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Abstract

Engineering 3D human cardiac tissues is of great importance for therapeutic and pharmaceutical 

applications. As cardiac tissue substitutes, extracellular matrix-derived hydrogels have been 

widely explored. However, they exhibit premature degradation and their stiffness is often orders of 

magnitude lower than that of native cardiac tissue. There are no reports on establishing 

interconnected cardiomyocytes in 3D hydrogels at physiologically-relevant cell density and matrix 

stiffness. Here we bioengineer human cardiac microtissues by encapsulating human induced 

pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) in chemically-crosslinked gelatin 

hydrogels (1.25×108/mL) with tunable stiffness and degradation. In comparison to the cells in high 

stiffness (16 kPa)/slow degrading hydrogels, hiPSC-CMs in low stiffness (2 kPa)/fast degrading 

and intermediate stiffness (9 kPa)/intermediate degrading hydrogels exhibit increased intercellular 
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network formation, α-actinin and connexin-43 expression, and contraction velocity. Only the 9 

kPa microtissues exhibit organized sarcomeric structure and significantly increased contractile 

stress. This demonstrates that muscle-mimicking stiffness together with robust cellular 

interconnection contributes to enhancement in sarcomeric organization and contractile function of 

the engineered cardiac tissue. This study highlights the importance of intercellular connectivity 

and physiologically-relevant cell density and matrix stiffness to best support 3D cardiac tissue 

engineering.
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1. Introduction

Coronary heart disease and the associated myocardial infarction are the leading causes of 

death in the US and globally. In 2013, coronary heart disease alone caused ~1 of every 7 

deaths in the US[1]. Following the damage to myocardium, human heart exhibits deficient 

ability to restore its function due to limited self-renewal capacity of adult cardiomyocytes 

(CMs). Current treatment modalities for loss of heart function include supplementation of 

therapeutic products, surgical reconstruction, implantable devices, or ultimately organ 

transplantation[2, 3]. Although these conventional treatments have shown some efficacy and 

improved the quality of life for the patients, they cannot effectively regenerate the damaged 

heart tissue and restore its function. Clinical trials of cell transplantation have shown 

promise to replace the dead cells and restore the impaired function of heart. However, the 

efficacy of cell transplantation has been controversial mainly due to poor cell viability, 

retention, and engraftment[4–10]. Therefore, it is crucial to develop more reliable and 

reproducible methods to deliver therapeutic cells.

To enhance cell-based therapies for cardiac repair, tissue engineering approaches have been 

utilized to engineer 3D cardiac tissues by encapsulating the therapeutic cells into 3D 

hydrogels for aiding cell delivery, viability, and functionality. To engineer physiologically 

relevant 3D cardiac tissue, choices of cell source and the scaffolding materials are of great 

importance. Given the cardiac tissue is characterized by high cell concentration (108 – 109 

cells/mL)[11], reliable source of CMs is critical. Human induced pluripotent stem cells 

(hiPSCs) have emerged as an attractive source of human CMs since they can self-renew 

indefinitely and be directed towards CM differentiation efficiently (80 – 90%). Furthermore, 

the cardiomyocytes generated can be patient-specific[12]. Despite its attractiveness, very 

few studies have tried to engineer 3D cardiac tissue using hiPSC-derived CMs (hiPSC-

CMs). In these studies, hiPSC-CMs were encapsulated within extracellular matrix (ECM)-

derived 3D hydrogels including Matrigel, type I collagen and fibrin[13–15]. While ECM-

derived hydrogels have shown some promise for engineering structurally cardiac-mimetic 

tissues, the major limitations of these hydrogels are weak mechanical strength/stiffness and 

undesirable premature degradation before sufficient new matrix production. Since heart is 

pulsatile environment, the engineered cardiac tissue requires robust mechanical integrity and 
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stability. In addition, it is essential to match the hydrogel stiffness to that of native cardiac 

tissue (8 – 11 kPa), given matrix stiffness has been shown to play an important role in 

maturation of muscle[16, 17]. However, natural ECM hydrogels are often physically 

crosslinked and exhibit stiffness in a range of 0.01 – 1 kPa, which is one- to three-orders of 

magnitude lower than the mechanical environment of cardiac tissue[18–20]. Moreover, 

degradation of the hydrogel scaffolds must be in balance with formation of sufficient cellular 

connections and new matrix deposition by the encapsulated cells, since densely connected 

CMs are responsible for electrical signal propagation and synchronized heart beating. 

