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Impact statement
With the recent focus on developing in vitro

Organ-on-Chip platforms that recapitulate

tissue and organ-level physiology using

immature cells derived from stem cell

sources, there is a strong need to assess

the ability of these engineered tissues to

adopt a mature phenotype. In the present

study, we compared and contrasted

engineered tissues fabricated from neo-

natal rat ventricular myocytes in a Heart-

on-a-Chip platform to ventricular muscle

strips isolated from adult rats. The results

of this study support the notion that

engineered tissues fabricated from imma-

ture cells have the potential to mimic

mature tissues in an Organ-on-Chip

platform.

Abstract
In vitro studies of cardiac physiology and drug response have traditionally been performed

on individual isolated cardiomyocytes or isotropic monolayers of cells that may not mimic

desired physiological traits of the laminar adult myocardium. Recent studies have reported a

number of advances to Heart-on-a-Chip platforms for the fabrication of more sophisticated

engineered myocardium, but cardiomyocyte immaturity remains a challenge. In the aniso-

tropic musculature of the heart, interactions between cardiac myocytes, the extracellular

matrix (ECM), and neighboring cells give rise to changes in cell shape and tissue architec-

ture that have been implicated in both development and disease. We hypothesized that

engineered myocardium fabricated from cardiac myocytes cultured in vitro could mimic the

physiological characteristics and gene expression profile of adult heart muscle. To test this

hypothesis, we fabricated engineered myocardium comprised of neonatal rat ventricular

myocytes with laminar architectures reminiscent of that observed in the mature heart

and compared their sarcomere organization, contractile performance characteristics, and

cardiac gene expression profile to that of isolated adult rat ventricular muscle strips. We found that anisotropic engineered

myocardium demonstrated a similar degree of global sarcomere alignment, contractile stress output, and inotropic concentra-

tion–response to the b-adrenergic agonist isoproterenol. Moreover, the anisotropic engineered myocardium exhibited compar-

able myofibril related gene expression to muscle strips isolated from adult rat ventricular tissue. These results suggest that tissue

architecture serves an important developmental cue for building in vitro model systems of the myocardium that could potentially

recapitulate the physiological characteristics of the adult heart.
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Introduction

For over a century, myocytes isolated from the heart have
been used to study cardiac physiology.1 However, these
studies have largely relied on immature cells grown in an
isotropic configuration that do not accurately recapitulate
in vivo tissue function and drug response.2 Thus, one of the
primary goals in the field of cardiac tissue engineering is to
identify and develop techniques for promoting the matur-
ation of engineered cardiac tissues in vitro.3–5 In recent

years, a number of in vitro platforms have been proposed
to generate engineered myocardial tissues from a variety of
cell sources, including human stem cell-derived cardiomyo-
cytes, which facilitate study of myocardial function and
pharmacological response profile.6–10 These platforms
employed a number of strategies to recapitulate the three-
dimensional architecture of muscle tissue by relying on the
self-assembly of cardiomyocytes in an ECM hydrogel and
utilizing biomechanical loading to promote maturation
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in vitro.6,7,11–13 While these platforms allowed successful
measurement of inotropic response to pharmacological
agents, further study is needed to determine how closely
engineered myocardial tissues match their native counter-
part and to identify the most effective set of microenviron-
mental cues for driving myocardial maturation in vitro.
It has long been postulated that physical and mechanical
microenvironmental cues play an important role in the
development of a number of organ systems, including
the heart.14–16 As the heart develops, cardiac myocytes
undergo a number of morphological changes as they pro-
gress toward the adult phenotype,17–19 and self-organize
into laminar sheets of muscle tissue.18,20,21 Dynamic
remodeling of the actin cytoskeleton in localized regions
of cardiac myocytes has been implicated in causing changes
in cell shape that drive looping of the heart tube during
embryonic development, supporting a role for remodeling
at the scale of the cytoskeleton to influence architectural
features at the tissue scale.22–25 Moreover, mechanical inter-
actions between cardiac myocytes and the extracellular
matrix (ECM), or between cardiac myocytes and neighbor-
ing cells form a mechanosensory circuit with the cytoskel-
eton and intracellular signaling machinery that has been
implicated in influencing a number of functional character-
istics, including impulse propagation,26,27 contractile force
output,21 and excitation–contraction coupling.28 Under
pathological conditions, this mechanotransduction signal-
ing paradigm allows the cytoskeleton to remodel in
response to alterations in the load on the myocardium,
such that the aspect ratio and sarcomere density of cardiac
myocytes are reconfigured in an attempt to maintain
cardiac output, further supporting a role for cytoskeletal
architecture in mediating intracellular biological responses
to extracellular mechanical cues.14,19,26,29 These findings
highlight the importance of cell shape and tissue architec-
ture in the functional development of the heart and suggest
that controlling cell shape could serve as a vital cue for
building accurate models of the myocardium in vitro.30

In vitro studies of this interrelationship between cell
shape and biological function have been made possible by
the development of techniques, such as micro-contact
printed ECM31,32 and the introduction of micro-grooves
into cell culture substrates33,34 that provide extracellular
boundary conditions. Initial studies of neonatal rat cardiac
myocytes cultured on micro-contact printed ECM sub-
strates provided the first insights into the relationship
between myocardial tissue architecture and electrical
impulse propagation.32,35,36 Further studies using micro-
contact printed ECM substrates have shown that geometric
guidance cues can be used to predictably37 and reliably38

direct the assembly of the contractile apparatus in cultured
cardiac myocytes. The boundary conditions presented by
patterned ECM proteins were found to guide the assembly
and parallel bundling of the actin cytoskeletal network as
sarcomerogenesis proceeded, such that nascent sarcomeres
would adopt uniaxial alignment along the long axis of the
cardiac myocyte if a rectangular aspect ratio was pre-
sented.38 Further, it has been shown that in addition to
directing sarcomerogenesis, myocyte shape also influences
Ca2þ transient dynamics,39,40 electrical activity,41 and

contractile force generation39,42 at both the single cell and
tissue level. Isolated ventricular myocytes cultured on pat-
terned fibronectin (FN) substrates designed to recapitulate
the anisotropy of the myocardium self-organized into
tissues with highly aligned sarcomeres and substantially
greater contractile force output than cardiac myocytes
cultured on uniform layers of FN that allowed random
cellular organization.41 The results of these studies clearly
demonstrated a role for cell shape and tissue organization
in modulating the myofibril architecture and functional
performance of engineered myocardium. However, it is
unclear what effect these cues may have on cardiac gene
expression, and how closely these engineered heart muscle
constructs recapitulate the physiological characteristics of
the in vivo myocardium.

