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Abstract

A variety of decellularized materials have been developed that have demonstrated potential for 

treating cardiovascular diseases and improving our understanding of cardiac development. Of 

these biomaterials, decellularized myocardial matrix hydrogels have shown great promise for 

creating cellular microenvironments representative of the native cardiac tissue and treating the 

heart after a myocardial infarction. Decellularized myocardial matrix hydrogels derived from 

porcine cardiac tissue form a nanofibrous hydrogel once thermally induced at physiological 

temperatures. Use of isolated cardiac extracellular matrix in 2D and 3D in vitro platforms has 

demonstrated the capability to provide tissue specific cues for cardiac cell growth and 

differentiation. Testing of the myocardial matrix hydrogel as a therapy after myocardial infarction 

in both small and large animal models has demonstrated improved left ventricular function, 

increased cardiac muscle, and cellular recruitment into the treated infarct. Based on these results, 

steps are currently being taken to translate these hydrogels into a clinically used injectable 

biomaterial therapy. In this review, we will focus on the basic science and preclinical studies that 

have accelerated the development of decellularized myocardial matrix hydrogels into an emerging 

novel therapy for treating the heart after a myocardial infarction.
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1. Introduction

Advancements in cardiac tissue engineering have demonstrated great promise in the pursuit 

of regenerative medicine for the treatment of cardiovascular diseases. Ischemic heart disease 

leading to myocardial infarction (MI) and subsequent heart failure (HF) is both the leading 

cause of death in the western world [1] and worldwide with a projected increase to 13.4% of 

overall annual deaths by 2030 [2]. After suffering a MI, the adult human heart lacks the 

regenerative capabilities to restore damaged myocardium leading to progressive 

pathophysiological remodeling such as extracellular matrix (ECM) degradation by matrix 

metalloproteinases (MMPs), fibrosis by increased collagen deposition, hypertrophy, and 

tissue necrosis that ultimately leads to HF [3–5]. Currently, no treatment is available that can 

prevent HF post-MI and options for end-stage HF are limited to whole heart transplant and 

left ventricular (LV) assist devices. However, these procedures put heavy strain on patients’ 

quality of life and medical resources [1]. In response, research in cardiac tissue engineering 

is focused on investigating whether restoration of function and possibly regeneration of the 

damaged myocardium can be achieved by novel methods of therapy.

An advancement that has particularly accelerated the field of cardiac tissue engineering is 

the isolation of the underlying ECM scaffold from native cardiac tissue first pioneered by 

decellularization techniques used by Ott et al. [6]. The ECM provides cells with tissue 

specific biochemical cues which has been demonstrated to be important for cellular 

migration [7,8], differentiation [9,10], and development [11]. Later work by Singelyn et al. 

first demonstrated that decellularized porcine cardiac tissue could be processed into an 

injectable biomaterial therapy that forms a nanofibrous porcine myocardial matrix hydrogel 

when thermally induced or injected in vivo [12]. Application of the hydrogel in post-MI 

animal models has resulted in improved LV function, increased cardiac muscle, and induced 

cellular recruitment into the treated infarct [13,14]. By creating a biomaterial representative 

of the native cardiac tissue, decellularized myocardial matrix hydrogels have quickly 
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demonstrated their promising applications as a novel cell study platform and biomaterial 

therapy.

In this review, we will describe characteristics of decellularized myocardial matrix 

hydrogels, methods to modulate their material properties, demonstrated uses in creating in 

vitro models of the cardiac microenvironment, and significant progress in preclinical studies 

that have demonstrated their therapeutic potential (Fig. 1). Additional studies, which utilize 

the native architecture of the decellularized cardiac tissue scaffold either as a whole heart 

construct [6,15–18] or as pieces of cardiac ECM [19–27], are not covered since this method 

provides a spatial and mechanical environment that has distinct advantages and 

disadvantages compared to hydrogel methods.

2. Generation and Characterization of Decellularized Myocardial Matrix 

Hydrogels

2.1. Generation of Decellularized Myocardial Matrix Hydrogels

To create decellularized myocardial matrix hydrogels, myocardium is first cut into smaller 

pieces and decellularized by agitation in a 1% sodium dodecyl sulfate (SDS) solution [12]. 

