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Abstract

Tissue engineered cardiac grafts are a promising therapeutic mode for ventricular wall

reconstruction. Recently, it has been found that acellular tissue scaffolds provide natural

ultrastructural, mechanical, and compositional cues for recellularization and tissue remodeling.

We thus assess the potential of decellularized porcine myocardium as a scaffold for thick cardiac

patch tissue engineering. Myocardial sections with 2 mm thickness were decellularized using 0.1%

sodium dodecyl sulfate (SDS), and then reseeded with differentiated bone marrow mononuclear

cells. We found that thorough decellularization could be achieved after 2.5 weeks treatment.

Reseeded cells were found to infiltrate and proliferate in the tissue constructs. Immunohistological

staining studies showed that the reseeded cells maintained cardiomyocyte-like phenotype and

possible endothelialization was found in locations close to vasculature channels, indicating

angiogenesis potential. Both biaxial and uniaxial mechanical testing showed a stiffer mechanical

response of the acellular myocardial scaffolds; however, tissue extensibility and tensile modulus

were found to recover in the constructs along with the culture time, as expected from increased

cellular content. The cardiac patch that we envision for clinical application will benefit from the

natural architecture of myocardial extracellular matrix, which has the potential to promote stem

cell differentiation, cardiac regeneration, and angiogenesis.

1. INTRODUCTION

Each year, approximately one million Americans suffer myocardial infarction (MI) with a

10% in-hospital mortality rate.1 If the amount of myocardium loss as a result of the MI is

large, significant mechanical complications such as left ventricular dilatation, mitral

regurgitation, and heart failure can occur.2,3 Following cardiomyocyte death and scar

formation in the infarcted region,4 tissue remodeling, characterized by cardiac myocyte

hypertrophy/apoptosis, fiber disarray, and increased collagen deposition may take place in

regions remote from the infarcted region as a result of abnormal stress distribution.5 Left

ventricular remodeling may lead to pathological dilation and heart failure which in severe

cases may progress to death. The main goal of MI treatment is to prevent the adverse
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remodeling of the left ventricle that leads to heart failure.6 Standard therapies include after-

load reduction with angiotensin converting enzyme inhibitors and prompt, and as complete

as possible, revascularization (both percutaneous and surgical) in order to limit the infarct

size and prevent extension of the infarct. Despite standard therapies, some patients progress

to a severe cardiomyopathy and are candidates for cardiac transplant, which is often limited

by the availability of suitable donors.

Newer treatments such as cell therapies (myoblast/stem cell injection), intramyocardial gene

transfer, and cardiac patch repair offer alternative therapeutic approaches.7-9 Cardiac patch

techniques have been developed to repair injured heart and restore cardiac function.

Polymeric and tissue derived materials such as polytetrafluoroethylene (ePTFE), Dacron,

and chemically treated pericardium have been used as patch material.10,11 However, the

limitations of nonviable patches include inflammatory response, mismatched mechanical

properties, and thrombosis.11 Recently, tissue engineering approaches have attracted

interest. The basic concept of tissue engineering is to build a new tissue from cellular

components using a scaffold to provide a structural guide.12-15 In previous applications,

tissue engineered patches were implanted over a region of infarcted cardiac tissue in order to

stimulate angiogenesis in the damaged tissue and attenuate a reduction in cardiac function.
4,16-18

The ideal engineered cardiac tissue provides optimal structural, mechanical, and

electrophysiological properties maintained by viable transplanted cells, and might also

stimulate the formation of vasculature supplying oxygen and nutrients in the patched region.
4,16 For this purpose, biodegradable scaffolds were often used as a template to support

seeded cells. Collagen gel, alginate, porous pericardium, small intestinal submucosa,

polyglycolic acid (PGA), poly (lactide-co-carolactone), and poly ester (urethane urea) have

been used as supporting scaffold for cells.4,10,19,20 Various cell types, such as bone marrow

stem cells, umbilical stem cells, embryonic stem cells, fetal cardiomyocytes, smooth muscle

cells, and dermal fibroblasts, were investigated as cell sources for patch recellularization.
21-25 Among them, bone marrow stem cells were found to have a capacity to regenerate

myocardium, induce of angiogenesis, and be free from ethical issues.7,17,19,20,25,26

