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Abstract 

Embryonic stem cell derived cardiomyocytes have been widely investigated for stem cell therapy or in 

vitro model systems. This study examines how two specific biophysical stimuli, collagen I and cell 

alignment, affect the phenotypes of embryonic stem cell derived cardiomyocytes in vitro. Three 

phenotypic indicators are assessed: sarcomere organization, cell elongation, and percentage of 

binucleation. Murine embryonic stem cells were differentiated in a hanging drop assay and 

cardiomyocytes expressing GFP-α-actinin were isolated by fluorescent sorting. First, the effect of 

collagen I was investigated.  Addition of soluble collagen I markedly reduced binucleation as a result of 

an increase in cytokinesis. Laden with a collagen gel layer, myocyte mobility and cell shape change were 

impeded. Second, the effect of cell alignment by microcontact printing and nanopattern topography was 

investigated. Both patterning techniques induced cell alignment and elongation. Microcontact printing of 

20µm line pattern accelerated binucleation and nanotopography with 700nm ridges and 3.5µm grooves 

negatively regulated binucleation. This study highlights the importance of biophysical cues in the 

morphological changes of differentiated cardiomyocytes and may have important implications on how 

these cells incorporate into the native myocardium. 

Key terms: microcontact printing, nanopattern, hanging drop, embryonic stem cell differentiation, 

cardiogenesis, extracellular matrix, myocytes, stem cell therapy, binucleation 
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Introduction 

The ability of embryonic stem cells to differentiate into cardiomyocytes in vitro has motivated numerous 

studies of possible clinical application,
24, 32, 48

 development of in vitro model systems,
4, 21, 40

 and/or 

generation of a continuous source of contractile cells. Some challenges remain, however, such as how to 

drive embryonic stem cell derived cardiomyocytes (ESCDMs) into maturation.
30, 38, 43

 In this study, we 

attempt to characterize the phenotypic changes of ESCDMs with respect to two biophysical stimuli – 

presence of collagen I and cell alignment. 

Collagen I is a critical ECM component in the adult myocardium and a ubiquitous cardiac tissue 

engineering scaffold material.
7, 8, 56

 The integrin interactions of collagen I in cardiac tissue have also been 

well studied.
9, 16, 29

 For highly contractile cells, an overlay of collagen I scaffold has been demonstrated to 

enhance differentiation and increase contractile protein production in vitro.
49

 Some preliminary evidence 

suggests that by injecting collagen I hydrogel with neonatal myocytes into infarcted tissue, cardiac 

ejection fraction is improved.
27

 However, more mechanistic studies are required to understand how ECM 

proteins, collagen I in particular, impact ESCDM function.
4, 27, 57

 

The second biophysical stimulation we focused on is cell alignment. In the myocardium, cardiomyocytes 

are arranged into layered two-dimensional sheets, precisely oriented to produce a twisting motion during 

each contraction.
1, 31

 Two ways to induce alignment have been explored in vitro – protein patterning, also 

known as microcontact printing, and topographical patterning. Both patterning techniques can induce 

anisotropy of neonatal myocyte monolayers.
2, 17, 23, 25

 However, the mechanisms by which patterns affect 

ESCDM phenotype remains elusive. 

In this study, we investigated how two specific biophysical stimuli, collagen I and cell alignment, affect 

the morphology of embryonic stem cell derived cardiomyocytes. Three phenotypic indicators commonly 

used to characterize a more mature morphology were used – sarcomere organization, cell elongation, and 
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binucleation.
39, 43, 44, 50

 While surface patterning and ECM interactions have been studied extensively for 

neonatal myocytes in vitro, the effects are lesser known for ESCDMs.
3, 17, 19, 42

 Based on this previous 

work, we hypothesized that both cell alignment and interactions with collagen I would enhance the rate of 

differentiation of ESCDMs.  This study is an important step toward an improved understanding of how 

the biophysical environment affects ESCDMs. 

