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Methacrylated human recombinant collagen peptide
as a hydrogel for manipulating and monitoring
stiffness-related cardiac cell behavior

Dylan Mostert,1,2 Ignasi Jorba,1,2 Bart G.W. Groenen,1 Robert Passier,3,4 Marie-José T.H. Goumans,5

Huibert A. van Boxtel,6 Nicholas A. Kurniawan,1,2 Carlijn V.C. Bouten,1,2,8,* and Leda Klouda1,7

SUMMARY

Environmental stiffness is a crucial determinant of cell function. There is a long-
standing quest for reproducible and (human matrix) bio-mimicking biomaterials
with controllable mechanical properties to unravel the relationship between stiff-
ness and cell behavior. Here, we evaluate methacrylated human recombinant
collagen peptide (RCPhC1-MA) hydrogels as a matrix to control 3Dmicroenviron-
mental stiffness andmonitor cardiac cell response.We show that RCPhC1-MA can
form hydrogels with reproducible stiffness in the range of human developmental
and adult myocardium. Cardiomyocytes (hPSC-CMs) and cardiac fibroblasts
(cFBs) remain viable for up to 14 days inside RCPhC1-MA hydrogels while the
effect of hydrogel stiffness on extracellular matrix production and hPSC-CM
contractility can be monitored in real-time. Interestingly, whereas the beating
behavior of the hPSC-CM monocultures is affected by environmental stiffness,
this effect ceases when cFBs are present. Together, we demonstrate RCPhC1-
MA to be a promising candidate to mimic and control the 3D biomechanical
environment of cardiac cells.

INTRODUCTION

Physical cues from the cardiac microenvironment, such as extracellular matrix (ECM) stiffness and architec-

ture, strongly determine cardiac cell behavior. Over the last century, animal models have been used abun-

dantly to study cardiac development and (patho)physiology in vivo. However, the cardiovascular system

differs between species, often resulting in poor clinical translation.1,2 Moreover, apart from ethical issues,

the lack of microenvironmental control and manipulation in vivo makes animal models less suited to

provide mechanistic insights at the cellular level.1,2 This prohibits the establishment of cause-effect rela-

tionships between environmental cues and cardiac cell behavior in a direct manner, necessitating the

development of novel model systems.3,4

In vitro modeling of cardiac (patho)physiology is an emerging method to assess how physical (e.g., ECM

stiffness and architecture) and chemical (e.g., composition and ligand density) features of the cardiac

microenvironment dictate cell function.5–8 Especially human cardiac in vitro models can greatly advance

our understanding of cardiac (patho)physiology and overcome some of the challenges present in the

clinical translation of animal models.3 Two dimensional (2D) in vitromodels of monocultures of human car-

diac cells demonstrated that myocardial stiffness, progressing from values as low as 0.2-2 kPa9 during

development toward a stiffness of 10-20 kPa9,10 in the healthy adult heart, is a crucial determinant of cardiac

cell function.11–13 Cardiomyocytes (CMs), the force generating cells of the myocardium, detect ECM stiff-

ness via their costameres and focal adhesion complexes at the cell membrane which, in turn, connect to the

intracellular cytoskeleton.14 For human embryonic CMs, optimal cell contractility was found on substrates

with a stiffness of the developing myocardium.9,15 In turn, the contractility of human CMs was decreased on

matrices of pathological ECM stiffness,16 as found in the fibrotic myocardium (20-50 kPa).10

Three-dimensional (3D) models are evolving as well, but show significant variation in type, mechanical

behavior, tunability, and reproducibility of matrix-mimicking materials.17–19 Moreover, both 2D and 3D

models are often limited to contain only one cell type.20 In vivo, however, multiple cardiac cell types reside

in a dynamic 3D environment where events such as development and injury alter the myocardial
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microenvironment, and with that, cell behavior over time.21 A controllable and reproducible 3D environ-

ment containing multiple cell types is therefore critical to advance our understanding of how develop-

mental and (patho)physiological stiffness determine cell behavior in vivo.

Biopolymers derived from the ECM have great potential as biomaterials to assess the effect of environ-

mental stiffness on cell behavior because of their intrinsic biocompatibility, along with their inherent

biochemical, mechanical, and structural functions.19,22 Hydrogel systems made from these biopolymers

are relevant in this realm because of their capacity to mimic the native ECM environment, thanks to their

high water content and cytocompatibility, as well as tunable characteristics, including their mechanical

properties.23–25 Collagen is the most abundant protein in the myocardial ECM, providing structural

support and mediating multiple cellular functions,26–28 and is thus a promising candidate to mimic the

cardiac microenvironment in vitro. To date, hydrogels based on collagen and gelatin, a collagen derivative,

have been proposed to serve as a biomimetic microenvironment.29–34 However, it remains challenging to

systematically tailor the properties of natural collagen hydrogels since these are highly dependent on

various fabrication parameters, such as gelation pH and batch-to-batch variation.35 Moreover, these hydro-

gels are often based on animal-derived collagen, which is associated with immunogenicity, pathogen

transmission, and suboptimal clinical translation.36,37

To address these challenges, in this study we introduce and evaluate a new hydrogel biomaterial, based on

methacrylated human recombinant collagen peptide (RCPhC1-MA), as a 3D in vitro environment for human

pluripotent stem cell-derived CM (hPSC-CMs) and cardiac fibroblast (cFB) (co-)culture. RCPhC1-MA is a

