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Abstract

Cell sheet technology has demonstrated great promise in delivering a large amount of therapeutic 

cells for tissue repair, including in the myocardium. However, the lack of host integration remains 

one of the key challenges in using cell sheets for cardiac repair. Paracrine factors secreted by 

mesenchymal stem cells (MSCs) have been reported to facilitate tissue repair and regeneration 

in a variety of ways. It has been demonstrated that paracrine factors from MSCs could enhance 

scaffold recellularization and vascularization. In this study, we used an in vitro cardiac matrix 

mimic platform to examine the effects of hMSCs preseeding on the interactions between 

cell sheets and cardiac matrix. The fabricated human induced pluripotent stem cells-derived 

cardiomyocyte sheets were attached to a decellularized porcine myocardium slice with or without 

preseeding of hMSCs. The hMSCs preseeding significantly enhanced the interactions between 

cardiomyocyte sheets and cardiac matrix in terms of cell migration distance, cell distribution, and 

mature vascular and cardiomyocyte marker expressions in the matrix. Growth factor and matrix 

metalloproteinases array analysis suggested that hMSCs- induced vascularization and MMPs 

regulation are the two possible mechanisms that lead to the improved CMs and cardiac matrix 

interactions. Further examination of these two mechanisms will enable the development of new 

approaches to facilitate transplanted cells for tissue repair.

Corresponding Author: Ge Zhang, Department of Biomedical Engineering, The University of Akron, Akron, Ohio 44325, United 
States, Phone: 330-972-5237, ge10@uakron.edu. 

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
ACS Biomater Sci Eng. Author manuscript; available in PMC 2023 January 16.

Published in final edited form as:
ACS Biomater Sci Eng. 2020 December 14; 6(12): 6808–6818. doi:10.1021/acsbiomaterials.0c00788.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Graphical Abstract

Keywords

decellularized myocardium; human induced pluripotent stem cells; mesenchymal stem cells; 
cardiac matrix; cell sheet

1. INTRODUCTION

The cell sheet has become an effective approach to deliver a large amount of therapeutic 

cells for tissue repair. For example, the human induced pluripotent stem cell (hiPSC)-

engineered cardiovascular cell sheet composed by induction of cardiomyocytes and vascular 

cells, when applied to a rat myocardial infarction model, resulted in cell engraftment and 

neovascularization leading to improved heart function.1 The prevascularized cell sheet made 

up of human umbilical vein endothelial cells and human mesenchymal stem cells, when 

implanted in a rat full thickness skin wound model, has been shown to accelerate tissue 

repair, as evidenced by preserved skin appendages, developed epidermal tissue, reduced 

skin contraction, and improved cosmetic appearance.2 Similarly, a human fibroblast cell 

sheet, when used to demonstrate the feasibility of the islet graft model, has exhibited 

a three-dimensional structure of extracellular matrix and promoted the cell survival and 

function of human pancreatic islets.3 Compared with direct injection, cells delivered by cell 

sheet technology have shorter cell preparation time, higher delivery efficiency, and improved 

cell viability after transplantation.4–6 The cell sheet has been explored in repairing an injured 

heart after myocardial infarction (MI) and has shown great promise.7–9 However, the lack of 

host integration remains one of the key challenges in using cell sheets for cardiac repair.10,11

The ability of mesenchymal stem cells (MSCs) to produce and release paracrine factors 

has triggered many studies for exploiting cell therapy. Paracrine factors secreted by MSCs 

have been reported to facilitate tissue repair and regeneration in a variety of ways.12,13 

For instance, the secretome containing secreted factors from MSCs, when injected 

subcutaneously in athymic mice, has been shown to enhance angiogenesis as evidenced 
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by neovascularization.14 By injecting stromal cell-derived factor-1 in a rat MI model, Segers 

et al. demonstrated the recruitment of CXCR4+/c-Kit+ stem cells with increased capillary 

density in the damaged heart leading to improved cardiac function post-MI.15 Similarly, 

the secreted factors of human MSCs, when used in an ex vivo model that mimicked tissue 

ischemia, has significantly prevented the cell death of cardiomyocytes and endothelial cells, 

indicating the antiapoptotic effect of the MSC secretome.16 In our previous study, it was also 

found that MSC paracrine factors enhanced scaffold recellularization and vascularization.17

The objective of this proof-of-concept study is to investigate whether preseeding of MSCs 

would increase the integration of a human induced pluripotent stem cell (hiPSC) derived 

cardiomyocyte sheet into a cardiac matrix. Since the cause of MI is a significant loss 

of cardiomyocytes (CMs), we fabricated cell sheets using CMs derived from hiPSCs and 

used these cell sheets for all tests. Decellularized porcine myocardium slice (dPMS) was 

selected as a human cardiac matrix mimic to perform in vitro cell-matrix interaction analysis 

using our established method.17 The decellularized scaffolds have been extensively reported 

to preserve organ specific physical and chemical characteristics in extracellular matrix 

(ECM).18–21 Specifically, human mesenchymal stem cells (hMSCs) were first seeded into 

dPMS for 24 h, and then CM sheets were attached to dPMS up to 14-day culture. The 

interactions between CM sheets and dPMS were observed and assessed. The proliferation, 

phenotype changes, and growth factor release from MSCs were further examined to 

elucidate the potential contributing mechanisms of preseeding.