Myocardial tissue has complex muscle fiber architecture mediated by cardiac ECM

networks and hence has unique cell to cell interconnections.27-29 The question is how one

can mimic this unique ECM network. Recently, tissue derived acellular scaffolds such as

heart valves, skin, small intestinal submucosa, and urinary bladder have been investigated

for tissue engineering/regeneration applications.30-34 The advantages of decellularization

approach are (i) efficient removal of all cellular and nuclear content and (ii) preservation of

ECM composition, biologic activity, and mechanical integrity.30 Moreover, major

achievements in creating decellularized whole rat heart scaffolds have drawn considerable

attention.35 Ott et al.35 reported that they successfully produced acellular, perfusable

vascular architecture, competent acellular valves and intact chamber geometry using a rat

heart. The acellular intact rat heart was then reseeded with cardiac and endothelial cells by a

perfusion bioreactor. By day 8, under physiological load and electrical stimulation,

macroscopic contractions were observed with a pump function equivalent to about 2% of

adult or 25% of 16-week fetal heart function.35 The next possible ambitious attempt is to

apply this approach to larger xenogenous hearts, such as pig hearts that have similar size,

anatomic geometry and vasculature systems as human. Many questions and technical

hurdles, such as reseeding of thick tissue scaffold, feasibility of using existing vasculature

network, and angiogenesis in thick tissues, need to be addressed before any scaled-up

attempt.
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The above successful applications imply the advantage of harnessing the optimal design by

nature. We therefore investigated decellularized porcine myocardial scaffold as a potential

template for cardiac patch tissue engineering. We hypothesize that decellularized porcine

myocardium scaffold preserves natural ultrastructural, mechanical, and compositional cues

for cardiac tissue regeneration and would provide optimal microenvironments for stem cell

reseeding, cardiomyocyte differentiation, and angiogenesis. The objectives of this study

were to create a cardiac patch using decellularized pig myocardium scaffold and bone

marrow mononuclear cells (BMMCs), and assess its potential for tissue remodeling.

2. MATERIALS AND METHODS

2.1 Preparation of Acellular Porcine Myocardial Scaffold

Fresh porcine hearts were obtained from a local slaughter house and transported to the

laboratory in PBS at 4 °C. Myocardial sections (15 × 15 × 2 mm) were dissected from the

ventricular wall. The myocardium was decellularized in a rotating bioreactor using 0.1%

sodium dodecyl sulfate (SDS) with 0.01% trypsin, 1 mM phenylmethylsulfonylfluoride

(PMSF, protease inhibitor), 20□μg/ml RNase A and 0.2 mg/ml DNase for 2.5 weeks, Ten-

minute ultrasonic treatment (50 HZ, Branson, US) was applied each day and the SDS

solution was changed every two days.

2.2 Isolation of Porcine Bone Marrow Mononuclear Cells

Bone marrow was extracted from femurs and tibias of fetal pigs. Both ends of each femur or

tibia were cut and the bone marrow was washed out with phosphate-buffered saline (PBS).

Cells were centrifuged at 400 r/min for 10 min at 4°C, suspended by gentle pipetting, and

cultured in mesenchymal stem cell (MSC) medium (Low-glucose Dulbecco’s modified

Eagle’s medium (L-DMEM) with 5% fetal bovine serum (FBS), Mesenchymal Stem Cell

Growth Supplement (Sciencell), and 100 U/ml penicillin and 100 μg/ml streptomycin

(Invitrogen) at 37°C in a humid 5% CO2 air atmosphere. Three days later, nonadherent cells

were removed by replacing the medium. After 10 days’ culture, the adherent cells were

resuspended after HyQTase (Fisher safety) treatment and re-plated at a density of 2 × 104/

cm2. The medium was changed every 3 days. Bone marrow mesenchymal stem cell

population was verified by stem cell CD44 surface marker staining (Abcam).

