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ABSTRACT: Human pluripotent stem cell-derived cardiomyo-
cytes (hPSC-CMs) can be utilized to understand the mechanisms
underlying the development and progression of heart disease, as
well as to develop better interventions and treatments for this
disease. However, these cells are structurally and functionally
immature, which undermines some of their adequacy in modeling
adult heart tissue. Previous studies with immature cardiomyo-
cytes have shown that altering substrate stiffness, cell anisotropy,
and/or cell−cell contact can enhance the contractile and
structural maturation of hPSC-CMs. In this study, the structural and calcium handling properties of human embryonic stem
cell-derived cardiomyocytes (hESC-CMs) were enhanced by exposure to a downselected combination of these three maturation
stimuli. First, hESC-CMs were seeded onto substrates composed of two commercial formulations of polydimethylsiloxane
(PDMS), Sylgard 184 and Sylgard 527, whose stiffness ranged from 5 kPa to 101 kPa. Upon analyzing the morphological and
calcium transient properties of these cells, it was concluded that a 21 kPa substrate yielded cells with the highest degree of
maturation. Next, these PDMS substrates were microcontact-printed with laminin to force the cultured cells into rod-shaped
geometries using line patterns that were 12, 18, or 24 μm in width. We found that cells on the 18 and 24 μm pattern widths had
structural and functional properties that were superior to those on the 12 μm pattern. The hESC-CMs were then seeded onto
these line-stamped surfaces at a density of 500 000 cells per 25-mm-diameter substrate, to enable the formation of cell−cell
contacts at their distal ends. We discovered that this combination of culture conditions resulted in cells that were more
structurally and functionally mature than those that were only exposed to one or two stimuli. Our results suggest that
downselecting a combination of mechanobiological stimuli could prove to be an effective means of maturing hPSC-CMs in
vitro.
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1. INTRODUCTION

Human pluripotent stem cell-derived cardiomyocytes can be
used as replacements for diseased or dead tissue in the heart, to
assess pharmacological treatments for heart disease, and to
model different developmental and pathological states of the
heart.1 However, to serve these roles effectively, hPSC-CMs
should mimic the developmental state of the cells that they are
meant to model or replace. Unfortunately, hPSC-CMs have
distinctly immature electrophysiological, structural, and
mechanical properties that undermine their use in these
studies.2 To effectively utilize the potential that hPSC-CMs
can offer, they must first be matured to a more adultlike cell
state prior to experimentation.3

Previous studies with immature cardiomyocytes have shown
enhanced maturation using several different methods.
Prolonged cell culture is one of the most common techniques,
which involves allowing the cells to grow in culture for an
extended period of time.4−8 Alternatively, cell biophysical
pathways can be activated via cues such as cell anisotropy,9−17

cell−cell contact,18,19 substrate stiffness,20−27 applied mechan-
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ical strain,28−39 or electrical pacing.40−44 Pharmacological and
viral biochemical agents have also been found to enhance the
maturation of immature cardiomyocytes.45−53 While many of
these developmental cues have been investigated, it would be
beneficial to clarify the impact of these individual stimuli, or
combinations of these stimuli, on hPSC-CM structure and
function.
Advanced custom culture environments have been used to

study the effect of simultaneously applying two or more stimuli
to the hPSC-CM culture environment.54−57 These studies have
discovered that a combination of pro-maturation stimuli, e.g.,
anisotropy and stiffness, can have compounding effects on
cardiomyocyte maturation. Based on these results, we
hypothesized that a downselected combination of these
techniques could be used to quickly advance hPSC-CM
maturation to a more adultlike phenotype. To examine this
hypothesis, we assessed the functional and structural enhance-
ment of hESC-CMs under combinations of three mechanobio-
logical stimuli: substrate stiffness, cell anisotropy, and cell−cell
contact.

2. MATERIALS AND METHODS
2.1. Cell Culture. Undifferentiated GCaMP3-expressing RUES2

hESCs58 were cultured with mouse embryonic fibroblast conditioned
media supplemented with basic fibroblast growth factor (R&D
Systems). Cardiac differentiation of the cells was based on a
previously published directed differentiation protocol59 (Figure 1).

Briefly, after plating in a monolayer, the cultures were switched to
RPMI media (Gibco) supplemented with B-27 minus insulin
(Gibco), activin A (R&D Systems), and Matrigel (Corning Life
Science). This was followed by subsequent feedings supplemented
with BMP4 (R&D Systems) and CHIR 99021 (Cayman Chemical),
followed by Xav 939 (Tocris Bioscience). After 20 days of directed
differentiation, cells were treated with a “pro-survival cocktail”
containing:60 Matrigel supplemented with 100 mM benzyloxycarbon-
yl-Val-Ala-Asp(O-methyl)-fluoromethyl ketone (Calbiochem), 50 nM
Bcl-XL BH4 (Calbiochem), 200 nM cyclosporine A (Wako Pure
Chemicals), 100 ng/mL IGF-1 (Peprotech), and 50 mM pinacidil
(Sigma−Aldrich); and were then cryopreserved.61 Dissociated cells
were seeded at a density of ∼250 000 cells per 25-mm-diameter
substrate (500 000 cells for experiments on cell−cell contact) in
RPMI medium supplemented with 10% fetal bovine serum (Life
Technologies). The following day, the culture media was removed
and replaced with serum-free RPMI, which was exchanged every other
day.
2.2. Preparation of Soft Silicone Substrates. PDMS substrates

were created with stiffnesses that span the physiological range from
normal to pathophysiological for cardiac tissue20−22,62 (see Figure
2A). These substrates were made by combining Sylgard 184
(prepared at a 10:1 ratio) and Sylgard 527 (Dow Corning) (prepared
at a 1:1 ratio) to yield PDMS mixtures of 0%, 5%, 10%, 15%, and 20%
Sylgard 184 by weight.63 Following mixing and degassing, the PDMS
mixtures were poured onto round No. 1 glass coverslips (VWR) that

were pretreated with oxygen plasma (SPI Supplies). The liquid PDMS
was cured in an oven at 65 °C for 20−24 h. Cured substrates were
then exposed to UV light (Jelight Company, Inc.) for 7 min to
activate their surfaces for protein transfer via microcontact printing.

