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Abstract

Laboratory studies of the heart use cell and tissue cultures to dissect heart function yet rely on 

animal models to measure pressure and volume dynamics. Here, we report tissue-engineered scale 

models of the human left ventricle, made of nanofibrous scaffolds that promote native-like 

anisotropic myocardial tissue genesis and chamber-level contractile function. Incorporating 

neonatal rat ventricular myocytes or cardiomyocytes derived from human induced pluripotent stem 

cells, the tissue-engineered ventricles have a diastolic chamber volume of ~500 μL (comparable to 

that of the native rat ventricle and approximately 1/250 the size of the human ventricle), and 

ejection fractions and contractile work 50–250 times smaller and 104–108 times smaller than the 

corresponding values for rodent and human ventricles, respectively. We also measured tissue 

coverage and alignment, calcium-transient propagation and pressure/volume loops in the presence 

or absence of test compounds. Moreover, we describe an instrumented bioreactor with ventricular-
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assist capabilities, and provide a proof-of-concept disease model of structural arrhythmia. The 

model ventricles can be evaluated with the same assays used in animal models and in clinical 

settings.

Introduction

Laboratory models of the heart are used to gain a mechanistic understanding of heart 

function in health and disease, and to test the safety and efficacy of potential therapeutics. 

The heart is studied at multiple scales in vitro, from cellular assays to excised or engineered 

tissues and “organ-on-chip” microphysiological systems1 that recapitulate integrated aspects 

of specific pathological conditions. Functional readouts obtained using engineered heart 

tissues include contractile forces and electrophysiological measurements2, but direct 

comparison with natural ventricle pressure and volume dynamics requires three-dimensional 

(3D) contractile cardiac chambers. To obtain these measurements, animal models and 

isolated heart preparations are evaluated using pre-clinical and clinical measurement 

modalities such as catheterization3, echocardiography4, and magnetic resonance imaging5. 

Data obtained using these methods allow direct comparison to patient data, but differences 

in genetics, physiology and disease etiology limit the utility of animal models for developing 

therapeutic interventions6,7. These and other limitations associated with animal models, for 

example high maintenance costs and low experimental throughput, motivate the 

development of alternative in vitro cardiology assays based on human cells.

Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) have emerged as 

a promising tool for in vitro cardiology, with the potential to eliminate interspecies and 

interpersonal variations through patient-specific derivation8. These cells are assembled into 

functional engineered heart tissues2,9,10, including muscular thin films11,12 or 3D muscle 

strips13–20, to model contractile pathophysiologies11, promote hiPSC-CM 

maturation9,14,15,21, and produce drug responses that are increasingly comparable to human 

patients16,18,22. However, the lack of in vitro models based on hiPSC-CM that accurately 

reproduce the architecture and functional output of the heart chambers9,10,23 is a significant 

limitation because tissue performance cannot be directly compared to animal or human heart 

performance, which are evaluated by measuring changes in chamber pressure and 

volume24,25. Engineered cardiac organoid chambers comprised of cardiomyocytes 

embedded in isotropic hydrogels showed significant promise for obtaining intra-ventricular 

pressure measurements26–29 but the lack of a scaffold to guide cell assembly hampers the 

formation of organized tissues that recapitulate the laminar architecture30,31 of the native 

myocardium. Instead, we decided to use 3D scaffolds to provide anisotropic cues that guide 

the same laminar tissue formation we obtained on patterned monolayers32–35, and extend 

these design rules to tissues composed of multiple cell layers. Based on reports describing 

anisotropic cardiomyocyte assembly in fibrous scaffolds36–39, we reasoned that by taking 

design inspiration from the human myocardial tissue architecture and recreating it using a 

nanofiber production system, we could build 3D tissue-engineered ventricle scaffolds. 

Nanofibers provide biochemical and nano-topographical structural cues with sufficient 

fidelity to guide cell adhesion, orientation, shape, and assembly40,41. We therefore 
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hypothesized that ventricle-shaped nanofibrous scaffolds would promote cardiomyocyte 

assembly into functional 3D tissue-engineered ventricle chambers.

To test if nanofibrous scaffolds are suitable for ventricle chamber tissue engineering, we first 

determined the minimal essential features of human ventricle structure that can be reliably 

recapitulated using nanofiber production systems. We fabricated ellipsoidal thin-walled 

chambers composed of a nanofibrous synthetic-natural polymer-protein blend and seeded 

them with neonatal rat ventricular myocytes (NRVM) or human induced pluripotent stem 

cell-derived cardiomyocytes (hiPSC-CM). Synchronous chamber-level contraction was 

observed for both cell types after 3–5 days of culture in the scaffolds. The resulting tissue-

engineered ventricle chambers were sutured to tubing or bioreactor components through 

which catheter sensors were introduced and stable contraction of both NRVM and hiPSC-

CM ventricles permitted time-dependent pressure and volume measurements. We then 

provide a proof-of-concept structural arrhythmia disease model by measuring spontaneous 

calcium activity of an engineered rat ventricle before and after inflicting geometrically 

controlled injuries. Our findings confirm that tissue-engineered model ventricle contraction 

can be monitored by catheter sensors, and suggest that model ventricles are suitable for 

cardiac arrhythmia studies. These results have implications for preclinical cardiology and 

regenerative medicine research where human organ models are sought to improve translation 

of therapeutic strategies.

Model assumptions for tissue-engineered ventricle chambers

To begin, we developed a model cardiac chamber based on tabulated structural and 

functional properties of the human left ventricle40. In the native heart, overlapping 

myocardial fibers are arranged into distinct laminae four to six myocytes thick and separated 

from adjacent laminae by an extracellular collagen network42. We reasoned that we could 

recapitulate the structure of model myocardial laminae within an ellipsoidal chamber 

geometry. Our overall strategy to produce a scale-model of the human left ventricle chamber 

for pressure-volume catheterization is depicted schematically in Figure 1a. We made the 

following assumptions from the outset: (i) We would build a scale-model of the human left 

ventricle chamber with diastolic chamber volume ~500 microliters (~2 × rat, ~1/250 

human); (ii) the ventricle wall would not be vascularized and its thickness limited to ~0.1 

mm (~1/10 rat, ~1/100 human) to maintain high cell viability within the diffusion-limited 

environment; (iii) the ventricle scaffold material would be a well-known protein-polymer 

mixture to ensure production reproducibility using existing nanofiber systems; and (iv) 

cardiomyocyte alignment would be circumferential throughout the scaffold, representing a 

thin walled approximation of the helical alignment within the native ventricular wall.

