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Abstract
We developed a heart-on-a-chip platform that integrates highly flexible, vertical, 3D micropillar
electrodes for electrophysiological recording and elastic microwires for the tissue’s contractile force
assessment. The high aspect ratio microelectrodes were 3D-printed into the device using a
conductive polymer, poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). A
pair of flexible, quantum dots/thermoplastic elastomer nanocomposite microwires were 3D
printed to anchor the tissue and enable continuous contractile force assessment. The 3D
microelectrodes and flexible microwires enabled unobstructed human iPSC-based cardiac tissue
formation and contraction, suspended above the device surface, under both spontaneous beating
and upon pacing with a separate set of integrated carbon electrodes. Recording of extracellular field
potentials using the PEDOT:PSS micropillars was demonstrated with and without epinephrine as a
model drug, non-invasively, along with in situmonitoring of tissue contractile properties and
calcium transients. Uniquely, the platform provides integrated profiling of electrical and contractile
tissue properties, which is critical for proper evaluation of complex, mechanically and electrically
active tissues, such as the heart muscle under both physiological and pathological conditions.

1. Introduction

The organ-on-a-chip field relies on engineered,
microfabricated devices to replicate andmeasure crit-
ical physiological properties (e.g. contractility), that
are required for both drug discovery and disease
modeling [1–3]. When focusing on the heart, which
is both a physically contractile and electrically act-
ive organ, the contractile forces and electrophysiology
of the tissue are essential for understanding func-
tional development and diseasemanifestations [4]. In
standard 2D cardiomyocyte (CM) cultures, beating

properties can be estimated from impedance meas-
urements on gold-coated plates [5, 6]. Additionally,
2D microelectrode arrays (MEAs) are routinely used
for extracellular field potential recordings [7, 8].
Yet, iPSC-derived CMs in standard 2D cultures
often suffer from poor maturation [9, 10]. On
rigid substrates, MEAs alter the natural mechan-
ical environment of the tissue and preclude accur-
ate recording of the contractile force in the same
setup used for electrophysiological recordings. These
limitations motivate the use of a suspended 3D
tissue [11].
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In 3D culture, themotion of cardiac tissue is often
used to assess contractile dynamics, without precise
enumeration of contractile force or stress [12–15].
Similarly, in polydimethylsiloxane (PDMS)-based
microfluidic devices and stencilled dog-bone cardiac
tissues, contractile dynamic, such as beating rate, is
routinely assessed by optical analysis of cardiac tis-
sue displacement [16–19]. A number of studies have
described a more precise enumeration of the cardiac
tissue contraction force by measuring the deflection
of structures of known elasticity and stiffness, such as
PDMSposts [20], PDMS cantilevers [21] or thin films
[22, 23]. The contractile force of cardiac tissues can
also be assessed by calibrated flexible probes [24]. We
have previously used manually produced elastomeric
polymer wires as displacement sensors in a biowire II
device [11], to calculate contraction force via force-
displacement calibration curves.

Simultaneous recording of contractile force and
electrophysiological measures has proven more diffi-
cult for 3D tissues. Pioneering studies reported planar
microelectrodes and MEAs integrated within car-
diac patches [25], wrapped around cardiac organoids
[26], integrated into nanotopographical substrates
[27, 28] or microfluidic devices [29] to enable elec-
trical recording from cardiac tissues. Yet, contractile
force assessment in the same setup remains elusive.
In an advanced 3D printed device, PDMS cantilevers
[30] were instrumented with planar electrodes to
record tissues a few cell layers in thickness. While this
technique enables simultaneous force and electrical
recordings, recording from thicker tissues is not pos-
sible, due to the planar electrode configuration.

Recent reports have demonstrated that 3D elec-
trodes, typically vertical micro/nano-pillars, can
detect extracellular potentials [31–33]. Metals or
metal-like materials such as iridium oxide [33],
platinum [32] and gold [34], are commonly used to
fabricate such electrodes. However, the elastic mod-
ulus of these materials is five orders of magnitude
higher than that of cells and the extracellular matrix,
resulting in an extremely mechanically mismatched
cell-electrode interface. Stiff electrodes could cause
tissue damage over longer periods (weeks) of con-
tractile activity.

In contrast, an organic conducting polymer,
poly(3,4-ethylene dioxythiophene) doped with poly-
styrene sulfonate (PEDOT:PSS) promises to solve
these problems due to its marked biocompatibil-
ity, high flexibility and conductivity [35]. Its cur-
rent applications include wearable and implantable
sensors for electrophysiological signals or biological
markers [36, 37], electrical stimulation electrodes
[38], scaffolds for tissue engineering and drug release
systems [39]. Recent pioneering studies reported on
PEDOT:PSS 2D arrays [40, 41] and 3D electrodes [42]
designed to measure electrophysiological properties
[43]. We recently developed a rapid and simple ‘dir-
ect writing’ process for 3D printing of PEDOT:PSS

MEAs [35] and applied it for the three-dimensional
electrical stimulation of neurons derived fromhuman
neural stem cells into maturing neural tissues [41].
Yet, neural tissues are not mechanically active, thus
3D printed electrodes were always stationary without
stringent mechanical requirements.

Here, we developed a new heart-on-a-chip plat-
form with built-in multimaterial 3D microstruc-
tures for non-invasive in situ acquisition of elec-
trophysiological and contractile functional readouts
(figure 1). The platform integrated vertical 3D
PEDOT:PSS microelectrodes for electrophysiological
sensing, with built-in thermoplastic elastomer (TPE)
and quantum dot (QD) nanocomposite microwires,
that acted as both tissue anchor points and displace-
ment sensors for evaluation of contraction force. To
critically improve themechanical and electrical coup-
ling at the tissue/microstructure interface and enable
recording from 3D tissues, the elastic modulus and
stiffness of both the micropillar electrodes and nano-
composite microwires were specifically tailored to
match those of cardiac tissues. The newdevice enables
profiling of a multitude of functional properties of
the cardiac tissue with and without epinephrine as
a model drug: specifically, extracellular field poten-
tials and contractile force, as well as calcium tran-
sients when combined with standard fluorescence
microscopy and Ca2+ sensitive dyes. Additionally, the
device provides a capability for continuous external
electrical field stimulation via a pair of separately
integrated carbon electrodes.

2. Materials andmethods

2.1. Fabrication of PEDOT:PSS pillar arrays
Au electrode arrays were prepared from Au and
Ticoated glass slides using the photolithography tech-
nique with patterned SU-8 (MicroChem Corp) as
the insulator layer. The detailed fabrication process
was described in our previous work [35]. Each work-
ing electrode array was comprised of 36 individually
addressable microelectrodes in a 6 × 6 array format.
The top insulating layer had 20µmdiameter openings
to expose the corresponding areas of the underlying
patterned Au electrodes where the conductive poly-
mer (CP) pillars were printed. The distance between
the electrodes was 100 µm. Each Au electrode was
linked to a larger square connection pad, which was
then connected via a pin connector, to the electro-
chemical workstation (Biologic SP-300).