2.3. Mechanical Characterization of Soft PDMS Substrates.
The Young’s modulus of each PDMS mixture was experimentally
determined by compression tests using an Instron 5585H Universal
Testing System (Instron Corp.). Compression samples were
cylindrical in shape, being 25 mm in diameter and 15−20 mm in
height. During testing, a constant strain of 1 mm/s was applied to all
samples and the corresponding stress was evaluated using Bluehill 3
Testing Software (Figure 2B). Young’s moduli were then calculated
from the linear portion of the stress−strain curves between a strain
value of 0 and 0.15 and averaged across three replicate experiments.

2.4. Stamp Fabrication and Stamping Process. For all
substrates, 150 μL of 50 μg/mL mouse laminin (Life Technologies)
was absorbed onto a flat PDMS stamp for 1 h. For unpatterned
surfaces, this stamp was then placed in direct contact with a UV-
treated soft PDMS substrate. Surfaces with line patterns of laminin
were created using a stamp-off technique64 (Figure 2C). LayoutEditor
software (layouteditor.com) was used to design a stamp containing
lines 12, 18, and 24 μm wide. To prevent cells from bridging across
these patterns, the gap between adjacent lines was designed to be 20
μm. SU-8 (MicroChem) versions of these patterned stamps were
fabricated via photolithography processes, as previously described.65

The resulting SU-8 master was used to make identical negative copies
of the line pattern by preparing Sylgard 184 PDMS (Dow Corning) in
a 20:1 (base-to-curing agent) ratio, degassing this mixture, pouring it
over the master, and curing the PDMS in a 110 °C oven for 10 min.
Flat stamps were made in a similar manner by casting a 30:1 PDMS
mixture on a clean, pattern-free silicon wafer. The resulting flat PDMS
was then cut into 1 cm × 1 cm square stamps, which were then coated

Figure 1. Cell culture protocol. Time course of media, supplements,
and culture substrates used for these experiments. [Legend: ins,
insulin; P/S, penicillin/streptomysin; L, live cell-imaging media; C,
CHIR 99021; A, Activin A; B, BMP 4; Xav, Xav 939; and F, fetal
bovine serum.]

Figure 2. Fabrication and characterization of soft PDMS substrates.
(A) Soft PDMS substrates of different stiffnesses were made by
coating mixtures of Sylgard 184 and Sylgard 527 onto glass coverslips.
(B) Stress−strain curves for cylindrical samples of soft PDMS were
obtained from compression tests and were used to determine the
Young’s modulus for each sample mixture by calculating the slope of
the stress−strain curve in the linear portion of each data set. (C) To
produce soft PDMS substrates with patterned lines of laminin, a
mixture of 20:1 Sylgard 184 was cured on a SU-8 silicon wafer that
contained a negative copy of the desired line pattern. This patterned
stamp was then used to selectively remove protein that has been
absorbed to a 30:1 Sylgard 184 flat stamp. The protein pattern on the
flat stamp is transferred to a UV-treated soft PDMS substrate by
bringing the two into contact. Once the pattern has been transferred,
the remaining surfaces of the substrate are coated with Pluronic to
restrict cell attachment to the patterned lines.
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with a layer of laminin (50 μg/mL). Protein regions were then
selectively removed from the flat stamp by bringing the UV-activated
patterned stamp into contact with its protein-absorbed surface. This
flat stamp was then brought into contact with the UV-activated
substrate, leaving behind the laminin line pattern.
2.5. Immunofluorescence Imaging. Following live experiments,

the cells were fixed to their underlying substrate and stained to assess
their morphological and structural state. Cells were fixed in a solution
of 4% paraformaldehyde (EMD Chemicals) in phosphate-buffered
saline (PBS). Prior to staining, the cells were permeabilized by
immersing the substrates in 0.5% Triton X-100 surfactant (EMD
Chemicals) for 10 min. Cell nuclei were stained with Hoechst 33342
(Life Technologies), while sarcomeric α-actinin was tagged with
monoclonal mouse anti-α-actinin (Sigma−Aldrich) and stained with
goat antimouse AlexaFluor 488 (Life Technologies). In addition,
patterned regions of laminin on top of the soft PDMS were treated
with rabbit antilaminin (Sigma−Aldrich) and stained with a goat
antirabbit AlexaFluor 647 (Life Technologies).
2.6. Calcium Imaging. For live calcium transient imaging, cell

media was replaced with Krebs-Henseleit buffer equilibrated at 95%
O2 and 5% CO2 a week following cell seeding. Calcium transients in
beating GCaMP3 hESC-CMs were recorded using a Hamamatsu
ORCA-Flash2.8 Scientific CMOS camera fitted on a Nikon Eclipse Ti
upright microscope. All videos were taken at 40× magnification, using
a water immersion objective. In addition, a live cell chamber was used
to maintain the cells at 37 °C throughout the imaging process.
2.7. Structural Analysis. Differences in cellular spread area,