Ventricle scaffold

Healthy ventricular musculature (myocardium) arises from precisely coordinated multiscale 

integration of physical forces transmitted between cells and the extra-cellular matrix (ECM), 

as well as between neighboring cells43. The myocardial ECM is fibrillar, anisotropic, and 

provides nanotopographical cues that guide cardiomyocyte alignment and assembly44, 

ultimately forming a helicoid structure that optimizes ejection fraction during ventricular 

MacQueen et al. Page 3

Nat Biomed Eng. Author manuscript; available in PMC 2019 October 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contraction45. These features can be recapitulated using nanofibrous materials that are 

formed into cellular scaffolds with sufficient porosity to support cell infiltration and promote 

tissue morphogenesis40. We therefore developed a nanofiber ventricle chamber production 

strategy based on pull-spinning46 fibers on a rotating ellipsoidal collector (Fig. 1b, 

Supplementary Fig. S1, Supplementary Movie 1), which ensures roughly circumferential 

fiber alignment (Fig. 1c, Supplementary Movie 2). We selected polycaprolactone (PCL)/

gelatin nanofibers as our material of choice because they are biocompatible and 

biodegradable, they promote cell adhesion, provide sufficient structural integrity for 

ventricle culture and catheterization, and can be produced by a variety of nanofiber 

production systems that include electrospinning and force-spinning methods40. PCL 

provides structural stability for the scaffold’s nanofibrous features during culture, while 

gelatin was chosen as an RGD-containing biopolymer derived from denatured collagen that 

improves scaffold binding to cells and biomolecules such as fibronectin47,48. We previously 

described anisotropic PCL/gelatin nanofiber production by pull spinning and their use to 

guide skeletal muscle tissue assembly46. Here, we used scanning electron microscopy 

(SEM) to confirm that PCL/gelatin nanofiber scaffolds were structurally comparable with 

decellularized human left ventricle tissue (Supplementary Fig. S2A). Gelatin incorporated 

into the nanofibers persisted for at least 4 days in aqueous solutions according to 

measurements made using X-ray photoelectron spectroscopy (Supplementary Fig. S2B). The 

tensile elastic modulus of our scaffolds was anisotropic, with values measured longitudinally 

(in the direction parallel to the fiber axis), EL = 500 ± 31 kPa, or transverse (in the direction 

perpendicular to the fiber axis), ET = 74 ± 15 kPa (Supplementary Fig. S2C). These 

properties allowed us to fabricate ventricle scaffolds that were both structurally stable and 

permissive to chamber contraction by cardiomyocyte shortening.

Given that natural contraction rates of cultured cardiomyocytes are ~60–120 bpm (~1–2 

Hz)16,49, we designed chamber scaffolds that were mechanically permissive to contraction in 

the same range. To estimate the scaffold resonant bending frequency, ωB, we considered a 

simple balance between the kinetic and potential energy of a thin fluid-loaded spherical 

elastic shell of modulus, E, radius, R, fluid density, ρf, and thickness, h50. The kinetic energy 

associated with the wall motion of amplitude, A, and frequency, ωB, scales as ρ f R3A2ωB
2 . 

The potential energy of deforming the shell is dominated by long wavelength bending 

deformations and scales as Eh3(A/R2)2R2, where Eh3 is the bending stiffness, and the 

curvature scales as A/R2. Balancing the two yields Eh3 A2/R2 ∼ ρ f A2R3ωB
2  so that 

ωB ∼ Eh3/ρ f R5 . Using parameter values from our scaffolds (R = 5 mm, h = 0.1 mm, 50 

kPa < E < 500 kPa) gives bending resonant frequencies of 0.67 Hz < fB < 2 Hz, where fB = 

ωB/2π, which match the contraction rates of cardiomyocytes. This suggests a natural design 

principal to engineer artificial ventricles as a function of the natural frequencies of 

cardiomyocyte contraction.

Tissue-engineered ventricle chamber

To build our model ventricle chambers, we seeded ventricle-shaped scaffolds with either 

neonatal rat ventricular myocytes (NRVM) or human induced pluripotent stem cell-derived 
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cardiomyocytes (hiPSC-CM). Synchronous, coordinated ventricle contraction developed 

spontaneously after 3–5 days of culture (Supplementary Movies 3,4) and persisted for the 

duration of experimental procedures (Supplementary Movie 5), conducted 14 days after 

seeding. Calcium imaging, which has been used as a surrogate for the action potential51, 

revealed continuous excitation propagation on the ventricle surfaces, confirming electrical 

continuity throughout the ventricle constructs (Fig. 1d, Supplementary Movies 6,7). Mean 

calcium wavefront propagation velocity from apex to base was 9.33 cm/sec or 5.2 cm/sec for 

NRVM or hiPSC-CM ventricles, respectively. These values are comparable to those 

observed in tissues composed of immature cells where cell geometry, calcium handling, gap 

junction expression and spatial distribution, as well as other factors limit the conduction 

velocity when compared to mature tissues52,53. Immunostaining confirmed fiber-directed 

anisotropic cell alignment and infiltration within the chamber wall (Fig. 2, Supplementary 

Fig. S3, S4, Supplementary Movie 8), enabling us to quantify cell alignment using a metric 

known as the orientational order parameter (OOP) that ranges from zero (random 

organization) to one (perfect alignment)35,54. Both NRVM and hiPSC-CM ventricles showed 

high alignment based on OOP analysis of F-actin stains (Supplementary Fig. 3C), with OOP 

values of 0. 84 ± 0.02 (NRVM) and 0.85 ± 0.02 (hiPSC-CM).

Intra-ventricular pressure and volume measurements

To determine whether our engineered ventricles exhibited in vivo like chamber contraction, 

we measured time-dependent intra-ventricular pressure and volume by catheterization (Fig. 

3, Supplementary Fig. S5), an established method for heart chamber performance 

evaluation25. We sutured the engineered ventricles around tubing and inserted a pressure/

volume (PV) catheter into the chamber midway from base to apex (Supplementary Fig. 

S5A). We performed catheter calibrations (Supplementary Fig. S5) and acquired 2,000 data 

points per second (Supplementary Fig. S6). Exported data was processed for time and 

frequency-domain analysis, which are commonly used to quantitatively assess 

cardiovascular function55,56 (Supplementary Fig. S7). As an initial validation of our 

experimental system, we investigated ventricle contractile responses to gross alterations in 

the composition of the extracellular bath solution. Whereas regular beat frequencies were 

observed in calcium-containing M199 or Tyrode’s solution, exposure to calcium-free PBS 

led to broad beat rate distributions (Supplementary Fig. S7B). Furthermore, we observed an 

expected reduction in beat rate, as judged by a shift in the frequency spectrum, as bath 

temperature was decreased from physiological 37°C to less than ~30°C (Supplementary Fig. 

S7C). These results demonstrate that tissue-engineered model ventricles can be functionally 

interrogated and myocardial performance assessed using catheter-based pressure-volume 

measuring systems. To visualize the relationship between pressure and volume change 

during cardiac contraction cycles, we plotted PV loops for both rat (NRVM) and human 

(hiPSC-CM) ventricles from PV catheter measurements (Fig. 3b). Measured differences in 

chamber pressure were ~50 μmHg (rat or human) and the volume change was ~5 μL (rat) or 

1 μL (human). Thus, ejection fractions were ~1% (rat) or ~0.2% (human) and stroke work 

was WS ~ 0.25 mmHg × μL (rat) or WS ~ 0.05 mmHg × μL (human).