The micropillars (PEDOT:PSS) were fabricated
on micro-electrode Au arrays as previously reported
by us [35, 41]. Briefly, a thin layer of PEDOT:PSS
film was electrochemically polymerized onto the Au
microelectrodes to diminish the contact resistance
and also to enhance the bonding between the CP pil-
lar and the Au electrodes. This was followed by the
3D writing of CP microelectrodes using a solution of
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Figure 1. A heart-on-a-chip platform integrating stimulating and recording electrodes with force sensors. (a) Schematic
illustration of the device consisting of a soft conductive polymer (CP) micropillar array (blue) for extracellular potential
recording, TPE/QD nanocomposite microwire (red) for force sensing, a microwell for seeding cardiac tissue and carbon
electrodes (dark grey) for electrical stimulation of cardiac tissue. (b) An optical image showing direct writing of a CP micropillar
(scale bar, 100 µm). (c) A microscopy image of the CP micropillar array (scale bar, 200 µm). (d) An optical image illustrating 3D
printing of TPE/QD nanocomposites on both sides of the microwell (scale bar, 10 mm). (e) A representative fluorescent image of
the nanocomposite microwire (scale bar, 100 µm). (f) Schematic illustration of the cardiac microtissue generated from the device,
showing the CP micropillars embedded in the tissue and the TPE/QD microwires deflected by the cardiac microtissue.
(g) Schematic illustration of the 3D CP micropillars in the device and (h) schematic illustration of the extracellular potential
detected by the CP micropillars. (i) Schematic illustration of the TPE/QD microwire used as a force sensor. Microwire bending
due to pre-tension of the cardiac microtissue. (j) Schematic illustration of the contractile force measured by fluorescent tracing of
the microwires.

PEDOT:PSS (CLEVIOS™PH 1000), dimethyl sulfox-
ide and the (3-glycidyloxypropyl)trimethoxysilane
(GOPS) crosslinker (Sigma-Aldrich) as the ‘ink’. The
ink was injected by a MicroFil (World Precision
Instruments) into a micropipette, which was fabric-
ated from a single barrel borosilicate capillary using a
laser puller P-2000 (Sutter Instrument). The diameter
of the micropipette tip was about the same diameter
as the Au microelectrodes. The PEDOT ink-filled
micropipette was precisely positioned over the Au
electrode using a home-constructed printing system
[44]. Once the meniscus of the ‘ink’ at the tip of
the pipette established contact with the substrate, the
micropipette was raised by 1.5 µm s−1 using a pro-
gramme with LabVIEW. The pipette was pulled up
at a speed that allowed for the evaporation of the
solvents in the ink and formation of the CP micro-
electrodes (figure 1(b)). The samples were placed on

a hot plate (30 ◦C) during the printing to promote
evaporation of solvents.

2.2. Fabrication of nanocomposite microwires
A nanocomposite ink was prepared by mixing core–
shell CdSe/ZnS QDs (stabilized with octadecylamine
ligands, fluorescence λem 630 nm, from Sigma-
Aldrich) and poly(styrene) (ethylene/butylene)–
(styrene) copolymer TPE (Versaflex CL30, lot
5112 553, Viscosity of 14 800 cP at shear rate of
11 200 S−1 at temperature of 200 ◦C, PolyOne).
Briefly, TPE (10 g) was mixed with QDs (5 mg) in
toluene (20 ml, from Sigma-Aldrich) to obtain a con-
centration of 0.05 w/w% QDs in the polymer. After
solvent evaporation overnight at room temperature
in a fume hood, the elastomer-based material was
baked in an oven under a vacuum at 75 ◦C, for 1 h.
The resulting thermoplastic-based nanocomposite
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ink was loaded into a temperature-controlled cham-
ber of a 3D bioprinter (RegenHU Ltd, Switzerland)
and then deposited on a three-axis positioning plat-
form via a 60 µm micronozzle at 210 ◦C under an
applied pressure of 0.05 MPa with a robot velocity of
1 mm s−1 (figure 1(d)).

2.3. Fabrication of the heart-on-a-chip device
The MEA arrays with 250 (±10) µm micropil-
lars were prepared as described above. A custom
sheet including a bottomless cardiac tissue microwell
(5 × 1 × 0.3 mm3, length (L) × width (W) × thick-
ness (H)) was prepared from polydimethylsiloxane
(PDMS, Sylgard 184 silicone elastomer kit, 1:10
ratio of crosslinker to elastomer) using casing on a
SU-8 photoresist master fabricated by standard soft
lithography and placed on top of the MEA, such
that the rectangular well in the center accommod-
ated the micropillar electrodes. The nanocompos-
ite microwires were directly deposited on top of
the PDMS microwell. Two carbon electrodes (1/8’
diameter, Ladd Research Industries) were placed in
such a way that the long axis of the microwell was
perpendicular to the electrodes. This would ensure
that the developing cardiac tissue orients along the
field lines. The carbon electrodes were connected
via platinum wires (0.004” diameter, Ladd Research
Industries) to an external stimulator. After 3D print-
ing of TPE/QD nanocomposite microwires, a bot-
tomless PDMS chamber (20 × 18 × 12 mm3,
L×W×H) was adhered to the device using uncross-
linked PDMS. The device was adhered to a Petri dish
(Fisher Scientific) for cell culture using a polyureth-
ane adhesive (SP 1552–2, GS Polymers, Inc.). The
entire set-up was then sterilized with ethylene oxide
(Medical Device Reprocessing Department, Toronto
General Hospital). Upon sterilization, the device was
used for cell culture. Prior to electrophysiological
measurements, the electrode pads on the edges of
the conductive polymer micropillars (200 µm) were
connected to a custom printed circuit board (PCB)
with electrophysiological amplification and digitiza-
tion circuits (Intan RHS2116, Intan Technologies).
The board was connected to a digital headstage
controller (RHS Stim/Recording Controller, Intan
Technologies).

To assess the effects of tissue remodeling on the
electrodes, the distance between two micropillars in
the topmost row of the array was measured at day 1,
3, and 7 after cell seeding. The values were normal-
ized to the distance between the two Au electrodes on
the base. Additionally, the projection of micropillar
length in the topmost row of the array was measured
at day 1, 3, and 7 after cell seeding.

2.4. Electrochemical characterization of the
PEDOT:PSSmicroelectrodes
Cyclic voltammogram (CV) and electrochemical
impedance spectra (EIS) measurements of CP

microelectrodes of different heights (50–250 µm)
and of electrochemically deposited PEDOT films
(without microelectrodes) were performed. CV
measurements were performed in PBS buffer and
scanned from −0.9 to 0.6 V (vs. Ag/AgCl), at a scan
rate of 100 mV s−1. The EIS was performed in the
presence of 5 mm of Fe(CN)63-/4- (in PBS) using a
sinusoidal excitation signal of 10 mV in a frequency
range of 1 Hz and 7 MHz.