aspect ratio, multinucleation percentage, nuclear volume, sarcomere
length, and Z-band width were assessed using ImageJ for all fixed and
stained cells (Figure 3A). These properties were assessed on a per-cell

basis for both individual hESC-CMs and those grown in cell−cell
contact. For cell−cell contact studies, cellular interaction was
confirmed by the presence of myofibrils which continued from one
cell to another. To calculate average sarcomere lengths, the Plot
Profile function was used to determine the average sarcomere length
across at least five parallel Z-bands, at three different locations
throughout the cell. These values were then averaged together to yield
the average sarcomere length for each cell. For Z-band width
measurements, we used the Fast Filter, Despeckle, Remove Outliers,
and Binary functions to define the borders of individual Z-bands.
Groups of at least five parallel Z-bands at three different locations
throughout the cell were analyzed using the Analyze Particles function
to find the major axis of each Z-band. These values were then
summed together to determine the average Z-band width value for
each cell.
2.8. Calcium Transient Analysis. All calcium transients were

analyzed on a per-cell basis, using a custom-written MATLAB code.
For cell−cell contact studies, cellular interaction was confirmed by

calcium transient synchrony. For each cell, the video frame with the
maximum average pixel intensity was identified and used to obtain the
cell boundary with thresholding and edge detection techniques. The
calcium signal intensity was then assessed by averaging the pixel
intensity within the defined cell boundary for each frame of the video.
The background signal intensity was determined by measuring the
fluorescent signal in an area far from the cell. The peak intensity (F)
and baseline intensity (F0) were then normalized by subtracting this
background signal, and the normalized intensity ratio was determined
using the following equation:

F
F

F F

F F0

max background

baseline background
=

−
− (1)

To determine differences in calcium transient properties between cell
groups, the normalized baseline intensity (F0), normalized maximal
intensity (F), normalized intensity ratio (F/F0), time to peak intensity
(Tpeak), time to 50% calcium reuptake (T50), time to 90% calcium
reuptake (T90), and the rates of calcium release (Rpeak), 50% reuptake
(R50), and 90% reuptake (R90) were analyzed (Figure 3B), where

R
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2.9. Statistical Analysis. Because of the nonparametric nature of
the data resulting from these studies, statistical differences in the
tested datasets were assessed using a Kruskal−Wallis ANOVA on
Ranks. Statistical differences between conditions were performed
using Dunn’s post hoc test with a correction for multiple comparisons.
Because of the binary nature of the multinucleation data, standard
error could not be computed and multiple treatments were compared
with Fisher’s test. These data are depicted graphically as scatter plots
containing experimental averages. Statistical significance was assessed
at p < 0.05 and is denoted in the figures presented in this work by
horizontal lines, where a single asterisk (*) denotes p < 0.05, two
asterisks (**) denote p < 0.01, three asterisks (***) denote p < 0.005,
and four asterisks (****) denote p < 0.001. Box and whisker plots
contain 5%−95% of the analyzed data, with the outliers shown as
black dots. The cross symbol (+) indicates the mean of the data.

3. RESULTS
3.1. Stiffness. The stress and strain data obtained from

compression testing was used to determine the compressive
moduli of the soft silicone samples made by mixing Sylgard
184 and Sylgard 527. Young’s moduli were then calculated
from the linear portion of the stress−strain curves and
averaged across three replicate experiments. The resulting
moduli were calculated to be 4.5 ± 0.8, 16.6 ± 2.7, 21.0 ± 1.8,
58.8 ± 2.2, and 101.3 ± 9.9 kPa, for 0%, 5%, 10%, 15%, and
20% Sylgard 184 mixtures, respectively.
Upon analyzing fixed and stained images of unpatterned

hESC-CMs on soft PDMS substrates of different stiffnesses
(Figure 4), it was observed that cell area, multinucleation, and
the nuclear volume fraction all showed significant trends based
on substrate stiffnesses. Specifically, cell area was highest on
the 21 kPa substrate and decreased with increasing or
decreasing stiffness. This same substrate stiffness was also
found to have the highest degree of cell binucleation, as well as
the lowest nuclei-to-cellular volume ratio. However, substrate
stiffness did not have a significant effect on cell aspect ratio, Z-
band width, or sarcomere length.

Figure 3. Analysis methods. (A) Example immunofluorescent image
of hESC-CM on a 20 kPa soft PDMS substrate (inset shows a high-
magnification view of cell sarcomeres, where the length of the yellow
line indicates a single measurement of Z-band width). (B)
Representative calcium trace, where the times at which the signal
initiates (Ton, black), reaches its peak value (Tpeak, red), decays to 50%
of the peak value (T50, blue), and decays to 90% of the peak value
(T90, green) are indicated. The rate of calcium release (Rpeak) is the
slope of the graph between time points Ton and Tpeak, the rate of 50%
calcium reuptake is the slope between Tpeak and T50, and the rate of
90% calcium reuptake is the slope between Tpeak and T90.
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Calcium transient analysis for cells on the 5, 21, and 101 kPa
substrates revealed that basal and maximal values of calcium
were significantly higher on the 21 kPa substrate (Figures 5A
and 5B), but no significant difference in the ratio of these
values was found (Figure 5C). The rates of calcium release,
50% reuptake, and 90% reuptake were not different for cells
seeded on substrates of different stiffnesses (Figures 5D−F). In
addition, there was no significant difference in the timing of

calcium transients (Tpeak, T50, T90) for these cells (Table 1),
indicating little or no dependence of these properties on
substrate stiffness. Together, the results from our morpho-
logical and calcium analyses indicate that the 21 kPa substrate
served as the best culture substrate for promoting the structural
enhancement of hESC-CMs. As such, this substrate stiffness
was used for all the following experiments.