A fundamental aspect of myocardial function is the response to adrenergic agonists, which 

has been studied extensively in both rodents and humans, making β-adrenergic response a 
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good test of the ability of our engineered ventricles to recapitulate normal cardiac 

pharmacology57,58. To assess the chronotropic response of our engineered ventricles to a β-

adrenergic receptor agonist, we subjected them to concentrations of isoproterenol ranging 

from 0.1 nM to 0.1 mM. Pressure/volume loops measured before and after isoproterenol 

exposure showed an isoproterenol-induced reduction in stroke work, concomitant with an 

increase in beat frequency (Fig. 3b,c). Continuous intra-ventricular pressure and volume 

measurements enabled frequency-domain analysis of the chronotropic response of either 

NRVM or hiPSC-CM ventricles (Supplementary Fig. S7D). The spontaneous beat rate of 

NRVM ventricles (~130 ±15 bpm) was higher than hiPSC-CM ventricles (~85 ± 15 bpm), 

and both increased by ~40% following exposure to 10−4 M isoproterenol. Ventricle beat 

rates showed a positive chronotropic response over the concentration range in both the 

NRVM and hiPSC-CM ventricles (Fig. 3c), as expected for healthy NRVM59, hiPSC-CM60, 

engineered hiPSC-CM cardiac tissues16, and human patients61.

Bioreactor for modular assembly of ventricles and valves

Laboratory models of biological tissues often benefit from culture in bioreactors or 

microfluidic technologies where fluid exchange can be automated and in situ measurements 

obtained. To support tissue-engineered ventricle culture, we built a self-contained 

instrumented heart bioreactor (HBR; Fig. 4, Supplementary Figs. S8,S9, Supplementary 

Movie 9). The HBR includes both intra- and extra- ventricular flow loops, separate 

chambers for optional valve inserts, and additional access ports for catheters (Fig. 4a, 

Supplementary Fig. S8). Cyclic pressure applied to the extra-ventricular loop drives intra-

ventricular fluid flow via assisted ventricle contraction, and unidirectional flow can be 

achieved using commercially available valves or with custom valve inserts in the HBR. We 

demonstrated assisted pumping in the absence of drugs by controlling pressure delivered to 

the external (assist) channel using a pressure-driven programmable pump and cast-molded 

silicone tricuspid valves to direct flow (Fig. 4a, Supplementary Fig. S9). In this 

configuration, cultured ventricles can be exposed to externally-controlled physiological or 

pathological pressure variations and PV loops acquired with or without valves (Fig. 4b), 

emphasizing the potential to study heart failure where differential effects of various organ 

sub-structures are measured. Lastly, to highlight the translational nature of this technology, 

we monitored ventricle contraction by ultrasound through removable elastomeric windows 

in the HBR (Fig. 4c, Supplementary Fig. S10, Supplementary Movies 10,11). Using small 

animal echocardiography equipment, we recorded both unassisted natural spontaneous 

ventricle contraction (Fig. 4c, left, and Supplementary Movie 10) and HBR-assisted 

contraction (Fig. 4c, right, and Supplementary Movie 11). Echocardiography performed in 

the absence of extra-ventricular tissues can improve image clarity compared with in vivo 
studies, underscoring the advantage of organ modularity in our HBR.

Structural arrhythmia disease model

In myocardial tissues, anatomical structures can introduce heterogeneities of impulse 

conduction that lead to ventricular tachycardia, including spiral waves anchored to 

anatomical defects33,62. Here, we show a proof-of-concept structural arrhythmia disease 

model by measuring spontaneous calcium activity of an engineered rat (NRVM) ventricle 
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before and after inflicting geometrically controlled (1-mm diameter) injuries (Fig. 5). Plane 

wave propagation was observed prior to injury (Fig. 5a, top), whereas injured ventricles 

generated spiral waves that were pinned to the controlled anatomical defects (Fig. 5a, bottom 

panels, and Supplementary Movie 12). Calcium fluorescence intensity measured near the 

rotor poles of a single-hole injury model showed consistent phase difference and a rotation 

rate of ~ 5 Hz (Fig. 5b, Supplementary Figure S12, and Supplementary Movie 13). The two-

hole injury generated counter-propagating spiral waves that merged within the region 

between holes (Fig. 5a, third row). In all cases, spontaneous calcium activity showed stable 

excitation patterns with plane waves (healthy) or pinned spiral waves (injured) repeating at a 

near-constant rate (between 4 Hz and 5Hz) for the duration of experiments (~2 hours). These 

results suggest the feasibility of using tissue engineered heart chambers to study 

arrhythmogenic heart diseases.

Discussion

Preclinical cardiology and regenerative medicine research will benefit from an expanding set 

of in vitro models where human heart structure and function are examined at multiple 

scales2,9,10,63. Here, we took inspiration from the myocardial ECM and used nanofibers to 

extend to 3D tissue engineered cardiac chambers the same engineering design principles that 

led to increasingly functional laminar cardiac tissues32,34,64. For near-future design 

iterations that concentrate on myocardial engineering, we suggest several steps that may 

precede the addition of non-cardiomyocytes and ventricle vascularization65. These 

“obstacles and opportunities” facing bioartificial hearts66 include improvements to scaffolds, 

cardiomyocytes, and culture protocols, briefly outlined below.

Scaffold engineering should account for the fact that the myocardium is a composite in 

which the dominant stiffness shifts from myocytes to the ECM with increasing strain67, 

emphasizing the ECM’s role maintaining structural integrity. In our scaffold, gelatin was 

used to enhance cell and biomolecule adhesion during cell seeding, and the polymer 

backbone (PCL) provided structural features (microporosity, nanotopography, anisotropy) 

that resisted degradation during culture. These features provided sufficient structural 

integrity for ventricle culture and they guided cardiomyocyte assembly but alternative 

nanofibrous materials used for cardiac tissue-engineering40 may improve scaffold 

customization. For example, the tensile elastic modulus of our scaffold in the direction of 

fiber alignment (EL ~ 500 kPa) was higher than healthy ventricular ECM (E ~350 kPa)68 

and may have limited cardiomyocyte shortening during contraction. The balance between 

structural support during culture, scaffold degradation rate, and ventricle mechanics should 

be refined. Alternative biodegradable polymers or bioprotein mixtures reflecting age-

dependent composition of natural myocardial ECM40 may be used to improve scaffold 

elasticity, recapitulate specific disease or development phases, or promote scaffold 

replacement with cell-secreted ECM. Biomolecular nanofibers can be produced using 

precipitation systems69 for direct use as scaffolds or dispersed in printable “inks”, where ink 

and print conditions influence printed nanofiber orientation70. Our work suggests that 

including a nanofibrous component to printable inks would be advantageous for directing 

cardiomyocyte shape and assembly in printed scaffolds or tissues. Alternative chamber 

shapes, anatomical features, and scaffold fiber alignments may be used to study their effects 
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on cardiomyocyte assembly and electromechanical integration. In all cases, design rules for 

contractile 3D chambers should account for chamber contraction as a function of chamber 

size, shape, and elastic modulus. Our calculations of resonant bending frequencies suggests 

a natural design principal to engineer cardiac chambers as a function of their intended beat 

rates.

Cardiomyocyte spontaneous beat rates in our model ventricles were similar to other in vitro 
assays based on NRVM49 or hiPSC-CM16, showing moderate positive chronotropy (~40% 

beat rate)10,18. We expected to observe variance between ventricles, both in terms of beat 

rates and their response to isoproterenol, given the heterogeneous pace-making phenotypes 

within the cardiomyocyte populations10. Our observation of isoproterenol-induced stroke 

work reduction (Fig. 3b) is consistent with negative force-frequency relationships observed 

in tissues based on immature cardiomyocytes, including NRVM71 and hiPSC-CM72. The 

moderate positive chronotropy and reduction of stroke work observed at high isoproterenol 

doses are characteristic of immature tissues exhibiting poorly developed calcium handling 

properties8, suggesting that maturation protocols14,21,22,73 may be required to obtain positive 

force-frequency relationships, as observed in healthy adult human ventricular 

myocardium74.