We hypothesized that directing the self-assembly of iso-
lated cardiac myocytes into anisotropic sheets of muscle
using ECM guidance cues promotes maturation of engin-
eered myocardium toward the adult myocardial phenotype
by influencing cardiac gene expression, in addition to con-
trolling tissue architecture. To test this hypothesis, we cul-
tured neonatal rat ventricular myocytes on micro-contact
printed lines of FN designed to mimic the laminar architec-
ture of the in vivo myocardium and measured sarcomere
alignment, cardiac gene expression, auxotonic contraction,
and inotropic response to the b-adrenergic agonist, iso-
proterenol. We then measured these same physiological
parameters in explants of the adult rat ventricular myocar-
dium and contrasted the results to those observed in
the engineered myocardium. We found that anisotropic
engineered myocardium exhibited values that approached
those observed in the adult rat myocardium for the set of
physiological parameters tested. These results suggest that
the mechanical signaling cascades that are activated by
dynamic regulation of cytoskeletal architecture during
heart development could be activated in vitro using extra-
cellular boundary conditions encoded in the ECM as part of
a larger strategy to fabricate engineered myocardium with
adult-like structural and functional characteristics.

Materials and methods
Ethics statement

All procedures involving the isolation of rat cells and tis-
sues used in this study were carried out in accordance
with recommendations included in the NIH Guide for the
care and use of laboratory animals. Procedures performed
at Harvard University were approved by the Harvard
University Institutional Animal Care and Use Committee
(IACUC) under Animal Experimentation Protocol number
24-01 entitled ‘‘Harvest and Culture of Neural and Cardiac
Tissue from Neonatal Rats and Mice for In Vitro Disease
Models’’ to ensure that they meet the standards set by the
Faculty of Arts and Sciences at Harvard University for
the use of vertebrate animals in research and teaching.
Procedures performed at GlaxoSmithKline were reviewed
and approved by the IACUC at GlaxoSmithKline under
protocol number PA0336 and conducted in accordance
with the GlaxoSmithKline Policy on the Care, Welfare and
Treatment of Laboratory Animals.
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Muscular thin film (MTF) substrate fabrication

Glass coverslips were masked using adhesive tape to cover
all but a 6 mm� 18 mm rectangle in the center of the cover-
slip, then spin coated with a thermo-sensitive sacrificial poly-
mer, Poly(N-isopropylacrylamide) (PiPAAm, Polysciences,
Inc., Warrington, PA). Subsequently, a layer of polydimethyl-
siloxane (PDMS) was spin coated over the PiPAAm layer and
cured at 65�C overnight. The thickness of the PDMS layer
was determined to be in the range of 10–18mm for all MTF
cantilevers used in this study using a stylus profilometer
(Dektak 6M, Veeco Instruments Inc., Plainview, NY). MTF
cantilevers were cut from the PDMS layer either by hand
using a straight-blade razor or using a CO2 laser (Epilog,
Golden, CO) to create an array of 4–8 rectangular films
over the PiPAAm area of the chip. Typical dimensions of
the MTF cantilevers were 1–2 mm in width, 2–5 mm in
length, and were separated by 0.5–1 mm spacing.

Micro-contact printing geometrically
defined ECM patterns

Silicone stamps designed for micro-contact printing linear
arrays of ECM protein were prepared as previously
described,38,41 with slight modifications to the patterns
used to fabricate anisotropic tissues. Previously, 20 mm
wide FN lines spaced 20 mm apart were used to direct the
self-assembly of cardiac myocytes into aligned tissues,41 but
recent work has shown that 15 mm wide FN lines provide
improved cellular alignment, and that reducing the spacing
between the FN lines from 20 to 2mm allows the formation
of aligned muscle sheets without the need to backfill the
spaces between the micro-contact printed lines with a
lower concentration of FN protein.9 Thus, photolithography
masks with grids of 15 mm wide lines spaced either 2 or
15mm apart were designed using Autocad software
(Autodesk, San Rafael, CA) and used to prepare silicon
wafers with negatives of the patterns for replica molding.
Sylgard 184 PDMS (Dow Corning, Midland, MI) was
poured over the replica molding wafers, degassed in a
vacuum chamber for 1 h, and cured at 60�C overnight.
Glass coverslips were spin coated with PDMS and UV-
ozone cleaned (Jelight Company, Inc., Irvine, CA) for
8 min just before stamping. Immediately prior to ECM pat-
tern transfer to PDMS-coated coverslips, stamps were incu-
bated for 1 h with a solution of 50 mg/mL of the ECM
protein FN (BD Biosciences, Bedford, MA). After transfer
of the FN pattern to the surface of the PDMS-coated cover-
slips, they were incubated in 1% (w/v) Pluronic F127 (BASF,
Ludwigshafen, Germany) for 15 min to block cell adhesion to
unstamped regions, and rinsed three times with sterile phos-
phate-buffered saline (PBS).

Neonatal rat ventricular myocyte isolation and culture

Ventricular tissue was isolated from two-day old Sprague
Dawley rats (Charles River Laboratories, Wilmington, MA)
in accordance with procedures approved by the Harvard
University IACUC. Briefly, neonatal rats were euthanized
via decapitation and ventricular tissue excised through a
midsternal incision. Isolated ventricular tissue was disso-
ciated into single cells via incubation in a 0.1% (w/v)

trypsin solution (USB Corp., Cleveland, OH) with mechan-
ical agitation at 4�C for 12 h, followed by four serial incuba-
tions in a 0.1% (w/v) solution of collagenase type II
(Worthington Biochemical, Lakewood, NJ) at 37�C for
2 min each. Following dissociation, cell solutions were sub-
jected to two serial preplating steps in T175 culture flasks
for 45 min each to enrich the cardiac myocyte population.
Isolated cardiac myocytes were seeded onto MTF substrates
with micro-contact printed FN ECM patterns at a density of
100,000 cells/cm2 and maintained in a culture medium con-
sisting of Medium 199 (Invitrogen, Carlsbad, CA) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS), 10 mM HEPES, 20 mM glucose, 2 mM L-glutamine,
1.5mM vitamin B-12, and 50 U/mL. The amount of FBS in
the culture medium was reduced to 2% (v/v) from the
second day of culture onward to limit non-myocyte prolif-
eration, and medium was exchanged every 48 h thereafter.

