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ARTICLE INFO ABSTRACT

Keywords: Despite significant efforts in the study of cardiovascular diseases (CVDs), they persist as the leading cause of
Stem cell mortality worldwide. Considerable research into human pluripotent stem cell-derived cardiomyocytes (hPSC-
C?{rdiac ) CMs) has highlighted their immense potential in the development of in vitro human cardiac tissues for broad
x;f:::;‘;g;ﬂment mechanistic, therapeutic, and patient-specific disease modeling studies in the pursuit of CVD research. However,

the relatively immature state of hPSC-CMs remains an obstacle in enhancing clinical relevance ofengineered
cardiac tissue models. In this study, we describe development of a microfluidic platform for 3D modeling of
cardiac tissues, derived from both rat cells and hPSC-CMs, to better recapitulate the native myocardium through
co-culture with interstitial cells (specifically cardiac fibroblasts), biomimetic collagen hydrogel encapsulation,
and induction of highly anisotropic tissue architecture. The presented platform is precisely engineered through
incorporation of surface topography in the form of staggered microposts to enable long-term culture and ma-
turation of cardiac cells, resulting in formation of physiologically relevant cardiac tissues with anisotropy that
mimics native myocardium. After two weeks of culture, hPSC-derived cardiac tissues exhibited well-defined
sarcomeric striations, highly synchronous contractions, and upregulation of several maturation genes, including
HCN1, KCNQ1, CAV1.2, CAV3.1, PLN, and RYR2. These findings demonstrate the ability of the proposed en-
gineered platform to mature animal- as well as human stem cell-derived cardiac tissues over an extended period
of culture, providing a novel microfluidic chip with the capability for cardiac disease modeling and therapeutic
testing.

Microfluidic chips

1. Introduction now more accessible, due to advances in the development of robust and

reproducible methods for directed differentiation of high yield human

Heart disease remains the leading cause of mortality, despite
abundant advancements in cardiovascular research [1]. Research in-
volving animal models has contributed significantly to cardiovascular
disease-related knowledge gathered to date, however challenges remain
in translating preclinical findings to human conditions due to pro-
nounced physiological differences [2]. Additionally, inherent difficul-
ties in studying the heart in vivo at cellular and molecular levels hinder
the discovery and extensive study of disease-specific mechanisms. In
the past few years, synergistic in vitro models using human cells/tissues
that enable detailed mechanistic studies of cell-cell and cell-environ-
ment interactions have served to complement in vivo preclinical find-
ings [3-7]. In vitro research based on the use of human cardiac cells is

stem cell-derived cardiomyocytes (CMs), from both human embryonic
stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs),
referred to collectively as hPSCs [8]. Particularly, methods to purify
differentiated cardiac populations for CMs [9], including magnetic-ac-
tivated cell sorting (MACS) [10], fluorescence-activated cell sorting
(FACS) [11], and metabolic selection [12], have enabled consistent
yields of highly pure CM populations, that have been extensively used,
among many other applications, to engineer in vitro human cardiac
tissue models for mechanistic, disease-specific, and therapeutic re-
search. However, although CMs comprise most of the volume, cardiac
fibroblasts (CFs) constitute a majority of the cell population within the
heart [13], resulting in structural misalignment within the majority of
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in vitro studies that rely on mono-culture of hPSC-CMs. Some studies
continue to use unpurified hPSC-CM populations to address the need for
multi-culture populations [14,15], that include interstitial non-CM
cells, such as fibroblasts, smooth muscle cells, and endothelial cells at
differing ratios. However, CM purity and cellular composition have
proven quite difficult to control during human stem cell differentiation,
resulting in extensive variation in cellular composition of heart tissues
in models that utilize mono-culture of unpurified hPSC-CMs. Therefore,
there is a need for the incorporation of controlled and consistent co- or
multi-culture ratios of purified CMs and supporting interstitial cells
within in vitro platforms to better recapitulate the native architecture
and function of human myocardium.

The complex cellular composition within intricate architecture in
the native myocardium is necessary for highly synchronous organ-level
contraction [16]. During myocardial development, CMs are exposed to
physical, electrical, and mechanical stimuli that enhance organization
of overall tissue structure, promote cell elongation and increase cell
length-to-width ratios, thereby influencing intracellular contractile
machinery, including alignment of sarcomeres and localization of gap
junctions [17]. Due to these stimuli, the muscle fibers arrange in a
parallel array, and the cells organize in an anisotropic manner, with
electromechanical connections forming through intercalated discs at
the perpendicular edges. To that end, it is crucial to recapitulate the
native-like 3D tissue anisotropy within engineered in vitro tissue models
for physiologically relevant cellular- and molecular-level studies. Pre-
vious studies have utilized numerous strategies to align cardiac tissues
by simulating relevant stimuli that are experienced by the native
myocardium, including environmental cues, such as micropatterned
substrates [18] or surface topography [14,19], mechanical tension and
electrical stimulation [15,18,20,21].

Another current obstacle for clinical translation of in vitro platforms
is the relatively immature state of hPSC-CMs, evidenced by round cell
morphology, lack of mature contractile machinery, and gene expression
profiles resembling fetal CMs [22-28]. To enhance clinical relevance
and future translation of stem cell-derived CMs, a multitude of tech-
niques have been investigated to aid in their maturation [24]. These
methods range from applied stimulation, i.e. electrical or mechanical
[20,29]; culture variation, i.e. long-term culture [28], media supple-
mentation [30], or co-culture with non-CMs [31]; or environmental
cues, i.e. extracellular matrix (ECM) [32], mesoscopic architecture
[14,19], or micropatterned substrates [33]. The CM populations that
result from these methods exhibit more mature structure and function,
evidenced through enhanced morphology, function, protein and gene
expression, and electrophysiology. Recent in vitro studies have utilized
some of these maturation techniques to model more adult-like cardiac
tissues from hPSC-derived CMs within complex biomimetic platforms
[34]. Such platforms include 3D anisotropic patches [19], flexible thin
films [18], electrically-stimulated biowires [20], engineered heart tis-
sues (EHT) suspended between micropillar arrays [21], as well as heart-
on-a-chip tissues within microfluidics [35-37]. Among these en-
gineered cardiac tissues, incorporation of microfluidic technology re-
tains certain advantages for organ modeling, mainly due to precise
control over diffusion of gradients (i.e. drug or chemical) and cell
culture environment, low cost and ease of manufacture, and require-
ment for minimal quantity of tissues and corresponding reagents
[35-37]. Due to the minimal cell and low-cost requirements involved in
manufacture of each microfluidic device, a multitude of devices can be
incorporated simultaneously to facilitate high throughput experi-
mentation. This allows for a single batch of differentiated stem cell-
derived CMs to be utilized for the same set of experiments, reducing
variability from interdifferentiation population differences [38] that
may obscure underlying biological results.