2. MATERIALS AND METHODS

2.1. Materials.

Human mesenchymal stem cells, Mesencult proliferation kit, mTeSR1 complete kit, 

STEMdiff cardiomyocyte differentiation kit, STEMdiff cardiomyocyte maintenance kit, 

STEMdiff cardiomyocyte freezing medium, and STEMdiff dissociation kit were purchased 

from StemCell Technologies (Vancouver, BC, Canada). Human induced pluripotent stem 

cells were purchased from WiCell Research Institute (Madison, WI, U.S.A.). Human 

growth factor antibody array C1, Human matrix metalloproteinase antibody array C1, 

and Protease inhibitor cocktail were obtained from RayBiotech (Norcross, GA, U.S.A.). 

LuminiCell tracker 540 cell labeling kit and LuminiCell tracker 670 cell labeling kit were 

purchased from Millipore Sigma (Burlington, MA, U.S.A.). Sodium dodecyl sulfate, Triton-

X-100, and penicillin-streptomycin were purchased from Sigma-Aldrich (St. Louis, MO, 

U.S.A.). Matrigel GFR basement membrane matrix and Dulbecco’s phosphate-buffered 

saline were obtained from Corning Incorporated (Bedford, MA, U.S.A.). Glutamax, glucose 

solution, DMEM/F12 medium, Versene solution, live cell imaging solution, and antibiotic-

antimycotic were obtained from Gibco (Carlsbad, CA, U.S.A.). Fluo-4 calcium imaging 

kit, Live/dead viability/cytotoxicity kit, Hoechst 33342, and Alkaline phosphatase live 

stain were purchased from Molecular Probes (Eugene, OR, U.S.A.). 4% Paraformaldehyde 

in PBS (w/v), paraffin wax (type 9), HistoPrep SH75–125D tissue embedding medium, 

molecular grade absolute ethanol (200 proof), anhydrous ethanol (histological grade), 

and xylene were purchased from ThermoFisher Scientific (Florence, KY, U.S.A.). 

VECTASHIELD mounting medium with DAPI was purchased from Vector Laboratories 
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Inc. (Burlingame, CA, U.S.A.). Human/mouse SSEA-1 antibody was obtained from R&D 

Systems, Inc. (Minneapolis, MN, U.S.A.). GATA-4 antibody (G-4) was purchased from 

Santa Cruz Biotechnology (Dallas, TX, U.S.A.). All other primary antibodies, secondary 

antibodies, and 1X citrate buffer were purchased from Abcam (Cambridge, MA, U.S.A.). 

All materials were used as-received from the manufacturers.

2.2. Culture of hMSCs and hiPSCs.

Human mesenchymal stem cells (hMSCs) were expanded using a Mesencult proliferation kit 

supplemented with 2 mM glutamax and 1% penicillin-streptomycin (P/S). Human induced 

pluripotent stem cells (hiPSCs) were cultured following the feeder-independent pluripotent 

stem cell protocol provided by the manufacturer. Briefly, hiPSCs were seeded on the 

Matrigel coated 6-well plate with the complete mTeSR1 medium. Upon reaching ∼80% 

confluency, they were passaged using the Versene solution and split into the new 6-well 

plate at the ratio of 1:6. Both cell types were maintained in a humidified cell culture 

incubator at 37 °C and 5% CO2 with media change every 2 days for hMSCs and every day 

for hiPSCs. All experiments were performed using hMSCs at passages 4–6 and hiPSCs at 

passages 35–37.

2.3. Differentiation of hiPSCs to Cardiomyocytes.

Cardiac differentiation of hiPSCs was carried out using a STEMdiff cardiomyocyte 

differentiation kit following the protocol provided by the manufacturer. In brief, the hiPSCs 

were grown on a Matrigel-coated culture dish in the complete mTeSR1 medium for 4 days 

to achieve ∼95% confluency. When the cells reached the desired confluency (referred to 

as day 0 in the cardiac differentiation process), the differentiation of hiPSCs was initiated 

by incubating the cells with cardiomyocyte differentiation medium A for 2 days, switching 

to cardiomyocyte differentiation medium B for 2 days, and changing to differentiation 

medium C for another 4 days. After differentiation, the cells were cultured in STEMdiff 

cardiomyocyte maintenance medium for 8 days before harvesting for experiments. The 

cells were maintained in a humidified cell culture incubator at 37 °C and 5% CO2 with 

media change every day. For harvesting, the cells were washed with Dulbecco’s phosphate-

buffered saline (DPBS) and dissociated using a STEMdiff dissociation kit on day 16 

of differentiation to obtain the hiPSC-derived cardiomyocytes (hiPSC-derived CMs). The 

obtained hiPSC-derived CMs (referred as passage 0) were either used for experiments or 

cryopreserved in STEMdiff cardiomyocyte freezing medium until use. All experiments were 

performed using hiPSC-derived CMs at passages 1–2. Phase contrast and time-lapse images 

were taken with an inverted AxioVision A1 microscope (Carl Zeiss, Oberkochen, Germany) 

and AxioObserver Z1 microscope (Carl Zeiss) with incubation chamber maintained at 37 

°C, respectively.

2.4. Alkaline Phosphatase in hiPSCs.

Alkaline phosphatase (AP) live stain was used to detect AP in hiPSCs in vitro according to 

the protocol provided by the manufacturer. Briefly, the cells were washed with prewarmed 

DMEM/F12 medium for 2 min and stained with 1X alkaline phosphatase live stain dye for 

30 min at room temperature while protecting them from the light. After incubation, the cells 

were washed twice with DMEM/F12 medium for 5 min each. The fluorescence images were 

Pawan et al. Page 4

ACS Biomater Sci Eng. Author manuscript; available in PMC 2023 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



captured with an inverted AxioVision A1 microscope (Carl Zeiss) within 60 min after AP 

staining.

