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ABSTRACT OF THE DISSERTATION 

 

NATURALLY DERIVED MYOCARDIAL MATRIX AS AN INJECTABLE 
SCAFFOLD FOR CARDIAC REPAIR 

 

by 

Jennifer Marie Singelyn 

 

Doctor of Philosophy in Bioengineering 

University of California, San Diego, 2010 

Professor Karen L. Christman, Chair

 

As cardiovascular disease continues to be the leading cause of death in the 

Western world, new therapies are needed to treat end stage heart failure (HF).  Post-

myocardial infarction (MI), the extracellular matrix (ECM) is degraded, and thus cellular 

or acellular scaffold materials have been explored to repair the damaged ECM.  Injectable 

scaffolds offer the advantage of intramyocardial delivery, as well as potential minimally 

invasive catheter delivery.  However, current materials being explored for cardiac repair 

do not mimic the complexity of native cardiac ECM and may not be compatible with 

catheter delivery.      



 

xix 

The objective of this dissertation is to test the hypothesis that a naturally derived 

myocardial matrix, developed specifically to mimic the native myocardial ECM, can 

serve as an injectable acellular scaffold for cardiac repair.  Herein, a solubilized 

myocardial matrix material has been developed from the decellularization of porcine 

ventricular tissue.  Characterization indicates a retained biochemical complexity after 

decellularization.  Additionally, the solubilized myocardial matrix is able to self-

assemble, forming a nanofibrous and porous structure, similar to native ECM, at 37°C in 

vitro.  Furthermore, it is demonstrated that the myocardial matrix gel can be altered via 

crosslinking, leading to increased storage modulus, slowed degradation, and decreased 

cell migration rates.   

After initial development and characterization, the myocardial matrix was shown 

to gel and allow for infiltration of vascular cells, upon injection into rat myocardium.  

Additionally, effects of myocardial matrix injection in a rat ischemia-reperfusion model 

were evaluated.  This work assesses effects on left ventricular (LV) geometry, shows 

preserved cardiac function, and attempts to understand local effects of the matrix upon 

injection into the ischemic region.  Finally, the myocardial matrix was tested for 

feasibility of clinical translation, through percutaneous transendocardial delivery in a 

porcine model.  Following successful injection of matrix post-MI, animals were 

evaluated for up to three-months, without harmful side effects.  

This work provides the field of injectable materials for cardiac tissue-engineering 

with a novel injectable scaffold, designed specifically for the heart that is able to be 

chemically crosslinked, is able to preserve cardiac function, and has potential for clinical 

translation to treat HF post-MI.  
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1 CHAPTER ONE: 

Introduction 
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1.1 Heart failure post-myocardial infarction 

Heart failure (HF) following a myocardial infarction (MI) continues to be the 

leading cause of death in the United States, and the rest of the western world 1.  Over 7 

million people in the United States have suffered a myocardial infarction, and almost 5 

million suffer from heart failure 1.  Myocardial infarction is the occlusion of a coronary 

artery, often caused by a build up of atherosclerotic plaque.  The progressive pathological 

changes post-MI include an initial inflammatory response 2, loss of cardiomyocytes 3,4 

and degradation of the left ventricular (LV) extracellular matrix (ECM) by matrix 

metalloprotinases 5,6, which lead to wall thinning, infarct expansion 7, scar tissue 

formation, and eventual LV dilatation and decrease in cardiac function 8.  This process of 

negative LV remodeling post-MI is thought to independently contribute to HF 9.  

Currently, the only successful treatments for end stage HF post-MI are total heart 

transplantation, limited by the lack of available donor hearts, and the use of an LV assist 

device.  As coronary heart disease continues to be the leading cause of the death the in 

US and Western world 1, it is clear that new therapies are needed.  

 

1.2 Biomaterial therapies 

To replace the necrotic cardiomyocytes and damaged ECM, cardiac tissue-

engineering approaches have become a major research focus for therapy post-MI.  These 

approaches include biomaterial scaffolds in combination with cells, as well as 

biomaterials alone that are intended to recruit cells into the damaged region.  Initially, 

cellular therapy, or cellular cardiomyoplasty, involved the injection of cells in saline or 

media, without any type of scaffold.  Although this technique has shown promise in pre-
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clinical and clinical trials 10-14, the lack of an appropriate extracellular environment for 

cellular adhesion has limited cell retention, survival, and integration into the host tissue 

within the damaged infarct region 15,16.  More recently, biomaterial scaffolds have been 

explored for use as cellular and acellular cardiac patches 17-22 and also as injectable 

materials 23-27, often referred to as in-situ gelling materials 28.  In addition to cellular 

cardiac patches, used to increase cell transplant survival 17-19, acellular cardiac patches 

have been developed from a variety of materials to provide structural support for the 

damaged ventricle and/or encourage cellular recruitment into the material 20-22.  While 

both have been somewhat effective at preserving cardiac function in animal models, 

implantation of these patch materials involves an invasive open chest procedure, such as 

sternotomy or thoracotomy.  Furthermore, patch materials are sutured to the epicardial 

surface of the heart, limiting the region of therapeutic benefit.  In contrast, injectable 

materials offer a unique solution of replacing the damaged myocardial ECM and/or 

delivering cells directly to the infarcted region, while offering the potential for minimally 

invasive delivery. 

 

1.3 Injectable materials 

Injectable materials can be used on their own, as acellular scaffolds, or they can 

be delivered with cells. On their own, injectable materials offer the advantage of 

eliminating the complications of cell-based therapies, such as immunogenicity, culture 

time and the issues of cell source 29.   Initially, cell transplantation was performed by 

injecting cells in culture medium or saline directly into the damaged myocardium, a 

technique termed cellular cardiomyoplasty 10-13,30-32.  In large animal studies, as well as in 

pre-clinical and clinical trials, cells are injected through a catheter, allowing for 
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minimally invasive delivery 10-14.  Despite numerous clinical trials, cellular 

transplantation techniques are limited by poor cell retention, survival, and integration 

with the host myocardium.  These limitations are due in part to the lack of an appropriate 

microenvironment to allow for and guide cell development 15.  Thus, the initial focus of 

injectable biomaterials to increase cell survival during cellular cardiomyoplasty remains a 

priority today 33,34. With or without cells, injectable materials can be injected 

intramyocardially, rather than applied to just the epicardial surface, to allow for direct 

repair within the region of damage.  Injectable materials thus offer the potential to 

mitigate the negative LV remodeling process by thickening the LV free wall and 

reducing wall stress, thereby preventing HF (Figure 1.1).   As mentioned, these beneficial 

effects of increased cell survival and/or preserved cardiac function can be obtained 

through a potentially minimally invasive injection procedure, rather than an open-chest 

surgery.  Less invasive procedures, such as injectable materials, offer a decreased risk to 

patients, as well as decreased hospitalization time. A variety of injectable materials, both 

synthetic and naturally derived or inspired, have been investigated as injectable scaffolds, 

with or without cells, for myocardial tissue engineering (Figure 1.2).     

 
1.3.1 Scaffold requirements 

As a variety of injectable materials have been explored for cardiac tissue 

engineering and the prevention of HF, it is important to consider the factors necessary for 

an ideal injectable scaffold for the heart.  The ideal injectable material would be one that 

mimics the native cardiac extracellular milieu, and meets the clinical need of minimally 

invasive catheter delivery.  From a tissue engineering perspective, it is important that a 

material be biocompatible and provide the appropriate cell-matrix interactions to allow 

for cell adhesion, and proliferation and/or maturation 29,35,36.  The native extracellular 
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environment provides cells with a complex combination of proteins and polysaccharides.  

Thus, while scaffolds have been functionalized with simple peptides such as RGD to 

promote adhesion 37, it is known that more complex, combinatorial signals promote 

significant changes in cell behavior 38,39, indicating that the biochemical composition of a 

scaffold is critical to instruct cells.  Beyond biochemical composition, structural 

properties, such as porosity, are considerations that effect degradation and cellular 

infiltration 40,41.  Pores should be interconnected with a diameter greater than 10 µm, to 

allow for cellular and vascular infiltration, as well as diffusion of nutrients 36.  

Biochemical composition and porosity that allows for cellular infiltration, should thus 

allow for vascular cell infiltration and revascularization of the ischemic region.  The 

angiogenic potential of a scaffold is important for most tissue engineering applications 

35,36,42, but is particularly critical in the ischemic region of the heart post-MI, as 

microvascular dysfunction is a known predictor of LV dilation 43-45.       

 For a material to be compatible with clinically relevant catheter delivery, 

allowing for a minimally invasive procedure, additional design requirements become 

important.  Initial human cellular transplantation studies involved direct epicardial 

injection while a patient received an open chest procedure, such as cardiac artery bypass 

graft (CABG) or the implantation of a LV assist device 32,34.  However, recent advances 

in catheter technology allow for percutaneous transcoronary or transendocardial delivery 

10-14,24, eliminating the need for an invasive surgical procedure.  Thus, materials designed 

as injectable scaffolds should meet the design requirements for coronary or endocardial 

catheter delivery.  The material must have the proper gelation properties and kinetics to 

remain liquid within the catheter, while allowing the formation of a solid gel within the 

myocardial tissue.  Materials currently being tested in small animal models, via direct 
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epicardial injection 23,25-27,33,46, would likely have difficulty translating to catheter delivery 

due to gelation properties, or other delivery constraints.  For example, a quick gelling 

material may clog the catheter, preventing injectability.  Additionally, some materials are 

multi-component, requiring a double-barreled injector for delivery 27,33,46,47, which is not 

compatible with current catheter technology. 

 

1.3.2 Synthetic materials 

Synthetic materials for tissue engineering (Table 1.1) offer the advantage of 

tunability, allowing the design of a material with the appropriate porosity, mechanical 

stability, and degradation properties 36.  Recently, variations of poly(N-

isopropylacrylamide) (PNIPAAM) and poly(ethylene glycol) (PEG) have been developed 

and evaluated as injectable therapies.  PNIPAAM, a synthetic hydrogel is advantageous 

because it undergoes a phase transition just below physiologic temperature, causing it to 

form a gel at 37 °C, yet remains a liquid at room temperature.  Variations of PNIPAAM, 

including biodegradable dextran (Dex) grafted poly(E-caprolactone)-2-hydroxylethyl 

methacrylate (PCL-HEMA)/PNIPAAm system (Dex-PCL-HEMA/PNIPAAm) 48,49 and 

copolymerization of NIPAAm, acrylic acid (AAc), and hydroxyethyl methacrylate-

poly(trimethylene carbonate) (HEMAPTMC), to create poly(NIPAAm-co-AAc-co-

HEMAPTMC) 50 have shown preserved or improved cardiac function in small animal 

infarct models.  Additionally, PEG, a common bioinert material has been explored, as a 

non-degradable option.  However, injection of PEG-vinyl sulfone (PEG-VS) immediately 

following permanent ligation in a rat model showed no difference in long-term functional 

benefit, as compared to saline injection 51.  A recent study in our lab involving the 

injection of PEG suggests that the injection of a bioinert, non-degradable material is 
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insufficient to reduce negative LV remodeling and prevent the progression of HF, despite 

an increase in infarct wall thickness (data unpublished).  Thus, while synthetic materials 

offer the benefit of tunability, they lack inherent bioactivity, important for cellular 

adhesion, proliferation, and growth, which may play a key role in cardiac regeneration. 

 

1.3.3 Naturally derived or inspired materials 

The primary focus for injectable materials has been on naturally derived or 

inspired materials (Table 1.2), to improve cell survival or preserve cardiac function.  The 

advantage of natural materials is that the components are recognized by the body, and are 

easily degraded into safe byproducts 36.   The first materials explored as injectable 

scaffolds include collagen and fibrin glue, both commonly used tissue-engineering 

materials.  Collagen, a helical structure with a defined pattern of amino acids that can be 

easily recognized by the body, is the main protein component of most extracellular 

environments, and is thus a common material choice for tissue engineering scaffolds 52.  

Commercially available collagen products have been used as injectable scaffolds for 

cardiac tissue engineering 26,53,54, yet advances with collagen have slowed since the 

initially reported studies.  Fibrin, another commonly used fibrillar protein, is involved in 

the coagulation cascade, in wound healing responses 55, and in promoting angiogenesis 

56,57.  Fibrin glue is a commercially available two-component product consisting of the 

fibrin precursor, fibrinogen, and the activating enzyme, thrombin, that self-assemble upon 

contact to create a fibrin gel.  Fibrin glue was the first material used to demonstrate that 

an injectable biomaterial can improve cell survival 33, as well as induce 

neovascularization and preserve cardiac function with or without cells 27,33,53,58.  However, 

fibrin glue requires a double-barreled injection system that is not currently compatible 
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with catheter delivery.  Both collagen and fibrin are single proteins that, although 

common for tissue engineering applications, do not mimic the native ECM, which is a 

tissue specific network of proteins and polysaccharides. 

To create a more complex extracellular environment, Matrigel is a commonly 

used material 16.  Matrigel refers to the purified matrix derived from Engelbreth-Holm-

Swarm mouse sarcoma cells, and includes a complex mixture of laminin, collagen IV, 

entactin, heparan sulfate proteoglycans, and growth factors.  Another attractive 

characteristic is that Matrigel undergoes a phase transition to create a gel at physiologic 

temperature.  However, being that Matrigel is derived from a mouse sarcoma line, it is 

not tissue specific and presents the risk of tumor induction 59,60, which will likely limit its 

clinical translation.  Additionally, Matrigel may not be conducive to allowing 

neovascularization, as recent studies present varied results 53,61.  In one study, a lack of 

cellular infiltration, including a lack of vascular cell infiltration, into injected Matrigel 

was reported 61.  

 Chitosan and alginate are two non-mammalian polysaccharide materials that 

have been explored for cardiac tissue engineering.  Chitosan, derived from the structural 

component of crustacean shells, is a polysaccharide with tunable chemistry that allows 

for control of degradation properties 62.  The ability to undergo temperature-phase 

transition at physiologic temperature, allows chitosan to gel in situ, upon injection into 

the myocardium with or without cells 23.  Mouse embryonic stem cells delivered into an 

ischemic border zone showed improved retention and engraftment when injected with 

chitosan, in addition to improved function and neovascular formation 23.  Potential 

barriers to using chitosan include the lack of solubility in neutral solutions and 

inconsistency in cellular attachment 52.  Alginate, a polysaccharide derived from brown 
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seaweed, has the unique ability to undergo a phase transition, utilizing the calcium 

present in the myocardial tissue, upon injection into the LV free wall 24.  The use of 

alginate has shown positive results in both acute and chronic rat MI models 25, and 

additionally has been delivered in combination with growth factors 63, or modification 

with RGD 37.  This past year, alginate was shown to improve function in a porcine model, 

upon minimally invasive transcoronary catheter delivery 24.  Despite the recent success, 

known limitations associated with alginate include poor cell adhesion and infiltration, as 

the hydrophilic nature of alginate leads to the prevention of protein adsorption and 

mammalian cell interaction 52.  Furthermore, as chitosan and alginate are both derived 

from non-mammalian sources, they likely do not provide the appropriate extracellular 

microenvironment. 

As naturally inspired materials, self-assembling peptides, RAD16-I and RAD16-

II, which are able to form nanofibrous gels at physiologic pH, have also been explored.  

Initial in vivo studies using the RAD16-II self-assembling peptides alone showed 

promising results in healthy myocardium, including the infiltration of endothelial cells 

and cardiomyocytes, as well as differentiation of hESCs to CM upon injection 61.  

However upon injection in MI models, success has only been achieved with the addition 

of tethered growth factors, with variable results depending on the growth factor and the 

cell type.  It has been shown that incorporation of IGF-1 with self-assembling peptides 

aids in CM survival 64, improves survival and proliferation of cardiac progenitor cells 

(CPC) 65, and improves cardiac function upon delivery with CM or CPC cells 64,65.  Self-

assembling peptides injected with PDGF showed improved fractional shortening, 

although they did not improve function when injected alone 66,67.  Furthermore, 

nanofibers delivered with a protease resistant SDF-1 were shown to recruit endogenous 
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stem cells and improve cardiac function 68.  However, both self-assembling peptide 

sequences, with or without PDGF, failed to improve skeletal myoblast survival and 

cardiac function in a rat model 69.  These varied data suggest the potential importance of 

an injected biomaterial to create the appropriate microenvironment for the cell type being 

delivered or recruited.   

