was added to each well. In all
experiments, the tissues were kept in culture for 7 days to allow for remodeling and
compaction around the POMaC wires prior to electrical conditioning.

To optimize seeding density, dissociated cardiac cells (HES3) and cardiac fibroblasts
(LONZA, Clonetics™ NHCF-V) were mixed in a 10:2.5 cell number ratio, then they were
seeded at four different concentrations: 25, 50, 100, 150 million per mL into the Biowire 11
wells.
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Cardiac fibroblasts (cFB) and mesenchymal stem cells (MSC) were compared as non-
myocyte populations for atrial tissue formation. Dissociated cardiac cells (HES3) and cFBs
or MSC were mixed in 10:1.5 cell number ratios respectively.

To determine the appropriate fraction of non-myocytes, dissociated cardiac cells (HES3) and
cardiac fibroblasts were mixed in 10:1 and 10:2.5 cell number ratios, for low cFB and high
cFB groups respectively.

For hydrogel optimization, dissociated cardiac cells (BJ1D) and cFBs were mixed in 10:1
cell number ratio, in collagen hydrogel or collagen/fibrin hydrogel at 50 million per mL.

For electrical conditioning optimization, dissociated cardiac cells (BJ1D) and cFBs were
mixed in 10:1 cell number ratio, in collagen hydrogel at 50 million per mL.

Electrical Stimulation

On day 7, tissues were transferred to an electrical stimulation chamber, as previously
described [29], for electrical conditioning. Briefly, for ventricular tissues frequency was
ramped up by 1Hz per week from 2 Hz to 6 Hz unless otherwise specified. For the
optimization of electrical conditioning, two protocols were compared: 1Hz weekly increase
from 2—-6 Hz and 0.2 Hz daily increase from 1-6 Hz. For atrial preparations, the frequency
was increased daily by 0.4 Hz, from 2 Hz to 6 Hz, then retained at 6 Hz for 1week.

Evaluation of Active Force and Passive Tension

POMacC wires have an intrinsic autofluorescence in the blue channel, enabling us to
determine wire deflection from the movies of tissue contraction taken in the blue channel
(10X objective; Agx = 350 NM, Agm = 470 nm; 100 frames/s, 5 ms exposure). To determine
the force-frequency relationship (FFR), the tissues were electrically paced from 1-6 Hz (20
sec/each frequency). After the last period of high-frequency pacing, a short period of rest
was induced by turning the stimulator off, followed by reinitiation of pacing at 1 Hz to
determine post-rest potentiation (PRP). All imaging was performed by Olympus 1X81
inverted fluorescent microscope and CellSens software (Olympus Corporation)

Sequential images from the blue channel recording were analyzed using a custom MatLab
code that traced the maximum deflection of the POMaC wire. Total (at peak contraction)
and passive (at rest) POMaC wire deflections were converted to force measurements (UN)
using the force calibration curves described elsewhere.[56] The active force was calculated
as the difference between the total and passive tension. The custom MatLab code was used
to calculate the passive tension, active force, contraction and relaxation duration, and
upstroke and relaxation velocity.[56]

Immunostaining, Confocal Microscopy and Myofiber Alignment Quantification.

Tissues were fixed with 4% paraformaldehyde, permeabilized with 0.2% Tween20, and
blocked with 10% fetal bovine serum (FBS). The following primary antibodies were used:
mouse anti-cardiac Troponin T (¢TnT) (ThermoFisher MS295-P; 1:200), rabbit anti-
Connexin 43 (Cx-43) (Abcam ab11370; 1:200), mouse anti-a-actinin (Abcam ab9465;
1:200), rabbit anti-myosin light chain-2v (Santa Cruz ab9465; 1:200). The following
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secondary antibodies were used: donkey anti-mouse-Alexa Fluor 488 (Abcam ab150105;
1:400) and donkey anti-rabbit-Alexa Fluor 594 (Abcam ab150080; 1:200). Phalloidin-Alexa
Fluor 660 (Invitrogen A22285; 1:200) was used to stain F-actin fibers. Conjugated vimentin-
Cy3 (Sigma C9080; 1:200) was used to stain for vimentin. Confocal microscopy images
were obtained using an Olympus FluoView 1000 laser scanning confocal microscope
(Olympus Corporation).