human collagen 1 mimicking peptide that has been enriched with arginine-glycine-aspartic acid (RGD)

sequences to promote cell adhesion and modified to contain methacrylate groups that enable chemical

crosslinking to systematically tailor its mechanical properties (Figure 1). The productionmethod and source

material of RCPhC1-MA eliminate the issues of reproducibility and controllable tunability in 3D and in-

crease the potential of clinical translation. Moreover, RCPhC1-MA is not recognized by collagen antibodies

enabling the investigation of collagen production solely from the embedded cells. Our data demonstrate

that RCPhC1-MA allows i) control of 3D hydrogel stiffness with values in the range of the developing and

adult myocardium using photocrosslinking protocols and ii) real-time monitoring of cFB collagen produc-

tion and hPSC-CM contractility in these hydrogels in response to altering hydrogel stiffness. Using these

features, we show that increasing RCPhC1-MA stiffness to �10 kPa decreased the contractility of hPSC-

CMs in monoculture after eight days of culture, but that contractility was preserved when hPSC-CMs

were co-cultured with human fetal cFBs, demonstrating the importance of cardiac cellular crosstalk.

RESULTS

Characterization of RCPhC1-MA hydrogels

To verify that RCPhC1-MA can be used to obtain hydrogels with the human developmental (0.2-2 kPa9)

and physiological (10-20 kPa9,10) cardiac stiffness found in vivo, stiffness characterization was performed

on gels obtained via different %DS and photocrosslinking protocols (Figures 2A and 2B). It became

evident that the photogelation of the 20% DS RCPhC1-MA required longer exposure times with higher

exposure intensities for hydrogel formation. Three cell-free hydrogels were chosen containing: 1) a 1:1

mixture of 20% DS and 50% DS (‘‘low %DS’’), 2) 50% DS (‘‘intermediate %DS’’), and 3) 100% DS (‘‘high

%DS’’), resulting in a Young’s modulus of 1.14 G 0.69 kPa (n = 3), 4.20 G 0.33 kPa (n = 3), and

Figure 1. Reaction scheme for RCPhC1 modification
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10.66 G 3.74 kPa (n = 9), respectively (Figure 2C). To assess hydrogel stability, the mass swelling percent-

age and proteolytic degradation rate were determined in hydrogels without cells. The hydrogels showed

significantly higher swelling for the low %DS, which is suggested to facilitate nutrient diffusion,38 as

compared to the intermediate and high %DS hydrogels (n = 3) (Figure 2D). In addition, the in vitro degra-

dation assay demonstrated an increasing degradation rate with lower %DS (n = 3) (Figure 2E), suggesting

that a looser hydrogel network of RCPhC1-MA is more easily degraded by cells as opposed to denser

networks, a phenomenon also known for other hydrogels.38 Pore sizes of the RCPhC1-MA hydrogels

were theoretically estimated using the rubber elasticity theory,39 showing a decreasing trend with

increasing %DS (32.2 nm for low %DS, 25.9 nm for intermediate %DS, and 22.1 nm for high %DS). More-

over, the hydrogel nanostructure was visualized using scanning electron microscopy (SEM), demon-

strating a highly nanoporous structure in all hydrogels (Figures 2F-2H).

Figure 2. RCPhC1-MA material characterization

(A and B) Young’s modulus varies with different illumination time, dosage, and the degree of methacrylation (%DS, n = 3).

(C) Young’s modulus of RCPhC1-MA hydrogels upon varying %DS (n = 3-9).

(D) Mass swelling percentage differs with %DS (n = 3).

(E) Degradation of RCPhC1-MA hydrogels with various %DS in the presence of collagenase (n = 3).

(F-H) SEM of surface relief of RCPhC1-MA gels of varying %DS. * = p < 0.05, ** = p < 0.01, **** = p < 0.0001. Scale bar =

5 mm. All data are presented as mean G SEM. For multiple group comparison, a one-way analysis of variance (ANOVA)

with Tukey’s post-hoc test was used.
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RCPhC1-MA hydrogels with varying %DS are cytocompatible for human pluripotent stem

cell-cardiomyocytes and cardiac fibroblasts

To investigate the cytocompatibility of the RCPhC1-MA constructs, we assessed the viability and

morphology of the encapsulated hPSC-CMs and cFBs. To assess the viability of the individual cell types,

cell viability assays were performed in monocultures (Figures 3A and 3B). cFB viability was significantly

different between the low %DS and the high %DS on day 1 and day 7, showing a lower cell viability in

the high %DS hydrogels. After 14 days of culture, cell viability remained high for all %DS hydrogels

(90.3 G 3.7% for low %DS; 81.1 G 6.5% for intermediate %DS; 73.9 G 16.45% for high %DS), although

slightly lower in the hydrogels with higher %DS (n = 3). For the hPSC-CMs, a decreasing trend in cell viability

was found over time and significantly lower viability was found for the high %DS on day 14 (49.50G 2.67%),

as opposed to the intermediate %DS (73.95 G 7.08%) and low %DS (73.29 G 3.04%) (n = 3).

