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Abstract

Rationale—The lack of measurable single cell contractility of human induced pluripotent stem 

cell-derived cardiac myocytes (hiPSC-CMs) currently limits the utility of hiPSC-CMs for 

evaluating contractile performance for both basic research and drug discovery.

Objective—To develop a culture method that rapidly generates contracting single hiPSC-CMs 

and allows quantification of cell shortening with standard equipment used for studying adult 

cardiac myocytes (CMs).

Methods and Results—Single hiPSC-CMs were cultured for 5 – 7 days on a 0.4 – 0.8 mm 

thick mattress of undiluted Matrigel (“mattress hiPSC-CM”) and compared to hiPSC-CMs 

maintained on control substrate (<0.1 mm thick 1:60 diluted matrigel, “control hiPSC-CM”). 

Compared to control hiPSC-CM, mattress hiPSC-CMs had more rod-shape morphology and 

significantly increased sarcomere length. Contractile parameters of mattress hiPSC-CMs measured 

with video-based edge detection was comparable to that of freshly isolated adult rabbit ventricular 
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CMs. Morphological and contractile properties of mattress hiPSC-CM were consistent across 

cryopreserved hiPSC-CMs generated independently at another institution. Unlike control hiPSC-

CM, mattress hiPSC-CMs display robust contractile responses to positive inotropic agents such as 

myofilament calcium sensitizers. Mattress hiPSC-CMs exhibit molecular changes that include 

increased expression of the maturation marker cardiac troponin I and significantly increased action 

potential upstroke velocity due to a 2-fold increase in sodium current (INa).

Conclusions—The Matrigel mattress method enables the rapid generation of robustly 

contracting hiPSC-CMs and enhances maturation. This new method allows quantification of 

contractile performance at the single cell level, which should be valuable to disease modeling, 

drug discovery and preclinical cardiotoxicity testing.
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INTRODUCTION

Given species-differences in cardiac myocyte (CM) physiology, human induced pluripotent 

stem cell-derived cardiac myocytes (hiPSC-CMs) are gaining recognition for their potential 

in human heart disease modeling, preclinical cardiotoxicity evaluation and drug discovery.1 

Realization of this potential depends on the ability to assess excitation-contraction (E-C) 

coupling including contractile properties of individual hiPSC-CMs. To date, most functional 

evaluations of isolated hiPSC-CMs have focused on electrophysiology2 and calcium (Ca) 

handling3 measurements, while contractile properties have not been routinely evaluated due 

to limited cell shortening of hiPSC-CMs cultured under standard conditions. In principle, a 

variety of biophysical techniques such as atomic force microscopy, traction force 

microcopy, and micropost deflection are available to assess mechanical properties of 

isolated hiPSC-CMs; however, because these do not address the issue of limited cell 

shortening, they have not been widely adopted.4–7 Alternatively, engineered heart tissues 

(EHTs) can be utilized to assess contractile properties of hiPSC-CMs or mixtures of hiPSC-

CMs and support cells8–10; however, compared to hiPSC-CMs, EHTs are difficult and 

expensive to generate and do not allow simultaneous assessment of contractility and Ca 

handling at the single cell level. Here, we report a simple and rapid method that generates 

rod-shaped hiPSC-CMs with aligned myofilaments, which exhibit features of physiological 

and molecular maturation, and robust cell shortening with each cardiac cycle, thereby 

enabling straightforward contractility assessment and hence E-C coupling analysis.

METHODS

An expanded Methods section is provided in the Online Data Supplement.

Preparation of Matrigel Mattress substrates

Matrigel mattress platforms were prepared the same day of CM dissociation and seeding. 

Briefly, mattresses were arrayed on a glass coverslip (Corning) or Delta TPG Dish (Fisher 

Scientific). Application of 1 μL lines of completely thawed, ice cold, undiluted growth 
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factor-reduced Matrigel [8 – 12 mg/mL] (Corning) were arrayed in parallel. Matrigel was 

evenly pipetted at a 45 degree angle (Figure 1B) with a P2 pipet and corresponding tip. The 

mattresses were allowed to incubate for 8 – 10 minutes at room temperature at which point 

200 μL of RPMI 1640 medium, 2 % B-27 supplement (Invitrogen), and 1 % Pen-Strep (Life 

Technologies), with the addition of 40,000 CMs were immediately added, halting mattress 

polymerization. Each mattress had a width of approximately 0.85 mm. The thickness of each 

mattress was found to be in the range of 0.4 – 0.8 mm and each line was approximately 23 

mm long.

