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Abstract

Background—Tissue engineering enables the generation of functional human cardiac tissue 

using cells derived in vitro in combination with biocompatible materials. Human induced 

pluripotent stem cell (hiPSC)-derived cardiomyocytes provide a cell source for cardiac tissue 

engineering; however, their immaturity limits their potential applications. Here we sought to study 

the effect of mechanical conditioning and electrical pacing on the maturation of hiPSC-derived 

cardiac tissues.

Methods—Cardiomyocytes derived from hiPSCs were used to generate collagen-based 

bioengineered human cardiac tissue. Engineered tissue constructs were subjected to different 

mechanical stress and electrical pacing conditions.

Results—The engineered human myocardium exhibits Frank-Starling-type force-length 

relationships. After 2 weeks of static stress conditioning, the engineered myocardium 

demonstrated increases in contractility (0.63±0.10 mN/mm2 vs 0.055±0.009 mN/mm2 for no 

stress), tensile stiffness, construct alignment, and cell size. Stress conditioning also increased 

SERCA2 expression, which correlated with a less negative force-frequency relationship. When 

electrical pacing was combined with static stress conditioning, the tissues showed an additional 
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increase in force production (1.34±0.19 mN/mm2), with no change in construct alignment or cell 

size, suggesting maturation of excitation-contraction coupling. Supporting this notion, we found 

expression of RYR2 and SERCA2 further increased by combined static stress and electrical 

stimulation.

Conclusions—These studies demonstrate that electrical pacing and mechanical stimulation 

promote maturation of the structural, mechanical and force generation properties of hiPSC-derived 

cardiac tissues.
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engineering

The ultimate goal of cardiac tissue engineering is to replicate functional human myocardium 

in vitro. While the target of recreating the whole heart in vitro remains elusive, large strides 

have been made towards creating contractile human cardiomyocytes and building 3 

dimensional (3D) tissues that may serve as a platform for whole organ tissue engineering.1, 2 

Functional engineered human myocardium may replace current non-human recombinant cell 

lines expressing cardiac ion channels for in vitro cardiotoxicity screening,3 may be used for 

disease modeling,4 or may be applied for regenerative purpose to treat cardiovascular 

diseases.5 Several tissue engineering approaches have recently shown promise, including 

scaffold free systems,6 engineered synthetic scaffolds,7 natural non-protein scaffolds,8 and 

natural protein polymers such as fibrin,9–15 gelatin,16 and collagen type I.17–26 Among 

them, collagen type I is attractive because it is the primary load-bearing protein in the heart 

which transfers the force generated by cardiomyocytes, helps maintain cardiomyocyte 

alignment, and provides passive tension during diastole.27–29

A major limitation in cardiac tissue engineering has been a lack of a suitable human 

cardiomyocyte source. Obtaining cardiomyocytes directly from human hearts is not practical 

at the scale needed for tissue engineering. On the other hand, large numbers of 

cardiomyocytes can be generated from directed differentiation of human induced pluripotent 

stem cells (hiPSCs) or human embryonic stem cells (hESCs). These cells, however, are 

immature and their structure and function resemble cardiomyocytes at an early fetal stage.30 

Our group recently showed that hESC-derived cardiomyocytes mature to adult size and 

morphology within 3 months of transplantation into the infarcted hearts of non-human 

primates.31 This shows that there is no intrinsic block to maturation of these cells, so long as 

the correct environmental cues are provided. Studies using long term culture,32, 33 tri-iodo-

thyronine (T3) hormone,34 and adrenergic receptor agonists,35 have proven most effective 

thus far in promoting maturation of human cardiomyocytes within 2D culture. For example, 

Shinozawa et al used in vitro aging to show that, while day-30 cardiomyocytes already 

demonstrate basic electrophysiological properties, day-60 and -90 cardiomyocytes have 

more mature morphological and functional traits.36 On the other hand, 3D topology has been 

shown to influence cell morphology, cellular junctions, and myofibril protein expression.37

During development, mechanical loading and electrical activity are major determinants of 

cardiomyocyte growth and maturation.38, 39 These stimuli help ensure that the heart’s size 
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and performance are matched to the growing body’s need for blood flow. This present study 

is aimed at examining the effects of mechanical and electrical stimulation of engineered 

heart tissues from hiPSCs. We report that these combined stimuli are able to promote 

contractility, calcium handling protein expression, and passive mechanics of the engineered 

human cardiac tissue.

