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An integrated statistical model for 
enhanced murine cardiomyocyte 
differentiation via optimized 
engagement of 3D extracellular 
matrices
Jangwook P. Jung1,2, Dongjian Hu3, Ibrahim J. Domian3 & Brenda M. Ogle1,2,4,5,6

The extracellular matrix (ECM) impacts stem cell differentiation, but identifying formulations 
supportive of differentiation is challenging in 3D models. Prior efforts involving combinatorial 
ECM arrays seemed intuitively advantageous. We propose an alternative that suggests reducing 
sample size and technological burden can be beneficial and accessible when coupled to design of 
experiments approaches. We predict optimized ECM formulations could augment differentiation of 
cardiomyocytes derived in vitro. We employed native chemical ligation to polymerize 3D poly (ethylene 
glycol) hydrogels under mild conditions while entrapping various combinations of ECM and murine 
induced pluripotent stem cells. Systematic optimization for cardiomyocyte differentiation yielded a 
predicted solution of 61%, 24%, and 15% of collagen type I, laminin-111, and fibronectin, respectively. 
This solution was confirmed by increased numbers of cardiac troponin T, α-myosin heavy chain and 
α-sarcomeric actinin-expressing cells relative to suboptimum solutions. Cardiomyocytes of composites 
exhibited connexin43 expression, appropriate contractile kinetics and intracellular calcium handling. 
Further, adding a modulator of adhesion, thrombospondin-1, abrogated cardiomyocyte differentiation. 
Thus, the integrated biomaterial platform statistically identified an ECM formulation best supportive 
of cardiomyocyte differentiation. In future, this formulation could be coupled with biochemical 
stimulation to improve functional maturation of cardiomyocytes derived in vitro or transplanted in vivo.

Differentiation of stem cells into specific lineages during development is tightly regulated by the local microen-
vironment including growth factors, extracellular matrix (ECM) proteins, and surrounding cells over time1,2. 
Stem cells taken outside the body are similarly dependent on the microenvironment and the past two decades 
have witnessed a surge in knowledge and corresponding technology to best manipulate stem cell state in a culture 
dish2. To date, the primary focus is manipulation of growth factor and small molecule delivery3,4. Progress in this 
area has been catalyzed by improved understanding of the genetic events that cause specification and the soluble 
factors that can stimulate these genetic events. In addition, it is technologically straightforward to add soluble 
components to a 2D culture system. More challenging is the identification and presentation of multiple insoluble 
components, namely ECM proteins, in 3D.

Differentiation of most cell types would benefit from the identification of defined, ECM formulations to enhance 
specification. Cardiomyocyte differentiation is an intriguing test case. Exogenous ECM proteins are required both 
to promote survival of cardiomyocytes ex vivo5 and to implement all cardiomyocyte differentiation protocols 
employed to date2. While the soluble components required to drive cardiomyocyte differentiation have become 
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more well-defined (i.e., elimination of FBS and addition of MAPK inhibitor, PGI2, BMP2/4, Activin A, bFGF, 
Wnt3a, B27), the composition of exogenous ECM (i.e., matrigel or ECM of feeder cells) is largely unknown. In 
addition, stem cell-derived cardiomyocytes in vitro are currently unable to recapitulate all functional features of 
mature cardiomyocytes in vivo1. The feature most often lacking is contractility, a characteristic most definitely tied 
to the coupling of cell cytoskeleton with the ECM6–8. Hence, ECM certainly aids cardiomyocyte specification, but 
whether the maximum impact of ECM in this context has been realized in a culture dish is unclear.

Previous work developed and employed approaches to test the impact of multiple ECM formulations on (stem) 
cell behavior. First, an ECM microarray platform was developed wherein 2D combinatorial matrices could be 
spotted on a slide and seeded with cells. ECM were deposited with 32 different combinations of 5 different ECM 
molecules to identify combinations of ECM that synergistically impact hepatocyte function and embryonic stem 
cell differentiation9. Some years later, the same array concept was augmented to include pairwise combinations of 
38 unique ECM for a total of 768 different combinations to show that fibronectin in combination with galectins-3 
and -8 facilitates adhesion and metastatic progression of lung cancer cells10. Since then efforts have been made to 
employ 3D model systems to more closely approximate tissue-like scenarios. In particular, methacrylated gelatin11 
and poly(ethylene glycol) (PEG)12 have been used as base material to incorporate discrete ECM combinations 
with cells in order to alter mesenchymal stem cell and embryonic stem cell behavior. The outcome in these cases 
is realized with more detailed analyses including principal component or network analysis.

While more combinations and higher throughput seems intuitively advantageous, we consider a few of the 
inherent limitations. First, there are technical challenges and specialized equipment associated with high through-
put that renders the approach inaccessible to many laboratories. Second, even when the technology is available, 
multiplexing and small volume samples lend themselves to challenges of sample-to-sample variability. More impor-
tantly, statistical approaches employed to analyze microarray data to date are typically combinatorial covering 
discrete levels and only defined within the ranges tested in experiments. This analysis regime cannot lead to models 
of prediction based on varying inputs.