To date, notable progress has been made in engineering in vitro
cardiac tissue models using microfluidic platforms [35,36,39]. Similar
to macroscale approaches, microfluidic cardiac tissues have also been
formed both with and without scaffolds. The related advantages and
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disadvantages of scaffold-based vs. scaffold-free approaches, that have
been discussed extensively [40], can also be applied to tissues created
at the microscale. Despite significant findings of both approaches using
microfluidics, many in vitro platforms have incorporated mono-culture
of hPSC-CM populations to specifically model 3D myocardial tissue. In
addition, the majority of these studies have characterized the func-
tionalities of the engineered micro-tissues through immuno-
fluorescence, drug responsiveness, and force generation, to provide
important information about the engineered tissue structure and func-
tion. To further enhance these findings, it is critical to additionally
perform extensive molecular-level studies, including protein or gene
expression analyses, in comparison to age-matched cell populations.
Such validation of the resultant tissues generated within micro-
engineered models is crucial for their effective translation in future
disease-specific and therapeutic studies. Furthermore, as the aniso-
tropic architecture of the myocardium is pertinent for its proper func-
tion, some of these microfluidic models utilize ECMcoating and con-
fined features to create aligned cardiac tissues [36]. To better mimic the
inherent 3D extracellular matrix and fibers of the native myocardium,
there is a need for incorporation of aligned 3D cardiac tissues within
microfluidic platforms.

In this study, we demonstrate the development of a novel micro-
fluidic platform precisely designed and further characterized with three
distinct cell types, to induce anisotropy of co-cultured 3D hydrogel-
encapsulated cardiac tissues, while enabling enhanced nutrient diffu-
sion through the creation of repeated elliptical pores [41]. Specifically,
surface topography was incorporated within the central 3D tissue re-
gion of the microfluidic platform, in the form of staggered microposts,
to mimic the anisotropic structure of the human native myocardium,
serving to further enhance physiological relevance of our model. In
addition, to better control the composition and reduce variation among
cardiac tissues from different differentiation batches, we utilized a
metabolic purification protocol to select for high percentages of CMs
from hPSC-derived populations. The highly pure CM populations
(85.5 + 5.3% cTnT™") were further co-cultured with human CFs at a
consistent ratio (4:1 CM:CF), encapsulated in a hydrogel, and housed
within the 3D microfluidic device to generate biomimetic myocardial
tissue. The microfluidic nature of the platform enabled establishment of
exact temporal and spatial gradients for possible future drug-related
studies, while maintaining a minimal cell and reagent requirement (i.e.
3 pL of cell:hydrogel suspension per device) for optimal experimental
design. Cardiac tissues formed within the designed microfluidic chip
were reproducibly generated from three distinct cell types, and pre-
sented enhanced mature cellular structure, protein expression, gene
expression and tissue function.

2. Materials and methods
2.1. Microfluidic device fabrication

Photolithography and replica molding technique were used to
create the microfluidic devices, consistent to our previous work
[42-45], composed of staggered elliptical microposts within the main
3D tissue region, bordered by arrays of trapezoidal microposts. Briefly,
SU8 2075 was spin-coated to 200 um on a 4” silicon wafer. The wafer
was exposed to ultraviolet light through a transparent mask of the
microfluidic channel design (created in AutoCAD). After development
of the SU8, the wafer was prepared for polydimethylsiloxane (PDMS,
Essex Brownell) replica molding via silanization, using methyltri-
chlorosilane (MTCS), of the surface to reduce attraction between cast
PDMS and SU8 features. PDMS base and crosslinker were mixed at a
10:1 ratio and poured on the master silicon wafer. After 1.5 hr of curing
at 80 °C, the PDMS mold was peeled and holes for the inlets and outlets
of the tissue and media channels were made with biopsy punches
(1 mm for tissue channel and 1.5 mm for media channels). The PDMS
channels were then bonded to 18 x 18 mm coverslips with oxygen
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plasma (PDC-32G, Harrick Plasma), and baked at 80 °C overnight to
secure bonds. The devices were sterilized via two cycles of autoclave,
first through liquid cycle and then through gravity cycle. The devices
were baked at 80 °C overnight to ensure dehydration before use in cell
culture experiments.

2.2. Diffusion analysis through the 3D cardiac tissue region

Simulation of diffusion of 10 kDa FITC-Dextran through the 3D
cardiac tissue region was performed with COMSOL Multiphysics. With
the assumption that the gel is uniform in the z-direction, simulation of
diffusion was only performed in the x-y region [42]. Using the Stokes-
Einstein equation D = (kT)/(6nxR) [46] where D is diffusion coefficient,
R is stokes radius (69 10\), T is temperature (310.15K), k is the Boltz-
mann coefficient (1.38%10~ 2% J/K), and n is the dynamic viscosity of
media at 37 °C (0.78%10 2 N*s/m?) [47], the value for the diffusion
coefficient of 10 kDa of FITC-Dextran in media at 37 °C was found to be
4.22*10~ 2 m?/s. In order to determine the diffusion coefficient of the
tissue region, the diffusion hindrance coefficient was determined as
0.94 with the main hydrogel component as collagen type 1 (2 mg/mL),
therefore the diffusion coefficient for media was multiplied by 0.94
[42], to find the diffusion coefficient of the hydrogel to be
3.97*10"'? m?/s. The concentration of dextran within the media
channels was set to 10 ug/mL, and the tissue channel at t = O to be
0 pg/mL.

2.3. Neonatal rat cardiac cell isolation and culture

Neonatal ventricular rat-derived cardiomyocytes (rCMs) and cardiac
fibroblasts (rCFs) were obtained from two-day old neonatal rats based
on a well-defined protocol approved by Institution of Animal Care at
Arizona State University, as demonstrated in our earlier work
[33,48-51]. The thorax of the rats was opened and the heart was sur-
gically removed. Upon removing the atria, the hearts were cut into 3-4
medium sized pieces and placed in 0.05% trypsin solution (without
EDTA; Gibco) prepared in Hank's balanced salt solution (HBSS; Gibco)
for 14-16 hr at 4 °C with continuous gentle agitation. After trypsina-
tion, the heart pieces were neutralized in cell culture media and further
subjected to collagenase treatment to digest the ECM and isolate the
cells, comprised mainly of rCMs and rCFs. The cell suspension was
preplated and the cells left to attach for an hour. The suspended cells
were collected, as the rCMs, and the attached cells were isolated as the
rCFs. The rCMs and rCFs were immediately used for device culture.
Both cell types were suspended for a final density of 30x10° cells/mL
and mixed to desired ratio (i.e. 1:0, 8:1, or 4:1 CM:CF), then this cell
mixture was mixed with bovine thrombin, bovine fibrinogen, and rat
tail collagen type 1 (Corning), for a final concentration of fibrin (2 mg/
mL) and collagen (1 mg/mL) at a ratio of 85:15. The cell:hydrogel so-
lution was injected into the microfluidic device, flipped and poly-
merized at 37 °C for 18 min, then media (DMEM 1X, 10% FBS, 1% Pen/
strep, 1% i-glutamine) was added to the side channels. Media was
changed daily.

2.4. Human stem cell culture

hESCs, that were edited through delivery of a plasmid encoding GFP
under the hTNNT2 promoter, were received as a generous gift from Dr.
David Brafman's lab (ASU). hiPSCs (cell line: SCVI20) were purchased
from Stanford Cardiovascular Institute Biobank. Pluripotency of hPSC
lines was continually validated through immunofluorescence of SOX2
and Nanog (Fig. S1). Both hESCs and hiPSCs were cultured with defined
Essential-8 (E8) media (made in house) on Matrigel® (Corning)-coated
plates. Media was changed daily, and the cells were passaged every 3—4
days depending on confluency. For passaging, 0.5 mM EDTA (Corning)
was used, and E8 media was supplemented with 5 yM Y27632 (Stem
Cell Technologies) for 24 hr to enhance cell survival. Cells were
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cryopreserved in 90% FBS and 10% DMSO.