Methods

Pluripotent Cell Culture and Cardiac Directed Differentiation

Undifferentiated human IMR90-iPSCs (James A. Thomson, U. Wisconsin-Madison) were 

cultured as described previously for maintenance of pluripotency (See Online Supplement 

for expanded Methods).23 IRB approval for these studies was obtained in accordance with 

the institutional guidelines of the University of Washington. Cardiomyocytes were generated 

using a modified version of the monolayer-based differentiation protocol described by 

Laflamme et al.40 To prepare for differentiation into cardiomyocytes, iPS cells were weaned 

off of mouse embryonic fibroblasts (MEFs) for 2–4 passages on Matrigel (BD Biosciences) 

in MEF-conditioned medium with 5 ng/mL basic FGF. To set up for differentiation, cells 

were passaged by Versene solution (0.5 mM EDTA and 1.1 mM glucose in PBS) and 

scraping with a cell lifter (Corning), followed by mild trituration with a P1000 pipette to 

attain a mostly single cell suspension for even replating. Cells were then plated into 

Matrigel-coated 24-well plates (Corning) at a density of 300,000 cells per well in 1 mL of 

MEF-conditioned medium with 5 ng/mL basic FGF. Medium was changed daily until the 

plates had attained confluence with a packed-in morphology (24–48 hours from plating). 

One day before the initiation of differentiation, the cells were incubated with medium 

supplemented with 1 μM Chiron 9902 (a Wnt agonist, Cayman). Differentiation was 

initiated by feeding the cells with 0.5 mL of RPMI medium (Invitrogen) containing B27 

supplement without insulin (Invitrogen), 100 U/mL penicillin G, 100 mg/mL streptomycin, 

and 100 ng/mL activin A (R&D Systems). After 24 hours, medium was carefully changed to 

1mL of the same medium containing no activin A and supplemented with 5 ng/mL BMP4 

(R&D Systems) and 1 μM Chiron 9902. At day 3 of differentiation, plates were fed with 

1mL of the same medium supplemented with 1 μM Xav 939 (a Wnt antagonist, Tocris 

Bioscience). Plates were then fed every other day with 1mL of the same medium without 

Xav 939 after day 5. Spontaneously contracting cardiomyocytes were observed beginning 

day 8 to day 12 from the onset of differentiation. Cardiomyocyte preparations were used for 

generation of cardiac constructs between day 14 and day 21 from onset of differentiation, 

and at the time of construct generation, moved into RPMI medium made with standard B27 

supplement containing insulin (Invitrogen).

Generation of Cardiac Constructs

To make engineered heart tissue constructs, hiPSC-derived cardiomyocytes were trypsinized 

into single cells from Matrigel plates and then encapsulated in a collagen-based 3D scaffold 

as described previously (See Online Supplement for expanded Methods).23 The cell/gel 

mixture (2 million cells per 100 μL of collagen gel) was casted into trough in Tissue Train 6-

well plates (Flexcell). After 1 hour at room temperature for matrix solidification, the base-

plate vacuum was released and the resulting cardiac tissue constructs were placed into RPMI 
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medium with standard B27 supplement containing insulin. One day after construct 

generation, cell viability was analyzed by LIVE/DEAD staining kit (Life Technology) with 

30-minute incubation with dyes and then imaging under a fluorescent microscope. Static 

stress conditioning was achieved by maintaining constructs at a fixed static length, whereas 

no stress conditions were achieved with one end of the construct cut free of the nylon tab. 

Constructs were maintained in a regimen of no stress or static stress conditioning for a 

period of 2 weeks before analysis. For combined mechanical and electrical stimulation, 1-

week static stress conditioned constructs were subjected to a second week of electrical 

stimulation with 2 Hz, 5 Volt/cm, 5 ms pulse (C-Pace EP Culture Pacer, IonOptix). The three 

stimulation conditions are referred as no stress (NS), static stress (SS), and static stress + E 

pacing (SE). For analysis of cardiomyocyte input purity, a subset of cells used for construct 

generation was quantified by flow cytometry for cardiac troponin T (cTnT) expression (See 

Online Supplement for expanded Methods). The average cardiac troponin T (cTnT) positive 

portion was 73±3% from 9 runs of differentiation (Figure 1A).

