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Abstract

As cardiac-fated cells traverse the course of differentiation into cardiac myocytes, the sequence, magnitude, and spatiotemporal map of biomechanical 
signals that may influence cardiogenesis have not been fully explored. Whereas several studies have examined the induction of cardiogenesis on different 
extracellular matrix proteins and substrates, none have examined the effects of substrate stiffness prior to the onset of cardiac differentiation in cardiac-fated 
cells. We investigate the effects of substrate stiffness on precardiac cell behaviors in an in vitro setting. The cells in the anterior portion of the primitive streak 
are fated to form the heart, and we show differing levels of smooth muscle α-actin expression (and E-cadherin) on substrates of differing moduli, which suggests 
that substrate stiffness may play a role in cardiac differentiation. However, we could not detect changes in the presence of sarcomeric myosin heavy chain 
expression or the occurrence of beating cultures, which suggests that although cardiac-fated cells show a sensitivity to substrate stiffness, different or more 
sensitive tests would be required to confirm a functional difference at this early stage.
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INTRODUCTION

Cells generate biochemical activity from mechanical 
stimuli (such as extracellular stiffness) in a process termed 
mechanotransduction, which is largely mediated at focal 
adhesion sites [1]. A mechanotransductive response to changes 
in substrate stiffness has been shown to regulate cell life and 
death [2,3], growth [2,3], shape [2,3,4,5], proliferation [6,7], 
adhesion [2,5,7,8,9], migration [5,10,11,12], contractility [2,10], 
differentiation [2,13,14], and disease pathologies, notably cancer 
metastasis [15,16]. Mechanosensing plays an important role in 
embryogenesis and tissue differentiation [17]. Here, we examine 
the role of substrate stiffness in cardiac-fated cells that will form 
the heart. In the area of regenerative medicine, an understanding 
of the effect of substrate stiffness on precardiac cells in the embryo 
is critical for the ongoing work of human induced pluripotent 
stem cell (hiPSC) differentiation into the cardiac lineage [18] 
and cardiac cell-therapy applications [19]. It has been shown 
that embryonic cardiomyocytes respond to changes in substrate 
stiffness [7,20,21] (Hamburger Hamilton [22] stages 18+) and 
that there are significant changes to the mechanical environment 
of the embryonic heart over time [23,24], but no studies have 

been completed to examine the role of substrate stiffness prior to 
heart formation and prior to the onset of cardiac differentiation 
in cardiac-fated cells. 

In the avian pre-primitive streak blastula (Eyal-Giladi 
Kochav [EK] [25] stages X-XIV; stage EK XIV corresponds to 
Hamburger Hamilton stage 1), prospective heart cells occupy 
the posterior medial portion of the epiblast in a region termed 
Koller’s sickle, from which the primitive streak (PS) extends 
[26]. These cells move anteriorly during PS formation during 
early stages of gastrulation, and at Hamburger Hamilton stage 
3 (HH3), presumptive heart cells reside in the anterior half of 
the PS. By mid-primitive-streak stages (HH4), cardiogenic cell 
ingression is complete. After ingression, cardiac regions migrate 
anterolaterally (HH5 and HH6) to form a lateral plate mesoderm 
on each side of the PS, termed the precardiac mesoderm 
[27,28,29]. The most lateral portion of the lateral mesoderm 
are termed the heart forming regions (HFRs) [30]. These HFRs 
have been explanted and found to differentiate into heart muscle 
[31]. At HH6 cardiac precursors epithelialize, and during stage 
7 they form the splanchnic (ventral) and somatic (dorsal) 
mesoderm separated by a space called the pericardial coelom 

Abbreviations: PS: primitive streak; HFRs: heart-forming regions; HH: Hamburger Hamilton; SMA: Smooth muscle α-actin; PDMS: polydimethylsiloxane; ECad: 
E-cadherin; VIN: vinculin; FN: fibronectin
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[32]. The coelom cavities migrate and join at the ventral midline 
of the embryo and continue to fuse in the anterior and posterior 
directions [33] at the 4-somite stage (HH8) in the quail embryo 
[34] and at the 7-somite stage (HH9) in the chick embryo [35] to 
form the primitive heart tube. Following these events, the heart 
tube loops and undergoes septation and valve formation.

Many markers have been shown to identify cardiac 
differentiation including N-cadherin [32] and myofibrillar 
proteins including troponin [36], cardiac C-protein [36], myosin 
heavy-chain [36,37,38], myosin light-chain, tropomyosin, 
actin isoforms [39], muscle α−actinin [40], and cNkx-2.5 [28]. 
Smooth muscle α-actin (SMA) expression first marks the onset 
of cardiac cell differentiation [41], and it is the major actin 
isoform in vascular tissue [39,30]. The HFRs begin to express the 
first cardiac-specific gene, SMA, at stage HH5. SMA mRNA was 
first discovered during the early stages of heart tube formation 
in stages HH8 and HH9 avian cardiac tissue [41]. The earliest 
detection of SMA transcripts in the embryo is stage HH5 in 
right and left anterior regions and is present in the coelom [30]. 
Translated SMA was first seen at stage HH9, detected exclusively 
in the heart [39]. It is first translated at HH7+, at the fusion of the 
bilateral heart forming regions [30]. Sarcomeric myosin heavy 
chain, a later-stage heart marker, is expressed at stage HH7+ in the 
chick embryo [37]. Atrial-specific myosin heavy chain (AMHC1) is 
transcribed at HH9 [38]. At HH12, the smooth muscle α-actin is 
down-regulated in the heart, remaining only in the conus, which 
forms the vascular trunks [41] and SMA is replaced by sarcomeric 
actin [39].

