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Abstract

Cardiac tissue development and pathology have been shown to depend sensitively on
microenvironmental mechanical factors, such as extracellular matrix stiffness, in both in vivo
and in vitro systems. We present a hovel quantitative approach to assess cardiac structure
and function by extending the classical traction force microscopy technique to tissue-level
preparations. Using this system, we investigated the relationship between contractile profi-
ciency and metabolism in neonate rat ventricular myocytes (NRVM) cultured on gels with
stiffness mimicking soft immature (1 kPa), normal healthy (13 kPa), and stiff diseased (90
kPa) cardiac microenvironments. We found that tissues engineered on the softest gels gen-
erated the least amount of stress and had the smallest work output. Conversely, cardiomyo-
cytes in tissues engineered on healthy- and disease-mimicking gels generated significantly
higher stresses, with the maximal contractile work measured in NRVM engineered on gels
of normal stiffness. Interestingly, although tissues on soft gels exhibited poor stress genera-
tion and work production, their basal metabolic respiration rate was significantly more ele-
vated than in other groups, suggesting a highly ineffective coupling between energy
production and contractile work output. Our novel platform can thus be utilized to quantita-
tively assess the mechanotransduction pathways that initiate tissue-level structural and
functional remodeling in response to substrate stiffness.

Introduction

In the heart, striated cardiomyocytes seamlessly merge into two-dimensional layers that wrap
around three-dimensional atria and ventricles. When single myocytes contract, the muscular
layers compress and twist the heart chambers pumping blood into the body [1,2]. This exqui-
sitely-controlled, multi-scale dynamic is difficult to study in-vivo as one must compromise the
organ structure to isolate individual cardiomyocytes. Alternatively, the spatial complexity of
the heart musculature may be reconstructed in-vitro using cardiac microphysiological systems
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(MPS)[3,4]. In these platforms, we engineer muscle cells and tissues to recapitulate native-like
structure and assess their contractile function using a variety of techniques. For example, in
isolated cells, traction force microscopy (TFM) is used to monitor the planar displacement of
micro-beads and pillars embedded in the culture substrate as it deforms during cardiomyocyte
shortening [5-9]. Instead, at the tissue-level, light microscopy is employed to track the bending
motion of tissue-anchoring structures, such as cantilevers or posts [10-14]. Unfortunately, the
sensitivity and specificity of these measurement techniques vary as a function of substrate
mechanics, extracellular matrix (ECM) compositions, fluid dynamic interactions, and micro-
scope properties. Ultimately, since cardiac MPS at different spatial scales use distinct assess-
ment techniques, our ability to quantitatively study the multi-scale nature of the heart
musculature in-vitro remains limited.

Additionally, the coupling of MPS-based structural-functional characterizations with meta-
bolic assessments has remained challenging. We previously utilized traction force microscopy
(TFM) to correlate contractile structure and function of isolated cardiomyocytes [7], as well as
homogeneous [8] and heterogeneous [5] pairs of primary and stem cell-derived cardiomyo-
cytes cultured on microenvironments with distinct mechanical properties. These studies indi-
cated that physiological stiffness is necessary to obtain mature structural architecture and
optimal force generation. Interestingly, in a separate study, we found that metabolism also
modulates contractile structure and function [15]. Using an automated flux analyzer (Sea-
horse), we showed that engineered tissues assembled from neonate rat ventricular myocytes
(NRVM) seeded on soft hydrogels retained a higher ability to initiate synthesis of adenosine
triphosphate (ATP) than cells seeded on plastic culture dishes [16]. Unfortunately, it has
remained difficult to investigate the relationship between metabolism, cytoskeleton structure,
and contractile function, as multiscale platforms compatible with metabolic, structural, and
functional profiling were missing.