MTF contractility measurements

For measurement of contractile force generation by engin-
eered cardiac tissues, MTF chips were transferred to a stereo-
microscope with darkfield base, (Leica Microsystems Inc.,
Wetzlar, Germany) in a 60 mm Petri dish filled with a
normal Tyrode’s solution (mM, 5.0 HEPES, 5.0 glucose, 1.8
CaCl2, 1.0 MgCl2, 5.4 KCl, 135.0 NaCl, and 0.33 NaH2PO4;
reagents from Sigma Aldrich, St. Louis, MO) at 37�C. Bath
temperature was allowed to drop below the PiPAAm transi-
tion temperature to release the free edges of the cantilevers
from the glass coverslip and allow the MTFs to bend away
from the glass as the engineered tissues contracted. Video
recordings of MTF length (prior to peeling the films off)
and x-projection as cardiac tissues contracted were taken at
100 fps using a high-speed CCD camera (A602f Basler Inc,
Exton, PA) controlled by LabView (National Instruments,
Austin, TX). During recordings, engineered cardiac tissues
were paced at 2 Hz (5–10 V, 10 ms pulse) using an external
field stimulator (Myopacer, IonOptix Corp., Milton, MA)
in a temperature-controlled bath (34–37�C) throughout the
experiment.

The stress produced by engineered cardiac tissues was
calculated from the radius of curvature produced by bend-
ing of the MTFs as previously described.43,44 The length (L)
and x-projection of the MTFs (x) was measured using
custom image processing software. The radius of curvature
was numerically calculated according to

x ¼
r sin L

r

� �
) 2L

� 5 x5L

r) L
2� 5 x5 2L

�

(
ð1Þ

The radius of curvature and thickness of the PDMS layer
of the MTF were input for every film and analyzed using a
custom script written in MatLab (Mathworks, Natick, MA)
to calculate the stress according to a volumetric growth
method.45,46 The systolic and diastolic stresses were calcu-
lated as the average of the maxima and minima in the
oscillating stress trace, respectively. The active stress
was calculated as the difference between the systolic and
diastolic stresses.
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Immunohistochemical staining

Samples were fixed in 4% (v/v) paraformaldehyde with
0.05% (v/v) Triton X-100 in PBS at room temperature
for 10 min, followed by three rinses in room temperature
PBS. Then, samples were incubated in a primary antibody
solution consisting of 1:200 dilutions of monoclonal antisar-
comeric a-actinin antibody (A7811, clone EA-53, Sigma
Aldrich, St. Louis, MO), polyclonal anti-FN antibody
(F3648, Sigma-Aldrich, St. Louis, MO), 40,60-diamidino-2-
phenylindole hydrochloride (Invitrogen, Carlsbad, CA),
and Alexa Fluor 633-conjugated phalloidin (Invitrogen,
Carlsbad, CA) for 1 h at room temperature. Samples were
then rinsed three times in room temperature PBS and incu-
bated in 1:200 dilutions of Alexa Fluor 488-conjugated goat
anti-mouse IgG and Alexa Fluor 546-conjugated goat anti-
rabbit IgG secondary antibodies (Invitrogen, Carlsbad, CA)
for 1 h at room temperature. Fluorescence imaging was per-
formed using a Zeiss LSM confocal microscope (Carl Zeiss
Microscopy, Jena, Germany).

Quantitative assessment of sarcomere organization

Fluorescence images of sarcomeric a-actinin in immunohis-
tochemically labeled engineered cardiac tissues were used
to assess global z-line organization with custom software
implemented in ImageJ (NIH, Bethesda, MD) and Matlab
(Mathworks, Natick, MA) that utilize previously described
algorithms41 and improve upon their ability to distinguish
a-actinin associated pixels from image noise.47 Briefly,
sarcomere orientation (~r ¼ ½ri,rj �) at every pixel was calcu-
lated using a ridge detection algorithm.48 The orientational
order parameter (OOP) was calculated as the maximum
eigenvalue of the following tensor

T ¼ 2
riri rirj

rirj rjrj

� �
�

1 0

0 1

� �� �
ð2Þ

The OOP ranges from zero for isotropic systems to one
for perfectly aligned systems49,50 and was used as a metric
for global sarcomere organization in engineered tissues,
with values approaching one indicating a high degree of
parallel sarcomere alignment throughout the tissue, and
values approaching zero representing tissues with more
random sarcomere alignment.

RT-qPCR gene expression measurements

Total RNA was collected in triplicate from both isotropic and
micropatterned anisotropic samples using a Stratagene
Absolutely RNA Miniprep kit (Agilent Technologies, Santa
Clara, CA) according to the manufacturer’s instructions and
in triplicate from three-month-old Sprague Dawley rat ven-
tricular tissue using an RNeasy mini fibrous tissue kit
(Qiagen Inc, Valencia, CA). Genomic DNA contamination
was eliminated by incubating the RNA lysates in DNase I
digestion buffer at 37�C for 15 min during the RNA purifica-
tion procedure. The quantity and purity of RNA lysates was
assessed using a Nanodrop spectrophotometer (Thermo
Scientific, Wilmington, DE). Purified total RNA samples
with OD 260/280 ratios greater than 1.8 were used for RT-
qPCR measurements. Complementary DNA strands were

synthesized for genes of interest using an RT2 first-strand
synthesis kit (Qiagen Inc, Valencia, CA). Five hundred nano-
grams of total RNA was used from each lysate for each first-
strand synthesis reaction. Expression levels for specific genes
of interest were measured using custom RT2 Profiler RT-PCR
arrays (Qiagen Inc, Valencia, CA) and a Bio-Rad CFX96
RT-PCR detection system (Hercules, CA). Statistical analysis
of RT-qPCR threshold cycle data was carried out with the
web-based RT2 Profiler PCR Array Data Analysis Suite ver-
sion 3.5 (Qiagen Inc, Valencia, CA) according to published
guidelines.51

Adult rat ventricular muscle strip measurements
of inotropic response to CaCl2 and isoproterenol