RESULTS

HiPSC-CMs are routinely cultured on substrates such as gelatin or Matrigel, a commercially 

available extracellular matrix (ECM) preparation11 (Figure 1A). However, under these 

standard culturing conditions, hiPSC-CMs typically display variable morphology without a 

dominant axis of myofibril alignment, which is different from freshly-isolated mature adult 

CMs. As a result, individual hiPSC-CMs cultured under traditional methods exhibit limited 

cellular shortening (Online Video I). We hypothesized that hiPSC-CMs may be induced to 

shorten if maintained on a culture substrate with suitable biophysical and biochemical 

properties12. Of a variety of culture substrates tested,13 we discovered that culturing single 

hiPSC-CMs on undiluted Matrigel with a thickness of at least 0.4 mm, which we term 

“Matrigel mattress,” promoted myofibril alignment (Online Figure I), a rod-like cell shape 

(Online Figure II and Online time-lapse movie) and robust hiPSC-CM shortening (Online 

Video 2). In this method, hiPSC-CMs are first generated by small molecule-based cardiac 

differentiation2,14 and maintained on standard cardiac induction substrate. Then on day 30 – 

35 of cardiac differentiation, single hiPSC-CMs are dissociated and re-plated on Matrigel 

mattress, and cultured for an additional 5 – 7 days prior to analysis (Figure 1A,B). Of 

hiPSC-CMs cultured in the standard manner (e.g., Matrigel 1:60 dilution),11 only a small 

fraction (3.3 ± 0.5 %) of cells exhibited visible cell contractions. In contrast, essentially all 

(91.0 ± 5.0 %) hiPSC-CMs maintained on Matrigel mattress, henceforth referred as 

“mattress hiPSC-CMs,” exhibited visible cellular contractions (P < 0.0001, Figure 2C, lower 

panel). Mattress hiPSC-CM reached peak contractility after 3 days on the mattress and these 

properties remained stable for up to 14 days at which point the matrigel loses its integrity. 

When quantitated with video-based edge detection, spontaneously-contracting mattress 

hiPSC-CMs exhibited ~ 9.0 ± 1.5 % cell shortening compared to 0.4 ± 0.2 % for control 

hiPSC-CMs (P < 0.0001, Online Table I). Cell shortening of this magnitude has previously 

been reported only for late-stage hiPSC-CMs after 80 – 120 days in culture.15

We next compared mattress hiPSC-CMs to acutely-isolated rabbit and mouse CMs. 

Strikingly, mattress hiPSC displayed comparable cell shortening (Figure 2D,E) despite an 

overall shorter resting cell length. Contractile kinetics (i.e., time to peak and time to 

baseline) of mattress hiPSC-CMs were more similar to those of rabbit-CMs, which are 

thought to be a closer model of human-CMs than mouse-CMs.16 These contractile 

properties were replicated across multiple independently generated hiPSC-CM lines 

including post recovery from cryopreservation (Online Table I). Cell shortening of mattress 

hiPSC-CM was associated with acquisition of morphological features21 comparable to that 

of freshly isolated adult-CMs including cell elongation, decreased circularity (Figure 2A,B) 
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and increased sarcomere length relative to control hiPSC-CMs (Figure 2B and Online Figure 

I). The position on the mattress (i.e., center versus edge) had no significant effect on the 

hiPSC-CMs shape. The contraction force produced by individual hiPSC-CMs on mattress 

can be calculated from the cell length, cell shortening and the elastic modulus of the 

matrigel mattress (5.8 kPa, Online Figure III E). Mattress hiPSC-CMs exhibit an average 

contraction force of 0.3 ± 0.1 mN per mm2 cross-sectional area. The calculated force values 

based on our cell shortening measurements were closely correlated with values measured 

independently in the same mattress hiPSC-CMs using traction force microscopy (Online 

Figure III).

We then examined whether culturing hiPSC-CMs on a Matrigel mattress affected key 

aspects of E-C coupling such as intracellular Ca handling, electrophysiology, and CM-

specific molecular profile. We found Ca handling properties were not significantly different 

between control and mattress hiPSC-CMs (Figure 2C, upper panel, and Online Table II), 

and hiPSC-CMs maintained under both conditions displayed robust caffeine-releasable Ca 

release from sarcoplasmic reticulum (SR) stores. However, compared to control hiPSC-

CMs, mattress hiPSC-CMs displayed a modest increase in maximum return velocity of 

twitch Ca transient and faster caffeine-induced Ca decay. Additionally, electrophysiological 

parameters of mattress and control hiPSC-CM were similar (Online Figure IV). For 

instance, the amplitude and mean diastolic potential of both control and mattress hiPSC-

CMs were comparable to freshly isolated rabbit-CMs. Of note, however, the upstroke 

velocity of mattress hiPSC-CMs was markedly greater than that of control hiPSC-CMs 

