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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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stiffness and the type of preparation. Here, we minimized the difference between spontaneous
metabolism and stimulated contractility by choosing the smallest pacing frequency (2 Hz) that
overdrove the NRVM intrinsic activity. To overcome this limitation in future efforts, we envi-
sion using optical pacing of cells expressing light-sensitive ion channels [45].

In conclusion, the tissue-level assay presented here completes a consistent suite of TEM-
based assays that can enable thorough multi-scale studies of the coupling between metabolism,
mechanotransduction, and contractility in primary and stem cell-derived myocytes [5-8].
Two recent studies from Prof. McCain’s group addressed similar topics: tissue-level cardiac
TFM [46] and NRMV metabolism as a function of substrate stiffness [47]. While these studies
are consistent with our findings, a few important differences exist. For example, they engi-
neered NRVM in square-shaped tissues on normal and stiff gels using fibronectin and laminin
cues [46] we used larger, diamond-shaped Fibronectin-only cues to improve cellular align-
ment in mTissues cultured on soft, normal, and stiff gels. Consistent with our study, stiffening
of the substrate caused a sharp decline in cell-induced deformation and contractile work in
engineered tissues, independently from the chosen ECM ligand. Similarly, to obtain substrates
of pathological stiffness, we had to cast hydrogels directly into the very small wells of the Sea-
horse plate and could only culture randomly-oriented NRVM (1, 13, and 90 kPa). Instead, the
metabolic difference between randomly-oriented and laminar tissues was studied [47] by engi-
neering cells on transferrable elastomeric substrates prepared in a range of stiffness that greatly
exceeds the pathophysiological range (1, 27, and 2700 kPa). In contrast to our findings, a
reduced metabolic activity was observed on NRVM cultured on soft substrates under both
laminar and non-laminar conditions. We attribute this difference to the distinct chemical and
viscoelastic properties of elastomers and hydrogels that may influence the density of printed
ECM proteins and cellular behavior [48, 49]. We believe engineered cardiac tissues will
become progressively more important as in studying the energetic coupling underpinning car-
diac development and homeostasis [12, 15], and might inform the design of better differentia-
tion and maturation protocols for hiPS-derived cardiomyocytes [4, 19].

Materials and methods
Cardiac myocyte harvest, seeding, and culture

All animal procedures conducted in this study were approved by the Harvard University Ani-
mal Care and Use Committee. Cardiac myocytes were extracted from neonatal rat ventricles
using a previously described method [7, 8]. Left ventricle tissue was isolated from neonate (p2)
Sprague-Dawley rats (Charles River) that were sacrificed after ethanol-based anesthetization.
Cells were isolated using overnight trypsinization at 4° C and serial collagenase digestions at
room temperature. A highly pure cardiomyocyte population was obtained by differential adhe-
sion using two pre-plating steps. Cardiomyocytes were cultured on engineered substrates in
6-well plates at a density of 100,000 cells/cm? in Medium 199 supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Invitrogen, Carlsbad, CA), 10 mM HEPES, 0.1 mM MEM
non-essential amino acids, 20 mM glucose, 2 mM L-glutamine, 1.5 pM vitamin B-12, and 50
U/mL penicillin for 1 day. The serum concentration was reduced to 2% after 24 hr to minimize
proliferation of the small pool of fibroblast present in the culture. Cells were cultured for four
days before conducting the experiments.

Gel fabrication and microcontact printing

Polyacrylamide gel substrates were fabricated and characterized as previously described in
details [7, 8]. Specifically, three groups of gels were created by varying the acrylamide/bis com-
position. Soft gels were obtained mixing 5/0.1% acrylamide/bis components and had a Young
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modulus of 0.9+0.02 kPa (nominal stiffness 1 kPa). Normal gels were obtained mixing 7.5/
0.3% acrylamide/bis and had a Young modulus of 13+0.1 kPa (nominal stiffness 13 kPa). Stiff
gels were obtained mixing 12/0.6% acrylamide/bis and had a Young modulus of 90+1.5 kPa
(nominal stiffness 90 kPa). Furthermore, streptavidin-acrylamide and fluorescent beads (200 n
m) were added to a final concentration (by volume) of 1:5 and 1:100, respectively to permit
binding biotinylated-fibronectin (Sulfo-NHS-LC-Biotin, Pierce). Gels polymerized while
sandwiched between glutaraldehyde-activated and inactivated coverslips before drying the gel
surface (37 °C for 10 minutes) and microcontact printing with biotinylated FN.

Photo- and soft-lithography were conducted as previously described in details [7, 8, 10].
Specifically, a photolithographic mask carrying the desired diamond and frame features was
designed in AutoCAD (Autodesk Inc.) and manufactured at the Center for Nanoscale Systems
at Harvard University. Silicon molds to fabricate polydimethylsiloxane (PDMS, Sylgard 184,
Dow Corning) stamps were prepared by spin-coating SU-8 2002 photoresist (MicroChem
Corp) on silicon wafers (Wafer World) that were exposed to UV light through the photoli-
graphic mask in a mask aligner (ABM Inc.)and then developed in propylene-glycol-methyl-
ether-acetate to dissolve the masked regions. The resulting PDMS stamps were coated with
200 pg/mL biotinylated FN and incubated for 1 hr before stamping on pre-dried streptavidin-
doped polyacrylamide gels.