Critical to the advance of tissue-engineered ventricles will be the development of in situ 
stem cell proliferation, differentiation, and maturation protocols. The cell density in our 

ventricles, estimated by counting immunostained (DAPI) NRVM ventricle surfaces and 

cross-sections (Supplementary Fig. S3), was ~90,000 cells/mm3 for a total cell number ~2.3 

× 106 in a 26 mm3 scaffold volume, which is approximately 10-fold less than in 21-day-old 

or 3-month-old rat hearts75. The EF of our tissue-engineered rat ventricles was ~1% (1/50 

EF of healthy rats), suggesting that discontinuities in cardiomyocyte coverage limited tissue-

engineered ventricle contractile strength. Novel protocols that proliferate stem cells to 

confluence within the scaffolds may overcome the coverage limitation, provided that in situ 
differentiation and maturation can be efficiently achieved following the proliferation phase. 

Preliminary work in our laboratories suggest that we can achieve extended culture periods 

for NRVM (Supplementary Fig. S12, Supplementary Movies S14, 15) and hiPSC-CM 

(Supplementary Figs. S13, S14) in our nanofibrous scaffolds. For example, proliferative 

hiPSC (line PGP1-iPSC) seeded in our scaffolds at a density of 105 cells/cm2 and cultured 

according to previously described protocols11 achieved confluence within 4 days of culture 

(Supplementary Figure S13A, Day 0). When cultured in differentiation media, the resulting 

hiPSC-CM showed spontaneous contraction and early stages of sarcomeric assembly within 

8–12 days of culture (Supplementary Figure S13A, Day 12), and anisotropic sarcomeric 

assembly with early stages of z-disk alignment after 1 month in culture (Supplementary 

Figure S13A, Day 30). We also cultured a non-proliferative hiPSC-CM line (Cor.4U) in 

model ventricle scaffolds for 6 months, demonstrating that tissue anisotropy was preserved 

(Supplementary Figure S14A) and stable pressure-volume loops could be recorded 

(Supplementary Figure S14 B). These preliminary results suggest that our scaffolds support 

functional myocardial tissue production using relatively small numbers of seeded hiPSC that 

can subsequently be cultured for extended time periods. In these cases, tissue maturation 

may benefit from bioreactor culture where tissues are exposed to physiological pressures and 

electromechanical stimulation. Similarly, patho-physiological studies using healthy and 
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diseased human cells that may respond positively to ventricular assist should also be 

conducted. These future experiments, using systems like ours to evaluate hiPSC-CM tissue 

formation and electromechanical integration within biosynthetic scaffolds, will inform 

regenerative medicine practices that aim to restore myocardial function63,76,77.

A direct comparison of engineered ventricle chamber contractile performance with those of 

ex-vivo animal studies is challenging. For example, our thin wall chambers powered by 

immature cardiomyocytes generated small differences in chamber pressure (ΔP ~50 μmHg) 

and chamber volume (ΔV ~ 1–5 μL), equivalent to ejection fractions, EF ~ 0.2–1%, which 

are smaller than expected for healthy mammalian ventricles by factors of roughly 50–250. 

Similarly, the contractile work performed by our ventricles (WS ~0.05–0.25 mmHg × μL, or 

WS ~7–35 nJ) was less than mouse, rat, or human left ventricles by factors of ~104, 105, and 

108, respectively24. Contractile work in our ventricle models was measured using 

conductance catheters and was smaller than reported for cardiac organoid chambers based 

on NRVM26 or pluripotent hES2 human embryonic stem cell-derived cardiomyocytes29, 

where volume changes were indirectly assessed from video recordings. Both types of model 

cardiac chambers generated similarly shaped elliptical PV-loops (Fig. 3b, Supplementary 

Fig. S14), which are expected from ventricles contracting in the absence of valves and show 

similarities to PV loops obtained from patients with severe valvular insufficiencies78. Our 

use of conductance catheters was advantageous for direct volume readouts but electrical 

pacing during catheterization was not recommended by the catheter manufacturer and 

therefore not performed in these studies. Thus, the positive inotropic effects of isoproterenol 

observed by others during electrical pacing29 was not observed by us when isoproterenol 

was administered to spontaneously beating model ventricles (Fig. 3b, right panels). One 

solution to this challenge may be the use of optogenetics for optical pacing79. Scaling of 

chamber contractile strength with cardiomyocyte number is expected and it is encouraging 

to note that contractile strength increased in our preliminary extended culture period 

experiments (Supplementary Fig. S14). Lastly, our structural arrhythmia disease model 

reaffirmed the importance of building native-like anisotropic tissues that are important for 

both normal propagation and arrhythmogenesis33. Precise anatomical defects applied to our 

tissue engineered model ventricles generated stable pinned rotors and spiral waves (Fig. 5, 

Supplementary Fig. 11, Supplementary Movies S12, S13) that have so-far not been 

demonstrated in engineered cardiac chambers.

In summary, our results demonstrate the feasibility of engineering functional scale models of 

the heart chambers, where tissue assembly is guided by a nanofibrous culture substrate, with 

implications for multiscale in vitro cardiology assays and regenerative medicine research. 

We used primary rat cardiomyocytes and human stem cell-derived cardiomyocytes because 

rat is the current industry standard for the study of heart disease in vitro and in vivo, yet the 

use of human models will be key for personalized medicine. In this respect, we believe it is 

important to include use of pre-/clinical grade measurement technologies to provide a more 

seamless transition between in vitro and in vivo models. This will extend patient-specific in 
vitro assays from individual cells to complete organ models, and our design rules provide a 

path toward engineering heart chambers with functional performance increasingly 

comparable to native organs. Taken together, the capability to tissue-engineer functional 

model ventricles, and the modular bioreactor technologies designed for in situ 
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instrumentation and functional assessment, provide a suitable system for in vitro cardiology 

studies that increasingly translate to clinical outcomes.

Methods

Scaffold fabrication

Polymer solutions. Ventricle scaffold material precursors were polycaprolactone (PCL; 

Sigma Aldrich 440744) and gelatin Type A (Sigma Aldrich G2500) dissolved in a solvent, 

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP; Oakwood Chemical 003409). All materials were 

used as received without further modifications. A mixture of 75% PCL and 25% gelatin was 

dissolved at 6% weight/volume in HFIP and stirred for at least 12hr to ensure homogeneous 

mixing. Ventricle scaffold fabrication. Ventricle scaffolds were produced by pull spinning46 

(PS; Fig. 1b, Supplementary Fig. S1A) PCL/gelatin nanofibers onto ellipsoidal collection 

mandrels (half-ellipsoid with radii: a = b = 4.5 mm, c = 9 mm; Supplementary Fig. S1B). 