2.3 Myogenic Differentiation and Reseeding

The second passage BMMCs were re-suspended after 0.25% trypsin treatment and washed

twice with Tyrode’s balanced salt solution (Sigma). The cells were re-suspended in

mesenchymal stem cell medium and seeded into 175-mm flasks at a density of 2 × 103 cells/

cm2. Twenty-four hours after seeding, the medium was changed to differentiation medium

(L-DMEM, 10% FBS, 5% porcine serum, 3 μmol/L 5-azacytidine (MP Biomedicals), and

100 U/ml penicillin and 100μg/ml streptomycin). After incubating for another 24 hrs, the

cells were washed twice with Tyrode’s balanced salt solution and the medium was changed

to complete medium (L-DMEM, 10% FBS, 5% porcine serum, and 100 U/ml penicillin and

100μg/ml streptomycin). The medium was changed twice a week. Differentiation of

BMMCs was verified by sarcomeric α-actinin staining (Sigma). After completing the

protocol, aliquots of the cells were prepared for reseeding and immunohistochemistry study.

Decellularized scaffolds were sterilized by 70% ethanol for 4 hours and washed by PBS 4

times. After sterilization, decellularized patches were put into T75 tissue culture flask and

reseeded with un-selected cells, a mixture of non-differentiated and differentiated BMMCs

(107 cells/ml) in 50 ml complete medium for 4 hrs under gentle agitation, and then cultured

in a 45° inclined rotating bioreactor at a rotation speed of 1Hz. The medium was changed

twice every week.
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2.4 Histological, SEM, Immunohistochemical Characterizations

Four tissue constructs were prepared for each time point group and subjected to assessments

of histology, SEM, and immunohistochemical staining. Filmtracer™ LIVE/DEAD®

Biofilm Viability Kit (Invitrogen) solution was prepared by adding 20 μl of the supplied 2

mM EthD-1 stock solution (Component B) to 10 ml of sterile, tissue culture grade D-PBS,

vortexing to ensure thorough mixing. The reagents were combined by transferring 5 μl of

the supplied 4 mM calcein AM stock solution (Component A) to the 10 ml EthD-1 solution.

The reseeded patch was incubated for 30 – 45 minutes at room temperature. Specimens used

for light microscopy were fixed in 2% paraformaldehyde solution for 2 hours, embedded in

paraffin and stained with hematoxylin and eosin (H&E) and Masson’s trichrome. Scanning

Electron Microscope (SEM) was also used to verify the existence of vasculature structure in

the decellularized scaffolds. After dehydrated in a graded ethanol series, the samples were

processed with critical point drying (Polaron E 3000 CPD). The samples were then sputter

coated with gold-palladium and observed with SEM (JEOL JSM-6500 FE-SEM).

For immunofluorescent staining, after rehydration and antigen retrieval with 0.05% Trypsin

for 10 minutes at 37°C, sections were washed and incubated at 4 °C for overnight with

sarcomeric α-actinin (sigma), myosin heavy chain (GenWay), cardiac troponin T, von

Willebrand factor (vWF), and Collagen IV (abcam) primary antibodies. After the primary

antibody, Cy3 AffiniPure Goat Anti-Mouse IgG (H+L), Cy5 AffiniPure Donkey Anti-

Mouse IgM, Alexa Fluor secondary antibodies (JacksonImmuno Research), Goat Anti-

Mouse IgG, and Goat Anti-Rabbit IgG secondary antibodies (abcam) were incubated at

37°C for 30 minutes to obtain fluorescent colors. The sections were then stained with

Hoechst (Invitrogen) for cell nuclei. Immunohistological slides were observed with an

inverted laser scanning confocal microscope (Zeiss LSM 510).

2.5 Biaxial and Uniaxial Mechanical Testing

Tissue biaxial mechanical properties were characterized with a biaxial mechanical testing

system.36 Briefly, a square specimen was trimmed from the native myocardium/engineered

patch. Biaxial loading was then applied along muscle/scaffold fiber preferred direction (PD)

and cross preferred direction (XD) of the specimen. After 10-cycle preconditioning, the

specimen was subjected to biaxial test utilizing an equibiaxial protocol of TPD:TXD = 30:30

N/m, where TPD and TXD were the applied tensions along PD and XD, respectively. Due to

possible tissue tear at the hook sites at higher tension level, specimens were loaded up to a

maximum tension of 30 N/m. Tissue extensibility was characterized by maximum stretch

along PD (λPD) and maximum stretch along XD (λXD) at equibiaxial tension of 30 N/m.

