
Journal Pre-proofs

The importance of matrix in cardiomyogenesis: Defined substrates for matu‐
ration and chamber specificity

Jake Ireland, Kristopher A. Kilian

PII: S2590-0285(24)00020-6
DOI: https://doi.org/10.1016/j.mbplus.2024.100160
Reference: MBPLUS 100160

To appear in: Matrix Biology Plus

Received Date: 7 February 2024
Revised Date: 15 August 2024
Accepted Date: 16 August 2024

Please cite this article as: J. Ireland, K.A. Kilian, The importance of matrix in cardiomyogenesis: Defined
substrates for maturation and chamber specificity, Matrix Biology Plus (2024), doi: https://doi.org/10.1016/
j.mbplus.2024.100160

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2024 Published by Elsevier B.V.

https://doi.org/10.1016/j.mbplus.2024.100160
https://doi.org/10.1016/j.mbplus.2024.100160
https://doi.org/10.1016/j.mbplus.2024.100160


The importance of matrix in cardiomyogenesis: defined substrates 
for maturation and chamber specificity

Jake Ireland1, and Kristopher A. Kilian1,2,3*

1School of Chemistry, UNSW Sydney, Sydney, New South Wales, Australia

2School of Materials Science and Engineering, UNSW Sydney, Sydney, New South 
Wales, Australia

3Australian Centre for NanoMedicine, UNSW Sydney, Sydney, New South Wales, 
Australia

Abstract

The optimization of human embryonic stem cell-derived cardiomyocytes (hESC-CM) 
is a promising approach for generating cardiac cells for disease modelling and 
regenerative medicine. However, current protocols invariably lead to mixed 
population of cardiac cell types and often generate cells that resemble embryonic 
phenotypes. Here we developed a combinatorial approach to assess the importance 
of extracellular matrix proteins (ECMP) in directing the differentiation of 
cardiomyocytes from human embryonic stem cells (hESC). We did this by focusing 
on combinations of ECMP commonly found in the developing heart with a broad goal 
of identifying combinations that promote maturation and influence chamber specific 
differentiation. We formulated 63 unique ECMP combinations fabricated from 
collagen 1, collagen 3, collagen 4, fibronectin, laminin, and vitronectin, presented 
alone and in combinations, leading to the identification of specific ECMP 
combinations that promote hESC proliferation, pluripotency, and germ layer 
specification. When hESC were subjected to a differentiation protocol on the ECMP 
combinations,  it revealed precise protein combinations that enhance differentiation 
as determined by the expression of cardiac progenitor markers kinase insert domain 
receptor (KDR) and mesoderm posterior transcription factor 1 (MESP1). High 
expression of cardiac troponin (cTnT) and the relative expression of myosin light 
chain isoforms (MLC2a and MLC2v) led to the identification of three surfaces that 
promote a mature cardiomyocyte phenotype. Action potential morphology was used 
to assess chamber specificity, which led to the identification of matrices that promote 
chamber-specific cardiomyocytes. This study provides a matrix-based approach to 
improve control over cardiomyocyte phenotypes during differentiation, with the scope 
for translation to cardiac laboratory models and for the generation of functional 
chamber specific cardiomyocytes for regenerative therapies.
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Introduction

It’s been two decades since cardiac cell therapies were first investigated with the initial 
hypothesis that non-contracting stem cells could transdifferentiate when injected into an 
infarct region (1, 2). Despite the promising benefits of pre-clinical trials, cell therapies in 
larger animals appeared to interfere with native electrical conduction (3). The decades since 
have seen tremendous improvements in cardiac modelling and regenerative medicines as 
the field of pluripotent stem cell research has expanded. The use of human embryonic stem 
cells (hESC) and human induced pluripotent stem cells (hiPSC) has provided alternative 
options to primary cells for investigating cardiomyogenisis (4), exploring cardiomyocyte 
lineage specification (5), and has pioneered the field of engineered heart muscle (EHM) as 
alternative delivery methods of stem cells to infarct regions (6, 7). Contracting 
cardiomyocytes developed from human embryonic stem cells, known as human embryonic 
stem cell-derived cardiomyocytes (hESC-CM), have been cultured in laboratories around the 
world with some incredible ability to resemble the morphologic and phenotypic qualities of 
the adult heart (8, 9). The efficiency of differentiating cardiomyocytes from a pluripotent cell 
source is nearing 100% for most modern protocols (10) but issues persist that prohibit these 
cells from entering clinical use (11, 12). Currently clinical translation for stem cell derived 
cardiomyocytes face controversy regardless of the cell source as hESC pose ethical 
dilemmas and hiPSC struggle to find a footing in clinical translation due to the large number 
of genetic changes required for pluripotent cell generation (119, 120). In this study we chose 
to work with hESC because they have extant success in clinical translation to treat ischemic 
cardiac conditions in humans and serves as a reliable cell source for modelling cardiac 
differentiation in vitro (121). The criteria for a protocol to meet clinical standards require 
phenotypic and electrophysiological purity, a high differentiation efficiency, and an absence 
of adverse effects in pre-clinical animal models (13). Whilst differentiation efficiency can be 
achieved, most protocols give rise to a heterogeneous population of cardiac cell types that 
often display varying action potential morphologies (5, 14). 

Efforts to improve cardiac differentiation protocols are also influenced by the need for better 
cardiac models for safety pharmacology testing. The S7B guidelines from the International 
Conference of Harmonisation (IHC) stipulate a need to investigate ion channel interactions, 
in particular with hERG receptors (15). These guidelines encourage simple studies, often 
with Chinese hamster ovarian (CHO) cells transfected with a hERG receptor that 
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demonstrate a simplistic and impractical example of ion channel interactions that don’t 
account for the broad range of available ion channels of a functional adult cardiomyocyte 
(16, 17). These studies also highlight the limited representation of biomimetic systems as 
pharmacological agents that pass these trials and can later be removed from the market, 
such was the case with Cisapride (18), and Terfenadine (19) for unknown ion channel 
interactions not found during pre-clinical testing. The other side of this coin is that beneficial 
compounds that could help millions of patients, could unfairly be removed from further 
testing due to an incomplete picture of ion channel interactions in hERG receptor models 
(20). The Comprehensive in-vitro Pro-arrhythmic assay (CiPA) is a movement that is 
encouraging the use of alternative methods including PSC-CM in safety pharmacology 
testing (20, 21). Commonly PSC-CM represent immature cardiomyocytes similar to 
embryonic cardiac tissue with an unorganized ultrastructure and poor ion channel 
presentation which can vary with increased incubation periods leading to inconsistent results 
(22). Before PSC-CM become a viable cardiac model for safety pharmacology testing, or to 
be used in cell therapies, variability in maturation and electrophysiological responses need to 
be standardised. 

Several modern protocols have a range of achievements in the purity and quality of PSC-CM 
(10, 23, 24, 25). The majority of these protocols focus on the utilisation of small molecules 
responsible for guiding lineage pathways that would be most favourable for producing 
cardiomyocytes whilst microenvironmental cues of the extracellular matrix, have received 
less attention. While these chemical signals are important factors, they often lead to 
unguided differentiation towards a cardiac lineage without the ability to direct chamber 
specification. Several studies have claimed to enrich kinetic or electrophysiological 
properties of chamber-specific cell types that are often described as “atrial-like, ventricular-
like, and nodal-like” cells (26, 27, 28, 29). However, to consistently produce these chamber-
like cell types, specific differentiation protocols need to be developed to direct chamber 
specificity with rigorous selection criteria that factor in the importance of extracellular matrix 
proteins (ECMP) (30, 31, 32).

The importance of ECMP in cardiac differentiation and maturation is evidenced by the 
variability of expression in a developing embryo (33). Furthermore, congenital diseases 
responsible for improper ECMP expression show the significance ECMP can have on 
alignment (34), growth (35), morphology (36, 37, 38), chamber specification (39, 40), and 
maturation (41, 42). ECMP remodelling following an ischemic event or during progressive 
heart failure is also evidence of the importance of how cardiomyocytes will adapt to 
alterations in the ECMP structure (43, 44, 45, 46). Studies utilising decellularised ECMP 
scaffolds show the influence the ECMP structure can have on inducing differentiation of 
stem cells towards a cardiomyocyte lineage without the need to implement a differentiation 
protocol (47, 48, 49, 50). The evidence of these studies into the ECMPs importance during 
the early stages of cardiomyogenisis shows how providing “outside-in” signaling can 
augment differentiation (51). Early methods for culturing hESC used MEF feeder layers that 
would deposit a complex mixture of ECMP that provided a suitable substrate that allowed 
attachment whilst maintaining the stemness and proliferation of the cells (52). More modern 
protocols now utilize commercial substrates like MatrigelTM or Geltrex™ which are extracted 
and purified substrates made up of the same complex mixture of ECMP.  Whilst these 
animal-derived matrices have gained good reputation for maintaining stem cells they can 
often show wide variability in composition and do not reflect the native ECMP composition 
found in cardiac tissue and are a poor representation of the ECMP present during human 
cardiac development (53, 54).
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In recent years, considerable work has been devoted to replacing MatrigelTM with 
singular ECMP such as fibronectin, laminin or vitronectin (55, 56, 57, 58), as well as 
combinatorial assessments of ECMP matrices (59, 60, 61) for the maintenance of 
stem cell pluripotency. Alternative studies have been investigating protein 
combinations to direct cardiomyocyte lineage specification by utilizing proteins 
prevalent in native cardiac tissues such as fibronectin and laminin. Jointly these 
proteins showed an improved differentiation efficiency when cultured on a 70:30 ratio 
of fibronectin to laminin (62). More recent research focuses on identifying specific 
proteins required for the in vivo maintenance of human cardiomyocytes. The 
abundance of laminin 221 and 521 in the adult human heart was investigated and 
showed improved cardiomyocyte progenitor specification and enhanced cardiac 
function in mice when transplanted into areas of the induced infarct (63). Other 
studies demonstrate a strategy for the maturation of hPSC-CM monolayers, by 
emphasizing the importance of specific ECMP conditions in a 3D culture format and 
the involvement of integrin signaling pathways in the maturation process (64). While 
these findings are intriguing, a comparative analysis with modern differentiation 
protocols reveals lower differentiation efficiency or improvements when PSC-CM are 
cultured using specialized techniques and fabricated platforms not readily available 
to most laboratories. Additionally, the observed enhancement in animal models is 
often associated with cultures undergoing prolonged in vitro incubation. Conflicting 
studies suggest that improvements in in-vivo cell therapies may arise due to in vitro 
extracellular matrix remodeling resulting from extended culture periods (64, 65), and 
similar results can be achieved through alternate techniques that do not utilize 
ECMP substrates (66). Despite these advancements, the precise role of specific 
proteins in guiding differentiation, maturation, and chamber specificity within the 
cardiac lineage remains to be fully understood.
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In this paper, we report an ECMP microarray approach to evaluate the role of initial 
matrix conditions in directing cardiac differentiation in hESCs. We used 6 commonly 
found ECMP including collagen 1, collagen 3, collagen 4, fibronectin, laminin, and 
vitronectin by presenting them alone and in combinations to produce 63 different 
protein permutations. These ECMP surfaces were assessed for promotion of 
proliferation, maintenance of pluripotency, and expression of germline-specific 
biomarkers. We then analysed this data in combination with the biomarker 
expressions that would typically follow cardiomyocyte differentiation by investigating 
the commitment to the mesoderm linage, and the influence on promoting 

cardiomyocyte progenitors. Induction of differentiation using media formulations and 
analysis of cardiomyocyte biomarkers revealed ECMP combinations that enhance 
cardiomyogenisis, with three surfaces that promote high functional maturation as 
determined by contraction analysis. Custom criterion - based on molecular markers 
and action potential morphology -was used to identify ECMP combinations that direct 
differentiation to ventricular, atrial, conduction, and nodal phenotypes, providing the 
first matrix-based approach to direct chamber specificity whilst highlighting how 
ECMP affect the critical milestones throughout cardiomyocyte differentiation. The 
workflow of these experiments are detailed in figure 1. 