We propose an alternative that suggests reducing sample size and technological burden can be advantageous, 
especially when coupled to a Design of Experiments (DoE) statistical approach. Our laboratory has developed an 
approach that combines a physical culture platform with a statistical analysis regime to optimize differentiation of 
murine iPSCs to cardiomyocytes. In particular, we employ native chemical ligation (NCL)13 to polymerize 3D PEG 
hydrogels in aqueous and mild environments without utilizing initiators or UV-light. Since the NCL polymerization 
proceeds chemoselectively between the two precursors (PEG-Cys and PEG-thioester, Fig. 1a), a variety of ECM 
components and cells can be readily entrapped and the interaction of cells with ECM in this context is decidedly 
3D in nature14,15. The chemoselective nature of the approach also makes precise control of various combinations 
of insoluble proteins in 3D possible while maintaining mechanical properties. Upon establishing this biomaterial 
platform, we employed DoE approaches to identify main effects and associated interactions that contribute to car-
diomyocyte differentiation as determined by cardiac troponin T (cTnT) expression (Fig. 1b). Information acquired 
at this step was optimized with approximation of non-linear models, which identified a set of potential solutions 
from a formulation space not limited by the discrete set of experimental samples. Although DoE approaches have 
been widely performed in engineering and pharmaceutics16,17, combining modular biomaterial platforms and 
this statistical approach has been appreciated only recently12,18,19. With this approach, we found a formulation 
of multi-ECM matrices that included collagen type I, laminin-111, and fibronectin, significantly promoted the 
differentiation of murine iPSCs (miPSCs) into cTnT-expressing phenotypes without the addition of soluble factors 
in 21 days of culture (Fig. 1c).

Results
FEs to define the formulation for ECM-driven cardiomyocyte differentiation in 3D. The first step 
of the DoE approach is termed factorial experiments (FEs), wherein each factor is set at two different levels for a 
given defined response. In our case, the FE factors were collagen type I (Col I), laminin-111 (LN) and fibronectin 
(FN) to be incorporated into PEG-ECM composites (Fig. 1) and the two levels were set to 0 mg/mL (low or − ) 
and 0.83 mg/mL (high or +  ), which ranged from 0 to 2.5 mg/mL of total ECM concentration in ECM composites 
(Table 1). These concentrations were selected for both practical and biologically motivated reasons. First, we 
found mechanical stiffness of the hydrogel remained unchanged with up to 2.5 mg/mL of protein at approximately 
0.9 kPa (Supplementary Fig S1). The stiffness corresponds to the early embryonic heart20,21, which we reasoned 
could support differentiation of (mi)PSCs better than stiffer or adult-like mechanical environments. Thus in prin-
ciple, any observed changes in differentiation behavior could be largely ascribed to the biochemical composition 
of ECM as opposed to the mechanical properties of the 3D scaffold. In addition, these three main effects (Col I, 
LN and FN) are used routinely but variably for cardiomyocyte differentiation protocols and are present in high 
volume fractions in the adult and developing heart22. Finally, we found that concentrations of ECM used in 2D 
culture23,24 (as extrapolated for the 3D volume space) would be included in the resultant formulation. Since we 
hypothesized that the responses would not be linear when each factor was changed from 0 mg/mL (low or − ) 
to 0.83 mg/mL (high or +  ) in FEs, a center point formulation (000 in Table 1) was added. The responses were 
defined initially as either expressed proteins indicative of cardiomyocyte differentiation (cTnT) or corresponding 
gene expression (Tnnt2).

FEs were analyzed up to the 3rd order interactions with all three ECM proteins for both responses (cTnT and 
Tnnt2, response 1 and response 2, respectively). Conventionally, the responses can be plotted as a bar graph 
(Fig. 2a). It is logical to deduce that multiple ECM proteins increase the population of cTnT-expressing miPSCs and 
therefore cardiomyocyte differentiation. However, with this simple analysis, it is very challenging to distinguish the 
degree of impact on cTnT expression from individual ECM (i.e., the main effect) or the variation of main effects 
modified by other main effects (i.e., 2-way or 3-way interactions). From ANOVA Tukey’s post hoc tests, only three 
formulations were identified to be significantly different (Fig. 2a). However, by evaluating parameter estimates 
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Figure 1. Integrating a biomaterial platform with statistical approaches. (a) Schematic representation 
showing production of ECM composites including several different ECM proteins at varied concentrations with 
single iPS cells via NCL of PEG precursors (thioester or Cys). We use three different ECM proteins representing 
fibrillar collagen type I, basement membrane laminin-111, and cell-ECM linking fibronectin, but a larger 
variety is technically feasible. (b) Statistical optimization of multiple ECM proteins can maximize the expression 
of cTnT by RSM, yielding a set of potentially optimal solutions. (c) The optimal formulation is validated by 
measuring the improvement of cTnT expression and the functionality of cardiomyocytes by imaging contractile 
kinetics and Ca2+ transients.

Run pattern
Col I (mg/

mL)
LN (mg/

mL)
FN (mg/

mL)