Materials and Methods 

Cell Culture and Differentiation  

Murine embryonic stem cells (mESC - line CGR8) were kindly provided by Dr. Richard Lee, Harvard 

Medical School. The cardiac specific α-MHC promoter was tagged with green fluorescent protein (GFP) 

and thus differentiation could be readily assessed via observation of GFP. To keep ESCs undifferentiated, 

leukemia inhibitory factor (LIF) was present in the medium, comprised of Glasgow Minimum Essential 

Medium (GMEM) (Invitrogen), 1,000U/ml Leukemia Inhibitory Factor (Sigma), 1mM Sodium Pyruvate 

(Invitrogen), 1x Non-Essential Amino Acid (Invitrogen), 15% Knockout Serum Replacement (Invitrogen), 

25mM of HEPES, 10
-4

M β- mercaptoethanol (Sigma), and 1x Penicillin-Streptomycin (Invitrogen). Cells 

were maintained in flasks coated with 0.1% gelatin in PBS. Cell confluency was tightly controlled not to 

exceed 70%.  

By removing LIF and creating a three-dimensional environment, mESCs spontaneously differentiate.  The 

composition of the differentiation medium was similar to that of the maintaining medium. In addition to 

the removal of LIF, knockout serum replacement was replaced by ESC Fetal Bovine Serum (Invitrogen). 

100µM of ascorbic acid was added to enhance differentiation.
46

 

A standard hanging drop technique was used to induce differentiation.
37

 Briefly, cell suspension solution 

was prepared at 10,000 cells/ml. 30µl drops were placed on the inside of a 100mm non-tissue culture 

treated Petri dish, containing 10ml of 1x PBS. Drops, containing small cell aggregates, were cultured for 
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2 days before being collected with a 10ml pipette. These aggregates continued to be cultured, in 

differentiation medium, for 3 more days for embryoid body (EB) formation.  Once EBs were formed, they 

were collected, seeded on 0.1% gelatin coated 6-well plates and cultured for 4 more days before being 

dissociated and isolated with fluorescent-based sorting. Upon plating, spontaneous contraction and GFP 

expression could be observed usually within 72-96 hours.  

Isolation and Cell Seeding 

EBs are composed of stem cells with extensive extracellular matrix proteins and thus standard 

trypsinization alone was not sufficient. Instead, EBs were first washed with PBS twice and incubated with 

0.05% trypsin for 5-7 minutes. After that, EBs were dislodged from the culturing substrate with gentle 

agitation using a 1ml pipettor and transferred into a test tube where ample media were added to neutralize 

the effect of trypsin. At this point, many clumps were still present and the test tube was centrifuged for 5 

minutes at 1,200rpm. After the removal of the supernatant, more trypsin was added and the cells 

incubated for another 5-7 minutes. This second stage caused most of the cells to dissociate. Medium was 

added and the solution was centrifuged again. Once all trypsin-containing media were replaced by fresh 

media, the content was passed through a 40µm cell strainer and transferred to a test tube for sorting. 

Fluorescent activated cell sorting was performed with MoFlo (Cytomation). Either differentiated ESCs 

without GFP or undifferentiated ESCs were used as the negative control. 2-4% of total cells were GFP-

positive and the purity of the sorted population was consistently higher than 99.95%.   

The purified population of cells was resuspended in warm medium to a concentration of 2,000,000 

cells/ml. Four collagen conditions were examined: ESCDM monolayer with no collagen (control), 

ESCDM monolayer supplemented with 50µg/ml of soluble collagen I, ESCDM monolayer laden with 

2mg/ml collagen I hydrogel and isolated ESCDMs suspended in 2mg/ml collagen I hydrogel. ESCDM 

monolayer seeding density was 100,000 cells/cm
2
, due to the limited ability for differentiated 

cardiomyocytes to divide and proliferate. In the soluble collagen condition, the small amount of collagen 
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did not affect the pH of the medium. In the condition with a collagen gel overlay, 2mg/ml collagen gel, 

prepared on ice, was reconstituted by combining 10x DMEM, 0.5N NaOH, high concentration (3-4 

mg/ml) collagen I (BD Biosciences) and sterile cell culture grade water. 30µl of gel solution was used for 

each 96 well plate, resulting in a hydrogel layer several hundred microns thick. The gel was polymerized 

for 40 minutes  in the incubator (37°C, 5% CO2), followed by the addition of warm medium. The scaffold 

was added to the cell monolayer three days after seeding, when most cells had fully spread and formed 

confluent monolayers. For the condition with ESCDMs suspended in collagen gel, the same collagen 

recipe was followed except that water was replaced with cell solution for a final concentration of 1.5x10
6
 

or 5x10
6
 cells/ml.  

