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Microphysiological systems and organs-on-chips promise to accelerate biomedical and pharmaceutical re-

search by providing accurate in vitro replicas of human tissue. Aside from addressing the physiological ac-

curacy of the model tissues, there is a pressing need for improving the throughput of these platforms. To

do so, scalable data acquisition strategies must be introduced. To this end, we here present an

instrumented 24-well plate platform for higher-throughput studies of engineered human stem cell-derived

cardiac muscle tissues that recapitulate the laminar structure of the native ventricle. In each well of the

platform, an embedded flexible strain gauge provides continuous and non-invasive readout of the contrac-

tile stress and beat rate of an engineered cardiac tissue. The sensors are based on micro-cracked titanium–

gold thin films, which ensure that the sensors are highly compliant and robust. We demonstrate the value

of the platform for toxicology and drug-testing purposes by performing 12 complete dose–response stud-

ies of cardiac and cardiotoxic drugs. Additionally, we showcase the ability to couple the cardiac tissues with

endothelial barriers. In these studies, which mimic the passage of drugs through the blood vessels to the

musculature of the heart, we regulate the temporal onset of cardiac drug responses by modulating endo-

thelial barrier permeability in vitro.

Introduction

The staggering costs associated with drug development limit
innovation and render cutting-edge therapies unattainable for
countless patients. The limited efficiency of traditional pre-
clinical models to identify toxic or ineffective compounds is a
key part of this issue.1,2 Thus, retrospective analyses have
found that merely ∼50% of rodent studies are predictive of
human toxicity.3 The potential of organs-on-chips and micro-
physiological systems (MPS) is that in vitro engineered tissues
based on human stem cells will provide more predictive pre-
clinical drug assessments, at a lower cost. Since heart failure
remains a leading cause of death and cardiotoxicity is one of
the most prevalent causes of drug withdrawal,4 tools for

modeling the human cardiac musculature are of particular
interest.

A central challenge for any microphysiological system is to
faithfully recapitulate structural and functional hallmarks of
the native tissue counterpart. In the mammalian heart, nu-
merous sheets of highly aligned muscle cells wrap
circumferentially around the heart chambers, following a
spiraling angle from the epi- to the endo-cardium.5,6 Notably,
each muscle layer merely spans approximately 4 cells in
thickness, with each layer being spaced by the extensive con-
nective tissue in the heart.7 Muscular thin film (MTF) plat-
forms mimic this laminar architecture in the form of
engineered anisotropic 2D muscle tissues on soft material
cantilever substrates.8–10 Upon muscle tissue contraction, the
cantilever bends proportionally to the stress generated by the
tissue. By optically tracking cantilever motion in a micro-
scope setup, changes in contractile stress can be quantified,
enabling drug testing and disease modeling.11,12 However,
the reliance on optical tracking as readout creates obstacles
for scaling the assay to real-time and higher-throughput for-
mats, as optical readouts are data-heavy, often require post-
processing and are hardware intensive.

In this report, we present a multi-well cardiac MTF plat-
form with integrated flexible strain gauges. The sensors are
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based on robust and compliant micro-cracked gold thin
films, which can readily be deformed by the small stresses
exerted by the engineered cardiac muscle tissue. The plat-
form provides continuous electronic readout of the contrac-
tile stress and beat rate of up to 24 separate cardiac tissues.
The electronic readout streamlines experimentation and data
acquisition, which we demonstrate by performing dose–re-
sponse studies of 12 cardiac drugs on human induced plurip-
otent stem cell-derived cardiomyocyte (hiPS-CM) tissues. Ad-
ditionally, the open-well format of the platform allows us to
easily couple the cardiac MTFs with endothelial barrier in-
serts, and study the temporal drug transport across the bar-
riers. We take advantage of this to mimic the changes in car-
diac drug transport across the vasculature endothelium that
occurs during inflammation, by exposing the endothelial bar-
riers to TNF-α.13–16

Results & discussion
Device principle & engineered cardiac tissues

The central part of the device is a ∼25 μm thick, multilayer
polyĲdimethylsiloxane) (PDMS)-based cantilever that com-
bines control of tissue structure with electronic readout of
the contractile function; see Fig. 1. On the surface of each
cantilever is an engineered, cardiac thin film tissue, based on
either hiPS-CMs or neonatal rat ventricular myocytes (NRVM).
Upon tissue contraction and shortening, the underlying
PDMS cantilever is bent and a flexible titanium–gold thin-
film strain gauge, embedded in the cantilever, is strained.
This generates an increase in resistance proportional to the
tissue contractile stress; see Fig. 1a and b. We recently intro-
duced this general principle in a lower-throughput device
that relied on highly specialized 3D-printing equipment for
fabrication.17,18 In addition to significantly increasing the
throughput, we here focused on designing a generally acces-
sible platform, by basing device manufacture on more com-
monly available and scalable tools. To this end, we applied
sequential spin-coating to fabricate the bulk of the stacked
PDMS cantilever structure and used a CO2 laser cutter to de-
fine the cantilevers.12 Spin coating provided a facile method
for deposition of multiple PDMS layers, each in the μm
range. Similarly, e-beam evaporation was applied to create ti-
tanium–gold thin-film strain gauges. The fabrication proce-
dure is outlined in Fig. S1.†