 Several groups have explored combination materials, or incorporated additional 

components, such as growth factors to create a more complex microenvironment, to aid 

in cell survival and/or preserve cardiac function.  Combination materials include a 

collagen-Matrigel combination, 70, a fibrin-alginate biocomposite 47, and a PEGylated 

fibrin biomatrix 34.  While these combination materials provide a more complex scaffold, 

they do not properly mimic the native cardiac ECM.   

 

1.3.4 Decellularized materials 

In native healthy tissue, the extracellular environment is a complex composition 

of proteins and proteoglycans that guides cellular attachment, survival, migration, 

proliferation, and differentiation 29,36,71-74.   Thus, as described, cardiac tissue engineering 

strategies have focused on development of injectable scaffolds to replace the native 

ECM, with the hope of providing cells the proper environment to develop 15.  It follows 

that the best replacement of the complex milieu is the native ECM itself.  Therefore, 

recent focus has been placed on the utilization of decellularized ECM for a variety of 

medical applications, including cardiac repair. 

Decellularization involves the physical, chemical, or enzymatic removal of an 

organ or tissue’s cellular content, thus leaving only the ECM composition.  Although it 

may alter the chemical and structural composition of the ECM, decellularization is 
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beneficial, as it allows for the removal of cellular antigens, which could induce a foreign 

body reaction, inflammation, and potential transplant rejection 75. The removal of cellular 

antigens and the fact that ECM proteins are fairly well conserved among species 76, allow 

xenogeneic decellularized materials to be well tolerated 77.  In fact, numerous 

decellularized ECMs, such as small intestine submucosa (SIS), pericardium, skin, and 

heart valve, from both bovine and porcine sources are FDA approved and used clinically 

77.  

For cardiac applications, decellularized urinary bladder matrix has been used as 

an epicardial cardiac patch material, showing cellular infiltration into the patch and 

functional benefits 21,22,78. However, the use of a non-cardiac specific decellularized ECM 

patch material resulted in undesirable cartilage tissue formation within the myocardium 

22, potentially a result of non-tissue specific cell-ECM interactions.  In addition, patch 

materials are limited to the epicardial surface of the heart, and thus, do not provide the 

advantages of minimally invasive delivery and treatment within the infarct region, as 

injectable materials offer.  

For these reasons, the use of decellularized matrices as injectable therapies for 

cardiac repair has gained recent focus.  Decellularized SIS has been processed to be a 

powder and injected, as an emulsion, directly into rat myocardium, following an 

ischemic-reperfusion event 79.  This material shows cellular recruitment into the injection 

region, as well as improved cardiac function.  However, it has been shown that while the 

general ECM components of each tissue are similar, each individual tissue does contain 

its own unique combination of proteins and proteoglycans 36,72.  Thus, cardiac specific 

decellularized tissue would the appropriate choice to replace the damaged myocardial 

ECM.  It was recently shown that intact rat and porcine hearts can be decellularized via 
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perfusion with detergents, utilizing the vasculature to access, lyse, and remove all of the 

cells 80,81, thus opening up the possibility of using decellularized myocardial ECM for 

cardiac repair.   

 

1.4 Injection delivery methods 

A variety of injection systems have been explored to deliver cells, growth factors, 

or materials to the myocardium.  Initial delivery of growth factors or small molecules was 

achieved through intravenous injection.  However, intramyocardial delivery allows for 

targeted delivery and treatment that is focused on the region of interest, with limited 

systemic effects.  To achieve intramyocardial delivery, both epicardial or endocardial 

injection techniques, as well as intracoronary injection methods have been developed 

(Figure 1.3).  Direct epicardial injection was the first avenue explored clinically, as it can 

be performed during already scheduled open chest procedures, such as coronary artery 

bypass graft (CABG) surgery or LV assist device (LVAD) implantation 32,34, and is easily 

achieved with a standard syringe and needle.  Furthermore, this method is also used for 

intramyocardial injections in small animal models, as more complex delivery systems 

would be difficult to scale down for a mouse, rat, or rabbit.  While direct epicardial 

injection is the most common method explored for feasibility or pre-clinical studies in 

small animals 23,25-27,33,46, a minimally invasive delivery option would be more clinically 

desirable to avoid an open-chest procedure if the patient does not require one.   

To achieve percutaneous delivery to the myocardial tissue, transcoronary and 

transendocardial catheter based delivery systems have been developed and utilized for 

cell transplantation and growth factor delivery for large animal models and humans 10-

14,24.  Transendocardial delivery (or endoventricular delivery) involves the insertion of an 
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injection catheter through a sheath that has already been passed through the left or right 

femoral artery into the left ventricle.  A retractable needle can then be inserted into the 

endocardial wall for injection.  The Cordis MyoStar catheter 12,13,82,83, a Guidant custom 

made catheter 84, and the recently patented “Cell-Fix” catheter 85 are three catheters 

reported for injection that fit in an 8 F sheath, each with a 27 G retractable needle.  In 

addition BioCardia’s Helix Biotherapuetic Delivery catheter systems, including one 

version designed to insulate thermally sensitive materials, and the Bioheart MyoCath and 

MyoCell catheter systems offer additional endoventricular delivery options. For each 

system, once the injection catheter is in place, multiple injections are typically made 

throughout the infarct region, or within the border zone.  Thus, a potential limitation of 

this technique is the challenge of delivery into an often very thin myocardial wall 

associated with infarction, but needle length can be adjusted to avoid puncturing through 

the entire wall.  Injection location is extremely important to ensure treatment of the 

damaged tissue.  Thus, endocardial injection is often coupled with electromechanical 

mapping of the heart, to identify the infarct and border zones.  A commonly used 

mapping system is the NOGA mapping system, which creates a color coded 

electromechanical map of the heart, and allows for directed injection 11-13,86.     

Transcoronary delivery involves the use of catheter access to the coronary 

vessels to deliver treatment.  Typically, an over-the-wire angiographic catheter is used to 

place a balloon within a coronary artery 24,85,87.  The balloon is then deployed, blocking 

blood flow to prevent the injection from entering the blood stream.  This is repeated 

several times with wait periods in between injections to limit prolonged ischemia.  

Another intracoronary injection system has also been tested in a porcine model 54.  In this 

approach, access is gained through a coronary vein using a TransAccess tip, guided by 
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ultrasound.  Injection is then achieved through an IntraLume catheter via a needle that 

can advance into the myocardium.   The disadvantage to coronary delivery, is the need 

for access to the coronary vessels, which may not be possible in all patients post-MI.  

Transcoronary delivery also has a risk of microembolism 85.  With both endocardial and 

intracoronary methods there is risk that the injected treatment will leak into the LV lumen 

or coronary arteries, and thus travel systemically, although recent studies have shown this 

risk to be minimal with a transendocardial approach 12.  

Several studies have explored the benefits and effectiveness of transcoronary and 

transendocardial catheter delivery, as compared to one another and as compared to 

epicardial injection.  Two early studies evaluating the intracoronary and endocardial 

catheter delivery systems concluded that the methods were comparable 84,85, while 

recently it was declared that transendocardial delivery is the preferred method for cell 

injection 86.  Laham, et al. set out to first compare intracoronary vs. intravenous delivery, 

followed by a second study to compare endocardial vs. epicardial delivery, using 

fibroblast growth factor-2.  These studies concluded that distribution and retention of the 

growth factor was similar for endocardial and epicardial injection techniques, but was 

much improved over intravenous or intracoronary delivery 88,89.  As most of the materials 

explored as injectable therapies have been tested in small animal models, relying on 

epicardial injection, it is unclear if they will successfully translate to large animals and 

eventually to humans.  Thus far, the recently developed myocardial matrix, derived from 

decellularized ventricular ECM, is the only material to have been tested via 

transendocardial delivery in a large animal model.  

While most injectable materials are currently being tested in small animal 

models, through epicardial injection, it is important to consider that the goal for clinical 
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translation for an injectable scaffold is catheter-based delivery.  Transcoronary and 

transendocardial catheter based injectable systems offer the unique advantage of 

minimally invasive delivery, eliminating the need for a risky open chest surgical 

procedure.  

 
 

1.5 Conclusions  

Given the recent promise shown by a variety of materials, it is important to focus 

on developing a material that is specifically designed to meet the needs of the failing 

heart, with degraded ECM, and also look ahead to clinically relevant delivery methods 

and design criteria necessary for clinical translation. From a tissue engineering 

perspective, a well-designed scaffold is one that will provide cells with the proper cell-

matrix interaction cues for adhesion, proliferation, and maturation 29,35,36.  To accomplish 

this, recent tissue engineering strategies have focused on materials that are biomimetic of 

the structure, morphology, and biochemical cues of the native microenvironment they are 

attempting to replace 29,35,36.  This approach is of particular importance in myocardial 

tissue engineering.  However, no material currently being explored for cardiac repair has 

been designed for the heart itself, to specifically mimic the native ECM and provide the 

appropriate replacement scaffold.   

Additionally, it is important to consider the requirements and guidelines that 

would make treatment clinically relevant, such as feasibility for catheter delivery.  In 

most small animal studies the injection is a fairly quick procedure involving a single 

injection through a standard small diameter needle and syringe.  For humans and large 

animals, the material must remain a liquid for a much longer period of time, while 

multiple injections are made through a catheter.  Many materials that have been 
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developed for in vitro experimentation or small animal models would fail minimally-

invasive clinical translation, because of rapid gelation times that would create a risk of 

clogging the catheter or the requirement of a double-barreled injection system  27,33,46,47, 

for which there is not currently a catheter equivalent.  Thus, only the materials with 

proper viscosity and gelation kinetics have the potential to translate to the clinic for 

minimally invasive delivery.     

   

1.6 Scope of the dissertation 

 The objective of this dissertation was to investigate development, characterization, and 

feasibility decellularized myocardial matrix as a clinically relevant biomimetic therapy for 

cardiac repair.  The overall goal is to test the hypothesis that a naturally derived 

myocardial matrix material, developed specifically to mimic the native myocardial ECM, 

can serve as a clinically relevant injectable acellular scaffold for cardiac tissue 

engineering.   

 Chapter 1 provided an overview of currently available injectable materials and 

their shortcomings, as well as an introduction to injectable scaffold requirements and 

methods of catheter delivery. 

 Chapter 2 describes the development and characterization of a naturally derived, 

decellularized myocardial matrix, as an injectable material for cardiac repair, 

demonstrating retained biocomplexity, as well as in vitro and in vivo self-assembly.  This 

chapter provides initial in vivo feasibility of the novel scaffold.    

Chapter 3 tests the hypothesis that crosslinking of the myocardial matrix will 

affect the mechanical properties, degradation properties, and alter cellular migratory 
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ability, thus demonstrating that the myocardial matrix can be modulated to meet in vivo 

requirements.    

 Chapter 4 evaluates the effects of the myocardial matrix on LV geometry and 

cardiac function post-MI in an ischemia-reperfusion rat model and attempts to understand 

the local effects of myocardial matrix injection, which may play a role in the attenuation 

of negative LV remodeling. 

Chapter 5 tests the hypothesis that the myocardial matrix is safe for percutaneous 

transendocardial delivery in a large animal model, through injection in multiple animals, 

assessment of biodistribution, and observation and analysis of animals for up to three-

months post-injection.  

Chapter 6 provides a summary and conclusion, as well as address limitations in 

studies and future work.   
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Figure 1.1: Schematic of HF with and without treatment. 
Heart failure post-MI and the potential benefits of treating the heart with an injectable material. 
 
 

 
Figure 1.2: Injectable materials for cardiac repair. 
In vivo histological images representing each category of injectable material.  (A) Collagen 26, (B) 
Fibrin glue 33, (C) Matrigel 46, (D) Nanofibers (RAD16-II) 61, (E) Alginate, 25, (F) Chitosan 23,  (G) 
Decellularized myocardial matrix 90, (H) PNIPAAm 50, (I) PEG 51 
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Table 1.1: Synthetic injectable materials for cardiac repair. 
 

Material Model Time 
post-MI 

Injection Type Cells   
  

Vessels 
 

Geometry  
  

Cardiac  
Function 

Ref 

Dex-PCL-HEMA/  
   PNIPAAm 

Rabbit; ligation 4 d  Alone    + + 48 

 poly(NIPAAm-      
   co-AAc-co- 
   HEMAPTMC) 

Rat; ligation 2 wks  Alone    = ED = 50 

PEG Rat; ligation 0 d Alone   - - 51 
PEGylated fibrin Mouse; ligation 0 d Alone; w/HGF, 

w/BMNC 
+  
(w/GF) 

 + (w/cells+GF) + (w/cells+GF) 34 

PEG: poly(ethylene glycol), Dex-PCL-HEMA/PNIPAAm: biodegradable dextran (Dex) grafted 
poly(E-caprolactone)-2-hydroxylethyl methacrylate (PCL-HEMA)/PNIPAAm system, 
poly(NIPAAm-co-AAc-co-HEMAPTMC): Copolymerization of NIPAAm, acrylic acid (AAc), 
and hydroxyethyl methacrylate-poly(trimethylene carbonate) (HEMAPTMC), HGF: hepatocyte 
growth factor, BMNC: bone marrow derived mononuclear cells 
 
 
Table 1.2: Naturally derived or inspired injectable materials for cardiac repair. 
 

Material Model Time 
post-MI 

Injection Type Cells   
  

Vessels 
 

Geometry  
  

Cardiac  
Function 

Ref 

Rat; ligation  1 wk  Alone  - =  + 26 
Rat; 30 min  1 wk  Alone  +   53 

Collagen 

Porcine; healthy  n/a Alone; w/BM +    54 
Fibrin Rat; 17 min  1 wk  Alone; w/SkM + +   +  27,33  
 Rat; 17 min  1 wk  Alone   +   53 
 Rat; cryoinjury 3 wks  w/BM MNCs  +   91 
 Rat; 17 min  1 wk  w/PTN  + (w/PTN)   92 
 Sheep; ligation 1 wk  w/EC  + (w/cells)  + (w/cells) 58 

Mouse; ligation 0 d w/ESC    + (w/cells) 93 
Rat; 17 min  1 wk  Alone  +   53 
Rat; healthy heart n/a Alone  -   61 

Matrigel 

Mouse; 60 min  4 d  w/hESC =  - - 16 
Nanofibers Mouse; healthy n/a Alone; w/nCM  +   61 
 Rat; healthy, ligation 0 d Alone;  

w/nCM+IGF-1 
+  = (w/GF+cells) + (w/GF+cells) 64 

 Rat; ligation 0 d w/IGF-1;  
w/CPC+IGF-1 

 +  = (w/GF+cells) 65 

 Rat; ligation, 60 min  0 d Alone;  
w/PDGF 

 -  + (w/GF) 66,67 

 Rat; ligation 2 wks Alone;  
w/PDGF, w/SkM 

= + -  - 69 

Alginate Rat; ligation 1 wk; 60 d Alone   = ED = 25 
 Rat; ligation 1 wk  Alone; w/GF  + (w/GF) = ED =  63 
 Rat; 25 min  5 wks  Alone; w/RGD   + (w/RGD) = ED  =  37 
 Porcine; 90 min  3-4 d Alone   = = 24 
Chitosan Rat; ligation 1 wk  Alone; w/mESC + + (w/cells) + (w/cells) + (w/cells) 23 

Rat; healthy n/a Alone  =   90 
Rat; 25 min  2 wks Alone    = - 

Myocardial  
Matrix 

Porcine; healthy n/a Alone     - 
Pericardial Matrix Rat; healthy n/a Alone  =   94 
Collagen-Matrigel Rat; ligation 3 wks  Alone; w/nCM    =, + (w/cells) 70 
Fibrin-Alginate Porcine; ligation 1 wk  Alone  = + ES = 47 

BM: bone marrow cells, SkM: skeletal myoblasts, BM MNC: bone marrow mononuclear cells, 
PTN: pleiotrophin, EC: endothelial cells, ESC: embryonic stem cells, hESC: human embryonic 
stem cells, nCM: neonatal cardiomyocytes, mESC: mouse embryonic stem cells, GF: growth 
factors, IGF-1: insulin like growth factor-1, CPC: cardiac progenitor cells, PDGF: platelet derived 
growth factor 
 
Key: Cell Survival: “+”: Increased cell survival, “=” No improvement in cell survival; 
Neovasculature: “+”: Increased vessel density over control, “=”: Vessel formation present (either 
not improved or no control), “-”: Lack of vessel formation; LV Geometry: Symbols apply to both 
ED and ES values, unless otherwise indicated: “+”: Improved geometry (decreased value) as 
compared to other groups, or via pairwise comparison pre- and post-treatment, “=”: Preserved 
geometry pre- and post-treatment, or the same as other groups, “-”: Worsened geometry (dilation, 
increase pre- and post-treatment); Cardiac Function: “+”: Improved cardiac function, “=”: 
Preserved cardiac function, “-”: No functional benefit.  
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Figure 1.3: Injection delivery methods. 
A. Direct epicardial injection: injection through a standard needle and syringe into the myocardial 
tissue; B. Transcoronary injection: injection via catheter access to the coronary vessels; C. 
Transendocardial injection: injection into the myocardial wall via catheter access into the lumen of 
the LV.  Modified from:  
10,95,96 
 
 
 

Chapter 1, in part, is a reprint of material that is published as: Singelyn JM, 

Christman KL. Injectable Materials for the Treatment of Myocardial Infarction and Heart 

Failure: The Promise of Decellularized Matrices. J Cardiovasc Transl Res. 