For the identification of hPSC-CMs, we evaluated the sarcomeric reporter protein a-actinin-mRubyII and for

cFB identification, we used the intermediate filament protein vimentin (Figures 3C-3E). After seven days of

encapsulation, the hPSC-CMs in co-culture with cFBs in a 70:30 ratio (since CMs occupy �70% of the

volume of healthy adult myocardium40,41) demonstrated organized sarcomeric structures in all %DS. In

the low %DS and intermediate %DS, the hPSC-CMs are clustered and cell elongation, which is typical

for adult CMs,42 was not observed. In the high %DS, elongated individual hPSC-CMs were observed. In

all %DS RCPhC1-MA constructs, the cFBs were observed in close contact with the hPSC-CMs.

Together, the overall morphology and high cell viability of the cFBs and hPSC-CMs up to 14 days inside the

RCPhC1-MA hydrogels demonstrate it provides a beneficial in vitro environment to culture cardiac cells

and investigate their response to stiffness change.

Cardiac fibroblasts produce collagen in RCPhC1-MA of varying stiffness

To gain deeper insight into the ECM production of cFBs inside RCPhC1-MA hydrogels of different

stiffnesses, overall hydrogel stiffness together with ECM production was determined over time. Cell-free

hydrogels were used as controls. The stiffness of the cell-free hydrogels remained constant with time

Figure 3. Cytocompatibility of RCPhC1-MA

(A and B) Quantification of cFB (A) and hPSC-CM (B) viability in 3D culture inside RCPhC1-MA hydrogels with varying %DS

over 1, 7, and 14 days (n = 3).

(C-E) hPSC-CMs and cFBs (70:30) cultured in low %DS and intermediate %DS exhibited a clustered morphology, as

opposed to the more spread-out morphology in the high %DS. Notable organized sarcomeric a-actinin is found in all

constructs after 7 days of encapsulation. ** = p < 0.01. Scale bar = 20 mm. All data are presented as mean G SEM. For

multiple group comparison, a one-way analysis of variance (ANOVA) with Tukey’s post-hoc test was used.
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(Figures 4A, 4D, and 4G). Interestingly, however, the stiffness of the cell-laden hydrogels was significantly

lower than their cell-free counterparts as of day 1, suggesting that cell encapsulation may have altered the

initial network formation of the gel. This is also observed in explanted tissues, where whole tissues (com-

posites of cells and ECM) are reported as softer than decellularized ECM.43

Whereas no collagen was observed in the hydrogels one day after encapsulation (data not shown), the cFBs

in the low %DS (0.64 G 0.11 kPa), intermediate %DS (1.32 G 0.15 kPa), and high %DS (12.4 G 0.47 kPa)

showed intracellular collagen production after seven and fourteen days of culture (Figures 4B, 4E, and

4H). While no actin stress fibers were observed in the cFBs in the low %DS, these were present in both in-

termediate and high %DS. After 14 days of culture inside the hydrogels, an increase in cFB cell number was

observed and networks of cFBs were formed (Figures 4C, 4F, and 4I). Collagen was merely detected within

the cell and no extracellular collagen was observed.

Together, these data suggest that cFBs can synthesize collagen in RCPhC1-MA. Moreover, we demonstrate

that the newly produced collagen can be visualized live over time in RCPhC1-MA using the CNA-35-OGprobe.

Figure 4. Collagen production and hydrogel stiffness with time over 14-day culture period

(A, D, and G) Micro-indentation data depicting hydrogel stiffness over time in cell-free (- cells) and cell-laden (+cells)

hydrogel constructs (n = 3 per condition). * = p < 0.05, ** = p < 0.01, *** = p < 0.001. All data are presented as mean G

SEM. For multiple group comparison, a one-way analysis of variance (ANOVA) with Tukey’s post-hoc test was used. (B, C,

E, F, H, I) Representative fluorescent images demonstrating collagen production (green, CNA-35-OG) and F-actin

(magenta, phalloidin) in the RCPhC1-MA constructs with time. Scale bar = 100 mm.
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Cell contractility can be monitored live over time in RCPhC1-MA hydrogels and is dependent

on culture time and hydrogel stiffness

Next, to prove that the RCPhC1-MA hydrogels can be employed for functional studies with hPSC-CMs,

contractility measurements were performed using the image-based software tool MUSCLEMOTION.44

Whereas conventional electrophysiological measurement techniques often require customized hardware

and advanced informatics, leading to reproducibility issues between laboratories and culture models,

MUSCLEMOTION enables reproducible quantitative analysis of cardiac contraction, and was validated

against the current golden standards such as patch-clamp analyses.44,45 In assessing the effect of %DS

on hPSC-CM contractility, we found a significant decrease in beating frequency with increasing %DS for

hPSC-CM monocultures after eight days of culture inside the RCPhC1-MA hydrogels as opposed to one

day of culture (Figure 5A). A similar effect was observed for the contraction amplitude (Figure 5C) after

eight days of culture. Interestingly, both contraction frequency and amplitude after three days of encapsu-

lation deviated significantly from the values obtained after one and eight days of encapsulation, and

contraction frequency and amplitude seem to show opposing trends. It is hypothesized that varying

cell-ECM interactions and differences in hPSC-CM maturity differ between one, three, and eight days of

encapsulation, possibly contributing to the deviating contraction frequency and amplitude after three

days of encapsulation. However, future studies are necessary to explore this further. Videos of isolated

beating hPSC-CM clusters after eight days of encapsulations in the different %DS RCPhC1-MA hydrogels

can be found in the Videos S1, S2, and S3.

