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Abstract

Rationale—More than 25 million individuals suffer from heart failure worldwide, with nearly 

4,000 patients currently awaiting heart transplantation in the United States. Donor organ shortage 

and allograft rejection remain major limitations with only about 2,500 hearts transplanted each 

year. As a theoretical alternative to allotransplantation, patient-derived bioartificial myocardium 

could provide functional support and ultimately impact the treatment of heart failure.

Objective—The objective of this study is to translate previous work to human scale and 

clinically relevant cells, for the bioengineering of functional myocardial tissue based on the 

combination of human cardiac matrix and human iPS-derived cardiac myocytes.

Methods and Results—To provide a clinically relevant tissue scaffold, we translated 

perfusion-decellularization to human scale and obtained biocompatible human acellular cardiac 

scaffolds with preserved extracellular matrix composition, architecture, and perfusable coronary 

vasculature. We then repopulated this native human cardiac matrix with cardiac myocytes derived 

from non-transgenic human induced pluripotent stem cells (iPSCs) and generated tissues of 

increasing three-dimensional complexity. We maintained such cardiac tissue constructs in culture 

for 120 days to demonstrate definitive sarcomeric structure, cell and matrix deformation, 

contractile force, and electrical conduction. To show that functional myocardial tissue of human 

scale can be built on this platform, we then partially recellularized human whole heart scaffolds 
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with human iPSC-derived cardiac myocytes. Under biomimetic culture, the seeded constructs 

developed force-generating human myocardial tissue, showed electrical conductivity, left 

ventricular pressure development, and metabolic function.

Conclusions—Native cardiac extracellular matrix scaffolds maintain matrix components and 

structure to support the seeding and engraftment of human iPS-derived cardiac myocytes, and 

enable the bioengineering of functional human myocardial-like tissue of multiple complexities.
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INTRODUCTION

More than 5 million people in the United States live with heart failure (HF), with more than 

800,000 new cases diagnosed each year1. Patients suffer from poor quality of life, and 

require frequent interventions, leading to greater than 1 million hospital discharges and a 

cost of more than $39 billion per year2. While artificial mechanical support can be offered to 

a small group of patients, heart transplantation remains the only curative treatment option 

for end-stage HF. Donor organ shortage is its major limitation, as nearly 1,500 heart 

transplant candidates will endure extended waitlist periods while facing 5-year mortality 

rates of approximately 50%2, 3. While heart transplant recipients benefit from significantly 

improved short-term survival rates, long-term survival remains limited due to chronic 

rejection and adverse effects from lifelong immunosuppression4. The engineering of 

bioartificial myocardium, and ultimately of bioartificial hearts, from patient-derived cells 

could theoretically solve both of these problems. While many hurdles remain, the creation of 

bioartificial functional human myocardium from adult-derived, genetically non-altered cells 

is the first vertical step towards this goal, and can provide new pathways for repair and 

replacement of myocardium in HF patients.

The onset of HF is preceded by myocardial necrosis, fibrosis, and extracellular matrix 

(ECM) remodeling, resulting in progressive loss of architecture and contractile 

function1, 2, 5. Partial reverse remodeling and myocardial augmentation has been 

accomplished by direct delivery of contractile cardiac myocytes and passive biomaterials6–9. 

Following similar principles, different scaffold materials and cells have been combined to 

generate tissue-engineered myocardium. In both approaches contractile graft thickness is 

limited due to poor diffusion and neovascularization that fails to meet the demand of cardiac 

myocyte metabolism10–12. Graft architecture and electromechanical integration are 

constrained by non-physiologic scaffold properties, and the altered properties of scarred 

myocardium. Successful clinical application of myocardial regeneration will depend on the 

ability to establish physiologic tissue architecture, and immediate graft perfusion upon 

implantation. Native human heart matrix provides the physiologic micro and macro 

architecture, ECM composition, and the perfusable hierarchical vascular bed, serving as a 

foundational scaffold to engineer bioartificial myocardium13, 14.
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By translating our previous work to human scale15, we demonstrate successful application 

of whole-organ perfusion decellularization to human hearts, and generate acellular cardiac 

scaffolds with preserved ECM material properties, structure, patent coronary conduits, with 

an immunologic profile that induces a constructive remodeling response. By comparing 

brain death and donation after cardiac death donors, we validate this new regenerative 

platform from more than 5,500 currently unused donor hearts per year3. By deriving cardiac 

myocytes from non-transgenic adult derived iPSC at clinical scale, we provide the necessary 

building blocks for clinically relevant myocardial regeneration. By repopulating native 

human heart matrix in sections, fibers, and biomimetic whole organ culture, we show the 

potential for creating functional human myocardial-like tissue from an autologous source to 

augment or replace lost myocardial function, and serve as a patient-specific development 

platform.

METHODS

All methods and associated references are included in the online data supplement.

RESULTS

Perfusion decellularization of human cadaveric hearts

In a first set of experiments, we scaled perfusion decellularization to donated human hearts 

that were recovered by the New England Organ Bank and deemed unusable for clinical 

transplantation. Between 2012 and 2015, 73human non-transplantable hearts were recovered 

for research after specific consent was obtained. Donor records (n = 73; 5 patient records 

unavailable) indicate a distribution of 36 males versus 32 females, 29 cardiac death donors 

(DCD) versus 39 brain death donors (DBD), an average age of 52.43 ± 14.29 years, an 

average height of 170.96 ± 9.53 cm, an average weight of 81.54 ± 20.53 kg, and an average 

body mass index of 27.76 ± 6.09 kg/m2. Heart identification numbers, corresponding donor 

data, and associated experimental tests are outlined in Supplemental Table I. We applied 

aseptic pressure-controlled antegrade coronary flow to 40 hearts in a custom organ chamber 

(60 mm Hg, average cold ischemia time of 455 ± 184 minutes; Supplemental Fig. I). Hearts 

were perfusion-decellularized with 1% SDS (168 hrs), deionized H2O (24 hrs), 1% Triton-

X100 (24 hrs), and PBS washes (168 hrs) following a standardized protocol (Fig. 1A)16. 

Decellularized hearts contained 346.17 ± 27.92 ng/mg wet tissue of residual double-stranded 

DNA (dsDNA), which could be removed by treatment with endonuclease (Fig. 1B). 

Subsequent perfusion of decellularized whole-hearts with 25 U/mL of endonuclease at room 

temperature for 24 hrs demonstrated a 99.05% reduction in dsDNA (3.27 ± 3.12 ng/mg wet 

tissue, p < 0.05), with thresholds meeting established criteria for decellularized 

biomaterials17. Biochemical analysis of perfusion-decellularized hearts from both DCD and 

DBD donors indicated a high retention of insoluble collagen, moderate decrease of sulfated-

glycosaminoglycans, and lower concentrations of α-elastin and soluble collagen (Fig. 1C, 

Supplemental Fig. II). Importantly, we did not detect measureable amounts of residual SDS 

in decellularized hearts (< 0.02% w/v extract; below detection limit)18.