Previous studies reported that fibrin gels prematurely degrade within 1–2 days, which 

requires supplementation of fibrinolysis inhibitor in culture to delay the degradation[14]. 

Taken together, there is a clear need for a new biomaterials platform where mechanical 

stiffness and degradation rate of the hydrogels can be varied in controlled manner for hiPSC-

CM based cardiac tissue engineering.

Here, we demonstrate bioengineering of human cardiac microtissues using chemically-

crosslinked gelatin hydrogels with enhanced stiffness and tunable degradation properties, 

obtained by functionalizing the gelatin polymer with different degrees of vinyl sulfone (VS) 

groups. The effects of varying hydrogel stiffness and degradation on cardiac tissue formation 

by hiPSC-CMs were evaluated by encapsulating cells at physiologically-relevant density 

(125M cells/mL). Outcomes were evaluated by characterizing cell survival as well as 

structural organization and contractile function of newly formed cardiac tissues.

2. Results

2.1. Gelatin hydrogels with tunable stiffness and degradation rate supported robust hiPSC-
CM survival

To modulate stiffness and degradation rate of gelatin hydrogel, hydrogel crosslinking density 

was changed by varying degree of VS functionalization on gelatin polymer chains (Fig. 1a). 

To mimic cell-dense cardiac tissue, hiPSC-CMs were encapsulated at physiologically 

relevant density (125M cells/mL) in gelatin hydrogels and cultured for 14 days in 

differentiation media (Fig. 1b,c). The degree of VS functionalization was tuned by varying 

the reaction time (0.5 – 2 h) of gelatin with divinyl sulfone. 1H-NMR data confirmed that 

gelatin was functionalized with VS at three different degree of functionalization, low, 

intermediate, and high, respectively (Fig. 2a). To validate that degree of functionalization 

can change degradation rate of gelatin hydrogels, in vitro degradation test of acellular gelatin 

hydrogels was conducted using collagenase IV solution. We found that the hydrogels made 

from low VS functionalized gelatins resulted in the fastest degradation, whereas the one 

made from high VS functionalized gelatins resulted in the slowest degradation (Fig. 2b). 

Since hydrogel crosslinking density can modulate not only hydrogel degradation rate but 
also stiffness, uniaxial compression test was conducted to investigate the effect of varying 

VS degree on stiffness of gelatin hydrogels. Uniaxial compression test revealed that 

increasing degree of VS functionalization increased hydrogel stiffness (Fig. 2c). Next, to 

evaluate cytotoxicity of the materials and encapsulation process, cell viability and metabolic 

activity were examined using Live/Dead and AlamarBlue assays. Cells were highly viable 

within all hydrogel groups 1 day after the encapsulation and throughout 14 days of culture 
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(Fig. 2d). Cell viability remained unaffected in the mid-portion of hydrogels at day 14 (Fig. 

S4 and Video S4–6). Furthermore, cellular metabolic activity at day 1 showed no significant 

differences between all three groups and 2D control group (Fig. 2e).

2.2. Increasing degradation rate or decreasing stiffness of gelatin hydrogels facilitated 
intercellular network formation

Since cardiac tissue is characterized by high cellularity and interconnectivity, intercellular 

network formation was examined over the culture period by bright field images (Fig. 3). At 

day 1, hiPSC-CMs were homogeneously encapsulated and distributed as single cells within 

all gelatin hydrogel groups. By day 3, hiPSC-CMs in 2 and 9 kPa groups became aggregated 

to form intercellular network, while those in 16 kPa groups still mostly remained isolated. 

By day 7, it was clearly shown that decreasing stiffness or increasing degradation 

accelerated intercellular network formation. In particular, hiPSC-CMs in 2 kPa hydrogel 

groups, formed thick honey-comb-like structure.