Since hPSC-CMs in vivo co-exist with non-myocytes, such as cFBs, we next co-cultured the hPSC-CMs with

cFBs in a 70:30 ratio and assessed how the presence of cFBs altered the contractility of hPSC-CMs in

response to varying environmental stiffness. Whereas a strong %DS-dependent effect was found in the

monocultures, no%DS-dependent effect on beating frequency was observed in the co-cultures (Figure 5B).

Interestingly, significantly higher contraction frequencies were found in the co-culture after eight days of

culture inside the intermediate %DS (p < 0.0001) and high% DS (p < 0.0027) RCPhC1-MA hydrogels as

opposed to the monoculture (Figures 5A and 5B). Similar to the monocultures, a decreasing trend was

observed with increasing %DS for contraction amplitude, although less pronounced and merely significant

for the high %DS (Figure 5D). Moreover, while for both contraction frequency and amplitude a similar time-

dependent effect was observed in the co-cultures as opposed to the hPSC-CMs monocultures, demon-

strating a significant decrease in contract frequency and increase in contraction amplitude after three

days of encapsulation, this effect seemed less pronounced (Figures 5B and 5D). Together, these results

suggest that the decrease in beating frequency with increasing %DS, found for the hPSC-CM monocul-

tures, was not reflected in the encapsulated co-cultures. This can also be deduced from the two-way

ANOVA tables below Figures 5A-5D, indicating a significant %DS-dependent effect for hPSC-CM mono-

cultures on beating frequency, which is not the case for the co-cultures.

DISCUSSION

Physical and mechanical properties of the cellular environment provide key cues to shape cell fate and

behavior. In the search for a controllable 3D environment for cardiac cells, we have investigated the

suitability of RCPhC1-MA, a highly reproducible human-derived collagen ECM mimic, as an alternative

to animal-derived or insufficiently characterized and low reproducibility biomaterials for 3D in vitro

modeling. We demonstrated that RCPh1C-MA can serve as a valuable tool providing a human biomimetic

cardiac cell environment that can be systematically altered in stiffness. Moreover, we showed the applica-

bility of RCPhC1-MA to monitor cellular contractility and ECM production in real-time.

RCPh1C was modified with MA groups, allowing hydrogel fabrication and control over the mechanical

properties, such as swelling, degradation, and Young’s modulus. Our results indicated that RCPh1C-MA

with varying degrees of modification can be successfully crosslinked under UV irradiation and form stable

3D hydrogels with mechanical properties in the range of human myocardial tissue from developmental to

physiological adult stage (E = 0.2-15 kPa).9,15,46,47 Because of the addition of the crosslinkableMAmoieties,

RCPhC1-MA hydrogels can reach stiffnesses that are difficult to achieve with conventional collagen

gels.48,49 Specifically, a 100% DS RCPhC1-MA hydrogel under optimal conditions (i.e., shielded from

oxygen during UV-exposure) yields a Young’s modulus of >100 kPa (Figure S3). Although this stiffness

data is obtained via rheology measurements and is not directly comparable to the indentation results pre-

sented in the present study, these data suggest that RCPhC1-MA can be an innovative and mechanically

more tunable 3D hydrogel material alternative to conventional collagen gels, which have low mechanical
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Figure 5. CM contractility is affected by both culture time and hydrogel stiffness

(A and B) Bar graphs indicating the effect of culture time and %DS on hPSC-CM beating frequency in monocultures (A) and hPSC-CM/cFB co-cultures (B),

accompanied by a summary of the two-way Analysis of Variance (ANOVA) results to analyze interaction effects.

(C and D) Bar graphs indicating the effect of culture time and %DS on hPSC-CM contraction amplitude (a.u.) in monocultures (C) and hPSC-CM/cFB co-

cultures (D), accompanied by a summary of the two-way ANOVA results to analyze interaction effects. a, significance vs. day 1 group; b, significance vs. day 3

group; c, significance vs. day 8 group; *, significance vs. low %DS within each time period; #, significance vs. intermediate %DS within each time period.

Significant differences between timepoints and between %DS were determined using one-way ANOVA (n = 3-15 cell clusters analyzed per condition).

p < 0.05. All data are presented as mean G SEM. Moreover, two-way ANOVA was performed to assess the interaction effects of culture time and %DS on

hPSC-CM contraction frequency and amplitude. See also Videos S1-S3.
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properties.35 Moreover, by altering hydrogel stiffness solely through varying the %DS, RCPhC1-MA en-

ables the possibility to alter hydrogel stiffness independently of cell adhesive ligand concentration. This

possibility of uncoupling of stiffness and ligand density is highly desirable for mechanobiological

studies50,51 and can greatly benefit our understanding of the effect of either stiffness alteration or ligand

density on cell behavior.

The assessment of functional readouts is essential to understand cell and tissue behavior in vitro. Our data

showed that the hPSC-CMs and cFBs survived the encapsulation process and showed viability up to 14 days

in culture. Comparable viability of hPSC-CMs and human fetal cFBs was found in methacrylated gelatin

(GelMA) hydrogels52,53 and poly(N-isopropylacrylamide) PNIPAAm-gelatin based hydrogels,54 indicating

a similar viability of cardiac cells for RCPhC1-MA and gelatin derived hydrogels based on animal material.