Proteomics analysis indicated an 89.14% reduction of the cadaveric cardiac proteome (967 

proteins), with the identification of 105 unique proteins in decellularized hearts (Fig. 1D). 
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Matrisome proteins were identified by querying our cadaveric and decellularized lists of 

unique proteins with the UniProt database for the subcellular location search terms 

“extracellular matrix” and “basement membrane”, exclusively and combined, as defined 

cellular component terms by the Gene Ontology Consortium19, 20. Acellular heart scaffolds 

showed a marked retention of 36 matrisome proteins following the perfusion 

decellularization process (Fig. 1D). Normalized relative abundances of uniquely identified 

matrisomal proteins in both cadaveric and decellularized human myocardium were further 

categorized into ECM-protein families (Fig. 1E). The four largest ECM-protein families are 

conserved across cadaveric and decellularized cardiac matrix (collagens, laminins, fibrillins, 

and proteoglycans), with the largest relative contributions to the decellularized scaffolds 

being fibrillin-1, collagen IV, heparin sulfate, and laminin gamma-1. Whole lists of unique 

proteins for both cadaveric and decellularized myocardium are provided (Supplemental 

Tables II, III). Histological evaluation confirmed the retention of collagens (I, III, and IV), 

laminin, and fibronectin within acellular human heart scaffolds (Fig. 1F, Supplemental Fig. 

III). Cardiac matrix fiber composition and architecture were maintained, showing vacant 

spacing between fibers with a loss of nuclei and the cardiac myocyte marker myosin heavy 

chain. Insoluble adipose tissue matrix and lipid molecules remain on the epicardial surface 

after decellularization (Fig. 1A), but further histological analysis confirmed the absence of 

cells and preservation of matrix structure (Supplemental Fig. IV). In evaluation of how the 

decellularization process affects the material properties of the cardiac matrix scaffold, 

equibiaxial mechanical testing of transmural samples displayed similar moduli between 

cadaveric and decellularized samples, along both the base/apex axis (376.3 ± 191.7 vs. 370.8 

± 150.9 kPa) and the septum/free-wall axis (581.4 ± 325.5 vs. 451.4 ± 257.8 kPa; Fig. 1G). 

Anisotropic elastic behavior was measured by an “anisotropy ratio” comparing the 

difference and the sum of the two orthogonal moduli within a tissue sample. A value of zero 

indicates perfect biaxial isotropy while a value approaching one indicates a high degree of 

anisotropy. Cadaveric and decellularized samples exhibited measurable anisotropic ratios 

(0.314 ± 0.196 and 0.167 ± 0.158; Fig. 1H) that were statistically different from zero (p = 

0.0027 and p = 0.0086), but not statistically different from each other (p = 0.0984).

Immunogenic profile of decellularized human cardiac matrix

Taking a critical step towards the potential use of our human cardiac scaffolds in clinical 

applications, we assessed the immunogenic profile of perfusion-decellularized myocardium 

after subcutaneous implantation in Sprague-Dawley rats for two weeks. Comparisons were 

made versus cadaveric human myocardium, as well as decellularized porcine myocardium 

that was perfusion-decellularized in the same manner as donated human hearts described 

above16. Histological evaluation of explanted material by immunofluorescence showed a 

considerable number of CD68+ mononuclear cells in all three groups. There appeared to be 

a more discernable M1-macrophage proinflammatory response by cadaveric human and 

decellularized porcine myocardium, while decellularized human myocardium presented with 

a more definitive M2-macrophage immunomodulatory response (Fig. 2A). A CellProfiler 

image processing pipeline and CellProfiler Analyst were used to quantify macrophage 

phenotype across images (Supplemental Fig. V)21, 22. From all cells counted in each high-

power field (number of fields/group: 28 ± 1; number of cells/field: 1,152.5 ± 294.2), 

cadaveric human tissue contained 70.49 ± 1.72% CD68+ cells, while decellularized human 
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matrix contained 79.63 ± 3.22%, and decellularized porcine matrix contained 66.44 ± 6.17% 

CD68+ cells (Fig. 2B). Co-staining with CD80 demonstrated the presence of M1 

macrophage phenotype in cadaveric human tissue (63.13 ± 9.79%), decellularized human 

matrix (52.11 ± 7.05%), and decellularized porcine matrix (67.73 ± 3.01%) from all cells 

counted per field. Co-staining for CD163 on adjacent sections revealed that cadaveric tissue 

implants elicited only 38.30 ± 7.46% M2+ cells, while decellularized human matrix 

implants elicited 69.54 ± 8.44% and decellularized porcine matrix elicited 53.52 ± 6.80% 

M2+ immunomodulatory cells (p < 0.01). A CD163/M2+ macrophage response has 

previously been shown as an indication of reconstructive remodeling described in 

decellularized matrices23. During tissue explantation at the 2-week time point, blood 

samples were also collected to analyze whole blood and serum. Whole blood analysis did 

not indicate a statistical difference between any groups with respect to total white blood cell 

components (Supplemental Fig. VI). Sera were also tested against human leukocyte antigen 

(HLA) single antigen beads, where experimental groups were normalized to the sham group, 

and antibody reactivity to beads with specific HLA alleles was determined by mean 

fluorescence intensity (MFI) using HLA Fusion software (version 3.0; One Lambda). 

Implanted decellularized human matrix showed reactivity to only 2 HLA beads, yielding 

values of <100 MFI that are well below the positive cut-off value of 500 MFI (Fig. 2C). 

Implanted cadaveric myocardium showed reactivity to >50 HLA beads, yielding values that 

ranged between 5000 and 7900 MFI, and showing high reactivity against patient-specific 

HLA types attributed to the implanted cadaveric myocardium (Fig. 2C). The single antigen 

bead assay confirmed our qualitative assessment (by immunofluorescence) that the 

decellularization process removes HLA from the cardiac matrix as cells are removed (Fig. 

2D).

Decellularized coronary vasculature

In assessment of acellular coronary vasculature, DCD hearts had slightly lower coronary 

flow (Fig. 3A) and higher vascular resistance (Fig. 3B) compared to DBD hearts during 

detergent perfusion, but achieved similar flow and resistance by the end PBS washes. This 

initial difference did not reach statistical significance. Histological evaluation by 

pentachrome stain showed decellularized vasculature retained structural blood vessel 

features, with preservation of the intima, media, adventitia, and elastic laminas (Fig. 3C). 

Scanning electron microscopy further confirmed that the decellularization process removed 

all endothelial cells, without evidence of basement membrane disruption (Fig. 3D,E). 

Cardiac computed tomography scans revealed conservation of the conductance arteries of 

the coronary tree, showing structure and patent lumens stemming from the left and right 

main coronaries (Fig. 3F). Angiography of acellular hearts from patients presenting with 

coronary artery disease confirmed the preservation of perfusable coronary vessels, but 

revealed that the decellularization process does not resolve luminal narrowing related to 

atherosclerotic plaques (Supplemental Fig. VII). To visualize perfusion of microvasculature 

within decellularized hearts, we cannulated and directly perfused epicardial conductance 

arteries with resuspended 0.2 μm-diameter fluorescent microspheres, and tracked 

microsphere movement through mid-myocardial and endocardial regions using micro-

optical coherence tomography (μOCT). Using a Z-projection tool to generate a running 
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average from the acquired video sequences, we confirmed bead-flow through distinct 

pathways or microvascular channels (Supplemental Video I).