(Online Table III), a finding that is consistent with the over two-fold higher sodium current 

density of mattress compared to control hiPSC-CM (Online Figure V D). Finally, 

transcriptional profiling of a subset of cardiac genes involved in E-C coupling (Online 

Figure V A) showed differential expression in mattress hiPSC-CMs. For instance, 

expression of TNNI3, encoding cardiac troponin I (cTnI), a CM maturation marker which is 

minimally expressed in hiPSC-CMs maintained under traditional conditions17, was 

markedly elevated in mattress hiPSC-CMs. Western blot analysis of cTnI and slow skeletal 

troponin I (ssTnI), the fetal isoform predominant in traditional hiPSC-CMs, confirmed that 

mattress hiPSC-CMs exhibited higher cTnI levels in conjunction with a stoichiometric 

reduction in ssTnI levels (Online Figure VI B,C).

Since culturing hiPSC-CMs on Matrigel mattress permits simultaneous analysis of Ca 

handling and contractility at the single cell level, we next examined the E-C coupling in 

response to pharmacological interventions (Figure 3). Mattress hiPSC-CMs increased 

contractility to inotropic interventions of increasing extracellular Ca, with an EC50 (i.e., 

effective concentration yielding 50% of maximal response) of ~ 1.2 mmol/L10 (Figure 3 A–

C). Treatment with the negative inotrope Verapamil, an L-type Ca channel antagonist, led to 

a concentration-dependent decrease in cellular contraction with an EC50 of ~ 0.3 μmol/L10 

(Figure 3 D–F) Treatment with the myofilament Ca sensitizer EMD57033 led to a 

concentration-dependent increase in contraction with an EC50 of ~ 2.6 μmol/L18 (Figure 3 

H–J) with negligible effects on the intracellular Ca transient amplitude (Figure 3J). To our 

knowledge, this is the first direct demonstration that individual hiPSC-CMs are capable of 

altering contractility in response to changes in myofilament Ca sensitivity, a finding that 
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previously could not be observed using hiPSC-CMs maintained on traditional substrates or 

by evaluating changes in Ca handling alone (Figure 3J).

DISCUSSION

Here, we demonstrate that culturing hiPSC-CMs on Matrigel mattress for 5 – 7 days leads to 

relative morphological, molecular, and functional maturation, enabling robust cell 

shortening in a much shorter time frame than traditional methods such as EHT or long-term 

culture.15,22 It is worth noting that mattress hiPSC-CMs exhibit an average contraction force 

per cross-sectional area that is comparable to that of EHTs made from hiPSC.22 Since 

hiPSC-CMs on Matrigel mattress and standard culture substrate showed similar Ca handling 

(Figure 2 C upper panel and Online Table 2), our results suggest that the enhanced 

sarcomere alignment along the long axis of the cell (Figure 2 A and online Figure I) is a 

primary mechanism for the enhanced contractile response of mattress hiPSC-CM. Other 

factors such as the lower substrate stiffness of the mattress are likely contributory and will 

need to be explored in future studies. While other techniques such as microcontact printing 

have been shown to improve sarcomere alignment and direct hiPSC-CMs towards a mature-

like phenotype with contractile function,22,23 our Matrigel mattress method enables rapid 

assessment of contractile properties and Ca handling at the single cell level using standard 

equipment available in any lab studying adult primary cardiac myocytes. The Matrigel 

mattress method can also serve as a foundation for development of a high-throughput 

multiplexed platform to simultaneously monitor Ca handling and contractility of individual 

patient-derived hiPSC-CMs. Since Matrigel is commercially available with little apparent 

lot-to-lot variability, easily prepared, and requires no additional functionalization, we 

anticipate that the present method can be immediately adopted for a wide spectrum of 

applications including disease modeling, drug discovery and preclinical cardiotoxicity 

evaluation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The CC2 hiPSC line was a generous gift from Drs. Aaron Bowman, Kevin Ess and Dina Neely at Vanderbilt 
University. This work was supported by the United States National Institutes of Health (NIH) R01HL088635, 
R01HL071670 and R01HL0108173 (B.C.K.), R01HL0104040 (C.C.H.), R01ES016931 (Aaron Bowman), and 
R01NS078289 (Kevin C. Ess); by the American Heart Association (AHA) 13IRG13680003 (B.C.K.), 
12SDG12050597 (H.S.H.), 12POST12080080 (D.K.), and 14POST19550002 (J.E.H.); and by the Veterans 
Administration Merit Grant BX000771 (C.C.H.).