Pull spinning incorporates a high-speed (up to 45,000 RPM) rotating bristle that dips into a 

fixed, continuous polymer source and pulls the polymer column into an anisotropic network 

of non-woven nanofibers. The solution was injected through a needle (18G flat tip; BD 

Biosciences) at a rate of 0.2 mL/min for a total duration of 5 min. Bristle rotation rate was 

30,000 RPM. Ventricle mandrels were connected to a DeWALT DC 720 1/2″ cordless drill 

driver rotation operating at 300 RPM and the mandrels were located 20 cm from the 

polymer source. All PS fabrication was performed within a chemical fume hood and the 

relative humidity was between 10–20%. Scaffolds were stored in de-ionized water for 48 

hours and sterilized by overnight exposure to UV radiation within a tissue culture hood prior 

to use. Overnight exposure to UV was sufficient to prevent bacterial contamination but 

future work with thicker scaffolds may benefit from more thorough sterilization procedures.

Scaffold structural and biochemical analysis

X-ray Microcomputed Tomography (μCT). μCT was performed at Harvard University’s 

Center for Nanoscale Science (CNS). We used an X-Tek HMXST225 system (Nikon 

Metrology, Inc.) equipped with a 225kV microfocus X-ray source with 3μm focal spot size. 

We used an aluminum target and 115 kV accelerating voltage. Image acquisition and 

reconstruction was performed using the following software suites: InspectX (X-ray imaging 

and CT acquisition), CT Pro 3D (volume reconstruction), VG Studio MAX 2.2 (3D volume 

visualization, rendering and analysis), and Amira (3D volume visualization, rendering and 

analysis). Scanning electron microscopy. All SEM imaging was done using a field emitting 

electron microscope (FESEM Ultra Plus, Zeiss) at a voltage of 15kV to image scaffold and 

tissue fiber alignment. Prior to imaging, all samples were sputter coated with 5nm of 

Platinum/Palladium (Pt/Pd) using a Quorum Sputter Coater (EMS 300T D, Quorum 

Technologies) to reduce charge accumulation and tissue decomposition during imaging. 

Decellularized human tissue was prepared using a previously published SDS profusion 

protocol 80 and dehydrated in serial ethanol washes. Dehydrated tissues were then dried 

using a SAMDRI critical point drier (931 Series SAMDRI, Tousimis) prior to sputter 

coating to ensure complete removal of interstitial fluids. Mechanical Testing. To measure 

elastic modulus, we produced sheets of nanofibrous material (Supplementary Figs. S1, S2), 

collected on flat glass coverslips, using the same pull-spinning conditions as for ventricle 
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chamber production. Square samples were laser-cut (10×10 mm) from these sheets and 

loaded onto 5×5 mm mounting tines for biaxial tensile testing (2.5 N load cells; Biotester, 

CellScale, Canada). A pre-stress of 5 mN was applied before running four biaxial 

preconditioning cycles at 5% strain rate to 20% strain. Using the original dimensions of the 

nanofibrous samples, the strain-strain curve was then calculated (same strain rate and strain 

were used as preconditioning). To replicate in vitro conditions, tensile measurements were 

performed in PBS at 37 °C. X-ray photoelectron spectrometry. A K-Alpha X-ray 

photoelectron spectrometer and Advantage software (K-Alpha XPS, Thermo Scientific) was 

used to evaluate fresh-spun and wetted scaffold composition in time. 5×5mm pieces of 75/25 

PCL/Gelatin scaffold were wetted in 1L of ultra-pure water and stored in an incubator at 

37°C for up to 1 week. Fresh spun and wetted samples removed from the water bath daily 

were dried for 12hr under vacuum and their composition evaluated using the XPS system 

(n=3 scaffold pieces and XPS measurements per time point, 0–7 days). Briefly, each sample 

was etched for 30s at 500eV to remove surface debris and was survey scanned over a 400 

square micron spot size. Gelatin content was estimated based upon the measured presence of 

nitrogen in the sample and the amount of solvent (HFIP) was estimated based upon the 

measured presence of fluorine, each normalized to the element’s percentage within their 

respective molecule. Fourier Transform Infrared Spectroscopy (FT-IR). We used a Bruker 

FT-IR Microscope (Lumos, Bruker, Billerica, MA) in attenuated total reflection (ATR) mode 

to measure the infrared spectra of the nanofibers. Data plotting was conducted with custom 

software written in MATLAB (MathWorks, Natick, MA).

Experimental animals

Neonatal rat ventricular myocytes (NRVM) were isolated from 2-day old neonatal CRL: CD 

(SD) rats, and left ventricle histological preparations were obtained from adult female CRL: 

CD (SD) rats. All procedures were approved by the Harvard Animal Care and Use 

Committee and all research personnel handling animals were appropriately qualified and 

trained by Harvard’s Office of Animal Resources, under the direction of the Attending 

Veterinarian. Pups were euthanized using a method consistent with the recommendations of 

the 2013 American Veterinary Medical Association (AVMA) Guidelines on Euthanasia for 

rodents. Care and Use of the rats used in this study comply with the “US Government 

Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research, and 

Training”, the Guide for the Care and Use of Laboratory Animals, and the Animal Welfare 

Act/Regulations. Harvard University, Faculty of Arts and Sciences (“FAS”) maintains an 

Institutional Animal Care and Use Committee (IACUC) as required by the Public Health 

Service (PHS) Policy on Humane Care and Use of Laboratory Animals. All animal 

protocols must be approved by the IACUC before animals can be ordered.

Cell and Tissue Culture

Neonatal rat ventricular myocytes (NRVM). NRVM were isolated from 2-day old neonatal 

neonatal CRL: CD (Sprague-Dawley, SD) using published methods 64. All procedures were 

approved by the Harvard Animal Care and Use Committee. Cells were seeded at a density of 

3 million cells per ventricle, following procedures described below. Standard culture media 

were used (M199 culture medium supplemented with 0.1 mM MEM nonessential amino 

acids, 10% heat-inactivated FBS,10mM HEPES, 3.5 g/L glucose, 2 mM L-glutamine, 2 
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mg/L vitamin B-12, and 50 U/ml penicillin). Samples were incubated under standard 

conditions at 37 °C and 5% CO2. At 48 h post seeding the media was exchanged with 

maintenance media (M199 media supplemented as above but with 2% FBS) and was 

exchanged again every 48 h until use. Human induced pluripotent stem cell-derived 
cardiomyocytes (hiPSC-CM). hiPSC-CMs were acquired commercially (Lot numbers 

CB169CL_V1_1M, CB301_CL_v1_1M, CB319CL_V1_1M, CB324CL_V1_1M, 

CB331CL_V1_4M; Axiogenesis, Cologne, Germany) and cultured according to 

manufacturer’s instructions with slight modifications. Briefly, for each cryovial containing 1 

million viable hiPSC-CMs, 3 wells of a 6 well tissue culture plate were coated with 0.01 

μg/mL fibronectin (FN) (BD Biosciences, Bedford, MA) for 4 hours in a 37°C incubator. 