To evaluate the preservation of microvasculature, we perfused cadaveric human hearts and 

decellularized human hearts with radio-opaque silicone, and performed a systematic 

comparison of full-thickness left ventricular samples by micro-computed tomography 

(μCT). Reconstructions of high-resolution μCT images were made on full-thickness samples 

from the epicardial surface to the endocardium, revealing that the decellularized cardiac 

matrix retains an intact vascular hierarchy, with branching extensions with diameters on the 

order of ~10 μm (Fig. 3G). Analyzing two-dimensional μCT images from the epi-, mid-, and 

endocardial regions for the number of vessels normalized to tissue area found similar vessel 

densities and trends between the cadaveric and decellularized hearts (Fig. 3H). In the 

subepicardial region, no statistical difference in vascular density was found between 

cadaveric myocardium (15.94 ± 3.03 vessels/mm2) and decellularized matrix (13.44 ± 1.38). 

Likewise, both mid-myocardial and subendocardial regions showed no statistical difference 

in vascular densities between cadaveric myocardium (25.93 ± 0.40 and 20.64 ± 3.52, 

respectively) and decellularized matrix (22.44 ± 2.04 and 18.30 ± 3.6, respectively). Further 

analysis of the μCT images was done to measure the minor axis of vessel cross-sections as 

an indication of vessel diameter, which confirmed similar vessel-diameter distribution 

between the cadaveric and decellularized samples in all three myocardial sub-regions (Fig. 

3I,J).

In vitro cardiac differentiation of BJ RiPS

To examine the translational value of our approach, we sought to generate a clinically 

relevant number of human cardiac myocytes from a non-transgenic cell source. We therefore 

obtained and expanded human BJ fibroblast RNA-induced pluripotent stem cells (BJ RiPS, 

clone 1.1)24. To induce cardiac differentiation, we applied temporal modulation of canonical 

Wnt/β-catenin signaling to BJ RiPS cultured in monolayer25. We then mapped gene 

expression profiles of 15 markers by RT-PCR at different developmental stages (days 0, 3, 

5, 7, 14, 30, 60, 120, and 180) to monitor and define the profile of BJ RiPS through stages of 

cardiac differentiation and maintenance, and to define checkpoints for quality control 

required at a clinically relevant scale (Fig. 4A). Prior to the onset of differentiation at day 0, 

BJ RiPS exhibited definitive expression of classic pluripotency genes OCT4, SOX2, and 

NANOG. Treatment with Gsk3 inhibitor CHIR99021 for 24 hours markedly decreased 

OCT4, SOX2, and NANOG expression by day 3, while expression of genes typically found 

in mesendoderm and mesodermal tissues were elicited (MIXL1, T, ISL1, and GATA4). 

Starting on day 3, 48-hour treatment with Wnt inhibitor IWP4 decreased MIXL1, T, and 

ISL1 by day 5, while essential early-stage cardiac genes emerged (GATA4, NKX2.5, 

MEF2C, and TBX5). By day 7 through day 14 in cardiac maintenance media, definitive late-

stage cardiac genes became expressed (MYH6, MYH7, MYL2, and TNNT2), as large areas 

of differentiated cardiac myocytes began spontaneously contracting by day 14 

(Supplemental Video II). Early- and late-stage cardiac markers tended to increase by day 30, 

and expression persisted through days 60, 120, and 180 post-differentiation. By day 180, 

most cardiac genes appeared to taper, which is consistent with observations of decreased 

contractility within culture plates. In conjunction with increased cardiac gene expression, BJ 
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RiPS-derived cardiac myocytes isolated between days 30 and 60 post-differentiation showed 

positive cardiac protein expression and structure for sarcomeric α-actinin, cardiac troponin 

T, and myosin heavy chain by immunofluorescence (Fig. 4B). Cardiac protein expression in 

day 30–60 cardiac myocytes was further confirmed by flow cytometry, yielding high 

populations positive for sarcomeric α-actinin and cardiac troponin T (Fig. 4C), achieving 

differentiation efficiencies of >85%. As day 30–60 cardiac myocytes appeared to be most 

robust for cardiac gene and protein expression, cells within this time frame were 

enzymatically dispersed and isolated for seeding experiments.

Recellularization of myocardial slices and fibers

To test whether perfusion-decellularized human cardiac matrix can support engraftment of 

cardiac myocytes and enable myocardial tissue formation, we reseeded matrix sections (200 

μm) with human iPS-derived cardiac myocytes in non-perfused two-dimensional culture 

(Fig. 5A). Acellular human heart matrix (Fig. 5Ai) supported the attachment, viability, and 

function of human cardiac myocytes (Fig. 5Aii) by evidence of spontaneously contracting 

slices within 4–7 days of culture. Serving as an early milestone for creating force-generating 

cardiac tissue, functional myocardial slices were robust and could be maintained for 120 

days in culture. To characterize the mechanical function, we first used high spatial-

resolution imaging (high density mapping, HDM)26 to determine the area deformation of 

small defined regions of interest (Supplemental Fig. VIII). By independently analyzing 

matrix-seeded cardiac myocytes, as well as the underlying cardiac ECM within the same 

region (20 μm below the slice surface), we confirmed stable cell-matrix interaction and 

quantified the degree to which cell contractility translated to matrix deformation. In 

spontaneously contracting slices, cardiac myocytes achieved 0.59 ± 0.26% area strain at a 

natural frequency of 1.36 ± 0.32 Hz, which translated to 0.47 ± 0.17% area strain of the 

ECM with an average natural frequency of 1.38 ± 0.43 Hz (Fig. 5B). Functional myocardial 

slices could be electrically paced at 1 Hz or 2 Hz, and data for both cells and matrix could be 

captured at consistent dominant frequencies (Fig. 5B). Area strain of myocardial matrix 

could be significantly increased to 1.55 ± 0.55% when paced at 1 Hz, and decreased to 1.02 

± 0.31% when paced at 2 Hz. The technique to measure in vitro area strain is concurrent 

with the in vivo regional cardiac functional metric of systolic area contraction27. 

Regenerated human myocardial slices achieved strain below normal adult myocardium 

(~20%), however, the integration of human cardiac myocytes with human heart matrix 

formed mechanically active tissue on the same order of magnitude as compliant ECM 

cardiac patches tested in vivo (~4%)27.