Microcontact Printing 

Microcontact printing is a technique to transfer specific proteins between two solid surfaces. The 

procedure used is similar to that described in Feinberg et. al..
17

  Briefly, molds were fabricated by 

standard soft lithography and stamps with a 20µm/20µm line pattern were made with 

polydimethylsiloxane (PDMS). Stamps were sterilized by sonication in 50% ethanol for 30 minutes and 

stored in 70% ethanol. Stamps were washed, dried and incubated with 0.1% Oregon-green conjugated 

gelatin (Invitrogen) for 1 hour. Rinsed and dried stamps were lowered onto plasma treated surface to 

initiate contact and pressed for 1 minute with mild pressure allowing for proper protein transfer.  

In the following steps, one rinse with sterile PBS was performed between each step. 1% Pluronics-F127 

(Sigma) was added to the stamped and rinsed surface for 15 minutes, followed by incubation of 0.02% 

nonfluorescent gelatin (Gibco) for 15 minutes.  Finally, the surfaces were rinsed three times before being 

stored in PBS in the incubator.  

Nanopattern Topography 

Hot embossing generated the submicron-scale substrate topography with an epoxy mold created by a 

three-step molding process. First, a silicon master mold was fabricated using standard photolithography 
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and reactive ion etching (RIE). A 1 µm-thick layer of silicon oxide was thermally grown on a 100 mm 

silicon wafer and features ranging from 500 nm to 1 µm were created by spin-coating a 500 nm layer of 

Shipley 1805 photoresist on the wafer, patterning the photoresist using a standard photomask, and 

developing the patterned photoresist. An anisotropic reactive ion etch using CF4 and O2 transferred the 

photoresist features into the silicon oxide to a depth of 1 µm before stripping the photoresist. The second 

mold was made with PDMS. The third epoxy mold was made from a two-part high temperature epoxy 

(Conapoxy FR-1080, CYTEC Industries). For the hot embossing step, the epoxy mold was placed with 

the submicron features in contact with a thermoplastic polystyrene blank in a uniformly heated, 

temperature- and pressure-controlled press.  The resulting substrate was a relief replica of the silicon 

master mold and served as the platform for cell culture experiments.  

Immunofluorescent Labeling 

To visualize sarcomere organization, cells were first washed twice with 1x PBS to remove media and 

fixed with 4% paraformaldehyde (PFA) for 15 minutes in room temperature. 0.1% triton-x was used to 

permeabilize the cell membrane for 2-5 minutes. For the following steps, 2D cultures were incubated with 

the appropriate reagent for 1hr at room temperature, and 3D cultures were incubated overnight at 4°C. 

Cells were first incubated with block ace (Dainippon Pharmaceutical, Tokyo, Japan) to block nonspecific 

binding, followed by incubation of primary antibodies, mouse sarcomeric α-actinin, at dilution factor of 

1:200. Secondary detection antibody (anti-mouse Alexa 568) and 4',6-diamidino-2-phenylindole (DAPI) 

were used to visualize protein of interest and nuclei respectively. In between each of the steps described 

previously, two rinses of 1x PBS were performed.  For samples with collagen gel, longer washing 

procedures were adapted and secondary antibody was reconstituted in PBS with 2% rabbit serum and 2% 

bovine serum albumin to further reduce background staining. 

Quantification and Statistical Analysis of Binucleation, Cell Shape and Cell Alignment 
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Cell elongation, binucleation and cell orientation were quantified by ImageJ. To quantify elongation, 

individual GFP-positive cells were identified, traced and fitted as ellipses. Then the ratio of major and 

minor axis, the aspect ratio, was calculated. For each condition, 10-30 separate regions (330µm x 430µm) 

were imaged and a total of 60-100 randomly selected cells were traced. Thus, the majority of the cells 

traced were not in contact with each other. To quantify binucleation, each GFP image was merged with 

DAPI image to enhance the identification of nuclei. Number of binucleated cells were then counted. At 

least 500 GFP-positive cells were counted for each experimental condition. To measure alignment angle, 

pattern angle was first determined and then the deviation angle of the major axis of the cell and the 

pattern angle was calculated. At least three independent sets of experiments were performed for each 

condition.  