2.5. Mechanical characterization of the
PEDOT:PSSmicroelectrodes
PEDOT:PSS microelectrodes force-displacement
was measured using a microscale mechanical tester
(MicroSquisher, CellScale). A 0.15 mm diameter
cylindrical probe was used to bend the microelec-
trodes at a speed of 1 µm s−1 while the force was
recorded simultaneously (figure S4). The measure-
ments were first carried out under dry conditions,
in air and at room temperature and then in culture
media at 37 ◦C, after a 10 d incubation in customized
Induction 3 Medium (I3M) (StemPro-34 complete
media, 1%GlutaMAX, 20mmHEPES, 1%Penicillin-
Streptomycin, Life Technologies; 150 µg ml−1 trans-
ferrin, 213 µg ml−1 2-phosphate Ascorbic Acid,
Sigma-Aldrich). During measurements, the elec-
trodes were fully submerged. The customized con-
figuration of the CellScale instrument, which enables
the mounting of well plates, allowing for facile meas-
urements with the probe reproducibly placed at the
tip of the microelectrode. The force, probe displace-
ment (0–50 µm) and time were recorded (n > 10).
A simple linear regression analysis was performed to
calculate the slope for each tested sample.

The elastic modulus of the pillar, E, was calcu-
lated using the following equation: E= PL3

3WI , where
P represents a point load applied on the microelec-
trode, W is the vertical displacement of the pillar at
the contact point between the circular probe and the
micropillar, L is the height of the pillar and I repres-
ents amoment of inertia that is given by the equation:
I= π/4∗ radius4.

The stiffness (K) of the pillars was calculated by
the equation of K= P

W , which can be calculated from
the elastic modulus by the equation of P

W = 3EI
L3 .

2.6. Tensile testing of TPE/QD nanocomposites
The tensile properties of QD/TPE nanocomposites
were measured using dog-bone-shaped slabs. As per
ASTM D638-14 standard, dog-bone samples (width
of 5 mm and thickness of 3 mm) were obtained by
injection molding (DSM IM5.5, DSM Netherlands)
the TPE/QD nanocomposite material into a metal
mold. The slabs of the nanocomposite samples were
immersed in I3M media for 24 h, one week and one
month. For each time point, the weight and Young’s
moduli were compared to the actual slabs before
immersion for the indicated time period, in order to
minimize the effects of sample-to-sample variability.
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The weight change of those samples was measured
before and after culture media immersion, followed
by tensile testing. Tensile testing was performed using
an Electroforce 5200 Biodynamic Test Instrument
(BOSE), under a strain rate of 0.1 mm s−1, to an
ultimate strain of 120%. The force-displacement data
was collected usingWinTest software. Young’s modu-
lus was calculated by using stress–strain data from the
first 20% of strain.

2.7. Force-displacement curves of TPE/QD
nanocomposite microwires
The force–displacement curves of TPE/QD
microwires were measured by using a micro-
scale mechanical tester (MicroSquisher, CellScale).
Customized tips, (half ellipse, 4:1 diameter ratio)
generated from a SU-8 mold by soft lithography,
of 500 µm, 700 µm, and 800 µm (long diameter of
the half ellipse), were adhered to a tungsten probe
(0.1524 mm) by using an adhesive (T-GSG-01 Titan
Gel), to recapitulate the curvature and diameter of
tissues on the nanocomposite wires. The probe was
used to bend the nanocomposite wire perpendicu-
larly from themiddle point at a velocity of 2.5 µm s−1

(figures 3(f), (h) and (i)). To test for stability and since
it is difficult to remove the tissue from the microwire
after cultivation without destroying the microwire,
the nanocompositemicrowires were incubated in cul-
ture media at 37 ◦C for 6 weeks. Subsequently, they
were tested for force-displacement using a 500 µm
customized tip. The probe displacement and force
were recorded for generating force-displacement cal-
ibration curves. The calibration curves using different
customized tips were calculated to be:

y= 1.86× 10−5x3 + 0.0021x2 + 0.50x (500µm-tip),

y= 4.66× 10−5x3 + 0.0035x2 + 0.54x (700µm-tip),

and

y= 1.61× 10−5x3 + 0.0057x2 + 0.20x (800µm-tip)

where y is the force in µN, and x is the displacement
in µm. Prism 9.0 was used for data analysis and gen-
erating fitted curves, 95% confidence interval curves
and R2 values. The contraction force of the tissue was
calculated by interpolation of the above calibration
curves, based on themeasurement of tissue widths on
the nanocomposite wire.

2.8. Transmission electronmicroscopy
To characterize QDs in QD/TPE nanocomposite
using TEM, 40 µL of QD/TPE suspension was pipet-
ted to 200 mesh copper grids (electron microscopy
sciences). The grids were then stained with saturated
uranyl acetate (2.5%) for 5 min, followed by DI water
wash. Grids were washed three times by depositing
5 µl of DI water and wicking. Negative staining was
performed by adding 5 µl of 2% uranyl acetate to

grids followed by 30 s of incubation and wicking.
Imageswere acquired at 22 000x, 45 000x, and 92 000x
on a Talos L120C TEM (Thermo-Fisher Scientific).

2.9. Generation of engineered cardiac tissues
Human iPSC CMs were obtained from hiPSC line
BJ1D (a kind gift from Dr William Stanford) [11]
using monolayer differentiation protocols [45, 46].
On days 18–21 of stem cell differentiation, CMs
were disassociated into single cells using previously
described methods [46]. The disassociated cells were
mixed with cardiac fibroblasts (Lonza, NHCF-V) at
a ratio of 10:1 and then mixed in a collagen-based
hydrogel at a cell density of 6 × 107 cells ml−1.
The collagen hydrogel (500 µl) was formed by mix-
ing rat tail collagen (153 µl at 9.82 mg ml−1,
Corning), 1X M199 (50 µl, Sigma), Matrigel (75 µl,
BD Biosciences), deionized sterile H2O (167 µl),
NaOH (5 µl at 1 M, Sigma) and NaHCO3 (50 µl at
2.2 mg/ml, Sigma). The cell-laden hydrogel (2 µl per
microwell) was seeded in the microwell of the device
chamber. After placing 1 ml medium on the outside
of the device in the Petri dish to maintain moisture,
the Petri dish was incubated at 37 ◦C, 5% CO2 for
10 min to allow for hydrogel gelation, after which,
5 ml of cell culture was added to the device cham-
ber. The cardiac tissues were then incubated in I3M
at 37 ◦C, 5%CO2 for 7 d for the majority of measure-
ments demonstrated in this manuscript. The culture
mediumwas changed twice aweek. Three tissues were
cultivated for up to five weeks. The tissuemorphology
was observed daily using an Olympus CKX41 inver-
ted microscope.

2.10. Cytotoxicity assessment
Cytotoxicity was assessed by conditioning the culture
media with the TPE/QD nanocomposite to collect
the leachates for up to one month and then apply-
ing the conditioned media to fibroblasts according to
our previous method [47] and consistent with ISO
10 993-5:2009 standards. We used a lactate dehydro-
genate Cytotoxicity Assay Kit (Cayman Chemical).
TPE/QD nanocomposite samples were immersed in
Cardiac Fibroblast Growth Medium-3 BulletKit™
(Life Technology) for up one month in the incubator
(37 ◦C) to generate conditioned media. To generate
the samples, the pieces of the nanocomposite were
pressed via a hydraulic press (Carver Press Manual
Bench Press) at 175 ◦C for 5 min to form a uniform
slab. The created slab was then cut into films with a
dimension of 5 mm wide × 20 mm long × 1 mm
thick. Conditioned media was prepared by immers-
ing composite films in media, with a surface-to-
liquid ratio of 6 cm2 ml−1 according to the Canadian
Standards Association. Nanocomposite films were
immersed in fibroblast media 3 (PromoCell, 2020)
and incubated at 37 ◦C for up to 1 month, with
three replicates for each time point. Devices with
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and withoutmicropillars were incubated with culture
media for up to twoweeks for cytotoxicity assessment.