1 − − − 0.00 0.00 0.00

2 + − − 0.83 0.00 0.00

3 − + − 0.00 0.83 0.00

4 − − + 0.00 0.00 0.83

5 − + + 0.00 0.83 0.83

6 + + − 0.83 0.83 0.00

7 + − + 0.83 0.00 0.83

8 + + + 0.83 0.83 0.83

9 000 0.42 0.42 0.42

Table 1. Experimental runs for FEs. In pattern, + and − means high and low levels, respectively. 0 indicates 
a center point.
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associated with DoE analyses, several main effects and interactions emerge (Fig. 2b). Col I and LN were signifi-
cant main effects for maximizing cTnT expression and FN was positive to a less significant extent. The parameter 
estimates showed that once Col I was changed from 0 (low or − ) to 0.83 mg/mL (high or +  ), cTnT expression was 
improved by 0.103. This result means that the area fraction of cTnT-expressing miPSCs will be increased by 0.103 
when Col I is increased from 0 to 0.83 mg/mL. In the same manner, addition of LN improves the area fraction 
of cTnT-expressing cells by 0.084. FN was a positive main effect to a lesser degree of significance in maximizing 
cTnT-expression from miPSCs. Since all interaction effects were below reasonable significance levels in the ranges 
in FEs, we graphed the interactions in contour plots (Fig. 2c) to glean further detail. Interactions between any two 
ECMs showed that concentrations around the center point 000 (0.42 mg/mL) were most synergistic. The higher 
interactions between Col I and LN were indicated beyond the upper boundaries (0.83 mg/mL) of Col I and LN. 
As a result, and as described below, the concentrations (levels) for Col I and LN were subsequently increased to 
1.04 mg/mL, which was systematically augmented on top of the levels explored in FEs.

Figure 2. FEs inform the formulation space for three ECM proteins. (a) A simple plot shows that multiple 
ECM proteins (detailed formulations in Table 1) promoted the expression of cTnT, compared to no ECM 
(− − − ) or single ECM (+ − − , − + − , or − − + ). (b) Effect magnitudes of all main effects and interactions 
for the expression of cTnT (protein). Blue lines indicate significant probability values of 0.05. (c) Contour 
plots showing the interactions between FN and Col I, LN and Col I, and FN and LN. (d) ECM composites as 
delineated in Table 1 were also tested for the expression of Tnnt2 (gene). Results in (a,d), ANOVA Tukey’s HSD 
post hoc test, n =  3, *p <  0.05, mean ±  S.D.
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In addition to the expression of cTnT as an indicator of mature cardiomyocytes, RNA expression of cardiac 
troponin T (Tnnt2) was probed by real-time quantitative PCR (qRT-PCR) and was considered “response 2”. RNA 
was extracted from the entire ECM composite and copy number was normalized to Gapdh of each ECM compos-
ite (Fig. 2d). Parameters were all negative for improving Tnnt2 expression except the 2nd order interaction from 
LN and FN (LN× FN) (Supplementary Fig S3). Interestingly, both LN and FN were negative and significant main 
effects for maximizing Tnnt2 expression. Given the striking difference in resultant parameters compared to cTnT 
protein expression, we probed the literature for evidence of Tnnt2 transcript dynamics with development and with 
accumulated cTnT protein in the cell. We found, expression of Tnnt2 (gene) peaks at postnatal days 8–10 with the 
subsequent decrease in expression until week 24 of fetal development25–28. These dynamics are quite interesting 
but render statistical interpretation quite complex relative to the continuously increasing (to maximum) nature of 
cTnT protein expression. For this reason, the cardiomyogenic response of miPSC to ECM composites was limited 
to cTnT expression (response 1) for all further experiments.

Thus, FEs were employed where main effects were set to range from the lowest to the highest possible concentra-
tions of ECM proteins in a defined PEG hydrogel crosslinked with a chemoselective chemistry. Using a simple bar 
graph with ANOVA, the main effects and higher order interactions were not easily seen. In contrast, FEs identified 
not only the significant main effect and interactions of ECM proteins, but also the extent of those for maximizing 
our intended responses, the expression of cTnT.

Response surface regression to hone the optimum ECM formulations for cardiomyocyte dif-
ferentiation in 3D. In FEs, cTnT expression (response) was taken at two different levels (low or − , 0 mg/
mL and high or +  , 0.83 mg/mL) for each factor (ECM protein). Formulations containing more than two ECM 
proteins significantly enhanced the expression of cTnT, indicating each ECM contributed to enhance the expres-
sion of cTnT in synergistic or additive manners (Fig. 2). In order to reach a set of potential solutions to maximize 
the cTnT expression (response), we moved to the optimization with DoE approaches that allowed exploration of 
the region of interest by augmenting additional levels on top of FEs, called central composite design (CCD). The 
advantages of CCD is that no assumptions need to be made concerning the levels of factors (or structures of the 
factors), allowing one to analyze any set of continuous values for the factors16,17. In contrast to testing multiple 
discrete levels and generating array type data, this methodology leads to a set of predicted main effects from a 
non-linear continuous function, namely a “response surface” in equation (1). Typically, in industrial applications, 
quadratic components are sufficient to elucidate the curvilinear relationship between factors and responses, yield-
ing a general model equation (response surface regression) with k factors:

= + × + … + ( )
+ × + … + ( )

+ × + … + (  ) ( )

− , −

y b b x b x
b x x b x x

b x b x

main
interactions
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0 1 1
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11 1
2 2

Following the design principle of creating CCD with the factors (Col I, LN, and FN) and the response (cTnT 
expression), additional levels (concentrations) were created as axial high (A, 1.04 mg/mL for Col I or LN) or 
axial low (a, 0 mg/mL for Col I or LN) corresponding to the highest and lowest levels for Col I or LN, respectively 
(Table 2). The levels were augmented on top of the previous FEs (Table 1) and scattered throughout the potential 
formulation space. Although the Col I and LN levels were expanded to go beyond what was tested in FEs, the role 
of FN needed to be refocused around the center point (000) of the FEs. Consequently, the highest level of FN was 
reduced to 0.42 mg/mL.