The architecture of the tissues was engineered to recapitu-
late the laminar structure and anisotropy of native cardiac
musculature, following principles described in our previous
reports.8,10,18 To develop hiPS-CM tissues, we used micro-
grooves molded in 500 kPa PDMS. Groove barriers were 5 μm
tall and 4 μm wide and were coated with fibronectin (FN)
prior to cell seeding; see Fig. 1c and d. Culturing hiPS-CMs
on the molded substrates gave rise to tissues with highly
aligned sarcomeres; see Fig. 1e. Correspondingly, the hiPS-
CM tissues displayed a sarcomeric organizational order pa-
rameter (OOP)19 of 0.31; see Fig. S2.† For NRVM-based tis-
sues, we used micro-contact printing to apply FN line

Fig. 1 Engineered cardiac muscle tissue on cantilever with embedded
flexible thin-film strain gauge. (a) Principle sketch of device cantilever
and constituent layers 1: engineered cardiac muscle tissue 2: tissue-
aligning micro-molded or micro-patterned layer 3: PDMS layer, 4: Ti–
Au thin-film sensor layer, 5: bottom PDMS layer 6: PNIPAAM release
layer. (b) Example optical micrograph of a deflecting cantilever and
corresponding electrical readout, scale bar 1 mm. (c) Optical
profilometer characterization of molded 500 kPa PDMS surface. Ar-
rows indicate barrier peaks. (d) Left: Bright field optical micrograph of
grooves on cantilevers applied for structural guidance of hiPS-CM tis-
sues, strain gauge wire seen a dark area. Right: Bright field optical
micrograph of hiPS-CM tissue on molded PDMS top layer, scale bars
40 μm. (e) Confocal microscopy of immunostained hiPS-CM tissue,
blue: DAPI nuclei stain, white α-actinin. Scale bar 20 μm.
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patterns and generate anisotropic engineered tissues, as pre-
viously described.8,12 The OOP for NRVM tissues was 0.40;
see Fig. S2.† Both classes of tissues further displayed electri-
cal connectivity through gap junctions; see Fig. S3 and S4.†
The engineered tissues thus replicate essential structural
hallmarks of the musculature of the heart.

Micro-cracked titanium–gold thin films as sensor material

To achieve reliable device fabrication and readout, it was es-
sential to limit the overall thickness of each layer of the canti-
lever, and of the titanium–gold strain gauge sensors in partic-
ular. Metal thin films can be deposited consistently in the
nanometer range using e-beam evaporation, providing a ro-
bust route to sensor fabrication. Yet, beyond limiting the sen-
sor thickness, we found that it was crucial to control the
thin-film micro-structure. The Ti–Au thin films were depos-
ited on thin ∼5 μm PDMS substrates, which constitute the
bottom part of the final cantilevers. We initially observed that
macroscopic cracks occurred frequently and spontaneously
when applying Ti adhesion layers of thicknesses 5 nm and
greater on these μm thin PDMS substrates; see Fig. 2a. Such
macroscopic cracks commonly led to discontinuities and de-
vice failure. We subsequently noted that these macroscopic
cracks did not occur when reducing the Ti adhesion layer
thickness to 3 nm. SEM imaging revealed that this
corresponded to a transition in the micro-structure of the Ti–
Au thin-films from micro-buckled to micro-cracked;20,21 see

Fig. 2a. In accordance with previous findings, the micro-
cracked thin films were highly stretchable, allowing strains
in excess of 10% without failure;20,22 see Fig. 2b. We attribute
the absence of macroscopic cracks in the micro-cracked thin
films to their ability to withstand large strains by deforming
out of plane. In addition to overcoming macroscopic failures,
the micro-cracked thin films gave rise to reliable signals with
negligible dependency on rate in the 0.1% strain regime that
was found to be relevant for the final device; see Fig. 2c. Also,
no notable changes in baseline resistance were detected dur-
ing week-long tissue culture. Hence, the micro-cracked Ti–Au
thin films provide a robust basis for the instrumented MTF
cantilevers.

The thickness of the titanium adhesion layer has previ-
ously been reported to have a pronounced effect on the
micro-structure of titanium–gold thin films deposited on
PDMS substrates.21 In previous reports, adhesion layers
thicknesses of up to 6 nm, as compared to the 3 nm observed
here, were reported to give rise to micro-cracked structures.21

Surprisingly, we found that the threshold below which micro-
cracking occurs depends on PDMS substrate thickness. When
increasing the PDMS substrate thickness above the 5 μm
used in our device, we observed an increasing tendency to-
wards developing micro-cracks and a decreasing tendency to-
wards micro-buckles. For instance, 5 nm Ti adhesion layers
gave rise to micro-cracked structures on ∼1 mm thick PDMS
substrates, while buckles formed on PDMS substrates of 60
μm and less; see Fig. S5–S7.†