Chapter 1, in part, is in press as: Singelyn JM, Christman KL. Injectable Scaffold 

for Myocardial Tissue Engineering.  

The author of this dissertation is one of the primary authors on each publication. 
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2 CHAPTER TWO: 

Development and characterization of a naturally 

derived myocardial matrix as a novel injectable 

scaffold  
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2.1 Introduction 

Heart failure following an MI continues to be the leading cause of death in the 

United States, and the rest of the western world 1.  While total heart transplantation 

remains the only successful treatment for end-stage heart failure post-MI, this approach is 

limited by a lack of donor hearts.  In addition, the myocardial tissue that is damaged 

during MI lacks the ability to significantly regenerate itself, which leads to negative LV 

remodeling and eventual HF.  Thus, tissue-engineering strategies to repair and regenerate 

the area of infarct are essential to prevent HF post MI.  New strategies to treat heart 

failure, such as the design of scaffold materials for cardiac tissue engineering, show great 

potential.  Injectable materials, in particular, offer the unique advantage of minimally 

invasive delivery. 

Recent trends in designing scaffolds for tissue engineering have focused on 

materials that are biomimetic and tissue-specific, to provide the appropriate chemical and 

biological cues that mimic the native microenvironment 29,35,36.  Injectable materials for 

myocardial tissue engineering, such as fibrin 27,33, collagen 26,97, Matrigel 16,93, alginate 25, 

self-assembling peptides 61, and chitosan 23, each delivered alone or with cells, have been 

explored as potential treatments for MI 28.  However, these materials do not adequately 

emulate the structural and chemical make up of the natural myocardial ECM.  Providing 

cells with the correct environmental cues is essential to the success of a tissue 

engineering approach 29,35,36.  Thus, the ideal injectable scaffold for myocardial tissue 

engineering would be one that mimics the natural myocardial ECM and promotes 

neovascularization to reduce the ischemic environment. 

The use of decellularized tissues, as nature’s platform, for a variety of tissue 

engineering applications has been explored 71,75.  Recent studies have shown the use of 
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decellularized rat hearts as an intact scaffold for seeding of endothelial cells and 

cardiomyocytes 80.  Interestingly, rat endothelial cells formed single layers surrounding 

vessels within the heart construct, suggesting that chemical cues remained in the 

decellularized ECM to direct the cells.  In addition, small intestine submucosa and 

bladder matrix have resulted in cellular infiltration when utilized as cardiac patch 

therapies 21,22.  However, while the ECM of each tissue contains similar components, 

each individual tissue does have its own unique combination of proteins and 

proteoglycans 36,72.  It follows that for myocardial repair, decellularized myocardial 

matrix would best mimic the native myocardial ECM’s biological and chemical cues, 

providing the most appropriate scaffold material.  While a patch of cardiac ECM would 

retain the natural ECM structure, it would be limited to invasive surgical procedures for 

implantation and delivery only to the epicardial surface.   Therefore we sought to test the 

hypothesis that an injectable form of decellularized myocardial ECM, which would 

mimic the biological and chemical cues of native cardiac ECM and be delivered in a 

minimally invasive procedure, could be utilized as a scaffold for myocardial tissue 

engineering.   

The objectives of this study were to characterize the biochemical composition 

and structure of an injectable form of decellularized myocardial matrix, demonstrate its 

ability to form a gel in vivo, and assess its capability for promoting an influx of 

vasculature.  Herein we demonstrate that this form of myocardial matrix retains a 

complex biochemical composition, re-assembles to form a nanofibrous scaffold, and 

promotes vascular cell migration in vitro and infiltration in vivo.  Thus, we have 

demonstrated that this myocardial matrix has potential to be used for cardiac tissue 

engineering applications.   
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2.2 Methods 

2.2.1 Decellularization of myocardial matrix 

Hearts were harvested from pigs, approximately 30-45 kg, immediately after 

sedation with a ketamine/xylazine combination (25 mg/kg, 2 mg/kg respectively) and 

euthanasia with beuthanasia (1 mL/5 kg).  The major vessels and atria were removed 

from the heart, and the ventricular tissue was cut into pieces of about 2 mm in thickness.  

The cardiac tissue was decellularized using detergents already shown to be effective in 

decellularizing an entire rat heart, while maintaining its structure 80.  The tissue was 

briefly rinsed with deionized water and then stirred in 1% (wt/vol) sodium dodecyl 

sulfate (SDS) in phosphate buffered saline (PBS) for 4-5 days, until the tissue was 

decellularized.  The tissue was then stirred in 1% (vol/vol) Triton X-100 for 30 min for 

final cell removal.  Finally, decellularized cardiac tissue was stirred overnight in 

deionized water to ensure removal of detergents.  Decellularized matrix is shown in 

Figure 2.1A.  A sample of decellularized matrix was frozen in Tissue Tek O.C.T. 

freezing medium, sectioned into 10 µm slices, and stained with hematoxylin and eosin 

(H&E) or Hoechst to confirm the absence of cells.  Intact ventricular tissue was also 

frozen, sectioned, and stained as a reference.  Following the described decellularization 

procedure, ventricular ECM was lyophilized and milled using a Wiley Mini Mill to create 

a powder (Figure 2.1B). 

 

2.2.2 Preparation of myocardial matrix for gelation 

To generate an injectable form of myocardial matrix, the decellularized matrix 

was solubilized, as modified from a previously published protocol for bladder matrix 98.  
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Optimal concentrations of pepsin and hydrochloric acid (HCl) for ventricular ECM were 

determined experimentally.  Briefly, pepsin (Sigma, St. Louis, MO), dissolved in 0.1 M 

HCl was added so that the pepsin:matrix ratio was 1:10.  The matrix was allowed to 

digest for 48 hours under constant stirring.  When completely solubilized (Figure 2.1C), 

as indicated by the lack of particles in solution, myocardial matrix was brought to pH 8 

through the addition of sodium hydroxide (NaOH) and 10X PBS, and diluted to 6 mg/mL 

with 1X PBS.  Final solubilized myocardial matrix was kept on ice until it was used for 

characterization, in vitro migration experiments, or gelation in vivo.   

 

2.2.3 Characterization of myocardial matrix 

2.2.3.1 Gel electrophoresis 

Solubilized myocardial matrix was analyzed by SDS-PAGE and compared to 

collagen type I (BD Biosciences, San Jose, CA).  Solutions were run on a Tris-HCl, 12% 

polyacrylamide gel (Bio-Rad Laboratories, Inc, Hercules, CA) in Tris/Glycine/SDS 

buffer (Fisher Scientific Inc, Hanover Park, IL), with 80 mM reducing agent 

Dithiothreitol (DTT) (Invitrogen, Carlsbad, CA).  Gel electrophoresis was performed in 

an XCell Surelock MiniCell (Invitrogen), compared to a broad range standard, and 

stained with Imperial Protein Stain (Pierce, Rockfods, IL).    

 

2.2.3.2 Glycosaminoglycan content 

The chemical make up of the myocardial matrix was further characterized for 

glyocosaminoglycan (GAG) content using the Blyscan assay (Biocolor).  GAG content in 

the native solubilized myocardial matrix from four different digestions, from varied 
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batches of tissue was quantified.  Rat tail collagen and collagen from calf skin (Sigma) 

served as negative controls.  

 

2.2.3.3 Liquid chromatogrpahy mass spectrometry 

Liquid Chromatography Mass Spectrometry (LC-MS/MS) was used to analyze 

the myocardial matrix, to ensure retained protein content.  Lyophilized powder samples 

were digested in trypsin, in preparation for LC-MS/MS.   Electrospray ionization 

experiments were run on a QSTAR-Elite hybrid mass spectrometer (AB/MDS Sciex) 

interfaced to a reversed-phase high-pressure liquid chromatograph.  The column used was 

a 10 cm-180 ID glass capillary packed with 5-µm C18 ZorbaxTM beads (Agilent 

Technologies, Santa Clara, CA).  Peptides were eluted from the C18 column into the 

mass spectrometer using a linear gradient of 5–80% Buffer B (100% ACN, 0.2% formic 

acid, and 0.005% TFA) over 60 min at 400 µl/min. (Buffer A was composed of 98% 

H2O, 2% ACN, 0.2% formic acid, and 0.005% TFA).   LC-MS/MS data were acquired in 

a data-dependent fashion, time-of-flight MS were acquired at m/z 400 to 1600 Da, 

MS/MS data were acquired from m/z 50 to 2,000 Da.  Once collected, peptide 

identifications were based on at least one peptide with the confidence of above 99% for 

that peptide identification, using Protein Pilot 2.0 (Life Technologies Inc, Carlsbad, CA).  

 

2.2.3.4 Scanning electron microscopy 

Gels were formed in vitro by allowing solubilized myocardial matrix to incubate 

at 37°C.  Scanning electron microscopy (SEM) was used to visualize the structure of the 

myocardial matrix gel.  Gels were prepared for SEM by fixation with 2.5% 

glutaraldehyde for two hours, followed by dehydration with a series of ethanol rinses (30-
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100%), as is common for tissue and natural proteins 80,98,99.  Samples were then critical 

point dried and coated with iridium, using an Emitech K575X Sputter coater.  Electron 

microscopy images were taken using a Phillips XL30 Environmental SEM Field 

Emission microscope. 

 

2.2.4 Cell viability 

Neonatal rat cardioymyocytes were plated onto collagen coated dishes, or gels of 

collagen or myocardial matrix to compare cell viability.  Cardiomyocytes were harvested 

from freshly dissected ventricles of 2 day old Sprague-Dawley rats using an isolation kit 

(Cellutron, Baltimore, MD).  The initial supernatant was discarded, but the subsequent 20 

min digestions were strained and suspended in Dulbecco's Modified Eagle's Medium 

(DMEM) (Mediatech Manassas, VA) supplemented with 17% M199, 10% horse serum, 

5% fetal bovine serum (FBS) (Gemini Bio-Products, West Sacramento CA), and 1% 

penicillin/streptomycin.  After isolation, the supernatant was pre-plated onto tissue 

culture polystyrene dishes to increase purity of cardiomyocytes through selective 

adhesion.   50 µL of myocardial matrix or collagen at 6 mg/mL were allowed to gel by 

incubation in a 96 well plate at 37 °C for 2-4 hours.  Gels were rinsed in sterile PBS for 

20 minutes, and seeded with neonatal rat cardiomyocytes at a density of 2 x 104 cells per 

well.  For collagen coated plates, tissue culture dishes were coated with collagen (1 

mg/mL) for 1 hr at 37 °C, and rinsed with PBS prior to cardiomyocyte seeding.   Media 

was changed daily to remove any non-adherent cells.  Cell viability was assessed with a 

Live/Dead Cytotoxicity stain (Invitrogen, Carlsbad CA). 
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2.2.5 In vivo feasibility 

For in vivo assessment, solubilized myocardial matrix was injected into the left 

ventricular (LV) wall of male Harlan Sprague-Dawley rats (375-450 g), as previously 

described 27,33,53,100.  Briefly, rats were anesthetized using isoflurane at 5%, intubated, and 

maintained at 2.5% isoflurane during surgery.  Animals were placed in supine position, 

an incision was made from the xyphoid process along the abdomen, and a minimal 

incision was then made in the diaphragm to expose the apex of the heart, leaving the 

sternum intact.  A single injection of 90 µL of solubilized myocardial matrix was then 

made directly into the LV free wall through a 30 gauge needle.  The needle was held at 

an angle to ensure injection into the free wall and reduce the possibility of injecting into 

the lumen.  Injection was confirmed by a lightening of the myocardium at the location of 

injection.  Prior to recovery from anesthesia, animals were given 0.05 mg/kg of 

buprenorphine hydrochloride (Reckitt Benckiser Healthcare (UK) Ltd., Hull, England), 

an analgesic.  Animals were also given 3 mL of Lactated Ringers (Hospira Inc. Lake 

Forest IL) solution for hydration during surgery.  A total of eleven rats were injected with 

myocardial matrix for this study.  All animals survived the injection surgery.  To 

determine how quickly the myocardial matrix gelled in vivo, rats were euthanized at 30 

min (n=2), and 1 hr (n=2).  For assessment of cellular infiltration, rats were euthanized at 

either 4 hr (n=2) or 11 days (n=5) post-injection.  

 
2.2.6 Histology and immunohistochemistry 

At varied time points after injection surgery, animals were euthanized with an 

overdose of sodium pentobarbital (200 mg/kg).  Hearts were immediately removed, fresh 

frozen in Tissue Tek O.C.T. freezing medium, and sectioned into 10 µm slices.  Slides 
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spaced every 0.5 mm were stained with H&E.  To assess the inflammatory response a 

blinded pathologist compared myocardial matrix injections to hearts injected with fibrin 

(11 days post-injection), which is a well-established and characterized biomaterial.  

Adjacent slides from the regions with the largest sections of matrix injection, as identified 

by H&E, were then used for immunohistochemistry (IHC).  Two slides from each heart 

removed at 4 hours and 11 days were examined.  Sections were fixed for 1.5 minutes in 

acetone and blocked with staining buffer for 25 minutes (0.3% Triton X-100 and 2% goat 

serum in PBS).  Hearts were stained with an anti-smooth muscle actin antibody (Dako, 

Carpinteria, CA; 1:75 dilution) and FITC labeled isolectin (Vector Laboratories, 

Burlingame, CA; 1:100 dilution), to label smooth muscle cell and endothelial cell 

infiltration, respectively, into the injected region.  Alexa Fluor 568 anti-mouse 

(Invitrogen; 1:2000 dilution) was used as a secondary for the smooth muscle actin.  

Sections that were stained with only the primary antibody or only the secondary antibody 

were used as negative controls.   All sections were mounted with Fluoromount (Sigma).   

Images were taken using Carl Zeiss Observer D.1 and analyzed with AxioVision 

software and Photoshop.  Arterioles were quantified using the following criteria: 1) 

positive smooth muscle staining, 2) within the myocardial matrix injection region, 3) 

having a visible lumen, and 4) diameter ≥ 10 µm.  Long axis and short axis dimensions 

were averaged to find vessel diameter.    

 
2.2.7 Statistical analysis 

All data are presented as the mean ± standard deviation.  For the Blyscan assay, 

samples were run in triplicate and results averaged.  In the migration assay, each 

experimental condition was tested across 3-4 wells.   Significance was determined using 

one-way analysis of variance (ANOVA) with a Holm’s correction for the migration assay 
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data, a two-tailed student’s t-test for all other data, and reported as p < 0.05 and p < 

0.001. 