Results 

Protein microarrays identify optimal microenvironments for pluripotent stem 
cell proliferation.

Figure 1. ECM Array Plate to investigate cardiomyocyte differentiation lineage specification. A) ECMP 
array seeded with hESC and cultured for 5 days. Cells are then differentiated using a ventricular 
cardiomyocyte differentiation protocol. B) Cells are fixed and stained at various timepoints throughout the 
cardiomyocyte lineage so assess the effects ECMP combinations have on differentiation potential.
Created by BioRender.com
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Before delving into the impact of ECMP on cardiomyocyte differentiation, our 
investigation first focused on how our ECMP array could affect the proliferation and 
pluripotency of hESC. To explore the combinations of ECMPs available for 
supporting pluripotent stem cells, numerous studies have employed an array 
technique. These studies often utilize protein spotters on a biomimetic hydrogel to 
enhance throughput, ensuring accuracy and reproducibility. However, caution is 
warranted, as many of these studies may be misleading, deviating from traditional 
culture techniques and introducing features that can specifically impact 
differentiation. Such features include alterations in substrate stiffness (67, 68, 69), 
topographical confinement (70, 71, 72), restricted cell populations (72, 73), and 
paracrine signalling from adjacent microenvironments (74, 75). The array spot 
method, with its incorporated features, may identify optimal ECMP combinations for 
a particular array setup, but potentially lacks a full representation of the traditional in 
vitro culture conditions utilized for pluripotent stem cell proliferation and maintenance 
in clinical settings. Traditional cell culture methods, like plastic multiwell cell culture 
dishes, are frequently adapted and scaled up for clinical protocols. In contrast, the 
array-based approach allows the creation of numerous cost-effective and user-
friendly microenvironments that can be replicated in various laboratories.

In this study, six commonly encountered ECMP were selected and arranged within a 
96-well plate, creating 63 distinct permutations. The chosen matrix proteins included 
collagen 1, collagen 3, collagen 4, fibronectin, laminin, and vitronectin. Figure 2A 
outlines the arrayed protein combinations, utilizing 63 wells of a 96-well plate to 
represent unique protein permutations. Prior to the fabrication of the array, the 
proteins were dissolved in 1x DPBS at a concentration of 25 µg/mL. A final volume of 
200 µL was added to each well, and the concentrations of individual proteins were 
adjusted based on the number of proteins combined in each well. This method of 
concentration dilution was implemented to ensure uniform protein concentrations 
across all wells, eliminating it as a potential source of variability among 
combinations.

After seeding hESCs across the array, we measured confluency on each ECMP 
combination over 5 days using the Olympus Confluency Checker. For measuring cell 
viability, alamarBlue was used as a measure of cells’ metabolic activity. This was 
used in conjunction with the confluency software to differentiate between growth and 
fitness. From Figure 2C and S1, we can see a general correlation between cell 
viability and confluency for most ECMP combinations but also some disparities. This 
highlights the dynamic nature of hESC in response to 
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Figure 2. ECMP Plate Array A) Layout of arrayed ECMPs in a 96 well plate. hESC are seeded at 1.24𝑥104

𝑐𝑒𝑙𝑙𝑠 𝑐𝑚2 to allow proliferation over 5 days. B) Images of hESC using Olympus confluency checker where 
green donates culture plastic and purple donates cells. Images taken on day 5 at 10X magnification, Scale 
bar 500𝜇𝑀. C) Graphical comparison of the viability and confluency of all 63ECMP combinations to highlight 
similarities and differences of the ECMP combinations on the hESC. D) List of proteins combinations used to 
generate the ECMP array with the proteins name abbreviation, the location of the well in the 96 well plate 
and the well plate number referenced to the X axis of the comparison of confluency and viability graph. 
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different microenvironments and how cell spreading is not always correlated to the 
cell’s metabolic fitness and vice versa. The dotted threshold lines in figure S1 
indicate the response of hESC on the commercial substrate Matrigel. We see there 
are a handful of ECMP combinations that had higher confluency and metabolic 
viability in comparison to Matrigel, indicating an improved proliferative ability on 
select ECMP combinations. Most ECMP combinations showed a decreased 
confluence and viability compared to Matrigel, indicating some ECMP combinations 
can inhibit cell proliferation while others may display an induced apoptotic response. 
This comparison demonstrates how hESC morphology is not always the best 
indicator of viability. 

On day 5 (120h), three independent cultures of hESC cells cultured on the 63 
different ECMP combinations were fixed and stained with DAPI to assess the 
quantity of DNA present in each well (PRO):

𝑃𝑅𝑂 =  
𝜒  𝜇𝐷𝑁𝐴

𝑐                                              (Equation 1)

Where  is the 𝐿𝑜𝑔2 of the DNA signal for the well, 𝜇𝐷𝑁𝐴 is the average of the 𝐿𝑜𝑔2 
DNA signal for all the wells on the plate, and 𝜎𝐷𝑁𝐴 is the standard deviation of the 
𝐿𝑜𝑔2 DNA signals for all the wells on the plate. Proliferation Index values from the 
replicated cultures (n=3 per ECMP condition) were averaged for each ECMP 
combination (𝜇𝑃𝑅𝑂). The proliferation behaviour of the hESC cells to each ECMP 
combination, 𝜇𝑃𝑅𝑂 are displayed in a heat map in Figure 2. Each row corresponds to 
the ECMP combination, and the three columns represent the three independent 
cultures. The rows and columns were clustered using Euclidian distancing as a 
similarity metric with an average linkage method. The combinations are displayed 
using a color code of blue to red to indicate two cluster groups of lower and higher 
proliferation compared to the global average mean (𝜇𝑃𝑅𝑂 = 0), respectively. 

By performing a Pearson correlation between the three independent cultures, we 
investigated the prevalence of ECMP combinations in relation to the observed 
proliferation. We found a number of ECMP combinations that consistently produced 
high proliferation rates (red) and low proliferation rates (blue) as displayed in figure 
3. Whilst these ECMP combinations could be prevalent in these groups due to 
biological variation, the prevalence of the individual ECMP in the high and low 
proliferation combinations is intriguing. These findings are also mirrored in Figure S4 
where the effects of the individual ECMP on proliferation when averaging from the 
three biological repeats.

Prior research has emphasized the significant role of collagen 4 as a major 
component of the basement membrane across the human body, often collaborating 
with various extracellular matrix (ECM) proteins to promote growth and remodeling in 
disease scenarios (45). Therefore, it is not surprising that our findings indicate an 
equal presence of collagen 4 in both high and low-proliferation groups. As illustrated 
in Figure 3, S2, and S4, laminin and vitronectin are prominently featured in the high 
proliferation group but less so in the low proliferation group. Conversely, collagens I 
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and III exhibit a higher frequency in the low proliferation group and a lower frequency 
in the high proliferation group.
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Figure 3. Heat map of extracellular matrix proteins (ECMPs) combinations effect on human 
embryonic stem cell (hESC) proliferation. A) Heat map of the mean proliferation index values (𝜇𝑃𝑅𝑂) of 
each ECMP combination (row) for the three independent cultures (columns). The ECMP combination are 
indicated with the protein name anocrynm and the shaded boxes in the table to the right of the heat map. A 
hierarchical clustering was performed with a Euclidian distancing metric and an average linkage method. 
Hierarchical clustering of the ECMPs revealed two segregated groups (i) Higher proliferation than the global 
average mean (red boxes) (ii) Lower proliferation than the global average mean of 0 (blue boxes). B and C) 
listed ECMP combinations that produce a consistently higher or lower proliferation response in three 
independent cultures. A secondary breakdown of the frequency of individual ECMP in the high and low 
proliferation combinations is also listed. 
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Relationships between proliferation and pluripotency on defined protein 
microenvironments

To ascertain the effects of the ECMP combinations on the level of pluripotency in 
comparison to proliferation, hESCs were cultured for 5 days before being fixed and 
stained for stemness markers Oct3/4a and Nanog (Figure 4). While Oct3/4a and 
nanog will normally be highly expressed in pluripotent cells, the expression level of 
nanog can be variable in individual cells. Previous studies on pluripotency in hESC 
have also shown that a low nanog expression level can maintain pluripotency in 
culture without differentiating (122). Whilst we expect stemness markers in hESC to 
be highly expressed in undifferentiated cells, we used the expression of OCT3/4a as 
a measure of pluripotency and confirmed pluripotency by comparison to the nanog 
expression level. For each protein combination, the ratio (𝑅) of the 𝐿𝑜𝑔2 of the 
OCT3/4a signal and the DNA signal was calculated. From this, a pluripotency index 
value (𝑃𝐿𝑈) can be calculated for each protein combination using the equation 
below:

𝑃𝐿𝑈 =  
𝑅  𝜇𝑟𝑎𝑡𝑖𝑜

𝜎𝑟𝑎𝑡𝑖𝑜
                                           (Equation 2)

Here, R represents the ratio value for the protein combination, μ_ratio signifies the 
average of all ratio values across every protein combination, and σ_ratio is the 
standard deviation for all ratio values across every protein combination. Each ECMP 
combination is then assigned coordinates (PRO, PLU) to visualize the relationship 
between hESC proliferation and pluripotency on different ECMP combinations 
(Figure 4B). Pluripotency index values from three independent replicates (n = 3 per 
ECMP condition) were collected and averaged (μ_PLU) for each ECMP combination.

In Figure S3, the heatmap displays individual pluripotency index values alongside 
proliferation index values. Rows represent different ECMP combinations, and the six 
columns represent independent proliferation and pluripotency array experiments. 
Clustering analysis, utilizing Euclidean distancing and an average linkage method, 
organized ECMP combinations into four distinct groups, aligning with the quadrants 
in Figure 4B. These groups are: i) high proliferation and high pluripotency (red 
group/top right), ii) high proliferation and low pluripotency (green group/bottom right), 
iii) low proliferation and low pluripotency (blue group/bottom left), and iv) low 
proliferation and high pluripotency (orange group/top left).

Plotting the coordinates (PRO, PLU) uncovered a negative correlation between 
pluripotency and proliferation index values (r = -0.7847, p < 0.0001), suggesting that 
an ECMP reducing pluripotency tends to increase proliferation. No ECMP 
combinations strongly promoted both proliferation and pluripotency simultaneously. 
However, combinations including collagen I (C1) and collagen IV (C4) with laminin 
(L) or vitronectin (V) emerged more than once as promoters of both. Conversely, the 
absence of collagen IV (C4) in these combinations led to decreased pluripotency and 
proliferation. Matrigel favored proliferation over pluripotency at day 5, possibly due to 
slight differentiation from high confluency. A repeated test on Matrigel fixed on day 3 
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showed the expected result of high pluripotency and lower proliferation. Examples of 
proteins dominant in each quadrant are illustrated in Figure 4A with OCT3/4 
immunostaining images.