2.5. Human cardiac fibroblast culture

Human ventricular cardiac fibroblasts (hCFs) were purchased from
Lonza and were grown in DMEM supplemented with 10% FBS
(Thermo), 1% Penicillin/streptomycin (Thermo), and 1 ng/mL bFGF
(PeproTech). hCFs were passaged with 0.05% Trypsin-EDTA (Thermo),
and used for experiments from passage 4-10. hCFs were characterized
for protein expression of vimentin (Vim) and connexin 43 (CX43), and
validated for lack of differentiation to myofibroblasts, through a-
smooth muscle actin (aSMA) expression (Fig. S2).

2.6. Human cardiomyocyte (hCM) differentiation

The differentiation protocol used for ventricular-specific hCMs from
hPSCs involved the use of small molecule induction [8] and hCM se-
lection through glucose starvation [12,52]. Specifically, after culture of
hPSCs in E8 media until near confluency (~80%), the differentiation
protocol was initiated by media change to RPMI + B27 minus insulin
(RPMI, 2% B27 minus insulin, 1% Pen/strep), and activation of the Wnt
pathway, through inhibition of the Glycogen Synthase Kinase-3 (GSK)
pathway, with 12 pM CHIR99021 (BioVision) on day 0 (D0). After 24 hr
of Wnt activation (D1), the media was changed to simply RPMI + B27
minus insulin to allow for cell recovery. At D3, half of the media was
removed, and the rest of the media was resupplied as conditioned
media, and the Wnt pathway was inhibited with 5 yM IWP-2 (Sigma).
At D5, the media was changed to RPMI + B27 minus insulin for cell
recovery. Then, D7 and D9, the media was changed to RPMI + B27 plus
insulin (RPMI, 2% B27 plus insulin, 1% Pen/strep) to support cardiac
maturation. At D11 and D14, the media was changed to RPMI without
glucose + B27 plus insulin, supplemented with 4 mM sodium lactate
and 1% pen/strep, to purify the population for hCMs [12]. Then, on
D17 for cell recovery, the media was switched back to RPMI + B27 plus
insulin. At D19, the purified hCMs were replated, with TrypLE Express
(LifeTech) to lift cells onto new Matrigel®-coated plates, to remove dead
cells and cell debris. At this point, hCMs were characterized (i.e. via
flow cytometry and IF; Fig. S3) and were then used for the formation of
3D cardiac tissue within the microfluidic chip.

2.7. Formation and culture of 3D hPSC-CM tissue within the microfluidic
chip

After differentiation and purification, the hCMs were prepared for
use in 3D tissue experiments. Specifically, the wells were washed with
1X DPBS (Dulbecco's phosphate buffered solution), and the cells were
lifted off with TrypLE Express (LifeTech) incubation following 37 °C for
10 min. Then, the cells were mechanically dissociated through pipetting
up and down against the culture vessel, and the enzyme was buffered
with RPMI + B27 plus insulin. The hCMs were centrifuged at 300 g for
3 min. The supernatant was aspirated, then the cell pellet was re-
suspended in RPMI + B27 plus insulin. Similarly, in parallel, hCFs were
trypsinized and collected for device loading. Then, hCMs were mixed
with hCFs at a 4:1 ratio (as determined through a series of optimization,
and thus used for all subsequent experiments), mixed with collagen
(final concentration 2 mg/mL), and 20% Matrigel®, rendering the final
cell density as 35x10° cells/mL. Cell-embedded hydrogel solution was
mixed and subsequently injected into tissue region of microfluidic
platforms (3 pL per device). Devices were flipped and incubated at
37 °C for 18 min for hydrogel polymerization, then RPMI + B27 plus
insulin was injected into the flanking media channels. Media was
changed everyday. Similarly, 4:1 CM:CF cell populations were plated in
Matrigel®-coated 24-well plates for the age-matched monolayer ex-
perimental setting.
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2.8. Microscopy

Phase contrast and fluorescence images were acquired using Zeiss
Axio Observer Z1 equipped with Apotome2 (Zeiss) and ZenPro soft-
ware. Throughout the cell culture period, samples were imaged every
other day using phase contrast at a 10X objective. Time-lapse imaging
was recorded at 10X objective for 30 s at 37 °C on day 14 to analyze
spontaneous contraction of the 3D tissue inside the chip, including
beats per minute (BPM) and inter-beat interval variability. To calculate
inter-beat interval variability, the contraction peaks were extracted,
and the time between beats was calculated using custom written Matlab
codes, adapted from Refs. [53]. The standard deviation of the inter-beat
interval was calculated and deemed the measure of inter-beat interval
variability.

2.9. Immunofluorescence (IF)

For IF staining, samples were fixed in 4% paraformaldehyde (PFA)
at day 14 of culture. The devices were incubated at 37 °C for 15 min.
Afterwards, the cells were rinsed with PBS-glycine 2X for 10 min of
incubation each at room temperature. The final wash was with PBS-
Tween-20 ((PBS-Polyoxyethylene (20) sorbitan monolaurate) (0.05%
(v/v) Polyoxyethylene (20) sorbitan monolaurate in PBS) for 10 min at
room temperature. Then, the cells were permeablized with 0.1% Triton-
X-100 for 30 min at room temperature. To inhibit non-specific binding
of the antibodies, blocking was then performed with 10% goat serum
solution for 1 hr at room temperature. To stain for cardiac-specific
markers, the primary antibodies were diluted in 10% goat serum and
added to the samples at 4 °C overnight. The following primary anti-
bodies were used for IF staining: rabbit anti-SOX2 (Cell Signaling,
1:100), mouse anti-Nanog (Abcam, 1:200), rabbit anti-Connexin 43
(Abcam, 1:200), mouse anti-Sarcomeric a-actinin (Sigma, 1:200),
rabbit anti-a smooth muscle actin (Abcam, 1:100), mouse anti-cTnT
(Thermo, 1:200), mouse anti-von Willebrand Factor (Santa Cruz,
1:200), and rabbit anti-Vimentin (Cell Signaling, 1:250).

Upon addition of the primary antibodies, the following day, the
samples were washed with PBS-Tween-20 three times for 20 mintues
each at room temperature. Then, the secondary antibodies were diluted
in PBS-Tween-20 (1:500), centrifuged at 14K RPM for 10 min, then
added to the samples. After 30 min-1 hr, the samples were washed with
PBS-Tween-20 three times for 10 min each at room temperature. To
stain for the actin cytoskeleton and the nucleus, Alexa Fluor 488-or
Alexa Fluor647-Phalloidin (1:40) and 4’,6-diamidino-1-phenylindole
(DAPI) (1:1000) were added to the samples and left at 4 °C overnight.
Then the samples were washed with PBS-Tween-20 three times for
20 min each at room temperature. Finally, the samples were imaged
using fluorescence microscopy (Zeiss Axio Observer Z1 with the Zen Pro
software suite) equipped with Apotome2 at 10X, 20X, and 40X objec-
tives and Z-stacked images were captured and reconstructed to form
representative 3D images. Alternatively, samples were imaged with the
Leica SP8 Confocal Microscope at 40X and 63X objectives, with z-
stacked images captured and reconstructed to form representative 3D
images.