Since RCPhC1-MA lacks the triple helical structure found in collagen fibers, it is not recognized by collagen

antibodies used in immunohistochemistry or by live collagen probes, such as CNA, allowing the visualization

of merely cell-produced collagen in collagenous environments in real-time without the use of cell fixation and

biochemical assays.Making use of this advantage, wewere able to track collagen production fromhuman cells

live in a human collagen mimicking in vitro environment. We visualized cFB-produced collagen on days 7 and

14 after encapsulation, demonstrating the ability of the cFBs to interact with the RCPhC1-MAenvironment and

alter its composition. Whereas collagen gene upregulation in response to increased environmental stiffness is

well documented, much less is known about its synthesis and deposition.55,56 Here, we showed an increase in

collagen synthesis with time, although no significant upregulation in collagen synthesis with increasing

hydrogel stiffness was observed. Since collagen production is increased in myofibroblasts, the lack of an up-

regulation in collagen synthesis might be explained by the fact that the hydrogel stiffnesses used in this study

do not include the stiffness found in fibrotic myocardium (30-70 kPa), which is known to activate cFBs into

matrix-producingmyofibroblasts.57Moreover, the lack of extracellular collagen is likely caused by the absence

of ascorbic acid in the culture medium, which is necessary for collagen formation.58 Lastly, the cell-laden

hydrogels tended to decrease in stiffness over time and it is hypothesized that this is the result of hydrogel

remodeling via cell-produced proteinases, more so since RCPhC1-MA is susceptible to proteolytic degrada-

tion while newly cFB-produced collagen is expected to be softer than RCPhC1-MA.49

As a marker of cardiac functionality, we quantified contractility by recording phase contrast time-lapse im-

ages of monocultures of hPSC-CMs and in co-culture with cFBs. We demonstrated that hPSC-CMs main-

tained their contractile phenotype up to eight days in culture and adapted their contractility in response to

varying RCPhC1-MA stiffness. Furthermore, our results suggested that the presence of cFBs compensates

for the decrease in hPSC-CM contractility with increasing environmental stiffness, implying that they are

essential to maintain hPSC-CM contractility. These results are in line with in vivo data, where a strong cross-

talk between cFBs and CMs is essential to maintain the electrical stability of the cardiac muscle.59 Together,

we demonstrated that RCPhC1-MA is suitable for functional studies with hPSC-CMs and cFBs using image

analysis-based techniques.

Overall, we have shown that the RCPh1C-MA provides a favorable in vitro environment for culture and

controlled manipulation of human cardiac cells. It provides a versatile matrix for cardiac tissue engineering

applications and allows for the fabrication of 3D models of (patho)physiological processes in the human

myocardium.

Limitations of the study

The presented RCPhC1-MAmaterial and study design also have limitations. Whereas natural collagen gels

contain fibers, allowing the compaction of the material, RCPhC1-MA does not form the fibrous structures

necessary for material compaction. Therefore, it is challenging to use RCPhC1-MA to build engineered

heart tissues (EHTs), the formation of which relies on tissue contraction around (micro)pillars.60–62 The

lack of material compaction also precludes alignment and conditioning of the cardiac cells, which would

better mimic the in vivo environment. Another consequence is that the beating of the hPSC-CMs is not syn-

chronized across the entire gel but is localized in individual clusters. Whereas the applicability of

MUSCLEMOTION is extensively validated by comparing its results to golden standard electrophysiological

measuring methods, it would still be wise to add electrophysiological measurements instead of solely

relying on image analysis-based approaches. Furthermore, whereas the present study is mainly focused

on cardiac mechanobiological aspects, future studies should include full cell biological analysis to verify
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the applicability of the RCPhC1-MA platform to study more cell biological-related characteristics (e.g.,

growth profiles of the hPSC-CMs and cFBs and their electrophysiological coupling via gap junctions).
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Data and code availability
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cardiac fibroblasts

Human epicardial-derived cardiac fibroblasts (cFBs) were isolated from human fetal cardiac tissue

collected with informed consent and anonymously from elective abortion material of fetuses with a gesta-

tional age between 10 and 20 weeks according to the official guidelines of the Leiden University Medical

Center, as approved by the local Medical Ethics Committee (number P08.087).64 cFBs were cultured in

high-glucose Dulbecco’s modified Eagle’s medium (Invitrogen, Breda, the Netherlands) supplemented

with 10% fetal bovine serum (Greiner Bio-one) and 1% Penicillin-Streptomycin (fibroblast culture medium).

The cFBs were cultured in flasks coated with 0.1% gelatin from porcine skin in PBS (Sigma-Aldrich) and

passaged when 80% confluency was reached. The passage number of the cFBs during experimental pro-

cedures was between 7 and 12.

Human pluripotent stem cell-derived cardiomyocytes

The DRRAGN hPSC (derived from human embryonic stem cell line HES3) line 3F4, modified with a double

reporter of GFP-NKX2.5 and mRubyIIACTN2 was cultured on vitronectin-coated culture plates and main-

tained by refreshing Essential 8 (E8) medium (Thermo Fisher, Waltham, Massachusetts, United States) daily

and passaging the cells at around 15k cells/cm2 twice a week. The hPSCs were differentiated into cardio-

myocytes (hPSC-CM) according to protocol described before.65 On day 13 of differentiation, the cells were

dissociated and re-plated on glucose-free matrigel coatings and cultured in glucose-free medium (TDI-

Lactate, Table S1) for four days for purification of the hPSC-CM culture. On day 16 of differentiation, the

medium was replaced with TDI medium supplemented with growth factors (T3, Dexamethasone &

IGF-1, Table S1) for hPSC-CMmaturation. On day 20 the hPSC-CMs were used for experiments or cryopre-

served for later use.