Fig. 2 Titanium–gold thin-film micro-structure, appearance and mechanical robustness. (a) Optical micrographs (left, scale bars 2 mm) and SEM
images (right, scale bars 5 μm) of 20 nm Au thin films deposited using 3, 5 or 7 nm Ti adhesion layers, on 5 μm thick PDMS substrates. For 5 nm
and 7 nm Ti adhesion layers, buckled micro-structures were observed. These micro-buckled films frequently displayed macroscopic failure cracks
in device formulations, deposited through shadow masks. For all thin films applied in devices, 1 nm Ti was added onto Au surface to ensure adhe-
sion to subsequent PDMS layers. Thus, in final devices 3 nm Ti, 20 nm Au, and 1 nm Ti was deposited sequentially. These films yielded robust and
reproducible devices. (b and c) Uniaxial strain tests of 3–20–1 nm Ti–Au–Ti thin films deposited on 5 μm thick PDMS substrates. (b) Cyclic 10% strain
did not lead to failure in thin-film conductivity. (c) Cyclic strain in the 0.1% regime relevant to the final devices, displayed negligible dependency on
strain rate, in the frequency range of tissue contractions.
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It is not clear how the PDMS substrate thickness might af-
fect the thin-film micro-structure. It is possible that our ob-
servations may be a result of artifacts or indirect effects such
as minor changes in surface properties.21 Previously, the two
types of micro-structure have been attributed to whether the
Au layer grows on a continuous or discontinuous Ti layer.21

Buckled thin films were attributed to growth on continuous
adhesion layers and micro-cracked thin films were attributed
to thinner adhesion layers with a lower degree of PDMS cov-
erage.21 We propose that the degree of coverage of the Ti ad-
hesion layer may be affected by the PDMS substrate thick-
ness, potentially as part of a lateral edge effect.

Sensor characterization & device readout

To enable conversion of the thin-film strain gauge readout to
the contractile stresses generated by the engineered cardiac
muscle tissues, we conducted electromechanical and optical
characterization of the device components. Initially, we ap-
plied a series of uniaxial strain tests to determine the rela-

tionship between sensor wire strain and resistance. By com-
paring these tests with the readouts obtained in the MTF
experiments, we found the sensor strains occurring upon tis-
sue contraction to be in the order of 0.1%. Our uniaxial
strain tests indicate that in this regime, the micro-cracked
thin films display an approximately linear strain–resistance
relationship with an apparent gauge factor of 0.6, see
Fig. 3a and b and Fig. S8 and S9.† This low gauge factor
arises from a significant part of the in-plane strain being re-
laxed in the form of out-of-plane displacements and rotations
of the micro-cracked thin film.20 However, these modes of re-
laxation are essential to the operation of the device since they
make the thin-film gauges more compliant.

Subsequently, we applied optical tracking to determine
the relationship between the curvature of the cantilever and
the resistance signal, generally finding a satisfactory corre-
spondence between electrical and optical signal, see
Fig. 3c and d and Fig. S10–S14.† Importantly, the sensor read-
out showed a high degree of repeatability across multiple
cantilevers from independent fabrication runs; see Fig. S11–

Fig. 3 Thin-film sensor calibration and device mechanical model. (a) Relative resistance change of 3–20–1 nm Ti–Au–Ti thin films deposited on 5
μm PDMS substrates, upon cyclic 0.1% uniaxial strain at 1 Hz. (b) Relative resistance change vs. strain for cyclic 0.1% uniaxial strain at 1 Hz. Linear
fit (dashed line) indicate a gauge factor (GF) of app. 0.58. (c) Optical tracking of cantilever deflection, scale bar 2 mm. (d) Concurrent optical
tracking of cantilever curvature (left axis, dashed red line) and electrical readout of relative resistance change (right axis, solid grey line) from
cantilever with NRVM tissue. (e) Principle sketch of mechanical model based on Stoney's equation, applied to convert electrical and optical
readout to stress generated by the engineered muscle tissues. By taking advantage of the concurrent optical and electrical readout, the placement
of cantilever neutral axis b could be determined, see ESI.† (f) Stress values obtained applying mechanical model to convert optical (left axis, dashed
red line) and electrical (right axis, solid grey line) readouts displayed in (d) to tissue stress values. (g) Force-frequency of twitch stress of NRVM-
based tissues, paced at 1, 2, 3 Hz at day 4 after seeding on devices. (h) Force-frequency of twitch stress of hiPS-CM tissues, spontaneously
contracting and paced at 2, 3, 4 Hz at day 6 after seeding.
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S14.† This indicates that sensor fabrication is consistent and
that the sensors are durable, even to week-long exposure to
tissue culture environment and repeated cyclic stretching
caused by spontaneous tissue contractions. Yet, we did ob-
serve minor discrepancies between optical tracking and sen-
sor readout. At times, a sharp decrease in resistance prior to
the increase associated with tissue contraction was detected.
We attribute this to a brief uniaxial compression of the
gauge, before the tissue contraction overcomes the viscous
and inertial forces that hinder out of plane movement of the
cantilever.18 Importantly, these brief artifacts did not influ-
ence the final tissue twitch stress values.

