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A B S T R A C T

With cardiac disease a reigning problem in the world, the need for accurate and high-throughput drug testing is
paramount. 3D cardiac tissues are promising models, as they can recapitulate the cell-cell, cell-matrix, and cell-
tissue interactions that impact response to a drug. Using an in-house developed micro-continuous optical print-
ing system, we created a cardiac micro-tissue in mere seconds with microscale alignment cues in a hydrogel
scaffold that is small enough to fit in a 96-well plate. The 3D printed, asymmetric, cantilever-based tissue scaffold
allows one to directly measure the deformation produced by the beating micro-tissue. After 7 days, the micro-
tissue exhibited a high level of sarcomere organization and a significant increase in maturity marker expres-
sion. The cardiac micro-tissues were validated against two representative drugs, isoproterenol and verapamil at
various doses, showing corresponding and measurable changes in beating frequency and displacement. Such
rapidly bioprinted cardiac micro-tissues in a multi-well plate offer a promising solution for high-throughput
screening in drug discovery.
1. Introduction

Cardiotoxicity is a major cause of failure during drug development, a
process that takes 10-15 years and costs a median of over $5 billion
(Mathur et al., 2016). Moreover, cardiovascular disease is a leading
health concern, accounting for 30% of deaths worldwide (Duan, 2017;
Veldhuizen et al., 2019). Many drug companies employ 2D human
models or mouse models to test potential drugs, but these models do not
translate well to human trials. For example, 2D models do not have the
complex extracellular matrix (ECM)-cell, cell-cell, and cell-tissue in-
teractions that influence calcium handing and gene expression within
cardiac tissues, leading to different responses to drugs than within
humans (Mathur et al., 2016; Veldhuizen et al., 2019; Zuppinger, 2019).
Moreover, mouse models, although they are able to model a complex
organ response, have significant interspecies differences to humans. For
instance, mice have a resting heart rate ten times higher than the average
human, and a QT rate¼ as long. Furthermore, differences in ion handling
and pharmacokinetic properties prevent the mice from being a good
predictive model (Veldhuizen et al., 2019; Mathur et al., 2015).
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To this end, 3D engineered heart tissues have become critical as they
can better recapitulate the 3D environment and its impact on the cardiac
cells. To create an accurate cardiac tissue, researchers have integrated
stem cell-derived human cardiac cells into models. Human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are advanta-
geous because the stem cells can be expanded before their differentiation
into cardiomyocytes. Owing to this production method, the culture of
hiPSC-CMs are easier to scale up compared to that of the adult car-
diomyocytes, which are difficult to procure and do not proliferate
(Zuppinger, 2019). However, the maturity of hiPSC-CMs is a pervasive
issue within the field (Zuppinger, 2019; Ronaldson-Bouchard et al.,
2018). Newly differentiated hiPSC-CMs have many markers of immatu-
rity, such as poor calcium handling and limited tissue alignment, which
makes them poor models for a mature adult heart (Ronaldson-Bouchard
et al., 2018; Guo and Pu, 2020). Various studies have investigated
methods to mature the hiPSC-CMs into adult phenotypes, particularly via
the alignment of the cells. Previous works have explored a variety of
methods for introducing alignment, including protein-guided alignment,
microgrooves, and aligned nanofibers (Mathur et al., 2016;
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Ronaldson-Bouchard et al., 2018; Agarwal et al., 2013; Ma et al., 2019).
However, many of these models were 2D, and cannot fully recapitulate a
3D tissue.

To form 3D hiPSC-CM models, many researchers have simply
encapsulated the cells in an ECM such as fibrin, collagen, gelatin, and/or
gelatin methacrylate (GelMA) (Mathur et al., 2016; Veldhuizen et al.,
2019). This allows the cells to be suspended in a 3D space as they spread
and form connections. However, many of these 3D models did not use
direct alignment cues for the cardiac cells. In substitute, some models
incorporate two pillars on either side of the tissue that move when the
tissue contracts. This constant stress on the tissue enhances cardiac
alignment, with the added benefit of accurately measuring the contrac-
tility of the tissue. A common method for producing these models is to
first produce molded PDMS pillars. These are then cultured upside-down
in a pool of cell and ECM suspension. Over time, the cells naturally
adhere to and organize around the pillars, displacing them as they begin
to exhibit a beating phenotype (Mathur et al., 2016; Ronaldson-Bouchard
et al., 2018; Ma et al., 2018, 2019; Hinson et al., 2015; Hansen et al.,
2010; Boudou et al., 2012; Nunes et al., 2013; Tiburcy et al., 2020; Liu
et al., 2020). Themodels have a large range in size, from about a length of
500 μm to a length of 5mm, as well as a variety of trackingmethods, from
grayscale tracking to embedded fluorescent beads. The relatively simple
fabrication of these models has also translated into established protocols
and commercial products, such as those produced by Tiburcy et al. and
the Biowire™, respectively (Nunes et al., 2013; Tiburcy et al., 2020).
Nevertheless, these tissues rely on the tension force of contracting cells to
align the cardiomyocytes. Research suggests that by incorporating 3D
alignment cues in the matrix, a more organized tissue can be formed (Liu
et al., 2020).