Other decellularization techniques using mechanical, chemical, and enzymatic methods [29] 

have also been described for the heart [6,15,29]. Following complete decellularization and 

water rinses to remove detergent, the decellularized ECM is lyophilized and milled into a 

fine powder. ECM powder is re-suspended and partially digested with pepsin at a tenth the 

ECM concentration for 48 hours in 0.1 M HCl solution. After enzymatic treatment, pepsin is 

inactivated by increasing the pH to 7.4 with NaOH and diluted to a desired concentration in 

a 1× PBS solution. The digested ECM can then be lyophilized, stored at −80°C, and simply 

re-suspended with sterile water prior to use [30].

Depending on the source material, additional processing might be required to isolate the 

ECM such as isopropyl alcohol rinses for removing excess lipid content, which was needed 

for processing human heart tissue [31]. Material from multiple hearts should be collected 

into a single batch to reduce batch–to-batch variability. After generating a new batch of 

material, characterization should be performed to confirm quality of processing and 

consistency between each batch. These characterization steps include hematoxylin and eosin 

(H&E) staining to observe lack of nuclei indicating successful decellularization, DNA 

isolation and quantification to further confirm removal of cellular content, protein separation 

by gel electrophoresis to verify a similar pattern of ECM peptides between batches, a 

dimethylmethylene blue assay (DMMB) assay to determine sulfated glycosaminoglycan 

(sGAG) content, and a demonstration of material in vitro gelation [30]. Images of material 

generation are displayed in Figure 2 and video instruction demonstrating pericardial tissue 

processing into a decellularized injectable hydrogel can be found online [32]. Although the 

pericardial tissue has different material properties such as ECM composition [33], the 

processing is identical to the porcine myocardial matrix procedure with the exception of the 

time necessary for decellularization and digestion.
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2.2. Properties of Decellularized Myocardial Matrix Hydrogels

Decellularized cardiac ECM composition by mass spectroscopy has shown retention of an 

array of ECM proteins such as collagen, elastin, and fibronectin [28,31], and analysis by the 

DMMB assays has indicated retention of sGAGs. Based on complex viscosity analysis, 

liquid myocardial matrix is shear thinning, which supports its capability to be successfully 

injected through a catheter. Gelation occurs in less than 30 minutes when incubated at 37°C 

or injected in vivo [12]. Scanning electron microscopy of a formed hydrogel has 

demonstrated self-assembly into a nanofibrous scaffold with fiber diameters ranging from 

40–100 nm [12]. With the breakdown of the native scaffold, myocardial matrix hydrogels 

are much softer than the native myocardium. Storage modulus of myocardial matrix 

hydrogels was determined to be around 5 Pa when measured by parallel plate rheology 

[34,35]. Johnson et al. demonstrated that changing ECM and ionic salt concentration of the 

gel raised the storage modulus to around 10 Pa and increased gelation kinetics [35]. 

However for in vivo use, there is a limited range these factors can be manipulated since 

increasing ECM concentration raises the complex viscosity and lowering salt concentrations 

makes the liquid hypotonic to in vivo conditions.

2.3. Methods to Alter Myocardial Matrix Hydrogel Properties

As discussed in Section 2.2, the processing steps described in Section 2.1 create 

decellularized myocardial matrix hydrogels with specific material properties. However, 

characteristics such as hydrogel composition, mechanical properties, and degradability 

might be limiting for certain experimental and therapeutic design parameters. Several 

methods have been developed to modify such properties, which could enable more tailored 

formulations for a broad range of applications. For example, alternative formulations may be 

better for directing cell survival, differentiation, and/or behavior in vitro, while others may 

be more appropriate for in vivo applications such as the delivery of cells or other 

therapeutics. There will be greater room for modifying properties in vitro, while tailoring 

properties for in vivo applications will be more limited if catheter deliverability is to be 

maintained [36]. Modifications and hybrid hydrogels that have been developed to date are 

discussed below.