METHOD DETAILS

Materials

Recombinant collagen polypeptide RCPhC1, commercially available as Cellnest, was a gift from Fujifilm

Manufacturing Europe BV (Tilburg, the Netherlands). The protein sequence of human type I collagen alpha

1 chain from 716 to 779 (GenBank P02452) was used to design RCPhC1.37 All chemicals were obtained from

Sigma-Aldrich (Zwijndrecht, the Netherlands) unless noted otherwise.

Methacrylation of RCPhC1

RCPhC1 was functionalized with methacrylamide moieties using an optimized protocol, adapted from Sut-

ter et al.66 and Van Den Bulcke et al.67 Karl-Fischer analysis was used to correct ‘‘dry’’ RCPhC1 weights for

initial moisture content (mc) to obtain the true dry weight.68,69 For RCPhC1 functionalization, a 10 w/w%

solution was prepared by dissolving 20.0 g (g) RCPhC1 freeze-dried sponge (0.666 mmol amines per g

dry RCPhC1, including N-terminal amines) in 180 g phosphate buffered saline (PBS) solution. The appro-

priate amount of methacrylic anhydride was added to the RCPhC1 solution at 50�C and stirred for 1 h.

During this time, the solution pH was continuously monitored and maintained between 7 and 7.4 by
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addition of 1 M sodium hydroxide solution. At reaction end, the solution was diluted to 1 L volume using

highly purified water, sterile filtered using a 0.2 mm PES filter membrane and dialyzed for 2 days at 25�C
against a 14 kDa MWCO cellulose membrane (Sigma-Aldrich). The product solution was then freeze-dried

at �15�C and stored at �20�C until use. An amount of 1.174 mmol methacrylic anhydride (MAnh) was

required to completely functionalize 1 mmol amines, corresponding to 117.6 mL MAnh per g dry (mois-

ture-free) RCPhC1. Proportionally reduced amounts of reagent were used to functionalize RCPhC1 with

different degrees of substitution (%DS).

NMR spectroscopy

Lyophilized samples were dissolved in deuterated water to a concentration of 15–30 mg/mL and measured

at 25�C in a Bruker Avance III HD Nanobay 400 MHz spectrometer. The vinylic protons in the coupled meth-

acrylamide moieties were used to quantify the level of substitution using published random-coil polypep-

tide chemical shifts.70 The peaks due to the vinylic protons of bound methacrylamide moieties appeared at

chemical shift values between 5.4 and 6.5 ppm and were well separated from the other peaks (Figure S1).

The known RCPhC1 composition with 571 amino acid residues was then used to derive the %DS. The com-

bined integral for the valine (Val), isoleucine (Ile), and leucine (Leu) methylic protons can be normalized to

288H as internal reference, since all combined methylic protons of Val, Ile, and Leu make up a total of 288

protons per molecule. The quantification of attached methacrylamide moieties is then given by the

following equation:

DSMA =

�
IHa+b ;5:39�5:86ppm

ICH3 ;0:805�1:02ppm
3
288

68

�
3 100% (Equation 1)

where Ha and Hb represent the vinylic protons in methacrylamide moieties bound to either lysine or termi-

nal glycine residues. These make a maximum of 68 vinylic protons (33 Lys plus a terminal amine equals 34

methacrylamides with each 2 vinylic protons) per molecule. IHa+b and ICH3
represent integrals, calculated by

the NMR software. The integral limits are noted as subscripts.

Trinitrobenzene sulphonic acid assay

A trinitrobenzene sulphonic acid assay (TNBS)71 was used as an independent method to evaluate themodi-

fication levels of RCPhC1-MA. The residual lysine residues were labeled by dissolving 10 mg dry sample in

2 mL solution containing 1% TNBS and 4% sodium bicarbonate. The mixture was kept at 37�C for 3 h. Sub-

sequently, the samples were acidified with 6 N hydrochloric acid and diluted 40 times to record the extinc-

tion at 345 nm using a double-beam CARY100 spectrophotometer (VARIAN) using 10 mm quartz-cuvettes

and a value of 1.48 3 104 M�1cm�1 for the ε-TNP-Lys molar extinction coefficient. The DS-level was then

determined by considering the RCPhC1-MA DS-dependent molecular weight increase and converting

the number of residual amines into the modification level. The sample moisture content was determined

to correct weighed quantities of RCPhC1 and RCPhC1-MA.

Gel permeation chromatography

Samples were dissolved at a concentration of 1 mg/mL in highly purified water with 1% sodium dodecyl

sulphate added at a pH of 5.3. Measurements were done using a Waters 2695 Alliance instrument with

TSK SuperSW3000 and TSK SuperSW2000 columns and a Waters 2489 UV/VIS detector (Figure S2).

RCPhC1-MA hydrogel fabrication

Lyophilized RCPhC1-MA was stored at�30�C until further use. Hydrogels were formed by radical crosslink-

ing of solubilized RCPhC1-MA in the presence of Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP,

Sigma-Aldrich, 20 mg/mL in PBS) (Figure 1). In short, lyophilized RCPhC1-MA was brought to room temper-

ature (RT) and dissolved in PBS (10 w/v%). The gel mixture was placed on a roller bank for 15 min at RT to

allow it to dissolve completely. Right before crosslinking, LAP was added to the gel mixture to achieve a

working concentration of 1 mg/mL. The pre-polymer solution was sterilized before hydrogel fabrication.