Data were expressed as mean ± SEM and analyzed using one-way ANOVA followed by post hoc 

Student’s t test. Results with P<0.05 were considered statistically significant.  

Results 

Sarcomere development of ESCDMs suspended in collagen gel or plated on ECM-coated 

polystyrene 

In this study, we were interested in how biophysical stimulations affect the morphology of ESCDMs. We 

started the investigation with collagen I, a ubiquitous ECM protein in the adult heart as well as in 

previous in vitro cell culture with cardiomyocytes.
21, 56

 We found that suspending ESCDMs in 2mg/ml 

collagen gel does not induce sarcomere development or cell-cell contacts, two key parameters observed 

during proper cardiomyocyte development (Figure 1).
13, 28, 41

 Isolated ESCDMs remain rounded and 

contractile. Immunofluorescent staining of sarcomeric α-actinin reveals a punctate protein distribution, 

lacking any organized structures. Two cell seeding densities (1.5x10
6
 and 5x10

6
 cells/ml) exhibited 

similar results. These findings suggest that static culture of single ESCDMs suspended in collagen I gel is 

not conducive for myocyte development. 
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In contrast, confluent ESCDM monolayers with well-developed sarcomeres, along with stress fibers, are 

observed in cells seeded on ECM-coated polystyrene. Sarcomeres, albeit immature, can be observed 48 

hours after seeding and become more clearly evident for all three conditions – no collagen, with soluble 

collagen and with a laden layer of collagen gel (Figure 2a).   

Effect of collagen I on cell elongation 

Elongation of ESCDMs was measured by the aspect ratio – the ratio of the major and minor axis -- of 

each cell. Figure 2b shows the aspect ratio of ESCDMs over time, exposed to collagen I in different forms. 

Regardless of how collagen I is presented to the cell monolayer, cell aspect ratio increases over time. The 

aspect ratio of ESCDMs laden with a layer of collagen I is reduced slightly but significantly compared to 

control where no additional collagen is added. Interestingly, the rate of increase in aspect ratio is 

dependent upon the collagen condition (Figure 2c). Clear increase in aspect ratio over time can be 

observed for the three different collagen I conditions but the increase of aspect ratio is highest for the 

soluble collagen condition, followed by the control condition and the collagen gel condition. On average, 

the aspect ratio of ESCDMs increases by 9.6% per day for the condition with soluble collagen, 7.5% for 

control, and 4.6% for the condition with collagen gel. 

Effect of collagen I on cell binucleation 

Binucleation, like cell elongation measured by aspect ratio, increases over time (Figure 3a). Binucleation 

has been suggested to be a phenotypic indicator of maturation in vivo and in vitro.
44, 53

 Effects of collagen 

I on binucleation depend on how collagen I is presented. Presented as a hydrogel, it has little impact on 

binucleation. A small increase in binucleation can be seen after 2 weeks of culture with collagen gel, 

compared with control. When collagen I solution is added into the medium, it strongly inhibits 

binucleation. After 14 days, ESCDMs cultured with soluble collagen have 50% fewer binucleated cells 

compared with the control.  
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To confirm whether the reduction of binucleation is due to a decrease in karyokinesis or an increase of 

cytokinesis, we counted the number of cells. We found an increasing number of cells when ESCDMs are 

cultured with soluble collagen I, under which condition ESCDMs are more likely to undergo cytokinesis 

and complete the cell cycle (Figure 3b).  

Effect of Surface Patterning on ESCDM Alignment 

The second biophysical cue we investigated is cell alignment. ESCDMs cultured on MCP and NPT 

surfaces align with the pattern surface (Figure 4). For the MCP surface, gelatin conjugated with Oregon 

Green is used to visualize and measure the pattern angle. For the NPT surface, the ridges and grooves 

alter between 3.5µm and 700nm. Aligned sarcomeres can be observed for both patterning techniques. 

Sarcomere development is strongly dependent on the periodicity of NPT surface as the sarcomere width 

coincides with the width of the ridges. This same phenomenon is not observed for MCP surface.  