Creating 3D alignment cues in tissues can be best addressed by 3D
bioprinting. By mixing cells in ECM, a 3D printer can specify the initial
location of the cardiac cells with the ECM, acting as 3D physical and
biochemical guidance during culture. Our recently developed micro-
continuous optical printing system (μCOP) is an ideal 3D bioprinting
method for its superior printing resolution, speed, and biocompatibility
(Ma et al., 2016, 2019; Liu et al., 2020; Yu et al., 2020). The μCOP system
uses a UV-light to polymerize a pre-polymer solution per optical patterns,
thereby creating a 3D hydrogel construct encapsulating biological cells.
Due to the printer's rapid printing nature, cells spend minimal time
outside of culture, making the system advantageous to slower,
extrusion-based printers. Many photopolymerizable ECMs have been
developed for use in both acellular and cellular printing, such as GelMA,
poly(ethylene glycol) diacrylate (PEGDA), glycidyl
methacrylate-hyaluronic acid (HAGM), and thiol-ene gelatin (Ma et al.,
2016; Bertlein et al., 2017; Lim et al., 2018; Lin et al., 2013). GelMA is a
popular photopolymerizable ECM for bioprinting encapsulated cells due
to the natural degradation and adhesion moieties presented by gelatin,
making it easily reorganized by cells (Munoz et al., 2014). The methac-
rylate groups functionalized onto the gelatin backbone undergo
free-radical polymerization, quickly propagating in selected areas
exposed to UV-light. By adjusting both the light exposure time and the
concentration of GelMA, the hydrogel pore size changes, thereby
impacting hydrogel stiffness, which can be tuned according to the tissue
system (Yu et al., 2020). The free radicals are generated via a photo-
initiator, which produces radicals upon exposure to certain wavelength
of light. Within our bioprinting, a low intensity, 365 nm UV light is used
to induced free-radical generation. Compared to middle-UV light (e.g.
254 nm), 365 nm UV light has been shown to have a limited impact on
proliferation and protein expression, even after exposure for 10min
(Ruskowitz and Deforest, 2019; Fairbanks et al., 2009). Thus with short
exposure time (<60s) and low intensity, the damage that the 365 nm UV
caused on the cells during fabrication with our μCOP system is minimal.

Using the μCOP system, we printed a cardiac micro-tissue with 3D
alignment. The micro-tissue fits onto a 5mm coverslip, which is then
transferred to the well of a 96-well plate for rapid drug testing. This
process is novel as many comparable miniature models do not have
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initial 3D-alignment, but develop it purely from stress cues (Mathur et al.,
2015; Ma et al., 2019; Boudou et al., 2012; Huebsch et al., 2016).
Moreover, we successfully differentiated, cultured, and printed
hiPSC-CMs into the scaffold and demonstrated their increase in maturity
over 7 days. Significantly, we incorporated fluorescent beads to the pillar
set-up to enable more robust tracking of the tissue contraction in smaller
dimensions. By tracking the small pillar, we evaluated the micro-tissue
response to both isoproterenol (ISO) and verapamil (VERA). This mini-
aturized tissue chip is a promising tool for both drug discovery and
screening.

2. Materials and methods

2.1. Methacrylated coverslip preparation

Glass coverslips were functionalized with methacrylate groups to
allow the printed hydrogels to stick to the coverslip; during photo-
polymerization, the methacrylate groups on the coverslips react with the
acrylate groups in the hydrogel. To functionalize, first a 1:10 mixture of
acetic acid (Cat. # 320099-500ML, Sigma-Aldrich) to 100% ethanol
(Cat#. 459836-1L, Sigma Aldrich) was produced. Next, a solution
1.75%(v/v) 3-(Trimethoxysilyl)-Propyl Methacrylate (TMSPMA) (Cat. #,
M6514-50ML, Sigma-Aldrich), 10.5%(v/v) 1:10 acetic acid: ethanol,
and 87.75%(v/v) 100% ethanol was added to a 50mL conical. 5 mm
round coverslips were then added to the conical, with the solution
approximately double the volume of coverslips, and left on the rocker
overnight for incubation at room temperature. The next day, the cover-
slips were washed twice with 100% ethanol, twice withMilliQ water, and
left to dry at room temperature. Methacrylated coverslips were stored
under aluminum foil and left at room temperature.

2.2. GelMA synthesis

Methacrylated gelatin (GelMA) was synthesized according to previ-
ously published protocols (Nichol et al., 2010; Gauvin et al., 2012).
Briefly, gelatin (Cat. #G2500, Sigma-Aldrich) was dissolved in 60�C 1x
PBS (Cat. #14190144, Gibco) at 1%(w/v) and stirred until dissolved.
Methacrylic anhydride (Cat. # 276685, Sigma Aldrich) was then added
dropwise to 8%(v/v) and reacted for 3 h. The reaction was quenched by a
2x dilution with additional 60�C 1x PBS and allowed to stir for another
15min. The solution was then dialyzed against 40�CMilliQ water for one
week using 12-14 kDa cutoff dialysis tubing (Cat. #132706, Spectrum
Labs). After dialysis, the solution was lyophilized for three days and
stored at �80 �C until further use.