Here, we present a mini tissue (mTissue) TFM platform to measure tractional forces in
engineered cardiac tissues and asked whether changes in substrate stiffness affect energy pro-
duction and utilization in primary cardiomyocytes. To achieve this, we microcontact printed
mm-scale fibronectin islands on polyacrylamide (PA) gels with embedded fluorescent beads.
We prepared the gels to mimic the stiffness of fetal (~1 kPa), adult physiological (~13 kPa) and
adult pathological (~90 kPa) myocardium [7,8]. We then engineered anisotropic cardiac mTis-
sues to assess the contractile structure and function. Finally, we cast PA gels with the same
three levels of stiffness inside the multi-well plates of a commercially available Seahorse flux
analyzer to correlate tissue metabolism, structure, and function. Our results suggest that the
coupling between metabolism and contractile structure and function is weakest in cardiac tis-
sues engineered on soft-substrate; peaks in tissues cultured on substrates of physiological stiff-
ness; and degrades in stiffer substrates where elevated peak systolic stress fails to generate
sufficient displacement.

Results
A tissue level TFM platform

Cardiomyocytes are mechanosensitive cells that can significantly alter their structural and
functional properties as a function of the rigidity of their microenvironment to measure con-
tractile force in-vitro, gelatin, alginate, and PDMS have been used, but it is difficult to indepen-
dently control the mechanical properties of the substrate and the geometry of cells using these
materials [6]. Here, instead, we used the streptavidin/biotin chemistry to strongly bind cus-
tom-designed islands of fibronectin on thin PA gels of tunable stiffness. First, we cast thin PA
gels with a nominal thickness of 80 pm by sandwiching a 20 uL drop of pre-polymer solution
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(Fig 1A, panel i) between glass coverslips (Fig 1A, panel ii). We tuned the mechanical proper-
ties of these gels by varying the acrylamide/bis concentration in the monomer solution; and
bound ECM proteins to the gel surface by adding streptavidin-acrylamide to the mix before
casting. Second, we micro-contact printed biotinylated-fibronectin (Fig 1A, panel iii) using
stamps carrying two distinct features: i) a connected grid with horizontal and vertical spacing
of 1 mm and 0.5 mm, respectively; and ii) isolated diamond-shaped islands (Fig 1A, panel iv)
leading to contracting mini tissues 0.5 mm in length and 0.2 mm in width (Fig 1B). We specu-
lated that the external grid provides mechanical support by reducing off-shape ECM
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Fig 1. Micropatterned cardiac tissues on soft gels for traction force microscopy. (A) We cast PA gels (i)
sandwiching the pre-polymer solution between activated and non-activated glass (ii) before stamping fibronectin (iii)
to promote cell adhesion on the gel surface (iv). With this versatile method, we engineered neonate rat ventricular
myocytes (NRVM) into diamond-shaped mini tissues (B) featuring cells aligned along the major axis of the diamond
(C) thanks to a micro-contact printed brick-wall pattern of fibronectin (D). By tracking the displacement of
fluorescent beads embedded in the in the soft gel during cell relaxation (E) and contraction (F), we used traction force
microscopy to obtain displacement (G), and stress (H) maps at the tissue level. Importantly, since we could electrically
stimulate the diamond-shaped tissues, we could measure displacement, stress, and contractile work as a function of
beating frequency (I). Scale bars: 100 um.

https://doi.org/10.1371/journal.pone.0194706.9001
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deposition on soft gels and that cells growing in the grid may support the mTissues by provid-
ing pro-survival paracrine signals. Also, to obtain native-like laminar tissues (Fig 1C), we engi-
neered diamond-shaped islands featuring a brick wall pattern with 100 um long and 20 pm
wide bricks separated by 5 pm sawtooth-shaped gaps (Fig 1D) [17].

Finally, to assess the contractile properties of the engineered tissues, we incorporated fluo-
rescent beads (200 nm in diameter emitting at 560 nm) in the gel and used a confocal micro-
scope to image bead displacement immediately below the tissue during several consecutive
contraction cycles (Fig 1E and 1F). From the bead displacement field (Fig 1G), we calculated
the cell-generated traction stress map using Fourier transform traction cytometry (FT'TC; Fig
1G) [18]. Importantly, and differently from single cell and cell pair preparations, engineered
mTissues can be electrically paced allowing for assessment of the contractile work output at
various beating frequencies (Fig 11). Together, these results demonstrate that our platform can
be used to simulate the pathophysiological stiffening of the myocardium observed during
development and disease, and assess the resulting structural and functional changes experi-
enced by cardiomyocytes.