Correlation plots in Figure S4 analyze the magnitude effects of each ECMP on 
proliferation and pluripotency. Collagens 1, 3, and 4 had a negative impact on 
proliferation but a net positive effect on pluripotency, indicating a conducive 
environment for maintaining stem cells. Collagen 4 had a minor impact on 
proliferation compared to collagens 1 and 3. This effect is also observed in Figure 4 
between the blue and red quadrants, where the ECMP combinations containing 
collagen 4 had higher pluripotency. Collagen 1 had the most significant impact, 
decreasing proliferation and promoting pluripotency. Laminin and vitronectin 
positively affected proliferation but had a net negative impact on pluripotency, 
suggesting a conducive proliferative microenvironment with differentiation influence. 
Fibronectin was the only ECMP negatively affecting both proliferation and 
pluripotency, and no ECMP showed a positive impact on both. 

Defined matrix proteins guide the expression of germline molecular markers.

Figure 4. Influence of extracellular matrix protein (ECMP) combinations on human embryonic stem 
cell (hESC) proliferation and corresponding pluripotency on day 5 of culture. A) Phase contrast images 
of cells in 96 well at 4x magnification (Scale bar = 500𝜇𝑀) and the respective immunofluorescent images of 
the DAPI and OCT4 biomarker at 10X magnification (Scale bar = 100𝜇𝑀). These images are representative 
of similar images (n=3) using a single plane confocal image. B) The mean proliferation index values (𝜇PRO) 
and mean pluripotency index values (𝜇PLU) for each ECMP combination on day 5 of the culture were average 
between the three independent cultures and graphed using a Pearson's correlation. The ECMP combinations 
are plotted into one of four groups i) High proliferation and high maintenance of pluripotency (red) ii) High 
proliferation and low maintenance of pluripotency (green) iii) Low proliferation and low maintenance of 
pluripotency (blue) iv) Low proliferation and high maintenance of pluripotency (orange). These high and low 
data points are referring to the averaged index values around the global average mean (0).
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The ability to generate all cell types from a single hESC means we have the 
opportunity to develop cardiac models and specific cardiac cell types that could be 
used for regenerative cell therapies. The utilization of an ECMP substrates is 
allowing us to manipulate thel of hESC differentiation and guide them down specific 
pathways. Insights into embryology have revealed key signaling pathways that 
regulate germline specification that can also influence the formation of their 
downstream derivatives. Employing our ECMP array for evaluating the impact of 
ECMP combinations on proliferation and pluripotency in H9 hESC, we discovered 
that specific ECMP combinations exhibit superior pluripotency promotion compared 
to leading commercial substrates like Matrigel™ and Geltrex™. Notably, certain 
ECMP combinations demonstrated diminished expression of pluripotency markers, 
suggesting potential germ layer differentiation and a potential leaning toward a 
specific germ lineage. The ability for ECMP combinations to potentially influence 
germ linage specification is intriguing as cardiac differentiation could be enhanced if 
ECMP combinations promote mesodermal and pre-cardiac lineages. Wnt activation 
is required for the activation of all three germlines but additional regulatory signaling 
is required for specific germlines. Endodermal and mesodermal lineages originate 
from a Foxa2 positive region of the primitive streak and require Wnt suppression and 
activin promotion and are generally able to able to alternate until lineage 
commitment proteins are expressed (4). To explore this further, we immunostained 
the hESC for the endoderm marker Sox17 and the mesoderm marker T-Brachyury. 
Using the equation below, we then used the averaged intensity signals from 
subsequent con-focal images to create an index value for each of the 63 protein 
combinations.

𝐵𝑖𝑜𝑚𝑎𝑟𝑘𝑒𝑟 𝐼𝑛𝑑𝑒𝑥 𝑉𝑎𝑙𝑢𝑒 (𝐵𝐼𝑉) =  
𝜒  𝜇𝐵𝐼𝑉

𝜎𝐵𝐼𝑉                        (Equation 3)

Where the Biomarker Index Value (BIV) is calculated from  which is the 𝐿𝑜𝑔2 of the 
signal for the well, 𝜇𝐵𝐼𝑉 is the average of the 𝐿𝑜𝑔2 signal of all the wells on the plate, 
and 𝜎𝐵𝐼𝑉 is the standard deviation of the 𝐿𝑜𝑔2 signals of all the wells on the plate. 
These germ layer index values are averaged from replicated cultures (n=3) for each 
ECMP combination and displayed as a final index value for the germ line biomarker (
𝜇𝑔𝑒𝑟𝑚). 

These averaged germ layer indices were subsequently compared to proliferation and 
pluripotency indices, forming a comprehensive heatmap cluster diagram in Figure 
5A. In the cluster diagram, each row signifies an individual ECMP combination, and 
columns represent averaged proliferation indices, pluripotency indices (OCT3/4a and 
Nanog), and germ layer markers (Sox17 and T-Brachyury). Hierarchical clustering, 
utilizing Euclidean distancing and average linkage, discloses three distinct groups: 1) 
low pluripotency and high germ layer differentiation, 2) high pluripotency and low 
germ layer differentiation, and 3) a central cluster displaying non-partisan 
expression. This clustering effectively highlights the relationship between 
pluripotency and germ-layer differentiation is broad.
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Correlation graphs further illuminate these relationships. Figure 5B shows a 
Pearson’s correlation graph between Sox17 and T-Brachyury index values indicating 
a moderate positive correlation (r=0.4668, R2=0.1996, p=<0.0001), suggesting a 
potential preference for multi-lineage specification when ECMP signals encourage 
deviation from pluripotency. Due to the index values being calculated from images of 
multiple cells in a culture well, heterogenous populations of cells expressing 
endodermal and mesodermal markers is often observed. This correlation graph also 
shows data points that deviate from the trendline, indicating that some ECMP 
combinations influence a preference for Sox17 or T-Brachyury expression. Specific 
ECMP combinations, such as C1C3V, C1C3F, and C3C4, exhibit enhanced Sox 17 
and expression and C1, C3, and C4 all showed enhanced T-Brachyury expression 
(Figure 5C and S5) signifying ECMPs influence on lineage commitment. Notably, 
C3C4FLV demonstrates a capability to promote multi-lineage specification by 
enhancing both T-Brachyury and Sox17 expression.

The hierarchical cluster also revealed distinct groups exhibiting either low 
pluripotency and high germ layer differentiation or high pluripotency and low germ 
layer differentiation. A central region, however, remains ambiguous, suggesting co-
expression of pluripotency and germ layer markers or uncorrelated expression within 
the same well. Pearson's correlation between average pluripotency (𝜇𝑃𝑙𝑢) and germ 
layer (𝜇𝑔𝑒𝑟𝑚),  index values establish a moderate negative correlation (r=-0.4104, 
R2=0.1684, p=<0.0001) (Figure 5D), reinforcing the dynamic interplay between 
pluripotency and germ layer commitment. These findings provide valuable insights 
into the nuanced relationship among ECMP combinations, pluripotency, and germ 
layer differentiation.

Expression patterns of MESP1 and MLC2 isoforms predict optimal 
cardiomyocyte differentiation.

By narrowing the view on these 63 protein combinations, we find there are specific 
ECMP combinations that can promote germ layer differentiation while others 
promote pluripotency. To further probe cardiac lineage specification, we first 
explored several markers of cardiac progenitors including kinase insert domain 
receptor (KDR), which is used to signify a pre-cardiac mesoderm cell type (76). T-
Brachyury+/KDR+ cells can enter the cardiac lineage and express various genes and 
transcription factors as the cells become progressively differentiated. The regulation 
of multipotent cardiovascular progenitor cell specification can be observed through 
the enhanced expression of mesoderm posterior 1 (MESP1) (77). After 
immunostaining and hierarchical clustering analysis of KDR and MESP1 stained 
populations, alongside the SOX17 and T-Brachyury populations evaluated in the 
preceding section, we see a range of differential expression across all ECMPs. 
However, there is no significant correlation between the early germ layer and cardiac 
progenitor molecular markers (Figure S6-S12). While selecting ECMPs alone may 
promote germ layer specification and enhance cardiac progenitor markers, we 
believe that temporal administration of cardiac-promoting supplements is necessary 
for cardiac differentiation.

To evaluate how protein combinations may trigger cardiac lineage programs, we 
subjected our cultures to differentiation media conditions and immunostained for T-
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Brachyury, KDR and MESP1. Figure 6 shows a cluster diagram constructed from the 
index values on all 63 ECMP combinations for T-brachyury, KDR, and MESP1 pre 
and post-differentiation. By performing hierarchical clustering, we can see the 
segregation of groups that correspond to high and low expression of both pre and 
post differentiation expression of MESP1, where the majority of the 28 ECMP 
combinations that showed positive index values for pre- and post-differentiation 
expression of MESP1 are represented in the bottom half of the cluster diagram. A 
correlation of MESP1 expression for pre and post differentiation shows a weak 
positive correlation in Figure S13 (r=0.3243 R2=0.1052 p=<0.0001). When we isolate 
the 28 ECMP combinations that had a double positive MESP1 expression for pre 
and post differentiation, we see a tighter correlation that remains weakly positive 
(r=0.2468 R2=0.06090 p=0.0264). This weak correlation is unsurprising because 
MESP1 expression is transiently expressed throughout differentiation. Nevertheless, 
it is still feasible that ECMP combinations that show positive expression of MESP1 in 
both pre and post differentiated cells will produce enhanced differentiation of 
cardiomyocytes and may positively influence cardiomyocyte maturation. 

The indication of maturation is frequently associated with the manifestation of mature 
cardiomyocyte markers such as cardiac troponin (cTnT) (78). In the developmental 
phase of hearts, there is typically a higher demand for strongly contracting 
cardiomyocytes in ventricular tissue as opposed to atrial tissue due to the resistance 
and forces needed for effective blood ejection into the body. These two chambers 
develop alternate versions of the myosin light chains (MLC) denoted MLC2a and 
MLC2v. This transition is commonly associated with maturation in in-vitro cultures 
where the immature cardiomyocytes predominantly express the MLC2a gene, which 
undergoes a switch to the MLC2v isoform during maturation (79, 80, 81, 82, 113).It 
has since become standard practice to represent the expression of MLC2a to MLC2v 
as a comparison of maturation between groups where more matured groups display 
more MLC2v and less MLC2a (83, 123). To assess the maturation of the 
cardiomyocytes differentiated on our 63 protein combinations, we immunostained 
our cells for cTnT, MLC2a, and MLC2v on day 14 of the differentiation protocol and 
used the equation previously used (equation 3) to generate index values for the 
cardiomyocyte maturation biomarkers.

These index values are averaged from replicated cultures (n=3) for each ECMP 
combination (𝜇𝐶𝑀𝐴𝑇). These averaged CMAT index values are compared to the 
proliferation, pluripotency, germline, and cardiac progenitor index values and are 
displayed in a heatmap cluster diagram in Figure 6. Hierarchal clustering shows that 
the double positive MESP1 ECMP combinations grouped in the lower half of the 
cluster diagram all show positive MLC2v expression, with the majority showing a 
strong negative MLC2a expression. 

Surprisingly only a few shows positive cTnT expression in this same group. When 
looking at the cTnT expression, only two ECMP combinations show negative MLC2v 
expression suggesting that expression of cardiac troponin leads to the progressive 
maturation of cardiomyocytes. We expect to see a positive correlation when we 
compare the MESP1 expression for both pre and post-differentiation to these mature 
cardiac markers. Figure S13 shows this correlation of MESP1 with cardiac troponin, 
where no correlation is observed in both the pre and post differentiation MESP1 
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expression graphs, and the correlation of MLC2a with MESP1 for both pre and post 
differentiation. In both these graphs, we see a weak negative correlation, as 
expected. We would assume that expression of MESP1 would correlate with cardiac 
differentiation and maturation; thus, as MESP1 expression increases, we would see 
enhanced cardiac differentiation and a decrease in MLC2a expression. There is a 
positive correlation between MESP1 pre and post differentiation expressions with 
MLC2v, supporting the hypothesis that increased expression of MESP1 often leads 
to enhanced differentiation and maturation of cardiomyocytes as dictated by 
increased expression of MLC2v (Figure S14). 