2.3. Gelatin hydrogels with muscle-mimicking stiffness and intermediate degradation, 
promoted sarcomeric organization and contractile function of the encapsulated hiPSC-
CMs

To assess effects of varying hydrogel stiffness and degradation on structure and function of 

the engineered cardiac tissues, expressions of contractile machinery protein (α-actinin) and 

intercellular junction protein (connexin 43) were examined. We found that hiPSC-CMs in 2 

and 9 kPa groups, expressed significantly higher level of α-actinin in comparison to those in 

16 kPa hydrogel (Fig. 4a,b). Interestingly, only the hiPSC-CMs encapsulated in 9 kPa 

hydrogels showed organized sarcomeric α-actinin structure.

Since matrix remodeling and de novo ECM production is crucial in new tissue formation, we 

further investigated effects of stiffness and degradation rate on de novo production of elastin, 

an ECM protein that only mature CMs produce.[21] We found that elastin production of 

hiPSC-CMs was significantly increased with decreasing matrix stiffness (Fig. 4c,d).

Finally, to investigate effects of stiffness and degradation rate on functionality of the 

engineered cardiac tissues, global contraction behavior of the tissues was evaluated by 

imaging-based computational analysis. Particle imaging velocimetry algorithm enabled 

extracting displacement vector fields from hiPSC-CM beating videos (Fig. 5a, Video S1–3). 

Heat maps of displacement fields correspond well to the hydrogel contraction/relaxation 

behaviors, validating the particle imaging velocimetry algorithm (Video S1–3). Max 

displacement images are heat maps of the calculated displacement vector field when each 

engineered construct contracts or relaxes at maximum. Then, the maximum displacement 

velocity was plotted as a function of time (Fig. 5b). Maximum contraction/relaxation 

velocity was shown to be significantly higher in 2 and 9 kPa hydrogels than 16 kPa 

hydrogels (Fig. 5c, Fig. S1). In addition, the beating rate of the engineered tissue was 

calculated as an inverse of time interval between consecutive contraction peaks or relaxation 

peaks. It is notable that beating rate of 9 kPa hydrogels was significantly lower than the 

other groups (Fig. 5d). To evaluate how much force (i.e., stress) hiPSC-CMs generate within 

the three different hydrogel groups, maximum contractile stress was calculated as a function 
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of the maximum contraction displacement and hydrogel stiffness. We found that cells in 9 

kPa hydrogel groups generated the greatest contraction stress (  Pa) among all 

hydrogel groups (Fig. 5e).

3. Discussion

While encapsulation of CMs in 3D engineered constructs has been previously reported[22–

24], the work presented here offers multiple distinct advantages. The hydrogel system used 

in our study enables precise tunability of mechanical properties of the 3D matrix. In 

particular, the range of stiffness used in this study (2 – 16 kPa) is significantly greater than 

that of ECM-derived hydrogels used in previous studies (e.g. 0.01 – 1 kPa for collagen and 

fibrin) [13–15, 20, 25, 26], leading to greater force generation in our study. Moreover, 

tunable degradability of the hydrogel system used in this study allows for culturing of 

cardiomyocytes for 14 days without supplementation of enzyme inhibitors that delay the 

degradation used in previous studies[14, 15, 20, 25–27]. Encapsulating CMs at 

physiologically-relevant cell densities and in-depth evaluation of their viability and function 

for longer periods of 3D culture have also been challenging. While most of published reports 

used remarkably lower cell densities (e.g. 0.2 – 10M cells/mL) than the observed in vivo[23, 

29], we encapsulated hiPSC-CMs in gelatin hydrogels at physiologically-relevant density 

(125M cells/mL) and showed high cell viability and function during 14 days of culture.