There have been many developmental cardiac differentiation 
studies using embryonic explants from gastrula and pre- gastrula 
avian embryos (stage HH1-3; 0-12 h of incubation) over the past 
twenty years, but most of these have been conducted on glass 
[29,40,42,43,44,45,46,47] or a collagen gel [48] or a floating 
filter raft [28]. It was recently shown that there is an optimal 
substrate stiffness for the contraction of differentiated embryonic 
cardiomyocytes harvested from embryonic avian hearts [20], and 
cardiac cells from formed embryonic hearts continue to show 
increased heart markers on increased substrate stiffnesses [21]. 
However, no rigorous study has been completed to examine 
the role of mechanics - specifically, substrate stiffness - in early 
heart development reminiscent of the body of previous work on 
gastrula and pre-gastrula embryos (0-12 h incubation, prior to 
heart formation). We recently characterized the stiffness of the 
pre- and post-primitive streak embryo, where precardiac cells 
reside and found that embryos at HH1 have an average stiffness 
of about 200 Pa [49]. Previous differentiation studies have not 
been carried out at this physiologic stiffness. The objective of 
this study was to determine the effects of substrate stiffness on 
cardiac induction. HH3 marks the final embryo stage prior to the 
onset of cardiac gene expression; the HH3 PS therefore provides 
a valuable source of undifferentiated cardiac-fated cells with 
which to study the relationship between substrate stiffness and 
cardiac induction. Cells were taken from 3-day-old quail hearts as 
a positive control for SMA-expressing cardiac cells.

MATERIALS AND METHODS

PDMS fabrication

Dow Corning Sylgard® 527 A/B Silicone  (polydimethylsiloxane) 
Dielectric Gel was combined in ratios of 0.1:1 and 1.5:1 (A:B) 
(wt%) and mixed vigorously with a pipette tip for 5 min. 50 µL 
of the mixture was pipetted onto 18-mm glass coverslips in a 
Laurell Spin Coater (WS-400BZ-6NPP) and spun at 1500 rpm for 
10 seconds. 0.1:1 coverslips were cured in a silanized dish at 90 
oC for 24 h and 25 oC for 24 h. 1.5:1 coverslips were cured at 70 oC 
for 72 h and 25 oC for 24 h.

Atomic force microscopy

An MFP-3D atomic force microscope from Asylum Research 
(Santa Barbara, CA) (setup described previously [49]) was used 
to characterize the stiffness of the Sylgard® 527 substrates in 
ratios of 0.1:1 and 1.5:1 (A:B). To minimize in-plane stress and to 
simplify contact mechanics, a 15-µm-diameter polystyrene bead 
was attached to a Bruker triangular AFM cantilever. Samples 
were indented 5 times in different regions. Indentation force 
curves (force vs. indentation) were fitted to the Hertz model 
to determine the modulus for 0.1:1 PDMS indentations [49]. 
However, we found that the modulus varied with indentation 
depth for the “soft” 1.5:1 PDMS substrates. Therefore, using the 
Hertz model, we plotted the modulus vs. indentation depth for 
each indentation in 1.5:1 PDMS and averaged the moduli in the 
linear region of the curve [50]. Measurements were taken under 
water at room temperature in a 50-mm fluorodish from World 
Precision Instruments (Sarasota, FL). Three regions per sample 
were indented with 5 indentations per region across several 
sample preparations.

Fibronectin substrate coating

PDMS-coated coverslips were coated with fibronectin (FN) by 
incubating in 10 µg/mL FN (Gibco® Human Plasma Fibronectin, 
InvitrogenTM 33016-015) overnight at 37 oC and washed 3 times 
with sterile DPBS (+/+) (cellgro® 21-030-CV, henceforth called 
DPBS). 

Anterior and posterior primitive streak culture

Embryos were cultured at stage HH3 (12-14 h) using the New 
egg culture technique [51]. Anterior and posterior PS explants 
(Figure 1) were cut using sterile glass needles pulled with a 
micropipette puller (Narishige Model PC-10) under a dissecting 
microscope (Leica MZ16F). Explants were placed on FN-coated 
PDMS substrates in serum-free media (RPMI 1640 + 1% ITS + 1% 
P/S) and were incubated at 37 oC for 72 h.

Cardiac cell isolation

Hearts were harvested from 3-day-old quail embryos with 
sterile glass needles (Narishige Model PC-10 micropipette 
puller). After incubating in 1x (0.05%) trypsin + 0.5 mM EDTA at 
37 oC for 15 min and quenching with media (DMEM-F12 + 10% 
FBS + 1% P/S), the tissue was gently dissociated by 50 passes in 
a 2-mL pipette tube. Cells were pelleted at 500 rpm for 5 min, 
resuspended in fresh media, and seeded at a density of 6 hearts 
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Figure 1: Explants from the anterior and posterior primitive streak were cultured on fibronectin-coated 70 kPa and 250 Pa Sylgard 527 PDMS. Samples were stained with 
ECad, SMA, and VIN; the same field was imaged for all 3 stains. Images were exported to Matlab for quantitative analysis.

per 18-mm substrate in a 12-well plate and incubated at 37 oC 
for 72 h.

Immunofluorescence staining and imaging

PS and cardiac cell cultures were rinsed with ice-cold DPBS, 
incubated in ice-cold Cytoskeleton (CSK) Buffer (10 mM PIPES 
buffer, 50 mM NaCl, 150 mM sucrose, 3 mM MgCl2, 1 mM PMSF, 
1 µg/mL leupeptin, 1 µg/mL aprotinin, 1 µg/mL pepstatin) for 
2 min, incubated in 2 separate washes of CSK buffer with 0.5% 
(v/v) Triton X-100, and fixed for 30 min in 3% paraformaldehyde 
in DPBS at 25 oC [52]. Samples were washed 3 times with DPBS 
and blocked with blocking buffer (3% bovine serum albumin in 
DPBS + 0.05% sodium azide) for 1 h at 25oC. Samples were then 
incubated with a primary vinculin antibody (SIGMA V4505, clone 
VIN-11-5) at a concentration of 2.6 mg/mL diluted in blocking 
buffer for 1 h at 25 oC, rinsed 3 times with DPBS for 5 min each, 
incubated with Alexa Fluor® 488-conjugated goat anti-mouse 
isotype-IgG1-specific secondary (Jackson ImmunoResearch 115-
545-205) at 14 µg/mL, and rinsed 3 times with DPBS for 5 min 
each. Smooth muscle α-actin (SMA) monoclonal antibody (Pierce 
MA1-06110, isotype IgG2a, clone 1A4) was directly conjugated to 
rhodamine phalloidin using an EasyLink Rhodamine Conjugation 
Kit (Abcam ab102915). Samples were incubated with the SMA 