Figure 4. Effect of substrate stiffness on the structural state of hESC-CMs. (A) Representative immunofluorescent images of hESC-CMs on
unpatterned soft PDMS substrates of different stiffnesses. These images were analyzed to quantify (B) cell spread area, (C) cell aspect ratio, (D)
percentage of binucleated cells, (E) percent of total cell area occupied by the nucleus, (F) Z-band width, and (G) sarcomere length. Lines on
graphs indicate significance at p < 0.05 ((*) p < 0.05, (**) p < 0.01, (***) p < 0.005, and (****) p < 0.001). Data compiled from N = 3
experiments and at least n = 45 cells per condition.

Figure 5. Effect of substrate stiffness on hESC-CM calcium transients. Shown here are the analyzed parameters of (A) normalized baseline calcium
signal, (B) normalized maximum calcium intensity signal, (C) normalized intensity ratio, and the rates of (D) calcium release, (E) 50% calcium
reuptake, and (F) 90% calcium reuptake. Lines on graphs indicate significance at p < 0.05 ((*) p < 0.05, (**) p < 0.01, (***) p < 0.005, and
(****) p < 0.001). Data compiled from N = 3 experiments and at least n = 30 cells per condition.
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3.2. Anisotropy. The effect of cell anisotropy on the
structural and functional enhancement of individual RUES2
hESC-CMs was assessed by using a stamp-off technique to
pattern lines of laminin onto 21 kPa soft PDMS surfaces.
Three different pattern widths of 12, 18, and 24 μm were
chosen in accordance with previous studies on cell
anisotropy.9,66−69 Following a week of culture on these
substrates, aligned and nonaligned cells on the same substrate
were analyzed and compared to determine the effects of forced
anisotropy on the structural and calcium handling properties of
these cells.
The capability of the stamp-off and microcontact printing

techniques to transfer lines of 12, 18, and 24 μm wide lines of
laminin onto soft PDMS surfaces was assessed by immuno-
fluorescent staining. The impact of substrate stiffness on
deposited laminin concentration was measured by quantita-

tively assessing the intensity of immunofluorescence antibody
staining (Figure S1 in the Supporting Information) but no
distinguishable trend was found. In addition, there was no
significant difference in laminin concentration for different
pattern widths (Figure S2 in the Supporting Information).
Several significant changes in cell organization and

morphology were found upon forcing hESC-CMs to adopt
an elongated cell morphology via microcontact printing (see
Figure 6). Cell area significantly decreased with decreasing
pattern width (Figure 6B), while the opposite relationship held
for cell aspect ratio (Figure 6C). Upon quantifying the number
of nuclei within patterned cells, we found that binucleation was
not significantly different among cells on different pattern
widths (Figure 6D), but the percentage of the cell volume
occupied by these nuclei significantly increased with decreasing
pattern width (Figure 6E). Lastly, Z-band widths were highest
on the 18 and 24 μm width patterns (Figure 6F), and
sarcomere length and alignment were both found to increase as
the pattern width decreased (see Figure 6G, as well as Figure
S3 in the Supporting Information).
Recent studies have found that, on moderately stiff culture

substrates (10−35 kPa), force generation is maximal in
myocytes that have an aspect ratio of ∼7:1, and as substrate
stiffness increases, this optimal aspect ratio decreases.10 Since
cells on the 12 μm pattern width had average aspect ratios
ranging from 8 to 10 and often had nuclei that spanned the
entire cell width (which is not ideal for calcium imaging),
calcium transients were only examined for unpatterned cells
and cells on the 18 and 24 μm wide patterns (see Figure 7).

Table 1. Time Course of Calcium Transients for hESC-CMs
on Substrates of Varying Stiffnessa

5 kPa 21 kPa 101 kPa

Tpeak (ms) 414.02 ± 39.95 389.21 ± 35.71 391.83 ± 36.83
T50 (ms) 351.08 ± 30.70 413.99 ± 56.89 314.47 ± 20.66
T90 (ms) 675.1 ± 58.13 652.59 ± 82.42 603.65 ± 42.87

aTpeak is the time to peak signal intensity, T50 is the time from peak
signal intensity to 50% signal decay, and T90 is the time to 90% signal
decay. Transient times are given as mean time ± standard error. No
significant differences were found between the three tested stiffness
conditions for p < 0.05. Data compiled from N = 3 experiments and at
least n = 30 cells per condition.