Select matrices that promote cardiomyogenisis and influence chamber 
specification

Following the completion of various biomarker stains and the examination of the 
impact of ECMP combinations on the expression of cardiac progenitor and 
maturation markers, our focus shifted to identifying the ECMP substrates capable of 
generating functional contracting cardiomyocytes. Out of the 63 protein combinations 
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tested, along with the Matrigel control group, 20 exhibited the presence of 

Figure 5. Heat map of extracellular matrix proteins (ECMPs) combinations effect on human 
embryonic stem cell (hESC) proliferation, pluripotency, and germ layer differentiation. A) Heat map 
of the mean proliferation index values (𝜇𝑃𝑅𝑂), mean pluripotency index values (𝜇𝑃𝑙𝑢), and mean germ layer 
index values (𝜇𝐺𝑒𝑟𝑚) for each ECMP combination (row). The ECMP combination is indicated with the 
protein name acronym and the shaded boxes in the table to the right of the heat map. B) Pearson 
correlation matrix of sox17 and T-Brachyury index values (r=0.4468 R2= 0.1996). C) Images showing the 
high sox17 and low T-Brachyury expression on C3C4, C1C3V, and C1C3F protein combinations, low sox17 
and high T-Brachyury expression on C1, C3, and C4 protein combinations, and the dual expression of 
sox17 and T-Brachyury on C3C4FLV. Corresponding immunocytochemical stain DAPI (blue), Sox17 (Red), 
and T-Brachyury (green) scale bar is 100𝜇𝑚. D) Pearsons’s correlation between the mean pluripotency 
index values (𝜇𝑃𝐿𝑈) and the mean germ layer index values ((𝜇𝐺𝑒𝑟𝑚) for all 63 combinations (r= -0.4104 R2= 
0.1684).
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contracting cardiomyocytes. Figure 7 displays confocal images depicting the 
observed biomarker stains for each of these 20 ECMP combinations.

Given the extensive collection of confocal data, we thought it appropriate to conduct 
a principal components analysis (PCA) to explore potential clustering among the 
ECMP combinations that induced contracting cardiomyocytes compared to those 
that did not. In Figure 8, the PCA graph displays all 63 protein combinations and the 
Matrigel control groups in triplicate. Although a slight clustering effect of ECMP 
combinations resulting in contractions is observed on the left side of the graph, it is 
not distinctly separated from the non-contracting group. The principal components 
primarily contributing to the separation of the contracting from the non-contracting 
groups are MESP1 (both pre and post differentiation) and MLC2v. Moreover, groups 
such as pluripotency, T-brachyury, and MLC2a are crucial for distinguishing non-
contracting groups (Figure S15B). When evaluating the supporting graphs for the 
PCA plot (Figure S15C and D) we found it to be the wrong choice for distinguishing 
differences between the contracting and non-contracting groups. As this plot doesn't 
clearly distinguish between the two groups, we explored an alternative dimension-
reduction method called t-distributed stochastic neighbouring embedded (t-SNE). 
Figure 8B shows the t-SNE graph for all 63 ECMP combinations and the control 
group, offering a visual representation of potential clusters with distinct 
characteristics. While t-SNE is not a statistical tool, it color-codes ECMP 
combinations according to contracting and non-contracting groups, revealing a 
significant crossover between the two. Unlike PCA plots, t-SNE displayed a distinct 
tight cluster of contracting cells separated from the main data body (highlighted with 
a circle). To account for variable parameters, we produced the same cluster plot with 
different perplexity values (0-50), that consistently showed the same small tight 
cluster of contracting cells (Figure S16). This suggests that the ECMP combinations 
within this cluster had unique values setting them apart from other contracting and 
non-contracting data points. The ECMP combinations in this cluster—C1C3FLV, 
C3C4FV, and C1C3C4V—stand out in the cluster diagram (Figure 6), grouped at the 
bottom, indicating similarities in the expression of mesoderm, cardiac progenitor, and 
cardiomyocyte maturation markers. Notably, the MESP1 post-differentiation and 
MLC2v index values are highly expressed above the global average mean in these 
three ECMP combinations.

Upon identifying three distinct ECMP groups (C1C3FLV, C3C4FV, and C1C3C4V) that 
formed a separate cluster from the main dataset, we conducted a series of a-priori statistical 
tests to determine if these three groups exhibited statistically different biomarker expressions 
compared to the control group on Matrigel™. The null hypothesis stated that all biomarker 
expressions in hESC were equal when cultured on Matrigel™ and the three specified ECMP 
combinations. To assess the statistical significance of any differences, we employed a 
MANOVA test, allowing for the examination of multiple variables. The selected biomarkers 
for this analysis were T-brachyury, KDR, MESP1, cTnT, MLC2a, and MLC2v. These 
biomarkers were chosen due to their relevance in highlighting key stages of cardiomyocyte 
lineage specification, encompassing germ layer differentiation, cardiac mesoderm, cardiac 
progenitor, and mature cardiomyocyte protein expression. The MANOVA test yielded a 
significant difference among the four groups, as indicated by a Pillai’s Trace value of 2.5068, 
F(18, 15) = 4.2354, and p = 0.0035. Consequently, we reject the null hypothesis, concluding 
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that there is a significant disparity in biomarker expression levels between the Matrigel™ and 
ECMP combinations. Further details on these statistical tests are available in the supporting 
methods.



20

Next, we sought to explore the contractile properties of these differentiated cells to 
examine the early-stage changes in the contraction profile. This was achieved with 
high-speed optical mapping of the contracting cardiomyocytes that are then analyzed 

Figure 6. Extracellular matrix proteins (ECMPs) combinations effect on human embryonic stem cell 
(hESC) germ line, cardiac progenitor, and mature cardiac biomarker expression. Heat map of average 
expression index values for each biomarker (column) on the individual ECMP combination (rows). Three 
independent array cultures were conducted for each biomarker. The ECMP combination is indicated with the 
protein name acronym and the shaded boxes in the table to the right of the heat map. A hierarchical 
clustering was performed with a Euclidian distancing metric and an average linkage method. High (red) and 
low (blue) data points are referring to the averaged index values around the global average mean (0). 
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using Pulse Video Analysis software from CuriBio (84). The electrophysiological and 
kinetic characteristics of cardiomyocytes serve as essential indicators for identifying 
chamber specification based on the action potential (AP) morphology. Distinct 
cardiac cell types exhibit unique ways of propagating the action potential (14, 29, 
85). While textbook definitions exist for these chamber-specific action potential 
morphologies, practical observations often reveal a spectrum of morphologies both 
in vivo and in vitro. This variability can be attributed to factors such as the chosen 
location to measure the electrophysiological activity in the heart or the presence of 
multiple cell types within the same culture dish. Notably, atrial, and ventricular 
waveforms exhibit a range of morphologies when measured from different locations 
or at different depths within the heart wall (86, 87).

Despite these variances, we have tried to develop a template criterion that could be 
used to identify chamber-specific AP morphologies based on structural, 
electrophysiological, and biomarker characteristics (See Table S1). To effectively 
identify AP morphology, we must determine the speed of the different phases that 
make up the action potential duration (APD) as well as the time difference between 
distinct regions of the ADP – these are often written as ADP followed by a number to 
signify the time difference between a percentage of the contraction time and the 
pairing percentage on the relaxation time. This type of analysis is often referred to as 
the indices of triangulation and can help identify chamber-specific cell types through 
discrete characteristics. For example, nodal cells often have a slow AP velocity when 
performing patch clamping (88, 89). We predicted this to be ~5-10m/s from the data 
collected of the AP morphologies of the 20 groups of contracting cardiomyocytes. 
Nodal cells often lack an early repolarization phase and show a plateau in the 
repolarization phase so as not to induce quick repolarization in surrounding atrial 
tissue (90). The characteristics of the repolarization phase of nodal cells show an 
APD50 and APD90 of 100 and 150 ms, respectively, with the indices APD50/APD90 
and APD90-APD50 of approximately 0.6 and 50 ms, respectively (88). Additionally, 
the ratio of APD30-40/APD70-80 will show roughly 0.65 (29).

Owing to their imperative role in rapidly transmitting electrical signals, conductive 
cells exhibit a notably swift upstroke velocity, calculated to exceed 100 µm/s (91). 
These cells share a repolarization phase, akin to ventricular myocytes but with a 
lower amplitude, this feature is attributed to their close proximity in vivo (91, 92). 
Notably, conductive cells demonstrate extended action potential durations, with 
APD50 and APD90 measuring approximately ~220 ms and ~300 ms, respectively 
(92). Key indices such as APD50/APD90 and APD90-APD50 are estimated to be 
around 0.7 and 80 ms, respectively (91). Our calculations indicate that the ratio of 
APD30-40/APD70-80 should fall within the range of 0.6–0.8.

Atrial cells typically exhibit an intermediate action potential (AP) velocity, falling 
between nodal and ventricular cells, with our calculations indicating this to be 
approximately 20 µm/s (93, 94). In general, atrial cells are characterized by a lack of 
a plateau phase and a more triangular AP morphology. The variability in AP 
morphologies of atrial cells introduces a considerable window for triangulation 
indices. The repolarization phase for atrial cells may exhibit an APD50 and APD90 
values around 25 ms and 200 ms, respectively, although other studies report APD50 
and APD90 closer to 200 ms and 400 ms, respectively (95, 96, 97, 98). 
Consequently, repolarization indices such as APD50/APD90 and APD90-APD50 
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also exhibit a range between 0.2-0.5 and 175-200 ms, respectively (96, 98). 
Additionally, the ratio of APD30-40/APD70-80 is estimated to have a value of 

Figure 7. Confocal images of extracellular matrix protein (ECMPs) combinations effect on human 
embryonic stem cell (hESC)expression of pluripotency, germ line, cardiac progenitor, and mature 
cardiac biomarker expression. Corresponding immunofluorescent stain DAPI (blue), Oct3/4a (Magenta left) 
Nanog (cyan Left) Sox17 (red left), T-Brachyury (green left) KDR (yellow), Mesp1 Pre and Post differentiation 
(Magenta center), and cTnT (cyan right), MLC2a (red right), MLC2v (green right), scale bar is 100𝜇𝑚.
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approximately 0.7-0.9 (29).

Ventricular myocytes are characterized by their predominant expression of MLC2v 
over MLC2a. These cells exhibit a highly organized structure and often display faster 
action potential (AP) velocities similar to conductive cells, with our calculations 
indicating a velocity of approximately 70-100 µm/s (92, 99). Ventricular cells are 
renowned for their distinct plateau phase, a feature reflected in their repolarization 
indices. Given the greater thickness of ventricular tissue compared to atrial tissue, 
the AP morphology of ventricular cells can vary based on their location, whether 
towards the epicardium or the internal chamber. Midmyocardial tissue may report 
APD50 and APD90 values of 200 ms and 270 ms, respectively, while ventricular 
cells closer to the epicardium may exhibit APD50 and APD90 values of 300 ms and 
400 ms (92, 99). This variability results in a range for repolarization indices such as 
APD50/APD90 and APD90-APD50, estimated to be 0.65-0.85 and 50-130 ms, 
respectively (99, 100). Additionally, the ratio of APD30-40/APD70-80 is anticipated to 
have a value of approximately 0.8-1.0 (29).