direct conjugate (1 µg/mL) and Alexa Fluor® 647 mouse anti-
E-Cadherin direct conjugate (BD Pharmingen 560062, isotype 
IgG2a) at 5 µg/mL for 1 h at 25 oC, then rinsed 2 times with DPBS 
and once with Millipore water for 5 min each. Samples from 
each experimental group were labeled with isotype controls at 
the same concentration as the corresponding primary antibody 
for 1 h at 25 oC (Alexa Fluor® 647 mouse IgG2a Isotype Control, 
BioLegend 400234; DylightTM 488 conjugate IgG1 Isotype Control, 
Enzo Life Sciences ADI-SAB-600-488; Rhodamine-conjugated 
mouse IgG2a Isotype Control, Rockland 010-0041), then rinsed 
2 times with DPBS and once with Ultrapure Milli-Q® water 
(TOC<10ppb, 18.2MΩ·cm at 25 oC) for 5 min each.

Sarcomeric myosin fixation and staining was as follows. 
Samples were washed 3 times with DPBS and fixed for 1 h at 4 oC 
in fixation medium (by volume, 60% EtOH, 3.2% formaldehyde, 
and 4.3% acetic acid in DIH20) [53]. After 3 more washes with 
DPBS, samples were blocked with blocking buffer (5% goat 
serum in DPBS) for 1 h at 25 oC. After 3 DPBS washes, samples 
were stained with MF20 primary antibody (Developmental 
Hybridoma, 1:500 in blocking buffer) for 1 h at 37 oC, washed 3 
times with DPBS, and blocked with blocking buffer for 10 min at 
25 oC. After 3 DPBS washes, samples were incubated with Dylight 
649 secondary (donkey anti-mouse, Jackson ImmunoResearch, 
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1:200 in blocking buffer) for 1 h at 37 oC. Following 3 washes with 
DPBS and 10 min of blocking at 25 oC, samples were incubated 
with 1 µM SYTOX® Green Nucleic Acid Stain (Molecular Probes®, 
InvitrogenTM S7020) in blocking buffer for 1 h at 25 oC, then 
rinsed 2 times with DPBS and once with Ultrapure Milli-Q® water 
for 5 min. 

Samples were mounted with ProLong® Gold Antifade Reagent. 
Images were taken on a Leica DMI6000B inverted microscope 
with a Ludl Mac5000 controller and Hamamatsu ORCA-ER 
camera at 10x with 1x1 binning. Exposure time was set using 
isotype controls before imaging each experimental group.

Imaging processing and statistical analysis

Images were corrected for background by using a sample 
in every experimental group stained with an isotype control 
antibody to set the exposure time such that unspecific binding 
was not detected. Images were imported into Matlab, and the 
absolute value of the intensity per image was calculated using a 
sum command of all pixels. Then the fluorescence intensities for 
each stain across all samples was plotted (Figure 2M-P).

To allow for comparisons between the intensities of the 
stains in different regions and to address the heterogeneity of the 
samples, we developed an unbiased method to quantify differences 
between regions. We noticed that across all repetitions of these 
experiments, the intensity of vinculin staining appeared to be at a 
similar level for all sample groups and provided a “baseline” stain 
across all groups regardless of region or substrate. In an effort 
to take into account field-to-field differences between the 10x 
images (i.e., cell spreading, sample morphology, and cell count), 
we normalized the E-cadherin and SMA intensities to the vinculin 
fluorescence intensity (E/V and S/V) for each sample (Figure 
2Q-T) to express the E-cadherin and SMA staining levels while 
accounting for differences between fields. To calculate the ratios 
of SMA or E-cadherin intensity to vinculin intensity for the same 
10x field, the summed intensity value of the SMA or E-cadherin 
image was divided by the vinculin intensity sum. This method 
normalized the protein expression differences and provided the 
clearest method for the purpose of comparison.

It is important to note that the representative images shown 
in this study have been optimized to display cell features of 
interest; however, all quantification has been conducted on raw 
images using tif files taken directly from the microscope.

Statistical analyses were performed in R (http://www.r-
project.org), a free software environment for statistical 
computing and graphics. The absolute intensity values per field 
per stain and intensity ratio values per field were imported into 
R. First, an omnibus ANOVA test was used to detect differences 
between all sample groups and test for interaction effects. There 
were interaction effects between the independent variables of 
different surfaces (glass, 70 kPa PDMS, 250 Pa PDMS) and cell 
type (anterior PS epithelial and mesenchymal cells, posterior 
mesenchymal cells, and cardiac cells), which means these two 
variables were separated for analysis. Pairwise t-tests were used 
to determine differences between absolute intensity values and 

intensity ratio values (S/V and E/V) for each sample group.

For MF20-stained cells, images of each sample (nuclei stain 
and MF20 stain) were imported into Matlab. Images were 
thresholded to count nuclei and determine overall cell count, 
and nuclei/MF20 overlapped regions were counted to determine 
MF20-positive cell count. Percentages of MF20-positive cells per 
sample were imported into R. An initial omnibus ANOVA test 
yielded significant differences between groups and no interaction 
effects. Pairwise comparisons were carried out using the pairwise 
t-test.

A chi-squared contingency table was used to determine 
whether there were differences in the frequency of beating 
cultures on “soft” and “stiff” PDMS.