Figure 6. Effect of alignment on the structural maturation of hESC-CMs. (A) Representative immunofluorescent images of hESC-CMs on 21 kPa
soft PDMS substrates patterned with 12, 18, and 24 μm wide lines of laminin. An unpatterned cell from a substrate of the same stiffness is shown
for reference. These images were analyzed to assess differences in (B) cell spread area, (C) cell aspect ratio, (D) percentage of binucleated cells, (E)
percent of total cell area occupied by the nucleus, (F) Z-band width, and (G) sarcomere length. Lines on graphs indicate significance at p < 0.05
((*) p < 0.05, (**) p < 0.01, (***) p < 0.005, and (****) p < 0.001). Data compiled from N = 3 experiments and at least n = 35 cells per
condition.
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Analysis of these transients revealed that, although there was
no significant difference in basal intensity (Figure 7A) or
maximal intensity (Figure 7B), hESC-CMs aligned on either
18 or 24 μm patterns had significantly higher maximum-to-
basal calcium intensity ratios, when compared to unpatterned
hESC-CMs (Figure 7C). Anisotropy also led to increases in
the rates of calcium release (Figure 7D), 50% signal decay
(Figure 7E), and 90% signal decay (Figure 7F). Lastly, there
were no significant differences in the timing of calcium
transients (Table 2). Together, these results indicate that

pattern widths of less than 18 μm patterns result in cells with
higher than optimal aspect ratios, and those patterns larger
than 24 μm result in cells with poor sarcomeric structure,
suggesting that intermediate pattern widths are better suited
for growing and maturing hPSC-CMs. In addition, cell
anisotropy appears to have a positive effect on the calcium
transient properties of these cells.
3.3. Cell−Cell Contact. To determine the effect of cell−

cell contact on hESC-CMs, RUES2 hESC-CMs were seeded at
a high density onto 18 and 24 μm patterned lines of laminin
and allowed to form one-dimensional strips of cardiomyocytes.
Following a week of culture on these substrates, the same
properties described in our stiffness and cell anisotropy studies
were assessed, on a single-cell basis, to determine the effect of
cell−cell contact on the structural and functional state of these
cells (see Figure 8).

We found that cell−cell contact within 24-μm width
patterns led to significant increases in cell spread area, when
compared to single cells or lines of cells on the 18-μm pattern
width (Figure 8B). Although aspect ratios were still low on
average, cell−cell contact was able to produce increases in
these values (Figure 8C). The strongest effect of cell−cell
contact was a significant increase in the percentage of
binucleated cells on the 24-μm width pattern, compared to
all other conditions (Figure 8D). In addition, the nuclear area
percentage decreased with cell−cell contact (Figure 8E). Upon
investigating the cytoskeletal structure of these cells, Z-band
width was found to significantly decrease with cell−cell contact
on both pattern widths (Figure 8F), and sarcomere length
significantly increased on the 18-μm pattern width under cell−
cell contact, when compared to single cells on the 24-μm
pattern width (Figure 8G).
Calcium transient analysis of single isolated cells and cells in

contact with neighboring cardiomyocytes (Figure 9) revealed
that cell−cell contact resulted in slight increases to the
normalized basal (Figure 9A) and maximal (Figure 9B)
calcium intensity, and significant decreases in the maximal to
basal intensity ratio (Figure 9C). For the most part, the rates of
calcium release and uptake increased, but these changes were
not found to be significant (Figures 9E−G). However, cell−
cell contact did result in significantly faster calcium transient
kinetics (see Table 3). Akin to the single-cell anisotropy study,
cell−cell groups on the 24-μm width pattern had shorter
transient times than on the 18-μm width. Taken together,
these results suggest that cell−cell contact plays a role in both
the structural and functional enhancement of hPSC-CMs, and
advocates for growing these cells as such.

4. DISCUSSION

In this work, a downselected combination of substrate stiffness,
laminin pattern width, and cell−cell contact was employed to
enhance the structural and functional properties of hESC-CMs.
The order in which these stimuli were assessed was chosen
based upon simplicity and optimization of the culture
environment. One of the most basic necessities of adherent
cell culture is the establishment of a culture surface, which

Figure 7. Effect of cell anisotropy on hESC-CM calcium transients. Shown here are the analyzed parameters of (A) normalized baseline calcium
signal, (B) normalized maximum calcium intensity signal, (C) normalized intensity ratio, and the rates of (D) calcium release, (E) 50% calcium
reuptake, and (F) 90% calcium reuptake. Lines on graphs indicate significance at p < 0.05 ((*) p < 0.05, (**) p < 0.01, (***) p < 0.005, and
(****) p < 0.001). Data compiled from N = 3 experiments and at least n = 30 cells per condition.

Table 2. Time Course of Calcium Transients for
Unpatterned and Patterned hESC-CMsa

unpatterned 24 μm 18 μm

Tpeak (ms) 389.21 ± 35.71 403.15 ± 22.62 405.36 ± 22.89
T50 (ms) 413.99 ± 56.89 346.45 ± 18.89 351.67 ± 22.48
T90 (ms) 652.59 ± 82.42 646.22 ± 29.96 642.72 ± 35.81

aTpeak is the time to peak signal intensity, T50 is the time from peak
signal intensity to 50% signal decay, and T90 is the time to 90% signal
decay. Transient times are given as mean time ± standard error. No
significant differences were found between the three tested conditions
p < 0.5. Data compiled from N = 3 experiments and at least n = 30
cells per condition.
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subsequently dictates the environmental stiffness. As such, this
was the first variable that we assessed. Once we had established
the optimal substrate stiffness, cellular anisotropy was
controlled by restricting cell adhesion to micropatterned
lines of laminin. Multicellular strands of hESC-CMs were
then produced by culturing cells at a high density on these cell-

adhesive patterned lines. The choice to culture these cells in
lines rather than monolayers was primarily motivated by the
desire to create a well-controlled setting in which to study the
effects of cell−cell contact on the structural and functional
properties of these cells. Patterning the hESC-CMs into lines
enabled us to restrict the length of the cell−cell contact area

Figure 8. Effect of cell−cell contact on the structural state of hESC-CMs. (A) Representative immunofluorescent images of single hESC-CMs and
hESC-CMs belonging to a cell-pair on 21 kPa soft PDMS substrates, line-stamped with 12 and 18 μm wide bands of laminin. Quantification of
these images was used to assess for differences in (B) cell spread area, (C) cell aspect ratio, (D) percentage of binucleated cells, (E) percent of total
cell area occupied by the nucleus, (F) Z-band width, and (G) sarcomere length. A lowercase c indicates cells from cell-pairs. Lines on graphs
indicate significance at p < 0.05 ((*) p < 0.05, (**) p < 0.01, (***) p < 0.005, and (****) p < 0.001). Data compiled from N = 3 experiments and
at least n = 35 cells per condition.