Finally, to fully describe the multilayer cantilever, we ap-
plied a modified version of Stoney's equation; see Fig. 3e and
ESI.† Applying this model we estimated the effective Young's
modulus of micro-cracked thin film to be ∼0.8 GPa and thus
significantly lower than the modulus of bulk gold. Most im-
portantly, tissue twitch stress values of 5–10 kPa were
obtained for NRVM MTFs, in very good agreement with previ-
ous findings;10,18 see Fig. 3f and Fig. S13.† We further evalu-
ated the force frequency relationship of the engineered tis-
sues, finding that both hiPS and NRVM MTFs displayed
negative force-frequency relationships, indicative of some de-
gree of immaturity;23 see Fig. 3g and h. Noting that, also for
the higher frequencies, we observed a good correspondence

between sensor readout and an optical tracking; see Fig.
S12.†

Instrumented 24-well platform

The integrated electrical readouts facilitate scaling up the
number of assays that can be run in parallel. Our platform al-
lows the contractile stress and beat rate of up to 24 biological
replicates to be continuously evaluated, see Fig. 4 and Fig.
S15–17.† The wells of the device were made from machined
polycarbonate. This limits the total volume of PDMS per well
to the cantilever itself, (<0.5 μl volume) thereby reducing
concerns related to absorption of hydrophobic drugs.24 Using
a custom recording setup and electrical pacing inserts, the
devices facilitate running multiple parallel drug dose–re-
sponse studies with replicates and references, inside an incu-
bator; see Fig. 4 and Fig. S15–17.†

Cardiac drug dose–response studies

To demonstrate the value of the devices for toxicology and
drug screening purposes, we performed sequential dose–re-
sponse studies of 12 diverse drugs on engineered human car-
diac muscle tissues, based on hiPS-CMs. The drugs were cho-
sen to cover a range of cardiac functionalities, and their
relative effects on spontaneous peak twitch stress as well as

Fig. 4 Instrumented 24-well platform enables multiple parallel experiments. (a) Example 24-well device, with polycarbonate multi-well housing.
Insert: Example cantilever in well. (b) 24-Well device in recording holder applied for data acquisition inside incubator environments. (c) 24 example
readouts of hiPS-CM tissues applied in drug dose–response experiments, with parallel replicates and references. From top: 100 nM isoproterenol
increased beat rate and spontaneous contractile stress, 10 μM mefloquine hydrochloride completely disrupted contraction, 10 μM disodium 4,4′-
diisothiocyanatostilbene-2,2′-disulfonate (DIDS) did not cause any notably effects, 10 μM FK-506 markedly decreased contractile stress, but not
beat rate.
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Fig. 5 Sequential drug dose–response studies on hiPS-CM-derived tissues. Increasing drug doses were sequentially added, and tissue spontaneous
beat rate and spontaneous twitch stress normalized to initial twitch stress, were recorded (grey circles). For a subset of the studies, the twitch
stress while pacing electrically at 2 Hz (hollow circles) was also acquired. Error bars are S.E.M. Lines indicated 4-parameter logistic fits. EC/IC50

values obtained from fits are presented in Table 1. (a) Isradipine, N = 5 (b) nicardipine, N = 4, (c) clofilium tosylate, N = 5, (d) PD-118057, N = 5, (e)
flecanide acetate, N = 5, (f) salmeterol xinafoate, N = 5, (g) isoproterenol, N = 6, (h) desipramine hydrochloride N = 4, (i) astemizole N = 5, (j)
domperidone N = 5, (k) FK-506, N = 5, (l) mefloquine hydrochloride N = 5.
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on spontaneous beat rate were studied; see Fig. 5 and
Table 1. For a subset of drugs the peak twitch stress for con-
tractions paced at 2 Hz were also acquired.

Ca2+-Channel antagonists are commonly used for treat-
ment of hypertensive diseases.25 We studied two types of
Ca2+-channel blockers: isradipine and nicardipine; see
Fig. 5a and b. Both drugs decreased the twitch stress and
spontaneous beat rate of the tissues, and both drugs affected
twitch stress at 10-fold lower doses than beat rate. We
obtained notably higher IC50 values for israpidine than
nicardipine; see Table 1. This relative difference in potency
between the drugs, as well as the range of IC50 values, are in
accordance with previous studies on human papillary cardiac
muscle strips.25

Drugs targeting Na+ and K+ channels have classically been
used for treatment of arrhythmias, but carry an inherent
dose-dependent proarrhythmic risk.26,27 At the same time,
off-target interaction with hERG K+-channel is a most com-
mon concern in drug development, due to the risk of induc-
ing ventricular arrhythmias, fibrillation and torsades de
pointes (TdP).28 We tested hERG K+-channel blocker
clofilium tosylate, Fig. 5c, and the activator PD-118057,
Fig. 5d. For clofilium we observed a disruption of spontane-
ous contraction as indicated by a drop in beat rate and twitch
stress with IC50 in the 100 nM range; see Table 1, matching
the range previously found to induce TdP in isolated rabbit
heart models in vitro.29 For PD-118057 we observed a disrup-
tion of spontaneous beat rate and twitch stress in the 10 μM
range. Interestingly, previous in vitro electrophysiological
evaluations of induced stem cell-derived cardiomyocytes car-
rying a long QT syndrome type 2 mutation found that a
slightly lower dose decreased action potential (AP) duration
and rescued early after-depolarisation events.30 We also
perturbed Na+-channels through exposure to flecainide ace-
tate, observing a simultaneous drop in spontaneous beat rate
and twitch stress in the single μM range; see Fig. 5e and
Table 1, illustrating the well-established risks associated with
flecainide.26,31