Moving to a more physiologic three-dimensional model, we reseeded non-perfused cardiac 

fibers (15 mm length, 2.5 mm diameter) cut from the left ventricular free wall of 

decellularized cardiac scaffolds (Fig. 5C). Reseeded cardiac fibers supported the attachment, 

viability, and function of human cardiac myocytes by evidence of spontaneously contracting 

tissue within 7–10 days, which could be maintained for 60+ days in culture (Supplemental 

Video III). Using micro-optical coherence tomography (μOCT) that allows for imaging 

contractility 250 μm within cardiac fibers with high spatial and temporal resolution (Fig 5C, 

Supplemental Video IV)28, we then applied HDM and post-processing analysis for strain 
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analysis. Areas 100–200 μm within spontaneously contracting cardiac fibers achieved 8.32 ± 

0.74% strain (Fig. 5D) at a frequency of 1.49 ± 0.06 Hz (Fig. 5E).

We measured force generation on myocardial slices by measuring deflections of contractile 

nodes using a custom setup for adhered slices (Supplemental Fig. IX,A). Force could be 

measured in spontaneously contracting cardiac tissues, and was modulated by electrical 

pacing (Fig. 5F). Spontaneously beating areas within unstimulated slices generated 

14.93±3.85 μN of contractile force, which was decreased to 10.30 ± 2.81 μN when 

electrically stimulated at 2 Hz. Force generation in human myocardial slices was orders of 

magnitude higher than single human iPS-derived cardiac myocytes29, 30, achieving 33.8% of 

native murine embryonic heart tissue (53.0±15.5 μN)31, suggesting multicellular contractile 

tissue formation.

Using a more traditional setup to measure contractile force in muscle tissue (Supplemental 

Fig. IX,B), spontaneously contracting cardiac fibers generated 102.7 ± 76.3 μN of force, 

while electrical pacing at 2 Hz could increase force generation to 124.1 ± 94.7 μN (Fig. 5G) 

by recruiting more recellularized areas to contract in synchrony as a syncytium. Force 

curves measured from both myocardial slices and cardiac fibers were further analyzed to 

assess amplitude, period, time to 50% relaxation (TTR50), and time to 90% relaxation 

(TTR90) under different pacing conditions (Fig. 5H, Supplemental Fig. X). Cardiac fibers 

generated contractile force at an order of magnitude higher than myocardial slices, while 

decreasing trends for period, TTR50, and TTR90 were similar for both constructs (Fig. 5H). 

Captured frequencies of both slices and fibers effectively correlated with pacing frequencies 

(Supplemental Fig. XI). Loading fiber-seeded cardiac myocytes with voltage-sensitive di-8-

ANEPPS dye, cardiac fibers were tested in a custom pacing and imaging chamber to 

perform voltage mapping of cardiac electrical activity. Fibers paced with 10 V at 1 Hz 

generated electrical conductivity that could be mapped across large surface-areas, with a 

conduction velocity of 32 ± 56 cm/s (Fig. 5I). Action potentials at multiple points within 

conduction areas were assessed based on relative fluorescence intensity signal, with an 

average action potential duration at 80% (APD80) of 405 ± 116 ms. Immunofluorescent 

staining of reseeded fibers for cardiac markers sarcomeric α-actinin, cardiac troponin T, and 

myosin heavy chain showed large areas of cardiac myocytes with a striated phenotype, and a 

high degree of alignment (Fig. 5J). Further analysis by transmission electron microscopy 

(TEM) confirmed cardiac myocyte elongation and myocardial tissue formation, 

demonstrated by aligned myofibrillogenesis (Fig. 5K, left panel) and definitive sarcomeric 

structures (right panel).

Whole-heart experiments

Whole-heart recellularization experiments were carried out using a custom human heart 

bioreactor capable of providing coronary perfusion and LV wall mechanical stimulation 

(Fig. 6A). Mechanical stimulation was achieved by oscillating the pressure inside a balloon 

placed within the LV to determined targets, thus imparting strain to the LV wall (Fig. 6B). 

Validation of strain delivery with oscillating balloon pressure was performed using HDM on 

the presumed reseeding area of the LV wall of a decellularized porcine heart under 

mechanical stimulation in our bioreactor (Fig. 6C, Supplemental Video V).
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We reseeded whole acellular human hearts with ~500 million human BJ RiPS-derived 

cardiac myocytes by making 5 intramyocardial injections into the basal anterior and mid 

anterior segments of the left ventricle (using ~500 μL/injection, for total volume of 2.5 

mLs), between the left anterior descending and left circumflex coronary arteries (Fig. 6D). 

To improve cell retention, we adopted a technique in which mattress sutures were tied at 

each injection point before needle extraction to minimize cell loss (Fig. 6E)32. LV balloons 

were implanted through the mitral valve post cell delivery to prevent balloon puncture, and 

then pre-filled to fully occupy the ventricular cavity. Recellularized human hearts were then 

mounted in the human heart bioreactor to provide antegrade perfusion to the main coronary 

arteries and cultured for 14 days, with matrix strain stimulation starting on day 7 of culture 

(Fig. 6F, Supplemental Video VI).

Metabolic function was monitored during culture by sampling perfusate from the coronary 

sinus to compare against baseline media (Table 1). Over consecutive 48-hour culture periods 

for 10 days, no significant differences were found for measures of pH, pO2, pCO2, HCO3, 

TCO2, or percent O2 saturation. However, a significant decrease of glucose suggested 

consumption (baseline: 186.33 ± 1.53 mg/dL, culture: 155.75 ± 6.70 mg/dL, p < 0.01). 

Conversely, significant lactate production was detected (baseline: 0 mmol/L, culture: 2.44 ± 

0.19 mmol/L, p < 0.01).

After 14 days in culture, we performed electromechanical functional analysis on the 

regenerated myocardium, using a bench-top perfusion setup. Electrical stimulation was 

delivered through cardiac leads placed within the anterolateral wall of the left ventricle (0.8 

Hz, 10–80 V, 5 ms). Stimulated myocardium generated visible contractions (Supplemental 

Video VII), with recordable repolarizations (Fig. 7A). Using a force transducer to measure 

force based on deflections of contracting regions on the epicardial surface, continuous 

electrical stimulation at 0.8 Hz could generate regional contractions measuring ~350 μN 

(Fig. 7B). By introducing a pressure transducer into the LV balloon and pre-filling the 

balloon to an isovolumetric pressure of 20 mmHg, stimulated myocardial contractions 

generated developed pressures of 2.4 ± 0.1 mmHg, with a dP/dt max of 139.7 ± 5.7 

mmHg/s, a dP/dt min of 41.6 ± 3.5 mmHg/s, and a calculated tau of 47.3 ± 10.6 ms (Fig. 

7C). Using an 8x8-pin plaque electrode array with pins spaced 2.54 mm apart, spontaneous 

depolarizations could be detected across the recellularized myocardium with action potential 

durations of 322 ms (Fig. 7D).

Histological analysis revealed dense regions of engrafted iPS-derived cardiac myocytes in 

the depth of the left ventricular wall, indicated by large areas of myosin heavy chain (MHC) 

positive cells in successive sections throughout recellularized volumes (Fig. 7E). By linear 

interpolation of the areas of MHC-positive signal in tissue sections across reseeded regions, 

we detected a tissue repopulation of up to 50% within the target region of 5 cm3 (Fig. 7F, 

Supplemental Table I). Coronary perfusion during whole heart culture provided sufficient 

nutrient and oxygen supply to maintain >90% viability after 14 days in culture (Fig. 7G). 