Human cardiac fibroblasts (Clonetics™NHCF-V,
LONZA)were seeded in a 24-well plate (Corning) and
allowed cell attachment overnight. Cells were then
treated with dilutions of conditioned media (1×, 2×,
5×, 10×) in Cardiac Fibroblast Growth Medium-3
BulletKit™ (Life Technology) and culture medium
from the devices, separately. Cell viability was quanti-
fied and compared against untreated (negative) con-
trol as well as a positive control (supernatant collected
from CMs treated with 1% Triton-X for 24 h) per the
manufacturer’s instructions of the kit. Cytotoxicity
was assessed by the Lactate dehydrogenase (LDH)
release from culture media using a commercially
available kit (Cayman Chemical). A calibration curve
was constructed to correlate LDH release to known
values of fibroblast cell death of positive control.

2.11. Calcium transient recording and analysis
Cardiac tissues in the devices were incubated with the
Ca2+ dye fluo-4 NW (Thermo Fisher) for 40 min,
at 37 ◦C. Ca2+ transients before and after the addi-
tion of epinephrine (10 µm), as previously described
[48], were recorded under a fluorescence microscope,
using a green-light channel (λex490 nm/λem525 nm).
The ratio of peak fluorescence to baseline fluores-
cence intensity was measured by the relative Ca2+

change in the tissues by Image J software (NIH), as
described previously [11]. Prism 9.0 was used for all
the calculations and for the generation of all figure
plots.

2.12. Contractile force recording and analysis
The contractile behavior of cardiac tissues was recor-
ded by placing the heart-on-a-chip set-up in the
environmental chamber (37 ◦C, 5% CO2) of the
fluorescence microscope (Olympus CKX41 inverted
microscope). The minimum voltage per cm required
to cause synchronized contraction of the cardiac tis-
sue (excitation threshold (ET)) was determined by
observing tissue displacement via an optical micro-
scope under electrical stimulation at 1 Hz provided
by an external stimulator (Grass Technology S88X
Square Pulse Stimulator) by using carbon electrodes
(10 mm spacing between two electrodes) on both
sides of the cardiac tissue. Biphasic stimulation (1 ms
duration per pulse) was used to stimulate the tis-
sues. The maximum capture rate (MCR) of the tis-
sue under synchronized beating, in response to the
electrical stimulation at a voltage of twice the ET,
was measured as the maximum frequency at which
tissues lost synchronized contraction. The readouts
of the contractile dynamics including active force,
passive tension, and peak duration were obtained
by using a custom MATLAB code as we previously
described [11]. Briefly, force calculations were per-
formed based on data collected from the bright-field

videos to assess tissue diameter as well as red fluor-
escence videos to collect wire displacement during
tissue contraction as we previously described [11].
Displacement of fluorescent polymer wires as a res-
ult of cardiac tissue contraction was recorded at a
frame rate of 100 frames s−1 using the fluorescence
microscope under a 10× objective in the Texas Red
channel (λex = 596 nm, λem = 620 nm) to monitor
spontaneous beating and stimulated beating of tissues
under electrical stimulation at a voltage of two times
the ET at 1 Hz, separately. The videos were then con-
verted to stacks of still frames from which the wire
displacement at the center was measured. The max-
imum (at the maximum contraction) and minimum
(at the relaxed state) wire deflections were conver-
ted to force measurements, by using the calibration
curves from force–displacementmeasurement by dif-
ferent customized tips listed above. The average tis-
sue width (diameter) and width of the tissue wrapped
around the polymer wire were measured from still
frames of the 4X bright field video of the tissue in
the relaxed position. The active force of the tissue
is defined here as the difference between the max-
imum (total) force and the forcemeasured at themin-
imum wire displacement, which we define as passive
tension.

2.13. Immunostaining
The cardiac tissues were fixed with 4% paraform-
aldehyde (Sigma-Aldrich), permeabilized with 0.1%
Triton X-100 (Alfa Aesar) in PBS and blocked
with 5% goat serum in PBS. Tissues were then
immunostained with mouse anti-cardiac troponin T
(TNT) (Invitrogen; Catalogue number: MA5-12 960;
1:200), followed by goat anti-mouse-Alexa Fluor 647
(Invitrogen; Catalogue number: A-21 037; 1:400).
Phalloidin-Alexa Fluor 488 (Invitrogen; Catalogue
number: A-12 379; 1:200) was applied to stain F-actin
fibers. Confocal fluorescencemicroscopy images were
captured with an Olympus FluoView 1000 laser scan-
ning confocal microscope.

2.14. Extracellular potential recording
The electrode pads on the edges of the conduct-
ive polymer micropillars (200 µm) were connected
to a custom PCB with electrophysiological ampli-
fication and digitization circuits (Intan RHS2116,
Intan Technologies). The board was connected to
a digital headstage controller (RHS Stim/Recording
Controller, Intan Technologies). After the sample
treatment with 2,3-butanedione monoxime (BDM),
a myosin inhibitor [49] to minimize motion artifacts
(1 h, in an incubator), a standard procedure in cardiac
electrophysiology. The extracellular potential record-
ingwas performedwith one of theCPpillar electrodes
in the array as the reference electrode. The record-
ing was performed using a sampling rate of 30 kHz.
The signal was band-pass filtered at 1 Hz–5 kHz. A
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biphasic pulse, with a pulse width of 200µs and a cur-
rent of 500 µA, was applied to the device to stimulate
the tissue at 1 Hz. The raw data was acquired by RHX
data Intan acquisition software (Intan Technologies).

2.15. Electrical data analysis
The raw data were filtered using a Butterworth
notch filter from MATLAB. The beat frequency was
calculated using the fast Fourier transform func-
tion. The voltage–time curves were smoothed using
Savitzky–Golay filtering or sgolayfilt function, to
avoid interference with the baseline noise. A custom-
ized MATLAB code with the find-peaks function was
used. The distance between peaks was calculated. The
amplitude of the extracellular potentials was calcu-
lated from the heights of the positive and negative
peaks. To measure the signal-to-noise ratio (SNR),
the square of the field potential amplitudewas divided
by the square of the peak-to-peak amplitude of the
baseline noise.

2.16. Statistical analysis
Statistical analysis was performed using Prism 9.0.
Differences between experimental groups were ana-
lyzed by one-way ANOVA (more than two groups)
or t-test (among two groups). The normality test
(Shapiro-Wilk) was used for one-way ANOVA.
Statistical significance was set at p < 0.05 and indic-
ated in figures as ∗ p< 0.05, ∗∗ p< 0.01, ∗∗∗ p< 0.001,
∗∗∗∗ p< 0.0001.

3. Results

3.1. Heart-on-a-chip platform with embedded 3D
microelectrodes and 3D printed elastomeric
microwires
The heart-on-a-chip platform (figure 1) consists of
photolithographically patterned Au microelectodes
with printed 3D PEDOT:PSS micropillars for extra-
cellular field potential recording and elastomeric
microwires as displacement sensors to measure the
contractile force (figures 1(a), S1(a) and (b)). A pair
of carbon electrodes is integrated to provide a capabil-
ity for continuous, long-term, external electrical field
stimulation.