Singelyn et al. demonstrated that using a cross-linking agent, glutaraldehyde, at 0.05% and 

0.01% could increase the storage modulus by an order of magnitude. Gel degradation was 

slowed when measured by a ninhydrin assay, and cell migration into the gel was also slowed 

although not hindered overall [34]. However, glutaraldehyde toxicity was a concern since it 

could negatively affect the cellular response. Other studies have created composite 

hydrogels combining cardiac ECM with synthetic materials for greater control of 

mechanical properties. Gershalak et al. and Sullivan et al. used 2D culture substrates 

consisting of crosslinking digested rat myocardial matrix on polyacrylamide gels with elastic 

moduli ranging from 9–50 kPa [37,38]. Grover et al. tested incorporation of poly(ethylene 

glycol) (PEG) in porcine myocardial matrix hydrogels by amidation and radical conjugation 

methods. Radical conjugation of star PEG-acrylate resulted in the greatest increase in 

storage modulus ranging from 127 to 719 Pa at 1 Hz while other mechanisms led to storage 

moduli similar to the untreated or glutaraldehyde-treated myocardial matrix. All PEG-
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myocardial matrix hybrid gels had increased fiber diameter and slower enzyme degradation 

[39].

Hybrid myocardial matrix gels combined with naturally derived materials have also been 

demonstrated. Duan et al. created porcine myocardial matrix-collagen gels consisting of 

25% or 75% cardiac ECM with storage moduli of around 59.3 Pa and 8.17 Pa at 1 Hz, 

respectively. Both hydrogels formed within 30 minutes allowing uniform encapsulation of 

human embryonic stem cells (hESCs) [40]. Pok et al. combined digested cardiac ECM with 

chitosan into a cardiac patch containing a polycaprolactone (PCL) core. Patches made with 

33% ECM had the highest elastic modulus at approximately 49.2 kPa with stiffness 

diminishing with decreasing ECM content. Decreasing ECM content also raised hydrogel 

volume, pore diameter, and liquid uptake [41]. Williams et al. created rat myocardial matrix-

fibrin hybrid gels cross-linked with transglutaminase. Although pure fibrin and untreated 

myocardial matrix-fibrin gels had similar stiffness, treatment with 120 µg/mL 

transglutaminase increased elastic modulus up to around 32 kPa. Greater amounts of cross-

linking agent also decreased liquid uptake and lessened observed network formation [42].

3. In Vitro Studies

3.1. Cellular Responses to 2D Culture on Cardiac ECM Coated Substrates

Although not in hydrogel form, we will briefly review studies using digested cardiac ECM 

coated surfaces since similar biochemical cues are presented to cells. Several studies have 

focused on encouraging cardiomyocyte differentiation and maturation of stem cells or 

immature cardiac cells cultured on myocardial matrix coatings. DeQuach et al. studied the 

maturation of hESCs preconditioned towards a cardiomyocyte lineage on porcine 

myocardial matrix coatings compared to standard differentiation protocols on gelatin 

coatings. hESCs cultured to 112 days on the matrix showed significantly greater organized 

cell clustering and intercalated disc formation at lateral cell ends characteristic of mature 

cardiomyocytes [28]. French et al. also demonstrated elevated gene expression of early and 

late cardiomyocyte markers in cardiac progenitor cells on porcine myocardial matrix [43]. 

Proliferation, viability, and adhesion also increased. These shifts were not produced on 

adipose ECM coatings suggesting the tissue specific ECM provided a more ideal cell 

environment. Greater gene expression of ECM, MMPs, and adhesion proteins also 

suggested induced remodeling of the microenvironment [43]. Johnson et al. found that 

culture of human fetal cardiomyocyte progenitor cells on porcine derived, but not human 

derived myocardial matrix had greater gene expression of early cardiac markers compared to 

gelatin. However, proliferation of endothelial cells on human myocardial matrix was greater 

compared to the porcine derived matrix. These differences could have arisen from 

compositional shifts in the older human ECM [31]. A study by Williams et al. showed that 

primary neonatal rat cardiac cells had significantly greater percentages of cardiomyocyte 

adherence and prolonged proliferation on fetal rat myocardial matrix in serum-free media 

compared to adult matrix and poly-L-lysine coatings with or without serum. Results on 

neonatal rat myocardial matrix were generally similar, but to a lesser degree compared to 

fetal ECM and did not always reach significance compared to other conditions [44].
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3.2. Cellular Responses to 2D Culture on Composite Cardiac ECM Hydrogels