RESULTS

Substrate mechanical characterization

The substrate used in this study, polydimethylsiloxane 
(PDMS) (Dow Corning Sylgard® 527 A/B Silicone Dielectric Gel) 
was chosen for its range of moduli in addition to its biological 
inertness and optical transparency. Coverslips were spin-coated 
and cured, then tested on an atomic force microscope. 

The Hertz Model, a linear contact mechanics model, was 
used to determine a modulus from the force vs. indentation 
curves. Deviations from the Hertz Model indicate nonlinearity. 
Indentations were fit to the Hertz model for 0.1:1(A:B) “stiff” 
PDMS indentations; however, we found that for the 1.5:1(A:B) 
PDMS “soft” substrates, the Hertz model often did not fit the 
entire length of the force curve and would align with only a 
region of the curve. Therefore, using the Hertz model, we plotted 
the modulus vs. indentation depth for each indentation in 1.5:1 
PDMS and averaged the moduli in the linear region of the curve. 
We show the measured moduli per region of each PDMS ratio in 
Table 1. The variation in modulus across the regions shows the 
heterogeneity of the sample. The average moduli of 250 ± 190 
Pa (for 1.5:1 PDMS) and 70 ± 9 kPa (for the 0.1:1 PDMS) will be 
referred to throughout the remainder of this paper as “soft” and 
“stiff”, respectively, for simplicity.

Table 1: AFM characterization of PDMS substrates

0.1:1 (A:B) PDMS 1.5:1 (A:B) PDMS

Region Modulus (kPa) ± S.D. Region Modulus (Pa) ± S.D.

1 66.2 ± 15.1 1 191.4 ± 75.0

2 79.8 ± 0.9 2 199.6 ± 143.6

3 49.3 ± 5.6 3 315.8 ± 261.6

4 65.1 ± 15.3 4 289.7 ± 253.9

5 69.2 ± 9.7 5 283.8 ± 149.0

6 85.4 ± 9.3 6 259.4 ± 279.4

7 74.5 ± 11.0

8 71.1 ± 8.5

Abbreviations: polydimethylsiloxane (PDMS), standard deviation (S.D.), ratio of  
polydimethylsiloxane components (A:B)
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Figure 2: Anterior and posterior primitive streak explants and cardiac cells on glass  
Rows represent the same field of a sample image from each of 4 experimental groups: epithelial cells from the anterior primitive streak (A,B,C), mesenchymal cells from 
the anterior primitive streak (D,E,F), mesenchymal cells from the posterior primitive streak (G,H,I), and mesenchymal cardiac cells (J,K,L). Columns represent each marker: 
E-Cadherin (A,D,G,J), SMA (B,E,H,K), and Vinculin (C,F,I,L). ALL SCALE BARS ARE 100 µm. (M-T) ECad, SMA, and VIN intensity in anterior and posterior primitive streak 
explants and cardiac cells on glass. The boxes represent the 25th to 75th percentiles, and the heavy line represents the median. Whiskers represent the top and bottom 
quartiles of the data. Outliers (less than or greater than 1.5 times the inner quartile range) are denoted by open circles. The absolute intensity value of each marker is 
displayed for anterior PS explants epithelial cells (M), anterior PS explant mesenchymal cells (N), posterior PS explant mesenchymal cells (O), and mesenchymal cardiac cells 
(P). ECad and SMA levels are normalized to the VIN staining for each cell type directly beneath (Q,R,S,T).
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SMA, ECad, and VIN image quantification distinguishes 
between cell types

After a cardiac marker screening for smooth muscle α-actin, 
sarcomeric α-actinin, E-cadherin, N-cadherin, vinculin, β1 
integrin, and Nkx2.5, we found that the strongest markers for 
the PS explants were smooth muscle α-actin (SMA), E-cadherin 
(ECad), and vinculin (VIN). The heterogeneity of marker 
expression and morphology in the PS explants prompted us to 
devise an unbiased imaging method to quantify differences.

Epithelial and mesenchymal regions were exhibited in 
anterior PS explants. Posterior PS explants and embryonic 
cardiac cells exhibited only mesenchymal cells. (Regions were 
classified morphologically. Compact colonies of cells sharing 
borders were characterized as epithelial. Spread individual cells 
were characterized as mesenchymal.) The same field was imaged 
for each of the three markers (SMA, ECad, VIN).

The epithelial region of anterior PS explants on FN-coated 
glass (Figure 2A,B,C, first row) exhibited ECad staining at the cell-
cell borders (Figure 2A inset, yellow arrowheads). Cells appear 
to form a single layer of cuboidal epithelial cells. There were low 
levels of SMA staining (Figure 2B) with only 2 or 3 cells in the 
field expressing SMA. This was not surprising considering that 
precardiac cells do not re-epithelialize until stage HH6 when they 
form the splanchnic (ventral) and somatic (dorsal) mesoderm, 
and SMA translation does not occur until stage HH9 [39]. VIN 
appears at the cell-cell junctions and is colocalized with ECad at 
the cell borders (Figure 2C inset, orange arrowheads). In addition, 
VIN is localized to focal adhesions [52,54] beneath the epithelial 
cells (Figure 2C inset, green arrowheads).

In the mesenchymal region of anterior PS explants on 
FN-coated glass (Figure 2, second row), there was little to no 
ECad staining, which is not surprising given the mesenchymal 
phenotype. ECad was not localized to the cell borders. The 
mesenchymal region of the anterior PS exhibited SMA staining, 
which was interesting since this is the specific region where 
precardiac cells reside, and SMA is the first cardiac marker. 
While SMA appears to be ubiquitous throughout the cells, it is 
also localized to filaments that span the cell (Figure 2E inset, red 
arrowhead). VIN was visible in focal adhesions throughout the 
cell but in particular heavily dotting the cell borders (Figure 2F 
inset, green arrowheads).