Mechanical Measurements

The experimental setup is shown schematically in Supplement Figure 1. Constructs 

(dimension at seeding ~20×1×1 mm, thickness at time of measurement ~0.3 mm) were 

carefully dissected into 2 mm-long sections and then suspended on stainless steel hooks 

attached to a force transducer (Aurora Scientific, model 400A) and a length controller 

(Aurora Scientific, model 312B). Slack length was determined as the length immediately 

preceding the stretch step that led to a positive amplitude twitch transient on the force trace. 

Force of spontaneously contracting constructs was continuously monitored as preparation 

length was changed by adjusting the position of the length controller arm. For cell-free 

collagen matrix constructs, slack length was set to the length at which a 4% stretch step 

resulted in an immediate increase in measured passive force. From the initial slack length, 

4% stretches were made at intervals of 30 seconds each to a final length of 125% initial 

length. Force and length signals were digitally recorded and analyzed using custom LabView 

software. Passive tension and the amplitude of spontaneous isometric twitch force were 

measured on 4 consecutive transients in the plateau region after each length step. Force was 

normalized to cross-sectional area of the preparation, calculated by measuring the diameter 

at non-strained length and assuming circular cross-sectional geometry. For force-frequency 

relation studies, constructs were paced at 2, 2.5, and 3 Hz, using pulses of 5 volts/cm with 40 

ms pulse duration. An inline perfusion system (Warner Instruments) was used to keep the 

solution temperature at 37°C and infuse drugs. The twitch force amplitudes were measured 

on 4 transients at each frequency. Constructs were perfused with HEPES-buffered Tyrode 

solution (pH 7.4; 1.8 mM calcium unless indicated otherwise). N=6 for NS, n= 7 for SS, and 

n= 9 for ES. Contractile responses were determined under the following conditions: varying 

extracellular Ca2+ from 10–4000 μM, 1 μM verapamil (Tocris Bioscience), and 1 μM Bay 

K8644 (Tocris Bioscience).

Immunostaining, Microscopy and Histological Analysis

Detail of immunostaining and microscopy are described within the online expanded 

Methods section. For measurements of cell/collagen alignment and cell volume fraction in 

constructs, slides were stained with Sirius Red/Fast Green. For cell size measurement and 

Ruan et al. Page 4

Circulation. Author manuscript; available in PMC 2017 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bona fide muscle cross sectional area study, slides were stained with MYH7 antibody and 

anti-α-actinin, respectively. For immunofluorescence, slides were stained with the primary 

antibody or a cocktail of two primary antibodies overnight at 4 °C, followed by one hour 

with an Alexa fluorophore-conjugated secondary antibody or a cocktail of two secondary 

antibodies with incubation for one hour at room temperature. Hoechst 33342 (Sigma) 

counterstain was used to visualize the nuclei. To quantify alignment within the constructs, 

Sirius Red/Fast Green stained micrographs were taken by either a light microscope or a 

polarized microscope and analyzed using a custom fiber orientation analysis program as 

previous described.23 Alignment is defined by the inverse of the magnitude of angle 

dispersion (the standard deviation of angles of cell edges). Low angle dispersion indicates 

high degree of alignment. For cell volume fraction analysis, Sirius Red and Fast Green 

channels were separated by color deconvolution plugin in ImageJ (NIH)41 and converted 

into grey scale images. The cell volume fraction (percentage cell area within the construct) 

was defined by the Fast Green positive area divided by the total construct area. To quantify 

cell size, 400X MYH7 stained micrographs were analyzed by dividing the DAB positive 

area by the number of DAB-positive cells in the area. 100X α-actinin stained images were 

used to quantify bone fide muscle cross sectional area.

Western Blot and Calcium Transient Analysis

Western blot and calcium transient study were performed as described in the expanded 

Methods section. For western blots, all proteins were normalized to GAPDH expression 

level (n=8 for NS, n=7 for SS, and n=7 for SE in total for three runs of biologically 

independent experiments).

Statistical Analysis

Results are given as the mean ± standard error of the mean (SEM); error bars within graphs 

also represent SEM. Significance was determined using Kruskal-Wallis test and pairwise p 

value was calculated by Mann-Whitney test with 95% or greater confidence level based on 

Bonferroni correction for multiple comparisons. Friedman’s test was used to analyze the 

force-frequency data set and the adjusted p value from Dunn’s multiple comparisons test 

was reported. To reduce inter-experimental variation between western blot films, in some 

experiments western blot data were log-transformed, mean-centered, and then autoscaled as 

described previously.42 A p value <0.05 was considered statistically significant.