A uniaxial machine (Mach-1, Biosyntech, MN) was used to determine tissue mechanical

properties. After biaxial testing, tissue strips were cut along PD and were mounted with two

stainless steel grips cushioned with emery paper. The tissue was preconditioned for 10

cycles at a ramp speed of 0.1 mm/s. All of the samples were then elongated to failure at the

same ramp speed. Stress-strain data in the linear region were fit with linear regression. The

tissue extensibility was defined as the intersecting point made by the extrapolation of the

linear region with the strain axis, and tensile modulus was determined by finding the tangent

of the linear fit. Moreover, failure strength and failure strain were determined from stress-

strain data.

Four samples were subjected to mechanical testing for each of the native control,

decellularization, 1-week, and 2-week groups. All samples were tested in a PBS bath at 37

°C.
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2.6 Statistical Analysis

The experimental data were presented as mean ± standard deviation. One Way Analysis of

Variances (ANOVA) was used for statistical analysis, with Holm-Sidak test being used for

post hoc pair wise comparisons and comparisons versus the control group (SigmaStat 3.0,

SPSS Inc., Chicago, IL). The differences were considered statistically significant when p is

less than 0.05.

3. RESULTS

3.1 Acellular Myocardial Scaffold

We found that after 2.5-week decellularization treatment, myocardium showed morphology

of white color collagen scaffold, implying decellularization being achieved (Fig. 1-b). Both

H&E and Mason’s trichrome staining further demonstrated a complete decellularization by

the complete lack of cardiomyocytes in the ECM scaffold (Fig. 2-b, c). The longitudinal and

transversal views of the acellular scaffold showed that 3D lacunae, previously housing

cardiomyocytes, were preserved (Fig. 2-c). The transversal section of acellular myocardial

scaffold had an average pore size of 19.5 ± 17.9 μm, which matched transversal dimension

of cardiomyocytes. Edge-to-edge views of transversal sections of acellular scaffolds showed

that large pores were distributed evenly across the ~2 mm thickness (Fig. 5-a). DAPI

staining of the acellular scaffold further verified that no nuclear chromatin fragments

remained and a thorough decellularization was achieved (Fig. 3-d). Additionally, part of the

vasculature channels was likely preserved. The channel-like structures in histology showed

diameters approximately ranging from 100 μm to 400 μm, a size close to small vasculature

(Fig. 2-b, c, d: arrows). The preservation of the vascular templates after decellularization

was further validated by morphology revealed by SEM (Fig. 3-a), and collagen type IV

staining around the channel-like structure (Fig. 3-c, d).

3.2 Recellularization and Phenotype Characterizations

One week after primary culture, BMMCs developed long spindle-shaped cell morphology

(Fig. 4-a). BMMC surface antigen profile was positive for CD44 (Fig. 4-b). After 5-

azacytidine treatment, sarcomeric α-actinin staining showed positive results (Fig. 4-c). The

cardiomyocyte differentiation rate was estimated to be ~24% according to ratio of cells

stained positive for sarcomeric α-actinin (Fig. 4-c). A thorough recellularization was verified

by Mason’s trichrome staining in both the 2-week (Fig. 5-b) and 4-week constructs (Fig. 5-

c). In the 2-week construct, cells were found to infiltrate and distribute within the

myocardial scaffold. We divided the edge-to-edge section evenly into three regions (2 edge

regions and 1 middle region) and measured cell density in each region. Cell densities of the

3 regions in the 2-week constructs were (2.00 ± 0.02) × 103/mm2, (1.24 ± 0.20) × 103/mm2,

and (1.69 ± 0.16) × 103/mm2, respectively. Cell densities of the 3 regions in the 4-week

constructs were (2.50 ± 0.28) × 103/mm2, (1.85 ± 0.43) × 103/mm2, and (3.11 ± 0.13) × 103/

mm2, respectively. In both the 2- and 4-week construct, cell density was evenly distributed

found much higher than that of the 2-week construct.