By encapsulating physiologically-relevant concentration of hiPSC-CMs in hydrogel with 

varying stiffness and degradation, we show that the hydrogel with myocardium-mimicking 

stiffness (9 kPa) and intermediate degradation best promotes hiPSC-CM connectivity, 

sarcomeric organization, and contractile function in 3D. Interestingly, sarcomeric 

organization of hiPSC-CMs in 3D was only observed in 9 kPa hydrogel group. hiPSC-CMs 

in 2 kPa and 16 kPa groups showed minimal evidence of sarcomeric organization despite the 

presence of intercellular network formation (Fig. 4). Furthermore, enhancement in 

sarcomeric organization led to significantly greater contractile force (i.e. stress) generation 

by the engineered tissues (Fig. 5). This agrees with previous study where organization of α-

actinin into sarcomeric structure and high levels of gap junction expression are required for 

generating physiologically relevant contractile force in the cardiac tissues[30]. In previous 

3D human cardiac tissue engineering studies, it has been reported that hiPSC-CMs 

encapsulated in collagen hydrogel, generated contractile stress levels ranging from 12 Pa 

(without mechanical stimulation) to 80 Pa (with mechanical stimulation)[15]. In our study, 

hiPSC-CMs in 9 kPa hydrogels generated ~ 30 times greater contractile stress (373.5 Pa) 

without any mechanical stimulation. Although contractile stress of our engineered cardiac 

tissues is still much lower than that of intact heart muscle (40 – 80 kPa)[31], this is 

significant enhancement by mimicking matrix stiffness and cell density to that of heart 

muscle tissue. We believe a further increase in contractile force can be achieved by aligning 

hiPSC-CMs in a directional manner using different casting method or with mechanical/

electrical stimulation[32–34].

With regards to the role of matrix stiffness in promoting hiPSC-CM maturation, our data 

demonstrate that matrix stiffness can facilitate sarcomeric protein organization and enhance 

contractile force generation without having to mature individual CMs. While many previous 
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studies have shown to facilitate maturation of CMs by mimicking 2D substrate stiffness to 

that of myocardium [16, 35–38], CM maturation has often been assessed by histological and 

functional analysis. In agreement with previous reports, our data showed stiffness-induced 

improvements in sarcomeric protein organization and contractile force generation. However, 

when maturation markers of hiPSC-CMs (TNNI3, TNNI3/TNNI1, GJA1) were 

evaluated[39], there were no statistically significant differences in cardiac maturation 

markers at mRNA level, suggesting that the observed structural/functional enhancement is 

not attributed to the maturation of hiPSC-CMs (Fig. S4). This highlights the importance of 

matrix properties in enhancing structure/function of the engineered cardiac tissue. At the 

same time, this study raises an important caveat regarding the frequent use of histological 

and functional analysis to imply changes in the maturity of hiPSC-CM without confirmatory 

data from gene expression analysis.

Here, we present a thiol-vinyl sulfone chemistry-based chemically crosslinked gelatin 

hydrogel platform that supports hiPSC-CM survival by varying the hydrogel crosslinking 

density. Thiol-vinyl sulfone chemistry has been widely used to encapsulate various cell types 

in hydrogels and has shown minimal cytotoxicity[40–42]. We show that chemically 

crosslinked gelatin hydrogels via thiol-vinyl sulfone groups supported high viability of 

hiPSC-CMs and metabolic activity comparable to that of CMs cultured on 2D (Fig. 2d,e). It 

is possible that the greater amount of unreacted thiol-containing crosslinkers in the 2 and 9 

kPa hydrogel groups may lead to greater cytotoxicity, however, we believe that potential 

cytotoxicity of unreacted crosslinkers is marginal, since viability and metabolic activity of 

hiPSC-CMs in 2 and 9 kPa groups are as high as or even higher than those in 16 kPa group 

(Fig. 2 and S2). Within the two-week study period, encapsulated CMs in all groups showed 

an increase in metabolic activity, followed by a plateau (Fig. S2). Z-stack images of LIVE/

DEAD stained 3D hydrogels demonstrated a relatively uniform CM viability and 

interconnectivity within the entire thickness of constructs in each study group, indicating 

that there has been no significant limitation on the oxygen/nutrient diffusion in the 

constructs (Fig. S3, Video S4–6). Uniform cell viability within these relatively thick 3D 

constructs can be attributed to the partial degradation of matrices which generates a highly 

porous structure that facilitate the diffusion of nutrients and oxygen into the engineered 

constructs.