2.3. HAGM synthesis

Hyaluronic acid glycidyl methacrylate (HAGM) was synthesized ac-
cording to previously published protocols (Suri et al., 2011). Briefly, 1%
(w/v) of sodium hyaluronate (Cat. #HA5K-5, Lifecore Biomedical) was
dissolved in a 1:1 solution of water: acetone at room temperature over-
night. A 20-fold molar excess (7.2%(w/v)) of triethylamine (Cat. #
471283, Sigma-Aldrich) was then added dropwise to the solution and
reacted for 30min. Directly following, a 20-fold molar excess
(7.2%(w/v)) of glycidyl methacrylate (Cat. #151238, Sigma Aldrich)
was added dropwise, and the solution reacted overnight. The solution
was then washed with 4 L of acetone via filtration. The resulting pre-
cipitate was dissolved in MilliQ water and dialyzed against MilliQ water
for 12 h using 3.5 kDa cutoff dialysis tubing (Cat. #132592, Spectrum
Labs). After dialysis, the solution was lyophilized for three days and
stored at �80 �C until further use.

2.4. LAP synthesis

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was syn-
thesized according to previously published protocols (Fairbanks et al.,
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2009). Briefly, 3.2 g of 2,4,6-trimethylbenzoyl chloride (Cat. #C965Y83,
Thomas Scientific) was added dropwise to 3 g of dimethyl phenyl-
phosphonite (Cat. #149470, Sigma-Aldrich) and reacted under argon gas
for 18 h. After heating the mixture in a water bath to 50 �C, 6.1 g lithium
bromide (Cat. #213225, Sigma-Aldrich) dissolved in 100mL of 2-buta-
none (Cat. #M209-4, Thermo Fisher Scientific) was added dropwise
and reacted for 10min. The reaction was cooled at room temperature for
4 h, after which the resulting precipitate was washed with 400mL of
2-butanone (Cat. #M209-4, Thermo Fisher Scientific) via filtration. The
washed precipitate was dried overnight, then collected and stored at
room temperature under argon until use.

2.5. Prepolymer solution preparation

Stock solutions were prepared as follows; lyophilized GelMA and
HAGM foams were dissolved in 1x PBS at 37 �C at 20%(w/v) and 8%(w/
v) stock solutions, respectively, sterilized with a 0.22 μm filter (Cat.
#SCGP00525, Millipore Sigma), and stored at 4 �C. Powdered LAP was
dissolved in 1x PBS at 37 �C to 4%(w/v), sterilized with a 0.22 μm filter,
and stored at 4 �C.

To prepare prepolymer solutions, stock solutions were first warmed to
37 �C. The stock solutions were then added to the appropriate concen-
tration for each prepolymer solution, as outlined in Table S1, vortexed,
and then stored in 4 �C until printing. The prepolymer solution for the
base layer was 2% HAGM, 2% PEGDA700 (Cat. #455008-500ML, Sigma
Aldrich), and 1% LAP. The pillar layer was printed using 15% GelMA,
0.2% LAP, and 1% AF555 fluorescent beads (Cat. #F13082, Thermo
Fisher Scientific). The cell-encapsulated line layer was fabricated using
7.5% GelMA and 0.6% LAP, and the cells were added directly before
printing.

2.6. Human iPSC culture and cardiac differentiation

Human iPSCs were re-programmed as previously described and
maintained in Essential 8 medium (Cat. #A1517001, ThermoFisher
Scientific) (Ma et al., 2019). For maintaining culture, 6-well plates were
coated with hESC-qualified Matrigel (Cat. #354277, Corning) and split
1:6 every 3-4 days with Versene (Cat. #15040066, ThermoFisher Sci-
entific). For differentiation, 12-well plates were coated with Matrigel and
seeded at 1:6 and culture until reaching 80% confluency. Differentiation
was initiated using the PSC Cardiomyocytes Differentiation kit (Cat.
#A2921201, ThermoFisher Scientific). Briefly, cells were first cultured
with differentiation media A for 2 days, differentiation media B for
another 2 days, and then differentiation maintenance media for 8 days.
Following the completion of the differentiation, cells were purified with
RPMI medium without glucose (Cat. #11879020, ThermoFisher Scien-
tific) supplemented with 4mM lactate (Cat. #129-02666, Wako Chem-
icals) for 6 days. The purified cells were then cultured in HEPES buffered
RPMI1640 medium (Cat. #22400089, ThermoFisher Scientific) supple-
mented with 2%(v/v) B27 (Cat. #17504044, ThermoFisher Scientific)
until printing. To prepare for mixing into the prepolymer solution, the
cells were first incubated at 37 �C with 0.5%(w/v) collagenase (Cat.
#07427, STEMCELL Technologies) dissolved in DMEM/F-12 media (Cat.
# 11320033, ThermoFisher Scientific) for 15min to digest extracellular
matrix. The cells were lifted by incubating with 0.25% trypsin-EDTA for
5-7 min, centrifuging at 200 g for 3min, and resuspending in RPMI1640
medium with 20%(v/v) FBS (Cat. #16140071, ThermoFisher Scientific)
and 5 μM ROCK inhibitor Y-27632 (Cat. #72304, STEMCELL Technolo-
gies). The cells were aliquoted in microcentrifuge tubes, spun down once
more at 200 g for 3min, and kept on ice until resuspension with lifted
Normal Human Ventricular Cardiac Fibroblasts (HCFs) at a ratio of 10:1
in the prepolymer solution, with a final concentration of 50 million
cells/mL (45 million iPSC-CMs/mL:5 million HCFs/mL).
3