Experiments on isolated adult rat muscle strips were
conducted in accordance with the GlaxoSmithKline Policy
on the Care, Welfare and Treatment of Laboratory Animals
and were reviewed by the IACUC at GlaxoSmithKline.
Male Sprague Dawley rats (350–500 g) were anesthetized
via inhalation of isoflurane (5% in O2) and euthanized by
cervical dislocation. The heart was removed and placed
in cold (4�C), oxygenated (95%O2:5%CO2) Krebs buffer con-
taining 10 mU/mL insulin and the following (mM): NaCl,
112.0; KCl, 4.7; KH2PO4, 1.2; MgSO4, 1.2; CaCl2, 2.5;
NaHCO3, 25.0; dextrose, 11.0 (pH 7.4). Right ventricular
tissue was excised, cut into strips (approximately 2 mm
wide by 12 mm long) and suspended in 10 mL organ
baths containing Krebs–Henseleit buffer maintained at
30�C and aerated with 95%O2:5%CO2 (pH 7.4). Changes
in isometric force were measured under 1.0 g resting ten-
sion using force–displacement transducers and recorded
using Chart 5.0 software (AD Instruments, Colorado
Springs, CO). The ventricular strips were suspended and
stimulated using Radnoti cardiac point stimulating elec-
trodes at 20–30 V for 15 ms with a frequency of 0.3 Hz.
After a 60 min equilibration period, 5 mM CaCl2 was
added to the tissue bath and the increase in contractility
was allowed to plateau (�5 min). Following washout,
CaCl2 inotropic response was measured using cumulative
1.5 log concentrations starting at 0.05 mM and ending at
10 mM. After a final washout, cumulative 1.0 log concentra-
tions of isoproterenol (Sigma Aldrich, St. Louis, MO) were
administered every 5 min, starting at a concentration of
1e�10 M and ending with a concentration of 1e�4 M.
Concentration–response curve analysis was performed
using a four parameter logistic regression model

y ¼ minþ
max�min

1þ x
EC50

� 	�Hillslope
ð3Þ

where EC50 is the x value for the point on the curve that is
halfway between the min and max parameters, which rep-
resents the half-maximal effective concentration. The Hill
slope is defined as the slope of the curve at its midpoint,
where large values represent a steep curve and small values
represent a shallow curve. Statistical and concentration–
response curve analysis were performed using SigmaPlot
12.0 (Systat Software, Inc., San Jose, CA).
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Neonatal rat MTF measurement of inotropic
response to isoproterenol

The contractile response of anisotropic engineered myocar-
dium to increasing concentrations of the b-adrenergic agon-
ist isoproterenol was measured as follows. A 100 mM stock
solution of isoproterenol (Sigma Aldrich, St. Louis, MO)
containing 110 mM ascorbic acid (Sigma Aldrich, St. Louis,
MO) and 45 mM EDTA (Sigma Aldrich, St. Louis, MO) was
prepared in Tyrode’s solution and stored at�20�C. Working
concentrations were prepared fresh for each experiment by
serial 10-fold dilution and kept on ice and protected from
light during experiments. MTF chips with anisotropic
engineered myocardium were prepared and contractile
stress generation was measured as described above. Base
line recordings of contractile stress were captured after
pacing the films at 2 Hz in 37�C Tyrode’s solution for
10 min. The engineered tissues were exposed to concentra-
tions of isoproterenol ranging from 1e�10 to 1e�4 M by
cumulative addition of 1.0 log concentrations every 5 min
according to the procedure used for isolated adult rat
muscle strips described above. Statistical and concentra-
tion–response curve analysis were performed as described
above for adult rat isolated muscle strip data.

Results
Fabrication of anisotropic engineered myocardium
using micro-contact printed ECM guidance cues

Previous work has shown that extracellular boundary cues
provided to isolated cardiac myocytes by micro-contact
printed ECM patterns guide myofibril assembly in a pre-
dictable and reliable manner.37,38 Moreover, the architecture
adopted by cardiac myocytes cultured on micro-contact
printed ECM patterns has been shown to influence both
Ca2þ dynamics40 and contractility41,52 in engineered myo-
cardium. We hypothesized that these micro-contact printed
ECM patterns could be used to fabricate engineered myo-
cardium that mimics in vivo myocardium. To examine the
relationship between tissue architecture and in vitro matur-
ation of engineered myocardium, we used micro-contact
printing to fabricate cell culture substrates with ECM

patterns designed to promote the adoption of elongated
cellular morphology and parallel myocyte alignment that
typifies in vivo myocardium (Figure 1(a)). For comparison,
we cultured isolated cardiac myocytes on substrates coated
with a uniform layer of FN, in the manner typically used for
in vitro studies (In vitro Iso; Figure 1(b)i), that provided no
specific geometric guidance cues to the cells (Figure 1(b)ii).
We designed two ECM patterns that presented cultured
cardiac myocytes with guidance cues to drive their self-
organization into aligned tissues. ECM patterns consisting
of 15 mm wide lines of FN spaced 15 mm apart (In vitro Lines;
Figure 1(c)i) were created to simulate areas of the myocar-
dium where embedded non-muscle structures, such as
blood vessels, are physically adjacent to cardiac myocytes
and influence their organization.41 This ECM pattern gave
rise to thin bands of parallel myocardial fibers with few
transverse connections (Figure 1(c)ii). However, the spacing
in between these linear constructs did not give rise to engin-
eered myocardium that accurately recapitulated the
sheet-like architecture of the myocardium, so we designed
a second pattern of 15 mm wide lines of FN spaced 2mm
apart (In vitro Aniso; Figure 1(d)i) that imposed parallel
cellular alignment, while still promoting transverse cou-
pling between neighboring cardiac myocytes (Figure 1(d)ii).