To highlight distinct degradation profiles of the three hydrogel groups within a short time 

interval, we used greater concentration of collagenase IV in the in vitro degradation test (2 

U/mL = 12.5 μg/mL, Fig. 2b), in comparison to the levels of cell-secreted MMPs in in vitro 
cell cultures (e.g., 1–500 ng/mL)[43, 44]. Within the 2-week in vitro study period, cell-

induced degradation of 16 kPa and 9 kPa hydrogels led to macroscopically intact tissue 

constructs, while the 2 kPa group showed some evidence of degradation, forming 

macroscopic pores within the constructs (Fig. 5a, Video S1–3). However, continuous 

secretion of ECM proteins by encapsulated hiPSC-CMs partly compensated the hydrogel 

degradation (Fig. 4c). Future studies will address the long-term durability of the engineered 

constructs for potential application in vivo. Several previous studies have conducted either 

long-term (up to 26 weeks) degradation tests by incubating tissue engineering scaffolds, 

with or without cells, in biologically related media (e.g., PBS or culture media), or short-

term enzymatic degradation assays[45–47]. For example, incubating gelatin-chitosan 
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hydrogels in PBS for 5 weeks resulted in ~45% degradation of hydrogels, while incubating 

with lysozyme degraded up to 95% of the constructs[45]. In another study, addition of 10 

and 20 U/mL collagenase to collagen-hyaluronic acid-gelatin hydrogels immersed in PBS 

resulted in rapid (3–hr) degradation of the scaffolds to ~55 and 92%, respectively[48]. Given 

the significant differences that are often observed between in vitro and in vivo degradation 

behaviors of hydrogels, the potential use of these 3D constructs as a cardiac patch for cell 

delivery and tissue regeneration in vivo will require further in vitro studies at biologically-

relevant MMP concentrations for longer time periods and in vivo studies.

We believe that CM interconnection in 3D must precede to enable sarcomeric protein re-

organization and global contractile function of the engineered 3D construct. Intercellular 

connectivity of hiPSC-CMs is influenced by hydrogel crosslinking density that determines 

both hydrogel stiffness and degradation rate. However, we believe that degradation rate may 

play a bigger role in enabling cellular interconnection because chemically-crosslinked 

hydrogel is often nano-porous and the pore size difference induced by varying hydrogel 

stiffness may not be significant to influence intercellular connectivity. For example, the pore 

size difference between 2 kPa and 16 kPa hydrogels would be only a few nanometers [49]. 

To further validate which element plays a more crucial role, biomaterials system that enables 

independent control of stiffness and degradation should be employed [50].

Electromechanical coupling of the engineered cardiac tissues is critical for directional signal 

propagation and synchronized contraction. While this study demonstrates global contraction 

of the engineered construct, suggesting electromechanical coupling of the cardiomyocytes 

(Video S1 – 3), direct evaluation of electrical coupling of the interconnected cardiomyocytes 

has not been done. In future studies, propagations of calcium transient and action potential 

need to be measured to further examine conduction velocity/directionality of the engineered 

constructs and synchronization of contraction[52, 53].

4. Conclusion

In summary, we demonstrate that chemically crosslinked gelatin hydrogel serves as an 

important materials platform for hiPSC-CM-based cardiac tissue engineering by enabling 

control of intercellular connection and enhancing mechanical stability. Our data demonstrate 

that matrix properties (i.e. stiffness and degradation) are sufficient to promote sarcomeric 

organization and contractile function of the engineered cardiac tissue construct. The 

resulting bioengineered cardiac construct can be broadly applicable as a physiologically-

relevant 3D in vitro tissue model to study cardiac development, cardiac diseases, and drug 

screening.