  

2.3 Results 

2.3.1 Confirmation of decellularization 

The myocardial matrix material was derived through decellularization of porcine 

ventricular tissue (Figure 2.1).  Upon completion of decellularization, ventricular ECM 

was frozen, sectioned, and stained with H&E or Hoechst, in order to confirm the 

complete removal of cells.  The absence of nuclei demonstrated the complete 

decellularization of the tissue, as compared to intact ventricular porcine tissue (Figure 

2.2).   

 

2.3.2 Characterization of biochemical composition 

The decellularized ECM was solubilized using pepsin, and after visual 

confirmation of the lack of particles in solution, solubilized myocardial matrix was 

further characterized to determine the presence of several extracellular matrix 

components.   Gel electrophoresis of solubilized myocardial matrix demonstrated 

corresponding bands to collagen, as well as the presence of lower molecular weight 

bands.  Thus, gel electrophoresis revealed additional peptides or ECM fragments, 

demonstrating the complexity of the myocardial matrix, as compared to strictly collagen 

(Figure 2.3).  Moreover, using a Blyscan assay, the GAG content of the solubilized 

myocardial matrix was determined to be 23.2 ± 4.63 µg per mg of matrix, while no GAG 

content was present in collagen. 
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For tissue engineering applications, it is important that the scaffold used provides 

a mimic of the complex native ECM.  Thus, decellularized ventricular tissue offers the 

potential to provide a scaffold that retains the proteins and proteoglycans native to the 

myocardium.  Decellularized, lyophilized myocardial matrix powder was characterized 

using Liquid Chromatography Mass Spectrometry (LC-MS/MS), which allows for the 

identification of proteins and proteoglycans.   LC-MS/MS revealed a variety of ECM 

proteins, indicating retained protein content after decellularization.  The ECM proteins, 

glycoproteins, and proteoglycans identified include: collagen types I, III, IV, V, and VI, 

elastin, fibrinogen, lumican, perlecan, fibulin, and laminin.  Collagen, laminin, and 

elastin are the major ECM proteins, responsible for structure.  Perlecan, synthesized by 

vascular endothelial and smooth muscle cells, is a proteoglycan important for cell-matrix 

interactions.  Fibulin, a calcium-binding glycoprotein associates with other ECM 

components such as fibronectin and laminin.  The identification of these components 

within the decellularized and processed myocardial matrix indicates a retained complex 

combination of proteins and proteoglycans, important for a biomimetic tissue-engineering 

scaffold.   

 

2.3.3 In vitro gelation 

The myocardial matrix was further characterized, as a gel form in vitro.  

Solubilized myocardial matrix remained a viscous liquid on ice or at room temperature 

(Figure 2.4A), until gelation was induced at 37°C (Figure 2.4B).   The resulting gel was a 

soft solid that required gentle handling.  SEM analysis revealed that the myocardial 

matrix consisted of a nanofibrous and mesoporous structure.  The re-assembled 

nanofibers were approximately 40-100 nm in diameter (Figure 2.4C).   
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2.3.4 In vitro cell viability 

As a first step towards assessing biocompatibility, we examined the ability of 

cardiomyocytes to be cultured on the myocardial matrix gel.  We found that 

cardiomyocytes were able to adhere and survive on the myocardial matrix for up to 5 

days (longest time point tested).  Cell viability, as assessed by live/dead staining, was 

comparable to cardiomyocytes cultured on collagen coated dishes and collagen gels (data 

not shown).   

 

2.3.5 In vivo gelation  

Animals were euthanized at various time points post-injection to determine the 

gelation time in vivo.  A fibrous gel was observed as early as 30 min post-injection 

(Figure 2.5), indicating that the myocardial matrix can be successfully injected into the 

LV free wall and that it gels in situ.  Each of the short time points confirmed that the 

matrix was able to gel in vivo (n = 6), in addition to preliminary studies in test hearts.  It 

is also interesting to note that the structure and porosity of the injected gel resemble that 

of the decellularized intact ventricular ECM (Figure 2.5, inset).  At 11 days post-

injection, a blinded pathologist confirmed that the response to the myocardial matrix was 

similar to fibrin (TISSEEL sealant) injections.  Fibrin sealant was chosen as a control 

since it is widely used in various surgeries and tissue engineering applications (including 

the myocardium), and is well known to be biocompatible and non-toxic, without inducing 

chronic inflammation, foreign body reactions, tissue necrosis or extensive fibrosis 101.  
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2.3.6 Cellular infiltration and neovascularization 

After demonstrating migration of vascular cells to the myocardial matrix in vitro 

and the ability of the solubilized matrix to form a gel in situ, we sought to determine 

whether the myocardial matrix would support vascular cell infiltration and new vessel 

formation in vivo.  Immunohistochemistry was performed on several sections from the 

hearts of animals euthanized at 4 hours and at 11 days post injection, in order to observe 

cellular infiltration and potential neovascularization in the myocardial matrix region.  

Slides were stained for endothelial cells and smooth muscle cells, the two cell types 

already demonstrated to preferentially migrate towards the myocardial matrix in vitro.  

Each stain revealed little to no cellular infiltration immediately following injection (up to 

4 hours post-injection) (Figure 2.6A-C).  Endothelial and smooth muscle cell staining 

indicated the infiltration of both vascular cell types within the matrix region at 11 days 

(Figure 2.6D-F).  In addition, arteriole density at 11 days post-injection (52 ± 20 

arterioles per mm2) was significantly higher than at 4 hours post-injection (1 ± 2 

arterioles per mm2, p = 0.02).  As 4 hours is too soon for a mature vessel to develop, it is 

likely that the matrix formed a gel around an existing vessel.  Arterioles with a visible 

lumen, and diameter larger than 10 µm, were observed at 11 days, indicating maturity.  In 

addition, several arterioles were >25 µm in diameter.  Inaccurate segmentation prevented 

reliable analysis of endothelial cells, and thus capillary density was not quantified.  It can 

be visually noted, however, that capillaries infiltrated the matrix at 11 days (Figure 2.6F). 

 
 

2.4 Discussion 

The results of this study show the potential of an injectable form of myocardial 

matrix for use as an in situ gelling scaffold for myocardial tissue engineering.  We have 
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successfully demonstrated the ability of the solubilized myocardial matrix to form a 

nanofibrous gel in vitro and in situ, the migration of vascular cells towards the 

myocardial matrix in vitro, and the ability of the matrix to promote vascular cell 

infiltration, including arteriole formation at 11 days post-injection in vivo.  This 

myocardial matrix has the potential to advance cardiac tissue engineering therapies by 

providing the appropriate biomimetic environment.  This study demonstrates the in vivo 

feasibility of a naturally derived injectable material that has been designed specifically to 

mimic the natural myocardial ECM.   

Recent trends in tissue engineering have focused on scaffold materials that are 

biomimetic, meaning that they mimic the structure, morphology, chemical cues, and 

biologic cues of the natural environment 29,35,36.  Thus, an ideal scaffold for tissue 

engineering is one that will provide the proper structural and chemical cues to allow for 

cell-matrix interactions that mimic those of the natural microenvironment 29,35,36.  

Materials currently being explored as injectable scaffolds for cardiac tissue engineering 

do not provide a cardiac specific extracellular environment 28.  Herein, we demonstrate 

the feasibility of a biomimetic injectable myocardial matrix that has been designed 

specifically for cardiac tissue engineering. 

Several groups have shown the potential of decellularizing tissues such as small 

intestine, liver, urinary bladder, blood vessels, dermis, and heart valves through physical, 

chemical, and enzymatic methods for a variety of tissue engineering applications 71,75.  It 

was recently shown that while ECM components may be similar across a range of tissues, 

each tissue has its own distinct combination of macromolecules that provide the 

necessary cellular cues 72.  Thus, when designing a scaffold to mimic the ECM of a 

particular tissue, it follows logically to utilize the ECM from that tissue when possible.  
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In this study, we explored the feasibility of an injectable form of decellularized 

ventricular myocardial matrix for myocardial tissue repair.  While some of the three 

dimensional structure is admittedly lost when preparing an injectable form of myocardial 

matrix, the solubilized matrix still retains ECM proteins and peptide fragments (as 

identified by PAGE and LC-MS/MS), as well as GAG content.  These findings 

demonstrate that the myocardial matrix retained a complexity of biochemical 

components, as is necessary for cell-matrix interactions 29,35,36.    

In addition to the biochemical composition of a scaffold material, the structural, 

mechanical, and degradation properties are of importance 29,35,36.  Herein, we have 

focused on the structural properties.  A nanofibrous scaffold allows for a high surface 

area to volume ratio, thus allowing for increased cell attachment 102.  To this end, various 

research groups have focused on the development of synthetic, natural, and combination 

materials, fabricated via electrospinning and other techniques 36,103-105, to use as scaffolds 

that appropriately mimic the nanofibrous structure of the natural ECM.  While 

electrospun materials and scaffolds developed ex vivo provide the nanostructure desired 

for tissue engineering applications, they often do not lend themselves to injectable 

delivery.  The myocardial matrix gel self-assembles with nanofibers of similar diameter 

to collagen 99, and can be injected directly into the myocardial tissue.  It should also be 

noted that the nanofibrous structure of the myocardial matrix gel closely mimics that of a 

recently developed urinary bladder matrix gel 98.  In addition to a nanofibrous structure, 

pore sizes should be of adequate size (> 10 µm) to allow for cellular infiltration and 

migration in vivo 35,36.   The pores of the matrix upon injection in vivo are ~ 30 µm, with a 

similar porosity and structure to the decellularized tissue shown here.   Although the 

mechanical and degradation properties remain to be elucidated, it should be noted that 



36 

 

cross-linking techniques similar to those used for collagen gels 106 can be explored to help 

strengthen the mechanical properties of the material, as well as control degradation 

mechanisms and rates.  What we have demonstrated is that while a variety of techniques 

are being explored to design the ideal biomimetic material for myocardial tissue 

engineering, the decellularized myocardial tissue explored here is able to self-assemble 

into a nanofibrous and mesoporous structure.   

The biochemical properties and structural composition of a tissue-engineered 

scaffold are important in guiding cell-matrix interaction, including cell migration into the 

matrix material 29,35,36.  The ability of the scaffold to support and promote vascular 

infiltration is considered one of the most important requirements of a tissue-engineering 

scaffold material 35,36,42.  This is of particular importance in the ischemic post-MI 

environment.  A biomaterial itself, or soluble signals such as degradation products, 

should thus facilitate repair via recruitment of vascular cells 35,36.   Herein, we have shown 

that endothelial cells and smooth muscle cells migrate to form mature vessels with the 

matrix in vivo.  This result is consistent with studies that have demonstrated cellular 

migration towards pepsin-digested fragments of other matrix materials in vitro 36,107-109, 

the migration of endothelial cells into decellularized matrices ex vivo 110,111, as well as in 

vivo neovascularization into cardiac patches made from SIS, bladder matrix, and 

fibroblast matrix 21,22,112.  While these patches serve only the epicardial surface of the 

ventricle, an injectable material has the potential to promote neovascularization 

throughout the LV wall.  Although several other materials have demonstrated the ability 

to promote angiogenesis when injected into the myocardium alone or with cells 33,53,61, 

not all materials do this at 1-2 weeks 61, as is observed with myocardial matrix.  

Neovascularization potential of a material is important for both cellular and acellular 
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approaches, as cells rely on new vessels to provide oxygen and nutrients for survival.  

Even in an acellular approach, where a material is injected on its own, neovascularization 

is essential to support the cells that infiltrate into the material and for eventual 

regeneration of the region.  

In this study, we set out to characterize an injectable myocardial matrix gel as a 

myocardial ECM mimic and determine whether it would meet the criteria of an injectable 

scaffold for myocardial tissue engineering.  Similar to a previous report 61, we examined 

this material first in healthy myocardium, to allow for easy visualization and 

identification of the re-assembled matrix in situ.  This allowed for distinct identification 

of the borders of the myocardial matrix, which facilitated assessment of cell infiltration.  

Now that we have characterized this material, and demonstrated its feasibility as an 

injectable scaffold, with the ability to gel in situ and promote vascular cell infiltration, 

future studies will allow us to assess the potential of the myocardial matrix in post MI 

rats, as an acellular scaffold for myocardial tissue engineering. 
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Figure 2.1: Myocardial matrix preparation steps. 
ECM after decellularization with detergents (A). Lyophilized and milled powder (B). Solubilized 
myocardial matrix (C). 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.2: H&E staining of decellularized ventricular ECM. 
Hematoxylin and eosin stained sections of the decellularized myocardial matrix, as compared to 
non-decellularized ventricular pig tissue.  (A,B) Intact decellularized matrix prior to lyophilization 
and milling, at 100x and 400x respectively.  (C) Intact porcine ventricular tissue, prior to 
decellularization.  Scale bars are 100 µm.  Note the absence of cells of the decellularized matrix, 
as compared to native tissue. 
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Figure 2.3: PAGE of solubilized myocardial matrix and collagen type 1. 
Note that the matrix is a more complex mixture of ECM components than collagen, as indicated 
by several lower molecular weight bands. 
 
 

 
 
Figure 2.4: Myocardial matrix gelation and characterization. 
(A) At room temperature the solubilized matrix was a liquid.  (B) At 37 °C, the myocardial matrix 
self-assembled into a hydrogel, as indicated by the arrow. Pink media is shown on top as a contrast 
to the solidified gel. (C) Scanning electron micrograph of a cross-section of the myocardial matrix 
gel with nanofibers approximately 40-100 nm.  Scale bar is 1 µm. 
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Figure 2.5: in vivo gelation of myocardial matrix. 
Hematoxylin and eosin stained section of the myocardial matrix gel within the rat myocardium 30 
min post-injection, indicating gelation time in vivo.  Arrow denotes area of injected myocardial 
matrix.  Inserted image is decellularized intact myocardial ECM.  Scale bar is 100 µm. Note the 
similar structure of the decellularized tissue to the self-assembled gel in vivo. 
 
 
 

 
 
Figure 2.6: Vascular cell infiltration. 
Endothelial and smooth muscle cell infiltration into the myocardial matrix gel, within the rat 
myocardium.  (A-C) 4 hr post-injection. Note the lack of cells within the matrix.  (D-F) 11 days 
post-injection. (A,D) Merged images showing endothelial cells (green) and smooth muscle cells 
(red).  Area of myocardial matrix is denoted by arrows and is surrounded by the dotted line. (B, E) 
arterioles only. (C, F) endothelial cells only.  Scale bars are 100 µm. 
 

 



41 

 

Chapter 2, in part, is a reprint of material that is published as: Singelyn JM*, 

DeQuach JA*, Seif-Naraghi SB, Littlefield RB, Schup-Magoffin PJ, Christman KL. 

Naturally derived myocardial matrix as an injectable scaffold for cardiac tissue 

engineering. Biomaterials 2009;30(29):5409-16. *Shared first author. 

The author of this dissertation is one of the primary authors on this publication. 
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3 CHAPTER THREE: 

Modulation of myocardial matrix rheological 

properties, degradation, and cellular migration 

by crosslinking 
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3.1 Introduction 

When developing or selecting materials to be used as scaffolds for tissue-

engineering the mechanical properties are one important design parameter.  Modulation 

of structure, porosity, or the incorporation of crosslinking can affect mechanical 

properties, which allow for control of degradation rates and the enhancement or 

modulation of cell behavior and interaction 113-117. The benefits of increasing strength is 

clear when developing a material intended for load bearing applications, such as tissue 

engineering of torn tendons, ligaments, or bone 113,115,118.  However, the subject of 

mechanical properties becomes more complex for injectable materials, which are 

required to remain in liquid form until injected into the damaged organ for repair.  Upon 

injection, materials often undergo a phase transition to create a gel with the appropriate 

stiffness.  These concerns are just as relevant in musculoskeletal repair as they are in 

other tissues, including the heart.   