Trichrome staining of recellularized areas confirmed engraftment, with reseeded cells 

integrating with cardiac matrix (Fig. 7H). Recellularized regions of whole-heart scaffolds 

contained large areas of cardiac myocytes that expressed sarcomeric α-actinin, cardiac 

troponin T, and myosin heavy chain by immunofluorescence (Fig. 7I). Reseeded cardiac 
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myocytes within biomimetically stimulated hearts appeared to demonstrate a range of 

maturity, where some cardiac myocytes showed rounded immature sarcomere formation, 

while other cardiac myocytes displayed elongated and striated phenotypes.

DISCUSSION

Loss of viable myocardium leads to architectural and functional decline, and ultimately 

results in the development of heart failure. Bioengineered myocardium generated from 

patient derived cells could provide an alternative to allo-transplantation and mechanical 

support. Recent reports on the native extracellular matrix platform and robust protocols for 

directed differentiation of human pluripotent stem cells provide key building blocks that 

could be combined towards that goal. Herein, we describe regeneration of functional human 

myocardial tissue constructs based on decellularized human cardiac ECM and human iPS-

derived cardiac myocytes, and report four technical milestones that are paramount for 

bringing this technology closer to clinical relevance: the generation of biocompatible 

acellular whole organ scaffolds from discarded human donor hearts by perfusion 

decellularization, which elicit a more modulatory immunological response; the directed 

differentiation of adult derived, non-transgenic iPSC to generate cardiac myocytes at a 

clinical scale; the engraftment of human iPS derived cardiac myocytes on native ECM for 

the development of functionally contractile tissue; and the up-scaling to biomimetic organ 

culture to generate functional myocardial tissue in the context of a human heart.

Perfusion decellularization has been applied to hearts from several species15, 33–35. Through 

collaboration with the New England Organ Bank and thanks to the generous gift of organ 

donors and their families, we had access to hearts not used for transplantation. We followed 

a previously published detergent based perfusion decellularization protocol to generate 

scaffolds of reproducible characteristics15, 36, 37. In our studies, the increased warm ischemia 

time and potentially incomplete heparinization of DCD donors did not have any detectable 

detrimental effect on the decellularization process or the resulting scaffold when compared 

to hearts from DBD donors. This finding is of importance, given that approximately 1,600 

DCD donor hearts are currently available per year in the US3, 38, and this number is 

expected to increase39–41. While human donors represent a more heterogeneous pool 

compared to well-characterized porcine donor herds, current organ donation, allocation, and 

procurement infrastructures are well established, and donors undergo extensive screening to 

ensure freedom from pathogens. Furthermore, differences in anatomy and physiology 

between porcine and human hearts (e.g. shape, pulmonary venous anatomy) may prove to be 

relevant in regenerated myocardial grafts42, 43. From a regulatory perspective, perfusion 

decellularized human heart matrix could be a readily available and safe first step on a 

pathway towards clinical translation.

As has been reported in other human organs44, decellularization of hearts with structural 

disease and atherosclerotic lesions yielded scaffolds with corresponding matrix defects. In 

line with prior work15, 36, 45, we found preservation of a hierarchical network of macro- and 

microvascular channels after decellularization, providing the foundation for the formation of 

metabolically active myocardium. Our analysis revealed preserved vascular density and 

binned diameter distribution in decellularized myocardium compared to cadaveric controls 
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and data reported in human hearts and animal models46, 47. Using high resolution μCT 

imaging (6 μm), this finding extended to comparable lower-boundary density and 

distribution of small-diameter vessels (<80 μm) in decellularized and cadaveric hearts. 

Though there was no statistical difference found in vessel density across regions, 

decellularized hearts tended to demonstrate slightly lower densities, visibly noticeable in the 

μCT of mid- and endocardial regions. This presents a technical limitation, as the loss of 

endothelium and tissue-turgor make the recruitment of deeper vascular conduits more 

challenging. For culture of recellularized hearts, perfusion pressure must be increased 

towards the higher-end of physiological range in order to ensure media flow to reseeded 

regions. Active and passive mechanical properties of native myocardium are a result of 

mutually orthogonal fiber directions and play a key role in translating mechanical function 

from cells, to tissue, and to organ.48. In human hearts, perfusion decellularization did not 

affect the anisotropic behavior of myocardium upon passive mechanical testing, indicating 

the preservation of the native fiber framework within the myocardial matrix49. Artificial 

scaffolds designed to reproduce some of the anisotropic behavior of myocardial tissue have 

been repopulated with cardiac myocytes to create engineered myocardial tissue grafts with 

anisotropic properties50, 51. However, reproduction of the multidimensional complexity of 

native cardiac fiber architecture in a synthetic whole organ scaffold has not been 

accomplished to date. Based on our results we concluded that perfusion decellularization of 

whole human hearts captures a structural blueprint that could guide the formation of 

electrically and mechanically orthotropic myocardium.

In the present study, perfusion decellularization of human hearts resulted in acellular 

scaffolds consisting of major extracellular matrix components such as collagens, elastin, and 

glycosaminoglycans, which is in line with similar data published in other organ systems and 

species15, 36, 37, and decellularized human heart sections52. Quantitative analyses of 

extracellular matrix components were similar in DCD and DBD hearts, with preservation of 

insoluble collagen and glycosaminoglycans, and reduction of soluble collagen and elastin. 

This is consistent with a loss of mainly immature collagen, while more mature, crosslinked, 

high-strength collagen is preserved53. Histological and immunohistochemical analysis 

showed absence of nuclei and cytoplasmic components such as myosin heavy chain. Further 

compositional analysis using mass spectrometry-based label-free proteomics revealed an 

89.14% reduction of total protein content to 105 proteins and confirmed preservation of 36 

matrisome proteins, including important structural proteins such as fibrillin-1, collagen IV, 

collagen VI, and laminin. The relevance of the observed low level of intracellular cardiac 

peptides within the cardiac scaffolds for recellularization and transplantation has yet to be 

determined. The potential clinical value of any organ matrix depends on complete removal 

of cell surface xeno- or allo-antigens, and substantial reduction of residual double stranded 

DNA. Perfusion decellularized human heart matrices contained less DNA than the currently 

accepted standard for biomesh implants, and could therefore be compatible with clinical 

transplantation17. We further confirmed absence of human leukocyte antigens by 

immunostaining of decellularized hearts, and the absence of antibody induction in an 

immunocompetent animal model in vivo. While we did not observe the generation of panel 

reactive antibodies, decellularized human heart matrixes promoted a CD163 heavy 

macrophage response, consistent with reconstructive remodeling described in non-
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crosslinked, decellularized matrix implants23, 54–56. Notably, decellularized porcine 

myocardium showed a similar immunogenic profile as decellularized human myocardium 

by histology, although we did not examine the humoral response to porcine matrix. These 

early results hold promise from a device perspective, since in vivo remodeling and graft 

homeostasis will depend on the absence of chronic inflammation and the promotion of a 

reconstructive response57.