5. Experimental Section

5.1. Synthesis of gelatin-vinyl sulfone and 4-arm poly(ethylene glycol)-thiol

Gelatin (Sigma, G9391) was converted into gelatin-vinyl sulfone (VS) by reacting with 

divinyl sulfone (Sigma) Na2CO3 buffer (1 M). To vary VS functionality, the reaction time 

was varied as 0.5, 1.0, 2.0 hours, resulting in low, intermediate and high functionality, 

respectively. The reaction was stopped by neutralizing the solution with concentrated HCl 
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solution. 4-arm poly(ethylene glycol) (PEG) (MW 10 kDa, JenKem) was converted into 4-

arm-PEG-amine by reacting with phthalimide (Sigma) catalyzed by diisopropyl 

azodicarboxylate/triphenylphosphine (Sigma) and deprotected by hydrazine (Sigma) in 

dichloromethane. To substitute amine groups into thiol groups (SH), the resulting 4arm-

PEG-amine was reacted with thioglycolic acid in toluene catalyzed by toluenesulfonic acid 

(Sigma) at 160 °C overnight. The resulting 4-arm PEG-thiol products was precipitated in 

cold ethyl ether. Both gelatin-VS and 4-arm PEG-thiol were dialyzed against DI water for 2 

days and lyophilized before use.

5.2. Mechanical stiffness measurement of acellular gelatin hydrogels

To construct acellular gelatin hydrogels with three different mechanical stiffness and 

degradation rates, crosslinking density of gelatin hydrogels was tuned. Specifically, 3% 

(w/v) of one of gelatin-VS (low, intermediate, or high VS substituted gelatin) was cross-

linked with 2% (w/v) PEG-SH. To test mechanical stiffness of the hydrogels, unconfined 

compression tests were conducted using an Instron 5944 materials testing system (Instron 

Corporation, Norwood, MA) fitted with a 10 N load cell (Interface Inc., Scottsdale, AZ). 

The test set-up consisted of custom- made aluminum compression platens lined with 

polytetrafluoroethylene to minimize friction. All tests were conducted in PBS solution at 

room temperature. Specimen diameter and thickness were measured using digital calipers 

and the material testing system’s position read-out, respectively. Before each test, a preload 

of approximately 1 mN was applied. The upper platen was then lowered at a rate of 1% 

strain/sec to a maximum strain of 30%. Load and displacement data were recorded at 100 

Hz. The compressive modulus was determined for strain ranges of 10–20% from linear 

curve fits of the stress vs. strain curve. For statistical analysis, four hydrogels per group, 

were prepared for the testing.

5.3. Degradation rate of acellular gelatin hydrogels in vitro

To examine degradation rate of three gelatin hydrogel groups, collagenase mediated 

degradation test was performed in vitro. Four hydrogels per each group were immersed in 

collagenase IV solution (Worthington, NJ, 2 U/mL in 3 mM CaCl2 buffer solution) at room 

temperature on shaker. Weight of the hydrogels was measured at different time points (0, 15, 

30, 45, 60, 90, 120 min, etc.) until complete degradation.

5.4. Reprogramming and maintenance of hiPSCs

Human peripheral blood mononuclear cells were reprogrammed into hiPSCs using a Sendai 

virus vector as previously described[54]. The obtained hiPSC clones were isolated and 

cultured on 6-well tissue culture plates (Greiner) coated with growth factor-reduced Matrigel 

(Corning). E8 pluripotent stem cell culture medium (Life Technologies) was used for hiPSC 

maintenance.

5.5. Differentiation of hiPSCs into hiPSC-CMs

Once a confluency of ~80–90% in the hiPSC culture was achieved, the cells were induced to 

differentiate into human CMs in a chemically-defined manner by using CDM3 culture media 

(RPMI 1640, recombinant human albumin, ascorbic acid) with a cocktail of small 
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molecules[12]. Briefly, differentiation was started by treating hiPSCs with a small molecule 

inhibitor of GSK3B signaling, CHIR99021, in CDM3 media for 2 days. The cells were 

subsequently treated with CDM3 media supplemented with a Wnt signaling inhibitor, Wnt-

C59, for another 2 days. At days 4–8 of differentiation, CDM3 media without any factors 

was used and changed every other day. To improve the CM purity, cells underwent glucose 

starvation by culturing in CDM3 media without glucose, supplemented with 5 mM sodium 

DL-lactate, for 4 days[55].