Run pattern
Col I (mg/

mL)
LN (mg/

mL)
FN (mg/

mL)

1 − − − 0.21 0.21 0.09

2 − − + 0.21 0.21 0.33

3 − + − 0.21 0.83 0.09

4 − + + 0.21 0.83 0.33

5 + − − 0.83 0.21 0.09

6 + − + 0.83 0.21 0.33

7 + + − 0.83 0.83 0.09

8 + + + 0.83 0.83 0.33

9 a00 0.00 0.52 0.21

10 A00 1.04 0.52 0.21

11 0a0 0.52 0.00 0.21

12 0A0 0.52 1.04 0.21

13 00a 0.52 0.52 0.00

14 00A 0.52 0.52 0.42

15 000 0.52 0.52 0.21

Table 2. Experimental runs for RSM, created by utilizing CCD. In pattern, A and a means the highest and 
lowest axial levels, respectively.
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From experimental runs by RSM (Table 2), all ECM proteins were positive for maximizing cTnT expression 
with varying extent (Fig. 3a). LN was the most significant main effect while Col I and FN were less significant. 
All of the 2nd order interactions were identified negative, but the degree of extent was varying and insignificant to 
maximizing cTnT expression. Although this could lead to speculation of their antagonistic contributions, the 2nd 
order interactions were not simplistic linear as depicted in Fig. 3b. FN showed the highest response around the 
maximum (0.42 mg/mL; axial high A of FN), while the interaction of FN with either Col I or LN identified positive 
as the concentration of Col I or LN increased (Fig. 3b). The extent of FN interactions with other ECM varies in 
wider ranges either being synergistic29 or antagonistic10, also depending on how FN is presented to cells (2D vs. 
3D). LN reached a plateau level response above the mid-range in its interaction with Col I (Fig. 3b), which indicated 
that LN already reached an asymptotic value for cTnT expression. The increase of Col I enhanced the expression 
of cTnT in general throughout the range with either LN or FN. The second order interactions with the same main 
effect (Col I ×  Col I, LN ×  LN, and FN ×  FN) show the slope of the response surface. The matrix notation of the 
response surface is detailed in Supplementary Tables S1–3. The shape of eigenstructure was defined from the matrix 
of all second order estimates (Fig. 3a). Given in the first row of the canonical curvature table (Supplementary Table 
S2), eigenvalues of Col I, LN, and FN were 0.0617, 0.0138, and − 0.0494, indicating the response surface of Col I and 
LN curves up from a local minimum and that of FN does the opposite from a local maximum. From these mixed 
eigenvalues, the response surface is saddle shaped, where the predicted solution of maximal cTnT expression was 
1.15, 0.45, and 0.28 mg/mL of Col I, LN, and FN, respectively (Supplementary Table S3). We validated the predicted 
solution in three different ways by 1) assessing the expression of sarcomeric proteins of cells in ECM composites 
prepared using the predicted solution, 2) assessing contractile kinetics and intracellular Ca2+ transients of ECM 
composite-derived cardiomyocytes and 3) altering ECM content of composites with an adhesion modulator with 
impact on cardiomyogenesis.

Model Validation 1: Confirmation of the results derived from RSM. We tested whether the statisti-
cal optimization was indeed the “optimal” formulation to enhance the expression of cTnT. A suboptimal formu-
lation (+ + + ) from RSM and the no ECM control (PEG) were included (Supplementary Table 4). We found, the 
optimal formulation significantly enhanced the expression of cTnT over its primary contender, the + + +  group 
(Fig. 4a) with the average percentage of cells expressing cTnT exceeding 35%. We also observed the enhancement 
of α MHC (α -myosin heavy chain, Fig. 4b) and α SA (α -sarcomeric actinin, Fig. 4c) protein expression from the 
optimal formulation. In addition to quantifying sarcomeric proteins, cells in ECM composites with the optimal 
formulation exhibited substantial Cx43 (connexin43)-positive staining (Fig. 4d), supporting direct electrical cou-
pling of cardiomyocytes differentiated using this integrated biomaterial and statistical platform.

Model Validation 2: Assessing contractile kinetics and imaging intracellular Ca2+ transients of 
cardiomyocytes. To complement the phenotypic profiling of sarcomeric proteins, we utilized high frame 

Figure 3. RSM of a formulation space modified to reflect adjusted levels (concentrations) of effects 
employed in the FE. (a) Effect magnitudes of all main effects and two-factor interactions to fit response surface 
regressions. Blue lines indicate significant probability values of 0.05. (b) Contour plots showing the interactions 
between FN and Col I, LN and Col I, and FN and LN from the RSM, which are different from those of the FE in 
Fig. 2c and indicative of different ranges tested in RSM.
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rate (> 150 frames per second) DIC imaging30 and confocal imaging of beating areas of ECM composites. The 
high frame rate methodology quantitatively assessed contractile kinetics via statistical analysis of movies of 
contracting cardiomyocytes wherein changes in cellular morphology over time are used to compute contractile 
kinetics. Spontaneously contracting cardiomyocytes cultured in PEG gels exhibited markedly reduced contrac-
tility with only rare cells achieving shortening of 3%. In contrast, cells cultured in optimized composites rou-
tinely exhibited shortening of 6–7%. In addition, shortening velocity was significantly higher in the optimized 