Contractility assay and electrical field stimulation

Traction force microscopy experiments were conducted as previously described [7, 8, 10]. On
day 4 of culture, cardiac mTissues in modified Tyrode’s solution (1.8 mM CaCl,, 5 mM glu-
cose, 5 mM HEPES, 1 mM MgCl,, 5.4 mM KCI, 135 mM Na(l, 0.33 mM NaH,PO,, pH 7.4)
were imaged on an environmental controlled line scanning confocal microscope (Zeiss
LSM510) using a 40X air objective (with a 0.5x zoom) or a 20x objective to ensure the full dia-
mond-shaped tissue fit within the diagonal of the field of view. Movies of contracting myocytes
and bead displacement were imaged at 33 Hz with both brightfield, and 488 laser excitation
and recordings were performed over multiple [6-10] contractile cycles. Differently, than sin-
gle-cell or cell-pair assays, mTissues could be electrically paced to control the beating rate
using two custom-made platinum electrodes inserted onto the lid of a 35mm petri dish and
connected to an external field stimulator (Myopacer, IonOptix Corp., Milton, MA). Record-
ings were conducted at 2 Hz and using voltages between 8 to 11 V that reliably overdrove
spontaneous beating in the mTissues.

Contractility analysis

The methods used to acquire displacement and traction stress vectors from images of bead dis-
placement have been previously described [7, 18]. Briefly, a displacement field was determined
by comparing bead images throughout the contraction cycle to the bead image at diastole. The
traction stress field was then calculated from the displacement map using constrained Fourier
transform traction cytometry. Importantly, we used the bright field video acquired together
with the bead displacement to define the boundary of the mTissue in calculating the traction
field. Moreover, the contractile traction force field was calculated from the displacement field
using the Boussinesq solution and assuming the substrate as an elastic half-space with known
mechanical properties (stiffness of 1, 13, or 90 kPa and Poisson ratio assumed to be 0.5). Nota-
bly, this particular assumption, important in accelerating the calculations needed to obtain a
traction field, becomes less accurate as the size of the contractile elements grow larger than the
thickness of the tissue [50-52]. We used a more accurate boundary element method [18] that
admits a Green function characteristic of gels with finite thickness [53] to estimate the error
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and found that peak systolic stress and contractile work are slightly overestimated (1-15%)
with the simple FTTC method. At the same time the more accurate analysis took ~10 hr/frame
on a powerful workstation computer to vs ~3 min/frame in the case of the simpler FT'TC anal-
ysis. Since we processed 300 frames worth of gel deformation per mTissues, we utilized the
faster, if slightly less accurate, analysis in this study.

Immunostaining and structure determination

Image analysis and processing were performed as previously described [5]. After the contrac-
tility assay, samples were incubated for 15 minutes in 4% Paraformaldehyde (PFA) and 0.5ul/
ml of TritonX-100 in PBS at 37°C before washing in PBS and incubation with 200 ul primary
antibody solution containing 1 DAPI, 1 pl Alexa Fluor633-conjugated Phalloidin (Invitrogen,
Carlsbad, CA), 1 pl polyclonal anti-human fibronectin antibody (F2648, Sigma-Aldrich,

St. Louis, MO), and 1 ul monoclonal anti-sarcomeric o-actinin for 1 hour at room tempera-
ture. Samples were then washed three times in PBS and incubated for 1 hour with a goat anti-
rabbit Alexa Fluor-546 antibody and a goat anti-mouse Alexa Fluor-488 antibody (Invitrogen,
1:200 dilution). The samples were washed three times again in PBS and mounted on micro-
scope glass slides in prolongGold (Invitrogen) that cured for at least 48 hr before fluorescent
imaging on a Zeiss LSM 510 confocal microscope. Sarcomere length and sarcomere packing
density were determined using a Fourier-based method previously described [19].

Seahorse metabolic measurements

Cellular metabolism was measured using a Seahorse Bioscience XFe 24 Extracellular Flux Ana-
lyzer (North Billerica, MA). Polyacrylamide gels were pipetted into the wells (10 mL/well) of a
standard XF24 microplate (Seahorse Bioscience, North Billerica, MA) and allowed to crosslink
before rinsing with PBS. Plates were stored at 4 °C until cell seeding with neonatal rat ventricu-
lar myocytes (100 000 cells/100 mL/well). After seeding, plates were left in the laminar flow
hood for 30 min to minimize edge effects before transfer to a 37 °C, 5% CO, incubator. After
two hours, 500 mL of media was added to each well and media exchanges were performed as
previously described above. After four days in culture, culture media was replaced with XF
Assay Medium (Seahorse Bioscience, North Billerica, MA) supplemented with 20 mM glucose
and plates were incubated at a 37 C for 1 h. The proprietary hydrated cartridge was loaded
with 2 mM oligomycin, 1 mM carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP), and 1 mM antimycin A and 1 mM rotenone from the XF Cell Mito Stress Test Kit
(Seahorse Bioscience, North Billerica, MA). The cartridge and cell plate were then inserted
into the Seahorse XFe 24 Extracellular Flux Analyzer (North Billerica, MA), which made three
measurements of baseline oxygen consumption rate (OCR) and three OCR measurement after
injection of each of the drugs listed above. Data from multiple wells across three different neo-
natal rat ventricular myocyte harvest cycles were collected and used for analysis.

Statistical analysis

Through the text, our results are presented as mean + standard error of the mean (s.e.m.).
After verifying that the data points were normally distributed (Shapiro-Wilkinson test), statis-
tical comparisons were conducted among the various group using 1-way ANOVA test fol-
lowed by Tukey pairwise comparisons. All analyses were conducted using SigmaPlot (Systat
Software, Inc.-CA, USA). The symbol * was used to denote statistically significant difference
characterized by a p-value smaller than 0.05.
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