SOURCES OF FUNDING

This work was partly supported by the United States National Institutes of Health [HL88635, HL71670 & 
HL108173 to B.C.K.; NIH HL104040 to C.C.H.]; by the American Heart Association [13IRG13680003 to B.C.K., 
12SDG12050597 to H.S.H., 12POST12080080 to D.K.], and by the Veterans Administration Merit Grant 
BX000771 to C.C.H.

Feaster et al. Page 5

Circ Res. Author manuscript; available in PMC 2016 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nonstandard Abbreviations and Acronyms

CM Cardiac myocyte

hiPSC Human induced pluripotent stem cell

E-C Excitation-contraction

Ca Calcium

EHT Engineered heart tissue

ECM Extracellular matrix

SR Sarcoplasmic reticulum

cTnI Cardiac troponin I

ssTnI Slow skeletal troponin I

EC50 Half maximal effective concentration
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Novelty and Significance

What Is Known?

• Single human induced pluripotent stem cell derived cardiac myocyte (hiPSC-

CMs) under standard culture conditions display limited changes in cellular 

geometry (i.e., cell shortening) with each cardiac cycle.

• Existing techniques to assess hiPSC-CM contractility are expensive, time 

consuming and technically challenging. As a result, investigations of hiPSC-CM 

function have primarily focused on their electrophysiological and Ca handling 

properties.

What New Information Does This Article Contribute?

• Culturing hiPSC-CM on commercially available Matrigel Mattress rapidly (3 

days) promotes cell elongation, sarcomere alignment and single cell 

contractility.

• Mattress hiPSC-CM display single cell shortening properties comparable to that 

of acutely-isolated adult rabbit CM

• Mattress hiPSC-CMs display positive inotropic response to myofilament Ca 

sensitizer, EMD57033 with negligible effect on Ca handling.

Current methods to evaluate contractile properties of single hiPSC-CMs are difficult 

because single hiPSC-CM cultured on standard conditions largely lack contractile 

responses. Here, we establish a new culture method “the Matrigel Mattress” that rapidly 

(3 days) generates elongated hiPSC-CMs that exhibit robust cell shortening. Using this 

method, we characterized the contractile properties of hiPSC-CMs and their response to 

positive and negative inotropic agents. We show that hiPSC-CMs from multiple 

laboratories have comparable contractile properties, even after recovery from 

cryopreservation. We further demonstrate that these contractile properties are comparable 

to adult rabbit ventricular cardiac myocytes. The Matrigel method can be readily 

implemented for basic science studies, drug discovery and preclinical cardiac safety 

assessment.
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Figure 1. Overview of Matrigel mattress method
A, Schematic of cardiac induction and Matrigel mattress method plating protocol. B, 

Matrigel mattress method work flow. C, Matrigel mattresses plated on Delta TPG Dish 

(Fisher Scientific), white arrows indicate edge of each mattress, blue dye included to 

visualize mattress. D, hiPSC-CMs plated on control (left panel) and mattress (right panel). 

Scale bar 50 μm. White arrows indicate edge of mattress platform.
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Figure 2. Matrigel mattress morphometry and contractility
A, Immunofluorescence staining of cardiac myocyte (CM) structural marker α-actinin 

(green) and nucleus (blue, DAPI) for control human induced pluripotent stem cell-derived 

cardiac myocytes (hiPSC-CM) (left), mattress hiPSC-CM (center) and rabbit-CM (right). 

Scale bar 20 μm. 63X. B, Cell morphometry measuring circularity index (left) and 

sarcomere length (right) are plotted for indicated CMs. Error bars, s.d. (n = 9 – 48 cells per 

group). C, Representative control and mattress hiPSC-CM Ca transients (upper panel) and 

contraction traces (lower panel), spontaneously contracting. D, Representative contraction 

traces for indicated CM. (0.2 Hz). E, Contractility assessment measuring resting cell length 

(left), cell shortening (center) and cell shortening kinetics (right) are plotted. Error bars, s.d. 

(n = 6 – 20 cells per group) **** P< 0.0001 vs hiPSC-CM. *P<0.05 vs mouse-CM. n.s., Not 

significant.
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Figure 3. Pharmacological analysis
(A, D and H) Representative Ca transients (upper panel) and contraction traces (lower 

panel) treated with indicated compound. Contraction and Ca concentration-response curves. 

(B and C) Extracellular Ca (Hill slope = 18.7 and 2.6 respectively). (E and F) Verapamil 

(Hill slope = −1.8 and −0.9 respectively). (I and J) EMD57033 (Hill slope = 1.1). (n = 5 – 

20 cells per group). EC50, effective concentration 50 % of max response. Veh, vehicle.

Feaster et al. Page 11

Circ Res. Author manuscript; available in PMC 2016 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