Figure 4. Validation of the optimized ECM formulation by the expression of sarcomeric proteins. 
Enhancement of cTnT (a) α MHC (b) and α SA (c) expression was tested with experimental (opt) and control 
groups (PEG and + + + , formulations in Supplementary Table 4). (d) Expression of Cx43 was visualized with 
MPLSM in 3D ECM composites. ANOVA Fisher’s LSD post hoc test, n =  7 (a) or n =  3 (b or c) **p <  0.01 and 
*p <  0.05, mean ±  S.D. The higher and darker gradient wedge indicates higher concentrations or numbers of 
ECM proteins associated in the formulation.
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formulation relative to no ECM (PEG, p < 0.05). To visualize excitation-contraction coupling of cardiomyocytes, 
we utilized fluorescent Ca2+ indicators and confocal imaging techniques, which provided the most versatile and 
widely used methods for analyzing cellular Ca2+ responses for different types of cells including differentiated 
PSCs to cardiomyocytes31,32. Cardiomyocytes differentiated for 7 days in EBs and matured for 3 days attached to 
a culture dish were used as a positive control (Supplementary Fig S4). Qualitative analysis of 30 s traces reveals 
apparent differences in Ca2+ handling between the groups (Fig. 5b; Supplementary videos 1–3). Quantitative 
analysis of interspike intervals (ISI) of optimal formulation (1.25 ±  0.35) showed a significant increase in ISI 
relative to the no ECM (PEG, 0.56 ±  0.19) control and an increase relative to the + + +  formulation (0.86 ±  0.47) 
(Supplementary Fig S4a). PEG and + + +  showed relatively fast and sporadic oscillation of fluorescence inten-
sity (F) while the optimal formulation and the EB control showed rapid time to peak and slow, uniform decay. 
Of note, we do not draw comparison between the optimal formulation and the EB controls since the nature of 
signal propagation in 3D vs. 2D is quite different. This control was simply used as a means to garner a known 
positive signal. The relative maximum intensity of the fluorescent Ca2+ indicator (Fluo-4 AM) was also compared 
(Supplementary Fig. S4b). Maximum F/Fo ratios were relatively consistent between groups in spontaneously con-
tracting composites.

Model Validation 3: Evaluation of thrombospondin (TSP1), an adhesion modulator, on cardio-
myocyte differentiation. To further validate the predicted solution, we incorporated TSP1 into our inte-
grated statistical model. TSP1 has been shown to reduce cellular adhesion in the heart, especially in the context 
of pathology or scarring rather than regeneration33. In this validation step, the same FEs were generated with Col 
I, FN, and TSP1 while the levels (concentrations) of FN and TSP1 were modified (Table 3). Interestingly, none 
of the responses (cTnT expression) were significant and we did not observe any beating phenotypes throughout 
21 days of culture. TSP1 did not contribute to improving cTnT-expression and the presence of TSP1 actually 
inhibited the response (cTnT-expression) (Fig. 5c). This change was not attributed to the diminished growth of 

Figure 5. Validation of the optimized formulation by assessing contractility and Ca2+ transients and by 
adhesion modulation. (a) % cluster length was evaluated by utilizing high frame rate DIC. Representative 
contractility from ECM composites. (b) Fluo-4 AM (Ca2+ indicator) intensity (F) was normalized to the 
baseline fluorescence (F0). Representative local Ca2+ transient from ECM composites. (c) Effect magnitudes of 
all main effects and interactions for the expression of cTnT (protein) with Col I, FN, and TSP1 (formulations in 
Table 3).
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miPSCs in TSP1-containing ECM composites as DAPI-stained areas were consistent between all DoE formula-
tions (Supplementary Fig S5).

From these three different validation approaches, we found that the optimal formulation enhanced the expres-
sion of cTnT, α MHC, α SA and distinct Cx43 expression (validation 1) and the cardiomyocytes from the optimal 
formulation showed appropriate contractile kinetics and Ca2+ handling (validation 2). In addition, incorporation 
of a negative regulator of cardiac development abrogated cTnT-expressing and beating phenotypes (validation 3).

Discussion
By integrating a novel 3D biomaterial platform and DoE approaches, we identified a formulation of multiple 
ECM proteins (Col I, LN and FN) capable of inducing significant levels of differentiation of cardiomyocytes from 
miPSCs without the addition of soluble factors. To perform DoE approaches, multiple ECM formulations were 
created by securing exogenous ECM in 3D space without modification or covalent linkage to the PEG scaffold. The 
chemoselective nature of the NCL crosslinking reaction allowed the use of multiple ECM proteins in wide ranges of 
concentrations without altering crosslinking chemistry for each ECM. Here, only simple mixing of ECM proteins 
in culture medium was necessary with appropriate pH adjustment to physiologic levels to account for the range 
of exogenous ECM proteins used and to ensure cell viability. Indeed, 3D ECM composites support the growth of 
encapsulated miPSCs over multiple weeks15. It is also important to note that instead of purifying populations of 
iPSCs or including sorted EBs in 3D gels34,35, singularized miPSCs were encapsulated in ECM composites and 
cultured without adding aforementioned soluble factors2,3,36. Although the 3D microenvironment itself (PEG 
hydrogel) was an important factor to support the expression of cTnT, formulations containing multiple ECM 
were significantly better than no ECM (− − − ) or single ECM formulations (− + −  or − − + or+ − −  in Fig. 2a).