According to the manufacturer, Cor.4U cells show typical ventricular-, atrial- and nodal-like 

action potentials, demonstrating the different Cor.4U subtypes. Cor.4U comprises 60% 

ventricular cells. Cryovials of Cor.4U hiPSC-CMs were quickly thawed in a 37°C water 

bath, re-suspended in 10 mL of complete culture medium provided by the manufacturer 

supplemented with 5 μL of 10 mg/mL puromycin, and cultured in FN-coated tissue culture 

plates at 37°C and 5% CO2 for 48 hours to eliminate un-differentiated stem cells from the 

culture. After 48 hours, cells were dissociated with 0.25% trypsin and seeded onto 

ventricular scaffolds. Human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-
CM) line PGP1-iPSC. To demonstrate in situ hiPSC proliferation and hiPSC-CM 

differentiation in our nanofibrous scaffolds, we performed preliminary experiments using the 

human iPSC line PGP1-iPSC, which we have used previously for monolayer muscle thin 

film assays11. hiPSC were seeded on the surface of nanofibrous sheets at a density of 105 

cells/cm2 and proliferated to confluence within four days of culture in mTeSR™ culture 

medium (Supplementary Figure S13 A, left panels). hiPSC-CM differentiation was then 

induced by changing media from mTeSR™ to RPMI/1640+B27-minus insulin with 8 uM 

CHIR 99021, incubating for 2 days, and subsequently changing media to RPMI/1640+B27-

minus insulin with 5 uM IWR-endo-1, and incubated for another 2 days. We then maintained 

the culture with fresh RPMI/1640+B27 media every other day. Tissue contraction was 

observed following 8–12 days of differentiation, concomitant with early stages of 

sarcomeric expression and assembly (Supplementary Figure S13 A, middle panels). 

Contractile synchrony improved during extended culture periods, concomitant with 

increased sarcomeric assembly and myocardial tissue anisotropy (Supplementary Figure S13 

A, right panels). Immunofluorescence staining confirmed 3D infiltration of hiPSC-CM 

within our nanofibrous scaffolds, including early stages of z-disk alignment (Supplementary 

Figure S13 B). Ventricle Seeding. We sterilized ventricle scaffolds by exposure to ultraviolet 

radiation in a biosafety hood overnight. The following morning, we incubated the ventricle 

scaffolds with 100 μg/mL fibronectin (Human natural fibronectin, BD Biosciences) in PBS 

for 90 minutes, then transferred cells to the scaffold at high density (0.5 mL full media 

containing 3M cells) and incubated (37 °C, 5% CO2) for 90 minutes. 2 mL of full media was 

then added to each well and incubated overnight. Ventricles were then transferred larger 

wells, each well containing 5 mL full media and one ventricle, with media refreshed every 

48 hours until use.
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Histochemical staining

Cardiomyocyte infiltration and orientation within tissue-engineered ventricles was 

visualized by fluorescent staining of actin and sarcomeres. We stained for F-actin fibers and 

sarcomeric α-actinin as previously described 64. Briefly, washed samples were fixed in 4% 

paraformaldehyde for 20 minutes. To prepare ventricle cross-sections, we first cast gelatin 

molds of the ventricular volume by pouring dissolved gelatin (20% w/v) into ventricle-

shaped molds, followed by cooling and removal of the solid gelatin from the mold. We then 

pulled fixed ventricles over the gelatin mold to ensure that thin-walled ventricles maintained 

an ellipsoidal shape during cryopreservation. Ventricles (with gelatin interior) were stored in 

PBS + 30% sucrose solution overnight at 4°C, transferred to 50% sucrose/50% OCT for 24 

h at 4 °C. They were then transferred to cryosectioning containers in 100% OCT and stored 

at 4 °C for 48h. Samples were frozen by partial immersion in 2-methylbutane which was, 

itself, partially immersed in liquid nitrogen. Frozen ventricles were stored at −80 °C until 

cryosectioning by microtome (Leica). We obtained 30 μm-thick cross-sections that were 

transferred to glass microscope slides (Superfrost microscope slides, Sigma) and maintained 

at room temperature for 2 h prior to storage at −80 °C until staining. Staining and imaging. 
Ventricle surfaces or cross-sections were permeabilized in 0.5% Triton-X100 for 20 minutes 

in PBS at 37 °C, followed by 2-h incubation with 1:200 dilutions of mouse anti-sarcomeric 

α-actinin monoclonal primary antibody (Sigma-Aldrich, clone EA-53, catalog number 

A7811–11UL). Samples were then washed and concurrently incubated with 1:200 dilutions 

of DAPI (Sigma-Aldrich), phalloidin conjugated to Alexa-Fluor 488 (Invitrogen, Carlsbad, 

CA 92008, USA) and goat anti-mouse secondary antibody conjugated to 

tetramethylrhodamine for 2 h at room temperature. Imaging was performed using a Zeiss 

LSM 5 LIVE confocal microscope with a Plan-Neofluar 40×/1.3 oil objective. For long 

range myocardium tissues, samples were imaged using an Olympus IX83 microscope with 

an attached Andor spinning disk confocal system, on LUCPlanFLNPh 20× and 40× 

objectives, and were recorded on a Hamamatsu Orca Flash 4.0 C11440 at 16bit depth. Z-

stacks were collected over the height of a single myocardium wall, and then sections were 

spliced together using a standard deviation projection followed by a pairwise stitching 

algorithm in NIH ImageJ. We quantified cell alignment using a metric known as the 

orientational order parameter (OOP) that ranges from zero (random organization) to one 

(perfect alignment)35,54, applied to immunostained F-actin.

Optical mapping experiments

Calcium propagation was monitored using a modified tandem-lens macroscope (Scimedia, 

Costa Mesa, CA) equipped with a high speed camera (MiCAM Ultima, Scimedia, Costa 

Mesa, CA), a plan APO 0.63× objective, a collimator (Lumencor, Beaverton, OR) and a 200 

mW Mercury lamp (X-Cite exacte, Lumen Dynamics, Canada). After 2 weeks culture in 
vitro, ventricles were incubated with 2 μM Rhod-2 (Invitrogen, Carlsbad, CA) for 30 min at 

37 °C, rinsed, and incubated in dye free media for an additional 15 mins at 37 °C prior to 

recording. The ventricles were then rinsed with Tyrode’s buffer. Recordings were acquired at 

a frame rate of 200 Hz. Electrical field and point simulation was applied using two platinum 

electrodes (Sigma-Aldrich, St. Louis, MO) with 20 mm and 1 mm spacing, respectively. The 

point stimulator was located at 0.5–1 mm from the apex of the ventricle with a motorized 
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xy-micromanipulator (Zaber Technologies Inc., Vancouver, British Columbia, Canada). 

Electrical pulses were generated with 12 V amplitude and 10 ms duration using a pulse 

generator (MyoPacer Cell Stimulator, IonOptix, Milton, MA). Pacing frequency was 1 Hz 

for NRVM ventricles and 3 Hz for hiPSC-CM ventricles (3 Hz pacing was required in this 

case because lower pacing frequencies were obfuscated by spontaneous activity). Post-

processing of data was conducted with custom software written in MATLAB (MathWorks, 

Natick, MA). A spatial filter with 3 × 3 pixels was applied to improve the signal-noise ratio. 