2.5. Intracellular Calcium Levels.

Intracellular calcium levels of hiPSC-derived CMs were measured using a Fluo-4 calcium 

imaging kit with an Olympus FluoView FV1000 confocal microscope (Olympus, Center 

Valley, PA, U.S.A.). In brief, the cells were washed with live cell imaging solution (LCIS) 

and incubated with Fluo-4 AM loading dye for 30 min in a humidified cell culture incubator 

(37 °C; 5% CO2). Next, the plate was transferred to room temperature for an additional 

15 min to complete the staining procedure. Immediately after dye incubation, the cells 

were washed and imaged in LCIS containing 20 mM glucose solution with a confocal 

microscope. To take time-lapse fluorescence images, the Fluo-4 AM treated cells were 

excited and emitted at 488 nm and 500–545 nm respectively with an argon ion laser to 

acquire images in a line scanning mode (aspect ratio of 512 × 512; 254 ms per frame). The 

changes in fluorescence signals were analyzed using Olympus Fluoview software (Version 

3.1.a) and ImageJ (NIH free image analysis software) which were then normalized to basal 

cell fluorescence. All imaging experiments were conducted at room temperature.

2.6. Generation of hiPSC-Derived Cardiomyocyte Sheet.

The hiPSC-derived CM sheet was generated using a 12-multiwell UpCell plate. First, the 

UpCell plate was coated with STEMdiff cardiomyocyte support medium for 24 h in a 

humidified cell culture incubator (37 °C and 5% CO2). Each well of the UpCell plate 

was seeded with either 0.8 × 106 or 1.6 × 106 hiPSC-derived CMs in 1 mL of STEMdiff 

cardiomyocyte support medium followed by incubation in a cell culture incubator for 24 h. 

Next, the medium was changed to 1 mL of warm STEMdiff cardiomyocyte maintenance 

medium to grow cells for another 24 h before harvesting the cell sheet. The cell sheet was 

obtained by placing the cell seeded UpCell plate to room temperature for 2 h to allow 

complete cell sheet detachment.

2.7. Preparation of Decellularized Porcine Myocardial Slice.

The decellularized porcine myocardial slice (dPMS) was prepared from porcine cardiac 

tissue following the established protocol previously described.17 In brief, fresh porcine heart 

was obtained from a local slaughterhouse and cut into the tissue blocks of ∼2 (length) × 

2 (width) × 1 cm3 (thickness). The tissue blocks were rinsed with deionized water and 

treated with detergent solution containing 1% (w/v) sodium dodecyl sulfate (SDS) and 

0.5% penicillin-streptomycin (P/S) at room temperature for 2.5 weeks with gentle agitation. 

Next, they were treated with 0.01% Triton-X-100 in 1X phosphate buffered saline (PBS) 

solution for 1 h and washed thoroughly with 1X PBS for 2 days to obtain decellularized 

myocardium tissue. The decellularized cardiac tissue was cryosectioned to obtain 600 

μm thick slices. The native porcine myocardial slice (nPMS) was sliced following the 

same protocol and used as a control group. The removal of cells after decellularization 

was checked by Hematoxylin and Eosin (H&E) staining, DAPI nuclei staining, and total 

DNA measurement. For total DNA measurement, DNA was extracted from the native and 

decellularized myocardium tissues using QIAamp DNA mini kit (Qiagen, Valencia, CA, 

U.S.A.) and stained with Quant-iT PicoGreen dsDNA assay kit (Molecular Probes, Eugene, 
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OR, U.S.A.). The quantitative fluorescence intensity was measured with a Synergy H1 

Hybrid microplate reader (Bio-Tek Instruments, Winooski, VT, U.S.A.).

2.8. Preseeding of hMSCs into dPMS.

The dPMS was sterilized with molecular biology grade absolute ethanol for 45 min, 

followed by at least three extensive washes with sterilized DI water for 15 min each. 

Then the sterilized dPMS was immersed in respective cell growth medium, and incubated 

overnight at 37 °C and 5% CO2. The obtained sterile dPMS was then seeded with 2 × 105 of 

hMSCs in 30 μL cell culture medium on one side of the scaffold. After one side seeding, the 

cells were incubated in a humidified cell culture incubator (37 °C; 5% CO2) for 4 h before 

flipping the dPMS to receive the cell suspension on the other side at the same density. The 

cells were further incubated at 37 °C; 5% CO2 for 4 h before adding the growth medium to 

culture cells for 1 day.

2.9. Attaching hiPSC-Derived CM Sheets to dPMS.

To attach hiPSCs-derived CM sheets to dPMS, dPMS was transferred to a well of the 

12-well UpCell plate containing confluent hiPSC-derived CMs. By reducing the temperature 

of culture from 37 °C to room temperature for 2 h, CM sheet detached from the UpCell plate 

and attached to dPMS. For bilateral cell sheet seeding, dPMS was first seeded with a CM 

sheet on one side and then flipped before transferring to a new well of the 12-well UpCell 

plate for cell sheet attachment on the other side. Following the same procedure, hiPSC-

derived CM sheets were attached onto hMSCs preseeded dPMS. The dPMS containing the 

coculture of hiPSC-derived CMs and hMSCs was grown for 14 days in a 6-well transwell 

insert (8 μm pore size; Corning, New York, NY, U.S.A.) using the cell culture medium that 

consisted of the equal ratio (1:1) of growth media for hMSCs and hiPSC-derived CMs.