The posterior PS on FN-coated glass (Figure 2, third row) 
exhibited a predominantly mesenchymal phenotype without 
any epithelial regions. Similar to the mesenchymal region of the 
anterior PS, there was no ECad staining (Figure 2G). SMA staining 
was seen throughout the cell and highlighted filaments spanning 
the cells that generally ran closer to the cell periphery than center 
(red arrowhead, Figure 2H inset). A difference between the 
anterior and posterior PS mesenchymal regions was the extent of 
cell spreading. Across all images, the posterior PS cells (Figure 2, 
third row) appeared more spread than the mesenchymal anterior 
region (Figure 2, second row). VIN staining was localized to often 
elongated focal adhesions (Figure 2I inset, green arrowheads) at 
the cell periphery and more compact focal adhesions throughout 

the rest of the cell area.

Cardiac cells explanted from 3-day-old quail embryo hearts 
were used as a positive control for cardiac differentiation. Cardiac 
cells on glass (Figure 2, fourth row) were largely negative for 
ECad, and any visible fluorescence was not localized to the cell 
border. SMA staining showed very distinct and concentrated 
actin filaments (Figure 2K inset, red arrowheads) and the highest 
intensity of the four cell types. Cell spreading was comparable or 
larger than mesenchymal posterior PS cells. VIN was localized to 
focal adhesions throughout the cells and concentrated at the cell 
borders (Figure 2L inset, green arrowheads).

On glass, quantified ECad levels were highest in the epithelial 
anterior PS explants (Figure 2M), lowest in the mesenchymal 
regions of the anterior and poster PS explants (Figure 2N,O), and 
only slightly higher in the cardiac cells (Figure 2P). Posterior PS 
absolute SMA levels (Figure 2O) were slightly higher than the 
anterior PS explants (Figure 2M,N), and the cardiac cells had the 
highest level of SMA staining (Figure 2P). The VIN staining levels 
were identical for all mesenchymal regions (Figure 2N-P), but 
were slightly elevated for the anterior epithelial group (Figure 
2M).

The ECad and SMA intensities were normalized to VIN 
intensity. Not surprisingly, E/V is highest in the anterior epithelial 
region (Figure 2Q), lower in the mesenchymal region of the 
anterior PS (Figure 2R), and lowest in the posterior PS (Figure 
2S). Cardiac cells exhibit a slightly higher E/V still below that of 
the epithelial anterior PS explants (Figure 2T). E/V comparisons 
among all groups are different (p<0.01). S/V steadily increases 
across the sample types. The mesenchymal region of the anterior 
PS has a significantly higher S/V than the epithelial regions 
(p<0.01), and the mesenchymal posterior PS has a higher S/V 
than the mesenchymal anterior PS (p<0.05). As expected, the 
cardiac cells have the highest S/V (p<0.001).

Cardiac marker SMA decreases in presumptive cardiac cells 
on softer substrate

Explants from the anterior and posterior PS and cardiac 
cells were cultured on “soft” (250 Pa) and “stiff” (70 kPa) PDMS 
substrates coated with FN. Overall, the localization of ECad, SMA, 
and VIN remained similar to our previous experiment on glass; 
however, the image quantification (Figure 3, Figure 4) showed 
that precardiac cells in the anterior PS behave differently on 
“soft” vs. “stiff” PDMS.

On “stiff” FN-coated PDMS (70 kPa), in the epithelial region of 
anterior PS explants (Figure 3, first row) ECad and VIN were co-
localized in the cell-cell borders (Figure 3A inset, yellow arrows 
and Figure 3C inset, orange arrows). VIN was also localized to 
focal adhesions throughout the cells (Figure 3C inset, green 
arrows). As expected, there were low levels of SMA staining in 
the epithelial anterior PS explants with no distinct localization 
(Figure 3B).

The mesenchymal region of the anterior PS – the cells fated 
to form the heart – (Figure 3, second row) showed low levels of 
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Figure 3: Anterior and posterior primitive streak explants and cardiac cells on “stiff” (70 kPa) PDMS 
Rows represent the same field of a sample image from each of 4 experimental groups: epithelial cells from the anterior primitive streak (A,B,C), mesenchymal cells from 
the anterior primitive streak (D,E,F), mesenchymal cells from the posterior primitive streak (G,H,I), and mesenchymal cardiac cells (J,K,L). Columns represent each marker: 
E-Cadherin (A,D,G,J), SMA (B,E,H,K), and Vinculin (C,F,I,L). ALL SCALE BARS ARE 100 µm. (M-T) ECad, SMA, and VIN intensity in anterior and posterior primitive streak 
explants and cardiac cells on “stiff” (70 kPa) PDMS. The boxes represent the 25th to 75th percentiles, and the heavy line represents the median. Whiskers represent the 
top and bottom quartiles of the data. Outliers (less than or greater than 1.5 times the inner quartile range) are denoted by open circles. The absolute intensity value of each 
marker is displayed for anterior PS explants epithelial cells (M), anterior PS explant mesenchymal cells (N), posterior PS explant mesenchymal cells (O), and mesenchymal 
cardiac cells (P). ECad and SMA levels are normalized to the VIN staining for each cell type directly beneath (Q,R,S,T). *** denotes p<0.001, ** denotes p<0.01, * denotes 
p<0.05
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ECad staining (Figure 3D). SMA was present in all cells (Figure 
3E) and localized to filaments across the cells (Figure 3E inset, 
red arrowheads). Faint nuclei are visible as darkened regions 
in the SMA staining. The anterior PS explants on “stiff” PDMS 
exhibited VIN localization to focal adhesions throughout the cells 
(Figure 3F) and preferentially around the cell periphery (Figure 
3F inset, green arrowheads).