When used for cell encapsulation, pelleted cells were resuspended in the pre-polymer mixture to a final

concentration of 1 million cells/mL. The total gel volume was corrected for the volume of the cell pellet.

50 mL of pre-polymer solution was pipetted on hydrophobic polydimethylsiloxane (PDMS, Sylgard 184;

Dow Corning, Michigan, United States) substrates. The PDMS substrates were obtained by pouring

PDMS with curing agent (10:1) in a square mold (2 3 2 cm) in a Petri dish and curing the constructs for

120 min at 65�C. The RCPhC1-MA pre-polymer solution was crosslinked by exposure to UV-light
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(wavelength 365 nm) of 5 mW/cm2 for 30 s, as calibrated with an R2000 UV Radiometer. The hydrogel was

removed from the PDMS surface, immersed in culture medium in non-adhesive well plates and incubated

at 37�C. Cell-free hydrogels were fabricated for physicochemical characterization and as controls.

Hydrogel physicochemical characterization

Micro-indentation

Hydrogel stiffness was probed in PBS at 37�C with using a CellScale microtester (CellScale, ON, Canada).

Tungsten beams with a nominal diameter (BD) of 0.20 mm, modulus (BM) of 4.113 105MPa, and length (BL)

of 50 mm with a stainless-steel sphere of 500 mm in diameter attached at its end were used for the inden-

tations. The vertical displacement (z) of the beam was controlled in micrometer resolution by means of an

electromotor. Themicrotester is equipped with two cameras to measure the vertical deflection of the beam

(d). The force (F) applied to the hydrogel during indentation was computed by:

F =
3$d$BM$BI

BL3
(Equation 2)

where BIcorresponds to the beam area moment of inertia, which for a cylindrical beam is given by:

BI =
p$

�
BD =

2

�4

4

(Equation 3)

The indentation depth (d) can be calculated by:

d = ðz � z0Þ � ðd � d0Þ (Equation 4)

where d0 is the deflection offset and z0 the beam displacement at the contact point between the tip and the

sample. F-d curves recorded were analyzed with the Hertz contact mechanical model for a sphere indenting

a semi-infinite half-space:

F =
4E

3ð1 � n2ÞR
1 =

2d
3 =

2 (Equation 5)

whereR is the sphere radius of the tip and n the Poisson’s ratio of the sample (assumed to be 0.5). The

Young’s modulus of the sample (E) was computed for each F-d curve by non-linear least-squares fitting us-

ing a custom-built code (MATLAB, The MathWorks Inc., MA). The fitting was performed for the loading

curve. Measurements were performed in acellular and cell-laden hydrogels for different timepoints

(24 h, 7 days, and 14 days after fabrication) and UV doses. In each hydrogel, 5 F-d curves were recorded

at 0.025 Hz and a loading rate of �75 mm/s.

Swelling and degradation assays

To analyze hydrogel swelling, the cell-free hydrogels were weighed directly after fabrication (M0) and after

reaching equilibrium (24 h, MI) at 37
�C and 80–85% humidity (cell culture incubator). A swelling percentage

(S) could then be calculated using S = (MI – M0)/M0 * 100. To examine the degradation rate, a collagenase-

mediated degradation test was performed. Three cell-free hydrogels per %DS were immersed in collage-

nase P solution (Roche, 0.5 mg/mL) at RT on a shaker plate. Weight of the hydrogels was measured at

different time points (0, 10, 20, 30, 40, 50 min, etc.) until complete degradation.

Morphological analysis of hydrogel microstructure using scanning electron microscopy

To determine the hydrogel micro- and nanostructure, cell-free RCPhC1-MA hydrogels were fixed 24 h after

fabrication in 2.5% glutaraldehyde solution in PBS at room temperature. The fixed hydrogels washed twice

withMilliQ and dehydrated in a graded ethanol series (50, 60, 70, 80, 90 and 95% ethanol in water) for 10min

each, and ethanol in hexamethyldisilane (HMDS) (30, 50, 60, 100% HMDS in ethanol) for 15 min each. The

samples were visualized using high vacuum and an electron density of 5 kV with spot 4 at 100xmagnification

and 25.0003 magnification by a scanning electron microscope (SEM, Quanta 600F, GEI, Eindhoven).

Analysis of the hydrogel macromolecular network using rubber elasticity theory

A hydrogel macromolecular network can be described by rubber elasticity theory to yield the average chain

molecular weight between junctions (cross-links) Mc (g/mol) The relation between Mc and Youngs’s
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modulus E is given by Equation 6, adapted from �Zigon-Branc et al.,39 using E = 2Gð1 +mÞ, where m is the

Poisson number, 0.5 for ideal rubbers.