2.10. Tracking of Seeded Cells in dPMS.

To track the distribution of seeded cells in dPMS, the cells were prestained with either 

LuminiCell tracker 540 or 670 labeling kits prior to cell seeding following the directions 

provided by the manufacturer. In brief, the adherent cells were rinsed with warm 1X DPBS 

and stained with the 2 nM labeling solution in warm complete medium. After loading the 

dyes, the cells were incubated at 37 °C and 5% CO2 for 4 h, extensively washed with warm 

cell culture medium, and used for the recellularization experiments.

2.11. CM Analysis after Seeding in dPMS.

The seeding efficiency was calculated as the percentage of cells retained on dPMS 2h after 

seeding. The retained cell number was derived by subtracting the number of unattached cells 

from the initial total seeding cell number. Cell viability of seeded CMs was measured by 

staining the cells with calcein AM (2 μM), ethidium homodimer-1 (EthD-1; 4 μM), and 

hoechst 33342 (1:1000) for 30 min in cell culture incubator (37 °C and 5% CO2). Following 

incubation, the seeded cells were extensively rinsed with 1X DPBS to remove the unbound 

dyes and imaged with FluoView FV1000 confocal microscope (Olympus, Center Valley, PA, 

U.S.A.). Equidistant Z-stack images (7 μm apart) were taken to capture the fluorescence 

signal of cells from periphery toward the center of dPMS. The percentage of viable cells 
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was calculated based on the intensities of red pixels from ethidium homodimer-1 and green 

pixels from calcein AM. Infiltration of CM sheet after lateral seeding was assessed by 

the number of images acquired in the Z-stack images. For the bilateral seeding group, the 

total cell distribution within the dPMS was demonstrated by staining the cell nuclei with a 

VECTASHIELD mounting medium containing DAPI using OCT-embedded tissue section 

or paraffin-embedded tissue section. Proliferation of hMSCs in dPMSs was examined by 

extracting DNA content from seeded cells, staining with Quant-iT PicoGreen dsDNA assay 

kit, and measuring the fluorescence signals using a Synergy H1 Hybrid microplate reader 

(Bio-Tek Instruments).

2.12. Expressions of Pluripotent and Cardiovascular Markers.

Immunofluorescence staining was used to confirm the expression of specific cell markers 

of the seeded cells as previously described.17 To perform immunofluorescence staining on 

cultured cells, the cell seeded dPMS was fixed with 4% paraformaldehyde in PBS solution 

for 30 min at room temperature, embedded into paraffin wax, and sliced into 6 to 8 μm 

portions by microtome sectioning. The paraffin-embedded sections were deparaffinized 

with xylene followed by dehydration with anhydrous ethanol. The heat-mediated antigen 

retrieval process was performed on the samples at 100 °C for 15 min using 1X citrate 

buffer. Next, the tissue sections were permeabilized and blocked with 0.2% Triton-X-100 

in 1X PBS solution containing 5% goat serum for 1 h with gentle shaking on an orbital 

shaker. Following the permeabilization and blocking steps, the samples were incubated 

with primary antibodies at 2–8 °C for 20 h. The tested primary antibodies include Nanog 

(1:30), OCT4 (1:100), SOX2 (1:100), SSEA4 (1:20), TRA-1–60 (1:30), SSEA-1 (1:20), 

calponin (1:100), myosin light chain 2v (MLC-2v; 1:50), cardiac troponin T (cTnT; 1:100), 

GATA-4 (1:50), sarcomeric α-actinin (1:50), connexin 43 (CX43; 1:100), von Willebrand 

factor (vWF; 1:100), and α-smooth muscle actin (α-SMA; 1:100). After incubation, the 

samples were extensively washed with 1X PBS followed by incubation with goat-derived 

secondary antibodies conjugated with either Alexa Fluor 488 or 647 (1:100) for 2 h at room 

temperature by protecting them from light. Next, the samples were rinsed with 1X PBS 

and counterstained with VECTASHIELD mounting medium containing DAPI for nuclei 

staining. The fluorescence images were taken with an inverted AxioVision A1 microscope 

(Carl Zeiss). Using the same staining protocol, positive controls were prepared by staining 

the native cardiac tissue and negative controls were carried out on the tested samples without 

incubating with primary antibodies.

2.13. Growth Factors and MMPs Arrays.

The secreted growth factors and matrix metalloproteinases (MMPs) from the cells seeded 

on dPMS were analyzed using human growth factor antibody array C1 and human MMP 

antibody array C1. Cell secretions released in the cell culture medium and retained on 

dPMS were collected for the array testing. The secretions retained on dPMS were obtained 

by homogenizing the scaffold in 1X cell lysis buffer supplemented with protease inhibitor 

cocktail using a VWR 200 homogenizer (VWR, Radnor, PA, U.S.A.). The homogenized 

tissues were incubated at 4 °C for 30 min by vigorously vortexing them every 5 min. 

Following incubation, the samples were centrifuged at 16 000g for 20 min at 4 °C to collect 

the solution that contains the secretions. The solutions obtained from cell-free dPMS was 
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used as a negative control group. Prior to the arrays testing, the total protein concentration 

of samples was quantified using Bradford protein quantification assay (Bio-Rad, Hercules, 

CA, U.S.A.) according to the manufacturer’s recommendation. For human growth factor 

antibody array C1 and human MMP antibody array C1 testing, each array membrane was 

blocked with a blocking buffer at room temperature for 1 h and incubated with 500 μg of 

testing solution at 2–8 °C for 20 h. After sample incubation, the array membranes were 

stained with first biotinylated antibody cocktail and then horseradish peroxidase (HRP)-

conjugated streptavidin at 2–8 °C for 20 h. Finally, the membranes were developed with 

the detection buffer and exposed with BioSpectrum 810 imaging system (Analytik Jena 

US LLC, Upland, CA, U.S.A.) to take the chemiluminescence images. The relative protein 

expression was quantitatively determined by measuring the spot signal densities from the 

obtained array images using a VisionWorksLS analysis software version 8.1.2 (Analytik 

Jena US LLC, Upland, CA, U.S.A.). The background signal density was subtracted from 

each densitometry data and then normalized to the positive control signals for comparing the 

protein expression between the tested experiment groups.