In the mesenchymal posterior PS region (Figure 3, third row), 
an interesting pattern was seen in some (approximately 33%) 
regions of ECad staining. Faint ECad staining was visible in the 
cell-cell borders (Figure 3G), indicating cell-cell junctions in SMA-
expressing cells (Figure 3H). As with cultures on glass, the SMA-
expressing cells in posterior PS explants were generally more 
spread than the anterior PS cells and showed fibers spanning the 
cells (red arrowhead, Figure 3H inset). VIN was localized to focal 
adhesions throughout the cell (Figure 3I), particularly those at 
the cell edge (green arrowheads, Figure 3I inset).

Cardiac cells on “stiff” PDMS (Figure 3, fourth row) showed 
low ECad levels (Figure 3J). SMA levels appeared to be highest in 
cardiac cells of the four sample groups (Figure 3K). As previously, 
SMA was localized to distinct fibers across the cells (Figure 3K 
inset, red arrowhead) and absent from the nuclear region. Also 
similarly to cultures on glass, cardiac cells expressed VIN in focal 
adhesions throughout the cell (Figure 3L) and elongated focal 
adhesions at the cell borders (Figure 3L inset, green arrowheads).

Figure 3M-T shows all quantified staining for cultures on 
“stiff” PDMS, which reflect the staining patterns seen in Figure 
3A-L. As expected, the E/V of the epithelial anterior PS cells 
(Figure 3Q) was significantly higher (p<0.001) than all other 
sample groups. Cardiac cell S/V (Figure 3T) was significantly 
higher than every other sample type (p<0.001 compared to 
anterior epithelial and posterior mesenchymal, p<0.01 compared 
to anterior mesenchymal). 

The cultures on “soft” FN-coated PDMS (Figure 4) show 
similar staining localization patterns to those of “stiff” PDMS, 
which highlights the necessity of our quantification method 
for meaningful comparisons between the two that elucidate 
the connection between cardiac differentiation and substrate 
stiffness. In the epithelial anterior PS explants (Figure 4, first 
row), ECad and VIN were co-localized to cell-cell junctions 
(Figure 4A inset, yellow arrowheads and Figure 4C inset, orange 
arrowheads, respectively), and there were low levels of SMA 
staining with no discernible features (Figure 4B).

Mesenchymal regions of the anterior PS (Figure 4, second 
row), were negative for ECad staining (Figure 4D). SMA 
expression was localized to filaments across the cells (Figure 4E 
inset, red arrowhead), and VIN staining was localized to focal 
adhesions, with a particular presence at the cell edges (Figure 4F 
inset, green arrowheads).

The mesenchymal posterior PS on FN-coated “soft” PDMS 
(Figure 4, third row) showed traces of ECad at the cell-cell 
boundaries of SMA-expressing cells, similar to the same cultures 
on “stiff” PDMS (Figure 4G). SMA-expressing cells (Figure 4H) 

were generally more spread than that anterior mesenchymal 
cells, and SMA was localized to actin filaments (Figure 4H inset, 
red arrowheads) often traversing the non-central periphery of 
the cells. VIN staining was seen in focal adhesions concentrated 
at the cell edges (Figure 4I inset, green arrowheads).

Cardiac cells (Figure 4, fourth row) exhibited low levels of 
ECad staining (Figure 4J) but the highest levels of SMA staining 
across the sample groups on “soft” PDMS. SMA was localized to 
filaments throughout the cell (Figure 4K inset, red arrowheads). 
VIN was visible in elongated focal adhesions at the cell edges 
(Figure 4L inset, green arrowheads).

On “soft” PDMS (Figure 4Q-T), E/V was again highest in the 
epithelial anterior PS explants (Figure 4Q) (p<0.05 compared to 
the mesenchymal region of the anterior PS, p<0.01 compared to 
the posterior PS, p<0.001 compared to cardiac cells). Cardiac cells 
showed the highest S/V (Figure 4T) (p<0.001 compared to other 
sample types). S/V for anterior and posterior PS mesenchymal 
regions was significantly higher than anterior PS epithelial 
regions (p<0.05 and p<0.01, respectively). 

Figure 5 shows side-by-side comparisons of the same sample 
type on different substrates stiffnesses. First, in the epithelial 
region of the anterior PS cultures, there is no difference in the E/V 
and S/V values between “stiff” (Figure 5A) and “soft” (Figure 5B) 
PDMS. We can conclude that the substrate stiffness did not affect 
the epithelial region of the anterior PS explants.

Next, in the mesenchymal region of the anterior PS, which is 
the cell type of greatest interest in this study due to its in vivo 
cardiac fate, the S/V ratio is significantly higher on “stiff” PDMS 
(p<0.001) compared to “soft” PDMS (Figure 5C,D). We conclude 
that mesenchymal cells from the anterior PS are influenced by 
substrate stiffness in terms of SMA expression.

Side-by-side comparison of the posterior PS explants on “soft” 
and “stiff” PDMS (Figure 5E,F) revealed a significant (p<0.001) 
increase in E/V on “soft” PDMS. This result suggests that the faint 
ECad staining present at cell-cell borders in this sample group 
increased on the softer substrate. We can conclude that substrate 
stiffness affects cells from the posterior PS in terms of ECad 
expression.

In the cardiac cell cultures on FN-coated “soft” and “stiff” 
PDMS, there were no statistical differences between E/V and 
S/V (Figure 5G,H). This finding is significant because both the 
anterior and posterior PS mesenchymal cells showed differences 
on “soft” and “stiff” PDMS, which suggests that cardiomyocytes 
from a 3-day-old quail embryo may have matured past this point 
of sensitivity to substrate stiffness as indicated by SMA and ECad 
expression.