Given the central role of adrenergic receptors in regulating
cardiac rate and contractile strength, we studied the effect of
a β-2 agonist: salmeterol xinafoate and a β-1 agonist: isoproter-
enol; see Fig. 5f and g and Table 1. For salmeterol xinafoate, we
observed a minor increase in twitch stress at low doses, in
agreement with the canonical effects of β-2 agonists. At higher
doses, we observed a cardiotoxic effect marked by stress and
beat rate reduction in the μM range. A cardiotoxic effect at
higher doses has previously been observed for hiPS-CM
in vitro.32 For the β-1 agonist isoproterenol we observed well-
described increases in spontaneous beat rate and spontaneous
twitch stress with EC50 in the 0.1–1 nM range, comparable,
while slightly lower than our previous studies on hiPS-CM
based tissues,18 and studies by other groups of in vitro
engineered cardiac stem cell-derived tissues.33

We additionally tested several non-cardiac drugs with severe
cardiotoxic side effects. The antidepressant desipramine has
been associated with fatal arrhythmias in several children.34

For this drug, we observed an arrest of spontaneous contrac-
tion in the single μM range; see Fig. 5h and Table 1. Astemizole
is a histamine antagonist which was withdrawn due to hERG
blockade side effects.35 For astemizole we found that the spon-
taneous beating and stress were disrupted in the single μM
range; see Fig. 5i and Table 1. For the dopamine receptor ago-
nist domperidone, which has previously been found to induce
arrhythmia and sudden cardiac death side effects,36 we ob-
served a concerted disruption in tissue beat rate and contrac-
tile stress in the 0.5 μM range; see Fig. 5j and Table 1. FK-506
is an immunosuppressant used in organ transplants to prevent
transplant rejection, with calcineurin-related hypertension and
hypertrophy cardiac side effects.37,38 For this drug, we observed
a diminished contractile stress in the 10 μM range, with no ap-
parent influence on beat rate; see Fig. 5k and Table 1. Finally,
for the malarial drug mefloquine, a range of cardiac side ef-
fects including arrhythmia and inotropic side effects have been
reported.39,40 For this drug, we observed an abrupt drop in
both contractile stress and rate at μM doses; see Fig. 5l and
Table 1. Collectively, the drug dose–response studies demon-
strate the ability of the platform to detect a range of cardiac ef-
fects and side-effects on human stem cell-derived tissues, in a
higher-throughput manner.

Cardiac drug exposure through endothelial barrier inserts

The standard open-well format of our instrumented cardiac
platform makes it compatible with a range of common labo-
ratory tools such as Transwell® inserts, which can support
endothelial tissue barriers; see Fig. 6a. The endothelium of
the vasculature plays a critical role in regulating molecular
transport to the heart musculature.13,15 Changes in endothe-
lium permeability such as those occurring during inflamma-
tion can thus have a pronounced influence on the transport
of cardiac drugs.13,14 To mimic such events, we studied the
transport and subsequent cardiac effect of the Ca2+ channel
blocker Isradipine, across a vascular endothelial barrier with
and without co-exposure of TNF-α.16

Table 1 EC50 or IC50 values from sequential drug dose–response studies
on hiPS-CM-derived tissues. Values obtained from 4-parameter logistic
fits to data presented in Fig. 5. (spon): from spontaneous twitch stress
(paced): from twitch stress while pacing electrically at 2 Hz

EC50 or IC50 Twitch stress
Spontaneous
beat frequency

Isradipine 22.5 nM (spon) 147 nM
Nicardipine 1.19 nM (spon), 0.971 nM (paced) 15.2 nM
Clofilium 81.6 nM (spon) 148 nM
PD-118057 8.8 μM (spon), 8.77 μM (paced) 13.3 μM
Flecainide 1.37 μM (spon), 2.12 μM (paced) 1.37 μM
Salmeterol 1.07 μM (spon), 1.08 μM (paced) 1.79 μM
Isoproterenol 0.107 nM (spon) 0.844 nM
Desipramine 1.49 μM (spon) 1.75 μM
Astemizole 0.361 μM (spon) 1.44 μM
Domperidone 0.731 μM (spon), 0.629 μM (paced) 0.419 μM
FK-506 7.15 μM (spon), 7.00 μM (paced) —
Mefloquine 2.18 μM (spon), 6.48 μM (paced) 1.44 μM
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We added a high Isradipine dose, 100 nM, to the insert
containing media and a confluent endothelial monolayer,
and studied the passive transport across the barrier by eval-
uating the contractile stress of the cardiac MTFs below. As
expected, the barrier significantly delayed the cardiac re-
sponse to the drug, see Fig. 6b and c. While direct exposure
of the drug immediately disrupts the contractile function of
the cardiac tissue, contractile function remains only par-
tially affected after 8 h and fully disrupted after 20 h, when
protected by the endothelial barrier. Notably, this temporal
profile can be altered by disrupting the endothelial barrier
using TNF-α, a potent regulator of vascular permeability
in vivo.16 TNF-α accelerated the passive transport of
Isradipine across the endothelial tissue as evident by a
complete disruption of contractile function being observed
after 5.5 h; see Fig. 6b. TNF-α alone did not decrease the
contractile stress; see Fig. 6c. We noted that the effect of
TNF-α on endothelial barrier function was evident only af-
ter 4 hours of co-exposure. As control, we confirmed this
response time by studying the effect of TNF-α isolated
endothelial barriers; see Fig. 6d and f and Fig. S18.† Collec-
tively, these studies demonstrate how the complexity of the
assay can be increased to include aspects of drug transport,
delivery and co-administration as well as paracrine signal-
ing effects.41