Cell viability was verified by live/dead cell staining (Fig. 6-b,c). Side view of the cross-

sectional cut of the construct showed that most cells were alive (Fig. 6-c). However, a ~27%

dead cell ratio inside the construct was higher than that on the surface, which had a dead cell

ratio less than 5% (Fig. 6-b,c). Immunohistological staining studies showed that the reseeded

cells exhibited cardiomyocyte-like phenotype and expressed sarcomeric α-actinin, myosin

heavy chain and cardiac troponin T (Fig. 7-b, d, f). Moreover, vWF factor were found

around vessel-like structures, implying possible endothelialization inside vasculature

channels (Fig. 7-g).
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3.3 Mechanical Properties

We found that both native myocardium and acellular scaffold showed anisotropic nonlinear

behavior (Fig. 8-a, b), in which muscle fiber-preferred direction was stiffer than cross fiber-

preferred direction (Fig. 8-a). After removal of muscle cells, both PD and XD directions

showed stiffer stress-strain curves (Fig. 8-b). We later found that tissue remodeling caused a

recovery of the biaxial mechanical properties after 1-week and 2-week recellularization (Fig.

8-c, d). The 1-week and 2-week tissue constructs kept nonlinear anisotropic behavior and

tissue extensibility more close to native myocardium along both PD and XD directions

(Table 1; Fig. 8-c, d). The stiffer mechanical properties of the decellularized myocardial

scaffolds were also verified by uniaxial testing results (Fig. 9-a, b). Similar to biaxial

characterization, after 1-week and 2-week cultures, constructs showed a recovering tendency

(Fig. 9). Tensile modulus, tissue extensibility, and failure stress are listed in Table 1 for

native myocardium, decellularized scaffold, 1-week, and 2-week tissue constructs.

4. DISCUSSION

Fabrication of 3D scaffolds that are thoroughly reseeded with cells remains a challenge for

making a viable thick cardiac patch.21,22,24,25,37 Although engineered patches have been

found to partially restore cardiac function,37 engineered myocardial tissues generate

relatively low contractile force that is not sufficent to contribute to normal heart function.
13,38 Other challenges include diffusion limitation, lack of seeded cell differentiation,

inferior electrophysiological function,37,39 and unmatched mechanical properties.37 To

overcome the above obstacles, the ideal scaffold should closely resemble the structure of

native myocardial extracellular matrix (ECM) that provides ultrastructural, mechanical, and

componential cues for cardiomyocyte functions.12-15

The histological study showed that the collagen network previously wrapping around muscle

cells maintained the pore structure (Fig. 2). Our edge-to-edge view of the cross-section

demonstrated that the open porous structure could maintain across a large area without

collapse (Fig. 5-a). It is evident that the cardiac collagen network appears to be a strong 3D

structure, probably required for adequate cardiac functioning (extension of the cardiac

“skeleton”). Another interesting finding was that vasculature templates (vessel-like

structure) were possibly preserved after decellularization, according to our histological

observations (Fig. 2), SEM (Fig. 3-a), and collagen type IV staining (Fig. 3-b, c).

In this exploratory study, we chose BMMCs as our reseeding cell source. The isolated

BMMCs had strong self-renewal ability and 70% of the cells were mesenchymal stem cells

and positive for CD44, a cell-surface glycoprotein of mesenchymal stem cells (MSCs).40

BMMCs were previously reported to have the ability to differentiate into cardiomyocyte

phenotype under specific culture conditions as well as in healthy and infarcted myocardium

(e.g., injection in animal models).41-45 BMMCs were found to secrete angiogenic cytokines

that promote blood flow recovery in a murine hind limb ischemia model.46

5-azacytidine is a member of the cytosine analogue, which had been reported to have the

ability to change cell phenotypes by activating novel gene expressions both in vitro and in

vivo.47 It was reported that after 5-azacytidine treatment, about 30% cardiomyocyte

differentiation took place in culture.48,49 We showed that, after BMMCs were treated with

5-azacytidine for 24 hours, the treated cells exhibited myocyte-like phenotype and were

positive for sarcomeric α-actinin (Fig. 4-c). A higher magnification of the differentiated cells

showed visible sarcomere alignment (Fig. 4-d), further verifing the myocyte-like

morphology. The successful recellularization of the 5-azacytidine treated BMMCs verified

our hypothesis that the acellular porous myocardial scaffold provided an optimal

recellularization microenvironment.
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Reseeded cells were found to infiltrated and proliferate well in the tissue construct (Fig. 5).