Activation time of point-stimulated ventricle was calculated as the average time to maximum 

upstroke slope of pulses when continuously at 1Hz pacing during in a 5 sec recording 

window. For structural arrhythmia disease modelling, we built four NRVM model ventricles 

(two healthy and two pre-injured with circular holes of 1 mm diameter), and spontaneous 

calcium activity was monitored in all cases. Calcium mapping of pre-injured ventricles was 

done on day 11 but tissue had grown into the injury site, preventing stable rotor pinning. We 

repeated calcium mapping experiments on day 12 using the two uninjured ventricles. Both 

showed evidence of spontaneously generated calcium plane wave propagation but one had 

greater homogeneity; this favorable sample is reported in our revised manuscript. For 

calcium imaging, tissue engineered ventricles were placed in a temperature-controlled petri 

dish and imaged from above. We first imaged an uninjured NRVM ventricle with 5 msec 

exposure windows and a 2.5 sec recording window. We then used a 1-mm diameter biopsy 

punch to perforate the ventricle wall and repeated calcium imaging. Lastly, we perforated 

the ventricle with a second 1-mm diameter hole spaced 5 mm from the first hole and 

repeated calcium imaging. Analysis was done using MiCAM imaging software (BV_Ana, 

SciMedia) and custom-software derived from a publicly available MATLAB-based optical 

mapping analysis package (Rhythm2014b)81. This ventricle was then fixed and stained to 

evaluate cell coverage by confocal immunofluorescence imaging (Supplementary Figure 

S4). Although our model ventricles were placed in temperature-controlled petri dishes, with 

a roughly 2D geometry during calcium imaging, we showed that ventricles could be 

suspended in our bioreactor chambers (Fig. 4), suggesting future compatibility with isolated 

heart perfusion systems currently used for small animal cardiology.

Pressure-Volume Measurements

For pressure-volume experiments, we built a total of 20 rat (NRVM) and 10 human (Cor.4U) 

model ventricles. Of these, 12 rat and 6 human ventricles were selected for catheterization 

based on the synchrony and amplitude of contraction observed in vitro by eye and 

microscope. We report data for 8 rat and 4 human ventricles, for which pressure or volume 

recordings were discernible at each of 7 isoproterenol doses (0.1 nM to 0.1 mM; total 

experiment duration ~20–30 minutes). These data include 3 human and 4 rat ventricles, for 

which both pressure and volume were recorded at each isoproterenol dose (Fig. 3b). Intra-

ventricular pressure and volume were measured simultaneously using a Millar MPVS-Ultra 

single segment foundation system for rats with SPR-869NR rat pressure-volume (PV) 

catheters (ADInstruments, Colorado Springs, CO). Catheter calibration and PV experiments 

were performed in freshly prepared Tyrode’s solution. First, tissue-engineered ventricles 

were transferred to a 3.5 cm petri dish mounted on a temperature-controlled stage (Warner 

Instruments, Hamden CT) to maintain 35 °C working temperature. Ventricles were sutured 

to silicone tubing through which catheters were inserted (Supplementary Fig. 4A). Data 
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acquired at a sampling rate of 2,000 samples per second using manufacturer-supplied 

acquisition systems (Millar MPVS ultra, ADInstruments LabChart) and was exported for 

post-processing with custom Matlab scripts (MathWorks, Natick MA). Catheter calibration. 

Catheters were equilibrated at 35 °C prior to use and calibrated for pressure using a 

manometer (Meriam M2; Meriam Process Technologies, Cleveland, OH) and volume using 

manufacturer-supplied cuvettes (Millar P/N 910–1048). We observed a non-linear 

conductance/volume catheter response (Supplementary Fig. 4B.i), as expected for these 

systems82. We performed separate scaffold-specific calibrations, where cell-free scaffolds 

were inflated and deflated by manual application of pressure through a solution-filled 

syringe connected to the ventricle through a junction port. Here, we aimed to validate our 

use of thin PCL-gelatin scaffold walls in place of polycarbonate cuvettes or murine 

myocardium for which the system and catheters were designed and optimized24,82–86. 

Volume estimated by calculating the slope of measured conductance versus cuvette volume 

(Supplementary Fig. 4B.i) or by scaffold filling (Supplementary Fig. 4B.ii) were in good 

agreement within a relevant working volume range of ~300–600 μL. We then used a 

precision pressure-driven microfluidic pump (Elveflow OB1, Elvesys, Paris France) to 

generate small-amplitude pressure variations applied to a model ventricle scaffold through 

the extra-ventricular (assist) channel of our custom-made bioreactor (Supplementary Figures 

S5). The bioreactor is described in more detail in Supplementary Figures S8 and S9. By 

generating successively smaller peak-to-peak pressure sinusoids, we verified that pressure 

and volume variations generated by our tissue engineered model ventricles were above the 

noise floor (Supplementary Figs. S5–S7). In some cases, pressure or volume signal noise 

and drift were reduced by post-processing using Matlab’s smooth and polyfit functions 

(Supplementary Fig. 4C). Pressure and volume signals were normalized by polynomial 

background subtraction to reduce unwanted signal drift from large data sets, clarifying 

frequency-domain analysis of ventricle beat rates over these time periods (Supplementary 

Fig. 5). β-adrenergic response of tissue-engineered ventricles. The contractile response of 

tissue-engineered ventricles to increasing concentrations of the β-adrenergic agonist 

isoproterenol was measured as follows. A 100 mM stock solution of isoproterenol (Sigma-

Aldrich) containing 110 μM ascorbic acid (Sigma-Aldrich) and 45 μM EDTA (Sigma-

Aldrich) was prepared in Tyrode’s solution and stored at −20°C. Working concentrations 

were prepared fresh for each experiment by serial 10-fold dilution and kept on ice and 

protected from light during experiments. The engineered tissues were exposed to 

concentrations of isoproterenol ranging from 1e−10 M to 1e−4 M by cumulative addition of 

1.0 log doses every 2 minutes. Pressure and volume recordings collected from the last 30 

seconds of each measurement interval were converted to the frequency domain by Fast 

Fourier Transform (FFT) using Matlab and beat rates were estimated using Matlab’s 

findpeaks function applied to pressure or volume FFT data (Supplementary Fig. 5).

Heart Bioreactor (HBR) Design and Fabrication

HBR designs were created using SolidWorks (DS SolidWorks Corporation, Waltham MA). 

HBR components were fabricated by rapid manufacturing providers (Proto labs, Maple 

Plain, MN) and by the staff of the John A. Paulson School of Engineering and Applied 

Sciences (SEAS) Scientific Instrument Shop at Harvard University. The HBR body 

consisted of three separated polycarbonate pieces that were assembled using stainless steel 
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screws and silicone gaskets (Fig. 4A, Supplementary Figs. 6,7). To increase optical 

transparency of HBR polycarbonate components, we performed post-fabrication vapor-

polishing in our laboratory by methylene chloride vapor exposure in a chemical fume hood.

Echocardiography

We acquired echocardiographic images and videos of ventricle contraction using a Vevo 

2100 system (VisualSonics, Toronto, Canada) at the Boston Children’s Hospital Small 

Animal Imaging Laboratory (BCH-SAIL). We used a 21 MHz probe (~60 μm resolution, 

~1.4 cm imaging depth) coupled to the HBR window through an index-matching gel.

Statistical analysis

For analysis of tissue OOP and beat rate response to isoproterenol, one-way ANOVA 

between the compositional groups were conducted using SigmaPlot (v13.0, Systat Software 

Inc.). For pairwise comparison, the Tukey test was applied. For all statistical analyses, p-

values less than 0.05 were considered statistically significant.

Code availability

The custom MATLAB-based optical mapping analysis package is available at https://

code.google.com/archive/p/rhythmanalysis-software. Custom Matlab scripts used for data 

smoothing, Fourier transformation and plotting are available upon request.