Considering influences of substrate stiffness on stem cell behavior [45], composite 

hydrogels presented in Section 2.3. have been used to study the combined effect of ECM 

and stiffness. Gershlak et al. cultured rat mesenchymal stem cells on myocardial matrix-

polyacrylamide gels incorporating different ECM compositions from fetal, neonatal or adult 

rat hearts with stiffness representative of the heart tissue at these developmental stages. In 

this study, cell spread area, and traction force generally increased with increasing substrate 

stiffness except for on adult ECM, though it had the greatest increase in traction stress at 

lower stiffness [37]. Gershlak et al. later investigated the stable cell traction force on adult 

ECM despite different substrate stiffness, which contrasted with cell behavior on collagen. 

This investigation determined that the β1 integrin subunit and certain ECM components, 

fibronectin and laminin, at compositional ratios mimicking the adult ECM composition play 

a role in attenuating cellular responses to different substrate stiffness [46]. Sullivan et al. 

utilized rat myocardial matrix-polyacrylamide gels mimicking the healthy and infarct 

cardiac microenvironment to investigate the effects on the mesenchymal stem cell 

phenotype. Conditions representative of the diseased condition shifted expression of early 

cardiac markers, and secretion of certain growth factors was increased, supporting 

hypotheses that therapeutic effects of stem cell treatment are achieved by a reparative 

paracrine mechanism [38,47].

3.3. Cellular Reponses in 3D Composite Cardiac Hydrogels

In hybrid porcine myocardial matrix-collagen scaffolds, Duan et al. encapsulated hESCs 

embryoid bodies and compared their differentiation toward a cardiomyocyte phenotype to 

protocols with pure collagen gels and additives mimicking early cardiac growth factor 

patterns. Gels with higher percentages of ECM had both significantly greater and more 

prolonged gene expression of cardiomyocyte markers compared to both growth factor 

regimens and pure collagen gels. Beating populations, contraction amplitudes, and gap 

junction organization were also increased [40]. Interestingly, combined treatment with ECM 

and growth factor additives seemed to hinder cardiac phenotype, though the regimen was 

likely not optimized to work with an ECM-coated substrate. Williams et al. investigated the 

development of human c-kit+ cells in neonatal and adult rat myocardial matrix-fibrin gels 

cross-linked with transglutaminase. Looking at the combined effect of stiffness and different 

ECM compositions, cell viability and proliferation were enhanced in lower stiffness gels. 

Additionally modulation of endothelial, smooth muscle, and cardiac muscle cell markers 

were observed on different stiffness and ECM combinations suggesting synergistic effects 

[42]. Pok et al. showed that neonatal rat cardiomyocyte development on porcine myocardial 

matrix-chitosan cardiac patches versus gelatin-chitosan patches had significantly greater 

gene expression of cardiomyocyte markers and gap junction presence. Further analysis of 

cell function determined faster conduction velocity and greater contractile force [41]. 

Overall, these studies demonstrate that the biochemical cues in the myocardial matrix 

promote mature cardiac cell lineages and could support similar mechanisms in vivo.
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4. Preclinical Research

4.1. Assessment of Decellularized Myocardial matrix Hydrogels as a Post-MI Therapy

Application of decellularized myocardial matrix hydrogels in both small and large animal 

models has demonstrated its potential as a post-MI therapy. Singelyn et al. demonstrated that 

porcine myocardial matrix encouraged vessel infiltration based on endothelial and smooth 

muscle cell migration into the injected tissue with significant increases in arteriole density 

11 days post-injection [12]. Following this proof-of-concept, Singelyn et al. tested the 

injectable hydrogel treatment in a rat MI model, injecting the material 2 weeks post-MI, and 

found greater areas of surviving cardiomyocytes in the infarct area [13]. Low numbers of c-

kit+ cells, and proliferative cardiomyocytes and myofibroblasts were also detected. 

Although no significant difference in M2 macrophage presence was observed, there was a 

trend towards an increase in this cell type, implying a pro-remodeling response. Evaluation 

of the treatment efficacy of the myocardial matrix pre-injection (1 week post-MI) and 4 

weeks post-injection (6 weeks post-MI), as quantified by magnetic resonance imaging, 

showed preservation of ejection fractions (EF), end-diastolic-volume (EDV), and end-

systolic-volume (ESV) unlike saline injected controls, which had a significant decrease in 

EF and increase in LV volumes [13].