2.7. Human cardiac fibroblast culture

HCFs (Cat. # CC-2904, Lonza) were cultured in flasks with FGM-3
media (Cat. # CC-4526, Lonza). Briefly, cells were cultured until 70%
confluency, at which point they were subcultured at a 1:4 ratio. HCFs
were brought to confluency before use for printing and used between
passages 5 and 9.

2.8. 3D printing of micro-tissue construct

To build the construct, we used the in-house μCOP printer. Briefly, the
printer consists of the followings: (i) a 365 nm UV LED light source; (ii) a
digital micromirror array device (DMD) composed of approximately 2
million micromirrors for light projection; (iii) projection optics that focus
the optical patterns from the DMD chip onto the fabrication plane; (iv) a
motorized x-y-z stage; and (v) a computer control unit. The pattern for
each layer was designed in Adobe Photoshop and converted to PNG
images compatible with the printer software. For each layer, poly-
dimethylsiloxane (PDMS) spacers were used to control the Z-thickness
and placed upon a 5mm methacrylated coverslip. A PDMS coated
coverslip was used to top the set-up, and the relevant prepolymer solu-
tion heated to 37 �C was pipetted between the spacers. The set-up was
then placed on the motorized stage, and the prepolymer solution was
then polymerized by projected light pattern. Between each layer,
warmed 1x PBS was used to wash away the extra prepolymer solution.
After printing the first two layers (the base and pillar layers), the cells
were added to the GelMA prepolymer solution to print the lines scaffold
encapsulating the cells. The supernatant of the cell pellet consisting of
cardiomyocytes and human cardiac fibroblasts was diluted to 50 million
cells/mL by gently mixing with the GelMA prepolymer solution. This
mixture was directly added to the set-up in order to reduce the amount of
time the cells spent in the prepolymer solution. The printing time for this
cell printing step is only 17.5 s. See Supplementary Fig. S1 for a schematic
and Supplementary Fig. S2 for the printing parameters.

2.9. Immunofluorescent staining and imaging

Differentiated hiPSC-CM samples were stained with Human Car-
diomyocyte Immunocytochemistry Kit (Cat. # A25973, ThermoFisher
Scientific) to confirm NKX2.5 and TNNT2 presence. Briefly, samples
were incubated with 4%(w/v) paraformaldehyde (PFA) (Cat. # A24344,
ThermoFisher Scientific) solution. Next, samples were permeabilized for
15min with 1% Saponin (Cat. # A24878, ThermoFisher Scientific) and
then blocked with 3% bovine serum albumin (BSA) (Cat. # A24353,
ThermoFisher Scientific) for 30min. Samples were then incubated
overnight at 4 �C with primary antibodies, anti-NKX2.5 (Cat. # A25974,
ThermoFisher Scientific) and anti-TNNT2 (Cat. # A25969, ThermoFisher
Scientific), diluted at 1:1000 in 3% BSA solution. The next day, samples
were incubated for 1 h at room temperature with Alexa Fluor® 555
donkey anti-rabbit (Cat. # A25971, ThermoFisher Scientific) and Alexa
Fluor® 488 donkey anti-mouse (Cat. # A25972, ThermoFisher Scienti-
fic), diluted at 1:250 in 3% BSA solution. Lastly, the cells were incubated
with NucBlue® Fixed Cell Stain (DAPI) (Cat. #R37606, ThermoFisher
Scientific) for 5min before storing in 1x PBS at 4 �C and imaged within 1
month.

Full cardiac micro-tissues were stained for actinin. Samples were
fixed in 4%(w/v) PFA (Cat. #J61899-AP, Alfa Aesar) solutions for 15min
on day 7 following printing. Samples were then blocked and per-
meabilized with 2%(w/v) BSA solution (Cat. #X100-500ML, Sigma
Aldrich) with 0.1%(v/v) Triton X-100 (Cat. #A8806-5G, Sigma Aldrich)
for 1 h at room temperature. Subsequently, samples were incubated
overnight at 4 �C with Anti-Sarcomeric Alpha Actinin antibody (Cat.
#9465, Abcam) diluted at 1:100 in 2% BSA. Samples were then incu-
bated with Phalloidin-iFluor 647 Reagent (Cat. #ab176759, Abcam).
Lastly, the cells were incubated with NucBlue® Fixed Cell Stain (DAPI)
for 15min before storing in 1x PBS at 4 �C and imaged within 1 month.
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2.10. RNA isolation and Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