To arrive at an optimum formulation (i.e., critical point) of multi-ECM, we employed DoE methodology to 
avoid testing the infinite number of combinatorial possibilities or performing conventional trial and error. Finding 
a critical point requires establishing a continuous function from independent variables, followed by differentiation 
of the continuous function to find the point at which the slope is zero. Here, those independent variables were 
ECM proteins (main effect) and the continuous function was generated to contain main effects, interactions of 
main effects and curvatures, which yielded a regression equation (1). With matrix operations of those variables 
in the response regression, the solution to maximize the expression of cTnT was found, resulting in 1.15, 0.45, 
and 0.28 mg/mL of Col I, LN and FN, respectively (approximately, 61%, 24%, and 15% of Col I, LN and FN, 
respectively). These concentrations or the relative ratio of ECM proteins, were obtained by an end-point analysis 
for promoting cTnT-expressing cells from miPSCs in a 3D ECM-incorporated scaffold over 21 days of culture.

Our results are difficult to compare with earlier studies wherein approximation23,37 and qualitative analyses38 
were used to identify the relative content of ECM supportive of cardiomyogenesis. In addition, most ex vivo work 
has occurred in 2D in vitro systems3,24,36 and it is clear now that 2D and 3D culture regimes are quite distinct in 
terms of integrin engagement and associated cell fate signaling. For this reason, we have intentionally focused on 
progress in the field related to 3D in vitro models or in vivo studies. And while most studies are limited in their 
qualitative nature, a few quantitative studies are worth noting. First, in a 3D in vitro “interpenetrating network” 
model made of collagen, fibronectin and laminin, the authors find collagen matrices supplemented with small 
amounts of laminin (1.2 mg/mL collagen, 0.1 mg/mL laminin) were most supportive of cardiomyocyte beating37. 
Though only 10 formulations were studied and each was limited to two ECM components, the findings align 
broadly with ours. Second, an in vivo study of ventricular tissue during development, shows quantitative analysis 
of several ECM proteins including collagen types I and IV (basement membrane associated with laminin) and 
fibronectin22. The authors compare expression of each ECM component via immunofluorescence with development 
(i.e., from embryonic day 12.5 to postnatal day 2). It is interesting to note that at embryonic day 16.5 (the height of 
cell proliferation in the myocardium and differentiation to mature cardiomyocytes), the ratio of collagen (average 
arbitrary intensity units, a.i.u., 100), to fibronectin (40 a.i.u.) to basement membrane (50 a.i.u.) is quite similar to 
the critical value determined here. Thus our formulation might reflect late developmental conditions associated 
with cardiomyocyte differentiation and by exposing cardiac precursors to this formulation, we may provide the 
appropriate trigger to signal subsequent ECM production and remodeling needed for functional maturation24.

It remains to be seen whether continued improvements in cardiomyocyte differentiation and perhaps func-
tion in vitro could be realized via the inclusion of more obscure ECM types of the developing heart39. For exam-
ple, Glypican-3 (Gpc3) is a heparin sulfate proteoglycan expressed widely during vertebrate development, where 

Run pattern
Col I (mg/

mL)
FN (mg/

mL)
TSP1 (mg/

mL)

1 − − − 0.00 0.00 0.000

2 + − − 0.83 0.00 0.000

3 − + − 0.00 0.42 0.000

4 − − + 0.00 0.00 0.002

5 − + + 0.00 0.42 0.002

6 + + − 0.83 0.42 0.000

7 + − + 0.83 0.00 0.002

8 + + + 0.83 0.42 0.002

9 000 0.42 0.21 0.001

Table 3.  Experimental runs for FE with TSP1. The levels of FN were modified from 0 to 0.42 mg/mL.
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Gpc3-deficient mice display a delayed development of the coronary vascular plexus and an increased number of 
coronary arteries relative to the number of veins40. Versican is a chondroitin sulfate proteoglycan, the respective 
variants of which are expressed in specific spatiotemporal patterns during heart development41. Periostin is found 
in the developing heart and can interact with fibronectin, collagens type I and V, tenascin-C, and itself and acts 
as an adhesion molecule by binding integrins42. Finally, a novel protein called Abi3bp was recently shown to play 
an important role in regulating proliferation and differentiation of cardiac progenitor cells via integrin β 1 and 
associated focal adhesion kinase phosphorylation43. The 3D model system and corresponding statistical approach 
described here are primed to enable investigation of the role of these smaller and less-well studied ECM proteins 
in cardiomyogenesis.

In this study, analysis of Ca2+ transients and contractility of cell populations was used to assess the extent of 
differentiation of cardiomyocytes in the optimum formulation compared to controls. The shape of the F/F0 traces 
was noticeably distinct between groups and the ISI was higher for cardiomyocytes developing in the optimized for-
mulation relative to controls (Fig. 5b). In adult cardiomyocytes, a relatively small Ca2+ influx via voltage-activated 
L-type Ca2+ channels triggers greater amounts of sarcoplasmic reticulum (SR) Ca2+ release from the type-2 ryano-
dine receptor (RyR2) by the Ca2+ -induced Ca2+ release (CICR) mechanism. This leads to a rapid and high enough 
increase of intracellular Ca2+ concentration to initiate the interaction of contractile filaments and subsequent 
contraction (i.e., excitation-contraction coupling)44. Previous work showed that EB-derived cardiomyocytes from 
pluripotent cells possess heterogeneous calcium handling properties45 and that cardiomyocytes derived in this way 
were immature compared to murine ventricular cardiomyocytes with respect to the contractile properties related 
to the function of the SR and the inotropic response to β -adrenergic stimulation45. Of note, extended electrophys-
iological examination was not possible in this study without removing the cells from the composites, which we 
found to be detrimental to cell health. However, contractility studies were enabled via statistical analysis of movies30 
of contracting cardiomyocyte of composites in 3D. Further approaches similar to these need to be developed to 
better determine whether functional maturation of cardiomyocytes is improved in 3D culture schemes. Further 
refinement of this integrated platform can also include multiple time points and the precise control of matrix-bound 
soluble factors to better appreciate the process of maturation and point of potential plateau.