Contractile structure and function of NRVM in the tissue TFM platform

A number of important phenotypic differences occur during cardiomyocytes maturation,
including the expression of different transcription factors, ion channels, and contractile pro-
teins; the appearance of physiologically-relevant structures such as t-tubules; and the progres-
sive assembly of the contractile cytoskeleton [4]. Specifically, since the self-assembly process
that leads to the formation of a mature contractile apparatus is well-conserved across species,
it can be used to characterize the phenotypic maturation of cardiomyocytes [19]. We previ-
ously showed that isolated myocytes cultured on substrates with normal physiological stiffness
exhibited more organized sarcomeres and exerted greater contractile stress than cells seeded
on softer and stiffer substrates [5, 7, 8]. Here, we asked whether this relationship is maintained
at the tissue level. Three days after seeding, we fixed and stained NRVM mTissues cultured in
soft (1 kPa, Fig 2A, panel i), normal (13 kPa, Fig 2A, panel ii), and stiff (90kPa, Fig 2A, panel
iii) gels using an antibody against sarcomeric a-actinin. As the cytoskeleton matures,o.-actinin
progressively localizes at the sarcomere edges, and we can use its spatial distribution to gauge
structural maturation [20]. To achieve this, we imaged the NRVM preparations and assayed
the degree of structural organization using a previously validated image processing software
[19] that calculates the average sarcomere length and the sarcomere packing density, a number
ranging from 0 to 1 as the regular lattice of striations appear (Fig 2B). Sarcomeres in NRVM
mTissues engineered on soft substrates were 1.65+0.01 um long (mean + s.e.m), a significant
~10% shorter (p<0.001, N = 6) than in tissues engineered on normal physiological (1.82
+0.02 um) and stiff (1.84+0.02 pm) substrates, respectively. At the same time, sarcomeres were
significantly less periodically organized on soft substrates than on stiffer substrates. We mea-
sured sarcomeric packing density [19] values of 0.11+0.002, 0.25+0.003, 0.27+0.02 (meanzs.e.
m.) from NRVM on soft, normal, and stiff substrates, respectively (p<0.001, N = 6). Together,
these results support the notion that, even at the tissue level, NRVM cultured on substrates
with stiffness similar to the fetal heart possess an immature contractile cytoskeleton [5, 7, 8].

Further, we measured bead displacement in the mini tissue TFM platform and calculated
contractile stress and work output in NRVM tissues engineered on soft (Fig 2C, panel i), nor-
mal physiological (Fig 2C, panel ii), and stift (Fig 2C, panel iii) gels. We found that tissues on
softer substrates generated significantly less contractile stress while inducing a significantly
larger bead displacement than tissues engineered on stiffer substrates (p<0.05, N = 3, 4, and 7
for soft, normal, and stiff gels respectively-Fig 2D). Specifically, peak systolic stress values,
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Fig 2. Contractile structure and function of cardiac tissues engineered on gels of varying stiffness. Using o-actinin
immunographs from NRVM engineered on soft (1 kPa, A-i), normal (13 kPa, A-ii), and stiff (90 kPa, A-iii) gels we
assessed differences in sarcomere length (SL) and sarcomere packing density (SPD, B). Scale bar 50 pum. Further, we
performed TFM on diamond-shaped NRVM tissues engineered on soft (C-i), normal (C-ii), and stiff (C-iii) gels (peak
systolic stress shown) to calculate (D) maximum deformation, peak stress, and total contractile work (strain energy).
Results are given as mean * s.e.m. and N = 3, 4, and 7 for soft, normal, and stiff gels respectively. The symbol * implies
significant differences (p < 0.05) compared with the group of the same color.