General discussion

An inherent dilemma for MPS and organs-on-chips aimed at
pharmaceutical applications is how to balance high biologi-
cal content versus high experimental throughput. This
tradeoff is reflected in multifarious approaches that have
been taken in studying human stem cell-derived
cardiomyocytes and engineered cardiac tissues. These range
from construction of thicker 3D constructs,33,42–45 some even
with embedded vasculatures,46 to 2D single cell and cell-pair
islands.47 The extremities each hold value and drawbacks.
For instance, increasing size and complexity of model tissue
can simultaneously increase the amount of cells required
and challenges associated with fabrication.44,48,49 Similarly,
2D cell islands offer closely defined geometry, mechanical
and chemical cellular environment, at the expense of tissue
ensemble effects. Whether following a predominantly holistic
or reductionist approach, a central challenge is capturing es-
sential structural and functional hallmarks of the native
counterpart in question. MTFs are inherently 2D with cell–
cell connections being confined to a single plane, and do not
support the incorporation of vasculature. Accordingly, study-
ing effects such as drug diffusion through the tissue will re-
quire the use of a thicker model tissue. Yet, MTFs replicate
the laminar structure, electrical connectivity and anisotropy

Fig. 6 Coupling endothelial barriers with cardiac MTFs to study drug transport. (a) Schematic illustration of experiments. Endothelial barrier
tissues in Transwell® inserts are introduced into the wells of the instrumented cardiac 24-well MTF platform. A cardiac drug (isradipine) is intro-
duced in the volume shielded by the endothelial barrier. Drug transport across barrier and resultant cardiac effects are recorded in real-time
through embedded sensors. (b) Decrease in normalized contractile twitch stress over time. Direct exposure of isradipine (100 nM) immediately
halts contraction (red). Exposure of isradipine (100 nM) through endothelial barrier inserts (grey line), leads to delayed drug effect, where contrac-
tion is still observed after >7 h exposure. (N = 3). Compromising endothelial barrier function by co exposure with TNF-α significantly accelerates
drug diffusion, leading to a full effect of the drug after ∼5 h. (c) After 20 h full effect of isradipine was observed for all samples. TNF-α did not di-
rectly introduce changes in twitch stress of cardiac tissues. (d) Endothelial tissue barrier function decreases upon exposure to TNF-α (20 ng ml−1).
Barrier function was evaluated as percent of fluorescent marker (400 Da) contained inside barrier during 20 min diffusion into reservoir without
tracer. (e) Confocal microscopy of immunostained intact endothelial barrier. Blue: DAPI nuclei stain, green: VE-cadherin, scale bars left: 100 μm,
right: 10 μm. (f) Confocal microscopy of immunostained endothelial barrier after exposure to 20 ng ml−1 TNF-α for 6 h. Blue: DAPI nuclei stain,
green: VE-cadherin, scale bars left: 100 μm, right: 10 μm.
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of the heart musculature. Further, the soft cantilever sub-
strates allow the tissue to shorten, similarly to in the native
heart. In this report, we studied the responses of cardiac
MTFs based on human induced stem cells, to 12 diverse car-
diac drugs. Our findings largely match prior in vivo, ex vivo
and engineered tissue findings, demonstrating the relevance
of human cardiac MTFs for drug screening and toxicology
applications.

Beyond considering the biological complexity of the model
tissues, data acquisition considerations are of critical and of-
ten overlooked importance when aiming to scale MPS to the
large numbers required for drug screening and toxicology ap-
plications. Integration of appropriate sensors represents an
appealing route to scaling up the number of assays that can
be run in parallel. However, sensor integration increases fab-
rication complexity, in particular since structure and function
of tissue models should not be disrupted. Consequently,
instrumented MPS that take advantage of electronic readouts
to provide higher throughputs assays have only recently
started to emerge.18,50 The 2D structure of MTF cardiac
model tissues facilitates integration of strain gauges sensors
while only minimally increasing fabrication complexity.