2.14. Statistical Analysis.

All experimental data are presented as mean ± standard deviation (SD) with 3–6 replicates. 

Statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software 

Inc., La Jolla, CA, U.S.A.). We used student’s t-test to determine statistically significant 

difference between two experiment groups and one-way analysis of variance (ANOVA) with 

Tukey’s posthoc test for comparing three or more experiment groups. A p-value less than 

0.05 was considered to be statistically significant.

3. RESULTS

3.1. hiPSC-Derived CM Sheet Fabrication and Characterization.

A classical cardiac differentiation procedure was followed to derive cardiomyocytes from 

hiPSCs.22,23 Before inducing differentiation, the pluripotency of the cultured hiPSCs was 

confirmed by high expressions of pluripotency markers (Nanog, OCT4, SOX2, TRA-1–60, 

and SSEA-4) and AP activity (Figure 1A). The expression of SSEA-1 was not detected 

in our cultured hiPSCs, which has been known to be unexpressed in hiPSCs and quickly 

upregulates upon the initiation of differentiation.24 During differentiation, the typical cell 

morphology changes toward CMs as reported by others were observed and spontaneous cell 

beating was noticed on day 8 and the number of beating cells kept increasing afterward 

(Figure 1B).1,25 High expressions of cardiac-specific markers including cardiac troponin 

T (cTnT), GATA4, myosin light chain 2 V (MLC-2v), and calponin (a calcium binding 

protein for muscle contraction) were detected in the derived CMs (Figure 1C). The average 

percentages of GATA4+, MLC-2v+, and cTnT+ cells on day 16 of cardiac differentiation 

were 91.92 ± 4.31%, 84.55 ± 4.23%, and 83.81 ± 2.69%, respectively. The calcium flux 

in hiPSC-derived CMs was visualized and quantitated using Fluo-4 AM calcium indicator 

(Figure 1D). Similar spike amplitude (F/F0; 1.12 ± 0.34 vs 1.05 ± 0.27) and rate (2.31 

sec per beat vs 2.42 sec per beat) were found for the beating CMs located in either center 

or periphery of the colony (Figure 1D). The obtained hiPSC-derived CMs were used to 

fabricate cell sheets using a thermal responsive culture dish. Through optimizing the cell 
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density and detachment condition, a complete layer of CM sheet was harvested (Figure 1E). 

We found that the minimal number of CMs needed to generate a round cell sheet (diameter 

of 16.45 ± 2.77 mm) was 0.8 × 106 cells.

3.2. Interactions Between hiPSC-Derived CM Sheets and dPMS.

The dPMS was produced and characterized using our previously published method.26 

Compared to the native myocardial slice at the same thickness, dPMS retained myocardial 

tissue structure and showed increased transparency. The sufficient removal of cells in the 

produced dPMS was confirmed by H&E and DAPI staining (Figure 2A). We tested to attach 

hiPSC-derived CM sheet to either one side or both side of dPMS (Figure 2B). Our results 

demonstrated that CM sheets attached firmly to both sides of dPMS (Figure 2C). Compared 

with individual cell seeding using cell suspension at the same total seeding cell number (0.8 

× 106), the cell sheet exhibited significantly higher seeding efficiency on dPMS (93.13 ± 

1.88% vs 60.63 ± 2.65%) (Figure 2D). Further increasing the total cell number contained 

in the cell sheet (from 0.8 × 106 cells/sheet to 1.6 × 106 cells/sheet) did not significantly 

affected the seeding efficiency (93.13 ± 1.88% vs 94.38 ± 0.88%) (Figure 2D). However, 

a noticeable reduction of cell migration distance (126.48 ± 4.09 μm vs 142.14 ± 3.75 μm 

on day 14) and viability (78.36 ± 1.33% vs 85.18 ± 1.78% on day 14) were detected in 

the dense CM sheet (1.6 × 106 cells/sheet) compared with the loose CM sheet (0.8 × 106 

cells/sheet) (Figure 2E, F). We also observed that the seeded CMs ceased to further infiltrate 

into the dPMS shortly after seeding regardless of cell sheet density (Figure 2E).

3.3. Improved Interactions Between CM Sheets and dPMS after hMSCs Preseeding.

We have previously developed a bilateral seeding approach to incorporate hMSCs into 

dPMS at high efficiency.17 Therefore, the same method was used in this study to 

preseed hMSCs to dPMS before CM sheet attachment (Figure 3A). One day after hMSCs 

preseeding, hiPSC-derived CM sheets were attached to both sides of dPMS and cultured 

for up to 14 days. Using cell nucleus staining, we found a significant increase of cell 

numbers in the dPMS (Figure 3B). Since CMs have limited capability of proliferation, 

hMSCs proliferation should be the main contributor of the increased total cell number in 

dPMS. To further analyze the seeded cells, we prestained hMSCs and CMs and tracked 

their distribution in the dPMS during the culture period. We found that preseeded hMSCs 

infiltrated throughout the dPMS 1 day after bilateral seeding while most of CMs stayed 

at the surfaces of dPMS with a small portion migrated to the center (Figure 3C). Close 

contact of both cell types was identified in the dPMS and most of them were located 

near to the surface of dPMS (Figure 3C). We then examined the cardiovascular markers 

expressions in the seeded cells (Figure 3D). For the examined endothelial cell markers 

(von Willebrand factor and α-smooth muscle actin) and cardiac-specific markers (cardiac 

troponin T, GATA4, connexin 43, and sarcomeric α-actinin), the expressions were highly 

regulated in cells seeded on dPMS for 14 days compared with 1 day. Some cells that 

positively expressed vWF and α-SMA were found to change their morphology from round 

to spindle shape during the culture period. The gap junction protein, CX 43, was not 

detected at day 1 but found to be expressed in the cell membrane between the adjacent cells 

at day 14 of culture. The costaining results further demonstrated that the cells expressing 
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cardiac markers (cTnT and GATA4) were located near the surface of the dPMS while the 

endothelial marker (vWF) expressing cells were found throughout the dPMS.