2.10. Analysis of 3D cardiac tissue alignment

Tissues stained for F-actin and DAPI were used for assessment and
calculation of cellular alignment. F-actin images were measured with
FIJI software for Fast Fourier Transform (FFT), and DAPI images were
used to quantify nuclei alignment [54]. Specifically, for calculation of
alignment, images were rotated based on phase contrast to
set alignment axis at 0°. DAPI images were thresholded, processed
through the Watershed plugin, and the nuclei were analyzed through
the Analyze Particles Plugin. Proportion of nuclei at each angle was
calculated and graphed in a histogram with bins spanning 10°.
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2.11. Quantitative real-time reverse transcription-PCR (qPCR)

Gene expression was performed on hESC-derived cardiac tissues for
up to n = 4 experiments. Specifically, tissues within microfluidic chips
were digested with 1 mg/mL collagenase type I (Alfa Aesar), and cells
were collected from devices. Total RNA was extracted from cell sus-
pension with Total RNA Microprep kit (Zymo). RNA quality and con-
centration were assessed with either High Sensitivity RNA tapes or
Regular Sensitivity RNA tapes. cDNA was synthesized from total RNA
using iScript Reverse Transcriptase Supermix (BioRad). iTaq Universal
SYBR Green Supermix (BioRad) was used to perform qPCR on synthe-
sized cDNA, with 18S as the housekeeping gene. Primers were validated
via melt curve analysis and PCR product size verification. For qPCR,
8 uM dilution of forward and reverse primers was used for 10 pL re-
actions within 384-well plates, with 0.1 pL per of cDNA. The qPCR
plates were analyzed with CFX384 Touch Real-Time PCR Detection
System (BioRad).

2.12. Epinephrine testing

After spontaneous contractions were recorded as the baseline for
day 14 of hiPSC-derived cardiac tissue culture within devices with and
without posts, tissue responsiveness to epinephrine was evaluated.
Specifically, epinephrine was first resuspended in 0.5 M HCl at 0.1 mg/
mL, then it was diluted in RPMI + B27 plus insulin at a final con-
centration of 0.2 pg/mL and administered to the devices for 5 min at
37 °C [55]. Then, tissues were transferred to the Zeiss microscope for
30 s video recordings at 37 °C. Using the custom-written Matlab code,
spontaneous BPM values were extracted for both baseline contraction
and in response to epinephrine. The change in BPM in response to
epinephrine dosing for each tissue was calculated.

2.13. Calcium transients

To assess calcium (Ca®™) transients within engineered cardiac tis-
sues, calcium indicator dye, Fluo-4AM assay kit (LifeTech), was used.
Specifically, on day 14 of culture, tissues in devices both with and
without posts were incubated with calcium indicator solution (50 ug of
Fluo-4AM in 50 pL of Pluronic F127), in a dilution of 10 pL in 1 mL of
DPBS 1X, for 40 min at 37 °C. Then, devices were washed with media
(RPMI + B27 plus insulin) for 25 min at 37 °C, then 10 uM of bleb-
bistatin was diluted in Tyrode's solution and incubated for 5 min to
reduce motion artifacts. Then, tissues were transferred to the micro-
scope, maintained at 37 °C, and imaged with Zeiss fluorescent micro-
scope (at 25.23 frames/sec) at 488 nm wavelength. Movies were re-
corded for a duration of 30 s, and calcium concentration changes were
calculated by normalizing the fluorescent dye intensity (F) during cells'
contractions to the background intensity (Fo) and plotted over time
[50].

2.14. Statistical analysis

Paired, two-sided t-tests were used for statistical analysis of calcu-
lated final CM:CF ratios, inter-beat interval variability, and BPM for
each condition using R. For gene expression data, two-way ANOVA was
performed on the DCT values from qPCR data, using GraphPad Prism.
Two-way ANOVA was performed using GraphPad Prism on the tissue
alignment and thickness analysis.

3. Results and discussion

3.1. Development of the microfluidic chip for generation of 3D aligned
cardiac tissue

The 3D anisotropic architecture of the myocardium is highly cor-
related to its function; a key component that is missing in most of the
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microfluidic platforms. Throughout development, the human myo-
cardium experiences a complex myriad of stimuli that induce tran-
scriptional, electrophysiological, and structural changes, resulting in
aligned tissue architecture [24,31,56]. Although the exact sequence of
events and related mechanisms that occur during development to in-
duce tissue-level anisotropy are unknown, electrical and mechanical
stimulation have been demonstrated in vitro to affect cardiac alignment.
Similarly, micropatterning in the form of ECM printing and surface
topography also enhances tissue-level alignment. Particularly, micro-
posts have been demonstrated to serve as mesoscopic topographical
cues that induce cell elongation and alignment similar to that seen in
the native developing myocardium when implemented in 3D cell cul-
ture [41]. Despite this, none of the existing microfluidic platforms for
hPSC-CM culture have incorporated microposts as topography within
the main tissue region to induce 3D cellular anisotropy. To that end, we
incorporated and optimized staggered microposts within the central
tissue chamber of the fabricated microfluidic platform to provide a
highly controllable environment that favors induction of 3D cardiac
tissue anisotropy. Through formation of repeated elliptical pores that
force cells via passive tension to shape around the pore boundaries
[57], the model serves to replicate the highly anisotropic nature of the
human myocardium (Fig. 1A and B). The 3D tissue region was sur-
rounded by media channels to allow for nutrient and oxygen diffusion.
Specifically, the tissue region was separated from the flanking outer
channels through borders of trapezoidal posts, that contain the hy-
drogel while allowing media diffusion [58], regularly spaced at 100 um
with heights and lengths of 100 um and 200 pm, respectively. Simu-
lation of diffusion of 10 kDa FITC-conjugated Dextran was performed
with COMSOL Multiphysics® to ensure proper diffusion of molecules
applied from the flanking media channels throughout tissue (Fig. 1C).
Simulation results demonstrated that the array of trapezoidal posts
around the hydrogel allowed diffusion across the interface of the media
channels and the 3D hydrogel-encapsulated tissue, creating a con-
centration gradient that levels out 3 hr after supplementation. In order
to evaluate possible functionalities of the enclosed microfluidic device
with perfusable media on diffusion of nutrients through the en-
capsulated cardiac tissue, we further performed simulation 10 kDa
FITC-conjugated Dextran (Fig. S4) under constant fluid flow through
the media channels. Compared to stagnant media supplementation, it
appeared that continuous media exchange resulted in enhanced diffu-
sion to the tissue region by the 3 hr time point. Thus, further targeted
studies utilizing this platform could take advantage of the intrinsic
properties of its microfluidic nature to establish dynamic culture con-
ditions, and study effects of enhanced nutrient supplementation on
cardiac tissue function. However, the scope of this manuscript herein is
the creation, optimization, and extensive characterization of the pro-
posed novel microfluidic chip with innate microposts to culture en-
gineered cardiac tissue, therefore media was set to be stagnant and

Cardiac
Fibroblasts
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changed every 24 hr. Additionally, stagnant media supplementation
necessitates a much simpler set up as it does not require extensive
pumping or tubing, thus rendering the use of device easier and more
adaptable for several biological studies.