Moving on from small animal models, delivery of the myocardial matrix hydrogel via a 

transendocardial catheter to 15–25 injection sites was demonstrated in both healthy and 

infarcted pigs [13]. In a subsequent functional study in a porcine MI, Seif-Naraghi et al. 

determined by echocardiography that pigs treated with the hydrogel 2 weeks post-MI via 

transendocardial delivery had significantly improved EF, EDV, and ESV compared to 

controls. In addition to improvements in global cardiac function, regional cardiac function, 

as measured by the global wall motion index, was also significantly improved, suggesting 

the matrix improved contractility of the ventricle. Evaluation of the cardiac tissue by 

histology and NOGA mapping also showed significantly greater cardiac muscle, lesser 

collagen deposition, reduced infarct expansion, and higher neovascularization indicating 

mitigated fibrosis, and preservation and/or regeneration of cardiac tissue as displayed in 

Figure 3 [14]. Overall, this series of studies demonstrates the potential of the myocardial 

matrix hydrogel alone as an effective post-MI therapy.

4.2. Safety Assessment of Decellularized Myocardial matrix Hydrogel Therapy

For new therapies, safety is critical to assess and has been addressed by various methods for 

the porcine myocardial matrix. Since injectable therapies could disrupt cardiac rhythm and 

surrounding tissue [49], Singelyn et al. induced ventricular tachycardia by electrode pacing 

in porcine myocardial matrix-injected rats. Results did not significantly differ relative to 

saline controls demonstrating that matrix treatment is not pro-arrhythmic [13]. Similarly, 

Seif-Naraghi et al. found no major abnormalities in cardiac rhythm and waveform 

morphology in ECG recordings taken over 3 months in MI pigs treated with the hydrogel 

[14].

Biocompatibility and biodegradability allow for biomaterials to properly integrate into the 

host tissue and promote safe tissue repair. In rat myocardium, Seif-Naraghi et al. compared 
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the immune response to the porcine myocardial matrix, saline, and a non-decellularized 

version of the porcine matrix over several time points out to 112 days post-injection, with 

the latter material used to create a strongly negative response. The non-decellularized 

material resulted in foreign body giant cells and signs of chronic inflammation after 2–4 

weeks. In contrast, the decellularized porcine myocardial matrix was completely degraded 

by 28 days post-injection and had a biocompatible response without signs of rejection or a 

chronic response [14].

Consequences due to leakage during catheter delivery of the biomaterial were also assessed 

as a possible safety concern. Rats were injected with porcine myocardial matrix directly into 

their LV lumen and survived for 6 hours [14]. The rats showed no signs of distress during 

this period, and histological analysis showed no signs of thromboembolism or ischemia in 

satellite tissues. In the functional porcine MI study, a pathologist blinded to the identity of 

each study group further found satellite organ condition and blood composition to be 

normal. Hemocompatibility was also tested by mixing the liquid myocardial matrix with 

human plasma. Results showed no shifts in prothrombin time or activated partial 

thromboplastin time, and no clinically relevant effects were observed for platelet activation 

[14].

4.3. Method of Repair

Although the therapeutic effect of the myocardial matrix and other injectable biomaterials 

has been demonstrated, the exact mechanism of repair has not been determined. Several 

hypotheses have arisen based on the results of current in vitro and in vivo studies. After 

gelling, the material forms a new physical scaffold with appropriate pore size and fiber 

diameter to promote endogenous cell infiltration. From the in vitro studies described in 

Section 3, the myocardial matrix provides tissue specific cues that promote differentiation of 

cardiac stem/progenitor cells towards a cardiomyocyte lineage [40,43] and a more mature 

cardiomyocyte phenotype [28,41]. Attraction of vascular cells has also been demonstrated 

[12]. Corresponding results have been observed from application in both the rat and porcine 

MI models as described in Section 4.1 such as enhanced neovascularization and increased 

cardiac muscle. This increase in cardiac muscle could be a result of reducing borderzone 

cardiomyocyte apoptosis, as suggested in the rat MI model, since increased areas of 

cardiomyocytes were found at only 1 week post injection [13]. Other contributions to 

increased cardiac muscle could also occur from proliferating cardiomyocytes, which were 

seen in small numbers in the rat model, or differentiation of progenitor cells. Previous 

research has shown there are greater numbers of cardiac progenitors in the heart post-MI 

[50], and myocardial matrix therapy might provide an environment that promotes their 

development into new cardiomyocytes. Decellularized ECM scaffolds have been shown to 

promote a M2 and Th2 pro-remodeling response [51–53], and it is also likely that this 

contributes to the cardiac repair response observed with the myocardial matrix.