In summary, the integrated biomaterial platform with DoE approach identified an optimal ECM formulation 
for differentiation of miPSCs to cardiomyocytes in the absence of stimulation by soluble factors. In the future, we 
envision this ECM formulation, and others derived in this way, will be used in conjunction with soluble factor 
stimulation in order to enhance the functional capacity of cardiomyocytes derived from PSCs. Potential improve-
ments can be made by augmenting the variety of ECM proteins and matrix-bound factors included in composites, 
assessment of the kinetics of differentiation in ECM composites and inclusion of better means to assess functional 
maturity of derived cardiomyocytes. Broader advantages include the ability to apply this platform to the study 
of any cardiovascular cell type and associated matrix and to use identified formulations for basic studies and/or 
clinical tissue recovery.

Methods
Culture of murine induced pluripotent stem cells (miPSCs). Murine induced pluripotent stem cells 
(miPSCs) were cultured using previously published protocols15. Embryoid bodies (EB) were generated using the 
hanging drop method only for the Ca2+ transient control. Briefly, resuspended miPSCs at 1.6× 104 cells/mL in 
culture medium without LIF and were deposited in 30 μ L drops onto the lid of a 100 mm petri dish and suspended 
over 25 mL sterile PBS. Hanging drops were plated in culture medium without LIF onto gelatinized plates for 3 
days until Ca2+ transient imaging.

Formation of ECM composites and assembly of ECMs. Cysteine- and thioester-terminated 4-armed 
PEG macromonomers were synthesized using previously published protocols and singularized 3 ×  105 miPSCs/
composite were encapsulated15. Either rat tail collagen type I (Col I, cat# 354236, Corning), mouse laminin (LN, 
cat# 354259, Corning), or human plasma fibronectin (FN, cat# 356008, Corning) or their mixture specified by 
the Design of Experiment (DoE) approaches was neutralized at 37 °C/5% CO2. Regardless of the formulation, 
the stiffness of composites was maintained at 0.9 kPa (storage modulus G′ , Supplementary Fig S1). Since miP-
SCs were encapsulated and differentiated, 3D ECM scaffolds at the stiffness of early embryonic development20,21 
would be more physiologically relevant than adult myocardium around or over 10 kPa20. ECM composites were 
kept in GMEM medium at 37 °C/5% CO2 for up to 21 days (medium change everyday).

Extracting RNA from ECM composites. After 21 days of culture, ECM composites were collected in a 
microcentrifuge tube and stored at − 80 °C with 10 μ L of Trizol®  (cat# 15596-026, Life Technologies) per ECM 
composite. When thawed, additional 30 μ L of Trizol®  was added to each ECM composite and mechanically dis-
aggregated by micropestles. After ground ECM composites were allowed to stand for 5 min at room temperature, 
8 μ L of chloroform was added and vigorously shaken by hands for approximately 15 s. After 3 min at room tem-
perature, samples were centrifuged at 12,000 g for 15 min at 4 °C, separating mixtures into three phases. Only a 
colorless upper aqueous phase was transferred into a new microcentrifuge tube. An equal volume of 70% ethanol 
(molecular biology grade) was added to each tube to make mixture of RNA in 35% ethanol. These mixtures were 
processed in PureLink RNA Mini Kit (cat# 12183-018A, Life Technologies) by following the suggested protocol.

Quantitative real-time polymerase chain reactions (qRT-PCR). Complementary DNA (cDNA) was 
synthesized following the instructions from the Maxima First Strand cDNA Synthesis Kit (cat# K1642, Thermo 
Scientific). Cardiac troponin T gene primer (Tnnt2) was purchased from Biorad (cat# 10025636). Primer effi-
ciencies were extracted from RealPlex2 software and verified with melting curves. The gene expression level was 
determined as the copy number of Tnnt2 normalized to that of Gapdh.
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Imaging cTnT-, αMHC-, αSA- and Cx43-positive cells. After 21 days of culture, miPSCs in ECM 
composites were fixed with 4% paraformaldehyde for 15 min and extracted with 0.2% Triton-X 100 solution for 
1 h at room temperature. Each step was performed on a rocker, followed by 5 min washing with PBS. Following 
a 2 h incubation at room temperature on a rocker with freshly prepared blocking solution (2.5 g of non-fat dry 
milk in 50 mL of 0.2% Trion-X 100 solution), rabbit anti-cTnT (cat# MS-295-P0, Thermo Scientific, 1:200 dilu-
tion in BGST buffer consisting of 1 g of Gly in 88 mL of water, 10 mL of 10×  PBS, 5 g of BSA, 2 mL of goat 
serum, and 100 μ L of Triton-X 100) antibodies were incubated at 4 °C overnight, which were probed by goat 
anti-rabbit Texas Red (cat# 31500, Pierce, 1:100 dilution in BGST) for 90 min. ECM composites were stored 
in 2.5% 1,4-diazabicyclo[2,2,2]octane (cat# D27802, Sigma-Aldrich) in 1:1 PBS and glycerol with 1 μ g/mL 4′ , 
6-diamidino-2-phenylindole (cat# D9542, Sigma-Aldrich) until imaging. ECM composites were imaged with 
an Olympus IX81ZDC microscope equipped with 10×  (NA =  0.25) objective lens using MetaMorph®  slide 
scan function to acquire 8 by 9 fields of view per ECM composite (Supplementary Fig S2). The ratio of the 
cTnT-positive area to DAPI-stained area was measured with FIJI software. Sarcomeric proteins were probed by 
primary antibodies (all primary antibodies were diluted in 1:100 in 5% donkey serum, incubated at 4 °C over-
night) against Cx43 (cat# sc-9059, Santa Cruz), α MHC (cat# sc-32732, Santa Cruz), and α SA (cat#A-7811, 
Sigma-Aldrich), which were probed by donkey anti-rabbit FITC, cat# 711-545-152, Jackson Immuno Research 
Lab, 1:200 dilution in 5% donkey serum, incubated for 1 h). After washing with PBS, F-actin was probed with 
TRITC-conjugated phalloidin (cat# FAK100, EMD Millipore, 1:100 dilution in 5% donkey serum, incubated 
for 45 min). Cx43-positive cells were visualized with a 60×  (NA =  1.0) objective lens by using a mode-locked 
Ti:Sapphire laser on a multi-photon laser scanning microscope (MPLSM, Bruker Nano).