5.6. Encapsulation and culture of hiPSC-CMs in gelatin hydrogels

hiPSC-CMs were dissociated into single cells using TrypLE (Life Technologies, MA) for 5–

10 minutes. Then, cells were filtered using 70 μm strainer (Falcon, NY), counted, and 2.25 

M cells were centrifuged at 1,300 rpm for 5 min. The cells were resuspended in 2.86% (w/v) 

of PEG-SH solution and kept on ice. 12.6 μL of hiPSC-CM-containing PEG solution was 

mixed with 5.4 μL of either low, intermediate, or high VS-functionalized gelatin solution 

(10% (w/v)) to achieve final concentration of 2% (w/v) PEG, 3% (w/v) gelatin, and cell 

(125M cells/mL). To construct microtissues, 4 μL of the mixed precursor solutions were 

quickly dispensed onto glass slides. The hydrogels were flattened by sandwiching Teflon 

plate and the glass slide with a spacer (~ 200 μm), and incubated at 37°C for 30 mins for 

complete gelation. After the gelation, the hydrogels were immersed in CDM3 media with 

FBS (10%) and rock-inhibitor, Y-27632 (Abcam, MA, ab120129, 10 μM) overnight. On the 

following day, the media was changed to fresh CDM3 media only with Y-27632, and 

replaced with it every other day.

5.7. Cell viability

To test cytotoxicity of the materials and encapsulation process, LIVE/DEAD™ Viability/

Cytotoxicity Kit (ThermoFischer Scientific, MA, L-3224) was used according to 

manufacturer’s protocol. Briefly, calcein-AM (live dye) and ethidium homodimer-1 (dead 

dye) were diluted in PBS to achieve final concentration of 2 μM and 4 μM, respectively. 

Cell-containing hydrogels were immersed in the live/dead dye-containing PBS for 30 mins 

at 37°C on shaker, followed by imaging under fluorescent microscope.

5.8. Immunohistochemistry

Cells were fixed by incubating with 4% paraformaldehyde/PBS for 1 h at room temperature, 

washed with washing buffer (0.1% Tween–20/PBS) for 1 h once, and washed/permeabilized 

with 0.1% Triton X-100/PBS for 1 h at room temperature twice. Cells were blocked with a 

blocking buffer (3% BSA/2% goat serum/PBS) for 1 h at room temperature. Cells were 

incubated with primary antibodies/blocking buffer (mouse smooth muscle myosin heavy 

chain (SM-MHC), Abcam ab683, 1:50; rabbit collagen I, Abcam ab3,4710, 1:100; rabbit 

collagen IV, Abcam ab6,586, 1:100) overnight at 48C on shaker. Cells were washed with 

washing buffer for 1 h at room temperature three times, then incubated with secondary 

antibodies/Hoechst dye/blocking buffer (Alexa 488 goat-antimouse, Invitrogen A1,1001, 

1:300; rhodamine goat–antirabbit, Millipore AP132, 1:300; Hoechst dye, Cell Signaling 

Technology 4,082S, 2 μg/mL) for 1 h at room temperature on shaker. For cytoskeletal 

staining, cells were incubated with Rhodamine phalloidin (Sigma P1951, 1:100 in blocking 

buffer) for 1 h at room temperature. Cells were again washed with washing buffer for 1 h 
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three times, followed by imaging using confocal microscope (oil immersion, Leica SP8 

confocal system). Images were colored and overlaid using Fiji software.

5.9. Imaging-based functionality quantification

To quantify functionality of hiPSC-CMs within three hydrogel groups, video was recorded 

for 10 – 20s using bright field image microscope (n=3 per group). To calculate displacement 

field of the beating hiPSC-CMs, images were extracted at 10 fps from the video, followed by 

image analysis using open source Matlab PIVlab application. To validate displacement field, 

video and heat map graph of the displacement field were created side-by-side for 

comparison using Matlab. From the displacement field, the following parameters were 

calculated using Matlab: maximum contraction/relaxation velocity, interval between 

contraction-relaxation, beating per minute (BPM), and maximum contraction/relaxation 

stress ( , E: hydrogel compressive modulus).