To treat the heart post-myocardial infarction (MI), materials are injected directly 

into the damaged myocardial wall or at the border zone of the infarct.  The materials 

explored as injectable scaffolds, including fibrin 27,33, collagen 26,97, Matrigel 16,93, alginate 

25, pNIPAAM derivatives 48-50, and PEG 51 have a wide range of elastic or shear moduli (~ 

10 Pa to 20 kPa) 119,120.  Despite a recent study using finite element modeling attempts to 

understand the impact of injectable polymers on the heart 119, the ideal mechanical and 

degradation properties of materials intended to be injectable therapies for cardiac tissue 

engineering remain unknown, making it important to understand the effects of varying 

mechanical properties on scaffolds developed for cardiac repair.              
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  A recently developed myocardial matrix hydrogel (Chapter 2,90) has been 

developed for potential cardiac engineering applications, however the mechanical 

properties have not yet been studied 90.  The myocardial matrix is created from 

decellularized ventricular tissue that is processed to create a liquid, injectable acellular 

cardiac ECM.  In vitro gelation at 37°C and in vivo gelation within healthy rat 

myocardium demonstrate the thermally induced phase transition of the material, as well 

as its feasibility as a novel biomimetic material for cardiac repair.  

While the myocardial matrix is a complex composition of peptides and 

glycosaminoglycans, it is mainly composed of collagen isoforms.  Thus, crosslinking 

methods used to increase stiffness or other mechanical properties of collagen gels or 

fibers are attractive options.   For various applications, gelatin and collagen have been 

crosslinked with ultraviolet light (UV) 113,121, dehydrothermal (DHT) 113, hexamethylene 

diisocyanate 122, and carbodiimides 113,123,124.  Additionally, chemical crosslinking with 

glutaraldehyde (GA), is common and widely used to strengthen a variety of materials, 

including gelatin and collagen 106,116,123-125.  Although there are toxicity and immunologic 

concerns associated with the use of GA 126, of its use to crosslink gelatin or collagen has 

shown prolonged degradation times, as well as limited or no cytotoxicity at low 

concentrations, in vitro and in vivo 106,116,123-125.  Herein, the myocardial matrix is 

modulated through crosslinking with GA, as is common for collagen-based materials.  

The effects of crosslinking on rheological properties, degradation, and cellular migration 

in vitro were studied.  
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3.2 Methods 

3.2.1 Preparation of myocardial matrix 

The myocardial matrix was decellularized and prepared with modifications from 

preparation in Chapter 2 and 90.  Briefly, ventricular tissue was isolated from Yorkshire 

farm pigs after an overdose of Pentobarbital (90 mg/kg) and cut into small rectangular 

pieces.  Tissue was rinsed in phosphate buffered saline (PBS), and decellularized using 

1% sodium dodecyl sulfate (SDS), until the ECM was white.  The decellularized ECM 

was then rinsed with DI water overnight, lyophilized, and milled into a fine powder.  The 

powder was then solubilized by enzymatic digestion using pepsin and 0.1M HCl prior to 

use 98.  The solubilized myocardial matrix was adjusted to pH 7.4 with NaOH, on ice and 

the concentration adjusted to be 8 mg/mL.  

 

3.2.2 Glutaraldehyde crosslinking 

Crosslinking of the myocardial matrix was induced during self-assembly, through 

the addition of glutaraldehyde (GA) (Sigma-Aldrich, St. Louis, MO) at various 

concentrations.  Glutaraldehyde is commonly used to crosslink collagen gels and fibers 

106,113,124.  Glutaraldehyde and 1x PBS were added in appropriate volumes on ice, so that 

the final myocardial matrix solution was 6 mg/mL, and final concentration was 0% GA, 

0.05% GA, or 0.1% GA.  Once mixed, solubilized myocardial matrix was plated as 

appropriate for further experiments.     

 
3.2.3 Rheological measurements 

For rheological assessment, solubilized myocardial matrix was aliquoted to be 

500 µL in glass scintillation vials and allowed to gel at 37°C overnight, with or without 
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glutaraldehyde at varied concentration (0%, 0.05%, 0.1%).  A TA instruments AR-G2 

rheometer was used to test matrix rheological properties after crosslinking.  Myocardial 

matrix gels were tested using a 20 mm parallel plate geometry, with a 1.2 mm gap 

between plates, and temperature set to 37°C.  Three frequency sweeps were conducted 

within the linear viscoelastic strain region of 2.5% (determined experimentally), 

throughout the range 0.1 to 50 rad/sec (0.25 through 5 is reported).  Samples were run in 

triplicate, and an average of values obtained for all three frequency sweeps for each 

condition, run in triplicate.  Above 0.6 rad/sec collagen fibrils are sensitive to strain 

thinning effects 127, and thus the storage modulus (G’) is reported at 0.5 rad/sec (0.08 Hz).  

 

3.2.4 Degradation assessment 

To assess the effects of crosslinking on the degradation properties, ninhydrin 

reactivity was evaluated at varied timepoints 113,128.  Solubilized myocardial matrix at 6 

mg/mL, with varied degrees of glutaraldehyde crosslinking (0%, 0.05%, 0.1%) were 

allowed to gel overnight in microcentrifuge tubes at 100 µL volumes.  Bacterial 

collagenase (Worthington Biomedical Corporation, Lakewood, NJ) at 125 U/mL in a 0.1 

M Tris-base, 0.25 M CaCl2 solution, at pH 7.4, was added to the gels. Gels were allowed 

to incubate with collagenase at 37°C for 5 or 24 hours, and visual observations made 

throughout the incubation.  At each timepoint, samples were centrifuged at 15,000 rpm 

for 10 min and the supernatant was allowed to react with 2% ninhydrin (Sigma-Aldrich) 

in a boiling water bath for 10 min.  After complete reaction, samples were read on a 

BioTek Synergy 4 (BioTek Instruments, Winooski, TX) spectrophotometer according to 

ninhydrin assay instructions, at 570 nm.   
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3.2.5 Cell culture 

Prior to migration experiments, cells were cultured according to standard 

protocols.  Three cell types were tested in this study: 3T3 fibroblasts, rat aortic smooth 

muscle cells (RASMCs), and human coronary artery endothelial cells (HCAECs).  3T3 

fibroblasts were the first cell type tested, as they are a commonly studied cell type known 

to be migratory. In addition, fibroblasts are important to the heart, as they differentiate to 

be myofibroblasts, which aid in remodeling 129.  RASMCs and HCAECs are both 

vascular cell types (smooth muscle cells and endothelial cells, respectively), and were 

studied because their migration can lead to revascularization and arteriole formation 

within ischemic tissue.  3T3 fibroblasts were obtained from ARCC and cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Mediatech, Manassas, VA) 

supplemented with 10% bovine calf serum (HyClone, Logan, UT) with 1% 

penicillin/streptomycin (P/S).  3T3 cells were used for migration studies at P9.     

RASMCs were isolated from 3 day old Sprague Dawley rats, according to 

published protocol 90,130.  Briefly, the aorta was isolated, sliced longitudinally, rinsed free 

of endothelial cells, and minced into fine pieces.  RASMCs were allowed to grow out of 

explants, and cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 

1% P/S on collagen coated plates.  Collagen coated plates were prepared by coating with 

1 mg/mL calf-skin collagen in 0.1 M acetic acid for 1 hour at 37°C.  After coating, plates 

were rinsed with PBS to ensure acetic acid removal prior to cell seeding.  RASMCs were 

frozen down at low passage, and thawed prior to cell migration experiments.  Cells were 

split once post-thaw and used at P4-6.        

HCAECs (Cell Applications Inc, San Diego, CA) were purchased, and cultured 

in MesoEndo Endothelial cell media (Cell Applications).  HCAECs were cultured on 
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uncoated plates, and frozen at a low passage.  Cells were split once post-thaw, prior to 

migration experiments, and used at P4-6.      

 
 
3.2.6 Cellular migration through crosslinked gels 

The effects of crosslinking on cell migratory ability was tested using BD 

Fluroblok inserts (Becton Dickinson, Franklin Lakes, NJ) in 24 well companion plates, a 

transwell insert system used for migration studies 131.   3T3 fibroblasts, RASMCs, and 

HCAECs were cultured as described above, and serum starved in DMEM supplemented 

with 1% P/S for 18-20 hours prior to migration experiments.  100 µL of solubilized 0% 

GA, 0.05% GA, or 0.1% GA myocardial matrix was carefully pipetted onto Fluoroblok 

inserts and allowed to gel overnight.  After serum starving, cells were labeled with CFSE 

CellTrace (Molecular Probes, Eugene, Oregon).  CFSE was dissolved in DMSO and 

diluted to create a 100 µM solution.  Cells were trypsinized and incubated with CFSE at 

10 µM for 15 min at 37°C, then incubated with media alone for 30 min at 37°C.  

Fluoroblok inserts were placed into 24 well companion plates with 1 mL of DMEM 

supplemented with 10% FBS and 1% P/S in the well as a chemoattract to induce 

migration.  Cells, in serum-starved media, were added to the insert, to blank inserts, or on 

top of the gels.  Cells were seeded to be 150,000 cells per insert, in 250 µL of media.  

Blank inserts (with media), without cells served as controls.  Preliminary studies 

confirmed that gel alone (with media) read the same as blank inserts, and were thus not 

included here.  3T3 Fibroblast cells were assessed on 0%, 0.05%, and 0.1% GA gels, 

while RASCMs and HCAECs were assessed on 0% and 0.1% GA gels.  Fluoroblok 

plates were read on a BioTek Synergy 4 spectrophotometer prior to cells being plated, 

immediately after seeding (time 0), and at periodic time-points for 24 hours.  The 
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Fluoroblok inserts have a black bottom and thus only cells that have migrated through the 

gel and to the other side of the insert membrane were detected via fluorescence.    

 

3.2.7 Statistical analysis 

All data is presented as the mean ± standard deviation.  Samples were run in 

triplicate, unless otherwise noted.  Statistics compared degradation and migration data at 

each timepoint individually.  Significance was determined using one-way analysis of 

variance (ANOVA) with a Bonferroni correction when there were more than two groups 

when all groups were individually compoared, or a Dunnett test when comparing only to 

the control group.  A two-tailed student’s t-test was used for all other data.  Statistical 

significance was accepted at p < 0.05, and results were reported as:  * p < 0.05 (and ** p 

< 0.001 if indicated as such). 

 

  

3.3 Results 

3.3.1 Rheological properties 

Rheological properties of myocardial matrix gels, with varying degrees of 

crosslinking, were assessed using a parallel plate rheometer, after overnight gelation at 

37°C.  A frequency sweep at a constant strain of 2.5% was conducted and shown here 

over the range 0.1 – 5 rad/sec.  At 0.5 rad/sec (equivalent to 0.08 Hz), the uncrosslinked 

myocardial matrix gel has a storage modulus value of 5.3 ± 0.4 Pa.  This value is lower 

than reported values for other injectable materials, such as collagen (20-80 Pa) and 

Matrigel (30-120 Pa) 120.  However, crosslinking with gluteraldehyde is shown to 
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increase stiffness of myocardial matrix gels (Figure 3.1).  Crosslinking with 0.05% GA 

increases stiffness to 53.6 ± 10.9 Pa and crosslinking with 0.1% GA increases stiffness to 

136.0 ± 31.2 Pa (at 0.5 rad/sec) (Table 3.1).  Statistical analysis by one-way ANOVA 

indicates a significant difference among groups (p < 0.001), and a Dunnet post test 

indicates that each group is significantly different than the uncrosslinked gel (p < 0.001 

for each).  Thus, crosslinking with as little as 0.05% GA causes a 10 fold increase in 

storage modulus, indicating that small amounts of crosslinker can effect stiffness of the 

myocardial matrix.  The phase angle (δ), which indicates the relative elasticity or 

viscosity of a material, was lower when myocardial matrix was crosslinked (δ0%GA = 10.5 

± 0.3°, δ0.05%GA = 5.4 ± 0.6°, δ0.1%GA = 4.0 ± 0.1°), indicating that crosslinking is able to 

bring the material closer to being an ideal elastic material (as defined by δ = 0) (Table 

3.1).  ANOVA indicated overall significance (p < 0.001) and that values for gels 

crosslinked with 0.05% GA and 0.1% GA were significantly lower than uncrosslinked 

phase angle values (p < 0.001 for each).  Thus, crosslinking increases the stiffness and 

elasticity of the myocardial matrix, as assessed by parallel plate rheology.   

 

3.3.2 Modulation of degradation 

The effects of crosslinking on the rate of degradation of myocardial matrix gels 

were evaluated using an established ninhydrin assay.  Observation of the gels at 5 hours 

revealed that the uncrosslinked myocardial matrix was no longer an intact gel, while 

crosslinked samples remained intact.  At 24 hours, the uncrosslinked gel was further 

degraded, while crosslinked samples remained still in tact.  The degradation was 

measured at these time points by absorbance, measure in arbitrary units (AU) and 

analyzed using a one-way ANOVA with a Bonferroni correction (Figure 3.2).  Values are 
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reported and plotted such that 0% GA values are considered 100% degradation at each 

timepoint, and the absorbance measured for crosslinked gels is shown as % degradation.  

Absorbance values at 5 hours indicate 100 ± 4 %, 33 ± 10 %, and 18 ± 5 % for 0% GA, 

0.05% GA, and 0.1% GA gels respectively.  At 24 hours, values to indicate degradation 

% for the same groups to be 100 ± 2 %, 33 ± 6 %, and 23 ± 5 %.  At each timepoint, 

ANOVA revealed significance (p < 0.001).  Bonferroni correction to compare individual 

groups indicated significant differences of each crosslinked condition from 

uncrosslinked, but no difference in degradation between 0.05% and 0.1% GA gels.  

Additional observation of samples at 48 and 72 hours revealed that uncrosslinked gels 

were still intact.  At one-week, quantification showed no statistical difference among 

groups (0%, 0.05%, and 0.1% GA) (data not shown).   

 

3.3.3 Cellular migration  

Crosslinking was shown to slow the migration of 3T3 Fibroblast cells, RASMCs, 

and HCAECs through gels, as assessed using a BD Fluoroblok insert setup.  3T3 

Fibroblast migration was assessed as proof of concept, as fibroblasts are a cell type 

known to be migratory, and commonly used for in vitro experiments of GA crosslinked 

gels 106,116,124,132.  Additionally, in the heart, fibroblasts differentiate to be myofibroblasts, 

which aid in LV remodeling 129.  Fibroblasts migration was assessed several times, with 

repeatable results.  One set of results is reported here, demonstrating migration through 

0% GA (n=2), 0.05% GA (n=3), and 0.1% GA (n=3) gels.  The migration of fibroblasts 

through crosslinked gels slowed with increasing GA concentration, as indicated by 

statistically significant lower fluorescence values for crosslinked gels up to 16 hours post-

plating by one-way ANOVA analysis (p < 0.05).  Additionally, individual comparisons 
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using a Bonferroni correction indicated that 0.05% GA crosslinking statistically lowered 

fluorescence over 2 - 7 hours, while 0.1% GA crosslinking statistically lowered 

absorbance over 1 – 16 hours, each compared to 0% GA.  Because no statistically 

significant difference was seen in fluorescence values between 0.05% GA and 0.1% GA 

gels at any timepoint, only 0.1% GA was used for additional cell migration studies.    

RASMCs and HCAECs are cardiac specific vascular cell types, and thus were 

studied to understand the effects of crosslinking on the migration of cell types that would 

be critical for neovascularization in vivo.  RASMCs and HCAECs were assessed on 

uncrosslinked and 0.1% GA gels.  Statistically decreased fluorescence values in 

crosslinked gels indicated slowed migration of each cell type on crosslinked gels (n =3 

for each), as compared to uncrosslinked gels (n=3 for each) at individual timepoints.  

RASMC were statistically equivalent at time 0, and showed statistically lower values 

over 1.5 – 17 hours when crosslinked.  HCAECs were statistically equivalent 1 hour post 

plating, and crosslinking statistically lowered fluorescence values for 2 – 5 hours.  

Additionally, for 3T3 fibroblasts, RASMCs, and HCAECs, fluorescence values of 

crosslinking and uncrosslinked gels were equivalent at the final timepoints.  Thus, for all 

three cell types, crosslinking slowed, but did not inhibit migration (Figure 3.2). 