3.2. Generation of 3D aligned neonatal rat cardiac tissue within the
microfluidic chip

We hypothesized that the 3D co-culture of hydrogel-encapsulated
cardiac cells, within a microfluidic platform with precise architecture to
induce tissue anisotropy over extended culture, would serve to mature
the cardiac tissue. In order to test this, we performed our initial ex-
periments using neonatal rat cardiac cells. To form the tissue, we spe-
cifically utilized a combined culture of rCMs and rCFs, as the co-culture
of these cells better mimics the composition of the myocardium,
through coordination of electrical and mechanical signal propagation
and ECM deposition [13]. The co-culture of rCMs and rCFs was in-
corporated within various microfluidic chip designs to determine op-
timal parameters for the formation of 3D mature cardiac tissue, in-
cluding hydrogel composition, cellular co-culture ratio, culture time,
and precise device architecture (i.e. channel size and width, micropost
geometry and distance). Specifically, hydrogel compositions that were
tested include mixtures of fibrin, collagen, and Matrigel®. Co-culture
ratios tested were 1:0, 8:1, and 4:1 CM:CF. In order to isolate the op-
timal architecture of the microfluidic platform, in addition to different
micropost shapes (elliptical vs. hexagonal), the sizes of the microposts
(200-800 um long, 100-300 um wide), and the staggering of the mi-
croposts (vertical post spacing: 100-300 um, horizontal post spacing:
100-300 pm) were further studied. Within the microfluidic platforms
with innate microposts, the 3D encapsulated cardiac tissues compacted
the hydrogel and formed elliptical pores around the designated mi-
croposts, that varied in size and shape along with varying device design
parameters. Formation of these pores induced high cell alignment
around the pore boundaries, while enhancing cell elongation and nu-
trient diffusion across the tissue region (refer to Fig. 1B).

Based on a series of initial experiments to enhance cell elongation
and tissue formation, the optimal hydrogel composition and co-culture
ratio for rCMs were found to be 85:15 of fibrin (2 mg/mL): collagen
(1 mg/mL), and 4:1 CM:CF, respectively (data not shown). Dimensions
of the microposts identified as optimal for tissue anisotropy were
500 pm long and 100 um wide, with horizontal post spacing (hPS) as
150 pm. With determined hydrogel, co-culture ratio, and micropost
dimensions remaining constant, iterations of device designs were
tested, by varying the micropost geometry (i.e. elliptical vs. hexagonal)
as well as vertical post spacing (vPS) (Fig. 2A). Co-culture of cardiac
cells encapsulated within a fibrin:collagen hydrogel was injected into
designs with hexagonal or elliptical microposts, with varying vPS of
150 or 200 pm, and tissue architecture and function after two weeks of

Fig. 1. Microfluidic chip for 3D cardiac
tissue modeling: (A) Schematic of the mi-
crofluidic chip with inset of US penny for
scaling. (B) Phase contrast image of cardiac
tissues formed in device, with horizontal
post spacing (hPS) and vertical post spacing
(vPS) defined. (C) Simulation of 10 kDa
Dextran diffusion from media to tissue
channels, demonstrating the concentration
gradient over time.
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Fig. 2. Optimization of microfluidic chip design parameters with neonatal rat cardiac cells: (A) Table of microfluidic chip designs with differing post di-
mensions. (B-F) Characterization of neonatal rat cardiac tissue within each design. (B) Tissue width, (C) cellular alignment, (D) immunostaining of actin and DAPI
with inset as FFT, and (E) representative beating signals from tissues formed within each device. (F) Cardiac-specific marker staining of tissues in Design 1,
demonstrating aligned sarcomeres (green) and abundant, localized connexin 43 (red), with 40X magnification to right. Statistics performed on two-way ANOVA of
(B) n = 2 experiments and (C) n = 3 experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)

culture were assessed. Specifically, width of tissues, alignment of cells,
and spontaneous contractions were analyzed throughout the culture
period (14 days). The width of aligned tissues between microposts for
each design remained consistent from day 8 to day 14 of culture,
however the vPS had a significant effect on width of resultant tissues
(Fig. 2B). The designs with 200 um vPS exhibited tissue bundles with
the largest widths (Designs 1 and 3), while the designs with 150 um vPS
exhibited smaller width tissues (Designs 2 and 4). Nuclear alignment
analysis of immunostained tissues at day 14 highlighted a significant
increase in proportion of cells aligned along the alignment axis from 0
to 10° in Design 1, than all other designs (Fig. 2C), as corroborated
through cytoskeletal F-actin fiber staining of cardiac tissues and cor-
responding FFT analysis (Fig. 2D, Fig. S5A). Particularly, the devices
with elliptical microposts (Designs 1 and 2) formed tissues with en-
hanced integrity, demonstrated through denser tissue bundles in IF of F-
actin, than the devices with the hexagonal posts (Designs 3 and 4). In
addition, anisotropic tissues formed within Design 1 (device with el-
liptical posts and 200 pm vPS) also demonstrated more synchronous
contractile patterns on day 14, as identified through signal extraction
via a custom written Matlab code from spontaneous beating videos
(Fig. 2E, Movies S1-4). Correspondingly, highly aligned sarcomeric
striations and abundant CX43 expression (Fig. 2F, Fig. S5B) were
identified to a greater degree in this design than in tissues formed
within other designs. Therefore, the particular dimensions of the innate
micropost array within Design 1 induced formation of anisotropic co-
cultured cardiac tissues, with corresponding enhanced cardiac-marker
expression and spontaneous contractile behavior. To that end, Design 1

was chosen as the optimal microfluidic chip design for the formation of
human-derived 3D cardiac tissues and all subsequent experimental
studies.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.120195

3.3. Cardiomyocyte differentiation and purification from hESCs and hiPSCs

For the formation of 3D cardiac tissues within the optimized design,
we differentiated hCMs from monolayers of both hESCs and hiPSCs. The
differentiation was performed through activation of the canonical Wnt
signaling pathway by inhibition of GSK[3 followed by sequential in-
hibition of Wnt [8]. Typically, spontaneous beating initiated from D7-
11 of culture. Metabolic selection, based on glucose starvation, was
performed from D11-D17 to enrich for hCMs [12]. After metabolic se-
lection, the hCMs were replated to eliminate dead cells and debris. Flow
cytometry analysis revealed high percentages of hCMs, with a re-
presentative flow cytometry histogram in Fig. 3A showing a cardiac
differentiation at 90.8% cTnT*, and an average overall differentiation
efficiency of 85.5% cTnT* cells. This data was further corroborated
with high GFP expression in hCMs differentiated from transduced
hESCs with GFP linked under the c¢TnT promoter, and IF staining for
c¢TnT among hiPSC-CMs (Fig. S3). hCMs differentiated from hESCs and
hiPSCs reveal indistinguishable morphologies and protein expression as
demonstrated in Fig. 3B-D. The resultant tissue populations reveal is-
lands of dense hCM populations (sarcomeric a-actinin (SAA)*), with
surrounding populations of isolated non-myocytes (Vim*). IF
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Fig. 3. Characterization of human cardiomyocytes (hCMs) differentiated from both hESCs and hiPSCs: (A) Flow cytometry plot of differentiated hCM po-
pulation, showing > 90% cTnT expression. (B) Cardiac-specific expression staining for SAA (green) and CX43 (red) of hESC (left) and hiPSC (right) differentiated
hCMs at 40X, and at 20X in (C). (D) Immunostaining of SAA (green) and Vim (red) for identification of hCMs and non-CMs, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

characterization of the non-CMs, consistent with previous work [14],
revealed 65.86% CFs (VWF~/Vim™) and 31.24% ECs (VWF*/Vim™).
The combined strategy for differentiation and purification led to con-
sistent, highly pure hCM populations, that were subsequently in-
corporated into the optimized microfluidic chip.