The alignment ratio was calculated using ImageJ plugin OrientationJ (Biomedical Imaging
Group). The distribution analysis was performed using a Gaussian filter with a window of 2
pixels (cTNT) and 10 pixels (GFP*).[57]

3.8. Brightfield Images from Histological Staining and the Quantification of Collagen

Paraffin-embedded tissues were sectioned at 5um thickness. Masson’s trichrome staining
was then performed to reveal the collagen fibers, cells and cell nuclei followed by brightfield
imaging on Olympus 1X81 inverted microscope.

Area of collagen staining was determined by ImageJ color threshold analysis with Blue (0-
255), green (180-255) and red (120-210). The total area of tissue was determined by
manually tracing the tissue edges and measuring pixel numbers in the enclosed area.

3.9 Determination of Excitation Threshold and Maximum Capture Rate

3.10.

Excitation Threshold (ET) and Maximum Capture Rate (MCR) of tissues were measured in
the stimulation chamber connected to an electrical stimulator (S88x Stimulator, GRASS,
Astromed). The tissues in the stimulation chamber were placed in a preconditioned
environmental chamber (37°C and 5% CO,). The beating of the tissues was monitored under
brightfield with electrical pacing. To find ET, the frequency and the duration of the
monophasic electrical pulses were set to 1Hz and 2ms, respectively. The minimum voltage
needed to induce the synchronous contraction of the tissue, i.e. ET, was tested by starting
from 1 V/cm and increasing the stimulation amplitude in increments of 0.1 V/cm until the
synchrony of tissue contraction was achieved. To find MCR, the voltage was set to twice the
average ET for all tissues in the stimulation chamber. The maximum frequency allowing
synchronous contraction, i.e. MCR, was found by increasing the stimulation frequency in
0.1 Hz increments starting from 1 Hz until the synchrony of tissue contraction was clearly
interrupted.

Intracellular Recordings

Tissues were perfused with 35-37 °C Kreb’s Solution (Sigma K4002) (118 mM NacCl, 4.2
mM KCI, 1.2 mM KH,POy, 1.2 mM MgSOy, 1.8 mM CaCl,, 23 mM NaHCO3, 2 mM Na-
pyruvate and 20 mM glucose, equilibrated with 95% O, and 5% CO»; pH 7.4). They were
paced at twice the ET. The action potential was recorded with high impedance
microelectrodes (60-90 MQ) filled with 3 M KCI, connected to an Axopatch 200 B
amplifier (Axon Instruments). Recordings were performed in current clamp mode at 10 kHz
by clampex 10 and signals were analyzed using the Clampfit 10 Data Analysis Module of
the pPCLAMP™ 10 Electrophysiology Data Acquisition & Analysis Software (Axon
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Instruments). The movement of the tissue was minimized by perfusing with 10uM
blebbistatin (Toronto Research Chemicals) for 20min.

3.11. DNA quantification

Tissues were harvested from the Biowire 11 platform to estimate the total number of cells
from each tissue after 30 days of culture. The tissues were lysed with 1X cell lysis buffer
(Cell Signalling 9803) for 1 h in room temperature and then homogenized with the ultra-
sonicator for 2 seconds. The supernatant was collected and analyzed with Quant-iT
PicoGreen dsDNA Assay Kit (Thermo Fisher P11496) according to the manufacturer’s
protocol. The fluorescent nucleic acid signal from each cardiac tissue was correlated to a
standard curve generated by extracting and measuring DNA from a known number of
cardiac cells.