3.4. Growth Factors and MMPs Secreted by Cell-seeded dPMS.

To examine whether the paracrine factors secreted by the preseeded hMSCs are the cause 

of the improved interactions between CMs sheet and dPMS, we used human growth factor 

array and human MMP array to measure the expression changes during the culture process. 

For human growth factor analysis, we chose 41 types of growth factors that have been 

well investigated in cardiovascular research and have shown to play key roles on affecting 

cell functions such as proliferation (e.g., EGF, G-CSF),27,28 migration (e.g., IGF-1 and 

IGFBP-1),29,30 differentiation (e.g., TGF-β, and IGFBP-4),31,32 and angiogenesis (e.g., 

VEGF and bFGF).33 The dPMSs seeded with both hMSCs and CMs were used as our 

samples. We measured the accumulative amounts of these target growth factors in both cell 

culture medium and scaffold during the 14 days of culture period. We found that the amount 

of 5 growth factors were significantly increased in either medium or scaffold including 

EGF, HGF, IGFBP-2, PDGF-β, and PDGF-AB (Figure 4A). Out of the rest 36 types of 

growth factors, the presence of 12 growth factors were increased from day 1 to day 14 in 

both medium and scaffold, which include Amphiregulin, GCSF, GM-CSF, IGFBP-2, IGF-1 

R, M-CSF, M-CSF R, NT-4, PDGF-Rβ, VEGFR3, TGF-β1, and TGF-β2 (Figure 4B). In 

scaffolds, significantly higher amounts of PDGF-BB, PDGF-AB, HGF, VEGF-1, TGF-β1, 

and TGF-β2 were detected on day 14 compared with day 1 (Figure 4C). In the medium, 

we identified the significant increased amount of IGFBP-2 (Figure 4D). During the culture 

process, we noticed the degradation of the scaffolds seeded with hMSCs and CMs and 

with hMSCs alone (Figure 5A). Many studies have reported that MMPs and TIMPs are the 

main contributors to ECM degradation.34,35 Therefore, we performed the human MMP array 

analysis to examine the secretion patterns of MMPs and TIMPs from the seeded cells. We 

measured the amount of MMPs (MMP-1, -2, -3, -8, -9, -10, and -13) and TIMPs (TIMP-1, 

-2, and -4) released into the medium on day 1, 7, and 14 after seeding cells to dPMS (Figure 

5B,C). When dPMSs were seeded with hMSCs, significantly higher amounts of MMP-1, 

TIMP-1, and TIMP-2 were detected in the medium. On day 14, the amounts of MMP-10, 

MMP-13, and TIMP-4 in medium were also significantly increased when compared with 

their amounts on day 1 (Figure 5D). When dPMSs were seeded with both hMSCs and CMs, 

significantly higher amounts of MMP-1, TIMP-1, and TIMP-2 were also detected in the 

medium. On day 14, the amounts of MMP-2 and TIMP-4 in medium were increased as 

compared with their amounts on day 1 (Figure 5E).

4. DISCUSSIONS

In this study, we explored dPMS as an in vitro platform to investigate interactions between 

cells and cardiac matrix. The dPMS was fabricated from decellularized porcine myocardium 

that has been reported to retain cardiac-specific microstructure, ECM composition, and 

support cardiac cell attachment, growth, and migration.20,36,37 The thickness of the 

decellularized myocardium significantly affected the cell responses.38 Therefore, we sliced 

the decellularized myocardium into a thickness (600 μm) that has been proven to preserve 

matrix mechanical properties and support cell growth to generate the dPMS and serve as a 
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cardiac matrix mimic. Delivering iPSCs-CMs to infarcted hearts using cell sheet technology 

has become a very promising approach for treating MI.39,40 MI results in the permanent 

loss of up to 1 billion cardiomyocytes (CMs) that have limited regenerative capacity.41 Cell 

sheet technology enables the delivery of a large amount of cells to the injured region of 

the heart at high efficiency.42 However, poor host integration of the deliver cells has been 

reported.10,11 Using the in vitro cell/matrix analysis platform, we tested our hypothesis that 

preseeding of MSCs will increase the integration of the cell sheet into the cardiac matrix.

The results obtained from this study proved our hypothesis. Similar to what has been 

observed in vivo, CMs delivered by cell sheet technology have a higher attachment rate to 

cardiac matrix than through cell suspension.43 CMs tend to remain on the surface of the 

cardiac matrix with very limited infiltration. Reducing the cell density of the sheet will 

not further enhance the interactions between the cell sheet and the cardiac matrix. MSC 

preseeding significantly increases the migration distances of CMs in cardiac matrix. CMs 

are found in the center of dPMS containing preseeded MSCs, which has not been seen in 

the control groups. In addition, during the 14 day culture period, upregulated expressions of 

mature CM markers (cTnT, CX43, and sarcomeric α-actinin) of the cells in the dPMS have 

been identified. It has been reported that when using the classical protocol to derive CMs 

from hiPSC, the obtained CMs remain largely immature when compared to human adult 

cardiomyocytes.44–46 The organ-specific cues of decellularized cardiac matrix have shown 

to facilitate the maturation of hiPSC-derived CMs both in vitro and in vivo.47,48 Taken 

all together, the enhanced infiltration of hiPSC-derived CMs in the dPMS caused by the 

preseeded MSCs increases their exposure to the cardiac differentiation cues and therefore 

improve their maturation.