We conducted an optical mapping study on the 20 ECMP combinations that induced 
cardiomyocyte contractions, and the results are displayed in Figure 9 and Figure 
S17. Particularly focusing on the three ECMP combinations (C1C3FLV, C3C4FV, 
and C1C3C4V) identified in the t-SNE graph in Figure 8B for their enhanced 
maturation characteristics, we observed that all three of these ECMP combinations 
exhibit similar or improved contraction profile characteristics compared to the control 
group. This conclusion is based on several key observations. Beat rate variation in 
these three ECMP groups tends to be lower than in the control group and are 
significantly different in the C3C4FV group (t-test P=0.0067). These lowered beat 
rate variations indicate a more established contraction frequency and a reduced 
likelihood of competing pacemaker regions. While two of the three ECMP groups 

 
Figure 8. Principal component analysis (PCA) and T-distributed stochastic neighbor embedding (T-
SNE) of biomarker index data from hESC cells on 63 ECMP combinations and a Matrigel control 
group. A) Data points are separated into two groups, the ECMP combinations that produced contracting 
cardiomyocytes (blue dots) and those ECMP combinations where no cardiomyocytes were observed 
contracting (red dots). B) t-distributed stochastic neighbor embedding plot. Data points are separated into 
two groups, the ECMP combinations that produced contracting cardiomyocytes (blue dots) and those ECMP 
combinations where no cardiomyocytes were observed contracting (red dots). 
 



24

show a similar contraction velocity and contraction duration to the control group, the 
C3C4FV group shows a significantly lowered contraction velocity and a significantly 
increased contraction time. In addition, there is a significant difference between the 
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Figure 9. Contraction Profiles for top three ECMP combinations that produced contracting 
cardiomyocytes and the control group. A) ECMPs featuring contracting cardiomyocytes are optically 
mapped using a high-speed microscope to compare action potential (AP) morphologies. B) AP morphologies 
for ECMP combinations for the top three with the control group. The left panel shows the normalized peak 
height contraction profiles for each ECMP combination as derived from high-speed videos. These profiles are 
from videos taken on day 5 and are representative average of 9 independent videos taken. The bar charts on 
the right show the beat rate, beat rate variation, contraction velocity, peak height variation, contraction 
duration, and relaxation duration of the cardiomyocytes measured over a five-day period. C) Statistical 
analysis of contraction metrics for select formulations compared to controls. These mean values are 
averaged from three independent regions within the culture well with videos taken in triplicate with a ten-
minute interval between each recording round. * P value < 0.05, ** P value < 0.01, *** P value < 0.001.
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means of the relaxation times of the control and ECMP groups when performing a 
one-way ANOVA (P=0.0133). The increased contraction velocity, contraction time, 
and reduced beat rate variation suggest that cardiomyocytes in these ECMP groups 
possess a more matured phenotype, possibly due to increased ion channel 
distribution, and or, improved sarcomere alignment which enhances their ability to 
control the repolarization phase. The increased relaxation duration also implies a 
more matured phenotype with increased ion channel density and distribution but 
could also indicate improved retention of calcium in the sarcoplasmic reticulum and 
improved calcium handling through ion channels in these ECMP groups. The 
discovery of the reasons for the improved contraction profile metrics falls outside the 
scope of this study but is an exciting area for future research.

The characterization of cardiomyocyte AP morphology on the 20 ECMP 
combinations was conducted using the criteria list we developed in Table S1. By 
applying this criteria list, we assigned a chamber specification to each of the 20 
ECMP combinations, as outlined in Table S2. Subsequently, we generated PCA and 
t-SNE graphs using the AP morphology data derived from the optical mapping study 
(see Figure 10). The PCA graph reveals a random distribution of data points without 
significant clustering. However, when colour-coded based on their assigned chamber 
specification, evidence of clustering emerges, with certain areas indicating potential 
crossover between groups. Notably, the scree plot illustrates an elbow for two 
principal components, and the proportion of variance exceeds the 80% threshold on 
the first principal component (figure S18). When we generated the t-SNE graph for 
the AP morphology data we saw a similar separation of data points grouping into the 
chamber specifications we assigned them. To ensure this data was accurate we 
replicated the t-SNE graph and adjusted the perplexity value between 0-15 to ensure 
the grouping of data points was consistent (Figure S19). Collectively, this data 
underscores how the combined analysis of molecular markers and contraction 

Figure 10: Principal component analysis (PCA) and T-distributed stochastic neighbor embedding (T-
SNE) plot of chamber specifications A) Principal component analysis of all AP morphology measurements 
for all 20 contracting ECMP combinations. Data points are separated into chamber specific groups, B) t-
distributed stochastic neighbor embedding plot of all the 20 AP morphology characteristics. Data points are 
separated into chamber specific groups. 
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optical mapping can reveal subtle differences in cardiac lineage specification. We 
believe this demonstrates that specific ECMP combinations have the potential to 
influence chamber-specification during cardiac differentiation. 

Discussion

In this study, we developed an ECMP array to identify how individual proteins and 
their combinations can influence the proliferation and pluripotency of hESC. We then 
built on this platform to identify how specific ECMP combinations can aid cardiac 
differentiation and influence chamber specific characteristics. Previous studies have 
demonstrated that hESC can show preferences for certain protein combinations for 
the maintenance of pluripotency similar to commercial substrates (57, 59, 101). 
These studies highlight that there are specific ECMP combinations that can maintain 
the pluripotency of stem cells for long period in culture and thus alludes to the 
possibility that alternative ECMP combinations could direct cell fate. The number of 
literature sources investigating the benefits of ECMP combinations on maintaining 
stem cell’s pluripotency highlights stem cells can be maintained on various ECMP 
combinations but also indicates that this could be a cell line-specific behaviour. Here 
we screened 63 ECMP combinations and identified a preference for laminin, 
vitronectin, collagen I and collagen IV (C1C4LV) for our H9 hESC which displayed 
good expression of pluripotency markers and consistent proliferation rate compared 
to Matrigel. We also demonstrated that hESC on this ECMP combination could 
reach 80% confluency. while maintaining similar cell morphology and differentiation 
efficiency when compared to cultures on Matrigel. When the C1C4LV combination 
was compared to ECMP combinations with one or more of these ECMP removed, 
we identified the importance of collagen I and collagen IV, as removal of the 
collagens negatively affected proliferation and pluripotency. Our study also revealed 
that whilst certain ECMP combinations could maintain pluripotency, others could 
increase expression of markers associated with specific germ layers, and hence 
might influence lineage specification.

The downregulation of pluripotency markers, indicates certain ECMP combinations 
may induce germ-line differentiation of hESC. Furthermore, specific ECMP 
combinations can influence precise germline differentiation lineages and even 
enhance cardiac progenitor markers. In many cases, ECMP promoted dual lineage 
expression of Sox17 and T-brachyury, indicating simultaneous expression of 
endoderm and mesoderm markers, which we denoted as mes-endodermal 
populations. This phenomenon was particularly evident in cells cultured on 
C3C4FLV, which exhibited enhanced co-expression of Sox17 and T-brachyury. 
However, we also observed instances of single germline expression, with mesoderm 
lineage expression occurring when cells were cultured on single collagen groups 
(C1, C3, and C4), while endoderm marker expression alone was promoted in more 
complex combinations (C1C3V, C1C3F, and C3C4). Analysis of cardiac progenitor 
markers KDR and MESP1 revealed positive correlations between each marker and 
the mesoderm marker T-brachyury. Therefore, our array-based approach 
successfully identified ECMP combinations capable of directing pluripotent stem cell 
populations toward specific germ lineages and the enhanced expression of cardiac 
progenitor markers. Whilst these results seemed promising ECMPs alone were not 
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able to induce cardiac differentiation to produce contracting cardiomyocytes without 
the addition of soluble lineage-promoting factors.

Upon subjecting the hESC cultured on the ECMP combinations to a cardiomyocyte 
differentiation protocol, we observed the derivation of cells exhibiting cardiac 
progenitor characteristics, characterized by heightened expression of KDR and 
MESP1. These progenitor cells were more inclined to produce cardiomyocytes with 
enhanced expression of maturation biomarkers. We conducted a hierarchal 
clustering analysis on the index values (refer to Figure 6) associated with T-
brachyury, KDR, and MESP1 both pre and post differentiation. This analysis 
revealed distinct clusters, with MESP1- (pre and post) combinations prominently 
positioned at the top and MESP1+ (pre and post) combinations clustered towards 
the bottom. Immunostaining for maturity markers, including cTnT, MLC2a, and 
MLC2v, unveiled specific combinations exhibiting elevated MESP1, cTnT, and a high 
ratio of MLC2v:MLC2a - a characteristic indicative of a mature phenotype in vitro. 

Further statistical analysis of cardiac-specific markers across all 63 ECMP 
combinations pinpointed unique clusters - C1C3FLV, C3C4FV, and C1C3C4V - on 
the t-distributed stochastic neighbor embedding (t-SNE) plot. These combinations 
demonstrated optimal characteristics for fostering cardiomyocyte differentiation. 
Video analysis provided additional insights, revealing that 20 out of the 63 ECMP 
combinations induced robust contraction post-differentiation, including the three 
optimal matrices mentioned above. To refine our findings, we developed a custom 
chamber specific criterion list, incorporating our experimental data and insights from 
existing literature (refer to Tables S1 and S2). The criteria list in these tables 
combined expression data, AP morphology data, and morphological information 
which we used to predict the chamber specification of the contracting 
cardiomyocytes generated on each of the 20 ECMP combinations. When we 
performed subsequent PCA and t-SNE analysis on the AP morphology data 
gathered from the 20 ECMP combinations, we found an accurate alignment between 
our predictions and the clustering of groups (refer to Figure 10). 

Although the cardiac differentiation pathway is well defined in the literature with a 
variety of protein biomarkers that can indicate the stage of differentiation (refer to 
Figure 1), we discovered certain combinations of ECMP that favour the expression of 
cardiomyocytes that don’t necessarily align with expected biomarker expression 
pathways. Biomarker expressions for the early stages of differentiation showed us 
that many of the ECMP combinations promoted co-expression of seemingly 
conflicting biomarkers in the same well (such as the endoderm maker sox17 with the 
mesoderm marker T-brachyury). Throughout our study, we investigated the 
expression of ten well-known biomarkers in the cardiomyocyte differentiation lineage. 
We acknowledge that we did not investigate the specific influences the ECMP had 
on the heterogeneity of cell types which will be an important undertaking in future 
translation of our approach. Whilst modern cardiac differentiation protocols have had 
success in producing cardiomyocytes that could potentially be used in 
pharmacological testing and cell therapies, it is apparent that the next stage of 
differentiation protocols will need to utilise refined protein substrates to ensure 
consistent purity of cardiomyocyte populations with desirable functional 
characteristics.  
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Conclusions

In summary, we employed our ECMP microarray to investigate the differentiation 
potential of hESC on ECMP combinations that differ from commercial substrates. 
This endeavour lead to the discovery of ECMP combinations that promote various 
aspects of pluripotency and proliferation and others that help guide cardiomyocyte 
differentiation. Integrating this array approach with modern cardiac differentiation 
protocols allowed us to systematically assess cardiomyocyte lineage specification 
across different ECMP combinations and revealed specific matrices that enhance 
cardiomyocyte maturation and guide differentiation to chamber-specific cell types. 
Our findings tell us that future explorations of how the ECMP substrate influences 
chamber-specific differentiation should investigate the intricate interplay ECMP have 
in promoting non-cardiac lineages to better understand the effect this has on the 
maturation and chamber specification of cardiomyocytes. This exploration holds the 
promise of significantly improving our understanding of cardiac differentiation 
methodologies, contributing not only to the enhanced precision of cardiac models in 
safety pharmacology but also facilitating the development of improved cell therapies 
in the pursuit of a cure for cardiac disorders. Furthermore, this platform will prove 
useful for development of cultureware for cell production and manufacturing, with 
scope for precise matrix formulations serving to complement advanced bioreactor 
technologies, where dynamic mechanical and electrical stimulation can be employed 
for further cell and tissue maturation. 