Results

Generation of Engineered hiPSC-Derived Cardiac Tissue

Using a monolayer-based direct differentiation protocol (see Methods), we are able to 

generate high purity of cardiomyocytes from human induced pluripotent stem cells (73±3% 

cTnT+ cells based on flow cytometry; Figure 1A). The hiPSC-derived cardiomyocytes 

displayed nuclear expression of the cardiomyocyte transcription factor Nkx2.5 and robust 

sarcomeric organization visualized by α-actinin immunostaining (Figure 1B). Cardiac tissue 

constructs were created by embedding the cardiomyocyte preparation into a collagen-based 

scaffold.23, 26 Over 70% of cells were still viable after 24 hour of cell seeding (71.2±3.6%). 

The engineered constructs were then subjected to 2 weeks of culture under conditions of no 
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mechanical stress (NS; one end cut free from the attachment tab), 2 weeks of static stress 

(SS), or 2 weeks of static stress including 1 week of electrical pacing (SE). Spontaneous 

contraction was generally observed by 4 to 7 days post-construct formation for all groups. 

After 2 weeks of growth and remodeling, we observed many primitive intercalated disc-like 

structures containing stress-transmitting fascia adherens junctions and desmosomes by TEM 

(Figure 1C and Supplement Figure 2). In addition, engineered constructs subjected to SS 

(Figure 1E) and SE (Figure 1F) exhibited improved cardiomyocyte density and myofibrillar 

alignment (visualized using cTnT immunostaining) when compared to NS constructs 

(Figure 1D).

Structural Remodeling and Cardiac Hypertrophy of Engineered Cardiac Tissues

We quantified the intercellular alignment by measuring the reciprocal of the cell axis 

dispersion angles.23 Both the SS and SE groups showed higher degree of alignment 

compared to NS group (Figure 2A, alignment value of SS: 4.39±0.57, SE: 4.08±0.37, NS: 

1.17±0.06, NS vs SS, p=0.0006; NS vs SE, p=0.006). However, pacing along with stress 

conditioning did not further promote cell alignment over stress alone (SS vs SE, p=0.5). To 

understand how conditioning affects tissue stiffness, we measured passive force from human 

cardiac constructs using a series of short increasing length steps while simultaneously 

recording diastolic tension (Figure 2B). Cell-free collagen matrix constructs have a passive 

stiffness of 0.079±0.041 kPa, while constructs with cardiomyocytes in the NS condition 

demonstrated a passive stiffness of 0.47±0.22 kPa, which is not significantly different from 

the cell free constructs. SS conditioning significantly promotes the passive stiffness 

markedly to 11.13±1.17 kPa, while the combination with SE conditioning raised passive 

stiffness about two-fold further to 21.51±4.02 kPa (collagen vs SS, p=0.006; collagen vs SE, 

p=0.003; NS vs SS, p=0.001; NS vs SE, p=0.0004; SS vs SE, p=0.03). This change in 

stiffness is correlated with an increase in cell volume fraction from 39.9±2.5% in NS to 

53.1±4.3% in SS and 63.2±6.3% in SE (Figure 2C, NS vs SE, p=0.01; NS vs SS, p=0.07). A 

higher collagen alignment was also observed from NS to SS and SE groups (Supplement 

Figure 3, alignment value of SS: 2.18±0.31, SE: 2.26±0.29, NS: 1.38±0.12, NS vs SS, 

p=0.03, NS vs SE, p=0.03). On the other hand, there was no significant increase from SS to 

SE groups in terms of cell volume fraction and construct alignment.

We assessed the size of cardiomyocytes by quantifying the MYH7 area within the construct 

(Figure 3). Cardiomyocytes within constructs exposed to SS (774±38 μm2) are significantly 

larger than those in the NS condition (503±26 μm2). Combination of static stress with 

electrical pacing did not result in a further increase in cardiomyocyte size compared to SS-

conditioned group alone (795±46 μm2). We also quantified the bona fide muscle cross 

sectional area by analyzing α-actinin positive area in cross section within engineered tissues 

and did not find any difference among different stimulation conditionings (NS: 21.0±4.63%, 

SS: 23.13±3.99%, SE: 28.60±7.01%).