Engineered myocardium recapitulates the sarcomere
organization of adult myocardium

To assess the influence of ECM guidance cues on the myo-
fibril architecture of engineered myocardium, immuno-
fluorescence imaging of sarcomeric a-actinin was used to
visualize z-line orientation and to quantify global, tissue-
level sarcomere organization as previously described.37

Isotropic tissues exhibited z-lines organized randomly in
several orientations (Figure 2(a)i), with only small regions
of localized anisotropy (Figure 2(a)ii). In contrast, the In vitro
Lines directed the cardiac myocytes to grow on FN lines just
wide enough for them to attach to the substrate end to end
and form parallel arrays of muscle fibers (Figure 2(a)iii),
imposing a high degree of parallel sarcomere alignment
(Figure 2(a)iv). Similarly, the In vitro Aniso engineered

Figure 1 Controlling the tissue architecture of engineered myocardium using ECM guidance cues. (a) The architecture of engineered cardiac tissues was controlled

by micro-contact printing the ECM protein fibronectin (FN) into the desired pattern. Three distinct ECM patterns were chosen for this study to assess the contribution of

tissue architecture to the maturation of engineered myocardium in vitro. (b) In Vitro Iso: coverslips coated uniformly with FN (i), gave rise to monolayers of randomly

oriented cardiomyocytes (ii). (c) In Vitro Lines: micro-contact printed 15mm wide FN lines spaced 15mm apart (i) produced linear arrays of highly aligned cardiac

myocytes (ii). (d) In Vitro Aniso: micro-contact printed 15mm wide FN lines spaced 2 mm apart (i) produced confluent anisotropic sheets of cardiac myocytes (ii). For

panels bi, ci, di, scale bars¼10 mm. For panels bii, cii, dii, scale bars¼100 mm
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myocardium (Figure 2(a)v) also exhibited a high degree of
uniaxial, parallel z-line alignment (Figure 2(a)vi). To assess
how closely the architecture of our engineered myocardium
recapitulated the in vivo myocardium, sarcomeric a-actinin
immunofluorescence imaging was performed on longitu-
dinal sections taken through the adult rat ventricular myo-
cardium (Figure 2(a)vii). These micrographs revealed a high
degree of uniaxial z-line organization, similar to that
observed in the In vitro Line and In vitro Aniso engineered
myocardium (Figure 2(a)viii). To quantitatively compare the
differences in global z-line organization between the different
conditions, custom image processing software was used to
measure the orientation angles of the z-lines observed in the
a-actinin micrographs and use those angles to calculate the
Orientational Order Parameter (OOP) for each tissue archi-
tecture.41,47 The OOP can take on a value between zero, rep-
resenting completely random organization, and one,

representing perfect parallel alignment. These values
allowed statistical comparisons of global sarcomere align-
ment between engineered myocardium and the histological
sections of adult rat myocardium (Figure 2(b)). The sarco-
meric OOP of the In vitro Iso engineered tissues was close
to zero, corresponding to the large distribution of z-line orien-
tation angles observed in these samples. In contrast, the sar-
comeric OOP values for the In vitro Lines and In vitro Aniso
engineered myocardium were significantly higher (p< 0.05)
than those observed in the In vitro Iso tissues. Moreover, the
adult rat heart tissue sections exhibited a sarcomeric OOP
value that closely matched the OOP values for the In vitro
Lines and In vitro Aniso engineered myocardium. Taken
together, these results show that the degree of parallel sarco-
mere alignment imposed by anisotropic ECM boundary con-
ditions recapitulated the degree of sarcomere alignment
observed in the ventricular myocardium.

Figure 2 Comparison of global sarcomere alignment in engineered and adult myocardium. (a) Assessment of sarcomeric a-actinin fluorescence micrographs of

isotropic samples (i) revealed random z-line organization as illustrated in the schematic below (ii). In contrast, a-actinin micrographs of cardiac myocytes cultured on

15 mm wide FN lines spaced 15mm apart (iii), displayed the high degree of parallel alignment expected from the ECM patterning, as illustrated in this schematic (iv). The

z-lines of cardiomyocytes cultured on 15 mm wide FN lines spaced 2mm apart (v) also displayed the degree of parallel z-line alignment expected from this ECM pattern,

as illustrated in this schematic (vi). Comparison of micro-contact printed engineered myocardium to the z-line organization observed in histological sections of the adult

rat ventricular myocardium (vii) reveals a similar level of global sarcomere alignment as illustrated in this schematic (viii). (b) Statistical comparison of global sarcomere

alignment quantified using the Orientational Order Parameter revealed that the anisotropic engineered myocardium showed similar levels of alignment to the adult

rat ventricular myocardium. n¼3 tissues for In Vitro Iso, In Vitro Lines, and In Vitro Aniso; n¼4 ventricles for Adult Heart. Scale bars¼10 mm. *¼ P< 0.05 versus

In vitro Iso
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Tissue architecture influences contractility
in engineered myocardium

The relationship between tissue architecture and contractil-
ity was assessed in our engineered myocardium using the
MTF contractility assay.43,44,53 These MTF constructs con-
sisted of a layer of cardiac myocytes cultured on top of
thin, rectangular elastic films attached to a glass coverslip.
Once the free edges of the MTFs were released from the
coverslip, shortening of the cardiac myocytes during each
contraction cycle caused the films to bend up out of the
plane of the coverslip, with the MTFs lying flat against
the substrate during diastole (Figure 3(a)i,ii), and at max-
imum curvature during peak systole (Figure 3(a)iii,iv).
High speed imaging of film curvature allowed visualization
of the temporal profile of MTF bending and was used to
calculate the amount of contractile stress generated by each
type of engineered myocardium.53 In vitro Iso tissues exhib-
ited a flat contractile stress profile, indicative of the inability
of the randomly organized cardiac myocytes to generate
enough uniaxial contractile stress to substantially bend
the MTF cantilevers (Figure 3(b)i). In contrast, the more
highly aligned In vitro Lines (Figure 3(b)ii) and In vitro
Aniso (Figure 3(b)iii) engineered myocardium exhibited
substantially greater contractile force. Statistical compari-
son of the diastolic and peak systolic stresses generated
by the In vitro Iso, In vitro Lines, and In vitro Aniso engin-
eered myocardium revealed that the In vitro Lines and
In vitro Aniso engineered tissues both generated

significantly (p< 0.001) higher values than the In vitro Iso
tissues (Figure 3(c)). Comparison of the twitch stress (i.e. the
difference between the diastolic and peak systolic stresses)
generated by each type of engineered tissue revealed that
the In vitro Lines and In vitro Aniso engineered tissues both
generated significantly (p< 0.001) higher values than the
In vitro Iso tissues. Twitch stress values calculated for the
adult rat ventricular muscle strips (Adult Heart) were com-
parable to values measured in the In vitro Lines and In vitro
Aniso engineered myocardium, but significantly (p< 0.001)
higher than those observed in the In vitro Iso tissues
(Figure 3(c)). Furthermore, comparison of the auxotonic
twitch stress values for the engineered myocardium to iso-
metric contractile stress values reported in the literature
for ventricular papillary muscle strips showed that the
In vitro Lines and In vitro Aniso, but not In vitro Iso engin-
eered cardiac tissues exhibited values within the same
range.54,55 Taken together, these results show that the aniso-
tropic myofibril architecture imposed by the micro-
patterned ECM cues gave rise to engineered myocardium
with contractile performance comparable to isolated adult
rat muscle strips commonly used for studies of cardiac con-
tractility and inotropic response to drug compounds.57