RNA extraction was performed using Direct-zol™ RNA MicroPrep Kit
(Cat#. R2061, Zymo Research). Briefly, samples were incubatedwith TRI
Reagent® and stored in a �80 �C freezer. Later, samples were thawed to
room temperature and processed with the MicroPrep Kit to collect the
RNA from the samples. RNA was then converted to cDNA using the
ProtoScript® First Strand cDNA Synthesis Kit (Cat#. E6300S, New En-
gland BioLabs), following the manufacturer's instruction on a Quant-
Studio 3 PCR System. cDNA was stored at �20 �C until ready for real-
time PCR (RT-PCR). For RT-PCR, the Luna® Universal qPCR Master
Mix (Cat. #M3003S, New England BioLabs) was used according to the
manufacturer's instruction with the QuantStudio 3 PCR System. The
forward and reverse primers, purchased from Integrated DNA Technol-
ogies and detailed in Supplementary Table S3, were diluted in Ultra-
Pure™ DNase/RNase-Free Distilled Water (Cat. # 10977015,
ThermoFisher Scientific). The relative quantification was calculated
based on the threshold cycle (Ct) and normalized against the house-
keeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2.11. Drug incubation

Two drugs were used to evaluate the hiPSC-CM construct: isopro-
terenol (ISO) (Cat. #420355-100MG, Millipore Sigma) and verapamil
(VERA) (Cat. #PHR1131-1G, Sigma Aldrich). Stock solutions for each
drug were prepared with Dimethyl sulfoxide (DMSO) (Cat. #D12345,
ThermoFisher Scientific) or UltraPure™ DNase/RNase-Free Distilled
Water (Cat. # 10977015, ThermoFisher Scientific) and stored in �20 �C.
On the day of testing, samples were thawed to room temperature and
diluted in Tyrode's solution to the various drug doses (see Supplementary
Table S4 for further details). To test the various drugs, constructs were
incubated in Tyrode's solution at 37 �C for 15min. Samples were then
paced at 0 Hz, 0.5 Hz, 0.8 Hz, 1 Hz, 1.5 Hz, and 2Hz and each frequency
was recorded for 250 frames on a fluorescent microscope. For each
subsequent drug dose, 10% of the Tyrode's volume was removed,
replaced with the appropriate drug dose, and left to equilibrate for
15min before recording the various pacing frequencies.

2.12. Displacement measurement

The displacement of the small pillar was measured under a Leica DMI
6000B fluorescent microscope using a 10X objective lens focused as the
top of the pillar. A customized MATLAB script was developed in-house to
track the average weighted mean of bead fluorescence, from which
displacement and BPM were calculated.

2.13. Image acquisition and processing

Confocal microscope images were acquired with a 20X water-
immersion objective attached to a Leica SP5 confocal microscope.
ImageJ (National Institutes of Health) was used to merge channels,
generate z-projection and carry out measurements for images and stacks.

2.14. Quantification of sarcomere length and orientation

The sarcomere length and orientation were measured based off the
confocal images of tissue stained with alpha-actinin. The sarcomere
length was measured by using the line tool and finding the average band
length among approximately 100 sarcomeres. The orientation of the
sarcomeres was analyzed using the directionality tool in ImageJ.

2.15. Statistical analysis

All data are expressed as a mean� standard deviation (SD). Statistical
analyses were performed
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with GraphPad Prism version 6.0 Software by one-way ANOVA with
Tukey's post-hoc comparison. Significant differences were considered
when p<0.05.

3. Results and discussion

3.1. 3D printing of hiPSC-CM scaffold

In this study, we printed 3D micro-tissues comprised of hiPSC-CMs
and HCFs for drug testing. Human iPSCs were differentiated over 18
days (Supplementary Fig. S1), during which time they deposited a lot of
ECM. As seen in Supplementary Fig. S2, the differentiated cells formed
tissues of varying concentrations across the well, in more “2D”-like areas
and “3D”-like areas. Generally, the “3D”-like areas appeared to have a
higher expression of TNNT2 and NKX2.5, possibly due to either a more
mature phenotype or higher concentration of cells. However, the excess
amount of ECM produced during differentiation led to difficulties in
printing processing and final cell concentration, so we incubated the cells
with collagenase for 15min before lifting off the cells. Although this step
removed some of the cells from the “2D”-like areas, it kept the cells from
the “3D”-likes areas and aided immensely in processing (Supplementary
Fig. S2).

Using the μCOP system, we formed a scaffold from three steps on a
5mm round coverslip (Fig. 1A and B, Supplementary Fig. S3). In Step 1, a
base layer comprised of HAGM and PEG700 was printed to prevent
extraneous cell growth from proliferating HCFs. After washing away the
material with PBS, we proceeded to Step 2, where a pillar layer
comprised of GelMA and encapsulated with fluorescent beads of 1 μm in
diameter was printed. The pillars were designed to be two vastly different
sizes; in this way, only the small pillar will deform significantly upon
tissue contraction, which in turn makes calculating the force of
contraction much easier. We also monitored the pillars over 7 days,
finding that their dimensions unchanged (Fig. 1C). Lastly, for Step 3, a
cell mixture of hiPSC-CMs and HCFs (10:1) was encapsulated in GelMA to
a final concentration of 50 million cells/mL in a lines pattern. The lines
were 30 μm thick with 50 μm spacing. Fig. 1D shows example acellular
images of each step from both aerial and side views for clarity.