Microfabricating high-aspect-ratio microstruc-
tures from conducting polymers is challenging, due to
their low concentration in solution and the difficulty
in accurately controlling the solvent evaporation.
Here, a simple and fast microfabrication process was
implemented to produce the 3DMEAs via meniscus-
guided direct writing (figures 1(b) and (c)) according
to amethodwe advanced previously for neural tissues
[35, 41]. By using crosslinking agents and adjust-
ing the fabrication parameters (i.e. nozzle diameter,
PEDOT:PSS ink formulation, extrusion speed, tem-
perature and humidity), the diameter of the micro-
electrodes was precisely controlled. The height was
controlled by terminating the direct writing via a

quickwithdrawal of the printhead. Of note, due to the
‘soft’ contact and the tuned mechanical properties of
fabricated PEDOT:PSS, the 3D printing method was
capable of fabricating high-aspect-ratio micropillars.
The soft and flexible micropillars were expected to
yield to the contraction and relaxation of CMs (movie
S1) and to embed into the tissue, enabling long-term
culture and high-fidelity recording (figures 1(g) and
(h)). For electrophysiological recording, the device
was connected to a standard multichannel electro-
physiological system via a PCB (figure S1(a)).

The need for manual production and manipu-
lation of elastomeric polymer wires in our previous
Biowire II platform [11] stronglymotivated the devel-
opment of microwire materials amenable to auto-
mated production, such as 3D printing (figures 1(d)
and (e)), movie S3, figure S2). To achieve this,
the nanocomposite ink was prepared from a TPE
and core–shell QDs. Highly flexible nanocompos-
ite TPE/QD microwires, designed to serve as both
anchor points for the tissue and a displacement
sensor to monitor the contractile behavior of the car-
diac tissues, were directly 3D printed via a commer-
cially available extrusion printer on both sides of the
microwell on the bottom of the chamber, through a
micronozzle (diameter of 60µm) (figure 1(d)). A car-
diac tissue, based on iPSC-derived CMs and fibro-
blasts, wraps around the nanocomposite microwires
(figure 1(f)), bending the wire with each contraction
(figure 1(i)). The fluorescence of the QDs enabled
in situ repeated measurement of the displacement
of the wires via a standard fluorescence microscope
and subsequent calculation of the contractile force of
the iPSC-based cardiac tissue anchored to the nano-
composite wires, via force-displacement calibration
curves (figure 1(j)).

3.2. Electrochemical andmechanical
characterization of 3Dmicroelectrodes
PEDOT:PSS microelectrodes’ height optimiza-
tion (figures S3(a)–(c)) showed that the height of
250± 10 µm and diameter: 5± 0.5 µm ensures high
enough electrodes’ protrusion into the tissue (movie
S1). The high aspect ratio of 50 enables the electrode
embedding into the tissue without obstruction to the
beating, when the tissue is suspended above the hard
substrate (movie S1). In regard to the vertical angle
of the pillars, a small variation of about ±5◦, among
the micropillars was observed.

As shown by the cyclic voltammograms (CVs)
(figure S3(d)), the reduction peak of the 3D
PEDOT:PSS microelectrodes appeared at around
−0.4 V in the negative scan, while the reverse process
was characterized by a broad oxidative wave where
the PEDOT oxidation process overlapped with the
capacitive charging of the electrodes [50, 51]. The
high CV currents suggest good conductivity of the
pillars at potentials exceeding −0.3 V, providing a
sufficient working range for the microelectrodes to
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Figure 2. Three-dimensional-printed micropillar electrodes have tunable height, electrochemical properties and elasticity. (a) and
(b) Electrochemical characterization of poly(3,4-ethylenedioxythiophene) (PEDOT) pillars of different heights, ranging from
50 µm to 250 µm, and PEDOT film without pillars. (a) Electrochemical impedance spectra (EIS), presented in the Nyquist plot,
with the insert showing the high-frequency segment. (b) EIS presented in Bode plots. The impedance value at 1 Hz, relevant for
the contractile behavior of cardiac tissue, is presented in the histogram insert. EIS were obtained in the presence of 5 mm
Fe(CN)63-/4- in PBS. (c) Time-lapse images of CP micropillar displacement bent by a probe, showing reversible
loading–unloading behavior and high flexibility. The gaps between the capillary and the substrate were 100 µm and 50 µm,
respectively. Scale bar, 500 µm. (d) Schematic of micropillar bending with the parameters for calculation of elastic modulus,
where L is the CP micropillar length (measured from the bottom of the micropillar to the contact point), P is point load applied
on the micropillar andW is the vertical displacement of the pillar at the contact point between the circular probe and the
micropillar. (e) Elastic modulus of the micropillars in both dry and wet states. n= 9 (t-test, data shown as average± s.d. ∗∗∗∗

indicates p< 0.0001). (f) The stiffness of the micropillars of heights of 100 µm, 200 µm and 250 µm, in the wet state. n= 9
(One-way ANOVA, data shown as average± s.d. ∗ indicates p< 0.05, ∗∗∗∗ indicates p< 0.0001).

record the cardiac field potentials which are gener-
ally observed within−150 µV to+100 µV. A positive
correlationwas foundbetween voltammetric currents
(between −0.3 V to +0.6 V) and micropillar height,
which could be attributed to the increased mass and
higher surface area of the pillars. For example, dur-
ing the positive scan, the current (at 0 V) increased
from 2.6 nA without pillars to 17.3 nA with 50 µm
pillars and further to 38.5 nA with 250 µm pillars
(figure S3(d)). This is in agreement with the trend in
the electrodes’ impedance, where longer microelec-
trodes showed decreased impedance (figure 2(a)).
Remarkably, the introduction of 3D microelectrodes
significantly decreased the impedance and increased
the electrochemical activity compared to the Au

electrodes with electropolymerized PEDOT:PSS thin
films (‘W/Omicropillars’, figures 2(a) and S3(d)). For
example, at 1 Hz, close to the beating rate of cardiac
tissues, the thin film electrodes (W/O micropillars)
showed ∼6.5 times higher impedance than the 3D
microelectrodes with 50µmhigh pillars (figure 2(b)).