For cells cultured on MCP and NPT surfaces, the angle between the major axis of the cell and the pattern 

was calculated (Figure 5). Alignment can be observed within 48 hours: almost all cells cultured on MCP 

and NPT surfaces align within 20 degrees of the pattern orientation (Figure 5a). The same strong 

alignments persist over time (Figure 5b&c). By day 7, more than 70% of the cells cultured on NPT 

surfaces align within 10 degrees from the pattern. Interestingly, cell alignment on MCP surface is better 

retained with collagen gel overlay after 2 weeks. 60% of cells in that condition remained aligned within 

10 degrees while alignment in other conditions declined to 30% (Figure 5d). 

Effect of Surface Patterning on ESCDM Elongation 

Cells cultured on patterned surfaces, both MCP and NPT, exhibit elongated features (Figure 4) although 

the rate of elongation is highest for cells cultured on isotropic surfaces (Figure 6a&b). There is virtually 

no increase in aspect ratio for cells on MCP surfaces suggesting that the cellular response to the surface 

has saturated after 48 hours.  
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Elongation is mostly attributed to a decrease in minor axis length rather than an increase in major axis 

length (Figure 6 c&d). Significant reductions in minor axis are observed for both the isotropic and NPT 

conditions and this explains the shrinkage of the monolayer away from the walls at longer time points.  

Effects of surface patterning on binucleation 

Percentage of binucleation increases over time for all patterning conditions. Binucleation rate between 

day 2 and day 7 of ESCDMs on MCP surface is much higher than in cells on isotropic surfaces (Figure 

7a). Markedly reduced binucleation was observed for ESCDMs on NPT surfaces, compared with 

isotropic surface regardless of presence of collagen gel (Figure 7b). We found an increase in the number 

of ESCDMs on NPT surfaces indicating that the reduction in binucleated cells is a result of cells 

completing the cell cycle and being able to undergo cytokinesis (Figure 7c). This is similar to the finding 

for ESCDMs cultured with soluble collagen.  

Discussion 

In this study, we explored the effects of cell alignment and the addition of extracellular matrix protein, 

collagen I specifically, on changes of embryonic stem cell derived cardiomyocytes phenotype. This work 

is motivated by two observations. First, due to the limited regenerative ability of the heart,
55

 differentiated 

stem cells have been considered as a possible source of functional cardiomyocytes. They can also be used 

as in vitro model systems.
11, 35

 Second, spontaneously contractile cardiomyocytes can be used as 

miniature actuators. To date, most research focused on biomachines utilizes neonatal myocytes.
26, 47, 51

 

Stem cell derived cardiomyocytes have the advantage of being an unlimited and continuous source of 

contractile cells. However, little is known about how biophysical factors affect ESCDMs and we attempt 

here to gain a better understanding by first probing two stimuli inspired by the natural environment of the 

myocardium as well as the previous literature.   
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We have portrayed a rather complex picture of the relationship between collagen I and ESCDMs. We 

chose collagen I because of its abundance in the adult heart even though other ECM proteins are present 

at various stages during development.
7
 It is also ubiquitously used as a tissue engineering scaffold in 

vitro.
33, 49

 First, we observed that by suspending ESCDMs in collagen as single cells statically, no 

sarcomeres or cell-cell contacts are formed, even at a high cell density. This result is similar to the 

findings from Souren et. al. where neonatal cardiomyocytes embedded in collagen gel remain isolated and 

contract asynchronously.
45

 The lack of adequate growth factors or matrix proteins may be one explanation 

for this finding since Zimmermann et. al. successfully developed 3D cardiomyocyte construct with the 

addition of Matrigel
TM

 and chick serum.
56

 Another possible explanation is that the stiffness of the 

hydrogel, estimated around 10 KPa,
52

 is softer than optimal for myogenesis.
5, 15, 22

 On the other hand, 

according to Discher et. al., substrates that are too stiff, such as polystyrene, are suboptimal for myocyte 

development as well.
14

 However the stiffer substrate is better able to withstand the traction force required 

for sarcomere development,
42, 54

 and this may provide another possible explanation for the differences 

observed.   

Secondly, cell elongation is impeded and alignment maintained in the presence of collagen gel overlay. 