Design of Experiments (DoE) approaches and statistical analyses. The efficient investigation of 
the relative ratio of multiple ECM proteins directing the differentiation of miPSCs into cTnT-positive phenotypes 
were facilitated by the chemoselective nature of the NCL of PEG hydrogels. The work proceeded in two stages: 
1) Factorial Experiments (FEs) with multiple ECM protein to determine how significantly each ECM protein 
impacted the differentiation of miPSCs into cTnT-positive phenotypes and whether any response to a particular 
ECM was dependent on the level (concentration) of the other ECM proteins (i.e. interactions between main 
effects) and 2) determining an optimal relative ratio of multiple ECM protein formulation using response surface 
methodology (RSM).

In the first stage, a two-level, three-factor (23) design was utilized, in which each factor (Col I, LN, and FN) was 
set at a high (0.83 mg/mL) or low-level (0 mg/mL), producing the matrix of experimental runs shown in Table 1. 
This design allowed for the identification of the most significant factors and the identification of interactions among 
those factors. JMP software (SAS, North Carolina, USA) was utilized to facilitate the generation of this experimental 
matrix, which consisted of eight (23) different formulations and one center point (000) that can be added if the 
factors in the design and the responses are suspected to have curvilinear relationship. ECM composites were pro-
duced and analyzed in triplicate for two different responses, cTnT protein expression and Tnnt2 gene expression, 
amounting to 54 total gels. JMP software was utilized to fit the data, conduct ANOVA to determine significance, 
sort parameter estimates, and identify statistically significant factors and interactions.

In the second stage, RSM experiments were employed to determine a potential optimal formulation of multiple 
ECM proteins. The RSM experiments explored different levels and ranges of ECM proteins in the ECM composites, 
utilizing a central composite design (CCD, Table 2). This design is consisted of 15 different combinations of three 
different factors (Col I, LN, and FN), in five different levels. The CCD formulations included Col I and LN ranging 
from low axial point (a, 0 mg/mL) to high axial point (A, 1.04 mg/mL) and FN from low axial point (a, 0 mg/mL) to 
high axial point (A, 0.42 mg/mL). In CCD formulations, one center point (000) was included due to the quadratic 
nature of RSM. The response was fixed to cTnT expression throughout RSM experimental runs (a total of 45 gels). 
JMP software was utilized to fit the data, conduct ANOVA and lack-of-fit analysis for determining significance 
and reproducibility, sort parameter estimates, and identify the predicted solutions from the response surface.

In order to assess the impact of matricellular proteins on cTnT-expressing phenotypes, the FE was repeated in 
the similar method described above with different formulations and levels (Table 3). The level (concentration) of 
thrombospondin-1 (TSP1) was calculated from the surface concentration required for coatings46 and transformed 
to a volume density to produce an ECM composite.

For all other non-DOE approaches, one-way ANOVA with Fisher’s LSD or Tukey’s HSD post hoc tests for mul-
tiple comparisons was performed, where p values < 0.05 were considered significant. At least three independent 
experiments were performed.

High frame rate DIC and confocal Ca2+ transient imaging. After 21 days of culture, high frame rate 
DIC microscopy was performed with a Nikon TiE Deconvolution microscope equipped with 10×  (NA =  0.25) 
objective and Ibidi live cell environmental chamber at least 150 frames per second (fps) for 30 s. Contractile 
kinetics of differentiated miPSCs was calculated using the Baseline Adjusted Similarity Comparison (BASiC) 
curve methodology30. ECM composites were loaded with 5 μ M Fluo-4 AM (cat# F14217, Life Technologies) in 
serum-free GMEM. After incubating at 37 °C/5% CO2 for 30 min, ECM composites were incubated for 30 min 
with Tyrode’s salt solution at 37 °C/5% CO2 to allow de-esterification of intracellular AM esters. Intracellular 
calcium transients were recorded with a Zeiss Cell Observer Spinning Disk Confocal microscope equipped with 
20×  (NA =  0.5) objective and an environmental chamber (37 °C/5% CO2) at 15–30 fps over 30 to 120 s. Movies 
were analyzed with FIJI software to acquire fluorescence intensity (F) of 2 to 8 ROIs and 3 to 8 backgrounds (F0) 
per acquisition. Note, in Supplementary video 3, the lack of calcium transients despite beating. We observed this 
frequently in the no ECM control (~80% of beating areas lacked evidence of calcium transients).
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