The cell density in 4-week construct was higher than 2-week construct. From the live/dead

staining results, it was shown that the proliferation rate of the reseeded cells remained high

in 4-week in vitro culture. The cells were found distributed evenly across the 2 mm thick

patch, indirectly proving the interconnectivity of 3D myocyte lacunae after decellularization.

As we know, thorough and uniform recellularization at high cell density was a prerequisite

for the later success of functional cardiac tissue constructs. Note that our reseeding data

showed thorough reseeding, but the level of uniformity and cell density may be insufficient

and require further investigation to improve our reseeding technique.

Phenotypic characterizations showed that cells in the engineered patch were positive for

sarcomeric α-actinin, MHC, and cardiac troponoin T (Fig. 7-b, d, f), which suggested a

differentiation into a cardiomyocyte-like phenotype. In the engineered patch, vWF

expression (endothelial marker) was verified at locations with vessel-like histological

structure (Fig.7-c). Moreover, Hoechst staining showed the cell nuclei aligned along the

inner surface of the vessel-like structure. The above observations revealed that possible

endothelialization took place around the vasculature templates, implying potential for

angiogenesis in the engineered patch. The detailed mechanism is unclear. We speculate that

undifferentiated mesenchymal stem cells might be the underlying mechanism of

endothelialization along the vasculature channels in the engineered patches.

Our biaxial and uniaxial mechanical testing results also provided potential mechanistic

insight into how reseeded cells remodeled the engineered scaffolds. After the removal of

cardiomyocytes, mechanical properties of the remaining ECM, consisting of mainly

collagen, were measured. It was thus understandable that both PD and XD directions

showed stiffer curves. The preservation of anisotropic properties (Fig. 8-b) was due to the

orientation of ECM lacunae, which aligned most collagen fibers along muscle fiber-

preferred direction (Fig. 2-c) (note that muscle cells were removed). The increase of cellular

content explained the recovery of the biaxial mechanical properties after reseeding for 1

week and 2 weeks (Fig. 8-c, d). The uniaxial testing results also demonstrated obvious tissue

remodeling in the 2-week constructs, which exhibited greater tissue extensibility and lower

failure stress (Fig. 9-b; Table 1). Overall, the mechanical properties of the reseeded scaffolds

showed a recovering trend along with the culture time, as expected from the increased

cellular content (Fig. 5). It had been reported that the “passive stiffness” of the myocardium

is a major determinant of overall cardiac function.50,51 Thus, it was of importance to have an

engineered cardiac patch that matched the mechanical properties of native myocardium. We

have found that the mechanical properties of the two-week scaffold were close to the native

myocardium; however, further studies are needed in order to obtain higher cell density, cell

interconnection, and electrophysiological properties.

5. CONCLUSIONS

In this study, we successfully developed acellular myocardial scaffold with well-preserved

ECM structure. We observed recellularization with good cell viability, ingrowth,

proliferation, and differentiation. Both uniaxial and biaxial mechanical studies demonstrated

the positive tissue remodeling in the engineered patch. Future study will focuse on

improving reseeding density, cell alignment and interconnection, and facilitating

mesenchymal stem cell differentiation via in vitro conditioning using a bioreactor that

provides coordinated mechanical and electrical stimulations. The clinical product that we

envision will benefit from the natural architecture of myocardial ECM, which has potential

to promote stem cell differentiation, cardiac regeneration, and angiogenesis.
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6. LIMITATIONS