(Figure 2b) This might be due to the physical constraint the hydrogel imposes on the monolayer, perhaps 

by binding to the monolayer, and/or by the weight of the gel. One study has found that a collagen gel 

overlay improved the differentiation of skeletal myotubes presumably by imposing a constant load on the 

monolayer.
49

 Combined with MCP, the collagen gel accelerates binucleation, as demonstrated by the 

significant increase in binucleation between days 2 and 7, although the increase in binucleation between 

day 7 and 14 is not statistically different from control (Figure 7a). Although the mechanism of this 

phenomenon remains to be elucidated, this finding is one example of the combinatorial effects of two 

biophysical stimulations on ESCDMs.  
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While this study focuses on the effects of collagen I, other ECM proteins, such as vitronectin or 

fibronection, may be present in the experimental system due to the presence of serum in the medium. 

These ECM-integrin interactions have been demonstrated to be critical during heart development.
8, 20, 36

  

In this study, variation due to the presence of serum was mitigated by using the same lot of serum 

although further studies could be envisioned to specifically investigate the effects of other ECM proteins 

on ESCDMs.   

Lastly and unexpectedly, collagen I, presented in a soluble form in medium, is a strong negative regulator 

of binucleation. This effect is not seen when it is presented as a hydrogel. Soluble collagen increases 

cytokinesis and promotes ESCDMs to complete the cell cycle. This suggests that how ESCDMs respond 

to collagen I depends on the way it is presented to the cells. This is reminiscent to the differential 

responses of cells to exogenous and matrix-bound growth factors and this finding is, to our understanding, 

the first study to explore the effects of exogenous collagen I on ESCDMs.
12

 

The second biophysical stimulation we tested is the effect of cell alignment, induced by microcontact 

printing and nanopattern topography, on ESCDM morphology. In this study, only one set of geometric 

dimensions of each patterning techniques is explored. Bursac et. al. found that varying MCP dimensions 

did not cause a statistically significant difference in the electrophysiological properties of neonatal 

myocytes.
10

 For nanoscale topography, Au et. al. found neonatal myocytes exhibited clearer sarcomere 

structures on surfaces with 0.5µm-wide ridges and 0.5µm-wide grooves than 1µm-wide ridges and 3µm-

wide grooves, although it is unclear whether the difference arises from differences in duty cycle or the 

exact dimensions.
2
 Due to the limited understanding of the effects of NPT and the difficulty to directly 

compare the two patterning techniques, 
2, 25

 we focused on characterizing their effects on ESCDMs 

separately compared with the isotropic control.  

In this study, consistent with previous literature, we report that both patterning techniques induce cell 

alignment and elongation, as observed in cardiomyocyte sheets in vivo.
7
 The increase in aspect ratio over 
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time is mostly attributed to a decrease in width and the lateral dimensions of the cells remain significantly 

smaller than adult myocytes (although cell volumes were not measured).
6
 Longer culture times and 

mechanical/electrical stimulations may be necessary for enhanced differentiation and maturation.
18, 34, 43

  

In terms of binucleation, the MCP surface alone, without the addition of collagen, slightly but 

significantly increased the percentage of binucleation compared with a smooth surface. In contrast, 

compared with the isotropic case, ESCDMs cultured on NPT surface observed markedly reduced 

binucleation, due to increased cytokinesis. It is reasonable to believe that the finding for MCP surfaces is 

less dependent on the geometric dimensions but it is less clear whether varying NPT dimensions will 

produce the same finding. Nevertheless, from this study, we are able to conclude that induced cell 

alignment affects the binucleation of ESCDMs in vitro.  

Presence of collagen I and alignment are two important biophysical characteristics of the adult 

myocardium and here we adopted these two stimuli and characterized their effects on ESCDM phenotypic 

changes in vitro. We are able to demonstrate that by affecting them, we can alter the morphology of 

embryonic stem cell derived cardiomyocytes. This is an important step in advancing our understanding of 

how to utilize embryonic stem cell derived cardiomyocytes as a cardiovascular disease treatment option. 

By being able to control the phenotype in vitro, this opens the prospect of using ESCDMs as actuators for 

biomachines.  
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Figure Legends 

Figure 1: ESCDMs embedded in collagen I hydrogel 

ESCDMs are suspended in 2mg/ml collagen I hydrogel immediately after fluorescent sorting. Seeding 

density was 1.5x10
6
/ml for (a)-(e) and 5x10

6
/ml for (f). These cells are fixed after 21 days. Scale bar for 

(a)-(f): 100µm; (g): 10µm. 