3.2. Examining the hiPSC-CM micro-tissue at 7 days

After printing the scaffolds, the tissues were cultured in media for 7
days, with media changes every 2 days. Over the 7 days, due to the
adhesion and degradation moieties innate in gelatin, the HCF and hiPSC-
CMs were able to reform and form a compact tissue (Fig. 2A). After 3
days, most of the hiPSC-CMs regained their beating phenotype and began
to beat as a full tissue by Day 7 as the number of intercellular connections
increased (Supplementary Video 1).

The beating tissue caused contraction of the small pillar, which we
used to track displacement and beats per minute (BPM). To create a
robust trackingmethod, we encapsulated fluorescent beads into the small
pillar during printing. This allows us to see the displacement of the small
pillar, even if overgrowth of cells on the pillar, or another visual issue,
prevented reliable grayscale tracking in the brightfield channel. To track
the pillar, we took a video in the fluorescent channel and then cropped
our image around a clear fluorescent bead. By using an in-house designed
MATLAB script, the displacement of the bead was tracked over time,
producing a time vs displacement graph (Fig. 2B). From this graph,
important parameters such as average BPM and average displacement
were calculated.

We also found that by 7 days the micro-tissue displayed a high level of
organization. After staining for sarcomere alignment, the mean degree
value was 89.6� with a standard deviation of 21.8�. Compared to a
similar method using seeded cells, our encapsulated cells within lines
showed a higher level of alignment of the hiPSC-CMs (Ma et al., 2019).
These results indicate a better replicate of a mature phenotype and can
improve the contraction force, as the hiPSC-CMs are contracting in the



Fig. 1. Fabrication of the cardiac micro-tissue. (A) Schematic of DLP-based bioprinter consisting of a (1) UV light source, (2) DMD, (3) focusing optics, (4) prepolymer
solution, and (5) 3D sample stage for fully printed scaffold. (B) Merged fluorescent and brightfield image of fully printed representative sample with encapsulated cells
(scale bar¼ 500 μm). (C) Graphs displaying dimensions of both the small pillar (SP) and large pillar (LP) in the scaffold over 7 days (N¼ 8). (D) Example images
showing printing steps in 3D scaffold (scale bar¼ 1000 μm).
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same direction. However, the average sarcomere length was 1.86 μm
with a standard deviation of 0.29 μm. This is similar to results found by
other groups using hiPSC-CMs, but less than the adult sarcomere length
of 2.2 μm that some models exhibit (Ronaldson-Bouchard et al., 2018;
Guo and Pu, 2020; Ma et al., 2019; Mannhardt et al., 2016).
3.3. Evaluating the maturity of micro-tissues via qPCR

One important challenge of a hiPSC-CMs-based tissue model is its
relative immaturity compared to the adult heart. This difference can
impact the tissue's relative response to a drug, making the results less
translatable to human trials (Ronaldson-Bouchard et al., 2018). To
examine the maturity of the cells in the 3D printed tissue, we evaluated
the relative RNA expression of 8 different maturity markers (Fig. 3). After
20 days of differentiation, the hiPSC-CMs were cultured for up to 46 total
5

days. During this time, cells were taken at various points for either 2D
culture RNA samples (after being mixed with a 1:10 ratio of
HCF:hiPSC-CM) or encapsulated within the 3D micro-tissue, cultured for
7 days, and then taken for RNA samples. qPCRwas then performed on the
samples, evaluating the expression of various genes relative to GAPDH in
each sample. The calcium handling of the 3D tissue was analyzed by the
CACNA1C (subunit of voltage dependent calcium channel), RYR2 (rya-
nodine receptor), and SERCA2a (sarcoplasmic/endoplasmic reticulum
calcium ATPase) expression levels. Both CACNA1C and RYR2 were
significantly higher than the corresponding 2D cultured cells. Although
not statistically significant, SERCA2a displayed an upward trend in
expression level similar to other 3D heart tissues (Mannhardt et al., 2016;
Kranias and Hajjar, 2012; Rao et al., 2013; Turnbull et al., 2014)
(Fig. 3Bi-iii, Supplementary Figure S4i-iii). The increase in expression of
CXN43 (gap junction protein) appears to indicate that cells were able to