Since induced pluripotent stem cells were first described, the generation of human iPS-

derived cardiac myocytes holds immediate promise for cardiac applications58, 59. In cardiac 

regeneration, techniques have been developed for the delivery of human iPS-derived cardiac 

myocytes to improve cardiac function post-infarct7, 60, provide cardioprotection61, and 

enhance homing and survival in infarcted myocardium62. These approaches build on the 

extensive body of literature on ES derived cardiac myocytes, which have been recently 

reported to mediate myogenesis in a primate model of cardiac repair32. In parallel, the field 

of myocardial tissue engineering has provided a solid foundation for protocols to repopulate 

various scaffold materials with human iPS-derived cardiac myocytes and create functional 

tissue7, 34, 63–66. Our intent was to combine the techniques of directed differentiation and the 

principles of myocardial engineering to generate human myocardial grafts of clinical 

relevance, for applications in high-throughput screening and as a foundational basis for 

creating human myocardial grafts of clinically relevant scale.

With potential translation in mind, we chose to derive cardiac myocytes from a non-

genetically altered pluripotent cell source that could be generated from patient-derived 

somatic cells via repeated administration of synthetic messenger RNAs67, 68.. This method is 

characterized by lack of vector integration, high efficiency, and low rate of chromosomal 

abnormalities, and has been validated by several human reprogramming laboratories69. In 

order to generate cardiac myocytes at a clinically relevant scale, we adapted a directed 

differentiation protocol based on temporal modulation of canonical Wnt/β-catenin signaling 

to BJ RiPS cultured in monolayer25. This method yielded 5x108 cardiac myocytes with 

reasonable use of resources and workload in the setting of an academic laboratory. In vitro 

differentiation of pluripotent stem cells recapitulates the sequential stages of embryonic 

cardiac development70. Therefore, with Wnt/β-catenin signaling25, we identified definitive 

stages for the development of precardiac mesoderm (day 3), cardiac mesoderm (day 5), heart 

field specific progenitors (day 7), and iPS-derived cardiac myocytes (days 14, 30, 60, 120, 

and 180). While embryoid body methods have been applied to this cell line previously71, we 

show that this protocol is highly reproducible for the cardiac differentiation of BJ RiPS, and 

demonstrates a facile method to generate a clinical number of cardiac myocytes with a high 

efficiency.

Using three-dimensional models of increasing complexity we were then able to document 

the formation of mechanically and electrically active myocardial tissue. In slice experiments, 

we first confirmed biocompatibility, cell-mediated matrix deformation, and force generation. 

The formation of contractile tissue on myocardial slices is evidence of reestablishment of 

cell-cell adhesions, as well as cell matrix coupling, which are essential features of the 

myocardial microenvironment72. Despite being a stationary model, the observed 

development of strain and force generation in cardiac slices further confirms that native 
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ECM provides a physiologic microenvironment known to be beneficial to pluripotent cell-

derived cardiac myocytes and myofibers13, 73. In a second set of experiments, we scaled 

native ECM recellularization to myofibers of 15 mm in length and 2.5 mm in diameter. An 

improvement to stationary slices, but still non-perfused, the resulting tissue showed 

improved cell engraftment and orientation, increased strain and force generation, electrical 

conductivity, and improved fiber microarchitecture. This is in line with the observation that 

physiologic substrate stiffness improves contractility of neonatal and iPSC derived cardiac 

myocytes74, 75. The observed improvement in dynamic electrical and mechanical tissue 

function in fibers may further be related to improved rigidity matching and resulting cardiac 

myocytes-tissue synchronization within the native cardiac ECM76.

Generation of tissue constructs of clinical value, either as whole heart grafts or myocardial 

implants ultimately requires regeneration of human myocardium on a whole organ 

scale 32, 63, 77, 78. We therefore attempted tissue assembly in whole human heart matrices 

similar to prior reports in rat and mouse hearts15, 79. Depending on its size, nearly one 

billion cardiac myocytes are lost due to a myocardial infarction (MI)80, while several billion 

cardiac myocytes would be required to completely repopulate an acellular human heart. To 

examine the clinical feasibility of myocardial regeneration, we attempted to deliver ~500 

million cardiac myocytes to a highly vascularized ~5 cm3 volume of the left ventricle, 

between the left anterior descending and left circumflex coronary arteries. Efficient cell 

delivery with minimal matrix damage could be achieved via five injections to multiple 

depths within the ventricular wall over a square epicardial region (Fig. 6E).

To enable tissue development, we designed and built a biomimetic bioreactor system to 

accommodate whole heart scaffolds, largely based on reported isolated working heart 

models, and the well documented role of mechanical stimulation in the formation of 

myocardial tissue constructs81–84. Media perfusion via the native coronary vascular channels 

provided sufficient nutrient and oxygen supply to enable the formation of myocardial tissue 

within the context of the whole heart scaffold. After a culture period of 14 days, repopulated 

myocardial segments were metabolically active, provided contractile function, and 

responded to electrical stimulation. Myocardial tissue was immature, showing a range of 

rounded to elongated sarcomeric phenotypes, which corresponds to reported morphologic 

features of developing myocardium85, 86 and the in vivo fate of pluripotent cell derived 

cardiac myocytes87. This endpoint was chosen based on the need to analyze cell viability 

and tissue formation, however, full maturation will likely require longer culture times and 

improved biomimetic regimens.

While we believe that the present data set proves the translational value of the human 

acellular matrix platform and the ability to generate myocardial tissue of clinically relevant 

origin and platform, the present experiments did not aim to achieve full recellularization of 

the myocardium of an entire human heart. Several challenges lie ahead in bringing this 

technology to clinical scale and applications. Full recellularization of the myocardial matrix 

and valve structures are necessary for generating sustainable ventricular pump function. 

Achieving this necessitates improved recellularization techniques to enhance cell coverage 

without damaging the matrix (e.g. uni-directional or bi-directional vascular techniques). 

Additionally, biomimetic culture conditions (i.e. static or dynamic stretch, electrical 
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stimulation, media components) must be optimized to elicit the maturity of reseeded cardiac 

myocytes and drive tissue development. Considerations should potentially be made to donor 

matrix age and composition, for the promotion of improved cell-matrix integration. A 

larger-scale immunological study is needed for a more complete understanding host-

response to cardiac matrices over time, as well as to understand the modulatory or 

reconstructive effects on the matrix. Importantly, techniques to achieve and test for complete 

re-endothelialization are critical in clinical application for the maintenance of blood-flow 

throughout the organ (i.e. vascular recruitment) and to prevent matrix-induced blood 

coagulation. The present study provides a foundational toolset to generate grafts of human 

scale for therapeutic applications, and multiple model platforms to generate patient derived 

human myocardium of different scales for analytical purposes. Undoubtedly, many hurdles 

towards the regeneration of whole heart grafts remain, including the need for complete re-

endothelialization, repopulation of the valvular apparatus, and re-establishment of a 

functional conduction system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

ECM extracellular matrix

DCD donation after cardiac death

DBD donation after brain death

iPSC induced pluripotent stem cell

BJ-RiPS BJ fibroblast RNA-induced pluripotent stem
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µOCT micro-optical coherence tomography

APD80 action potential duration at 80%

MFI mean fluorescence intensity

HDM high density mapping

TTRX time to X% relaxation

µCT micro-computed tomography

SDS sodium dodecyl sulfate (cells)

HLA human leukocyte antigen
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Currently, heart transplantation remains the only curative option for replacing 

necrotic cardiac tissue and sustaining longer-term survival in patients with heart 

failure.