It was found that cell alignment and interconnection were not ideal in the constructs, most

likely due to sub-physiological cell density and collapse of scaffold pores in the tissue

culture procedure. In order to obtain high density reseeding, needle injection and flow

perfusion reseeding approaches will be evaluated in the future. Collapse of the pores might

take place in the reseeding and tissue culture period, consequently causing the

nonuniformity in the recellularization and poor cell interconnection. A specimen receptacle

will be designed to retain scaffold macrogeometry, consequently preventing scaffold

contraction and porous structure collapse. Note that the current study is mainly focused on

scaffold development and assessments. In the future study, well-characterized bone marrow

MSCs will be obtained and electrophysiological parameters of engineered patch will be

determined using microelectrode array technique.
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Figure 1.

Morphology of (a) native myocardium and (b) decellularized myocardial scaffold. Thorough

decellularization was achieved after 2.5 weeks treatment.
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Figure 2.

Mason’s trichrome staining for (a) native myocardium and (b) decellularized myocardial

scaffold (blue: collagen, red/pink: cardiomyocytes). (c) H&E staining of the longitudinal and

transversal views of the acellular scaffold showed that 3D lacunae housing cardiomyocytes

were preserved (red: collagen). (d) Vasculature templates in the decellularized myocardial

scaffold (H&E staining). Arrows indicate vasculature channels.
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Figure 3.

Preservation of vasculature structure was verified by (a) SEM and (b) type IV collagen

staining (green color) on the circular structure; (c) transmission light image of the same

region shown in (b). Arrows in (a), (b), and (c) indicate the existence of vasculature

templates. (d) A combined image of the DAPI staining (blue color) and the transmission

light image on the section of the decellularized scaffolds. Lack of DAPI staining verified

that no nuclear chromatin fragments remained in the scaffolds. Arrow in (d) showed a

minute spot of DAPI stain (blue color).
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Figure 4.

(a) BMMCs after one week primary culture. (b) Positive staining for stem cell marker CD44

(green color). (c) Cardiomyocyte differentiation after treatment with 5-azacytinine; (d) a

higher magnification of the differentiated cells with visible sarcomere alignment. Red

staining: sarcomeric α-actinin.
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Figure 5.

(a) Large pores distributing evenly across the 2 mm thick acellular scaffold (H&E). (b)

Edge-to-edge view of thorough recellularization at 2 weeks, in which cells were found to

infiltrate and distribute within the myocardial scaffold. (c) Tissue remodeling was observed

in the 4-week recellularization tissue construct; even cell distribution was still observed and

cell density was found higher than that of the 2-week construct.
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Figure 6.

(a) Thorough and relatively dense reseeding was observed in tissue construct after 4-week

culture (H&E staining). Live/dead cell staining on 4-week tissue construct: (b) surface of

tissue construct and (c) side view of cross-sectional cut. Green: living cells; red: dead cells.
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Figure 7.

Sarcomeric α-actinin staining (red) in the native myocardium (a) and the reseeded patch (b);

myosin heavy chain staining (green) in the native myocardium (c) and the reseeded patch

(d); cardiac troponin T staining (red) in the native myocardium (e) and the reseeded patch

(f). vWF factor (red) was shown in the reseeded patch (g). Cell nucleus: blue.
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Figure 8.

Biaxial mechanical properties. (a) Native myocardium showed anisotropic nonlinear

behavior, in which muscle fiber-preferred direction (PD) is stiffer than cross fiber-preferred

direction (XD). (b) PD and XD directions showed stiffer stress-strain curves in

decellularized myocardial scaffold (c) 1 week reseeded cardiac patch (d) 2 weeks reseeded

cardiac patch. Tissue remodeling caused a recovery of the biaxial mechanical properties

after 1-week and 2-week recellularization. The 1-week and 2-week tissue constructs kept

nonlinear anisotropic behavior and tissue extensibility more close to native myocardium

along both PD and XD directions.

Wang et al. Page 18

J Biomed Mater Res A. Author manuscript; available in PMC 2011 September 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 9.

Both (a) uniaxial mechanical properties and (b) tissue failure properties show a recovering

tendency after 1-week and 2-week cultures. Note that both loading and unloading stress-

strain curves were shown in (a).
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