Inotropic response to CaCl2 and isoproterenol
in engineered and adult myocardium

A key aspect that distinguishes mature from immature
myocardium is inotropic response to changes in

Figure 3 Measurement and comparison of contractile performance in engineered rat myocardium. (a) Engineered myocardium cultured on MTF cantilevers lay

almost flat against the substrate during diastole (i, ii) and curled up out of the plane of the substrate during systolic contraction (iii, iv), scale bars¼ 1 mm. (b) High speed

video recording allows calculation of stress traces during contraction cycles. Representative stress traces for engineered tissues In Vitro Iso (i), In Vitro Lines (ii), In Vitro

Aniso (iii). (c) Statistical comparison of diastolic (rest), peak systolic (maximum contraction), and twitch (difference between diastolic and peak systolic) stresses

generated by engineered myocardium with isotropic (In Vitro Iso) and anisotropic (In Vitro Lines, In Vitro Aniso) sarcomere organization. Twitch stress from baseline

measurements of adult rat muscle strip contractility (Adult Heart) were calculated and compared to values calculated for engineered myocardium. In Vitro Lines, and In

Vitro Aniso engineered myocardium demonstrated twitch stress values within the range reported for adult myocardium54,55,56 (In vitro Iso: n¼11 films, #chips¼3; In

Vitro Lines: n¼12 films, #chips¼3; In Vitro Aniso: #chips¼3; n¼11 films, Adult Heart: n¼11 muscle strips), **¼P<0.001 versus In vitro Iso
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extracellular Ca2þ concentration and adrenergic agon-
ists.58–60 Isolated preparations of adult ventricular muscle
are commonly used to measure the contractile response of
the myocardium to drug compounds,61 and the response of
the rat myocardium to b-adrenergic stimulation has been
studied extensively,59,62–64 making it a good candidate for
determining whether the engineered cardiac tissues recap-
itulate the contractile response profile observed in isolated
heart tissue preparations. We exposed adult rat muscle
strips and engineered myocardium to increasing concentra-
tions of CaCl2 ranging from 0.05 to 10 mM to compare
their contractile response to changes in extracellular Ca2þ

concentration (Figure 4(a)). Adult rat muscle strips
(Adult Heart) exhibited increasing contractile force as
Ca2þ concentration increased, demonstrating a half max-
imal effective concentration (EC50) of 3 mM (Figure 4(b)).
In comparison, the In Vitro Lines (Figure 4(c)) and In Vitro
Aniso (Figure 4(d)) engineered myocardium also exhibited
increasing contractile stress generation in response to
increasing Ca2þ concentrations, though to a lesser magni-
tude than the adult rat muscle strips, demonstrating EC50

concentrations of 7 and 5 mM, respectively.
To assess the inotropic response of our engineered myo-

cardium to b-adrenergic stimuli, we exposed them to the b-
adrenergic agonist isoproterenol in concentrations ranging
from 100 pM to 100mM and measured their contractility
using the MTF platform (Figure 4(e)). The concentration–
response profile of muscle strips isolated from the ventricu-
lar myocardium of adult rats was also measured to provide
a comparison for assessing the physiological response of the
In vitro Lines and In vitro Aniso engineered myocardium to
isoproterenol exposure. In agreement with previously
reported studies,59,60,63 adult rat ventricular muscle strips
(Adult Heart) exhibited a half maximal effective concentra-
tion (EC50) of 35 nM with respect to their contractile
response to isoproterenol (Figure 4(f)). In comparison, neo-
natal rat cardiac myocytes cultured on 15mm wide lines of
FN spaced 15 mm apart (In vitro Lines) exhibited an EC50 of
200 nM (Figure 4(g)), and those cultured on 15 mm wide
lines of FN spaced 2 mm apart (In vitro Aniso) exhibited an
EC50 of 143 nM (Figure 4(h)). Although statistical compari-
son of the EC50 values calculated for the engineered and
adult rat myocardium did not reveal a significant difference
between them (one-way ANOVA, P¼ 0.96), the In vitro
Lines and In vitro Aniso nonetheless exhibited an order of
magnitude less sensitivity to isoproterenol than the adult
rat ventricular muscle strips. A substantial increase in con-
tractile response variability was observed at isoproterenol
concentrations greater than 100 nM in the engineered myo-
cardium conditions, potentially due to inherent variation in
the maximal contractile rate between preparations. It has
been previously shown that engineered tissues comprised
of neonatal rat cardiomyocytes exhibit limited inotropic
response to isoproterenol at concentrations of 1mM and
above.10 Taken together, these results indicate that although
we observed a trend toward positive inotropic response in
our engineered myocardium, mimicking the laminar archi-
tecture of the in vivo myocardium is just one of many micro-
environmental cues necessary to recapitulate the inotropic
response profile of adult heart muscle tissue.