The micro-cracked titanium–gold thin films offer a num-
ber of benefits as sensor material for this application. In ad-
dition to a repeatable and scalable fabrication procedure, the
sensors display a high degree of robustness, with no signifi-
cant changes being observed during culture, and with similar
sensitivity across independent cantilevers. The stretchability
of the micro-cracked thin films additionally reduced the
bending stiffness of the cantilevers; ensuring tissues were not
hindered in contractile shortening. Yet, the micro-cracks also
represent a draw-back as they are the central cause behind
the relatively low gauge factor of the sensors. Alternative sen-
sor materials such as soft composites based on elastomers
with conducting particle additives are interesting alternatives,
due to their low stiffness and high sensitivities.18,51

Conclusions

In this report, we addressed key challenges associated with
scaling cardiac microphysiological systems to the high
throughputs required for preclinical and toxicological re-
search. We demonstrated how incorporation of flexible thin-
film sensors allowed fabrication of a multi-well platform with
continuous readout of the contractile stress and beat rate of
up to 24 human stem cell-derived engineered cardiac tissues.
The platform significantly simplifies drug tests, which we
demonstrated by performing full dose–response studies of 12
cardiac and cardiotoxic drugs. Further, the open-well design
of the platforms ensured compatibility with a range of stan-
dard laboratory tools, to enable coupled studies of cardiac
drug transport across human vascular endothelial barriers in-
serts. The platform fabrication relies on generally accessible,
scalable techniques, and on robust micro-cracked Ti–Au thin
films for sensing. The methodology presented in this report
is thus generally applicable and well-suited for cardiac drug

screening and disease modelling purposes. It therefore pro-
vides a path towards high-throughput, high-quality preclinical
research, based on human stem-cell derived cardiac tissues.

Materials & methods
Device fabrication

24-Well devices were fabricated on 127.9 mm × 85.8 mm × 1.0
mm glass substrates, following a bottom-up procedure. First,
silver contact pads on the device edge were made by stencil
printing of AG-510 from Conductive Compounds, annealing at
190 °C for 30 min. Subsequently, polyĲN-isopropylacrylamide)
(PNIPAAM) release layer islands were made using a pressure
sensitive pen to dispense 2 w/v% solution in isopropanol or by
masked spin coating of a 10 w/v% PNIPAAM solution in 1-buta-
nol. Subsequently, PDMS (Sylgard 184 Dow-Corning) layers
were made through stepwise spin-coating and curing over-
night at 65 °C. For bottom PDMS either 4000 rpm or 5000 rpm
(5 min) were used; equivalent to a 5.2 or 3.3 μm thick layer, re-
spectively. Ti–Au–Ti (3 nm, 20 nm, 1 nm) sensor wires were
added using a custom stainless steel shadow mask (NewCut)
and an e-beam evaporator (Denton), starting deposition at 0.9–
1 × 10−6 Torr. To ensure localization of the resistance to the
cantilever loop, 100 nm Au, 1 nm Ti was added to the non-
cantilever wire parts. Following evaporation, a middle PDMS
layer was added by spin-coating at 2000 rpm or 1500 rpm (5
min); equivalent to a 11.9 or 16.2 μm thick layer, respectively.
Following curing, thin films were annealed to release pre-
stress by heating to 190 °C for 30 min. Lastly, a softer PDMS
coating was added by spincoating a 2 : 1 mix of Sylgard 527
and Sylgard 184 (Dow-Corning) at 2500 rpm (5 min); equiva-
lent to a 6.2 μm thick coating. For hiPS-CM devices, the soft
PDMS layer was micro-molded (30 μm × 4 μm × 5 μm, gap
width × barrier width × barrier height) using fluorinated
((tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane, United
Chem) PDMS stamps. Cantilevers were defined using a CO2 la-
ser-cutter (Epilog). Milled polycarbonate wells were attached to
the device by casting a thin PDMS gasket onto the well part
and attaching it to PDMS-covered glass substrate using plasma
treatment.

Device cell seeding and tissue culture

Human iPS-CM tissues: fully assembled devices with micro-
molded cantilevers were sterilized using UV-ozone. Subse-
quently, wells were incubated with a 50 μg ml−1 solution of
human fibronectin (FN, BD Biosciences) in PBS, for at least 1
h. After removal of the FN solution, hiPS-CMs (Cor4U, Axiog-
enesis, Germany) were seeded at ∼200 000 cm−2 in desig-
nated Commercial Cor4U media (Axiogenesis, Germany).
Cor4U media was changed every 2 days.

Neonatal Rat Ventricular Myocyte tissues: non-molded de-
vices were sterilized using UV-ozone. FN line patterns (15 μm
× 4 μm) were micro-contact printed onto cantilevers using
previously established procedures.12 Primary NRVMs were
seeded at a density of ∼140 000 cm−2 in 10% FBS in media
199 (Lonza). Cell media was replaced every 2 days, applying
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2% FBS in media 199 (Lonza). NRVMs were obtained from
newborn Sprague Dawley rats (n ≥ 10 litters, per harvest) fol-
lowing procedures approved by the Harvard University Ani-
mal Care and Use Committee; the Institutional Animal Care
and Use Committee (IACUC). The procedures follow “US Gov-
ernment Principles for the Utilization and Care of Vertebrate
Animals Used in Testing, Research, and Training”, the Guide
for the Care and Use of Laboratory Animals 8th Ed., the Ani-
mal Welfare Act/Regulations, as well as other federal, state
and city laws and regulations.