3.4. Generation of 3D organized cardiac tissues from human stem cells

To test formation of 3D human cardiac tissue within the micro-
fluidic chip, the differentiated and purified hCMs were mixed with hCFs
(as characterized in Fig. S2), embedded into fibrin:collagen hydrogel,
and injected into the optimized microfluidic device of Design 1. The
optimal conditions for 3D tissue formation, as identified with rat car-
diac cell culture, were initially tested for the creation of human cardiac
tissue from hPSC-CMs. Specifically, the culture duration and device
design values were kept consistent. The co-culture ratio was again va-
lidated with hPSC-CMs, demonstrating enhanced alignment with tissues
formed with 4:1 CM:CF over 8:1 and 1:0 CM:CF (Fig. S6). To that end,
our data strongly suggests that the co-culture ratio of 4:1 CM:CF

optimized with rat tissues was equally optimal for human cardiac tissue
formation, and was thus sustained for all subsequent experiments.
However, due to low gel compaction and significant variation in gelling
times, the hydrogel formulation was changed to a mixture of collagen
type I (2 mg/mL) and Matrigel® at a ratio of 80:20 as it showed highest
cell elongation, consistency and easier handling, and better represented
the adult myocardium, as its main ECM component is collagen [59]. In
addition, cell density was slightly increased (from 30 to 35x10° cells/
mL). Apart from devices embedded with microposts, devices of iden-
tical design, except lacking the microposts, were fabricated in order to
serve as 3D co-culture controls, to specifically isolate the effect of mi-
cropost presence on tissue formation, alignment, and function.

After two weeks of culture, IF staining of cardiac tissues within both
types of devices (i.e. with and without the posts) was performed, to
assess cardiac tissue composition, integrity, and structure, as well as
individual cell structure (Fig. 4). The tissues formed within devices
without the posts exhibited random, unorganized structure in both
hESC- and hiPSC-derived cardiac tissues, as demonstrated through F-
actin cytoskeletal staining and corresponding FFT analysis (Fig. 4A).
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Fig. 4. Structural properties of human stem cell-derived cardiac tissues formed within microfluidic devices with and without the microposts: (A, B) Tissues
in devices without the microposts, showing cytoskeleton through immunostaining of (A) actin and DAPI and (B) cardiac-specific markers through immunostaining of
SAA and CX43. (C-F) Tissues in devices with the posts, showing (C) cytoskeleton and (D-F) cardiac-specific markers. Magnified view of sarcomere alignment and
CX43 expression of (E) hESC- and (F) hiPSC-derived tissue within devices with posts.

Additionally, cardiac-specific marker staining revealed round hCMs
with disarrayed sarcomeres and non-localized CX43 in these no-post
devices (Fig. 4B), a phenotype consistent with immature hCMs [24].
However, the tissues formed within devices with the posts notably ex-
hibited highly aligned structure, as demonstrated from F-actin staining
and FFT analysis (Fig. 4C). Additionally, two weeks of culture within
the device was sufficient in attaining a similar degree of anisotropy as
when culture was extended to three weeks, since level of tissue align-
ment within each respective condition (i.e. with or without posts) was
sustained. This confirmed that the day 14 experimental time point was
appropriate to achieve the high level of anisotropy within the device
with posts to perform functional and molecular-level analyses. In ad-
dition, tissues formed within devices with posts at both time points
were significantly more aligned than either time point of no post con-
ditions (Fig. S7).

Further analysis of anisotropic tissues formed within devices with
the microposts revealed that the cells exhibited organized cytoskele-
tons, elongated structure, abundant striated sarcomeres, and localized
CX43 expression along the cell border (Fig. 4D-F), regardless of loca-
tion among posts. Notably, tissues within the vertical spacing of posts
were highly aligned and condensed (Fig. S8A), in contrast with the
formation of nodes of cardiac tissue in the horizontal spacing between
posts (Fig. S8B). To determine the composition of the cardiac popula-
tions at day 14, IF was performed to distinguish the hCFs/non-CMs
from the hCMs, through positive staining for Vim and SAA, respec-
tively. hCFs were identified throughout the tissue within both types of
devices, moreso than in 2D space-limited monolayer conditions. Spe-
cifically, cell population composition of cardiac tissues was quantified
based on IF in each condition and lower CM:CF ratios were demon-
strated in devices with and without posts (Figs. SO9A-D, p-value for posts
to 2D as 0.1201, p-value for posts to no posts as 0.1338, p-value for no
posts to 2D as 0.3328). Additionally, IF revealed that hCFs had pro-
liferated onto the surrounding glass and PDMS, both within the tissue
region and in the inlet/outlet ports of both types of devices (Figs.
S9B-C). These values were omitted in CM:CF ratio quantification, as
only the areas of the device with the hydrogel-encapsulated cardiac

tissue were imaged and considered.

The reason for resultant decreased CM:CF ratio within the 3D device
conditions, and maintenance of CM:CF ratio in age-matched 2D culture
after the two-week period, can be hypothesized to be due to multiple
factors. First, the cell population is cultured at maximum confluency in
2D, thereby it is expected that the fibroblasts undergo contact inhibi-
tion and arrest their proliferation [60], leading to maintenance of initial
cell composition. Secondly, fibroblasts are sensitive to mechanical
stress and may respond to stretch within the 3D ECM in device condi-
tions, which in turn activates various pathways, leading to prolifera-
tion, deposition of ECM, and release of growth factors [61]. Thirdly,
CMs have also been demonstrated to release growth factors in response
to stretch, that in turn induce fibroblast responses, normally attributed
to CF response to mechanical stimulation, such as proliferation, ECM
deposition, and gene expression regulation [61,62]. Therefore, the CFs
may be experiencing multiple stimuli within the 3D culture environ-
ment of the microfluidic platform which upregulate their proliferation,
while the CFs in 2D experience contact inhibition and halt proliferative
processes, leading to the observed decrease in CM:CF ratio in 3D, and,
on the other hand, maintained cellular ratio in 2D upon two weeks of
culture.