In summary, the most significant results in this study are as 
follows: 1) Anterior mesenchymal PS explants (cardiac-fated 
cells) showed decreased S/V on “soft” compared to “stiff” PDMS. 
2) Posterior mesenchymal PS explants showed increased E/V on 
“soft” compared to “stiff” PDMS. 3) Cardiac cells did not show 
different E/V or S/V on “soft” or “stiff” PDMS. 4) Cardiac cells had 
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Figure 4: Anterior and posterior primitive streak explants and cardiac cells on “soft” (250 Pa) PDMS 
Rows represent the same field of a sample image from each of 4 experimental groups: epithelial cells from the anterior primitive streak (A,B,C), mesenchymal cells from 
the anterior primitive streak (D,E,F), mesenchymal cells from the posterior primitive streak (G,H,I), and mesenchymal cardiac cells (J,K,L). Columns represent each marker: 
E-Cadherin (A,D,G,J), SMA (B,E,H,K), and Vinculin (C,F,I,L). ALL SCALE BARS ARE 100 µm. (M-T) ECad, SMA, and VIN intensity in anterior and posterior primitive streak 
explants and cardiac cells on “soft” (250 Pa) PDMS. The boxes represent the 25th to 75th percentiles, and the heavy line represents the median. Whiskers represent the top 
and bottom quartiles of the data. Outliers (less than or greater than 1.5 times the inner quartile range) are denoted by open circles. The absolute intensity value of each 
marker is displayed for anterior PS explants epithelial cells (M), anterior PS explant mesenchymal cells (N), posterior PS explant mesenchymal cells (O), and mesenchymal 
cardiac cells (P). ECad and SMA levels are normalized to the VIN staining for each cell type directly beneath (Q,R,S,T). *** denotes p<0.001, ** denotes p<0.01, * denotes 
p<0.05
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a higher S/V than all cell types on “soft” and “stiff” substrates.

Sarcomeric myosin heavy chain expression is not altered by 
changes in substrate stiffness in primitive streak cells

Because we detected significant differences in SMA staining 
in cardiac-fated cells on “soft” and “stiff” substrates, we next 
stained for sarcomeric myosin heavy chain as a means to detect a 
functional difference between the cultures. Samples were stained 
with MF20 and sytox, and images were imported into Matlab to 
calculate the percent of cells expressing sarcomeric myosin heavy 
chain. In the anterior (Figure 6A,B,G,H, first row) and posterior 
(Figure 6C,D,I,J, second row) PS cultures, myosin appeared to 
be granulated (Figure 6C,G,I insets) throughout the cell, similar 
to the cardiac cultures (Figure 6E,K insets). In the anterior PS 
cultures on “stiff” PDMS (Figure 6A,B), there were low levels of 
MF20 staining, which appeared to be elevated on “soft” PDMS 
(Figure 6G,H). However, image analysis and a 2-way ANOVA 
indicated no statistical differences between the percent of cells 
positive for MF20 between the two groups (Figure 6M,N), which 
indicates that a more sensitive test may be required to quantify 
the observations. The posterior PS explants (Figure 6, second 
row) similarly did not show significant differences (Figure 6M,N). 
The cardiac cell cultures (Figure 6, third row) exhibited a higher 

percentage of MF20-expressing cells on the “soft” PDMS compared 
to “stiff” PDMS (Figure 6E,F,K,L,M,N). Interestingly, while cardiac 
cells do not express different levels of SMA on different substrate 
stiffnesses, they exhibit higher levels of sarcomeric myosin heavy 
chain on “soft” PDMS, suggesting that the response to substrate 
stiffness changes over time with different cardiac cell markers.

Changes in substrate stiffness do not alter the prevalence of 
beating cultures

We observed the prevalence of beating cells across all sample 
types to detect a functional difference in the cardiac-fated cells’ 
response to substrate stiffness. A chi-squared test determined 
that there were no differences between the number of beating 
cultures on any substrate and cell type (Table 2), which shows a 
further need for stage-by-stage analysis of cardiogenesis, because 
differentiated cardiac cells from formed embryonic hearts show 
substrate stiffness preferences [20].

DISCUSSION

Our results show for the first time that cardiac-fated cells 
are susceptible to cardiac-marker expression changes based 
on substrate stiffness. Cardiac-fated cells from the PS express

 

Figure 5: Side-by-side comparison of ECad/VIN and SMA/VIN intensity ratios on “stiff” (70 kPa) and “soft” (250 Pa) PDMS
(A,B) Epithelial region of anterior primitive streak explants on A) “stiff” (70 kPa) and B) “soft” (250 Pa) PDMS. (C,D) Mesenchymal region of anterior primitive streak 
explants on C) “stiff” (70 kPa) and D) “soft” (250 Pa) PDMS. (E,F) Mesenchymal posterior primitive streak explants on E) “stiff” (70 kPa) and F) “soft” (250 Pa) PDMS. (G,H) 
mesenchymal cardiac cells on G) “stiff” (70 kPa) and H) “soft” (250 Pa) PDMS. *** denotes p<0.001
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statistically higher levels of SMA, the first cardiac marker, on 
“stiff” compared to “soft” PDMS, which is suggestive of a transition 
toward cardiac differentiation. In addition, higher levels of SMA 
indicate mesenchymal-like behavior on “stiff” PDMS. (Posterior 
PS cells similarly expressed higher levels of ECad on “soft” 
compared to “stiff” PDMS, suggesting epithelial-like behavior on 
“soft” PDMS and mesenchymal-like behavior on “stiff” PDMS.) An 
important implication of these findings is that the formulation 

 

Figure 6: Sarcomeric myosin heavy chain and nuclei immunofluorescence staining of anterior and posterior primitive streak explants and cardiac cells on “stiff” 
(70 kPa) (A-F) and “soft” (250 Pa) (G-L) PDMS 
Rows represent the same field of a sample image from each of 3 experimental groups: anterior primitive streak (A,B,G,H), posterior primitive streak (C,D,I,J), and cardiac cells 
(E,F,K,L). Columns represent each marker: MF20 (sarcomeric myosin heavy chain) (A,C,E,G,I) and sytox (nuclei) (B,D,F,H,J). The first 2 columns represent samples on “stiff” 
(70 kPa) PDMS (A-F) and the second 2 columns (G-L) represent samples on “soft” (250 Pa) PDMS. ALL SCALE BARS ARE 100 µm. (M,N) MF20 immunofluorescence staining 
as a percent of total cell (nuclei) count in anterior and posterior primitive streak explants and cardiac cells on (M) “stiff” (70 kPa) and (N) “soft” (250 Pa) (250 Pa) PDMS. The 
boxes represent the 25th to 75th percentiles, and the heavy line represents the median. Whiskers represent the top and bottom quartiles of the data. Outliers (less than or 
greater than 1.5 times the inner quartile range) are denoted by open circles. On (M) “stiff” (70 kPa) and (N) “soft” (250 Pa) (250 Pa) PDMS, cardiac cells expressed MF20 in a 
higher percentage of cells than the primitive streak explants. ANT PS = anterior primitive streak, POS PS = posterior primitive streak. ** denotes p<0.01, *** denotes p<0.001