Contractility of Engineered Heart Tissues

We examined active twitch force recorded over an incrementally lengthening stretch routine 

(Figure 4A). As can be observed in the force trace example in Figure 4B, active twitch force 

transients, undistinguishable at slack length, appeared and increased in amplitude over a 
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series of 4% lengthening stretches, in accordance with the cellular basis of the Frank-

Starling mechanism. These spontaneous twitch force transients disappeared upon incubation 

with 2,3-butanedione monoxime (BDM, 30 mM), a reversible inhibitor of actin-myosin 

interaction (Supplement Figure 4A, 4B), but reappeared upon washout (Supplement Figure 

4C). Incubation with the β-adrenergic agonist isoproterenol markedly increased the rate of 

spontaneous contractions but did not significantly increase force (Supplement Figure 4D). 

The amplitude of active force production in the engineered cardiac tissue changed with 

extracellular calcium concentration (Supplement Figure 5A). The L-type calcium channel 

inhibitor verapamil reduced the twitch force amplitude (Supplement Figure 5B and 5C) 

while L-type calcium channel agonist, Bay K8644, increased the contraction rate and 

slightly increased force amplitude (Supplement Figure 5D and 5E). These experiments 

demonstrate a key role for extracellular calcium in driving the contractile function. We then 

generated Starling curves by plotting the amplitude of twitch force, normalized to cross-

sectional area, versus change in length (Figure 4C). A comparison of the slopes of this 

relationship illustrates the difference in contractility of these constructs (Figure 4D). We 

observed a more than 10-fold enhancement in contractility comparing NS to SS conditioning 

(p=0.0012). Adding electrical pacing further augmented contractility by additional 2-fold 

(SS vs SE, p=0.0164).

Calcium Handling of Bioengineered Cardiac Tissue

We hypothesized that the enhancement in contractility results at least partially from 

maturation of excitation-contraction coupling of the engineered tissues. Western blots 

demonstrated that SERCA2 protein expression was upregulated 2-fold by SS conditioning 

(NS vs SS, p=0.0037). SE also exhibited a 2.5-fold increase from NS conditioning (NS vs 

SE, p=0.0006). However, addition of electrical pacing did not reach significance in SERCA2 

expression when comparing to SS conditioning (Figure 5B). RYR2 expression in SE group 

was also elevated by 1.5-fold from NS conditioning but only slightly increased from SS 

conditioning (Figure 5C). To normalize the variability between western blot experiments, 

band intensities were also standardized by log-transforming, mean-centering, and 

autoscaling.42 SERCA2 expression from standardized data showed similar enhancement 

from NS to SS and NS to SE like raw data (Supplement Figure 6A), while significant 

increase of RYR2 expression from NS to SS or SE was revealed in the standardized dataset 

(Supplement Figure 6B, NS vs SS, p=0.0132, NS vs SE, p=0.0025). Using calcium flux dye, 

we examined the conduction velocity of the tissue constructs, estimated from the Ca2+ 

propagation wave, and demonstrated an average speed of 2.76± 0.61 cm/s at 30 °C with no 

significant difference between groups.

We then examined the force-frequency relationship, a well-established maturation index for 

excitation-contraction coupling. Adult human cardiomyocytes have a positive force-

frequency relationship, showing increasing force with increasing pacing frequency, while 

human stem cell-derived cardiomyocytes have a negative force-frequency relationship,43 

likely due to immature sarcoplasmic reticulum (SR), such that increased pacing frequency 

reduces active force production. In the NS engineered heart tissues we found a prominently 

negative force-frequency relationship. As stimulation frequency increased from 2 to 3 Hz, 

twitch amplitude significantly decreased by 43.19±0.01% (p=0.0047). In tissues conditioned 

Ruan et al. Page 7

Circulation. Author manuscript; available in PMC 2017 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by SS, however, twitch amplitude showed a non-significant decrease of 16.8±0.03% from 2 

to 3 Hz (p=0.1). The tissues conditioned by SE showed a 4.4±0.4% decrease in force 

production from 2 to 3 Hz, barely changed from baseline (Figure 6A, p=0.87). These data 

demonstrate a more mature dynamic balance of calcium handling in the SS and, especially, 

SE conditioned constructs.