Figure 9. Effect of cell−cell contact on hESC-CM calcium transients. Shown here are the analyzed parameters of (A) normalized baseline calcium
signal, (B) normalized maximum calcium intensity signal, and (C) normalized intensity ratio, and the rates of (D) calcium release, (E) 50% calcium
reuptake, and (F) 90% calcium reuptake. Lines on graphs indicate significance at p < 0.05 ((*) p < 0.05, (**) p < 0.01, (***) p < 0.005, and
(****) p < 0.001). Data compiled from N = 3 experiments, and at least n = 58 cells per condition.

ACS Biomaterials Science & Engineering Article

DOI: 10.1021/acsbiomaterials.8b01256
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acsbiomaterials.8b01256
http://pubs.acs.org/action/showImage?doi=10.1021/acsbiomaterials.8b01256&iName=master.img-008.jpg&w=375&h=289
http://pubs.acs.org/action/showImage?doi=10.1021/acsbiomaterials.8b01256&iName=master.img-009.jpg&w=364&h=192


and narrow the directionality of the calcium propagation signal
to nearly one-dimensional. Furthermore, work by Feinberg et
al. has demonstrated that patterned lines of NRVMs have
improved structural and functional maturation, when com-
pared to anisotropically patterned monolayers of cells.9

4.1. Stiffness. Depending on the selected cell line, previous
studies have found that hPSC-CMs perform best when
cultured on substrates with rigidities somewhere in the range
of 10−50 kPa,57,70,71 which coincides with physiological values
of myocardial stiffness. To determine the optimal substrate
stiffness for our cell line and chosen substrate material (soft
PDMS-coated glass coverslips), we chose to study an even
wider range of stiffnesses, from 5 kPa to 101 kPa. Upon
analyzing the structure of RUES2 hESC-CMs cultured on
these substrates, we found that the cell aspect ratio, Z-band
width, and sarcomere length were not affected by substrate
stiffness (see Figure 4). However, cell spread area and
binucleation were significantly higher on the 21 kPa substrate.
These results agree with studies examining the effect of
substrate stiffness on the structural enhancement of other
immature cardiomyocyte lines.
In the mature adult heart, ∼74% of cardiomyocytes have a

single nucleus, which occupies ∼5% of the cellular volume.72,73

The remaining 26% of the adult cardiomyocytes are
binucleated, which is significantly higher than the 4.2% that
was previously found for human-stem cell-derived cardiomyo-
cytes.73 The effect of substrate stiffness on hPSC-CM
binucleation is not an extensively studied topic; however, in
a recent study, increased numbers of binucleated cells and
larger spread areas were found in cultures of hPSC-CMs grown
on Matrigel-coated PDMS substrates, when compared to those
on Matrigel-coated glass.25 We also discovered that cell
binucleation and spread area were most prevalent in
cardiomyocytes grown on substrates with physiological values
of stiffness. These results suggest that binucleation is affected
by substrate stiffness and may be linked to cell hypertrophy.
It has previously been observed that culture substrates that

are too stiff or too soft can result in cardiomyocytes with poor
sarcomeric organization21,74−76 and cell spreading,57,77,78

because of a discrepancy between external and internal forces.
If myosin formation is inhibited via the rigidity of the culture
surface and a cell is not able to contract, sarcomeres appear
scattered, punctate, and misaligned, and the cell is unable to
spread.79 Similarly, if cardiomyocytes are grown on surfaces

with a stiffness of less than ∼1 kPa, cell contractile forces are
low, resulting in underdeveloped sarcomeres and low cell
spreading.21,74 We found that sarcomere length and Z-band
width were not significantly different in cardiomyocytes grown
on substrates with stiffnesses between 5 kPa and 101 kPa,
implying that our range of stiffness did not impede nor
augment sarcomere registry. These results have also been
observed in neonatal rat ventricular myocytes (NRVMs)80 and
adult cardiomyocytes.23 However, we did observe an effect of
substrate stiffness on cell spreading. We found that cells seeded
on the 21 kPa substrates spread the furthest, and that
increasing or decreasing the stiffness of the substrate from this
value resulted in cells with smaller spread areas. These results
suggest that the external force supplied by the 21 kPa soft
PDMS-coated glass is balanced by the internal force-producing
capability of the cells employed in these studies. This value is
slightly higher than the 5−15 kPa surfaces commonly found to
elicit hPSC-CMs71 and NRVMs21,81−83 with improved
structure, but it is in the range of adult murine heart stiffness.82