   

3.4 Discussion 

This study demonstrates increased storage modulus, prolonged degradation time, 

and slowed cellular migration in vitro upon glutaraldehyde crosslinking of the recently 

developed myocardial matrix, a material with potential applications for cardiac tissue 

engineering.  Rheological assessment showed a >10 fold increase in storage modulus 

when the myocardial matrix was crosslinked with GA.  In addition, degradation by 



53 

 

collagenase in vitro of uncrosslinked material occurred within 24 hours, while GA 

crosslinked gels fully degraded after one-week.  Increased stiffness of myocardial matrix 

gels slowed the migration of 3T3 fibroblasts, RASMCs, and HCAECs.  These results 

suggest that crosslinking of myocardial matrix may delay degradation and effect cellular 

migration upon use as a scaffold in vivo. 

While immune response and cytotoxicity are potential concerns when using GA, 

previous studies have shown that gelatin and collagen materials crosslinked with up to 

0.25% GA show limited or no cytotoxicity to fibroblast cultures 106,116,124,132.  A 

comparative study demonstrated that GA crosslinked collagen showed the greatest 

persistence (resistance to degradation), with minimal immunogenicity, comparable to or 

better than Gelfoam Gelatin powder, Avitene Microfibrillar and Collastat Collagen 

Hemostat products 125.  More recently, collagen/chitosan scaffolds crosslinked with 

concentrations of up to 0.25% GA demonstrated good biocompatibility in vivo 116.  Thus, 

the use of GA to crosslink the myocardial matrix was an attractive biocompatible option.    

Here, crosslinking of the myocardial matrix with GA slowed degradation time, 

demonstrating the degradation tunability of the matrix for potential in vivo application.   

While other materials crosslinked with GA have shown resistance to degradation in vitro 

116,123,124,132, the correlation to in vivo degradation times, as predicted by in vitro studies 

has not been extensively studied.  Ma et al. 116 examined both in vitro and in vivo 

degradation after GA crosslinking of collagen/chitosan scaffolds.   Although they did not 

draw any correlations between the two, degradation of uncrosslinked gels was complete 

at 12 hours in vitro and took 3 days in vivo.  It has been seen in our lab that uncrosslinked 

myocardial matrix is partially degraded, but still present within infarcted rat myocardium 

up to one-week post-injection, and present in healthy rat myocardium up to three-weeks 



54 

 

post-injection.  These data indicate that in vitro degradation profiles are faster than those 

observed in vivo.  While this study and others demonstrate the ability to alter degradation 

kinetics, the optimum degradation properties to best aid in repair of damaged 

myocardium are not currently known.  

Of additional importance in vivo, is the ability of cells to migrate into or through 

the injected scaffold material, to allow for tissue repair. Previous studies have shown that 

crosslinking of collagen with EDC, UV, and DHT resulted in increased mechanical 

properties and decreased cell migration 113, and that increasing stiffness or altering 

porosity slows migration 132.  Thus, we studied the cellular migration of three relevant 

cell types through the crosslinked gels.    Herein, although cellular migration through GA 

crosslinked gels is slowed, it is not inhibited.  The slowed migration could be due to 

increased material stiffness, or in part due to porosity changes as a result of crosslinking.  

Additionally, cells may have to remodel the crosslinked material to travel through it.  

Thus, for translation to an in vivo model, where cellular recruitment to the damaged 

ischemic tissue is important, the cellular migration rate can be modified by crosslinking.    

These results demonstrate the ability to increase stiffness of, prolong degradation 

of, and alter cellular migration through the recently developed myocardial matrix 

hydrogel, with the commonly used crosslinker, GA.  The myocardial matrix is a material 

derived from porcine ventricular tissue that has the potential to serve as an acellular 

scaffold for cardiac repair.  The matrix has been shown to retain a complex biochemical 

composition, which thus provides a mimic of native ECM.  While the optimal mechanical 

properties required for cardiac repair remain to be elucidated, this study demonstrates that 

the stiffness of the myocardial matrix can be altered to meet the tissue-engineering 

requirements for myocardial repair following an MI.   
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Figure 3.1: Rheological effects of crosslinking        
Plot of rheological data of GA crosslinked myocardial matrix gels at 0%, 0.05%, and 0.1% GA.  
Increasing concentrations of GA, increases storage modulus (G’).   
 

 

Table 3.1: Rheology Results 

 
*p<0.05, **p<0.001 indicate statistically significant difference from uncrosslinked 0% GA gels, as 
assessed by one-way ANOVA with Dunnet post-test. 
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Figure 3.2:  Degradation of crosslinked gels. 
Degradation of crosslinked gels at 5 and 24 hours of incubation with collagenase.  Values are 
represented as a % of uncrosslinked (0% GA) gels. **p<0.001, indicates statistical difference from 
0% GA at that timepoint as assessed by a Bonferroni post test after a one-way ANOVA. 
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Figure 3.3: Cellular migration through crosslinked gels. 
Plots of cellular migration of (A) 3T3 fibroblasts, (B) RASMCs, (C) HCAECs on myocardial 
matrix gels of varied crosslinking %.  *p<0.05 indicates statistical difference among groups by 
ANOVA for 3T3 migration, and statistical difference by t-test for RASMCs and HCAECs.      
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Chapter 3, in full, is in preparation for submission as: Singelyn JM, Christman 

KL. Modulation of myocardial matrix rheological properties, degradation, and cellular 

migration by crosslinking.  

The author of this dissertation is one of the primary authors on this publication. 

  



 

59 

 

 

 

 

4 CHAPTER FOUR: 

Naturally derived myocardial matrix preserves 

cardiac function post-myocardial infarction 
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4.1 Introduction 

Cardiovascular disease continues to remain the leading cause of death in the 

western world, with total heart transplantation or LV assist devices being the only 

successful treatment for patients with end stage HF.  Thus, the exploration of new 

experimental techniques to treat the heart post-MI has become critically important.  

Biomaterials offer the potential to treat the heart as cardiac patches 17-22,28, applied to the 

epicardial surface of the heart, or as injectable materials that can be delivered potentially 

minimally invasively directly into the damaged region of the heart 28,120,133. A variety of 

synthetic and naturally derived or inspired materials have been explored as injectable 

therapies to repair the heart post-MI, including fibrin 27,33, collagen 26,97, Matrigel 16,93, 

alginate 25, pNIPAAM derivatives 48-50, and PEG 51.  While many materials are able to 

preserve or improve cardiac function post-MI 25-27,48, the mechanisms by which the 

progression to HF is attenuated and the local effects of material injection are not fully 

understood.  Increased infarct wall thickness 26,27 and increased neovascularization 33,53 

are commonly discussed mechanisms that potentially effect cardiac negative LV 

remodeling and aid in the preservation of function.  Additionally, macrophages and 

lymphocytes both have positive and negative phenotypes known to effect implant and 

tissue remodeling 134-137.  Cellular proliferation and myocardial salvage post-MI may also 

be important cardiac repair 138.  Thus, examination of these responses upon material 

injection could be valuable towards understanding material effects on remodeling. 

Recently, we demonstrated the in vivo feasibility of using an injectable 

myocardial matrix hydrogel, which is derived from decellularized porcine ventricular 

tissue, by successful injection into healthy rat myocardium (Chapter 2, 90).  The 
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myocardial matrix is an injectable liquid that self-assembles upon injection in vivo to 

form a nanofibrous scaffold.  The matrix offers a biochemical and structural composition 

that mimics the native ventricular ECM, important for enhanced cell-matrix interactions 

29,35,36, and has potential for clinical translation.  To further assess the clinical potential of 

the myocardial matrix as a possible therapy for treating MI and HF, we sought to 

examine the effects of the recently developed myocardial matrix on LV geometry and 

cardiac function post-MI, as well as explore the local effects of the material in an 

ischemia-reperfusion rat model. 

 

4.2 Methods 

 
4.2.1 Animal experimental groups 

 For this study, a 25 minute ischemia-reperfusion MI was induced in female 

Sprague Dawley rats (225 – 250 g), and at two weeks post-MI saline or myocardial 

matrix was injected into the LV free wall of each animal.  One set of rats was euthanized 

one week post-injection for histological analysis.  A second set of rats assessed by MRI 

for cardiac function at one-week post-MI and four weeks post-injection. All experiments 

in this study were performed in accordance with the guidelines established by the 

Committee on Animal Research at the University of California, San Diego and the 

American Association for Accreditation of Laboratory Animal Care. 

 

4.2.2 Preparation of myocardial matrix 

Preparation of the myocardial matrix is the same as in section 3.2.1. 

 



62 

 

4.2.2.1 Biotin labeling  

Solubilized, neutral myocardial matrix was biotin labeled prior to injection in the 

first set of animals, to be euthanized at one week post-injection.  For biotin labeling, a 10 

mM solution of EZ link Sulfo-NHS-Biotin (Pierce, Rockford, IL) was prepared and 

mixed with the solubilized myocardial matrix for a final concentration of 0.3 mg 

biotin/mg matrix.  The mixture was allowed to sit on ice for two hours.     

 

4.2.3 Surgical procedures 

Animals were anesthetized with 5% isoflurane, intubated, and maintained at 

2.5% isoflurane.  A left thoracotomy 139 was performed to allow access to the heart, the 

pericardial sac removed, and a single 6-0 silk suture was placed into the myocardium, 

around the left anterior descending artery (LAD). The 6-0 suture was tied in a loop, 

knotted at the end of the loop, a 3-0 silk suture was tied over the knot, and then the 3-0 

suture was pulled through the 6” PE90 tubing to occlude the LAD for 25 mins.  Ischemia-

reperfusion for as low as 17 minutes with this method of occlusion has been shown to 

cause consistent infarcts 33,100.  During occlusion, ECG was monitored to be sure the 

animal experienced arrhythmia or tachycardia.  After 25 minutes, the tubing was 

released, and the suture was removed, allowing the vessel to reperfuse.   The animal was 

then sutured and allowed to recover.   

Two weeks post infarction surgery, rats were randomized into two groups and 

injected with 75 µL of either saline or solubilized myocardial matrix at 6 mg/mL 

following a procedure previously described 27,90,100.  Briefly, an incision was made in the 

abdomen, and the diaphragm was cut to expose the heart.  A single injection of 

myocardial matrix or saline was delivered through a 30 G needle into the LV wall, and 
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was confirmed by a lightening of the tissue.  After injection, the abdomen was stitched 

closed following suction of the chest cavity, and animals were allowed to recover.  

For both surgical procedures, animals were given 0.05 mg/kg of buprenorphine 

hydrochloride (Reckitt Benckiser Healthcare (UK) Ltd., Hull, England), an analgesic, 

prior to recovery from anesthesia.  Animals were also given 3 cc of Lactated Ringers 

(Hospira Inc. Lake Forest IL) solution for hydration during surgery.   

 

4.2.4 Magnetic resonance imaging 

Cine-MRI was performed on a 7T Bruker magnet, at the UC San Diego fMRI 

center, using an electrocardiogram (ECG) triggered fast slow angle shot (FLASH) 

gradient echo pulse sequence.  The following parameters were used: flip angle = 15°, 

echo time = 1.28 ms, repetition time = 7.7 ms, data matrix = 256 x 128, field of view = 

50 mm2, slice thickness = 1 mm, and 25 phases were collected per cardiac cycle.  

Scanning parameters and methods were modified from those determined effective to 

evaluate ventricular geometry in murine models 140-142.  Briefly, rats were anesthetized 

with isoflurane, while monitoring heart rate and respiratory rate.  The long axis of the 

heart was identified, and subsequent contiguous short axis slices were acquired 

throughout the cardiac cycle from apex of the heart to the base of the heart.  Images were 

acquired using a gating system, so that the first image corresponds to end-diastole.  Image 

J was used to manually outline the endocardial surface for each slice corresponding to 

end-diastole (ED) and end systole (ES), for the calculation of ventricular area.  Although 

true ES occurs upon opening of the mitral valve and can be detected in echocardiography 

images 143, here, ES is identified as minimal LV lumen area.  Each area was then 

multiplied by slice thickness (1 mm) to calculate LV volume.  LV ED volume (LVEDV) 
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and ES volume (LVESV) were calculated, allowing for the calculation of ejection 

fraction (EF).  From the volume obtained at ED and ES, EF (%) was calculated to be 

((LVEDV-LVESV)/LVEDV)*100%.   

At one-week post-MI, MR images were taken for evaluation of baseline, pre-

injection parameters.  At six weeks post-MI (four weeks post-injection), hearts were 

again assessed the same method described.  Thus, EF and LV geometry were compared 

pre and post-injection therapy.  Healthy animals were also imaged, revealing an ejection 

fraction of 74 ± 5% for our model.  Rats that did not present an EF representative of an 

infarct at one week were eliminated from the study.  An infarct determined to be an EF of 

< 69% (one standard deviation from a healthy animal).   

 

4.2.5 Histology and immunohistochemistry 

One week or four weeks after injection surgery, animals were euthanized with an 

overdose of sodium pentobarbital (200 mg/kg).  Hearts were immediately removed, fresh 

frozen in Tissue Tek O.C.T. freezing medium, and sectioned into 10 µm slices.  Slides 

spaced approximately every 0.5 mm were stained with H&E for identification of 

infarcted tissue.  Adjacent slides were stained for visualization of biotin labeled 

myocardial matrix.  Slides were fixed in acetone 1.5 min, incubated with superblock 

buffer (30 min), followed by 3% hydrogen peroxide (30 min), and horseradish peroxidase 

conjugated neutravidin (5 µg/mL, 30 min) at room temperature.  The reaction was 

visualized by incubation with diaminobenzidine (DAB) for ten minutes.  Five slides 

evenly spaced throughout the injected infarct region for material injected hearts, and 

evenly spaced throughout the infarct for saline injected hearts, and 4 week hearts were 

used for further IHC analysis.  For IHC staining, sections were fixed for 1.5 minutes in 
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acetone and blocked with staining buffer for 25 minutes (0.3% Triton X-100 and 2% goat 

serum in PBS).  Vascular cell staining was performed on one-week and four-week hearts, 

using anti-smooth muscle actin (SMA) antibody (Dako, Carpinteria, CA; 1:75 dilution) 

and FITC labeled isolectin (Vector Laboratories, Burlingame, CA; 1:100 dilution), to 

label smooth muscle cell and endothelial cells, respectively.   Co-staining of Ki67 

(Abcam, Cambridge, MA; 1:100), a proliferation marker, with cardiac specific Troponin-

T (NeoMarkers, Fremont, CA; 1:50) was performed on five slides for each heart, from 

one-week post-injection.  On several additional slides, Ki67 was co-stained with anti-

smooth muscle actin or anti-CD163 (AbD Serotec, Raleigh, NC; 1:50).  Five slides in 

each heart (one-week hearts) were evaluated for CD163 positive cells.  A subset of slides 

was stained with Connexin43 (Millipore, Temecula, CA; 1:200) to assess the presence of 

gap junctions in cardiomyocytes.  All primary antibodies were visualized by the addition 

of Alexa Fluor 568 and 488 (Invitrogen) secondary antibodies.  Sections that were stained 

with only the primary antibody or only the secondary antibody were used as negative 

controls.   All sections stained with Hoecsht to visualize nuclei, and mounted with 

Fluoromount (Sigma).    

 

4.2.6 Cellular infiltration analysis 

Images of IHC stains were taken using Carl Zeiss Observer D.1 and analyzed 

with AxioVision software and Photoshop.  At least 5 images at 10x, evenly spaced 

throughout the infarct were taken of vessel stained slides. Arterioles were quantified 

using the following criteria: 1) positive smooth muscle staining, 2) within the myocardial 

matrix injection region, 3) having a visible lumen, and 4) diameter ≥ 10µm.  Long axis 

and short axis dimensions were averaged to find vessel diameter.  Total vessels with 
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average diameter ≥ 10 µm were calculated per infarct area for each slide, and totaled for 

each heart.  5 images at 40x were taken, evenly spaced throughout the infarct on slides 

stained for CD163.  A blinded investigator counted CD163+ cells, as cells with a 

complete ring surrounding a nucleus.  For analysis of slides stained with Ki67, up to five 

images were taken at 40x within the infarct for saline injected hearts, and locally 

surrounding the injection site within the infarct, as identified by DAB staining of biotin.  

Ki67 positive cells were counted by a blinded investigator, as identified by co-staining 

with nuclei.  Co-staining of Ki67 with Troponin+ cells was also quantified.  Slides 

stained with Ki67 and SMA or CD163 were scanned for identification of positive co-

staining.  10x images were taken of Troponin clusters present within the infarct and 

average Troponin cluster size was calculated for each heart.  