https://doi.org/10.1371/journal.pone.0194706.9002

averaged over five consecutive beats, were 0.30+0.05, 2.16+0.07, and 2.37+0.11 kPa (mean+s.e.m.)
for soft, normal, and stiff substrates, respectively. At the same time, peak displacement values
were 6.71+1.64, 5.94+0.21, and 1.22+0.08 pum for soft, normal physiological, and stiff substrates,
respectively. Consistently, NRVM tissues engineered on substrates of normal physiological stiff-
ness exhibited the largest amount of contractile work, as shown by strain energy values of 0.08
+0.10, 8.86+1.04, and 2.02+0.43 pJ for soft, normal, and stiff substrates, respectively. In good
agreement with the single cell and cell pair data, these results support the notion that tissues con-
tract more strongly when engineered on gels of normal physiological stiffness [5, 7, 8].

The metabolic profile of NRVM on substrates of different stiffness

Heart failure with preserved ejection fraction, valve disease, diabetes, and even normal aging
have all been associated with stiffer myocardium [21-24]. Importantly, as their microenviron-
ment stiffens, cardiomyocytes adapt not only their structural and functional properties but
also their metabolic profile suggesting substrate stiffness modulates the coupling between con-
tractile work and energetic requirements [15]. To elucidate this phenomenon and to demon-
strate the compatibility of our platform with existing high-throughput assays, we cast soft,
normal, and stiff gels inside the 24-well plate of the Seahorse, an industry-standard flux ana-
lyzer [25]. We then performed a standard XF Cell Mito stress test assay to measure the oxygen
consumption rate (OCR) in NRVM at baseline and after injection of compounds with known
mitochondrial activity (Fig 3A). We first added oligomycin (2 mM) to inhibit ATP synthesis;
we then added carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP, 1 mM) to
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Fig 3. Metabolic differences in engineered cardiac tissues on gels of different stiffness. (A) We measured oxygen
consumption rates of NRVM cultured on soft (1 kPa), normal (13 kPa), and stiff (90 kPa) gels during a standard
mitochondria stress test. We assessed basal respiration rate (B), ATP production (C), spare respiratory capacity (D),
and nonmitochondrial respiration (E) for each substrate. Results are given as mean * s.e.m. with sample size equal to
12, 15, and 22 for soft, normal, and stiff gels, respectively. The symbol * implies significant differences (p < 0.05)
compared with the group of the same color.

https://doi.org/10.1371/journal.pone.0194706.9003

boost mitochondria-based ATP production; and finally added both antimycin A (1 mM) and
rotenone (1 mM) to abolish mitochondrial respiration completely [13]. By comparing OCR
values measured after drug injection and at baseline, we observed that NRVM on soft sub-
strates had a significantly higher basal respiration (Fig 3B) and ATP production capacity (Fig
3C) than cells on normal physiological and stift substrates (p<0.05, N>12 tissues). Specifically,
in NRVM seeded on soft, normal, and stiff gels, we measured OCR values of 942.39+70.25,
373.38+66.24, and 192.51+7.02 pMol/min for basal respiration (meants.e.m); and 593.40
+101.51, 225.27+56.74, and 82.41+7.02 pMol/min for ATP production, respectively. Indepen-
dent of substrate stiffness, NRVM had similar spare capacity (Fig 3D) and relied minimally on
glycolysis (Fig 3E). Specifically, in NRVM cultured on soft, normal physiological, and stiff sub-
strates we measured OCR values of 420.76+83.60, 377.04+81.83, 508.19+57.08 pMol/min for
spare capacity; and 132.47+12.30, 172.27+5.92, and 133.39+1.16 pMol/min for non-mitochon-
drial respiration, respectively. Together, our data show that NRVM on soft microenviron-
ments contract less strongly and less efficiently than on stiffer substrates suggesting myocytes
invest the additional available ATP in alternative processes such as cytoskeleton maturation.