Previous studies with NRVMs have found that basal calcium,
maximal calcium, and the calcium intensity ratio are highest at
a midrange stiffness of 10−15 kPa.21,83 We found that cells
seeded onto substrates with an intermediate stiffness of 21 kPa
had the highest normalized baseline and maximal calcium
intensities, but that there was no difference in the intensity
ratio. This finding suggests that cells on the soft PDMS
substrates with intermediate stiffness were able to store more
calcium than those on softer or stiffer substrates, but the
relative amount of calcium being released was the same. This
may also explain why the average calcium reuptake rate for
these cells was slower, simply because there was more calcium
to reabsorb. We also discovered no effect of substrate stiffness
on calcium transient times. One study found that the time
from calcium signal onset to 90% signal decay in NRVMs
significantly decreased on 15 kPa micropost substrates, when
compared to those measured for cells on 3 kPa microposts.83

However, since this measurement was done on a lower range
of stiffnesses, it is unclear whether these results disagree with
our own. Another study on adult rat cardiomyocytes found
that, in the range of 8 kPa to >100 kPa, there was no effect of
substrate stiffness on the time to peak calcium signal.23 These
results are in agreement with our findings.

4.2. Anisotropy. In the adult heart, cardiomyocytes are
elongated and oriented in parallel with each other. In addition,
the ECM environment within the heart is composed of layers
of well-organized and aligned protein fibers, which may help to
guide myocardial alignment during development and tissue
remodeling via nanoscale topographical cues. This organization
facilitates both force production, through the orientation of its
contractile proteins, as well as electrical signal propagation via
the localization of gap junction proteins to the intercalated
disks. Therefore, cardiomyocyte function must be directly
related to its overall orientation and/or the orientation of its
contractile proteins. Previous studies with hPSC-CMs have
found that forced anisotropy results in cells with higher levels
of sarcomere organization, contraction, maturation markers,
and cytoskeletal anisotropy.14,15,66,84

In our studies, we chose to constrain hESC-CMs to varying
degrees of anisotropy via extracellular matrix (ECM)
patterning, to determine the range of pattern widths that
promote the maturation of these cells. Anisotropy has
previously been shown to result in cardiomyocytes with larger
sarcomere lengths, smaller spread areas, and higher aspect

Table 3. Time Course of Calcium Transients for hESC-CMs
in Cell−Cell Contacta

18 μm 18 μm C 24 μm 24 μm C

Tpeak
(ms)

405.36 ±
22.86

325.80c ±
20.37

403.15 ±
22.62

295.04c ±
10.74

T50 (ms) 351.67 ±
22.48

258.36b,c ±
13.74

346.45 ±
18.89

229.85b,c ±
8.88

T90 (ms) 642.72 ±
35.81

498.86b,c ±
36.74

646.22 ±
29.96

469.23b,c ±
25.13

aTpeak is the time to peak signal intensity, T50 is the time from peak
signal intensity to 50% signal decay, and T90 is the time to 90% signal
decay. Here, the letter C indicates hPSC-CMs in cell−cell contact.
Transient times are given as mean time ± standard error. Significant
decreases were found between individual aligned cells and those in
cell−cell contact for both patterned widths. Data compiled from N =
3 experiments, and at least n = 58 cells per condition. bA significant
difference from the 18-μm substrate was observed. cA significant
difference from the 24-μm substrate was observed.
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ratios for both NRVMs69,85 and hPSC-CMs.14−16,66,86

Generally, these studies have found that the smaller the
width of the anisotropy pattern, the larger the aspect ratio,
longer the sarcomere length, and smaller the cell spread area.
The effect of anisotropy on Z-band width is a less-explored
topic. One study with NRVMs found that Z-widths were
highest in aligned cells with aspect ratios in the range of 3−7,68
while we found the highest Z-band widths on substrates with
anisotropy patterns that yielded aspect ratios of 1:3 to 1:6. We
are currently unaware of any other studies that have examined
the effect of anisotropy on nuclear volume ratio or cell
binucleation.
The forced anisotropy of RUES2 GCaMP3 hESC-CMs in

our hands also led to changes in calcium handling properties
(see Figure 7 and Table 2). Previous studies that have
examined the effect of anisotropy on hiPSC-CM calcium
handling properties have reported increases,69,87 no effect,15,88

or a reduction16,89 in the maximal-to-basal calcium ratio. These
same works reported inconsistent results regarding the effect of
anisotropy on calcium transient times. One study found a
reduction in TPeak with anisotropy, but no changes in T50R or
T90R.

88 Another found a reduction in TR90 but no change to
TPeak.

89 Other studies have reported no change in TPeak,
15 an

increase in T50R,
16 and decreases to Tpeak and relaxation time87

in cardiomyocytes with altered anisotropy. Because of the
inconsistent nature of these results, we cannot draw conclusive
insights from those of our own study, except to say that that
cell anisotropy alone does not appear to have a strong effect on
calcium transient times of hPSC-CMs. To the best of our
knowledge, no other studies have examined the effect of
cellular anisotropy on the rates of calcium release and reuptake
in hPSC-CMs.
4.3. Cell−Cell Contact. In the heart, cell−cell coupling is

important for maintaining the normal function and develop-
ment of the heart. Studies assessing the effect of cell−cell
contact on cardiomyocytes in culture have found that
membrane contact between cardiomyocytes is necessary for
maintaining ion channel expression, coordinating cell polar-
ization, and directing cell migration.74,92 Furthermore,
immature cardiomyocytes grown in an environment that
promotes cell−cell contact have enhanced junctional protein
expression, organization, and localization, as well as enhanced
calcium dynamics, stronger contractile forces, and increased
survival rates.18,67,90,91,93 Based on these findings, we
hypothesized that hESC-CMs grown in cell−cell contact on
patterned surfaces would have enhanced structural and
functional maturation.