Discussion

In the current study we demonstrated that human myocardium can be generated using 

hiPSCs, and that this engineered heart tissue is highly responsive to both mechanical and 

electrical cues. In response to static stress, the engineered heart tissues showed increased cell 

alignment, cardiomyocyte hypertrophy, increased contractility and passive stiffness, 

increased expression of Ca2+ handling proteins, and an improvement in the force-frequency 

relationship for immature cardiomyocytes. When electrical pacing was added to the 

conditioning regimen, we observed a further increase in passive stiffness and cell volume 

fraction, an additional 2-fold increase in contractility, further increased expression of Ca2+ 

handling proteins and a less negative force-frequency relation.

Previous observations have estimated the size of hESC-derived cardiomyocytes, cultured on 

monolayer, to be 480±32 μm2 in the early stages (day 20–40 post differentiation) and 

revealed that longer term culture (80–120 days post differentiation) is needed to increase the 

size 3-fold.33 Here, our input population used cardiomyocytes from day 14–21 post 

differentiation and, after the additional 14 day of tissue culture conditioning, the 

cardiomyocytes are still early stage (less than day 40 post differentiation). With stress 

conditioning in the construct, early stage hiPSC-derived cardiomyocytes demonstrated a 1.5-

fold increase in size. SE conditioning showed a trend toward further cardiac hypertrophy, but 

not to significance. Similar cell size increases have been observed with T3-treatment of early 

stage hiPSC-derived cardiomyocytes in 2D culture with a 1.5-fold size increase in a 1-week 

treatment.34

Compared to embryoid body or monolayer culture of cardiomyocytes, 3D engineered heart 

tissue shows significant cellular maturation.11, 15, 18, 24 Our previous study showed that 

cyclic stress and SS demonstrate comparable effects in structural organization of pluripotent 

stem cell-derived cardiac constructs.23 Here we showed that the SS conditioning enhances 

the contractile function of engineered myocardium, which has not been demonstrated in 

previous studies.10, 23, 24, 44 Electrical pacing does not promote obvious structural 

maturation compared to the SS-treated group, but electrical pacing does enhance the 

contractility of the engineered tissue. Overall, the passive stiffness of these constructs is still 

less than that of rat neonatal myocardium (38.5±9.1 kPa).45 This could result from lower cell 

alignment in engineered cardiac tissue compared to naïve myocardium (cell alignment value 

of rat heart is ~9.08).2346, 47

The relative immaturity of this engineered myocardium is also reflected in the low force 

development compared to native myocardium, where active force from human adult 

ventricular strip is generally over 10 mN/mm2.46,47 Our engineered cardiac tissues showed 

force production within the range of most reported values using neonatal rat ventricular 
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myocytes (0.4–4.6 mN/mm2) or human stem cell-derived cardiomyocytes (0.12–4.4 mN/

mm2).11, 24, 25, 48 It should be noted that the methods to calculate the contractile force 

amplitude are not standardized among research groups. For example, variation in the 

myocyte volume fraction or the percent of non-myocytes may influence the overall tissue 

force development. Additionally many studies just report the absolute force generated by 

constructs, but differences between studies in tissue geometry make it difficult to compare 

the results. By analyzing α-actinin positive area within the cross section of our constructs, 

we show that there is no difference in bona fide muscle cross sectional area between three 

conditioning groups (NS: 21.0±4.63%, SS: 23.13±3.99%, SE: 28.60±7.01%). Thus, the 

twitch forces normalized with cell-based cross sectional area at 125 % stretch for NS, SS, 

and SE are 0.08, 0.83, 1.30 mN/mm2, respectively, which are close to the active force 

production from newborn (1.1 ±0.3 mN/mm2 at 2 Hz pacing) and infant strip (1.7±0.9 

mN/mm2 at 2 Hz pacing).49

An important observation in this study was that our engineered heart tissue constructs 

demonstrated increasing twitch force as length increases, in accordance with the cellular 

basis of the Frank-Starling mechanism. This is a fundamental characteristic of native heart 

muscle, and its presence here suggests we are on the right track in developing realistic 

models of human myocardium. Several studies have demonstrated similar results 

anecdotally in human stem cell-derived cardiac tissue,15, 17, 23, 24 but in this current study, 

we demonstrated this effect in hiPSC-derived myocardium and, further, established that 

contractility can be promoted by combining electrical and mechanical conditioning. Indeed, 

length-dependent contractility was increased 2-fold in the SE group compared to the SS-

conditioned tissues, and the SS group demonstrated at least 10-fold enhancement over NS 

group. The increased contractility likely has several components, including greater cell/

collagen alignment as well as cardiomyocyte hypertrophy, and increased expression of Ca2+ 

handling proteins such as SERCA2 and RYR2. This maturation of the SR was associated 

with improvements in the negative force-frequency relationship.