Material and Methods

Array Fabrication

Collagen 1 (Advanced Biomatrix, #5007) and collagen 3 (Advanced Biomatrix, 
#5021) are received in solution at a concentration of 3mg/mL and 1mg/mL, 
respectively. We immediately dilute both collagen solutions down to 25μg/mL in 
0.01mol HCL solution in

DPBS prior to coating culture surfaces. Collagen 4 (Advanced Biomatrix, #5016) is 
received as 5mg powder. We reconstitute the collagen 4 powder by adding 5mL of 
cold 0.25% acetic acid (Chem Supply Pty Ltd Australia, AA009) and mixing through 
gentle pipetting. We then incubate the reconstituted powder at 2-8oC with gentle 
swirling. We then dilute the 1mg/mL solution down to 25𝜇𝑔/𝑚𝐿 in 0.25% acetic acid 
immediately prior to coating culture surfaces. Fibronectin (ThermoFisher Scientific, 
#33016015) is received as a 5mg lyophilized powder. We reconstitute the powder by 
adding 5mL of warmed sterile 1X DPBS and allow it to dissolve at 37oC for 30 
minutes. Any undissolved material can be gently separated apart with sterile 
stainless-steel forceps until fully dissolved. Reconstituted fibronectin is then 
aliquoted into 25μL volumes and stored at -20oC. Fibronectin is thawed and diluted 
to 25𝜇𝑔/𝑚𝐿 in 1mL of sterile DPBS immediately prior to coating culture surfaces. 
Laminin (ThermoFisher Scientific, #23017015) is received as a 1mg/mL solution in

0.15M NaCl. To avoid repeated freeze/thaw cycles, the laminin is aliquoted into 25μL

volumes and stored at -20oC. Laminin is thawed and diluted to 25𝜇𝑔/𝑚𝐿 in sterile 1x 
DPBS prior to coating culture surfaces. Vitronectin (ThermoFisher Scientific, 
#A14700) is received as a solution at a concentration of 0.5mg/mL. To avoid 
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repeated freeze/thaw cycles, vitronectin is aliquoted in 50μL volumes and stored at -
80oC. Vitronectin is thawed and the 50μL volume is diluted to a concentration of 
25𝜇𝑔/𝑚𝐿 in 1mL of sterile 1x DPBS prior to coating culture surfaces.Proteins were 
distributed in a 96-well plate - Corning 96 well TC-treated Microplates (Merck 
Australia, CLS3997) using a manual 200uL micropipette following the schematic in 
figure 2. Matrigel-coated wells were prepared using Corning Matrigel hESC-
Qualified Matrix, LDEV-free (Corning, 354277, Lot# 1236001). Matrigel was diluted 
with a dilution factor of 10.84𝜇𝐿/𝑚𝐿 in Gibco BenchStable DMEM/F12 (ThermoFisher 
Scientific Australia, A4192002) and dispensed at 85𝜇𝐿/𝑤𝑒𝑙𝑙. Before seeding, the 96-
well plate was placed in a humidified incubator set to 37°C and 5% CO2. Plates are 
either immediately seeded following incubation or are wrapped in parafilm and tin foil 
and stored at 4°C for up to 5 days.

Stem Cell Culture

The H9 hESC culture media was mTeSR Plus Basal Medium supplemented with 
mTeSR Plus 5x supplement (StemCell Technologies, #100-0276). Cells had media 
exchanged daily and are passaged weekly in 50𝜇𝑚 colonies by gentle dissociation 
with ReLeSR (StemCell Technologies, #05872) for 5 minutes at 37°C followed by 
gentle tapping of the culture dish. Cell clusters are then collected with a wide-mouth 
2mL serological pipette and are agitated by gentle vortexing until most colonies 
measure ~50𝜇𝑚 (observed under a microscope). hESC are passaged onto the 
ECMP array as single cells by exposure to Accutase (StemCell Technologies, 
#07920) for 5 minutes at 37°C followed by centrifugation at 300g for 3 minutes. Cells 
are re-suspended in culture media supplemented with the RHO/ROCK pathway 
inhibitor Y-27632 (StemCell technologies, #72304) at a final concentration of 5 
𝜇𝑀/𝑚𝐿. hESC are seeded directly into the ECMP array at a seeding density of 
1.24𝑥104 𝑐𝑒𝑙𝑙𝑠/𝑐𝑚2 and incubated in Y27632 supplemented media for 24hours 
before washing and replenished with culture media.

Staining, Imaging, and Analysis

Fixing: Culture media is aspirated, and cells are fixed in 4% PFA for 20 minutes. 
Permeabilize: Fixed cells are then permeabilized in 0.1% Triton X-100 diluted in 
DPBS at room temperature for 30 minutes. Blocking: Cells are blocked by 
incubation in 1% BSA at room temperature for 15 minutes. Primary antibodies: 
primary antibodies used in this study are listed in supplementary table S3. Cells are 
stained using antibodies diluted 1:300 in 1% BSA and incubated for 24 hours at 4°C.  
Primary antibodies are washed away by one wash in DPBS followed by 2x15minute 
incubations in DPBS. Secondary antibodies: secondary antibodies used in this 
study are listed in supplementary table S3. Cells are stained using antibodies diluted 
1:300 in 1% BSA and incubated for 24 hours at 4°C. Secondaries are then washed 
away by 1x wash in DPBS followed by 2x15minute incubations in DPBS. Unless 
nuclear material is stained with Hoescht 33342 (ThermoFisher Scientific Australia, 
62249), all cells are then mounted by inversion onto VECTASHEILD antifade 
mounting medium with DAPI (Fisher Scientific, NC9524612) and sealed with clear 
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nail polish. Confocal imaging was performed on the Zeiss LSM 800 with an inverted 
Axio Observer Z1 with two multi-alkali (MA) PMT (typical QE 25%) detectors. The 
microscope settings were as follows: objective 20x with a 1x crop area, pinhole 
460μm, scan speed 0.52μs/pixel, 1024x1024pixel image with 2x averaging line-by-
line single-directional mean intensity 8bit format. Images were collected using the 
following detection mirror settings Hoechst33342 & DAPI (400-496nm), Alexa 
Fluor 488 & ATTO 488 (490-583nm), CF 555 & Alexa Fluor 594 (594-637nm), 
Atto 647N & CF 647 (647-700nm). Fluorophores were excited using the following 
light sources: 405nm (3.5%), 488nm (4.5%), 561nm (4.5%), and 640nm (5%), 
respectively. To eliminate crosstalk between channels, the images were collected 
sequentially. The maximum intensity of images was attained by gain alterations to a 
point just below saturation in the brightest images, with settings maintained across 
all samples.

Cardiac Differentiation

H9 hESC cultured at a seeding density of 1.24𝑥104 𝑐𝑒𝑙𝑙𝑠/𝑐𝑚2 would reach 
confluency on day 5 (120h) when seeded onto the Matrigel-coated wells. H9 hESC 
on the ECMP combinations had varying confluency levels on day 5 (120h). When the 
differentiation protocol starts, we denote this day as day 0 as a reference for the 
following steps. On day 0, all cells’ media was exchanged for the differentiation 
media RPMI (ThermoFisher Scientific AU, 11875093) supplemented with 2% B27 
Minus insulin (ThermoFisher Scientific AU, A1895601). The cells were treated with 
GSK3b inhibitor CHIR-98014 (StemCell Technologies AU, 73042) at a concentration 
of 0.8μM. At exactly 24 hours (day 1) the differentiation media is aspirated and cells 
were washed with fresh differentiation media. The culture wells are then replenished 
with differentiation media and cells are left for 48 hours (Days 1 – 3). On day 3 50% 
of the culture media is aspirated and replaced with fresh differentiation media 
supplemented with the Wnt-inhibitor Wnt-C59 (Trocis, 5148) at a concentration of 
2μM in the final volume. Cells are then incubated for 48 hours (days 3-5). On day 
five, culture media is aspirated and replenished with fresh differentiation media and 
cells are left to incubate for 48 hours (Day 5-7). On Day 7, cell media is aspirated 
and replaced with RPMI supplemented with B27 x50 (ThermoFisher Scientific AU, 
17504044). Cells receive media exchanges every 2 days after day 7 with the RPMI 
media supplement B27 x50. Cardiomyocyte contractions tend to initiate around day 
10 of the differentiation protocol and can be kept for long periods in incubation. The 
cells were incubated at 37°C in a humidified atmosphere with 5% CO2.

High-Speed Camera

Cardiomyocyte contractions were captured on a Zeiss Observer Z1 Spinning disk 
and TIRF microscope. The microscope is fitted with a temperature-controlled 
microscope enclosure and stage insert with 𝐶𝑂2 flow regulator. It also featured a 
motorized stage and Hamamatsu ORCA-FLASH 4.0 Digital CMOS Camera. This 
setup made it possible to perform long-term live-cell imaging experiments. The 
microscope settings were as follows: objective 4x with a 1x crop area, temperature 
setting of 37oC and 5% CO2. Images and video of contracting cardiomyocytes were 
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taken with a frame rate of 100 fps with variable contrast for 15 seconds to generate 
1500 framed .AVI files. A motorized stage was used to create a list of 5 different 
locations of contracting cardiomyocytes in each culture well; these locations had 3 
videos taken with at least 5 minutes between video captures and were repeated daily 
for a period of 5 days. Contraction data was gathered using the high-speed video 
analysis platforms, Pulse Video Analysis software (84) and the MUSCLEMOTION 
plugin for ImageJ (102). The Pulse Video Analysis software is a web-based portal 
that requires uploading the 15 second .AVI files and setting the parameters on the 
webpage as follows: frame rate set at 100fps, select type of video analysis set to 
contractility (brightfield), remove noisy signals set to yes. The upload option then 
allows for the specification of groups meaning all videos for a particular day, culture 
plate, and experimental parameters can be listed. This grouped upload allows for a 
streamlined analysis as automatic averaging of all parameters in each group is 
performed. The data files that are generated are separated for each video. The 
individual videos are divided into 25 quadrants and for each quadrant, a contraction 
and velocity trace are plotted and given in both data and graphical form. In addition, 
an image of the video's visual field is provided with a description of the active 
quadrants (areas of contractility) grouped based on their similarity in contraction 
profile. Finally, a summary document is provided that shows the profile metrics for 
each quadrant. The metrics measured include Beat Rate (bpm), Minimum Beat Rate 
(bpm), Maximum Beat Rate (bpm), Beat Rate Variation, Velocity (pixels/sec), 
Contraction Displacement (pixels), Peak Height Variation, Duration 75% (sec), 
Duration 50% (sec), Contraction Time (sec), Relaxation Time (sec), and Prevalence 
(%). The high-speed videos were also analyzed using the MUSCLEMOTION plugin 
for ImageJ which was downloaded from the following link 
(https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.117.312067). This 
software stipulates the parameters for video quality with a minimum frame rate of 
75fps, adequate lighting and contrast, and a .AVI or .TIFF file type. The limitations of 
this software include the computer's hardware in which the analysis is carried out. 
Suppose the files being analyzed are of significant quality. In that case, the memory 
of the computer must be at least 32GB to ensure cashed files don’t exceed the 
physical memory of the computer. The MUSCLEMOTION software required a more 
experimental approach as many analysis parameters can be adjusted and an 
understanding of videography dynamics in combination with a good knowledge of 
cardiomyocyte contraction profiles is needed. The output files from the 
MUSCLEMOTION software are similar to the Pulse Video Analysis software but do 
allow for extra percentages of transients which are commonly used in cardiomyocyte 
contraction profile analysis.
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Figure S1. Viability and Confluency of hESC over 5 days. A) Graphical summation of viability 
as measured via alamarBlue HS stain over 5 days on 63 ECMP combinations. The viability of 
the cells on each day is added up to show how the ECMP combinations affect cell growth. Dotted 
line indicates viability of control group (Matrigel). B) Graphical summation of confluency as 
measured via the Olympus confluency checker software over 5 days on all 63 ECMP 
combinations. The confluency on each day is added up to highlight the effects of the ECMP on 
cell growth over time. The dotted line indicates the confluency of the control group (Matrigel).
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Figure S2: Pearson’s correlation of extracellular matrix proteins (ECMPs) combinations effect on human 
embryonic stem cell (hESC) proliferation. A) Pearson correlation matrices of mean proliferation index values 
(𝜇PRO) comparing ECMP combinations from independent. cultures. Each matrix is split into two segments that 
correspond to the higher (red) and lower (blue) proliferation groups compared to the global average mean = 0.
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Figure S3. Heatmap of extracellular matrix proteins (ECMPs) combinations effect on 
human embryonic stem cell (hESC) proliferation and corresponding pluripotency. A) Heat 
map of the mean proliferation index values (𝜇𝑃𝑅𝑂) and mean pluripotency index values (𝜇𝑃𝐿𝑈) for 
each ECMP combination (row) for the six independent cultures (columns). Six independent array 
cultures were conducted for each ECMP combination and seeded with hESC H9 cells. The ECMP 
combination is indicated with the protein name anacronym and the shaded boxes in the table to 
the right of the heat map. A hierarchical clustering was performed with a Euclidian distancing 
metric and an average linkage method. Hierarchical clustering of the ECMPs revealed four 
segregated groups also displayer in the correlation graph in figure 3.7A (i) High Proliferation and 
high pluripotency (red), (ii) High proliferation and low pluripotency (green), (iii) Low proliferation 
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and high pluripotency (orange), (iv) Low proliferation and low pluripotency (blue). These high and 
low data points are referring to the averaged index values around the global average mean (0). 