Fig. 2. (A) Images showing cardiac micro-tissue over 7 days (scale bar¼ 250 μm). (B) Fluorescent beads are used for tracking displacement of the small pillar and
calculating BPM of the cardiac micro-tissue. (i) An example fluorescent image of the small pillar is cropped to focus on one bead. (ii) The corresponding relaxation and
contraction points of the tissue in the cropped image. (iii) The resulting graph showing beating phenotype of the tissue. (C) (i) An example day 7 scaffold (scale
bar¼ 250 μm) stained for (ii) DAPI and α-actinin to analyze sarcomere alignment (scale bar¼ 250 μm). (iii) A zoom image of the merged image displaying sarcomere
alignment (scale bar¼ 5 μm. (D) A histogram showing the alignment of sarcomeres measured from confocal images of micro-tissues at day 7 (N¼ 5 samples,
mean¼ 89.6�, σ¼ 21.8�).
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exchange ions more efficiently, better mimicking a mature heart tissue
(Sottas et al., 2018) (Fig. 3Biv). However, when extending this compar-
ison to pure population controls of HCF and hiPSC-CM, there is no sig-
nificant difference between the mixed population cell control and the day
7 micro-tissue (Supplementary Fig. S4iv). This suggests that the increase
in CXN43 included a contribution fromHCF cell population increase over
7 days, as HCF will proliferate whereas the hiPSC-CM will not. A popu-
lation of analysis of the day 7 micro-tissues would be necessary to fully
decipher these results. In addition to calcium handling, the expression of
genes related to sarcomeres was analyzed; MYH6 (α myosin heavy
chain), MYH7 (β myosin heavy chain), MLC2C (myosin light chain), and
TNNT (cardiac muscle troponin T) (Fig. 3Bv-viii, Supplementary
Fig. S4v-viii). These four genes contribute to the formation of sarcomeres,
which are formed during human iPSC differentiation (Seguchi et al.,
2007; Salick et al., 2014). As the cells gain a more mature phenotype, the
myofibrils are expanded with additional sarcomeres, and thus these four
genes are more heavily expressed.
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3.4. Testing the drug response of micro-tissues

The most important aspect of the micro-tissues is their ability to
respond to drugs in measurable parameters. The more mature the micro-
tissue, the moremature their calcium handling, which in turn impacts the
contractility force and drug response of the iPSC-CMs. To evaluate the
functionality of the micro-tissues, we incubated the samples with pro-
gressively higher doses of two common cardiac related drugs, isopro-
terenol (ISO) and verapamil (VERA). ISO is a non-selective beta-
adrenergic agonist. As the beta-adrenergic receptor system relies on
effective calcium handling, it is a common drug used to test for maturity
(Ronaldson-Bouchard et al., 2018). Within literature, cardiac cells are
often dosed within the range of 0.01 nM to 1mM, with 100 nM the most
common dose. The efficacy of isoproterenol is then commonly measured
via calcium transients (Ronaldson-Bouchard et al., 2018; Rao et al.,
2013), as the response is most significant in this analysis, but it can also
be measured via twitch force (analogous in our set-up to displacement),



Fig. 3. 3D printed cells in micro-tissue mature more than 2D cultured cells. (A) Schematic outlining cell cultivation before RNA extraction. (B) Plots showing gene
expression fold change of iPSC-CM cultured under two different approaches for CACNA1C, RYR2, CXN43, MLC2C, MYH6, MYH7, and TNNT. Mean � SD, N ¼ 6-24,
**p � 0.005, ***p � 0.0005, ****p � 0.0001, unpaired t-test.
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BPM, width at half peak height (W50), and relaxation time (Ma et al.,
2019; Huebsch et al., 2016) (Supplementary Fig. S5A). Seeing a response
in these parameters is valuable as it eradicates a Ca2þ staining step and
simplifies analysis. To evaluate our micro-tissues, we dosed our samples
with ISO at 0.1 nM, 1 nM, 10 nM, and 100 nM. In addition, we also
recorded the micro-tissue response to being paced at 0.5 Hz, 0.8 Hz,
1.0 Hz, 1.5 Hz, and 2 Hz at each dose. Similar to other reports of
hiPSC-CM based tissues, we observed an increase in displacement for
unpaced tissues at 100 nM (N¼ 4), as well as an increase in BPM starting
at 0.1 nM (N¼ 4) (Fig. 4A and B) (Ronaldson-Bouchard et al., 2018; Ma
et al., 2018; Huebsch et al., 2016). Notably, samples were also able to
robustly catch higher frequencies (2 Hz) during electrical pacing after
1 nM (Supplementary Fig. S4Bii). Moreover, the W50 and relaxation time
(at 80% peak height and 90% peak height, denoted RT80 and RT90,
respectively) showed significant changes at even lower doses. A signifi-
cant decrease in W50 was observed at both 100 nM and 10 nM ISO
(N¼ 4), similar to results seen by Takeda et al. (2018). In addition, both
RT80 and RT90 were calculated in order to compare to other results in
literature, as calculated relaxation peak height varies among groups. We
found a significant decrease in both RT90 and RT80 at 1 nM, 10 nM, and
100 nM (N¼ 4) (Fig. 4D, Supplementary Fig. S4Bvi), which is compa-
rable to results found by other groups (Mannhardt et al., 2016; Stoehr
7