The contributing mechanisms of the preseeded hMSCs have also been explored in this 

study. hMSCs may affect hiPSC-derived CMs directly or indirectly through paracrine factors 

and cell–cell contact mediated interactions. When seeded to dPMS bilaterally, hMSCs have 

shown to quickly (within 24 h) migrate throughout the matrix and kept proliferating. Close 

contact of hMSCs and CMs has been found in dPMS. Cell–cell contact could facilitate 

information sharing about internal and external conditions and coordinate their functions 

such as movement in response to specific situations. The observed hMSCs-CMs contact 

could be another contributor to the improved CMs integration to the cardiac matrix. After 

14 days of culture, increasing number of cells that highly express mature vascular markers 

(vWF and α-SMA) have been observed in dPMS. Sincethe hiPSC-derived CMs have been 

verified for their cardiomyocyte phenotype prior to seeding, the cells that stained positive 

for vWF and α-SMA are most likely differentiated from the preseeded hMSCs. In our 

previous study, vascular differentiation of hMSCs in dPMS has also been detected.17,26 

Recent studies have elucidated that vascular smooth muscle cells and endothelial cells can 

directly interact with CMs and regulate the maturation of hiPSC-derived CMs.49 Our growth 

factor array analysis has revealed a significantly increased angiogenic factors (e.g., VEGF 

and PDGF) and vascular differentiation inducers (e.g., TGF-β and IGFBP-4) in dPMS 

containing preseeded hMSCs. Likely, these secreted factors combined with the cardiac-

specific microenvironment cues provided by dPMS cause hMSCs to differentiate into 

vascular cells and guide them to regulate CMs. Recently, it has been suggested that MMPs 

regulate many cell responses such as cell migration, proliferation and matrix invasion.50–52 
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Both hMSCs and CMs can secrete MMPs and TIMPs but usually with different secretion 

profiles.53,54 The pattern of secreted MMPs changes with different culture condition or 

physiological status.55 From the MMPs array analysis, we have found upregulated secretions 

of multiple MMPs and their inhibitors from hMSCs induced by their interactions with 

dPMS. The presence of MMP-1, TIMP-1, TIMP-2, and TIMP-4 in the conditioned medium 

has dramatically increased during the 14 day culture period. Further adding CMs sheet to the 

system has altered the expression patterns of MMP-2, MMP-9, MMP-10, and MMP-13. It 

is worth noting that the amount of MMPs secretion decreased when dPMS contained both 

hMSCs and CMs compared to hMSCs alone. The reasons caused the alteration of MMPs 

secretion and the roles of these MMPs on affecting the interactions of CMs, hMSCs and 

dPMS remain unclear. MSCs have been known for their capability of secreting various types 

of bioactive molecules such as cytokines, chemokines, immunomodulatory molecules, and 

growth factors in response to the local environment. Our results further suggest that the 

presence and communication of different type of cells could also affect the production of 

MSCs secretions. Likely, MSCs would change their secretion composition based on the need 

of neighboring cells.

Some limitations are noted in this study. The cell densities of recellularized dPMSs vary 

with different seeding approaches. MSCs preseeding increased the total cell number in the 

matrix, which may cause interaction changes among cells and between the cell–matrix. 

The preseeding of hMSCs could enhance the interactions between CM sheets and cardiac 

matrix but would not trigger CM functional contraction in the dPMS. Spontaneous beating 

was observed from the CMs we derived from iPSCs (Supporting Information, SI, Movie 

S1) and could not be detected once the CM sheet was attached to the matrix. The weight 

and mechanics of dPMS might be too much for the seeded CMs to overcome to contract. 

However, CM seeding number used in this study might be not sufficient for this thick and 

large scaffold. In the adult human myocardium, the cell density is about 1.0 × 108/cm3 

tissue volume.56,57 Cardiomyocytes (CMs) constitute about 30–40% of the total cells in the 

heart,58 which are significantly higher in number than the CMs to tissue volume ratio used 

in this study (7.0 × 106/cm3). In addition, largely due to perfusion limitation, most of the 

infiltrated CMs were found within the range near to the surface of the dPMS. Perfusion 

culture will be exploited in our future study to improve CM distribution.

Our results have also indicated that hMSCs-induced vascularization and MMPs regulation 

are the two possible mechanisms that lead to the improved CMs and cardiac matrix 

interactions. Further examination of the individual and synergistic effects of these two 

mechanisms will enable the development of new approaches to facilitate transplanted cells 

for tissue repair. In the future we will further verify this conclusion in vivo by injecting 

hMSCs to myocardium prior to patching CMs sheets and examine the cell responses in a 

complex system. If our hypothesis is proven in vivo, then this strategy can be exploited into 

many cell-based cardiac therapies to help solve the host integration challenges. Hydrogel-

based cell delivery systems can be developed to control release hMSCs and CMs sheet in a 

sequential manner to the infarcted area of heart for cardiac repair.
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5. CONCLUSIONS