3.12. Statistics

Statistical analysis was performed using Prism 6.0 and SigmaPlot 12.0. All data are
represented as mean + standard derivation (SD). Indicated sample sizes (n) represent
individual tissue samples. For intracellular recordings, sample size (n) represents the number
of cells analyzed from three or more independent experiments. Differences between
experimental groups were analyzed by Student’s t-test or Mann-Whitney test or one-way
ANOVA or ANOVA on ranks. Experiments with two different variables were analyzed with
two-way ANOVA. Holm-Sidak and Tukey’s multiple comparison methods were used with
one-way and two-way ANOVA. Dunn’s multiple comparison method was used with
ANOVA on ranks. P<0.05 was considered significant for all statistical tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

A brand new, plastic, heart-on-a-chip platform capable of continuous non-
invasive monitoring of the active force and passive tension.

Defined conditions that result in tissues exhibiting positive force-frequency
relationship and post-rest potentiation, hallmarks of the mature human
myocardium.

Intermediate seeding density results in a highly aligned cardiac tissue with
minimal cell input.

Cardiac fibroblasts and mesenchymal stem cells are equally effective as a
supporting cell population for cardiac tissue formation.

Higher percentage of added cardiac fibroblasts hinders functional properties.

Slower ramp-up of frequency of electrical conditioning (1Hz/week) is more
beneficial than a faster ramp-up (0.2Hz/day).

Fibrin hydrogel enhances cardiac structure in organ-on-a-chip platform
compared to the collagen hydrogel.
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Figure 1: Schematic of the fabrication of the Biowire 11 Platform.
A) A polydimethylsiloxane (PDMS) mold was cast from an SU-8 master mold prepared

with the desired microwell and groove topography. The PDMS mold was plasma bonded to
a silicon wafer. A clear polystyrene sheet was placed on top of the bonded wafer and hot
embossed using optimized heat and pressure under vacuum. After cooling, the polystyrene
sheet imprinted with microwells and grooves, was separated from the PDMS mold. A
second PDMS mold with a series of parallel microchannels was cast and perfused with
POMacC prepolymer to form the polymer wires. After crosslinking under UV light, the
POMacC wires were manually placed into the grooves on the polystyrene base. Polyurethane
glue was used to fix the POMaC wires in place. The polystyrene sheet was then cut into
columns of 8 microwells. B) Photograph of a single Biowire |1 strip after fabrication.
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Figure 2: Cell seeding density influences cardiac tissue structure and function in the Biowire 11
platform.

HES3 ESC derived ventricular tissues were seeded using collagen hydrogel at the
concentration of 25, 50, 100, 150 million cells per mL. A) Tissue compaction; B) Excitation
threshold (ET) and C) Maximum capture rate (MCR) at day 7. (n=8) Active force and
passive tension, at D) day 7 (n=6) and E) day 30 (n=5) of culture were examined. F)
Confocal images of NKX2.5-GFP (green) and Vimentin (red) with DAPI (blue) nuclear
counterstaining at day 7, (n=3), scale bar=100 um. G) Quantification of CM alignment
based on the GFP signal. H) Bright field images of tissues stained by Masson’s Trichrome
after 30 days of culture, scale bar = 200 um. 1) Quantification of collagen area, (n=3). Data
are presented as mean + stdev, one-way ANOVA with Holm-Sidak’s multiple comparison
test or ANOVA on ranks with Dunn’s method.
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Figure 3: Comparison of non-myocyte populations, mesenchymal stem cells (MSC) and cardiac

fibroblasts (cFB), in Biowire 11 platform.