Comparison of engineered and adult rat myocardium
gene expression profiles

Alterations in cardiomyocyte shape mediated by cytoskel-
etal remodeling have been shown to influence gene expres-
sion in vivo during the early stages of prenatal cardiac
morphogenesis65–67 with distinct, chamber-specific expres-
sion profiles as heart development progresses.68,69 We
postulated that recapitulating the cellular architecture and
parallel alignment observed in the myocardium in vivo may
influence the expression of cardiac genes in vitro toward
expression levels observed in postnatal cardiac myocytes.
To test this hypothesis, we performed RT-qPCR measure-
ments of the expression of a panel of genes associated with
myocardial development and function (Table S1) on engin-
eered and adult rat myocardium. We calculated fold change
for the engineered myocardium samples versus the adult
heart expression values, and used Gene Expression
Dynamics Inspector (GEDI)70 software to visually compare
and contrast how closely the global expression profiles of
the In Vitro Iso (Figure 5(a)i), In Vitro Lines (Figure 5(a)ii),
and In Vitro Aniso (Figure 5(a)iii) engineered tissues match
the profile of the mature myocardium. GEDI uses a self-
organizing map algorithm to cluster genes according to
expression profile and maps them to a mosaic grid of
user-defined size. Each tile in the mosaic is colored accord-
ing to the centroid fold change value of the genes that were
clustered into that tile to create a visual map of the global
expression profile for each type of engineered tissue versus
the adult myocardial tissue. Comparison of the GEDI
mosaics revealed clusters of genes that exhibited differen-
tial expression profiles between the In Vitro Iso (Figure
5(a)i) and In Vitro Aniso (Figure 5(a)iii) conditions.
Hierarchical clustering analysis of the In Vitro Iso, In Vitro
Lines, In Vitro Aniso, and adult heart gene expression pro-
files (Figure 5(b)) revealed that the adult heart expression
profile was largely distinct from those of the engineered
myocardium samples, with respect to a number of myofib-
ril and ion channel genes. Particularly, potassium ion chan-
nel subunit genes associated with voltage-gated (i.e. Kcna5,
Kcnd2) and inwardly rectifying (i.e. Kcna5, Kcnd2) potas-
sium channels exhibited greater than 20-fold down-regula-
tion in the engineered myocardium relative to the adult rat
myocardium (Figure 5(a)i–iii). However, similar expression
levels were observed for a number of integrin (i.e. Itga4,
Itga5, Itgb3) and voltage-gated Ca2þ channel (i.e. Cacna1g,
Cacna1h, Cacna1d) genes with the In Vitro Lines and In Vitro
Aniso engineered myocardium. It is well established that in
the rodent myocardium, b-myosin heavy chain (b-MHC) is
the predominant MHC isoform expressed during prenatal
development, and that expression levels switch to favor
a-MHC postpartum.71 Thus, we calculated the ratio of
a-/b-MHC for our adult heart and engineered myocardium
as a metric of maturation for the In Vitro Iso, In Vitro Lines,
and In Vitro Aniso samples (Figure 5(c)). The In Vitro Lines
engineered myocardium exhibited an a-/b-MHC ratio
closest to the Adult Heart samples, but no significant differ-
ences were measured between any of the samples.
The ventricular isoform of myosin light chain (Myl2) also
serves as a marker of ventricular myocardial develop-
ment,68 thus we examined the expression level of this

8 Experimental Biology and Medicine
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



Figure 4 Measurement and comparison of inotropic response to CaCl2 and isoproterenol in engineered and adult rat myocardium. (a) Example stress trace from MTF

contractility measurements illustrating the Calcium chloride (CaCl2) concentration response protocol used to compare the inotropic response profiles of engineered and

adult rat myocardium. CaCl2 was administered cumulatively over 5 min intervals to achieve bath concentrations ranging from 0.05 to 10 mM, and contractile stress

measurements were recorded at each concentration. (b) Percent change from baseline contractile response profile of ventricular muscle strips isolated from adult rats

(Adult Heart) to increasing CaCl2 concentration, EC50¼3 mM, n¼6 muscle strips. (c) Percent change from baseline contractile response profile of engineered

myocardium comprised of neonate rat cardiac myocytes cultured on 15 mm wide FN lines spaced 15mm apart (In Vitro Lines) to increasing CaCl2 concentration,

EC50¼7 mM, n¼ 9 MTFs, #chips¼ 2. (d) Percent change from baseline contractile response profile of engineered myocardium comprised of neonate rat cardiac

myocytes cultured on 15mm wide FN lines spaced 2 mm apart (In Vitro Aniso) to increasing CaCl2 concentration, EC50¼5 nM, n¼15 MTFs, #chips¼3. (e) Example

stress trace from MTF contractility measurements illustrating the Isoproterenol (Iso) concentration–response protocol used to compare the inotropic response profiles

of engineered and adult rat myocardium. Baseline contractile stress measurements were recorded for 10 min, then Iso concentrations ranging from 10�10 to 10�4 M

were administered in 5 min intervals and recordings of contractile force were taken for each muscle construct. (f) Percent change from baseline contractile response

profile of ventricular muscle strips isolated from adult rats (Adult Heart) to isoproterenol exposure, EC50¼35 nM, n¼ 4 muscle strips. (g) Percent change from baseline

contractile response profile of engineered myocardium comprised of neonate rat cardiac myocytes cultured on 15mm wide FN lines spaced 15 mm apart (In Vitro Lines)

to isoproterenol exposure, EC50¼200 nM, n¼13 MTFs, #chips¼4. (h) Percent change from baseline contractile response profile of engineered myocardium com-

prised of neonate rat cardiac myocytes cultured on 15mm wide FN lines spaced 2mm apart (In Vitro Aniso) to Iso exposure, EC50¼143 nM, n¼ 15 MTFs, #chips¼4. *¼

P<0.05 versus baseline, ** ¼ P< 0.001 versus baseline. Data presented as mean�SEM
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gene in each of our engineered tissues and compared it
to the expression level in adult left ventricular tissues
(Figure 5(d)). Adult rat myocardium exhibited significantly
(P< 0.05) higher expression of ventricular myosin light
chain (Myl2) than the In Vitro Iso and In Vitro Lines tissues.
However, the In Vitro Aniso engineered myocardium more
closely matched the expression level observed in the adult
rat heart. Taken together, these results suggest that physical
microenvironmental cues provided by patterned ECM
influence the expression of myofibril-related genes
in vitro, but additional cues are needed to fully recapitulate
the cardiac gene expression profile of adult myocardium.

Discussion

In this study, we asked if engineered myocardial tissues
designed to mimic the anisotropic architecture of the
native myocardium could recapitulate the physiological
characteristics of adult heart muscle. In vivo, myocardial
development is the product of a diverse set of biochemical
and mechanical cues that are spatially and temporally
choreographed to drive cardiac myocyte maturation
and the formation of well-ordered myocardial tissue.15

The mechanical linkage provided by integrin receptors
between the ECM and the cytoskeleton serves as a signaling
conduit that has been implicated in regulating a number
of biological processes, such as cell spreading and sarco-
mere formation, over the course of myocardial develop-
ment.15,72 The laminar architecture of the myocardium
greatly influences its functional performance, and micro-
contact printed ECM substrates provide a robust platform
for examining this interrelationship. Studies by Rohr et al.32

were the first to show that ECM micro-patterning tech-
niques can be used to create muscle tissue constructs
from neonatal rat cardiac myocytes with precisely defined
and reproducible cellular morphology and organization.
Moreover, they showed that these micro-patterned strands
of aligned cardiac myocytes exhibited impulse propagation
and anisotropy ratios that closely matched in vivo
measurements.35,36,73

We found that imposing anisotropic tissue architecture
via ECM patterning cues influenced the maturation
of engineered myocardium comprised of neonatal rat car-
diac myocytes toward the adult phenotype. Micro-contact
printed ECM was used to direct the self-organization

Figure 5 Comparison of gene expression profiles in engineered and adult rat myocardium. RT-qPCR measurements were made for a panel of genes associated with

myocardial development (Supp. Table S1) on In Vitro Iso, In Vitro Lines, and In Vitro Aniso engineered myocardium, as well as explants from adult rat ventricular tissue.