Micropillars’ flexibility was demonstrated by
mechanical bending using a glass capillary (movie
S2, figure 2(c)), which showed reversible loading-
unloading behavior of the pillars with high flexibility.
The micropillars are stabilized on the surface by the
thin layer PEDOT:PSS that is first coated on top of the
Au electrodes with the dual purpose: (i) to decrease
the contact resistance and (ii) to enhance the bonding
between the pillars and Au electrodes.
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Figure 3. TPE/QD nanocomposites are stable, biocompatible, 3D-printable and highly flexible for non-invasive and in situ force
sensing applications. (a) Schematic of nanocomposite ink preparation consisting of quantum dots (QD) and thermoplastic
elastomer (TPE). (b) A transmission electron microscopy image of the TPE/QD nanocomposite shows that the quantum dot
(QD) nanoparticles are well-dispersed in the thermoplastic elastomer (TPE). Scale bar: 100 nm. (c) Young’s modulus of TPE/QD
nanocomposite slab before and after immersion in culture medium for 24 h, 1 week and 1 month, at room temperature. n= 3,
data shown as average± s.d. (d) Cardiac fibroblast viability, measured by lactate dehydrogenase (LDH) release, after culture for
24 h in the medium exposed to the TPE/QD nanocomposite material for 1 month. Negative controls were treated with the culture
medium that had not been exposed to the nanocomposite. The positive controls were treated with the culture medium containing
1% Triton-X. Data presented as mean± s.d., n= 3, ∗∗∗∗p< 0.0001, one-way ANOVA. (e) A representative fluorescence
microscopy image of the 3D printed nanocomposite microwire doped with CdSe/ZnS core–shell type QD nanoparticles with
fluorescence maximum at λem 630 nm. Scale bar: 100 µm. (f) Microscale mechanical testing of TPE/QD microwires. The
microwire bent by a 500 µm diameter customized probe. Scale bar: 200 µm. (g) Force–displacement data points and fitted curves
for TPE/QD nanocomposite microwires, (i) immediately after 3D printing, (ii) after 6-week incubation in culture media, and
(iii) comparison of the two conditions to illustrate stability, n⩾ 6. The fitted curve and R2 values were presented and analyzed by
Prism 9.0. (h) Schematics illustrating micropillars bending with the contraction and relaxation of the cardiac microtissue, with
fluorescent microscopy images of TPE/QD microwire in relaxed and contracted states. Scale bar: 200 µm. (i) Schematic
illustration showing the deflection of the nanocomposite microwire due to the tissue contraction. D represents the displacement
of the microwire bent under the contraction. (j) The calibration curves from different customized probes (dia. 500, 700 and
800 µm), were generated from experimental data that were fit to a third-degree polynomial equation. (k) The quantification of
contraction, relaxation and the total duration time (e.g. active force, pre-tension, peak duration) of the engineered tissue in the
device can be evaluated from the deflection of the microwire using the calibration curves.

The force–displacement curves of the micropil-
lars obtained by microscale mechanical testing
(figures 2(d)–(f) and S4) in both dry (air, room
temperature) and wet states (fully hydrated with cul-
ture medium) reproducibly displayed linear elastic
behavior (figure S4). After incubation in the cul-
ture medium, the elastic modulus of the micropillars
decreased dramatically from ∼118 MPa to around
310 kPa (figure 2(e)). This is due to the strong water
absorption ability of PSS that turns the initially stiff
dry pillars into a soft hydrogel. The stiffness vari-
ation with micropillar height (100, 200 and 250 µm)
(figure 2(f)) enabled tuning of structural properties
to match those of the cardiac tissue, resulting in a
heart-on-a-chip device with microelectrodes that did
not impede the natural tissue motion (movie S1).

3.3. Tracking force via displacement of 3D printed
fluorescent nanocomposite microwires
The nanocomposite microwires (61 ± 4 µm),
composed of TPE styrene-ethylene/butylene–
styrene block copolymer and core–shell CdSe/ZnS
QDs (QDs/TPE microwires) (figure 3(a)), in the
heart-on-a-chip device serve an important dual
purpose: 1) to stably anchor the tissue and 2) to
enable displacement tracking for contractile force
evaluation. The QDs/TPE nanocomposite can be
extruded at elevated temperatures to enable auto-
mated production without the need for a sacrifi-
cial layer (movie S3), which is not possible with the
elastomeric polyesters we used in Biowire II tech-
nology before [11]. QDs stabilized with octadecyl-
amine ligands were used to match the hydrophobic
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nature of the TPE polymers, resulting in an appro-
priate polymer-ligand interface and good nano-
composite dispersion (figure 3(b)). This approach
may also allow for customization of the color of
the wire based on the color of the QDs; in contrast
to our previously used poly(octamethylene maleate
(anhydride) citrate) (POMAC) wires that relied on
blue autofluorescence exclusively [11]. Therefore,
we demonstrate the utilization of the red microwires
based on 6 nm core–shell CdSe/ZnS QDs with a max-
imum fluorescence λem = 630 nm (figure 3(e)). The
Young’s modulus of the TPE/QD nanocomposite (as
investigated in a dog-bone slab format) remained
stable even after a month of immersion in the cul-
ture medium (figures 3(c) and S5), demonstrating
TPE/QD composite stability, important for longer-
term cell cultivation studies. Biocompatibility of the
TPE/QD nanocomposite is critical for long-term
heart-on-chip applications. No decrease in the fibro-
blast cell viability after one month of the cell culture
in the presence of the nanocomposite film was iden-
tified, compared with the culture media alone as the
control (figure 3(d)).

After demonstrating mechanical stability of the
nanocomposite slab upon long-term immersion in
the culture medium, it was important to demonstrate
such stability for the thin microwires made from the
TPE/QD material. The force-displacement curves of
the microwires in the device were unchanged after
6 weeks of incubation in culture media in the device
indicating stability (figure 3(f) and (g)).

Calibration curves for tracking contraction forces
are generated with probes of different sizes to mimic
the size of the tissue (500, 700, 800 µm) on the
microwire. At low displacements, the microwire
deflection exhibits a linear behavior with increas-
ing force, whereas at high displacements, geometric
non-linearities in the beam deformation cause the
non-linear force-displacement curve, which is espe-
cially evident as the indenter probe size increases
(figures 3(j) and S7).

The initially cell-seeded gel suspension remodels
to a cylindrical tissue that is anchored to the TPE/QD
wires and lifts up from the bottom of the substrate
during the first week after cell seeding (figures 3(h),
S1(c) and (d)). The TPE/QD micowires underwent
the bending cycles as the cardiac tissue contracted
(figure S6). By measuring the displacement at the
wire center, where the displacement is the largest,
via a conventional fluorescence microscope, one can
evaluate the contraction force at timed intervals
using previously obtained force–displacement calib-
ration curves (figures 3(h)–(k) and S7). Importantly,
most of the microwire displacement by the tissue
contraction occurs up to ∼25 µm, i.e. when the
three calibration curves largely overlap (figures 3(j)
and S7). Additionally, when experimental error is
taken into account (figure S7(d)) the ranges of the

force-displacement measurements in the calibration
curves also overlap at larger deformations of the
microwire.

3.4. Cardiac tissue formation and characterization
The 3D cardiac tissue created in the platform with
250 µm high PEDOT:PSS micropillars eventually
took on a cylindrical form (figure 4(a)). Similar levels
of tissue compaction were observed in the tissues
cultured in the devicewithout 3DPEDOT:PSSmicro-
electrodes (figure 4(b)), indicating that the soft con-
ductive microelectrodes did not impede the tissue
remodeling process (figure 4(d)), which is critical for
the formation of trabeculae-like structure.During tis-
sue compaction, the tractional forces displaced the
outermost microelectrodes in the array by ∼20 µm
(figure S8). These data demonstrate that due to the
low Young’s modulus of the micropillars, these soft
structures do not deform the tissue during compac-
tion. Instead, the tissue slightly displaces the pillar.