 
4.2.7 Statistical analysis 

 Data are presented as mean ± standard deviation.  For LVEDV, LVESV, and EF, 

data were assessed with a 2-way repeated measures ANOVA. Cellular infiltration of 

matrix vs. saline injected hearts was compared by a Students t-test for two equal variance 

groups.  Significance for all was accepted at p < 0.05.  

 

4.3 Results 

4.3.1 Preservation of cardiac function 

Since most materials explored as injectable therapies for cardiac repair have 

demonstrated preserved or improved cardiac function in small animals 28, we assessed the 

effects of the injectable myocardial matrix on cardiac function post-MI in a rat model.  

MR images were used to calculate LVEDV, LVESV, and EF at 1-week post-MI (pre-
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injection) and 6 weeks post-MI (4 weeks post-injection) to evaluate effects of saline vs. 

myocardial matrix injections on cardiac function (Figure 4.1).  A 2-way repeated 

measures ANOVA of EF% indicates no statistical differences between groups (saline vs. 

matrix) (57 ± 0.07%, 62 ± 0.05%, p=0.12), no statistical difference within the repeated-

measure (pre vs. post injection) (60 ± 5.9%, 59 ± 7.1%, p = 0.14), and no interaction 

effect (p=0.07).  However, LV geometry does show significant increase between 

timepoints for LVEDV and LVESV (p = 0.002, p < 0.001), with no effect of group (p = 

0.59, p = 0.21) and no significant interaction (p = 0.41, p = 0.11).  These data indicate no 

statistical change in cardiac function over 4 weeks, despite dilation of the LV at ED and 

ES.  Individual pair-wise comparisons show a decline in EF from one week to 6 weeks 

post-MI in saline injected hearts, and preserved EF of myocardial matrix injected hearts 

(Table 4.1), suggesting that a powered study, involving more animals may show 

significance of a main effect of group on preserved function.           

 

4.3.2 Histological analysis 

Histological assessment of hearts removed at one-week and four-weeks post-

injection was performed at 40x on H&E sections.  At one-week post-injection 

mononuclear cell infiltration can be observed.  At both time-points there is no indication 

of graft encapsulation or rejection (Figure 4.2).    

 
4.3.3 Cellular infiltration by immunohistochemistry 

To understand the local effects of myocardial matrix injection on the infarcted 

region of the heart, cellular infiltration into the infarcted myocardium was assessed at 1 

week post-injection or 4 weeks post-injection.  As neovascularization has been shown to 
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increase upon injection, and our initial in vivo results show the potential of the 

myocardial matrix to recruit vessels, arteriole formation at 1 week and 4 weeks post-

injection was evaluated.  While no significant difference in vessel density was observed 

between saline and matrix injected groups at either timepoint, it was clear from 

histological analysis, that a plethora of cells were indeed present within the infarcted of 

matrix injected hearts (Figure 4.3).  

It was hypothesized that the cells in the infarct were proliferative, and thus, 

nuclei that stained positive for Ki67, a proliferation marker, were quantified.  Analysis 

was performed on five evenly spaced slides throughout each heart, and matrix injected 

hearts showed a significantly higher density of proliferative cells (saline 27.6 ± 15.3 per 

mm2, matrix 75.1 ± 40.1 per mm2) (Figure 4.4A,B).  However, co-staining of Ki67 and 

Troponin revealed that only ~ 1% of Ki67 positive cells were proliferating 

cardiomyocytes (saline 0.70 ± 1.0 per mm2, matrix 0.22 ± 0.31 per mm2).  Additional 

slides, co-stained with CD163 and SMA, identified that cells of each type (M2 

macrophages and myofibroblasts) were proliferative within matrix-injected hearts, but 

these co-stains were not quantified, due to low numbers.  As observed by a pathologist, 

the shape of nuclei identified on H&E to be lymphocytes matched the nicely 

rounded/oval shape of the nuclei that stained positive for Ki67.   

Additionally, cellular response within the infarcted region of the hearts was 

described as moderate mononuclear infiltration, thus macrophage infiltration was 

assessed.  CD163 is an important mononuclear cell marker, indicating the M2 

macrophage phenotype associated with remodeling of an implant, rather than a negative 

immune response.  Quantification did not show a significant difference of this cell type 
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between groups (saline 46 ± 9.8 per mm2, matrix 55 ± 9.6 per mm2, p = 0.22) (Figure 

4.4C,D).    

Finally, Troponin staining was used to assess the presence and size of 

cardiomyocyte clusters within the infarct of matrix and saline injected hearts.  

Cardiomyocytes (CM) are the contractile functioning cells within the myocardium, with 

limited regenerative capability.  Thus, presence of CMs within the infarcted region was 

assessed.  The average area of cardiomyocyte clusters within the infarct of matrix-

injected hearts was statistically larger than the area of those within the infarct of saline 

injected hearts (saline 0.03 ± 0.02 mm2, matrix 0.05  ± 0.01 mm2, p < 0.05) (Figure 

4.4E,F).  CMs within these clusters also stain positive for Connexin 43, which is 

indicative of functional gap junctions.              

              

4.4 Discussion 

This study investigates the local effects of matrix injection within the infarct 

region at one and four weeks post-injection of the matrix, and demonstrates the potential 

of the myocardial matrix to preserve cardiac function six weeks post-MI.  Results 

indicate an increased density of proliferating cells and retained cardiomyocyte clusters 

within the infarct region of matrix-injected hearts.     

A variety of materials have been explored as injectable therapies for cardiac 

repair post-MI, and shown preserved or improved cardiac function 25-27,48.  However, the 

mechanism by which these materials are able to mitigate negative LV remodeling and 

preserve function is not clear.  Many materials show an increase in wall thickness 26,27, 

which is thought to lead to preserved function by decreasing wall stress, as indicated by 

Laplace’s Law 120.  Additionally, a theoretical finite element analysis of the effects of 
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injecting materials into the infarct BZ suggests that mechanical changes play a role in 

preservation of function 119.  However, recent results following injection of PEG-vinyl 

sulfone (PEG-VS) in a rat MI model, showed no difference in long-term functional 

benefit, as compared to saline injection 51.  A recent study in our lab shows that the 

injection of bioinert, non-degradable PEG is insufficient to preserve cardiac function, 

despite an increase in infarct wall thickness (data unpublished).  These two studies which 

show that synthetic, inert polymers, able to increase wall thickness, are potentially unable 

to mitigate the process of negative LV remodeling, which leads to HF.  Thus, while 

synthetic materials offer the benefit of tunability, they lack inherent bioactivity, important 

for cellular adhesion, proliferation, and growth, which may play a key role in cardiac 

regeneration.   

Angiogenesis is important to replenish the lost or damaged blood supply to the 

infarcted or ischemic region of the heart, and is often considered to be one of the most 

important aspects of tissue-engineering 35,36,42.  Thus, the potential of injectable materials 

to encourage neovascularization is often assessed.  The recently developed myocardial 

matrix has been shown to allow for migration of vascular cells in vitro (Chapter 3), as 

well as arteriole formation within healthy myocardium (Chapter 2 and 90).  Additionally, 

the matrix allows for neovascularization within the infarct at one-week and four-weeks 

post-injection, however, arteriole formation is not increased in matrix-injected hearts, as 

compared to saline injected hearts.  While fibrin glue, collagen, and Matrigel were all 

recently shown to allow for increased arteriole formation compared to saline injected 

controls in an ischemia-reperfusion model 100, other studies did not comment on vascular 

formation within collagen injected hearts 26 and showed a lack of cellular infiltration in 

Matrigel 61.  Other materials that show increased neovascularization, in vivo, do so only 
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upon incorporation of cells or growth factors 37,58,63,144,145.  Thus, integration of growth 

factors upon injection of the myocardial matrix may be necessary to increase 

vascularization within the infarcted hearts.   Of additional interest is the time of injection.  

In this study, myocardial matrix is injected 2 weeks post-MI, while the study showing 

that fibrin, collagen, and Matrigel are able to induce neovascularization injected material 

one-week post-MI.         

While vascularization was not increased in matrix injected hearts, there was an 

increase in proliferating cells, suggesting the matrix effects the local proliferation of cells 

within the infarct, as was also seen upon injection of a small intestine submucosa (SIS) 

emulsion 79.   While the heart is known to have limited regenerative capacity, 

cardiomyocytes have been shown to proliferate in the failing heart 146, and thus 

proliferating cells were thought to be cardiomyocytes.  However, only ~ 1% of Ki67+ 

cells co-stained for Troponin.  Isolated cells were additionally identified as co-staining 

for Ki67 with SMA or CD163.  SMA stains for both smooth muscle cells surrounding 

blood vessels and myofibroblasts, which are thought to be critical in the remodeling 

process post-MI 129.  As myofibroblasts are known to peak 4 weeks post-MI 129, three-

weeks is potentially too early for myofibroblasts to be the dominant proliferating cell 

type.  CD163 was assessed as an indicator of M2 phenotypic macrophages, which are 

implicated to aid in remodeling 134-136.  Previous studies report a predominantly M2 

macrophage response upon implantation of a xenogeneic acellular scaffold 147-149.  Here, 

no difference in CD163+ (M2 phenotypic) cells between matrix and saline injected hearts 

suggests that remodeling by macrophage infiltration is similar in both groups.  

The naturally derived myocardial matrix is considered advantageous as an 

injectable material because it is biomimetic of the native cardiac ECM.  While creating a 
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therapy from porcine tissue helps to eliminate the need for human organ donation, there 

is potential concern associated with the immunogenicity of a xenogeneic material.  Thus, 

evaluation of the immune response may be a critical component to understanding the 

effects of the myocardial matrix injection on remodeling.  H&E analysis at one-week and 

four-weeks post myocardial matrix-injection resembles the normal immune.  The 

response is similar that that seen in previous studies which concluded that the immune 

response upon implantation of decellularized SIS-ECM, was comparable to syngeneic 

muscle implants in a mouse model, rather than to that of xenogeneic implantation, which 

lead to giant cell formation and encapsulation, indicative of rejection 150,151.  The SIS-

ECM showed a normal immune response, by H&E evaluation of mononuclear infiltrate 

at 10 days post-implantation and a resolved inflammatory process at day 28, similar to 

the syngeneic implant.  The monocuclear infiltrate seen for the myocardial matrix in this 

study, resembles the response seen upon subcutaneous SIS-ECM implantation, 

suggesting a non-xenogeneic response.     

 Furthermore, SIS-ECM implantation resulted in an increase of cytokines that are 

known to be produced by a subset of lymphocytes, Th2 cells, which are associated with a 

normal immune response and graft acceptance 137,152. The presence of lymphocytes within 

the infarcted tissue of the matrix injected hearts and H&E staining similar to SIS-ECM 

implants suggest that the myocardial matrix is able to elicit a normal immune response, 

which may in turn effect infarct remodeling.  Further studies to fully understand this 

mechanism will need to be conducted. 

Additionally, clusters of CMs identified within the infarct were larger within 

matrix-injected hearts than in saline injected hearts.  While most cardiomyocytes undergo 

apoptosis or necrosis soon after the induction of MI and cell death peaks 4 days post-MI, 
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additional waves of CM death continue for weeks or months 138.   Thus, the retained areas 

of CMs suggest that matrix injection may act to salvage remaining CMs, or prevent the 

further necrosis.  Furthermore, gap junctions, identified by connexin 43 staining, were 

present among these cells, suggesting electrical conductance within the CM clusters.  

Additional research in our lab shows that matrix injection does not induce arrhythmias 

(data unpublished), suggesting that these CMs clusters within the infarct are not 

disrupting the heart’s natural rhythm, as has been observed with injection of skeletal 

myoblasts 153,154. These data thus suggest that the myocardial matrix is having a local 

effect on cardiomyocyte survival and function.  

   Herein, a recently developed myocardial matrix has been tested in a rat 

ischemia-reperfusion model.  The myocardial matrix is derived from ventricular tissue 

and is thus intended to provide the appropriate extracellular milieu to replace the 

degraded ECM post-MI. In this study, the myocardial matrix has the potential to preserve 

cardiac function, although further assessment would be necessary.  Furthermore, 

injectable materials, offer the potential for minimally invasive delivery directly into the 

damaged myocardial infarct post-MI, allowing for local effect, rather than epicardial 

restriction or surface repair.  The myocardial matrix, investigated here, has been 

previously shown to allow for cellular infiltration upon injection in healthy rat hearts 

(Chapter 2 and 90).  The local effects of the myocardial matrix within the infarcted tissue 

in this work, included the increased density of proliferative cells, a normal or typical 

syngeneic immune response, and increased area of CM clusters.   We thus provide insight 

into the local effects of a naturally derived injectable material for potential cardiac repair.   
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Figure 4.1: MRI images of LV. 
End-systole short axis MR images, 6 mm from the apex.  Images are one week post- MI, pre-
treatment (A,C) and six weeks post-MI, 4 weeks post treatment (B,D).  A and B are the same heart 
pre and post saline injection. C and D are the same heart pre and post matrix injection. Scale bar is 
0.5 cm and is consistent for all images. 
 
 
 
 
Table 4.1: MRI data 
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Figure 4.2: H&E of matrix injected infarcts. 
(A) Matrix injected infarct at one-week post-injection. (B) Matrix injected infarct at four-weeks 
post-injection.  Images are at 400x.  
 
 
 
 

 
 
Figure 4.3:  Vessels within matrix injected infarct. 
Image of vessels within the matrix injected infarct at one-week post-injection.  Image is at 100x.   
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Figure 4.4: Quantification and images of Ki67+ cells, CD163+ cells, and cardiomyocyte clusters. 
Quantification is shown for (A) Ki67+ cells within the matrix injected region of the infarct or 
within the infarct, (B) CD163+ cells within the infarct, and (C) cardiomyocyte clusters.  B,D,F 
show representative images for examples of each.  (B) Nuclei are stained blue with Hoechst.  Red 
is Ki67 positive staining.  Co-stained nuclei appear purple.  Scale bar is 50 µm.  (D) Nuclei are 
stained blue with Hoechst.  Red is CD163 positive staining.  Arrows point to a few + cells.  Scale 
bar is 50 µm.  (F) Green stains for cardiac Troponin T.  The black, unstained region is the infarct, 
indicated by I.  The dense regions of cardiac cells surrounding the infarct are the border zone 
myocardium regions, indicated by BZ.  The arrow points to an isolated cardiomyocyte cluster.  
Image is at 100x. 
 

 

 



77 

 

Chapter 4, in part, is in preparation for submission as: Singelyn JM, 

Sundaramurthy P, Schup-Magoffin PJ, Hu DP, Wang J, Johnson T, Mayle K, Christman 

KL. Naturally derived myocardial matrix preserves cardiac function post-myocardial 

infarction. 

The author of this dissertation is one of the primary authors on this publication. 
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5 CHAPTER FIVE: 

Safety of percutaneous transendocardial 

catheter delivery of myocardial matrix in a 

porcine infarct model 
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5.1 Introduction 

Injectable materials present the unique option of percutaneous delivery directly 

into the damaged myocardial tissue.  While these materials can potentially increase cell 

survival, small and large animal studies have indicated that preserved or improved 

cardiac function can be achieved with an acellular, biomaterial only approach 24-27, which 

would eliminate the clinical complications associated with cell therapies.   

For an injectable material to be clinically relevant for percutaneous delivery, the 

material must remain liquid, with an appropriate viscosity for delivery of multiple 

injections through a catheter, and convert to a gel once it is within the myocardial tissue. 

While several materials have shown promising results in small animals, few have actually 

been translated to percutaneous delivery in large animals, thus limiting their relevance for 

minimally invasive treatment in humans.  Recently, alginate 24 was delivered through 

intracoronary injection in large animals.  However, endocardial delivery, commonly used 

for cellular cardiomyoplasty 10-12,14,24,155, is considered to be the preferred method of 

catheter delivery 86,88,89, as it allows for direct intramyocardial delivery, with improved 

retention, and does not require access to the coronary vessels.  A material that can be 

administered via percutaneous, endocardial delivery would allow for clinical translation 

utilizing a method already established for cellular cardiomyoplasty.     