3.5. Gene expression analysis of human cardiac tissues

Upon formation and assessment of the phenotype of 3D human
tissue within the microfluidic chip, gene expression analysis was per-
formed to assess changes in tissue-level transcription, as an indicator for
maturation state, due to extended culture within each condition. To
serve as a population control, gene expression values were compared to
the respective cardiac cell population immediately before insertion into
the device (deemed as DO). In addition, monolayers of 4:1 CM:CF were
cultured in standard Matrigel®-coated 2D plates for the experimental
period (i.e. 14 days) to serve as age-matched 2D comparison to the
tissues formed within devices (Fig. 5A). The panel of genes that were
assayed includes those important for cardiac tissue function and
structure. The genes were broadly classified as involved in either
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Fig. 5. Gene expression analysis of human stem cell-derived cardiac tissues in monolayer and microfluidic chips: (A) Schematic of formation of tissues within
devices and age-matched monolayer. (B) Heatmap of fold changes of all conditions to DO, with z-score displayed. (C) Gene expression of 2D age-matched monolayers
compared to before insertion. (D) Gene expression of tissues in devices without posts compared to before insertion (D0). (E) Gene expression of tissues in devices with
posts compared to before insertion (DO). Statistics performed on ANOVA of DCT values of n < 4 experiments, with p-values: * < 0.05, ** < 0.01, *** < 0.001.

calcium handling, structural, or conduction, in order to isolate the
biological processes that may be affected. Incorporated in this panel
were maturation-specific genes, deemed as those demonstrated with
significantly higher expression in adult over fetal hearts and hPSC-CMs,
including: ACTN2, ATP2A2, CASQ2, CAV1.2, CAV3.1, HCN1, HCN4,
KCNQ1, MYH7, PLN, RYR2, S100A1, TNNI3, and TNNT2 [24,27].
Average values of fold change from DO of tissues from devices with
posts, without posts, and age-matched 2D monolayers were plotted in
an expression heatmap, with row z-score displayed (Fig. 5B). Overall,
the 3D tissues formed within the microfluidic chip, both with and
without posts, demonstrate more upregulation of genes than those in
the 2D monolayer, suggesting that 3D hydrogel and co-culture with
hCFs over two weeks influences genes important in cardiac function.
Specifically, tissues in age-matched 2D monolayers only displayed a
significant upregulation of MLC2V (Fig. 5C). This result coincides with
the findings that co-culture of hCMs with hCFs, as well as extended
culture time, promote a more mature hCM phenotype [63].

Within devices without posts in comparison to DO, tissues demon-
strated an upregulation in some cardiac-related genes, with significant
upregulation in the conduction maker KCNQI, calcium handling
marker CAV1.2, and structural marker TNNI3 (Fig. 5D). In order to
investigate the additional effect of anisotropy on cardiac tissues within
identical 3D hydrogel culture and CF presence, gene expression of tis-
sues formed within the microfluidic chip with posts, in comparison to
DO, was further analyzed. These highly aligned cardiac tissues within
our microfluidic chip exhibited extensive significant upregulation,

particularly in “maturation-specific” genes (Fig. 5E). These genes in-
cluded HCN1, KCNQ1, CAV1.2, CAV3.1, PLN, and RYR2 [27], which
participate in calcium handling and conduction-specific processes.
Therefore, the engineered cardiac tissues within our 3D microfluidic
chip demonstrated an upregulation in both calcium handling and con-
duction processes, with significant trends demonstrated particularly for
maturation-specific genes. These results correspond to the exhibited
enhanced cell and tissue structure due to induction of 3D tissue ani-
sotropy, revealing the capability to mature hPSC-derived cardiac tissue
within our microfluidic chip. Additionally, expression levels of some
structural-specific genes were significantly upregulated, including
GJAS5 and aMHC. GJAS translates CX40, which has been demonstrated
between CF:CF and CM:CF junctions [64]. Therefore, upregulation of
GJAS may signify higher presence of hCFs in 3D device conditions,
which is corroborated with presence of more fibroblasts/non-myocytes
through IF staining of Vim and the resultant decrease in calculated
CM:CF ratio in 3D conditions (Figs. S9B-D). In contrast, aMHC ex-
pression decreases during heart development, which is inconsistent
with our model, as well as many other in vitro models, highlighting the
future need to investigate myosin isoform switching, and how it can be
better replicated in vitro [26,28]. On the other hand, we demonstrate an
average elevated expression in devices with posts of BMHC (not sig-
nificant), which predominates in the adult heart.

In order to specifically identify effect of microposts on tissue func-
tion, tissues grown in devices with and without the posts were directly
compared. Although more genes were significantly upregulated in the
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Fig. 6. Comparison of human cardiac tissues cultured in devices with and without microposts: (A) Gene expression, (B) cellular alignment, (C) representative
spontaneous beating signals, (D) spontaneous beating rate, and (E) beating variability, calculated by inter-beat interval variability, of tissues grown for two weeks in
devices with and without posts. Statistics performed on ANOVA of hESC and hiPSC tissues for (B) n = 5 experiments and for (D) and (E) n = 10 experiments, with *

denoting p-value < 0.05.

post condition than in no posts condition in comparison to DO, gene
expression between devices with and without posts was not sig-
nificantly different for the chosen panel when the device conditions are
directly compared (Fig. 6A). However, tissues in the devices with posts
demonstrated a more normal distribution of cell alignment around the
alignment axis (at 0°) than the no post condition, suggesting a higher
degree of anisotropy in tissues formed within devices with posts
(Fig. 6B), due to the formation of repeated pores throughout the tissue
that also enhance media and thus nutrient/oxygen diffusion. The en-
hanced cell and tissue structure and corresponding protein expression
reveal that although the microposts do not appear to affect expression
of the genes that were analyzed, they play a pertinent role in cardiac
tissue structure and formation that may affect tissue function. To that
end, we further investigated spontaneous beating signals as a char-
acteristic of tissue function from real-time videos of tissues in post and
no post conditions (Fig. 6C, Movies S5-7). The peaks of tissue con-
traction from these signals were extracted to determine spontaneous
beat rate and inter-beat interval variability, deemed a measure of
spontaneous contraction synchronicity. Tissues grown within both
types of chips (i.e. with and without the posts) exhibited similar phy-
siologically relevant beating rates, regardless of chip design (Fig. 6D).
However, significantly larger inter-beat interval variability, or more
inconsistent contraction patterns, was demonstrated in tissues grown in
devices without posts in comparison to those with posts (p-value of
0.0300) (Fig. 6E). This finding demonstrates that the contractile func-
tion of these tissues differs based solely on chip design.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.120195

To further investigate the tissue functionality, spontaneous calcium
transients were recorded and analyzed for hPSC-derived 3D cardiac
tissues formed after two weeks of culture within the microfluidic de-
vices with and without posts. Within each recorded tissue area, the
fluorescent intensity of calcium spikes (F) for five regions of interest

10

was divided by background intensity (Fo) and plotted over a period of
30 s (Fig. 7A and B). The resultant calcium transients revealed highly
variable calcium release patterns for tissues within devices without
posts, that were asynchronous among the different subregions (Fig. 7A,
Supplementary Movie 8). On the other hand, tissues developed within
devices with posts demonstrated extremely consistent calcium tran-
sients, that were synchronous to the calcium spikes of all other sub-
regions (Fig. 7B, Supplementary Movie 9). These findings further con-
firm that the microfluidic chip promotes enhanced cell-cell
communication and electrical signal propagation. Specifically, in direct
comparison to an isotropic 3D control, engineered anisotropic tissues
demonstrated calcium handling properties and spontaneous contrac-
tions with enhanced synchronicity, revealing the particular effects of
topography-induced alignment on tissue maturation.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.120195

Furthermore, the responsiveness of the engineered cardiac tissues
was tested through administration of the [(-adrenergic agonist, epi-
nephrine (i.e. adrenaline), to probe the physiological relevancy of the
3D formed tissue within the platform and its capabilities for drug re-
sponse studies. Both tissues formed within devices with and without the
posts demonstrated a positive chronotropic effect to epinephrine dosing
(Fig. 7C), however tissues within the posts condition exhibited more
organized spontaneous contraction patterns in response to epinephrine
in comparison to tissues within devices without posts. Additionally, the
tissues developed within the demonstrated microfluidic device with
posts responded to epinephrine dosing with a significantly higher
change in BPM than tissues in the no posts condition (p-value of
0.04056) (Fig. 7D), demonstrating enhanced clinical relevancy of the
proposed microfluidic model.