A) HES3 ESC derived atrial tissues compacted during the first week of culture. (n=10) B)
Atrial specific electrical conditioning protocol. C) Tissue appearance at the endpoint of
culture after electrical conditioning. D) Force-frequency relationship (FFR) (n=15). E)
Excitation threshold (ET) and F) Maximum capture rate (MCR) were significantly improved
after electrical conditioning in both groups. (n=10) G) Action potential profiles, H) action
potential duration, 1) action potential amplitude, J) minimum diastolic potential and K)
upstroke velocity were compared between the tissues with the two cell types. For
electrophysiological assessment, the AP parameters were multiple pokes from at least three
tissues. Data presented as mean =+ stdev, Student’s t-test or Mann-Whitney test or ANOVA

on ranks with Dunn’s multiple comparisons test.
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Figure 4: Cardiac fibroblast percentage influences tissue function.
HES3 ESC derived ventricular tissues were seeded in collagen hydrogel with an additional

10% (low cFB group) or 25% (high cFB group) of cardiac fibroblasts. A) Brightfield images
of the tissue structure. B) Tissue compaction (n=>10) in the first week. Electrical stimulation
was initiated on day 7 after seeding and the protocol shown in C) was used. D) Excitation
threshold (ET) and E) Maximum capture rate (MCR) (n = 7-14) were compared before and
after electrical conditioning. Positive Force-frequency relationship (FFR) (n=7 for high cFB
group and n=13 for the low cFB group) was shown with F) active forces normalized to 1 Hz.
Differences between two groups were demonstrated by G) active forces stimulated at 1-3 Hz
at the endpoint of cultivation. H) Active force and passive tension were also compared for
both groups. Data are presented as mean + stdev, Student’s t-test or Mann-Whitney test or
ANOVA on ranks with Dunn’s multiple comparisons test.
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Figure 5: Biowire Il platform can generate high fidelity tissues using different stimulation
schemes.

A) BJ1D iPSC derived ventricular tissues were conditioned with 1 Hz weekly stimulation
regimen or 0.2 Hz daily stimulation regimen. Quantitative comparison of B) Excitation
Threshold (ET), (n=8) and C) Maximum Capture Rate (MCR), (n=8). D) Percent of tissues
successfully reaching a positive FFR at the end of cultivation (n=6 for two batches of
tissues). E) Force-Frequency Relationship (FFR), (n=8), F) Post-Rest Potentiation (PRP),
(n=4). Data presented as mean + stdev, Student’s t-test or two-way ANOVA with Tukey’s
multiple comparisons test. G) Confocal images of tissues stained for a-actinin, myosin light
chain-2v (MLC2v) and F-actin and counterstained with the nuclear stain DAPI (left panels);
and stained for connexin-43 (Cx43) and cardiac troponin-T, counterstained with DAPI (right
panels). Scale bar=30 pm. H) Quantification of myofiber alignment using cTNT staining.
(n=3) Data presented as mean + stdev, Student’s t-test or Mann-Whitney test or One-way
ANOVA with Tukey’s multiple comparisons test.
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Figure 6: Biowire 11 platform can generate high fidelity tissues using different hydrogels.
BJ1D iPSC derived ventricular tissues were electrically stimulated as shown in panel A).

Quantitative comparison of B) Excitation Threshold (ET), (n=8), C) Maximum Capture
Rate (MCR), (n=8), D) Percent of tissues successfully reaching a positive Force-Frequency
Relationship (FFR) by the end of cultivation (two batches of tissues), E) FFR, F) Post-Rest
Potentiation (PRP) for tissues generated using Collagen vs. Collagen/Fibrin hydrogel (n=7).
Data presented as mean = stdev, Student’s t-test or two-way ANOVA with Tukey’s multiple
comparisons test. G) Confocal images of tissues generated from Collagen vs. Collagen/
Fibrin hydrogel stained with for a.-actinin, myosin light chain-2v (MLC2v) and F-actin
stain, and counterstained with the nuclear stain DAPI (left panels); and stained for
connexin-43 (Cx43) and cardiac troponin T (cTNT), counterstained with DAPI (right
panels). Scale bar=30 um. H) Quantification of myofiber alignment using cTNT staining.
(n=3). Data presented as mean * stdev, Student’s t-test or Mann-Whitney test or ANOVA on
ranks with Dunn’s multiple comparisons test.
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