It was interesting that electrical pacing had an additive effect on passive stiffness (>2-fold 

increase), contractility (>2-fold increase), and expression of calcium handling proteins (1.5- 

2.5-fold increase), without having detectable effects on cell alignment or size. This indicates 

that different features of maturation are controlled by different stimuli and suggests that 

multiple pathways may be needed for optimal maturation. One caveat to our experiments is 

that longer electrical stimulation periods or different stimulation regimes may be needed to 

further promote this effect. For instance, studies by Hirt et al indicated that chronic electrical 

pacing for 16–18 days promoted higher cardiomyocyte to ECM ratio.10 Additionally, Nunes 

et al also showed that a gradually increasing pacing frequency from 1–6 Hz over a week can 

further enhance the structure and electrophysiological function of engineered cardiac 

constructs compared to a low frequency ramp up regime from 1–3 Hz.18

In summary, we generated cardiac tissue from hiPSC-derived cardiomyocytes and 

demonstrated structural and functional improvement of this bioengineered myocardium 

when subjected to stress conditioning and electrical stimulation. Specifically, we show that: 

1) 2-week stress conditioning promotes alignment, passive stiffness, cardiac hypertrophy, 

and contractility of engineered cardiac tissues, 2) the contractility of engineered cardiac 
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tissues can be further promoted by 1-week electrical stimulation, and 3) the enhancement in 

functional maturation from these cues is correlated to the enhanced expression of SR-related 

proteins.

Through these studies, we are able to link relationships between conditional cues and 

functional response in developing human myocardium. The implications of these results are 

two-fold: we begin to understand maturation cues in the developing human heart, and we 

also begin to build a bioengineering toolbox for the development of more clinically relevant 

engineered tissues. With these tools, we can now work towards the complementary 

objectives of 1) generating more mature patient-derived iPSC-based tissue for eventual 

clinical cardiac therapy and 2) determining relationships between calcium handling and 

force production in the pathogenesis of human cardiomyopathies using engineered human 

cardiac tissues from normal and myopathic patient lines.
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Clinical Perspective

What’s new?

• Tissue engineering, in conjunction with human induced pluripotent 

stem cells and protocols to differentiate them towards the cardiac 

lineage, holds great promise for clinical applications, drug testing and 

disease modeling.

• However, the stem cell-derived human cardiomyocytes are still quite 

immature and do not reflect the adult phenotype.

• Here, we show that mechanical and electrical stimulation promote 

maturation of the molecular, structural, force-generation properties of 

human induced pluripotent stem cell-derived cardiac tissues.

What are the clinical implications?

• Through these studies, we are able to link relationships between 

biophysical cues, e.g. mechanical load and heart rate, and functional 

response in developing human myocardium.

• We begin to understand maturation cues in the developing human heart.

• We are building a bioengineering toolbox for the development of more 

clinically relevant engineered tissues.
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Figure 1. 
Generation of high purity human iPS cell-derived constructs. A, Human cardiomyocytes 

were generated from the IMR90-iPS cell line at a purity of over 70% by cardiac troponin T 

(cTnT) flow cytometric analysis. B, The cardiomyocytes displayed robust sarcomeric 

organization by α-actinin immunostaining (green), as well as nuclear expression of the 

cardiomyocyte transcription factor Nkx2.5 (red). C, Primitive intercalated disc-like 

structures containing fascia adherens junctions and desmosomes (arrow) are present in the 

engineered heart tissue. Nuc: nucleus, Glyc: glycogen. Immunofluorescent staining for 

cardiac troponin T of iPS cells-derived human bioengineered cardiac tissues under NS, D, 

and SS, E, and SE, F, conditioning, shows greater alignment in the SS and SE tissue 

constructs.
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Figure 2. 
Characterization of cell alignment and matrix remodeling. A, Constructs exposed to stress 

conditioning demonstrated significantly increased cell alignment compared to constructs 

without stress conditioning. Electrical pacing along with stress conditioning did not further 

promote the cell alignment. n=7 for NS, n=7 for SS, and n=4 for SE. B, The passive stiffness 

of constructs was measured by stretching constructs incrementally to 125% of slack length. 