An in vitro cardiac matrix mimic using decellularized porcine myocardium slice was 

developed to test the effects of hMSC preseeding on CM sheets infiltration. Our results 

demonstrated MSC-preseeding significantly enhanced the cell migration distance, cell 

distribution, and mature vascular and cardiomyocyte marker expressions in the cardiac 

matrix. The growth factor and matrix metalloproteinases array analysis data suggested that 

hMSCs induced vascularization and MMP regulation are the two possible mechanisms that 

lead to the improved CMs and cardiac matrix interactions. This methodology might be 

exploited in cell-based cardiac therapies to solve the host integration challenges and might 

enable new approaches to facilitating transplanted cells for tissue repair.
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Figure 1. 
Differentiation of cardiomyocytes from hiPSCs and cell sheet generation. (A) The 

pluripotency markers (Nanog, OCT4, SOX2, TRA-60, SSEA4) and alkaline phosphatase 

activity expressions in the cultured hiPSCs. (B) Experiment timeline of the cardiomyocyte 

differentiation procedure and representative phase contrast images showing the 

morphological changes of the cells during the process. Areas defined by yellow dotted 

line consist of spontaneous beating cells. (C) Cardiac-specific markers (GATA4, cTnT, 

MLC-2v, calponin) expressions in the hiPSCs-derived CMs. (D) The fluorescence intensity 

changes of fluo-4 (calcium indicator) during relaxing and contracting stages of the hiPSC-

derived CMs both in the center and at the periphery of the beating area. F0 is the fluo-4 

fluorescence during relaxing stage. n = 3 (E) Detachment of cardiomyocyte sheet from a 

thermal responsive cell culture plate by lowering the culture temperature from 37 °C to room 

temperature for 2 h. Scale bar: 100 μm.
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Figure 2. 
hiPSC-derived CM sheet and dPMS interactions. (A) Comparison of native porcine 

myocardial slice (nPMS) and decellularized porcine myocardial slice (dPMS) with the 

same thickness (600 μm). (B) Schematic demonstration of lateral and bilateral seeding of 

hiPSC-derived CM sheets onto dPMS. (C) CMs distributions 1 day after lateral and bilateral 

seeding of prestained hiPSC-derived CM sheets onto dPMS. (D) Cell seeding efficiency of 

using cell suspension and two types of CMs sheets (0.8 × 106 total cells/sheet and 1.6 × 106 

total cells/sheet). (E) Migration distance of the CMs from the seeded CM sheet in dPMS. 

There are no statistically significant differences in terms of total migration distance between 

the groups of CM sheet (0.8 × 106 cells) and CM sheet (1.6 × 106 cells) at all the assessed 

time points (day 0, 1, 7, and 14). (F) Cell viability after seeding hiPSC-derived CM sheets to 

dPMS. *Represents the statistically significant difference among the experiment groups with 

p-value less than 0.05 (n = 6). Scale bar: 100 μm.
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Figure 3. 
hiPSC-derived CM sheets and hMSCs preseeded dPMS interactions. (A) Schematic 

illustration to demonstrate the procedure of attaching hiPSC-derived CM sheets to dPMS 

that was preseeded with hMSCs. (B) Number of Proliferative cells (hMSCs) in dPMS after 

CM sheet attachment (n = 3). (C) Cell distribution in dPMS after hMSCs preseeding (left, 1 

day after preseeding) and CM sheet attachment (right, at day 14 after seeding CM sheets). 

Blue: DAPI; Red: LuminiCell tracker 670; Green: LuminiCell Tracker 540. (D) Expressions 

of cardiac markers (GATA4, cTnT, sarcomeric α-actinin, and CX43) and vascular markers 

(vWF and α-SMA) in cells within dPMS at day 1 and 14 after attaching CM sheets to 

hMSCs preseeded dPMS. *Represents the statistically significant difference among the 

experiment groups with p-value less than 0.05. Scale bar: 100 μm.
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Figure 4. 
Growth factor secretion of cells in dPMS. Heat map analysis to demonstrate the expression 

level changes of specific human growth factors at large (A) and small scales (B). In the 

heat map, each column represents an individual growth factor and each row represents the 

tested sample. n = 4. The color bars denote the heat intensity for the expression value, with 

red indicating upregulated growth factors and blue indicating downregulated growth factors. 

Semiquantitative analysis of growth factors retained in the dPMS (C) and released into 

the conditioned medium (D) The y-axis represents the fold-change of growth factors from 

samples collected at day 14 after cell seeding to dPMS compared to day 1 (indicated by the 

red dotted line) (n = 4). #Represents the expression level ratio significantly different from 1 

and marks the growth factor that has significantly different expression level ratios between 

in recelluarized dPMS and conditional medium. The full form of abbreviated growth factors 

is provided in the SI (Table S1).
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Figure 5. 
MMPs secretion from cells after seeding in dPMS. (A) Cell distribution at day 14 after 

bilaterally seeding hMSCs to dPMS (left) and CMs sheets to dPMS containing preseeded 

hMSCs (right). Blue: DAPI Nuclei staining. Scale bar: 100 μm. (B) Human MMP Array 

images showing the expression levels of 10 specific human MMPs in the sample conditioned 

medium 14 days after culture. (C) Map used to locate specific MMP antibody in the 

array. (D) Densitometry analysis to demonstrate the expression levels of 10 specific MMPs 

in medium conditioned by hMSCs seeded dPMS (n = 3). (E) Densitometry analysis to 

demonstrate the expression levels of 10 specific MMPs in medium conditioned by dPMS 

seeded with CMs sheets and hMSCs (n = 3) *Represents the statistically significant 

difference among the experiment groups with p-values less than 0.05.
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