Figure S4. Analysis of extracellular matrix proteins (ECMP) effect on proliferation and 
pluripotency of human embryonic stem cells (hESC). Pluripotency Vs proliferation correlations 
is plotted for all the ECMP combinations (A, B, C, D, E, F) without and (G, H, I, J, K, L) with the 
Specific ECMP stated on the left of the plots. (M, N, O, P, Q, R) The percentage change in each 
of the four quadrants of the correlation graph when the specified ECMP is included. (S, T, U, V, 
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W, X) The effect magnitude of each of the specified ECMPs on the hESCs pluripotency and 
proliferation. 

Figure S5. Correlation of germ layer expression on extracellular matrix proteins (ECMPs) 
combinations. A) Pearson correlation matrix of sox17 and T-Brachyury index values (r=0.4468 
R2= 0.1996). B) Person correlation comparing sox17 expression on ECMP combinations from 
independent cultures (left to right r=0.6489 R2=0.4211, r=0.7558 R2=0.5712, r=0.8187 
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R2=0.6703). C) Person correlation comparing T-Brachyury expression on ECMP combinations 
from independent cultures (left to right r=0.7750 R2=0.6007, r=0.7837 R2=0.6142, r=0.7694 
R2=0.5921). 

To evaluate cardiac progenitor expression on the protein microarray, we used the 
following equation:

𝐶𝑃𝑅𝑂𝐺 =  
𝜒 ―  𝜇𝐶𝑃

𝜎𝐶𝑃 

Where  is the 𝐿𝑜𝑔2 of the cardiac progenitor signal for the well, 𝜇𝐶𝑃 is the 
average of the 𝐿𝑜𝑔2 cardiac progenitor signal for all the wells on the plate, and 
𝜎𝐶𝑃 is the standard deviation of the 𝐿𝑜𝑔2 cardiac progenitor signals for all the 
wells on the plate. The cardiac progenitor Index values from the replicated 
cultures (n=3 per ECMP condition) were averaged for each ECMP combination (
𝜇𝐶𝑃𝑅𝑂𝐺). The progenitor expression in the hESC cells to each ECMP combination 
is displayed in a heat map in Figure S6 alongside the proliferation, pluripotency, 
and germ layer marker index values. We can initially use this cluster diagram to 
identify the protein combinations that give high and low expression values for the 
pre-cardiac mesoderm and cardiac progenitor markers and how this may 
correlate to germ layer expression. Initial observations don’t reveal distinct 
groups of KDR+/MESP1+ compared to germ layer or pluripotency markers, but 
we can see some possible correlation between cardiac progenitor expression and 
proliferation. 

We expect that the MESP1 and KDR markers will be expressed during cardiac 
differentiation. To test this, we initially performed a Pearson correlation to 
determine the relationship of their co-expression. Figure S7 reveals a weak 
correlation between the cardiac progenitor markers (r=0.1511 R2=0.02284 
p=0.0364). To highlight that this is not an anomalous result, three independent 
cultures were fixed and stained for MESP1 and KDR. The correlations between 
those three independent cultures are shown in Figures S7 B and C, which all 
highlight good positive correlations of expression. Given that these graphs 
display index values for the expression of cardiac progenitors, they represent the 
expression compared to a global average mean. This means that the most likely 
candidates for cardiac differentiation would display enhanced index values, but 
this is not guaranteed. 
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Figure S6. Heat map of extracellular matrix proteins (ECMPs) combinations effect on 
human embryonic stem cell (hESC) proliferation, pluripotency, germ layer differentiation, 
and cardiac progenitor expression. Heat map of the mean proliferation index values (𝜇𝑃𝑅𝑂), 
mean pluripotency index values (𝜇𝑃𝑙𝑢), mean germ layer index values (𝜇𝐺𝑒𝑟𝑚), and cardiac 
progenitor index values (𝜇𝐶𝑃) for each ECMP combination (row). Three independent array 
cultures were conducted for each biomarker and had their index values averaged for each ECMP 
combination (column). The ECMP combination is indicated with the protein name acronym and 
the shaded boxes in the table to the right of the heat map. A hierarchical clustering was 
performed with a Euclidian distancing metric and an average linkage method. These high and low 
data points are referring to the averaged index values around the global average mean (0).
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Figure S7. Correlation of cardiac progenitor expression on extracellular matrix proteins 
(ECMPs) combinations. A) Pearson correlation matrix of MESP1 and KDR index values 
(r=0.1511 R2= 0.02284). B) Person correlation comparing KDR expression on ECMP 
combinations from independent cultures (left to right r=0.7046 R2=0.4965, r=0.6482 R2=0.4201, 
r=0.6928 R2=0.4800). C) Person correlation comparing MESP1 expression on ECMP 
combinations from independent cultures (left to right r=0.6378 R2=0.4068, r=0.7040 R2=0.4957, 
r=0.5540 R2=0.3069).
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Figure S8A shows the index values for MESP1, pre and post differentiation, on all 
63 ECMP combinations. As we have seen that certain ECMP combinations can 
influence germ layer differentiation, we can assume that the ECMP combinations 
that show positive index values in hESC are more likely to produce contracting 
cardiomyocytes. Figure S8B shows all 21 protein combinations with positive 
index values for KDR and MESP1. It is assumed that positive expression of 
cardiac progenitor markers should correlate with high expression of T-Brachyury 
to indicate cardiac differentiation originates from mesoderm lineage. From what 
was revealed in the previous section, Sox17 and T-Brachyury are often co-
expressed as indicated by the positive correlation of their index markers. 
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Figure S8. Bar chart of cardiac progenitor expression index values in H9 hESC fixed on 
day 5 (120h) when seeded on ECMP array. A) Index values for KDR (blue) and MESP1 (red) of 
hESC on all ECMP combinations. B) Index value of ECMP combinations that showed positive 
index values for both KDR and MESP1. These high and low data points refer to the averaged 
index values around the global average mean (0) for the individual ECMP combination.
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In Figure S9, we can see KDR has a positive correlation with Sox17, but it does 
not have a significant correlation with T-Brachyury (Sox17 – r=0.7251 R2=0.5257 
p=<0.0001. T-Brachyury – r=0.1751 R2=0.03066 p=0.1664). When isolating the 
data points corresponding to the 21 ECMP combinations that were double 
positive for KDR and MESP1 (blue dots), we see a similar correlation of KDR with 
Sox 17 and a greatly enhanced positive correlation with T-Brachyury (Sox17 – 
r=0.6069 R2=0.3648 p=0.0045. T-Brachyury – r=0.6116 R2=0.3740 p=0.0042). In 
Figure S9, we see the correlation of MESP1 with Sox17 and T-Brachyury is very 
weak and negative in both graphs (Sox17 - r=-0.08959 R2=0.008026 p=0.4814. 
T-Brachyury - r=-0.4079 R2=0.1664 p=0.0008). Again, when we look at the 
isolated data points corresponding to the 21 ECMP combinations that were 
double positive for KDR. and MESP1 (blue dots), we see a similar trend in Sox 
17 but an enhanced positive yet relatively weak correlation between T-Brachyury 
and MESP1 (Sox17 - r=-0.1032 R2=0.01065 p=0.6651. T-Brachyury - r=0.2682 
R2=0.07194 p=0.2529).

Figure S9. Correlation of cardiac progenitor and germ layer expression on extracellular 
matrix proteins (ECMPs) combinations. Mean index values for all ECMP combinations are 
displayed using black dots and the ECMP combinations that had positive index values for both 
KDR and MESP1 are displayed with blue dots. A) Correlation of KDR and Sox17 index values 
(black dots - r=0.7257 R2= 0.5257 blue dots - r=0.7257 R2= 0.5257). B) Person correlation of 
MESP1 and Sox17 index values ((black dots - r=-0.08958 R2=0.008026 blue dots – r=-0.1032 
R2=0.01065 ). C) Pearsons correlation of KDR And T-Brachyury index values ((black dots - 
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r=0.1751 R2=0.03066 blue dots - r=0.6116 R2=0.3740 ). D) Pearsons correlation of MESP1 And 
T-Brachyury index values ((black dots - r=-0.4792 R2=0.1664 blue dots - r=0.2682 R2=0.07194).