Tensile stiffness was estimated from the slope of passive stress-strain relationship. The 

tensile stiffness of cell-free collagen matrix is 0.079 ± 0.041 kPa. Addition of cells increased 

the stiffness ~7-fold, stress conditioning by a further ~20-fold, and electrical pacing by an 

additional ~2-fold (NS: 0.47±0.22 kPa; SS: 11.13±1.17 kPa; SE: 21.51±4.02 kPa,). n=6 for 

NS, n=7 for SS, and n=9 for SE. C, Electrical pacing promotes ECM remodeling by 

increasing the cell volume fraction within the constructs (NS vs SS, p=0.0728, NS vs SE, 

p=0.0121, SS vs SE, P=0.3)). n=7 for NS, n=7 for SS, and n=4 for SE. D, E, and F, are 

representative Sirius Red/Fast Green stains of NS, SS and SE, respectively.
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Figure 3. 
Stress conditioning increases cardiomyocyte hypertrophy. A, MYH7 positive area was 

measured to determine cardiomyocyte size from constructs in the different conditioning 

regimes. Cardiomyocyte size increased ~50% from NS vs. SS constructs, with no further 

increase in the ES group.(NS to SS, NS to SE, p<0.0001) B, C, and D, show MYH7 positive 

cells in constructs from NS, SS, and SE, respectively. n=16 for NS, n=14 for SS, and n=14 

for SE. Hematoxylin counterstain denotes nuclei. The scale bar is 50 μm.
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Figure 4. 
Stress conditioning and electrical stimulation increase contractility. Representative length 

(A) and force (B) traces demonstrate the response of a spontaneously contracting cardiac 

tissue construct to a series of stretches up to 125% of slack length. The amplitude of the 

isometric twitch force increases with increasing preparation length, in accordance with the 

Frank-Starling mechanism. C, Isometric twitch force amplitude measured at different 

preparation lengths is enhanced by 2 weeks of SS conditioning (triangles) in comparison to 

NS conditioning (triangles). Addition of electrical stimulation (diamonds) further increases 

contractility as show in (D). D, Contractility of constructs from the 3 stimulation conditions. 

Contractility is measured from the slope of the twitch force-strain curve, which is the active 

force development. The contractility of no stress constructs is 0.055±0.009 mN/mm2. Stress 

conditioning promotes the contractility 10-fold (0.63±0.10 mN/mm2) and addition of 

electrical pacing further enhances force development another 2-fold (1.34±0.19 mN/mm2). 

NS vs SS: p<0.01; SS vs SE: p<0.01. n=6 for NS, n=7 for SS, and n=9 for SE.
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Figure 5. 
Increase in calcium handling protein expression by stress conditioning and electrical 

stimulation. A, Western blot of SR-related proteins, SERCA2 and RYR2, from constructs 

subjected to different conditioning regimes. B&C, Dot plot of quantified western blot data. 

Data are normalized to internal control (GAPDH). B, Compared to the NS control, SS 

conditioned constructs increase SERCA2 expression by 2-fold (NS vs SS, p<0.01) and SE-

conditioned constructs by 2.5-fold (NS vs SE, p<0.005). C, An increasing RYR2 expression 

trend is observed from NS to SE constructs but did not reach statistical significance. n=8 for 

NS, n=7 for SS, and n=7 for SE. Representative immunostaining images of engineered 

cardiac tissues stained with SERCA2 (red) and RYR2 (green) from NS (D), SS (E) and SE 

(F) conditionings. The scale bar is 10 μm.
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Figure 6. 
Force frequency relationship and calcium transient characteristics of engineered cardiac 

tissues. A, Engineered cardiac tissues were subjected to 2, 2.5, and 3 Hz pacing and the 

twitch amplitude at 2 Hz was used to normalize other pacing frequencies. Due to immature 

development of SR, the force frequency relations of these constructs are negative, but static 

stress and electrical pacing pre-conditioning were able to mitigate the effect (NS p=0.0047 

for 2 Hz vs 3 Hz; SS p=0.09 for 2 Hz vs 3 Hz; SE p=0.8 for 2 Hz vs 3 Hz). n=5 for NS, 

n=11 for SS, and n=4 for SE. B, Representative calcium transient from NS (gray) and SS 

(black)-conditioned constructs under 0.5 Hz pacing.
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