Examination of the contractile structure revealed that hESC-
CMs in cell−cell contact on the 18 μm pattern width had
significantly longer sarcomeres than single hESC-CMs on the
24-μm pattern width. In addition, Z-band width was found to
decrease with cell−cell contact on both pattern widths. The
increased sarcomere length is likely an effect of the increased
external stress on the cells. Regarding the shorter Z-band
widths, it is possible that the stress from adjacent cells pulls the
Z-bands out of register. However, given longer culture times,
or with the addition of further pro-maturation stimuli,
sarcomere lengths could increase and the Z-bands may realign.
Morphological analysis of hESC-CMs grown at high and low

densities revealed that cell−cell contact within 24-μm width
patterns led to significant increases in cell spread area, when
compared to isolated cells or single cells grown in cell−cell
contact on the 18-μm pattern width (see Figure 8). Since the
average aspect ratio of these cells was not affected by cell−cell
contact, we can conclude that these larger cells spread equally
in the longitudinal and transverse directions. Cell−cell contact
also yielded significant increases in the percentage of
binucleated cells on both 18- and 24-μm pattern widths, as
well as decreases in the nuclear volume ratio. Notably, while
cell−cell contact stimulated binucleation on both pattern
widths, cells on the 24-μm width reached binucleation levels
equivalent to those seen in the adult myocardium. These
results suggest that nuclear division in cardiomyocytes could
be catalyzed by cell−cell contact. At this point, it is unclear
whether this is due to the additional mechanical stress imposed
on one cell by the other, because of chemical communication
between the cells, or a combination of the two. Examination of
the contractile structure revealed that hESC-CMs in cell−cell
contact on the 18-μm pattern width had significantly longer
sarcomeres than single hESC-CMs on the 24-μm pattern
width, likely an effect of the increased external stress on the
cells in cell−cell contact. It is possible that this stress acted to
pull the cells’ Z-bands out of register since Z-band width was
found to decrease with cell−cell contact on both pattern
widths.
Calcium transients of hESC-CMs in cell−cell contact (see

Figure 9 and Table 3) showed slight increases in both
normalized basal and maximal calcium intensity and showed
significant decreases in the maximal-to-basal intensity ratio.
Quantification of time to peak intensity, time to 50% calcium
reuptake, and time to 90% calcium reuptake showed that cell−
cell contact appears to result in faster calcium transient times.
The rates of peak calcium release, 50% calcium reuptake, and
90% reuptake for cells on both pattern widths in cell−cell
contact were seen to increase, albeit not significantly. These

Table 4. Comparison of Properties between Untreated hPSC-CMs, hPSC-CMs Exposed to Pro-maturation Stimuli, and Adult
Human Cardiomyocytesa

property (unit) hPSC-CM stiffness stiffness + anisotropy stiffness + anisotropy + cell−cell contact adult

cell area (μm2) 480−800 1796 1600 1828 1820−2680
cell aspect ratio 1−2 1.9 3.7 4.1 7.5
binucleation (%) 4−18 15 12 33 26
sarcomere length (μm) 1.50−1.65 1.67 1.74 1.76 1.78−2.01
TPeak (ms) 270−350 389 403 295 168−188
TRel90 (ms) 791 653 646 469 209−337

aHere, the “stiffness” column indicates values for unpatterned hPSC-CMs on 21 kPa substrates, the “stiffness + anisotropy” column contains values
for aligned cells on 21 kPa surfaces, and values in the “stiffness + anisotropy + cell−cell contact” column correspond to patterned cells seeded at
high cell densities to induce cell−cell coupling. The hPSC-CM and adult cardiomyocyte data have been compiled from refs 4, 5, 70, 73, and
94−101.
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results suggest that not only are calcium transient times faster
for hESC-CMs in cell−cell contact but the rates at which these
signals travel throughout the entire cell area also increase.
These calcium transients and rates were also found to be
higher on the 24-μm pattern width, implying that increases in
cell−cell contact area result in faster calcium handling.
4.4. Comparison to hPSC-CMs Grown under Standard

Culture Conditions. This study demonstrated that optimiz-
ing the stiffness, anisotropy, and cell−cell contact of hESC-
CMs led to positive modifications in the structural and
functional state of these cells. In comparing the properties of
these cells to those reported for hPSC-CMs grown in
nonoptimized culture conditions, we find that each stimulus
has a positive effect and that this combination was further
improved by their downselected combination (see Table 4).
We also found that this combination resulted in certain cellular
properties reaching adult levels, while others have become
much closer to adult in value. We hypothesize that adding
additional stimuli on top of these will serve to further close the
gap between the structural and functional properties of hPSC-
CMs and adult human cardiomyocytes.

5. CONCLUSIONS
In this study, we examined the effect of combined pro-
maturation stimuli on the structural and functional enhance-
ment of hESC-CMs. To achieve this, a culture environment
was created which allowed for alterations in environmental
stiffness, anisotropy, and cell−cell contact. We found that
hESC-CMs exposed to these stimuli, in parallel, were more
structurally and functionally mature than those exposed to one
or none. These findings support the notion that maturing
hPSC-CMs to an adultlike state in vitro will require more than
one strategy and advocate for combining the stimuli presented
in this work with electrical, mechanical, and biochemical
techniques, to achieve hPSC-CMs with the most advanced
maturation state.
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