Discussion

We presented an alternative quantitative method to assess contractile structure and function at
the tissue level in cardiac preparations. Our platform offers important advantages over existing
alternatives. First, our technique makes it possible to use the same assessment technique,
namely traction force microscopy, to study the contractile properties of cardiomyocytes in
preparations ranging from single cells, to cell-pairs, to tissues [5, 7, 8]. This requirement is
important for future sound experimental and theoretical investigations into the scaling law of
muscle mechanics [26-31]. Second, engineering diamond-shaped mTissue requires up to two
orders of magnitude fewer cells than other 2D or 3D cardiac MPS: an important aspect to con-
sider when using rare or costly cells such as patient-specific hiPS cells [13, 14, 32, 33]. Third,
the reduced cell count and the planar design of the assay are conducive to facilitate scaling and
microfluidic integration for organ-linking applications [34-37]. Finally, depending on the
quality of the preparation and the cells, our TFM-based platform offers a high density of dia-
mond-shaped mini tissues (2 tissues/mm?) that can be addressed individually along the diago-
nal of the field of view of a typical 20x objective. A limitation worth mentioning is that,
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Fig 4. Cardiomyocytes operate optimally on substrates of physiological stiffness possibly due to a link between
metabolism and contractile structure and function. Based on our data, we speculated that substrate stiffness might
regulate the balance of energy production and utilization in cardiac tissues as follows. Cardiomyocytes on soft gels (A)
need abundant ATP (white spheres) derived by mitochondria (orange organelles) to promote the contraction of
sarcomeres (Z-disks in black) via cross-bridge cycling (brown lines). This might lead to very inefficient mechanical
work as only a small stress (red arrows) is required to deform the soft gel substantially. Conversely, NRVM cultured on
normal (B) and stiff (C) substrates have well organized contractile cytoskeletons and need a limited amount of ATP to
fuel sarcomere contraction. Since the same amount of contractile force causes a smaller displacement of stiffer gels, the
product between force and displacement (work) is maximum on gels of physiological stiffness.

https://doi.org/10.1371/journal.pone.0194706.9004

consistent with our experience with TFM in single cells and cell pairs, stamping of gels with
stiffness less than five kPa remains difficult. Therefore, a better stamping technique might be
needed to obtain the larger sample sizes needed to tease apart smaller contractile differences in
cells seeded on substrates with stiffness values in the fetal range (e.g., 1, 3, and 5 kPa).

As a proof-of-concept study, we combined our mTissue TFM platform with an industry-
standard high-throughput metabolic flux analyzers to investigate the coupling between
mechanotransduction, contractility, and metabolism. We speculate (Fig 4) that myocytes on
soft substrate might require a larger amount of ATPs than cells on stiffer substrates, as they
must complete the assembly of the contractile cytoskeleton in addition to performing their
contractile activity. We showed that NRVM on gels with normal physiological stiffness
reached an optimum coupling between energy production and energy consumption; that is,
cells on substrates mimicking physiological stiffness needed the minimum amount of ATP to
generate the maximum amount of work. On stiffer substrates, ATP levels and the cell-gener-
ated stress did not change leading to an overall reduction in displacement and work. Con-
versely, on softer substrates, NRVM had the largest amount of ATP available to generate the
minimum amount of work via an immature contractile apparatus [4, 19]. An efficiency metric
can be used to characterize the coupling between energy production (metabolism) and energy
utilization (sarcomerogenesis and contractility) in cardiomyocytes; that is, the ratio between
the contractile work done by the cells and the metabolic energy provided by the mitochondria
[38]. To compare contractile work and oxygen consumption rates, we converted [pMol/min]
of ATP into the corresponding [pJ/beat] values using the following assumptions. First, NRVM
beat 120 times in a minute under the 2Hz pacing. Second, the surface area of a Seahorse well is
550x larger than a diamond tissue surface area, leading to a similar increase in cell number
[16]. And third, a Mole of ATP provides ~29 k] of energy [39]. With these approximations,
our results demonstrate that tissues engineered on substrates of physiological stiffness convert
metabolic energy into contractile work ~2x and ~200x better than they do on stiffer and softer
substrates, respectively. One limitation of this analysis is that we only partially control for the
cell beating frequency. In fact, intrinsic beating activity in primary [40-42] and stem cell-
derived cardiomyocytes [43, 44] changed as much as 20% and 300% as a function of substrate
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