E =
3cRT

Mc

$

�
1 � 2 Mc

Mn

�
$

�
1

Q1=3

�
(Equation 6)

in which E is Young’s modulus (Pa, or Nm�2), c is the dry polymer concentration (g$m�3), R is the gas

constant (J/(mol*K)), T the absolute temperature (K), Mn equals the polymer number-average molecular

weight before crosslinking (g/mol), and Q is the volumetric swelling ratio. The value of Q is given by

Q =
�
1=rRCPhC1�MA +q=rwater

�.�
1=rRCPhC1�MA

�
, with rRCPMA 1.35 g/cm3 for the solid RCPhC1-MA den-

sity,72 1 g/cm3 for the water density and q being the unitless mass swelling ratio. After solving Equation 6

forMc , themesh size x is calculated using the Canal-Peppas equation Equation 7 73, using a factor 3 instead

of 2 in the numerator of the first term.74

x =

�
3CnMc

Mr

�1
2

$l$Q
1
3 (Equation 7)

in which l (1.44 Å) is the arithmetic average of single bond lengths in the polymer backbone, Cn is the Flory

characteristic ratio 8.26 for gelatin,74 Mr (89.6 g/mol) is the average RCPhC1-MA residue unit weight, calcu-

lated from the amino acid sequence.

Cell viability

To assess the viability of monocultures of cFBs and hPSC-CMs in RCPhC1-MA hydrogels, the hydrogels

were carefully washed with PBS and incubated with 1 mg/mL calcein AM and 750 nM propidium iodide

(Invitrogen) (cFBs), and with 1 mg/mL calcein AM and 1 mM of SYTOX Deep Red Nucleic Acid Stain

(hPSC-CMs), for 20 min at 37�C protected from light. The SYTOX Deep Red Nucleic Acid Stain replaced

the propidium iodide used in the cFB viability assay because the hPSC-CMs express the a-actinin reporter

in the red channel. After incubation, the hydrogels were washed with PBS and directly imaged with an in-

verted microscope (Leica DMi8, Leica, Mannheim, Germany) using the 10x/0.32 objective. Images were

taken at three random representative spots per condition and hydrogels treated with ethanol were used

as negative control. The viability was analyzed on day 1, 7 and 14 after seeding.

Contractility measurements

The automated open-source software package MUSCLEMOTION was used for all contraction analysis.44

The contraction amplitude (in arbitrary unit, a.u) is an optical measure of contraction that is widely used

for cardiac in vitro studies44 and correlates with the force of contraction, as has been validated with single

adult CMs, iPSC-CMs, cardiac spheroids, and engineered heart tissues.44 The principle underlying this soft-

ware is based on an algorithm that quantifies absolute changes in pixel intensity between a reference frame

and the frame of interest. To ensure consistency between recordings, a brightness and contrast check was

performed to standardize the mean gray value across all images, using ImageJ. To avoid calculation arti-

facts, a field-of-view (FOV) of 260 3 260 mm was used, containing one cell cluster per FOV. Three to five

FOVs were quantified per experimental group for three independent experiments (n = 3). Contractions

were computed in the cell-laden hydrogels at day 1, 3 and 8 after cell encapsulation.

Immunofluorescence staining

The viable fluorescent probe CNA-35-OG63 was used to visualize cell-produced collagen in the RCPhC1-

MA gels at day 1, 7, and 14. In brief, the CNA-35-OG probe was diluted in culture medium (1:100) and

added to the hydrogels with cFBs, the ECM supporting cells of the myocardium. After 20 min of incubation

at 37�C, the medium was refreshed, and samples were imaged immediately. For immunofluorescence

staining, the cell-laden gels were washed with PBS trice before and after fixation, and fixed in 3.7% form-

aldehyde (Merck, Darmstadt, Germany) for 20 min. The gels were permeabilized with 0.5% Triton X-100

(Merck) in PBS for 10 min and blocked for non-specific antibody binding with 10% horse serum (Sigma-

Aldrich) in PBS for 40 min. Next, the cell-laden gels were incubated overnight with the primary antibodies

at 4�C. The gels were washed 6 times with PBS for 5 min before incubating with the secondary antibodies in

PBS and phalloidin for 1.5 h. All used primary and secondary antibodies and dyes are listed in Table S2. The

gels were washed twice with PBS before incubating with DAPI in PBS for 5 min to visualize the cell nuclei.

Finally, the cell-laden gels were washed 4 times with PBS for 5 min and stored protected from light at 4�C.
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Before microscopic imaging, the hydrogels were placed between two microscopic slides to flatten the gel

for improved visualization. Maximum intensity projections were created from z-stacks of 7.5–10 mm (5 stacks

per projection). All immunofluorescent samples were analyzed with a confocal fluorescence microscope

(Leica SP8X, Leica, Mannheim, Germany), using a 20x/0.75 objective.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as mean G SEM and three independent experiments were performed using three

replicates per condition, unless indicated otherwise. For two group comparisons, a Student’s t test was

used at 95% confidence interval after normality and equal variances were checked with Shapiro-Wilk test

and Brown-Forsythe test, respectively. For comparison between multiple groups, a one-way analysis of

variance (ANOVA) with Tukey’s post-hoc test was used after normality and equal variances were checked

with Shapiro-Wilk test and Brown-Forsythe test, respectively. two-way ANOVAwas performed to assess the

interaction effects of culture time and %DS on hPSC-CM contraction frequency and amplitude after heter-

oscedasticity and normality of residuals were checked with Spearman’s test and Anderson-Darling test,

respectively. For contraction amplitude, the assumptions of heteroscedasticity and normality of residuals

were met when a log-transformation was performed on the original data. For all comparisons, p < 0.05 was

considered statistically significant.
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