Therefore, tissues formed in devices with posts exhibited enhanced
synchronicity, presenting more connected and thus augmented elec-
trophysiological function, which may be due to the enhanced
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Fig. 7. Functional assessment of human stem cell-derived cardiac tissues within devices with and without posts after 14 days of culture: Calcium transients
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representing regions 1-5. (C-D) Responsiveness of tissues to epinephrine, with (C) representative beating signals(, and (D) corresponding changes in spontaneous

BPM. Statistics were performed through two-sided, paired t-test of n

localization of gap junctions and coordinated tissue structure. This
suggests that the cells in devices with posts undergo mechan-
otransduction, initiated from the interaction with the microposts, in-
ducing changes either a) of translational and/or post-translational le-
vels of particular proteins, or b) of the transcription of alternative genes
that were not studied herein and require further analysis. The cells that
comprised tissues formed among the microposts demonstrated elon-
gated shape, therefore it is also plausible that pathways involved in
physiologic hypertrophy are activated [65,66]. Likewise, as focal ad-
hesions connect the ECM to the cytoskeleton and are involved in pro-
moting and directing myofibril assembly [17,65], the presence of ex-
tensive sarcomere alignment in microfluidic chips with the microposts
suggests that processes involving focal adhesion kinases (FAKs) are
specifically influenced within this culture condition. Particularly, in
response to the stretch sensed from micropost-induced pore formation,
stretch-related receptors such as integrins may be activated, that in turn
signal certain kinases, among such are FAKs and mitogen-activated
protein kinases (MAPKs) [66-68]. Signaling by these different kinases
generally leads to a cascade of events, including activation of various
proteins that activate transcription factors that translocate to the nu-
cleus to ultimately affect gene transcription. Therefore, it is plausible
that transcription of specific genes affected through these mechan-
otransduction-related pathways, in addition to available levels of re-
lated proteins, are influenced in the different chip conditions. The exact
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3 experiments of hiPSC-derived tissues, with * denoting p-value < 0.05.

mechanism that connects micropost-guided alignment and enhanced
contractile function will be a suitable subject of future study. Never-
theless, due to the combination of anisotropic structure, 3D culture, and
exposure to supporting cells (CFs), tissues formed in devices with the
microposts exhibit the most significant upregulation of an abundance of
cardiac-specific maturation genes in comparison to DO tissues, de-
monstrating with elongated CMs, striated parallel sarcomeres, localized
gap junction staining, and synchronous whole-tissue contraction. Ad-
ditionally, tissues within these devices demonstrate physiologically
relevant functionalities, as revealed through synchronous calcium
transients, and positive chronotropy in response to (3-adrenergic ago-
nist.

Future works could further improve the proposed in vitro platform
for enhanced functional measurements particularly for those of great
importance to cardiac tissue studies, such as contractile force mea-
surements. In order to fulfill the needs for real-time measurement of
force in disease modeling and pharmaceutical testing applications, an
innate method to measure contractile force is of great importance.
Future works shall investigate the use of innate, free-standing micro-
pillar arrays, capable of force measurement, similar to the approach
described in Ref. [21], within the microfluidic device to allow for real-
time force monitoring. Additionally, methods will be investigated to
enhance the platform's ability to model the adult myocardium, such as
induction of a pronounced myosin isoform switch from 3 to a. For
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example, sustained electrical conditioning has been demonstrated to
enhance the electrophysiology and transcriptional signature of hPSC-
derived CMs. However, a rather complicated setup is necessary to in-
corporate sustained external stimulation, and our model is advanta-
geous in its low cost and ease of creation. Similarly, an enlarged version
of the platform could be constructed to allow for a large cell population
to select for CMs for downstream analyses, however such a platform
would negate the many advantages of a microfluidic platform, i.e. high
throughput, minimal cell/reagent necessary, and reduced variation
with input differentiation populations. To further take advantage of the
microfluidic nature of the described platform, a future work could also
involve implantation of continuous fluid flow through the media
channels to enable enhanced nutrient supply and dynamic culture
conditions, which have recently been demonstrated to enhance cardiac
tissue function [69]. Thus, with the many advantages of the proposed
platform, taken together with the demonstrated ability to mature and
enhance cardiac tissue formation, the design presented herein has great
potential for physiologically relevant disease modeling. As this platform
has been validated for use with CMs differentiated from hiPSCs, there
exists the possibility in future works to model genetic diseases through
CRISPR/Cas9 gene editing, as well as patient-specific diseases, through
reprogramming of patient fibroblasts to hiPSCs. Additionally, the mi-
crofluidic nature of the platform allows for the implementation of
precise molecular gradients, as observed throughout native tissues and
organs, therefore allowing diseases derived from external insult (i.e.
hypoxia, drugs, stimulants) to be modeled. The enhanced mature nature
of the tissue provides a model with more physiological relevance than
2D-cultured hPSC-derived CMs to the human myocardium.

4. Conclusions

In this study, we demonstrated the precise design of a microfluidic
platform for successful 3D cardiac tissue formation and function, de-
veloped first with rat-derived cardiac cells, and then validated with
both hESC- and hiPSC-derived CMs. To enhance the physiological
complexity, CMs were co-cultured with interstitial CFs within hydrogels
embedded in the platform, resulting in cardiac tissues with a high de-
gree of cellular interconnectivity and functionality, as demonstrated
through gap junction localization, sarcomere organization and syn-
chronicity in spontaneous contraction. Importantly, incorporation of
complex 3D micropost architecture within the tissue region of the mi-
crofluidic chip significantly enhanced the tissue organization, with the
added potential for high throughput experimentation with minimal
necessary cells and corresponding reagents. We demonstrated extensive
characterization of co-cultured anisotropic cardiac tissues grown for up
to three weeks within the proposed microfluidic chip design. Our re-
sults highlighted that the formed tissues within the chip exhibited
mature cellular structure, protein expression as well as an upregulation
of genes with roles in tissue structure, calcium handling, and electrical
conduction. Interestingly, incorporation of the mesoscopic microposts
led to significantly enhanced tissue function as evidenced by increased
synchronicity of spontaneous beating, calcium transients, and enhanced
response to [(-adrenergic agonist. In summary, 3D cardiac tissues
formed within the proposed microfluidic chip presented with enhanced
structure, function and physiological relevancy that surpass conven-
tional 2D monolayer culture assays, therefore highlighting the great
potential of this platform for future disease modeling and predictive
drug testing studies.
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