Figure S10. Correlation of cardiac progenitor and pluripotency expression on extracellular 
matrix proteins (ECMPs) combinations. Mean index values for all ECMP combinations are 
displayed using black dots and the ECMP combinations that had positive index values for both 
KDR and MESP1 are displayed with blue dots. A) Correlation of KDR and OCT3/4a index values 
(black dots - r=0.2892 R2=0.08363 blue dots - r=0.3225 R2=0.1040). B) Person correlation of 
MESP1 and OCT3/4a index values ((black dots - r=0.2617 R2=0.06848 blue dots – r=-0.2076 
R2=0.04311). C) Pearsons correlation of KDR and Nanog index values ((black dots - r=0.2337 
R2=0.05465 blue dots - r=0.2242 R2=0.05026 ). D) Pearsons correlation of MESP1 and Nanog 
index values ((black dots - r=0.4302 R2=0.1851 blue dots - r=-0.1130 R2=0.01276). 
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Finally, we wanted to investigate the relationship between cardiac progenitor 
markers and proliferation. In figures Figure S11 we see the correlation of MESP1 
and KDR is positively correlated with proliferation (KDR:Proliferation r=0.2753 
R2=0.07581 p=0.0277. MESP1:Proliferation r=0.6617 R2=0.4379 p=<0.0001). 
This is an expected result, as we saw a strong negative correlation between 
proliferation and pluripotency in Figure 4. Surprisingly when we isolated data 
points corresponding to the 21 ECMP combinations that were double positive for 
KDR and MESP1 (blue dots), we saw this positive correlation become weak and 
uncorrelated (KDR:Proliferation r=0.1150 R2=0.01322 p=0.6293. 
MESP1:Proliferation r=-0.1798 R2=0.0324 p=0.4481). Although weekly 
correlated, it is notable that ECMP combinations that have positive index values 
for both MESP1 and KDR are always present in the top end of the ECMP 
combinations for proliferation. Given that we see the same weak correlation result 
when comparing cardiac progenitor markers with pluripotency markers, it bolsters 
the interpretation that the hESC cells may be able to exist in multiple states within 
a well. This leads to the expression of pluripotency, germ layer, and cardiac 
progenitor markers, all expressed in the same well but not necessarily co-
expressed in the same cell colonies. 

Figure S11. Correlation of cardiac progenitor and proliferation expression on extracellular 
matrix proteins (ECMPs) combinations. Mean index values for all ECMP combinations are 
displayed using black dots and the ECMP combinations that had positive index values for both 
KDR and MESP1 are displayed with blue dots. A) Correlation of MESP1 and proliferation index 
values (black dots - r=0.6617 R2=0.4379 blue dots - r=0.1798 R2=0.03234). B) Person correlation 
of KDR and proliferation index values ((black dots - r=0.2753 R2=0.07581 blue dots – r=0.1150 
R2=0.01322). 
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By analyzing the cluster diagram and by observing the correlation of the relative 
index value for both KDR and MESP1, positive index values for both cardiac 
progenitor stains highlights that there are specific ECMP combination that 
promotes germ layer differentiation with specific mesoderm commitment and 
early cardiac lineage specification. These results are significant as they highlight 
that ECMP proteins can direct lineage specification before any cardiac 
differentiation protocol induction. Following these observations, we induce 
cardiac differentiation using the protocol described in the materials and methods 
section and analyze the effects on hESC in this array platform. 
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Figure S12. Confocal images of ECMP combinations with positive index values for both 
KDR and MESP1. These ECMP combinations showed high expression of KDR and MESP1 and 
are highlighted as ECMP combinations of interest for further study as they promote the 
expression of cardiac progenitor markers. Corresponding immunocytochemical stain DAPI (blue), 
KDR (cyan), Actin (green), and MESP1 (Magenta), scale bar is 100𝜇𝑚. These high-expression 
images refer to the biomarker intensities averaged index values around the global average mean 
(0). These images are representative of similar images (n=3) using a single-plane confocal image 
of the best representation decided by the microscope user.

Figure S13. Correlation of cardiac progenitor MESP1 expression on extracellular matrix 
proteins (ECMPs) combinations for pre and post-differentiation. Index values for all ECMP 
combinations are displayed using black dots. The ECMP combinations with positive index values 
for both pre and post-differentiation expression of MESP1 are shown with blue dots. A) 
Correlation of pre and post-differentiation MESP1 index values (black dots - r=0.3243 R2=0.1052 
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p=<0.0001) and correlation of double positive pre and post differentiation MESP1 index values 
(blue dots - r=0.2468 R2=0.06090 p=0.0264). 

Figure S14. Correlation of cardiac progenitor MESP1 pre and post differentiation 
expression with mature cardiac markers on extracellular matrix proteins (ECMPs) 
combinations. Mean index values for all ECMP combinations are displayed using black dots and 
the ECMP combinations that produced contracting cardiomyocytes are displayed with blue dots. 
A) Correlation of MESP 1 Pre differentiation and cTnT index values (black dots - r=-0.01704 
R2=0.0002905 p=0.8937 Blue dots – r=-0.06512 R2=0.004240 p=0.7911). B) Correlation of MESP 
1 Pre differentiation and MLC2a index values (black dots - r=-0.3259 R2=0.1062 p=0.0086 Blue 
dots – r=-0.1746 R2=0.03050 p=0.4746). C) Correlation of MESP 1 Pre differentiation and MLC2v 
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index values (black dots - r=0.4091 R2=0.1674 p=0.0008 Blue dots – r=0.1549 R2=0.02400 
p=0.5266). D) Correlation of MESP 1 Post differentiation and cTnT index values (black dots - r=-
0.02863 R2=0.0008199 p=0.8223 Blue dots – r=0.01203 R2=0.0001448 p=0.9610). E) 
Correlation of MESP 1 Post differentiation and MLC2a index values (black dots - r=-0.1960 
R2=0.03842 p=0.1206 Blue dots – r=-0.1227 R2=0.01506 p=0.6167). F)Correlation of MESP 1 
Post differentiation and MLC2v index values (black dots - r=0.2762 R2=0.07626 p=0.0272 Blue 
dots – r=0.3446 R2=0.1187 p=0.1486)

Figure S15: Principal component analysis of all 10 expression markers expression in hESC 
cells on 63 ECMP combinations and a Matrigel control group. A) Data points are separated 
into two groups, the ECMP combinations that produced contracting cardiomyocytes (blue dots) 
and those ECMP combinations where no cardiomyocytes were observed contracting (red dots). 
B) loading plot to show how strongly each biomarker influenced the principal component C) Scree 
plot showing the variation each principal component captured from the 10 biomarker expressions 
D) proportions of variance to show the percentage of variance each of the 10 biomarkers had on 
the principal components.
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Figure S16: T-distributed stochastic neighbour embedding (t-SNE) of biomarker index data 
from hESC cells on 63 ECMP combinations and a Matrigel control group. Data points are 
separated into two groups, the ECMP combinations that produced contracting cardiomyocytes 
(blue dots) and those ECMP combinations where no cardiomyocytes were observed contracting 
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(red dots). Data is displayed in multiple graphs with the perplexity value varied between 0-50. The 
tight cluster of ECMP combinations (C1C3FLV, C3C4FV, and C1C3C4V) is circled in each graph.

Figure S17_1 Contraction Profiles for all ECMP combinations that produced contracting

cardiomyocytes. We studied and quantified the action potential (AP) morphology values of

cardiomyocytes on 20 different ECMP combinations. The left panel shows the normalized peak 
height contraction profiles for each ECMP combination as derived from high-speed videos. These 
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profiles are from videos taken on day 5 after initial contraction and are representative of an 
average of 9 independent videos taken. The bar charts on the right show the beat rate, beat rate 
variation, contraction velocity, peak height variation, contraction duration, and relaxation duration 
of the cardiomyocytes measured over a five-day period. These mean values are averaged from 
three independent regions within the culture well with videos taken in triplicate with a ten-minute 
interval between each recording round.
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Figure S17_2 Contraction Profiles for all ECMP combinations that produced contracting

cardiomyocytes. (continued from S17_1).

Figure S18: Principal component analysis of the action potential (AP) morphology data 
from the 20 ECMP combinations and a Matrigel control group that produced contracting 
cardiomyocytes. A) Data points are separated into five groups depending on the assigned 
chamber specification with ventricular/conductive (blue), atrial/ventricular (red), atrial nodal 
(green), conductive (purple), and ventricular (orange). B) loading plot to show how strongly each 
AP morphology component influenced the principal component analysis C) proportions of 
variance to show the percentage of variance each additional AP morphology component had on 
the principal components. D) Scree plot showing the eigenvalue variation of each principal 
component captured from the AP morphology components.
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Figure S19: T-distributed stochastic neighbour embedding (t-SNE) of Action Potential (AP) 
morphology data from the 20 ECMP combinations and a Matrigel control group that 
produced contracting cardiomyocytes. Data points are separated into five groups depending 
on the assigned chamber specification with ventricular/conductive (blue), atrial/ventricular (red), 



68

atrial nodal (green), conductive (purple), and ventricular (orange). Data is displayed in multiple 
graphs with the perplexity value varied between 0-15. 

Table S1. Criteria for cardiomyocyte specification
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Table S2. Summary of contraction profiles and action potential morphologies
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DNA Stains

Antibody Company Catalog 
number Dilution

DAPI Merck F6057 immersed

Hoescht 
33342

ThermoFisher 
Scientific 62249 1-300

Primary Antibodies

Antibody Company Catalog 
number Conjugated Animmal 

host Dilution Specification clonal

T-brachyury Abcam ab209665 n/a Rabbit 1-300 Human, Mouse, Rat Monoclonal

Sox17 ThermoFisher 
Scientific OTI2G8 n/a Mouse 1-300 Dog, Human Polyclonal

OCT3/4a Abcam ab27985 n/a Goat 1-300 Human, Mouse, Rat Polyclonal

Nanog Invitrogen 14-5768-82 n/a Mouse 1-300 Human Monoclonal

MESP1 Novus/Invitrogen NOVNBP151
613 n/a Mouse 1-300 Human, Mouse Monoclonal

VEGF2R/KDR/
FLK1 G-Biosciences ITA1858 Alexa Fluro 

594 Rabbit 1-300 Human, Mouse, Rat Polyclonal

C-TNNT G-Biosciences ITA6344 Alexa Fluro 
647 Rabbit 1-300 Human, Mouse, Rat Polyclonal

MLC2a Synaptic Systems 311011 n/a Mouse 1-300 Human, Mouse, Rat Monoclonal

MLC2v ProteinTech 10906-1-AP n/a Rabbit 1-300 Human, Mouse, Rat, 
Monkey, Zebrafish Polyclonal

Secondary Antibodies

Antibody Company Catalog 
number Conjugated Animmal 

host Dilution Specification clonal

Anti-Mouse 
647 Merck SAB4600182 CF 647 Goat 1-300 Mouse polyclonal
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Anti-Goat 647 ThermoFisher 
Scientific A32849 AF 647 Donkey 1-300 Goat polyclonal

Anti-Rabbit 
555 Merck SAB4600068 CF 555 Goat 1-300 Rabbit Polyclonal

Anti-Mouse 
555 Merck SAB4600060 CF555 Donkey 1-300 Mouse Polyclonal

Anti-Rabbit 
647 Merck SAB4600184 CF 647 Goat 1-300 Rabbit Polclonal

Anti-mouse 
488 Merck 62197 ATTO 488 Goat 1-300 Mouse Polyclonal

Anti-Rabbit 
488 Merck 18772 ATTO 488 Goat 1-300 Rabbit Polyclonal

Rodamin 
Phalloidin Merck P1951 532nm Death Cap 

Mushroom 1-500

647 phalloidin Merck 65906 ATTO 647N 1-500

488 Phalloidin Merck 49409 ATTO 488 1-500

Table S3. Summary of primary, secondary, and nucleic stains used in this study. 
Company name and catalog number are provided for the Australian branches or 
distributors.

Supporting Materials and Methods

MANOVA Statistical analysis performed in Jupiter Notebook
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• A straightforward protein microarray approach to evaluate the utility of initial matrix 
coatings in promoting pluripotency, germ layer specification, and cardiomyocyte 
differentiation, using pluripotent stem cells.

• Combinatorial screen with statistical analysis identifies proteins that guide 
cardiomyocyte differentiation from pluripotent stem cells.

• Specific combinations of matrix proteins at initial adhesion can control cardiomyocyte 
differentiation.

• Combinations of molecular marker immunofluorescence and high-speed video 
analysis determines chamber-specific contraction profiles. 
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