• The creation of bioengineered myocardium, either in the form of a cardiac tissue 

graft or a bioartificial heart, theoretically holds the promise to improve 

contractile function to the injured heart.

What New Information Does This Article Contribute?

• Human hearts were decellularized using aseptic pressure-controlled perfusion to 

create acellular cardiac scaffolds with preserved extracellular matrix 

components, architecture, material properties, and microvasculature.

• Characterization of the acellular human scaffolds with thorough proteomics, 

microvasculature, and immunogenicity analyses.

• Human cardiac myocytes were derived from a non-transgenic induced 

pluripotent stem cell line, to generate cardiac myocytes at a clinically relevant 

scale, and create force-generating human myocardial-like tissue slices, fibers, 

and ventricular segments on whole-heart scaffolds.

In a first step towards the creation of bioartificial myocardium, we sought to engineer 

myocardial tissue that combines acellular human cardiac matrix and clinically relevant 

human iPS-derived cardiac myocytes. We used a new pressure-controlled perfusion 

system to aseptically decellularize human hearts. The resulting acellular human cardiac 

scaffolds were void of cellular material, while maintaining matrisomal content and 

extracellular matrix structure. Immunogenicity studies confirmed the removal of human 

leukocyte antigens, while also eliciting a reconstructive remodeling response when 

implanted in vivo. Casting analysis determined that acellular scaffolds contained a 

preserved microvasculature, with a vessel distribution similar to cadaveric hearts. Using a 

directed cardiac differentiation protocol on a non-transgenic induced pluripotent stem 

(iPS) cell line, we generated a clinically relevant number of human cardiac myocytes. We 

then reseeded acellular human cardiac matrix with human iPS-derived cardiac myocytes 

to create force-generating myocardial-like tissues of increasing three-dimensional 

complexity. Recellularized cardiac slices and fibers could be maintained for 120 days in 

culture, showing increased sarcomeric structure and electromechanical function. We then 

upscaled these techniques to partially recellularize intact hearts, to show that functional 

myocardial tissue could be built on a whole-heart platform.
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Figure 1. Biological and mechanical characterization of decellularized human myocardium

A. A human heart before (i), during (ii), and after (iii) pressure-controlled perfusion 

decellularization.

B. DNA content of decellularized myocardium pre- and post-perfusion with nuclease (n = 3 

hearts). Normalized to tissue wet weight. Error bars are standard deviation. Asterisk (*) 

indicates p < 0.05 compared to pre-perfusion with nuclease.

C. Biochemical analysis for insoluble collagen (hydroxyproline), soluble collagen, α-elastin, 

and sulfated glycosaminoglycans (s-GAGs) on normal cadaveric human myocardium (C, n 

= 5 hearts), decellularized human cardiac matrix from hearts donated after brain death (B, n 

= 4), and decellularized human cardiac matrix from hearts donated after cardiac death (D, n 

= 4). Three tissue samples were analyzed per heart per component and the average of those 

three was used as the representative value for the component in that heart. Normalized to 

tissue wet weight. Error bars are standard deviation. Asterisks (*) indicate p < 0.05 

compared to cadaveric condition.

D. Number of unique proteins identified through proteomics analysis in cadaveric (C) and 

decellularized (D) human myocardium. Total (black) represents all unique proteins 

identified. Matrisome (white) represents proteins in the total known to be part of the 
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extracellular matrix and/or basement membrane. Other (grey) represents non-matrisome 

proteins in the total.

E. Left: Pie charts of major components (collagens, laminins, fibrillins, and proteoglycans) 

in the cadaveric and decellularized matrisome based on normalized relative abundance. 

Right: Stacked bar charts illustrating further breakdown of the major components into 

specific identified proteins.

F. Immunohistochemical staining of decellularized human myocardium for collagens I, III, 

IV, laminin, fibronectin, and myosin heavy chain (MHC). Scale bar, 250 μm, except MHC, 

100 μm.

G. Biaxial mechanical testing of cadaveric (C, n = 8 hearts) and decellularized (D, n = 10 

hearts) human myocardium. B/A, base to apex axis. S/FW, septum to free-wall axis. Error 

bars are standard deviation.

H. Anisotropy observed in biaxial mechanical testing of cadaveric (C, n = 8 hearts) and 

decellularized (D, n = 10) human myocardium. Error bars are standard deviation.

Guyette et al. Page 23

Circ Res. Author manuscript; available in PMC 2017 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Immunological characterization of decellularized myocardium

A. Staining of macrophage markers CD68, CD80, and CD163 in human cadaveric (C), 

human decellularized (D), and porcine decellularized (P) myocardium tissue samples after 

two weeks implantation in a rat model. Scale bars, 100 μm.

B. Quantification of CD68+, CD68+/CD80+, and CD68+/CD163+ cells in human cadaveric 

(C, n = 3), human decellularized (D, n = 3), and porcine decellularized (P, n = 3) explants as 

a percentage of total identified cells in the field (3–5 fields averaged per explant) after two 

weeks implantation in a rat model. Error bars are standard deviation. Asterisk (*) indicates p 

< 0.05 between groups using an ANOVA with Tukey’s post-hoc test.
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C. HLA single antigen bead reactivity of implanted decellularized (i) and cadaveric (ii) 

human matrix, with mean fluorescence intensity (MFI) plotted against beads with specific 

HLA alleles (generated using HLA Fusion software, version 3.0). Asterisks (*) indicate 

beads presenting donor-specific antigens. MFI values annotated for increased readability.

D. Immunofluorescence detection of HLA in cadaveric and decellularized human 

myocardium. Scale bar, 100 μm.
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Figure 3. Characterization of vasculature in decellularized human myocardium

A. Mean flow rates of each solution under constant pressure perfusion for non-DCD (n = 3 

hearts) and DCD (n = 4) populations. Error bars are SEM.

B. Mean vascular resistance calculated under constant pressure perfusion for non-DCD (n = 

3 hearts) and DCD (n = 4) populations. Error bars are SEM.

C. Pentachrome staining of decellularized LAD coronary artery. Adventitia (a), tunica media 

(m), tunica intima (i), exterior elastic lamina (ext), interior elastic lamina (int). Scale bar, 

500 μm. Color indications: elastic fibers – black, collagen – yellow, fibrin – red, mucins – 

blue to green.

D. Scanning electron micrograph of cadaveric LAD coronary artery. Dotted white square 

indicates region of higher magnification. Scale bar, 500 μm (left) and 20 μm (right).