et al., 2014). However, the paced-trained cardiac tissues produced by
Ronaldson-Bouchard et al. found a decrease in RT90 as low as 0.01 nM
ISO, suggesting that further sensitivity in our micro-tissues can be ach-
ieved (Ronaldson-Bouchard et al., 2018). The micro-tissues were also
evaluated by dosing with 1 nM, 10 nM, and 100 nM VERA in a 1.2 mM
Ca2þ Tyrode's solution at 0 Hz, 0.5 Hz, 0.8 Hz, 1.0 Hz, 1.5 Hz, and 2 Hz.
VERA acts in a two-fold fashion, binding to (and thereby interfering with)
two different channels, the L-type calcium channels and hERG channels,
which have opposing actions on the action potential duration (Sangui-
netti and Tristani-Firouzi, 2006; Lind et al., 2017). We observed no
change in BPM for the unpaced tissues, which is consistent with other
studies for similar 3D heart tissues (Mathur et al., 2015; Huebsch et al.,
2016). However, there was a downward trend in the ability for the
micro-tissues to catch higher frequencies in higher doses (Supplementary
Fig. S4Cii). Over the same dose range for unpaced micro-tissues, we also
observed a trend in declining displacement values (N¼ 4) (Fig. 4D),
which is consistent with previous results (Mannhardt et al., 2016;
Turnbull et al., 2014; Okai et al., 2020). This trend was significant at
100 nM VERA, and was also consistent at all paced frequencies (Sup-
plementary Figure 4Cii). The W50, RT80, and RT90 were all insignificant
across the doses and paced frequencies, which align with other results
found in literature (Mannhardt et al., 2016).



Fig. 4. Human cardiac micro-tissue drug response. Isoproterenol: Bar chart showing thin pillar displacement (A), BPM (B), width at half-height (C), and time at 90%
peak relaxation (D) of unpaced cardiac micro-tissues over different doses (N¼ 3-4). (C) Example cardiac micro-tissue beating phenotype over different doses.
Verapamil: Bar chart showing thin pillar displacement (E), BPM (F), width at half-height (G), and time at 90% peak relaxation (H) of unpaced cardiac micro-tissues
over different doses (N¼ 4). Mean � SD, *p � 0.05, paired t-test.
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4. Conclusion

This study demonstrated the ability of the μCOP system to fabricate a
novel 3D hiPSC-CM based cardiac micro-tissue with physical alignment
cues. The rapid printing speed made it possible to create many micro-
tissues in a multiwell plate in a short time for high-throughput
screening applications. The microscale printing resolution allowed us
to print encapsulated hiPSC-CMs in 30 μm GelMA lines, leading to a high
level of alignment after 7 days of culture through both alignment cues
and stress cues from the two printed pillars. As a result, the cells exhibited
a high level of maturity compared to their 2D plated cell control, dis-
playing a significant increase in mRNA expression in at least 6 of the 8
maturity markers. As cell remodeling and proliferation from the fibro-
blasts were variable, we also successfully incorporated encapsulated
fluorescent beads into the pillars. These beads allowed for robust tracking
of small pillar movements for both data tracking and analysis, regardless
of the tissue growth. Moreover, the entire model was printed onto a 5mm
coverslip, which can be easily fit into a 96-well plate for high-throughput
drug testing. Since we recognized that both rapid, parallel image acqui-
sition and analysis are also needed for a truly rapid drug testing model
(Tiburcy et al., 2020), it is noteworthy that our technology of fabrication
of micro-tissue is validated by the experiments using two drugs, ISO and
VERA.

Notably, our results suggest we can still further improve hiPSC-CM
maturity based on the findings that the expression levels of two of the
tested maturity markers, SERCA2a and CXN43, were insignificant and
8

inconclusive, respectively. As well, when comparing our drug respon-
sivity metrics to literature, we found that Ronaldson-Bouchard et al.
group produced a cardiac tissue with higher sensitivity to ISO (Ronald-
son-Bouchard et al., 2018). This suggests that electrical training of our
cardiac constructs, similar to this group, would be beneficial for
improving maturity, and therefore drug sensitivity, and warrants the
exploration of the study.

Since 3D micro-tissues are an important step to predict the drug ef-
ficacy and to confirm the safety before human trials, many researchers
have designed and created 3D cardiac models. Our rapid 3D bioprinting
technology provides the fast and accurate alignment of cardiac cells and
other cells simultaneously while maintaining viability. The physical
alignment cues from ECM have been shown to improve the functionality
of cardiac tissues and are thus advantageous over similar pillar models
relying on only stress cues (Liu et al., 2020). Moreover, the rapid turn-
around from design to printed structure is also a desirable feature when
expanding to specialized disease models, enabling quick and specific
optimization. Additionally, the use of hiPSC-CMs opens the possibility for
patient-specific disease testing. By taking cells from a patient and
reprogramming them, a patient-derived cardiac tissue could help
research more accurately target viable drugs before introduction into a
human. Furthermore, the modular design innate to printing on a cover-
slip enables our model to be expanded into use in multi-organ-on-a-chip
systems. We believe this cardiac micro-tissue can help to promote drug
safety, efficacy, and personalized medicine.
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