Table 2:  Beating cultures per sample count

Cell type 70 kPa PDMS 250 Pa PDMS

Anterior primitive streak 1/35 4/35

Posterior primitive streak 5/35 1/35

Cardiac cells 36/36 36/36

Abbreviations: polydimethylsiloxane (PDMS)
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of hiPSC and other cell-differentiation protocols would do well 
to include the characterization of desired substrate stiffness 
over time to determine and optimize the conditions to produce 
a  targeted cell type. Further, the study indicates the importance 
of characterizing cells’ response to the moduli of scaffolds in 
cardiac tissue engineering applications. Future developmental 
cardiac studies would also benefit from taking into account 
the mechanical microenvironment during cardiogenesis. It 
was interesting to note that the cardiac cells from 3-day-old 
embryonic hearts did not exhibit the same substrate-dependent 
SMA expression as earlier (HH3) cardiac-fated cells, because 
later-stage embryonic cardiomyocytes have demonstrated 
substrate-stiffness sensitivity [7,20,21]. This finding suggests 
that cardiac cells’ responsiveness to substrate and tissue stiffness 
may be in flux over time. Taken together, these results emphasize 
the relevance of examining the rapidly-changing biochemical and 
biophysical environments and the cells’ sensitivity to both at each 
distinct stage of development. The results also indicate a potential 
benefit for taking into account the effect of the mechanical 
microenvironment at each phase of cell-differentiation protocols 
in order to improve differentiation success rates for targeted cell 
phenotypes. 

When examining the expression of sarcomeric myosin heavy 
to chain as a means to determine if the differences in SMA and 
ECad staining have functional consequences to the embryo, we 
found only that the percentage of cells expressing sarcomeric 
myosin heavy chain increased in the differentiated cardiac cells, 
not in the PS cardiac-fated cells. The cardiac cells expressed higher 
levels of sarcomeric myosin heavy chain on “soft” compared to 
“stiff” PDMS, and the cardiac cells on both substrates expressed 
significantly higher sarcomeric myosin heavy chain than the 
anterior and posterior PS cells on each substrate. These results 
elucidate the continuous and dynamic sensitivity to (and effects 
of) changing substrate stiffnesses within the embryo during 
heart development, which confirm the importance of future 
characterization of substrate stiffness in cell differentiation, 
developmental, and tissue engineering applications.  

A limitation of this study is that small cell counts from the 
embryo did not allow for reliable flow cytometry. Because we 
were able to determine differences in SMA and ECad staining 
in PS cells, further insights may be obtained via sub-cellular 
characterization, ideally, a method akin to “localized flow 
cytometry” that would have the benefit of the sensitivity of flow 
cytometry, but would not require the cells to be trypsinized and 
lose their spatial significance within the cultures. We would like 
to move to a finer “map” of staining using smaller windows within 
the 10x fields to display more localized immunofluorescence 
staining. In addition, further development and characterization 
of a finer range of substrate stiffnesses scaling up from the 
physiologic “soft” (250 Pa) substrate created for this study would 
enable a more nuanced exploration of the effect of changes to 
substrate stiffness on cardiac marker expression. Finally, we 
would be interested in expanding stages of cardiac-fated cell 
explants (HH5, HH7) and using additional downstream cardiac 
markers such as sarcomeric myosin to examine sensitivity to 
substrate stiffness over a broader range of differentiation stages 
in the embryo.

One of the related themes to this work in addition to cardiac 
differentiation is EMT because of EMT’s shown dependence on 
substrate stiffness [55]. SMA is the first cardiac marker, but it has 
also been used as a marker of EMT [56]. Because EMT has been 
shown to be effected by substrate stiffness, the differentiation 
of cells in the streak undergoing EMT during gastrulation [57] 
may also be dependent on substrate stiffness. We acknowledge 
that there may be redundant mechanisms for upregulating 
SMA in precardiac cells, because these cells undergo EMT just 1 
stage before transcribing SMA. In future studies, flow cytometry 
and in situ hybridization may be a good next step to more fully 
characterize the transcription and translation of more cardiac 
markers in these PS explants.

One advantage of this study is that we are studying the effect 
of substrate stiffness on cardiogenesis with isolated precardiac 
cells as opposed to an undifferentiated stem cell line. All 
necessary developmental cues up to the point of localization to 
the anterior PS have taken place, and we explant the precardiac 
cells 2 stages prior to the transcription of the first heart marker, 
SMA. Nonetheless, we hope that the results of this study will 
be advantageous for ongoing studies of developing cardiac cell 
therapies from induced pluripotent stem cells (iPSCs) [58] and 
mesenchymal stem cells [59,60].

CONCLUSION

Here we have shown that substrate stiffness affects the 
behavior of anterior and posterior PS cells, the former of which 
are fated to form the heart during embryogenesis. We hope 
that the results of this study will not only encourage further 
exploration of the effects of substrate stiffness on development 
and stem cell differentiation for therapeutic applications, but that 
studies of the effects of substrate stiffness will account for the 
importance of mechanical characterization so that results can be 
understood in the context of the true mechanical environment, 
specifically, substrate stiffness in vivo.
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