Data availability

All data generated and analysed during this study are included in the paper and its 

Supplementary Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1|. Tissue-engineered model ventricles recapitulate key structural and functional aspects 
of natural ventricular myocardium.
a, A schematic overview of the ventricle design-build-test project phases, from left to right: 

Human left ventricle ellipsoidal shape and fibrous extra-cellular matrix (ECM) inspired our 

use of circumferentially oriented nanofibers in scale-model ellipsoidal ventricle scaffolds. 

We seeded these scaffolds with cardiomyocytes to produce tissue-engineered ventricles and 

evaluated their contractile strength by pressure-volume catheterization. b, Pull spinning a 

nanofibrous ellipsoidal model ventricle scaffold: A high-speed rotating bristle dips into a 

fixed, continuous polymer source that is fed via a syringe pump through a small orifice (in 

this case a needle). The bristle pulls the polymer column into a polymer jet that is ejected 

towards a rotating collector. Solvent evaporation occurs as the polymer jet travels towards 

the collection mandrel, where the resulting nanofibers are collected. The resulting ventricle 

scaffolds are removed from the collector by tweezers in a hydration bath. c, Micro-computed 

tomography (μCT) images of a ventricle scaffold. d, Calcium propagation imaging 

performed on day 14. Spontaneous activity produced propagating waves but they did not 

always originate at the apex (left). Field stimulation, resulting from electrical pacing where 
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electrodes were placed far from the ventricle surface, produced uniform calcium activation 

(middle). Apical point stimulation (indicated by yellow arrows) produced calcium waves 

that propagated from apex to base at a rate of 9.33 cm/sec for neonatal rat ventricular 

myocyte (NRVM) ventricles and 5.2 cm/sec for human induced pluripotent stem cell-derived 

cardiomyocyte (hiPSC-CM) ventricles (right). Calcium fluorescence intensity is displayed as 

a heat map ranging from blue (min) to red (max), overlaid on a greyscale image of the 

ventricle surface
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Figure 2|. Tissue-engineered ventricle immunostaining.
a, A schematic of ventricle surface or cross-section immunostains shown in b (surface) and c 
(cross-section). In all cases, cells were introduced via the exterior surface and imaging was 

performed following 14 days in culture. Immunostaining confirmed that both neonatal rat 

ventricular myocytes (NRVM) and human induced pluripotent stem cell-derived 

cardiomyocytes (Cor.4U hiPSC-CM) infiltrated the scaffolds and were aligned roughly 

circumferentially, coincident with the scaffold’s nanofiber ultrastructure.
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Figure 3|. Intra-ventricular pressure-volume (PV) data obtained by tissue-engineered ventricle 
catheterization.
a, An overview of the ventricle catheterization procedure. Catheters were fed through tubing 

on which the ventricle base was sutured. Ventricles were submerged within a 3.5 cm petri 

dish bath, which was mounted on a temperature-controlled heating stage. Catheter readouts 

fed to signal amplification instruments provided real-time measurements of intra-ventricular 

pressure and volume. b, Intra-ventricular pressure, P, and volume, V, measured by 

catheterization of neonatal rat ventricular myocyte (NRVM)- or human induced pluripotent 

stem cell-derived cardiomyocyte (Cor.4U hiPSC-CM)-based ventricles. Exposure to 

isoproterenol (Iso) reduced stroke work of both rat and human ventricles. Here, P and V 

were normalized by polynomial fit to remove measurement drift occurring over the course of 

multiple Iso doses. P-values were P=0.04 (NRVM, N=4 ventricles) and P=0.038 (Cor.4U, 

N=3 ventricles). c, Iso-dependent beat rates for rat (N=8 ventricles) and human (N=4 

ventricles). Time-domain recordings of chamber volume were Fourier-transformed to obtain 
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beat rates. The spontaneous beat rate of NRVM ventricles (~130 ±15 bpm) was higher than 

hiPSC-CM ventricles (~85 ± 15 bpm), and both increased by ~40% following exposure to 

10−4 M Iso. * P < 0.05, ** P < 0.001, compared to baseline (no Iso), one-way ANOVA with 

Tukey post-hoc test. Exact P-values for Iso-dependent beat rates (Hz) were P=0.0325 

(NRVM, N=8 ventricles) and P=0.524 (Cor.4U, N=4 ventricles). Exact P-values for Iso-

dependent beat rate (% increase) were P<0.001 for baseline NRVM versus the highest Iso 

dose of 10−4 M. Exact P-values for NRVM at the smallest three doses (10−10 M, 10−9 M, 

and 10−8 M Iso) versus the largest dose (10−4 M Iso) were P=0.003, P=0.006, and P=0.008, 

respectively. The exact P-value for NRVM dosed with 10−9 M Iso versus 10−4 M Iso was 

P=0.011. For Cor.4U, differences in beat rate were not statistically significant (P=0.183). In 

all cases, measurements were performed on day 14. Data are presented as box plots with 

individual data points overlaid, where lower or upper edges of the box represent 25th or 75th 

percentiles, the middle bar is the median, dashed red bar is the mean, and whiskers are 

minimum and maximum values.
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Figure 4|. A heart bioreactor (HBR) for tissue-engineered ventricle culture, assisted contraction, 
and instrumentation.
a, An overview of ventricle and valve (optional) assembly within the HBR. A computer 

aided design (CAD) drawing of HBR components shows valve and ventricle placement. The 

ventricle wall separates intra- and extra- ventricular flow loops, which are indicated by red 

and blue dyes in the assembled HBR. Ventricle scaffolds are sutured over a support ring 

where input and output channels of the intra-ventricular flow loop converge. Pressure 

supplied by an external source to the extra-ventricular flow loop drives assisted ventricle 
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contraction and flow through the intra-ventricular flow loop. b, Ventricle catheterization in 

the HBR enabled pressure and volume measurements during assisted ventricle contraction 

with or without cast-molded silicone tricuspid valves. c, Echocardiographic measurement of 

a tissue-engineered neonatal rat ventricular myocyte (NRVM, day 14) ventricle contracting 

unassisted (left) and a cell-free ventricle scaffold contracting by HBR assist (right). In both 

cases, cross-sections (brightness mode) and time-dependent traces of the ventricle wall 

(motion, M-mode) are shown.
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Figure 5|. Structural arrhythmia disease model.
a, Calcium wavefront propagation on a healthy (top) or injured (bottom) tissue engineered 

neonatal rat ventricular myocyte (NRVM) ventricle. The uninjured ventricle exhibited plane 

waves with a peak-to-peak spatial period of ~5 mm (top). Subsequent injury of this ventricle 

using a 1 mm diameter biopsy punch resulted in circular anatomical defects that generated 

pinned spiral waves. The single-hole injury generated a single spiral wave whereas the hole-

pair generated counter-propagating spiral waves that converged and propagated through the 

inter-hole region with each cycle. b, Calcium fluorescence intensity measurements near the 

rotor poles of the single hole injury showed consistent phase difference and a rotation rate of 

~ 5 Hz. Experiments were performed at day 12 and spontaneous activity was recorded 

without external stimulation for all cases. Measurements shown in (a) were acquired using a 

5 msec exposure window, whereas those shown in (b) were acquired using a 10 msec 

exposure window. In all cases, the temporal derivative of calcium fluorescence intensity is 

displayed as a heat map ranging from blue (min) to red (max), overlaid on a greyscale image 

of the ventricle surface.
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