Importantly, PEDOT:PSSmicroelectrodes revers-
ibly and repeatedly bent with the tissue contraction
(figure 4(c) and movie S1), and reached a maximum
displacement of ∼22 µm, as measured during the
contraction–relaxation cycles.

The biocompatibility of themicroelectrode-based
device was investigated by evaluating the cardiac tis-
sue viability after 2 weeks of tissue culture in the
device. The cells viability, as assessed by the LDH
release, remained high and unaffected, regardless of
the presence of the micropillars (figure 4(e)).

The electrical excitability of the tissue was
enhanced during culture in the device, as evidenced
by a significant decrease in the ET and a gradual
increase in MCR (figure S9) over 5 weeks in culture.
The tissues cultivated in the devices with or without
micropillars exhibited well-aligned sarcomere struc-
tures, as demonstrated by cardiac TNT and F-actin
immunostaining after 5 weeks in culture (figure 4(f)).

In CMs, the development of active force follows
a calcium transient, motivating the inclusion of Ca2+

transient measurements in the new heart-on-a-chip
device (movie S4, movie S5). Those measurements
were realized through the use of non-ratiometric
Ca2+ dye, Fluo 4, to enable in situ multi-parametric
recordings. Importantly, there were no significant dif-
ferences in calcium amplitude, active force and the
pre-tension of the cardiac tissues cultured in the
devices with or without micropillars, suggesting that
the micropillars did not negatively impact the func-
tional development of the tissues (figures 4(g)–(i)).

These advantageous characteristics of the plat-
formwere enabled bymatching themechanical prop-
erties in the wet state of the displacement-sensing
TPE/QD microwires and the filed potential-sensing
flexible 3D PEDOT:PSSmicroelectrodes to that of the
cardiac tissue (maximum value of 500 kPa) [52, 53]
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Figure 4.Micropillar electrodes allow for the formation of cardiac tissue and unobstructed beating. (a) Representative cardiac
microtissues, showing the tissue compaction in the platforms with or b) without CP micropillars for a duration of 7 d after cell
seeding. Scale bar: 400 and 300 µm. (c) Optical images show the flexibility of the micropillars in the relaxation and contraction
states of the tissues. Scale bar: 200 µm. (d) Diameters of the tissues formed in the platforms with or without CP micropillars, at
day 0, 1, 3, and 7 after cell seeding. (one-way ANOVA, n= 3, data shown as average± s.d., ∗∗∗∗ indicates p< 0.0001). (e) Cell
viability, measured by lactate dehydrogenase (LDH) release into the culture medium of microtissues cultivated for two weeks in
the micropillar-based MEA device compared with that in the device without CP micropillars (one-way ANOVA, n= 3, data
shown as average± s.d., ∗∗∗ indicates p< 0.001, ∗∗∗∗ indicates p< 0.0001). (f) Confocal images of representative cardiac
microtissue cultivated for five weeks in the platform with and without CP micropillars, immunostained for nucleus (DAPI),
sarcomeric F-actin in green and cardiac troponin-T (TNT) in red. Scale bar: 20 µm. (g) Calcium amplitude, (h) active force and
(i) pre-tension of cardiac microtissues cultivated for one week in the platform with and without micropillars, paced at 1 Hz,
n= 3, data shown as average± s.d. (j) Young’s moduli of TPE/QD microwires and CP micropillars in the wet state, n= 6, data
are shown as average± s.d., ∗∗ indicates p< 0.01 Dashed lines indicate lower and upper range for native myocardium [52, 53,
60, 61]. (k) Maximum stiffness of TPE/QD microwires and CP micropillars in the wet state, n= 6, data are shown as
average± s.d., ∗∗∗∗ indicates p< 0.0001.
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(figure 4(j)), which is also important for physiolo-
gical tissue assembly. Conveniently, TPE/QD nano-
composite wires were stiff enough (0.004 N m−1) to
enable the nanocomposite wires to act as an anchor
for tissue formation, while the stiffness of 3D con-
ductive PEDOT:PSSmicroelectrodes was low enough
to allow them to move along with the tissue beat-
ing motion (figure 4(k)). Importantly, the yield of
microwires after 3D printing was essentially 100%
and not a single wire broke during the course of the
experiment, i.e. up to 5 weeks of cultivation.

3.5. Multi-parametric recording in the
heart-on-a-chip device upon drug addition
To demonstrate the capacity of the platform to cap-
ture physiological responses of heart tissue, epineph-
rine was applied to induce a positive chronotropic
response [54]. The platform successfully monitored
the extracellular potentials of the cardiac tissues
(figures 5(a)–(e) and movie S6), with the peak-to-
peak noise measuring at ∼20 µV and the SNR fall-
ing in the range of 33–35 both with and without
epinephrine treatment. In this case, there were no sig-
nificant differences in the signal amplitude between
the drug treated and untreated samples (figure 5(d)).
The spontaneous firing rate from the extracellular
recordings increased, as expected, upon epinephrine
addition (figure 5(e)). Recording from multiple elec-
trodes within a single tissue was possible without and
with the drug (figure S10). Motion artifacts were suc-
cessfully eliminated through the use of BDM (figures
S10 and S11).

The TPE/QD microwires effectively enumerated
the spontaneous contractile dynamics in the tissues
without and with epinephrine (figure 5(f), movie
S4), demonstrating a comparable force amplitude
(figure 5(g)) and a significantly higher spontan-
eous beating rate (figure 5(h)) upon drug addition,
as expected. Consistently, peak duration, time from
peak and time to peak all decreased upon epineph-
rine addition (figure S12).

Following epinephrine treatment, there were no
significant differences in Ca2+ transient amplitude
(figures 5(i) and (j)), consistent with the active force
measurements, and the positive chronotropic effects
were noted by the increase in the spontaneous Ca2+

transient rate as expected (figure 5(k)).
Additionally, our heart-on-a-chip platform

allowed the multi-parametric recordings of the con-
traction force and Ca2+ measurements under pacing
at 1 Hz, achieved through a pair of the embedded
carbon electrodes (figures S13 and S14).

4. Discussion

Complex, mechanically and electrically active tissues,
such as the heart muscle, require comprehensive pro-
filing of amultitude of functional properties to appro-
priately benchmark disease phenotypes or the effects

of test molecules. Rapidly developing systems for rep-
lication of human biology in vitro [3, 11, 21, 55–58],
motivate the development of new approaches for the
integration of multifaceted biosensors into 3D tissues
and organ-on-a-chip devices for online functional
assessments [59]. Heart-on-a-chip technologies, cap-
able of both delivering controlled electrical stimuli
and obtaining high-content recordings, are needed
for comprehensive simultaneous profiling ofmultiple
functional properties.

The heart-on-a-chip platform described here
uniquely integrated 3D PEDOT:PSS soft micropillar
electrodes and 3D-printed microwire displacement
sensors to facilitate multifaceted functional in situ
evaluation of cardiac tissue. This required appro-
priate consideration of the mechanical properties
of the microwire and the microelectrode materials.
The elastic modulus of the hydrated PEDOT:PSS
micropillars (∼310 kPa) is similar to that of the native
heart tissue (below 500 kPa) [52, 53, 60, 61], which is
much lower than that of traditional electrode mater-
ials (range of GPa). The intrinsically swollen, water-
rich nature of PEDOT:PSS hydrogel microelectrode
also promotes the transport of chemical and biolo-
gical molecules [62], thereby offering an extracellu-
lar matrix-like environment for tissue formation and
growth. The mixed ionic and electronic conductiv-
ity of PEDOT:PSS is thought to further facilitate the
effective coupling between the 3Dmicroelectrode and
the tissue.