Figure 2: Effect of collagen on cell morphology and elongation on day 2, 7 and 14 

(a) Representative images of ESCDMs cultured on gelatin coated polystyrene on day 2, day 7 and day 14. 

Sarcomeres, visualized with sarcomeric α-actinin, are readily observed as early as 2 days after seeding. 

Scale bar = 50µm. 

(b) Aspect ratio of ESCDMs increases over time regardless of the condition of collagen gel. There is no 

significant difference in aspect ratio for soluble collagen, compared to control. There is a slight decrease 

in aspect ratio for the collagen gel condition compared to control after 14 days. Asterisks represent 

statistical difference (p<0.05) of the data point of interest compared to day 2 of the same condition and 

diamond (◊) stands for statistical difference (p<0.05) of the data point of interest compared to the control 

condition without additional collagen I of the same day. 

(c) There is a difference in the rate of aspect ratio increase for different collagen conditions. ESCDMs 

cultured with soluble collagen elongate most rapidly, followed by control and collagen gel.  

Figure 3: Percentage of binucleated cells with various collagen I condition 

Effect of collagen I on binucleation is presented. (a) ESCDMs are either exposed to no collagen, soluble 

collagen (50µg/ml) or 2mg/ml collagen gel laden on top of the monolayer seeded on an isotropic surface.  

Binucleation increases over time. Soluble collagen, supplemented in the medium, has a strong negative 

effect for binucleation. (b) Number of cells for different collagen conditions. Asterisks represent 
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statistical difference (p<0.05) of the data point of interest compared to day 2 of the same condition and 

diamond (◊) stands for statistical difference (p<0.05) of the data point of interest compared to the control 

condition without additional collagen I of the same day.     

Figure 4: cell alignment with microcontact printing and nanopattern topography 

(a) Two methods of patterning were tested – microcontact printing (MCP) and nanopattern topography 

(NPT). MCP was visualized by printing gelatin conjugated with Oregon green.  

(b&c) Cells exhibit clear alignment when cultured on MCP and NPT surfaces. These are representative 

images of nuclei (DAPI), sarcomeric α-actinin and merged cells from day 14 samples with 50µg/ml 

soluble collagen.Scale bars: (b) 50µm, (c) 10µm.  

Figure 5: histograms of cell alignment at different time points 

Histograms of cell alignment at (a) day 2, (b) day 7, and (c) day 14 are plotted. Three surface patterns are 

compared: no patterns, MCP, and NPT. Three extracellular matrix incorporations are compared for day 7 

and day 14 (the conditions do not apply to day 2 samples because they are applied on day 3): no 

additional ECM, 50µg/ml soluble collagen I in media and 2mg/ml collagen hydrogel laden on the surface 

of the monolayer. Because of the secretion of ECM by the cells, we tested if the alignment would be 

maintained on MCP surface at day 14. (d) illustrates that while ESDMs cultured without collagen and 

with soluble collagen lose alignment, alignment for ESCDM monolayers laden with collagen gel is 

rescued.  

Figure 6: Effect of surface patterning on elongation without the addition of collagen 

Effect of surface patterning on cell elongation is measured. (a,b) Aspect ratio of cells on isotropic and 

NPT surfaces increases over time while that of cells on MCP surface remains constant. (c,d) The average 

dimensions of the major and minor axes are also recorded and it can be seen that most increase in aspect 

ratio is attributed to a decrease in minor axis. Asterisks represent statistical difference (p<0.05) of the data 
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point of interest compared to day 2 of the same condition and diamond (◊) stands for statistical difference 

(p<0.05) of the data point of interest compared to the isotropic condition of the same day.   

Figure 7: Effect of surface patterning on binucleation 

(a) Binucleation with surface patterning. MCP accelerates binucleation between day 2 and day 7. (b) NPT 

is a negative regulator of binucleation. (c) By examining the number of cells, there are a higher number of 

cells on NPT surface after 14 days suggesting that the decrease in binucleation is a result of an increase in 

cytokinesis. Asterisks represent statistical difference (p<0.05) of the data point of interest compared to 

day 2 of the same condition and diamond (◊) stands for statistical difference (p<0.05) of the data point of 

interest compared to the isotropic condition of the same day. 
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