Endothelial barrier culture

Prior to cell seeding, polycarbonate Transwell® inserts with
0.4 μm pores (Corning) were incubated with 50 μg mL−1 hu-
man fibronectin (FN, BD Biosciences) in PBS for 2 h and in-
serts were rinsed twice with PBS. Human umbilical vein
endothelial cells (ATCC) were seeded at a density of ∼75 000
cm−2 in commercial endothelial growth media and supple-
ments containing 2% FBS (Lonza). Media was changed daily
and exchanged to reduced serum media containing 0.5% FBS
on day 3 and 4.

Data acquisition & stress calculation

Data were acquired using a custom polycarbonate connector
and a Keithley Multichannel DMM 3706a. The 2-wire resistance
recordings were generally obtained, at sampling rates ≥60 Hz.

To convert the resistance readout to stresses generated by
the tissues, we applied a mechanical model based on a modi-
fied Stoney's equation. After determining the mechanical
properties of each layer in the cantilever, as well as the gauge
factor of the Ti–Au thin film, this model provided linear con-
version constants between relative changes in resistance and
tissue contractile stress; see ESI† for details. Custom MATLAB
(MathWorks, Natick, MA) codes were applied for quantifying
relative resistance changes as well as for converting to stress.
For electrically paced samples, a median filter (5) was applied
to filter noise from pacing.

Cumulative drug dose studies

Cumulative dosing of cardiac drugs was performed on
engineered hiPS-CM tissues inside incubator at day 6–9 after
seeding. 900 μl serum-free media was added to each cell well
prior to drug dose experiments. A dilution series of the drugs
in media was added in 9 μl doses. Samples were incubated
with dose 10 min prior to recording. For each dose, 30 s were
recorded per channel. Isoproterenol stocks were kept at 4 °C
prior to dosing. Pacing was applied using custom platinum
wire electrodes. Each n in analysis denotes biological replicate
of a tissue in separate isolated well with associated sensor and
media. Drugs were obtained from Sigma-Aldrich (LO2219).

Endothelial barrier testing and disruption

Barrier function tests were performed using Oregon Green
488 carboxylic acid (∼412 Da) and Alexa Fluor 555

succinimidyl ester (∼1250 Da) as fluorescent tracers
(ThermoFisher). Fluorescent media containing 1 μg ml−1 of
each tracer was added to the top insert and incubated for 20
min. Samples of top and bottom media were collected and
fluorescent intensity was measured using a Synergy HT plate
reader (BioTek) to estimate barrier permeability. Barrier func-
tion was calculated as percent tracer contained in top reser-
voir. To disrupt barrier function, human tumor necrosis fac-
tor alpha (Sigma-Aldrich) was diluted in endothelial media to
a concentration of 20 ng mL−1 and was added to inserts. Fluo-
rescent intensity of top and bottom media was measured ev-
ery 2 h to estimate barrier disruption over the course of 6 h.

Tissue immuno-staining and OOP structural analysis

All immunocytochemistry procedures were conducted at
room temperature. Cardiac samples were fixed with 4% PFA/
PBS (v/v) solution for 10 min and then permeabilized with
0.05% Triton-X/PBS (v/v) solution for 10 min. Subsequently,
samples were incubated for 1 h with monoclonal sarcomeric
α-actinin (clone EA-53; Sigma-Aldrich) and Cx43 (ab11370;
abcam) primary antibodies, washed three times in PBS, and
finally counterstained with Alexa Fluor 488-conjugated anti-
mouse secondary antibody and Alexa Fluor 546-conjugated
anti-rabbit secondary antibody, Alexa Fluor 633-conjugated
Phalloidin and DAPI (Invitrogen). Endothelial barrier tissues
were fixed using with 4% PFA/PBS (v/v) for 10 min and
permeabilized using 0.05% Triton-X/PBS (v/v) solution for 2
min. Subsequently, samples were incubated with 5% bovine
serum albumin/PBS (w/v) for 30 min and washed three times
in 0.5% BSA/PBS (w/v). Samples were incubated for 1 h with
rabbit polyclonal antibody to VE-cadherin (Abcam, ab33168)
and mouse monoclonal antibody to CD31 (PECAM) (Abcam,
ab24590) and rinsed three times with 0.5% BSA/PBS. Samples
were counterstained for 2 h with Alexa Flour 488-conjugated
anti-rabbit secondary antibody, Alexa Fluor 546-conjugated
anti-mouse secondary antibody, and DAPI (ThermoFisher)
and rinsed three times with 0.5% BSA/PBS. Samples were
mounted on coverslips using ProLong Gold Antifade
(ThermoFisher). Samples were imaged using confocal micros-
copy (Olympus) and z-stacks were projected to acquire images
of cardiac tissues and endothelial barriers. The alignment
and spatial organization of α-actinin positive structures were
evaluated using the OOP methodology, previously de-
scribed.19 Briefly, for both NRVM and hiPS-CM tissues,
z-stacks of this sarcomere stain was acquired for 5 indepen-
dent FOVs (from at least 3 samples). Following z-projection,
the angular orientation of all sarcomeres was calculated and
the degree of similarity in their orientations was quantified
in terms of their OOP using a custom MATLAB (MathWorks,
Natick, MA) code.19
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