Achieving a small diameter and high aspect ratio
for the soft and flexible micropillars was challenging,
but it was critical for sensor function with low imped-
ance, which improved signal readout. The small dia-
meter (5 ± 0.5 µm) of the micropillars (smaller than
the diameter of a single CM) was chosen to appropri-
ately allow for electrical conduction of the cardiac tis-
sue. Such a small size ensures that there are no inter-
ruptions in cell-to-cell contact, which is important
for the function of the cardiac syncytium. The high
aspect ratio also ensured that the electrodes can be
embedded into the tissue, without anchoring the tis-
sue to the underlying hard surface. The high aspect
ratio of the micropillar electrodes means only a small
force is required to bend the pillars, as cantilevers,
from the top. The PEDOT:PSS microelectrodes were
robust enough to remain stably connected to the gold
interconnects at theMEA, despite cyclic displacement
due to the cardiac tissue contraction for up to 5weeks,
retaining the capability to record electrical signals
even after being immersed in culture media. The
thin electropolymerized layer of PEDOT:PSS adheres
well to the Au electrodes, likely via a combination of
non-covalent van der Waals forces and chemisorp-
tion interactions between S from PEDOT and Au, to
stabilize micropillar electrodes on the MEA. In addi-
tion, the PEDOT:PSS pillars’ bonding to the PEDOT
thin layer is enhanced by the covalent cross-linking
of the pillars by GOPS. The pillars always supported
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Figure 5. The heart-on-a-chip with 3D-printed microelectrodes and nanocomposite force sensors enables high-content
measurement of extracellular field potentials and contractile forces, along with Ca2+ transients. Typical extracellular potential
traces of the cardiac microtissues from the microelectrode-based device under spontaneous beating (a) before and (b) after
epinephrine treatment. (c) Schematic figure of a peak, showing (d) field potential amplitude (FPA) from the extracellular
potential recording of the tissue in the microelectrode-based device under spontaneous beating. (e) Quantified beating rate of the
tissues before and after epinephrine treatment (t-test, n= 3, data shown as mean± s.d. ∗∗p< 0.01). (f) Representative force
traces of spontaneously beating cardiac microtissues after one week in culture, before vs. after epinephrine treatment. A time
interval of 4 s is shown. Quantification of (g) active force and (h) beating rate of tissues before and after epinephrine treatment
(t-test, n= 3, data shown as mean± s.d., ∗p< 0.05). (i) Representative Ca2+ transient traces of cardiac tissues loaded with a
Ca2+ dye (Fluo-4) under spontaneous beating after one week in culture before and after epinephrine treatment. A time interval
of 4 s is shown. Quantification of (j) calcium amplitude, (k) beating rate of tissues before and after epinephrine treatment (t-test,
n= 3, data shown as mean± s.d., ∗∗p< 0.01).
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their own weight (at the aspect ratios investigated)
and remained vertical when the cardiac tissue is cul-
tured on the array. The pillars remained patent over
5 weeks of culture, without significant observable cell
deposition on the electrodes.

Although extracellular field potentials differ
between CM species (e.g. mouse vs human) [11, 63],
and cardiac cell lines [64] vs stem cell-derived CMs
[11], our data were consistent with other studies
reporting the use of human iPSC derived CMs in
novel devices capable of extracellular field potential
recording [65].

Importantly, another set of integrated electrodes,
two parallel carbon electrodes, was placed into the
device to drive external field stimulation during cell
culture, to promote the functional improvement of
the tissue, as external electrical stimulation is known
to be beneficial for cardiac tissue assembly [11, 66].
We delivered up to 12 V in biphasic pulses (100 µs
per phase, 200 µs total duration) at 1 Hz through
a micropillar electrode or through all 16 micropillar
electrodes at once to induce point stimulation. The
maximumcurrentwent up to 2mA, although the typ-
ical stimulus was 500 µA. Although the array success-
fully delivered the voltage, there was no measurable
contraction of the tissue. Therefore, we decided to
use the embedded parallel carbon electrodes instead
(shown as dark grey rods in figure S2) to deliver field
stimulation, since we were able to more reproducibly
induce contraction in the tissue this way.

Our widely used Biowire II platform relies on two
parallel POMACwires to anchor the tissue andmeas-
ure contractile properties [11, 67, 68]. Yet, POMAC
is not amenable to automated and scalable fabrica-
tion methods since it is not thermosetting and its UV
crosslinking time is too long for effective 3D print-
ing. More fundamentally, displacement tracking in
POMACwires relies on autofluorescence, which is the
highest in the blue channel, effectively limiting the
number of wavelengths that can be used for detection.

This motivated us to develop a 3D flexible
microwire as an optical force sensor based on semi-
conductor QDs dispersed in rapidly setting TPE
amenable to 3D printing. Yet, the use of fluorophores
in solid-state applications is typically more challen-
ging than in solution-based applications, as high con-
centrations of fluorophores are needed in the solid
state to enhance the photoluminescence intensity of
the structure. This leads to an unfavorable effect of
self-quenching, an issue we had to overcome in the
current work. In the current setup, a low concen-
tration (0.05 w/w%) of QDs in the nanocomposite
was used to avoid the inner filter effect that drives
self-quenching [69]. The described approach elimin-
ated the manual insertion steps as in our previous
studies [11, 67, 68], a requirement for increased pro-
duction throughput of heart-on-a-chip devices and
ultimately their widespread adoption. Importantly,

the deformation of the microwire occurs as a result
of contraction of the tissue and not the other way
around (i.e. the microwires are not moved externally
to move the tissue, but the paced tissue contraction
causes displacement of the wire). The wires provide
passive mechanical resistance, due to their Young’s
modulus (574.14 ± 108.2 kPa) which matches that
of the native cardiac tissue (a maximum value of
500 kPa) [52, 53].

The described platform is the first to enable
integrated measurements of field potential, contract-
ile force and Ca2+ transients from 3D trabecula-
like human cardiac tissues, paving the way to high-
content heart-on-a-chip devices.

5. Conclusions

Here, we engineered an instrumented heart-on-a-
chip platform featuring soft, electrically conductive,
micropillars as 3D microelectrodes for non-invasive
and high-resolution in situ monitoring of electro-
physiological signals, and elastic TPE/QD nano-
composite microwires as displacement sensors for
real-time recording of cardiac tissue contractile prop-
erties, under both spontaneous and paced condi-
tions. A separate pair of integrated carbon electrodes
enabled continuous field stimulation. Mechanical
interference of the electrodes with the cardiac tissue
was minimal due to both the flexibility of the con-
ductive polymer pillars and the high aspect ratio of
the microelectrodes. The 3D printing approach used
here facilitates customization to achieve tissue-like
mechanical properties and sensor dimensions fit for
the required functional readouts, thereby dramatic-
ally improving both data acquisition capability and
the relevance of the system for biological studies.
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