5.10. Statistical analysis

All samples were prepared in three or four replicates as indicated in the figure legend, and 

data are presented as mean ± SEM. All statistical analysis was assessed using a one-way 

ANOVA with Tukey’s post hoc evaluation at 95% confidence interval. For all comparisons, 

P < 0.05 was considered statistically significant.
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Figure 1. Schematic of experimental design
a To vary stiffness and degradation rate of gelatin hydrogels, gelatin chains were 

functionalized with vinyl sulfone (VS) to different degrees (low, intermediate, and high). 4-

arm thiolated poly(ethylene glycol) (PEG-SH) was used as a crosslinker. b Human induced 

pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) were encapsulated at high 

density (125M cells/mL) to mimic the native myocardium. c During 14 days of culture, 

hiPSC-CMs degraded the gelatin matrix and formed intercellular network.

Lee et al. Page 15

Biomaterials. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Materials characterization and hiPSC-CM viability
a 1H-NMR data confirms that gelatin chains were functionalized with VS at three different 

degrees (low, intermediate, and high) as indicated by integral area under the peak between 

6.0–6.9 ppm (orange box). The peak between 7.0–7.3 ppm was used as gelatin loading 

control (blue box). b in vitro degradation assay revealed that low VS-functionalized gelatin 

hydrogels led to the fastest hydrogel degradation (•), while high VS-functionalized gels led 

to the slowest degradation (■). c Unconfined compression test showed that increasing 

degree of VS functionalization led to increasing compressive modulus of gelatin hydrogels. 

d Live-Dead assay demonstrated relatively high cell viability in all three study groups over 

the 14-day 3D culture period. (scale bar: 100 μm) e AlamarBlue assay confirmed that 

hiPSC-CM metabolic activity in 3D hydrogels were not significantly different from that of 

the 2D control group at day 1 (one-way ANOVA, n.s. p>0.05).
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Figure 3. Effects of hydrogel degradation and stiffness on hiPSC-CM intercellular connection 
and network formation
Increasing degradation rate facilitated intercellular network formation. The dashed lines 

highlight the shape of the cellular networks. Scale bar: 50 μm.
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Figure 4. Effects of hydrogel degradation and stiffness on hiPSC-CM phenotype retention and de 
novo extracellular matrix production
a hiPSC-CMs cultured in 2kPa and 9kPa hydrogel groups exhibited higher expression levels 

of α-actinin and connexin 43, in comparison to those in 16kPa group. It is notable that only 

CMs in 9kPa showed evidences of organized sarcomeric α-actinin structure (Day 14, scale 

bar: 200 μm – top and 50 μm – bottom). b Quantification of α-actinin (top) and connexin 43 

(bottom) levels among the 3 hydrogel groups. 2kPa and 9kPa groups demonstrated 

significantly greater levels of α-actinin and connexin 43 expression than the 16kPa group 

(two-way ANOVA, **p<0.01). c,d Elastin production of hiPSC-CMs was significantly 

facilitated with increasing degradation (decreasing stiffness) (scale bar: 50 μm, one-way 

ANOVA, *p<0.05, **p<0.01).
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Figure 5. Effects of hydrogel degradation and stiffness on hiPSC-CM contractile function
a CM function was examined by global gel contraction behavior (top), which was recorded 

and converted into displacement vector field (heat maps, bottom) using computational 

analysis. (scale bar: 200 μm) b Max displacement was then plotted as a function of time 

(contraction peak: red circle, relaxation peak: orange triangle). c hiPSC-CMs in gelatin 

hydrogels with greater degradation rate (lower stiffness) showed significantly higher max 

contraction velocity in comparison to 16kPa group. d CMs in 2 and 16 kPa groups 

demonstrated significantly greater beating rates than those cultured in 9kPa groups. e 
Measurement of max contractile stress. Note that the 9 kPa group showed the greatest level 

of contractile stress among the 3 hydrogel groups. One-way ANOVA test was used; 

***p<0.001 and ****p<0.0001.
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