E. Scanning electron micrograph of decellularized LAD coronary artery. Dotted white 

square indicates region of higher magnification. Scale bar, 500 μm (left) and 20 μm (right).

F. Cardiac CT of a decellularized human heart. Left panel: long axis view. Right panel: 

posterior view. LCA, left coronary artery. LAD, left anterior descending coronary artery. 

OM, obtuse marginal coronary artery. LCX, left circumflex coronary artery. RCA, right 

coronary artery. AM: acute marginal coronary artery.
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G. Three-dimensional reconstruction of microvasculature in a left ventricular segment of 

decellularized human heart. Scale bar, 1 mm.

H. Vessel density in epicardium, mid-myocardium, and endocardium of cadaveric (C, n = 3) 

and decellularized (D, n = 7) heart samples.

I. Distribution of vessel sizes in the epicardium, mid-myocardium, and endocardium of 

cadaveric human heart samples (n = 3).

J. Distribution of vessel sizes in the epicardium, mid-myocardium, and endocardium of 

decellularized human heart samples (n = 7).
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Figure 4. Generation of human iPS-derived cardiac myocytes

A. Timeline of human iPSC differentiation into late stage cardiac myocytes (days 0, 3, 5, 7, 

14, 30, 60, 120, and 180) with corresponding gene activation as measured by PCR (n = 3). 

Error bars are standard deviation. Flow chart relates culture time with media, supplement, 

and cell type.

B. Immunofluorescence staining on differentiated cells isolated between days 30–60 for 

cardiac markers α-actinin, troponin T, and myosin heavy chain (MHC). Scale bars, 50 μm.

C. Flow cytometry analysis of a representative culture of human iPS-derived cardiac 

myocytes positive for α-actinin (left) and troponin T (right), isolated between days 30–60 

post-differentiation.
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Figure 5. Generation of functional tissue constructs based on decellularized human myocardium

A. Cardiac matrix slices: decellularized human cardiac matrix slice (200 μm) in a culture 

well (i), seeded with iPS-derived cardiac myocytes (ii) for 120-day culture. Ruler ticks are 1 

mm.

B. Area strain of matrix-seeded iPS-derived cardiac myocytes and underlying cardiac 

matrix, comparing spontaneous contraction (U, n = 5 beating areas) with electrical 

stimulation at 1 Hz (n = 4) and 2 Hz (n = 4). Error bars are standard deviation. Black and 

blue asterisks (*) indicate p < 0.05 compared to unstimulated cells and matrix, respectively.

C. Left: Macro image of a reseeded cardiac fiber. Scale bar, 5 mm. Right: Representative 

μOCT still-frame, depicting a longitudinal cross-section within a reseeded cardiac fiber. Red 

shading indicates example HDM region of interest. Scale bar, 100 μm.

D. HDM computed area strain under unpaced conditions (n = 4 fibers). Error bar indicates 

standard deviation.

E. HDM-captured frequencies under unpaced conditions (n = 4 fibers). Error bar indicates 

standard deviation.

F. Representative force curves of a single contractile area within a myocardial slice, 

depicting force modulation under unpaced (solid line) or paced conditions (dashed line).

G. Representative force curves of a single reseeded cardiac fiber, depicting force modulation 

under unpaced (solid line) or paced conditions (dashed line).

H. Mean amplitudes, periods, times to 50% relaxation (TTR50), and times to 90% relaxation 

(TTR90) of captured force-curves of slices (gray squares; n = 9, 9, 9, & 3 for unpaced, 1 Hz, 

2 Hz, and 3 Hz respectively) and fibers (red triangles; n = 4, 3, 4, & 2 for unpaced, 1.5 Hz, 2 
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Hz, and 2.5 Hz respectively) under paced and unpaced (U) conditions. Error bars are 

standard deviation.

I. Conductivity map (left) and example action potential (right) from a reseeded cardiac fiber.

J. Immunofluorescence staining on reseeded cardiac fibers for cardiac markers α-actinin, 

troponin T, and myosin heavy chain (MHC). Scale bars, 25 μm.

K. Transmission electron micrographs of recellularized cardiac fibers. Dashed black box 

indicates region of higher magnification. Left panel: red arrows indicate Z-bands, mt 

indicates regions of mitochondria. Right panel: Z, I, A, H, & mt indicate Z-bands, I-bands, 

A-bands, H-bands, and mitochondria respectively. Scale bars, 2 μm and 500 nm for left and 

right panels respectively.
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Figure 6. Human heart bioreactor

A. Schematic layout of the human heart bioreactor. Arrows indicate fluid flow directions.

B. Diagram of mechanical stimulation in the human heart bioreactor. μ, strain; P, pressure; 

Q, volumetric flow; MV, mitral valve.

C. Representative LV-pressure vs. matrix strain curve during mechanical stimulation in the 

human heart bioreactor (3 cycles plotted, starting with blue and ending with red), determined 

by HDM analysis on the epicardial surface of the heart (inset) through biomimetic cardiac 

cycles.

D. Recellularization of human acellular cardiac scaffolds by intramyocardial injection 

between the left anterior descending artery and the left circumflex artery.

E. Recellularized human acellular cardiac scaffold inside of the bioreactor organ chamber 

during biomimetic culture. Black arrows indicate intramyocardial injection locations. Red 

arrows indicate media perfusion into main coronary arteries. Blue arrows indicate fluid flow 

into left ventricle balloon during mechanical stimulation.

F. Example pressure (top) and flow rate (bottom) traces in the coronary arteries (red) and 

left ventricle (blue) during mechanical stimulation in the human heart bioreactor.
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Figure 7. Repopulation of decellularized human myocardium in whole hearts with human iPS-
derived cardiac myocytes

A. Electrocardiogram of a recellularized acellular cardiac scaffold during electrical 

stimulation (pacing).

B. Force trace of recellularized myocardium under electrical stimulation at 0.8 Hz.

C. Left ventricular pressure development in a recellularized human acellular cardiac scaffold 

under electrical stimulation at 0.8 Hz including corresponding mean ± SD peak pressure (P), 

max dP/dt, min dP/dt, and tau (n = 6 pressure pulses).

D. Conductivity map (top) and action potentials (bottom) taken from the epicardial surface 

of a reseeded human heart. Heat map legend labels indicate millisecond intervals.

E. Schematic of seeding volume estimation based on myosin heavy chain (MHC, red) 

staining images. Scale bar, 2 mm. LAD, left anterior descending coronary artery. LCX, left 

circumflex artery.

F. Cell coverage from base to apex of recellularized human cardiac scaffolds. Error bars are 

standard deviation of measurements taken from 2 adjacent tissue sections.

G. Fluorescent TUNEL of recellularized human cardiac scaffolds. Scale bar, 200 μm.

H. Trichrome staining of recellularized human cardiac scaffolds. Scale bar, 200 μm.

I. Immunofluorescent staining on recellularized human myocardium for cardiac markers α-

actinin, troponin T, and myosin heavy chain (MHC). Scale bars, 50 μm.
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