5. Conclusion

Overall, great progress has been made in demonstrating the clinical potential and feasibility 

of decellularized myocardial matrix hydrogels to promote repair post-MI. With the results 
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from preclinical studies, there are currently plans to apply the myocardial matrix hydrogel 

therapy in clinical trials (Clinicaltrials.gov identifier NCT02305602). There are, however, 

still several potential studies that warrant their continued use in basic science and preclinical 

studies. For example, utilizing the ECM hydrogel in combination with other therapeutics 

could yield greater benefits in cardiac function. While a biomaterial alone therapy has 

numerous practical advantages such as quicker and cheaper manufacturing, off-the-shelf 

availability, and reduced regulatory concerns compared to a combination product, there are 

still numerous co-delivery possibilities with drugs, growth factors, and/or cells that could 

provide worthwhile improvements. Previous studies by Seif-Naraghi et al. and Sonnenberg 

et al. have demonstrated retention of heparin binding growth factors, basic fibroblast growth 

factor and engineered hepatocyte growth factor, by sGAG interactions in ECM hydrogels, 

allowing for prolonged release profiles and enhanced therapeutic effects [54,55]. Previous 

research with other injectable materials has also supported that combining cells with 

injectable materials improves the overall therapeutic effect [48]. In addition to further 

preclinical studies, the myocardial matrix is also a promising in vitro platform to provide a 

cardiac specific microenvironment for cardiac stem cell and development studies [28,39,40].
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Abbreviations

DMMB dimethylmethylene blue assay

ECM extracellular matrix

EDV end-diastolic-volume

EF ejection fraction

ESV end-systolic-volume

H&E hematoxylin and eosin

hESC human embryonic stem cell

HF heart failure

LV left ventricular

MI myocardial infarction

MMP matrix metalloproteinase

PCL polycaprolactone

PEG poly(ethylene glycol)

SDS sodium dodecyl sulfate

sGAG sulfated glycosaminoglycan
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Fig. 1. 
Summary of the use of injectable decellularized myocardial matrix hydrogels for basic 

science and preclinical studies along with future plans for translation. Selected images 

reprinted from [28].
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Figure 2. 
Images of the flow-through for porcine-derived decellularized myocardial matrix hydrogel 

biomaterial generation. (A) Pieces of left ventricular tissue isolated from a pig heart and cut 

into small pieces. (B) Decellularized myocardium after continuous agitation with sodium 

dodecyl sulfate. (C) Hematoxylin and eosin stain of decellularized tissue to confirm lack of 

cellular content. (D) Lyophilized and milled extracellular matrix. (E) Extracellular matrix 

powder partially digested with pepsin into an injectable liquid. (F) Self-assembled, 

nanofibrous porcine myocardial matrix hydrogel structure imaged by scanning electron 

microscopy. Images were reprinted from [12,13] with permission from Elsevier.
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Fig. 3. 
Method of injection of the myocardial matrix into the heart with representative histological 

images of matrix-treated and control porcine hearts. (A) Diagram for delivery of 

decellularized myocardial matrix hydrogel therapy into the heart post-myocardial infarction 

by direct injection or transendocardial catheter. (B) Hematoxylin and eosin stain of 

decellularized myocardial matrix hydrogel after injecting into the porcine myocardium. (C) 

Masson’s trichrome stain of matrix-injected heart with thick endocardium layer (red stain) 

as denoted by an asterisk taken 3 months post-injection. (D) Non-injected control group with 

loose fibrillar layer and thin endocardium denoted by an asterisk at the same time point. 

Images were taken and modified from [13,14,48] with permission.
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