(a) Fold change values were calculated against the Adult Heart tissue for the In Vitro Iso (i), In Vitro Lines (ii), In Vitro Aniso (iii) tissues and analyzed with Gene Expression

Dynamics Inspector (GEDI) to visualize global differences in the expression profiles between the engineered myocardium versus in vivo myocardium. (b) Heat map

illustrating hierarchical clustering of the engineered and in vivo myocardial tissue based on mean 2��Ct expression values. (c) a-/b-myosin heavy chain ratio was not

significantly different between engineered myocardium and adult myocardium, (d) In Vitro Iso and In Vitro Lines engineered myocardium samples both exhibited

significant differences in ventricular myosin light chain (MYL2) expression from Adult Heart tissue explants, whereas the In Vitro Aniso samples did not. n¼3 tissues for

all samples, * ¼ P<0.05 versus Adult Heart. Data presented as mean�SEM
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of neonatal cardiac myocytes into anisotropic sheets of
muscle tissue in vitro, and we examined their sarco-
mere organization, contractility, inotropic response to
b-adrenergic stimulation, and gene expression profile, to
determine the manner in which boundary conditions
imposed by the ECM patterns could influence the matur-
ation of engineered myocardium. It has been previously
shown that the cell shape and tissue architecture imposed
by geometric cues encoded in the ECM directly influence
sarcomere organization, calcium transients, conduction vel-
ocity, and contractile performance of engineered myocar-
dium.37–41,74 However, the degree to which these
engineered myocardial tissues match the physiological pro-
file of adult ventricular muscle has not been shown.
We compared and contrasted a number of important
aspects of myocardial tissue form and function between
our engineered and adult rat myocardium to gauge their
similarity. Comparison of global sarcomere z-line alignment
and contractile force generation showed that the engineered
anisotropic myocardium (In vitro Lines, In vitro Aniso) were
able to recapitulate the myofibrillar structure–function of
the isolated adult rat muscle strips. Previously, we reported
that neonatal rat cardiac myocytes cultured on lines
of micro-contact printed FN (In vitro Lines) exhibited sig-
nificantly (P< 0.05) higher global sarcomere alignment
than neonate cardiac myocytes cultured on FN patterns
designed to create anisotropic muscle sheets (In vitro
Aniso), as judged by OOP.41 We did not observe a statistical
difference between these conditions in this study due to
improvements in our micro-contact printing procedure for
fabricating anisotropic engineered myocardium,9 and to
the analysis software we developed for quantifying global
sarcomere alignment47 that resulted in a slight increase
in the mean OOP value for our engineered anisotropic
myocardium over what we have shown previously.
Additionally, the In vitro Lines and In vitro Aniso constructs
exhibited a trend toward positive inotropic response to the
b-adrenergic agonist isoproterenol with EC50 values within
the same order of magnitude as adult rat ventricular muscle
strips. Finally, comparison of gene expression in the aniso-
tropic engineered and adult rat myocardium revealed that a
number of key genes in myofibril development, particularly
myosin-related genes, demonstrated similar expression
profiles that were not recapitulated in the isotropic, ran-
domly organized in vitro tissues.

While the anisotropic tissue architecture imposed on
neonatal cardiac myocytes demonstrated a limited influ-
ence on their maturation state, cell shape is only one of
many factors that contribute to the development of cardiac
myocytes. Factors such as substrate stiffness,42 time in
culture,75 electrical stimulation,76 and biochemical cues17

have all been shown separately to participate in cardiac
myocyte development, but optimal in vitro maturation
will likely require proper integration of these factors to
mimic the spatial and temporal kinetics of normal myocar-
dial development. Identifying the combination of microen-
vironmental signaling cues that drive optimal cardiac
myocyte development in vitro is an important design
consideration for fabricating engineered myocardium, par-
ticularly when human stem cell-derived cardiac myocytes

are used as the building blocks for the tissue.5,77,78 Another
limitation of our model system is that it is a two-
dimensional monolayer of a relatively homogeneous popu-
lation of cardiac myocytes that does not recapitulate the
three-dimensional architecture or heterotypic cellular
demographics of the in vivo myocardium. We designed
two distinct ECM patterns to simulate the different bound-
ary conditions present in the intact myocardium to study
the potential role that these physical cues may play in
cardiac development.26,37 As techniques and materials for
fabricating ECM substrates that more closely mimic the
three-dimensional architecture of the heart improve,79,80 it
will be of critical importance to understand the hierarchy of
boundary conditions that drive not only the self-organiza-
tion of cardiac myocytes, but also the role that those bound-
ary conditions play in development, in order to design
in vitro platforms for making clinically relevant measure-
ments of myocardial function for disease modeling and
drug testing.81–83

The results of this study demonstrate a role for ECM
geometric cues in promoting the maturation of develop-
mentally immature neonatal rat cardiac myocytes into
engineered myocardium that recapitulate the spatial order
of myofibril assembly, contractile performance, and inter-
estingly, the expression profile of key sarcomere genes
observed in adult rat ventricular myocardium. Using quan-
titative image analysis,47 and the MTF contractility
assay,9,52,53 we were able to compare and contrast the struc-
tural and functional properties that emerged in our engin-
eered myocardium with the myofibril organization and
contractile strength of the mature isolated ventricular
muscle strips that they are meant to replace. Moreover,
qPCR measurement of cardiac gene expression profiles in
engineered and adult rat ventricular myocardium demon-
strated similar Myl2 expression levels in the In vitro Aniso
and adult rat myocardium, suggesting a role for physical
microenvironmental cues in guiding myocardial develop-
ment beyond potentiating myofibril global alignment and
anisotropic tissue self-assembly. As platforms, such as
Organs-on-Chips increasingly rely on immature human
stem cell-derived cell types for generating human-relevant
mimics of tissue and organ function, the need to understand
and incorporate the necessary developmental cues becomes
urgent. Taken together, these findings show that ECM-
guided tissue architecture is a key aspect of myocardial
development in vitro.
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