Thus, we sought to determine whether this new material could be delivered 

through percutaneous, endocardial delivery in a porcine model, which is the preferred 

minimally invasive delivery method 86, as well as assess gelation in healthy porcine 

myocardium, biodistrubution to satellite organs.  Additionally, safety of delivery in an 



80 

 

infarct model was tested up to three months post-injection, as a step towards clinical 

translation.     

 

5.2 Methods 

5.2.1 Preparation of myocardial matrix  

The myocardial matrix was decellularized and prepared with modifications from 

preparation in Chapter 2 and 90, as described in Chapter 3.  The solubilized myocardial 

matrix was adjusted to pH 7.4 with NaOH, on ice.  Material was then biotin labeled for 

same day injection or diluted with sterile PBS to be 6 mg/mL, lyophilized, and stored at -

80 for future injection.  For biotin labeling, a 10 mM solution of EZ link Sulfo-NHS-

Biotin (Pierce, Rockford, IL) was prepared and mixed with the solubilized myocardial 

matrix for a final concentration of 0.3 mg biotin/mg matrix.  The mixture was allowed to 

sit on ice for two hours.  Myocardial matrix was sterilized via exposure to UV light for 45 

minutes while in the neutralized and lyophilized storage state for injection into MI 

animals.   

    

5.2.2 Catheter compatibility test 

Prior to proceeding with in vivo studies, the solubilized myocardial matrix was 

tested for its ability to be pushed through the 27 gauge nitinol tubing of a Myostar 

injection catheter (Biosense Webster, Diamond Bar, CA), which is used in clinical trials 

for cell transplantation into myocardium 156.  Solubilized myocardial matrix (0.5 mL) at 6 

mg/mL was drawn up in a 1 mL Luer Lok syringe and allowed to sit at room temperature 
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for approximately 20 min before being pushed through the catheter at a rate of 0.2 mL in 

30 seconds 

 
5.2.3 Animal experimental groups 

 All porcine studies were performed in accordance with the guidelines established 

by the Committee on Animal Research at the University of California, San Diego and the 

American Association for Accreditation of Laboratory Animal Care.  Female Yucatan 

mini pigs (28 – 50 kg) were used in these studies.  One healthy animal and one infarcted 

were injected with myocardial matrix and euthanized 1 – 2 hours post injection to assess 

gelation within the myocardial tissue and systemic biodistribution of the material.  

Mature Yucatan mini-pigs (45 – 50 kg) were used for a long-term safety and efficacy 

study.  Briefly, an MI was induced by coil deployment, and two weeks post-MI were 

injected with myocardial matrix, or received no injection.  Animals that received no 

injection underwent all other procedural steps, including angiography and NOGA 

mapping.  

 

5.2.4 Safety evaluation 

Animals were carefully monitored by ACP staff to ensure a full recovery after 

each surgery.  All animals that were part of the long-term safety and efficacy study 

underwent holter monitoring throughout the study.  Holter monitoring was performed 

using a Phillips Zymed Digitrak XT recorder.  Each animal was monitored for a period of 

24 hours prior to MI to obtain a baseline reading of the heart rhythm.   Leads were placed 

analogously to the diagonal electrode placement that is commonly used in dogs 157. This 

consisted of a two lead system that crossed the thorax plus one ground electrode.  
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Additional monitoring was performed several days prior to injection (1.5 weeks post-MI), 

one week post-injection, one month post-injection, and 1-2 weeks prior to sacrifice.  The 

holter scans were read and interpreted by a trained professional from United Cardiac 

Services of Davis Medical.  Animals were fasted overnight prior to each surgical 

procedure (MI, injection, sacrifice), and chemical blood draws were performed from 

femoral access while the animal was under anesthesia for the necessary procedure.         

 
5.2.5 Echocardiography & LV angiography 

Echocardiography was performed by a clinical echo technician using a Vivid 7 

(GE Healthcare) prior to MI surgery, to ensure animals did not harbor a pre-existing heart 

condition.  Animals that presented with cardiomyopathy or 2nd degree heart block were 

eliminated from the study, prior to surgery.  Additionally, coronary angiography and left 

ventriculography were performed to assess coronary patency, as well as confirm 

occlusion of the LAD post coil deployment, and assess the heart prior to performing the 

remaining surgical procedure.  Left anterior oblique (LAO) and right anterior oblique 

(RAO) were acquired (OEC 9400, OEC Medical Systems, Inc).  Insertion of an Expo 6F 

Pigtail catheter (Boston Scientific, Natick, MA) and injection of contrast agent 

(Omnipaque, Amersham Health, GE Healthcare, Princeton, NJ) allowed for visualization 

of wall motion, EF, and patency of the right coronary artery (RCA).  Patency of the LAD, 

left main, and left circumflex were assessed using either a 7F AR1 catheter (Medtronic, 

Minneapolis, MN) or an Expo 6F AR1 catheter (Boston Scientific, Natick, MA). 
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5.2.6 MI induction in porcine model 

MI was induced, via the percutaneous coil embolism infarct model, as developed 

and validated by Dib et al 158.  Pre-anesthesia, animals were treated with 3-5 mg/kg 

Telazol (Wyeth, Madison, NJ), 40,000 U/kg PenG (benzylpenicilin), and 0.02 mg/kg 

buprenorphine, all administered IM. Animals were anesthetized with 2.4 mg/kg propofol 

(administered IV), intubated, and ventilated with 1 – 2.5% isoflurane and 1 L/min 

oxygen.  Prior to surgery, an ECG and echocardiogram were obtained to ensure the 

animal was healthy prior to the induction of MI. On each animal, access to either the right 

or left femoral artery was gained, and a sheath inserted, allowing catheter access to the 

artery and retrograde access to the LV through the aorta. MI was induced by the 

deployment of 1-2 complex helical fibered platinum coils (Boston Scientific, Fremont, 

CA) within the LAD.  If the first coil did not occlude the artery, a second coil was 

deployed, according to discretion of the cardiologist.  Following each coil deployment, 

the ECG was monitored for changes, and ST elevation was considered to be indicative of 

occlusion.  Post-MI angiograms were performed, to confirm artery occlusion.  Catheters 

and sheath were removed after MI was confirmed, and Angio-Seal (St. Jude Medical, St. 

Paul, MN) or suture was used to close the incision site.  Animals were carefully 

monitored until fully recovered from anesthesia according to animal care program 

standards.  Resuscitation via electrical cardioversion (360 J) was administered if the 

animal experienced sustained ventricular tachycardia (VTAC).          

 

5.2.7 Percutaneous catheter delivery in a healthy porcine model 

Myocardial matrix was tested for clinical feasibility within a porcine model using 

a Myostar Intramyocardial Injection device for transendocardial delivery, as developed 
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for minimally invasive cellular transplantation 11,12.  Prior to testing injection in an infarct 

model, a healthy pig was injected to test the feasibility of minimally invasive delivery of 

the myocardial matrix.  A Yucatan mini pig (28 kg) was used for the study.  Pre-

anesthethesia, Telazol (5 mg/kg) was administered, followed by anesthetics propofol (2.4 

mg/kg), until effect, and atrophine (0.02 mg/kg).  The animal was intubated, and 

ventilated with 1 – 2.5% isoflurane and 1 L/min oxygen.  An 8-F arterial sheath was 

inserted through the right femoral artery for access to the LV.  Coronary angiography was 

performed for visualization of the arteries, and ECG was monitored throughout the 

surgery.  Myocardial matrix was biotin labeled prior to injection for histological post-

operative identification, and kept on ice until time of injection.  Prior to injection, a 

unipolar electromechanical map (NOGA) was created of the endocardial wall and used to 

guide injection.  The injection, through a 27 G retractable needle, followed protocols 

commonly used for cellular delivery 10-12.  Here, a 1 mL luer lock syringe, was loaded 

with myocardial matrix (6 mg/ml) and attached to the Biosense Myostar catheter 

(Biosense Webster, Diamond Bar, CA) for transendocardial injection.  The NOGA map 

was used for identification of injection locations, and 25 0.2 mL injections were 

performed throughout the LV wall and septal wall.  After each of the 25 injections, 

resistance was rated on a scale of 1-5 (5 being the highest resistance) to ensure proper 

material viscosity throughout the procedure. 

 
 
5.2.8 Percutaneous delivery in porcine infarct model 

Approximately two weeks post-MI (12 – 14 days), myocardial matrix was 

injected into the infarct and border zone via percutaneous transendocardial delivery. Pre-

anesthesia, animals were treated with 3-5 mg/kg Telazol (Wyeth, Madison, NJ), 40,000 
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U/kg PenG (benzylpenicilin), and 0.02 mg/kg buprenorphine, all administered IM.  

Animals were anesthetized with 2.4 mg/kg propofol (administered IV), intubated, and 

ventilated with 1 – 2.5% isoflurane and 1 L/min oxygen. Arterial access was gained on 

either the left or right femoral artery, and an LV angiogram and ventriculography were 

performed as described.  Following angiography, a NOGA map was created of the 

endocardial wall, to identify the infarcted region.  For injection of myocardial matrix, a 

Biosense Webster Type B injection catheter (Biosense Webster, Diamond Bar, CA) was 

used.  Prior to injection, the needle length in the straight and curved position was adjusted 

to be 3.5 mm straight.  As with injection in the healthy porcine model, myocardial matrix 

was taken up into a 1 mL syringe, which was attached to the injection catheter.  The 

injection catheter was flushed with matrix prior to insertion into the animal.  The NOGA 

map was used to guide injections throughout the infarct, border zone, and healthy tissue.  

Fresh material was pulled up into a new 1 mL syringe for each set of injections, to allow 

for the injection of 3.5 – 3.75 mL in each animal.  Resistance of the injection was rated, 

as in the healthy animal, on a scale of 1-5, with 1 being equivalent to saline and 5 being 

impossible to push.  Animals were recovered according to the animal care program and 

sacrificed 3 months after injection.  Angiography and NOGA mapping were repeated 

prior to euthanasia.     

 
5.2.9  Histology 

Pigs intended for analysis of matrix gelation and distribution remained on 

anesthesia for 1-2 hours following injection surgery before being euthanized with Fatal 

Plus at 0.22 mL/kg.  This timing was determined in the rat model to be adequate time to 

allow for gelation of the material within the myocardial tissue 90.  Upon sacrifice, the 

heart was removed, with pericardium intact.  The septal wall and LV free wall were each 
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cut into 1 – 1.5 cm cubes and fresh frozen using O.C.T. Tissue Tek for histological 

analysis.  Right and left lung, liver, spleen, right and left kidney, and the brain were also 

removed and random pieces from 3-4 locations of each organ were frozen for histological 

analysis to ensure the myocardial matrix did not spread to these organs through the 

vasculature.  The ventricular tissue and satellite organs of both short time point animals 

were sectioned into 10 µm sections and stained with hematoxylin and eosin (H&E).   

For the healthy injected pig, where myocardial matrix was biotin labeled, 

adjacent sections were also stained for visualization of the biotin labeled matrix.  Slides 

were fixed in acetone 1.5 min, incubated with superblock buffer (30 min), followed by 

3% hydrogen peroxide (30 min), and horseradish peroxidase conjugated neutravidin (5 

µg/mL, 30 min) at room temperature.  The reaction was visualized by incubation with 

diaminobenzidine (DAB) and images were taken at ten minutes.  Sections from each 

organ were stained at the same time as the ventricular tissue.   

For the infarct model short time point, where the material was not biotin labeled, 

adjacent slides were stained using an anti-pepsin antibody.  As pepsin is used in the 

preparation of the myocardial matrix, but should not be naturally present in the satellite 

organs, staining for this antibody allows for identification of the myocardial matrix.  

Slides were fixed in acetone 1.5 min and blocked with staining buffer (10% donkey 

serum, 0.3% triton 100x in PBS) for 20-40 min.  Slides were then incubated one hour 

with an anti-pepsin antibody (GeneTex Inc., Irvine, CA; 1:100 dilution).  Use of an 

AlexaFlour488 secondary allowed for visualization of the pepsin bound antibody using a 

Zeiss Observer D.1 microscope.  Tissue sections without primary or without secondary 

were stained as negative controls.   
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At the time of sacrifice for the long-term study animals, animals were euthanized 

and hearts were removed, cleaned, and perfused with 10% formalin.  The weight of each 

heart, after removal of the atria, valves, and great vessels was obtained.  The ventricular 

myocardium was then sliced at mid-infarct, as determined by a cardiologist, creating a 

short axis slice.  Photographs of the ventricular mid-infarct slice were taken and wall 

thickness measured at each of three locations throughout the infarct, including the mid-

infarct.   

 
5.3 Results 

5.3.1 Cather compatibility 

To be a clinically relevant injectable material for minimally invasive delivery, the 

matrix must be able to pass through a small gauge catheter.  Thus, before beginning in 

vivo studies in the porcine model, we confirmed that the solubilized myocardial matrix 

could be pushed through a catheter that is used clinically for transendocardial injection 

into the myocardium. The myocardial matrix was tested after being maintained at room 

temperature for 20 minutes, and was successfully able to be pushed with minimal 

resistance (Figure 5.1). 

 
5.3.2 Animal survival 

 Two animals were used for retention and biodistribution of myocardial matrix.  

For the three-month functional study, two animals were eliminated prior to MI, due to 

pre-existing cardiomyopathy or poor ventricular contraction, as determined by 

echocardiography.  Of the nine animals to undergo the MI induction procedure; one 

animal failed to recover post-MI, one animal was eliminated from the study at the time of 
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injection surgery (due to a clot in the LV, as determined by angiography), and one animal 

was not injected with myocardial matrix as a control.  Thus, six animals were injected 

with myocardial matrix two weeks post-MI.  One animal died 24 hours post-injection 

surgery, and a clinical pathologist performed necropsy.  Comprehensive necropsy did not 

include the heart and trachea, as they were removed prior to necropsy.  Analyses lead to 

the diagnosis of spontaneous death, with no underlying infectious disease.  Although the 

specific cause of death could not be identified, lesions present in the lungs were thought 

to be secondary to the induced MI.  It is hypothesized that the heart may have undergone 

acute terminal arrhythmia with associated secondary pulmonary vascular changes.  While 

it is not possible to rule out the role of the material injection on the animal death, the 

existence of significant MI and related anesthesia for imaging could have lead to the 

animal’s death, without the material injection playing a specific role.  Of the six animals 

to be injected with myocardial matrix, five survived the full term study with no health 

complications.    

 
5.3.3 Safety evaluation 

With the exception of the animals that died within 24 hours of surgery, all 

animals recovered well and showed no signs of distress or discomfort.  Chemical blood 

draws were considered normal at each timepoint, with the exception of a low fibrinogen 

reading at the time of sacrifice for one injected animal.  Holter monitoring showed QRS 

changes at one week post-injection in four of the five full-term injected animals.  QRS 

changes were also noted in the control (non-injected) animal, indicating that the changes 

were not a negative result of the material injection.  Additionally, one injected animal and 

the non-injected animal both showed prolonged episodes of bradycardia at post-injection 

timepoints, while episodes of bradycardia remained limited or absent in the other injected 
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animals.  Several animals experienced ectopic incidences such as ventricular bigeminy 

and trigeminy, as well as pre-ventricular contractions and ventricular couplets post-MI, 

which continued post-injection.  However, the reading prior to sacrifice did not note any 

ectopic events.  Of interest is one animal that showed several runs of ventricular 

tachycardia (VTAC) post-MI and one run of VTAC at one-week post-injection, but 

episodes of VTAC subsided by one-month post-injection.  Additionally, no change in the 

longest R-R wave for each animal was noted.  Overall, Holter monitoring results do not 

indicate that material injection is causing any observable detrimental effects on cardiac 

rhythm.                         

   

5.3.4 Percutaneous delivery in a healthy porcine model 

Although many materials have shown preserved cardiac function upon direct 

epicardial injection in small animal models, most have not been delivered percutaneously 

in large animal models and may not translate to the clinic for minimally invasive 

delivery.  Thus, we sought to determine if the solubilized myocardial matrix would meet 

the clinical design criteria in a porcine model.  The solubilized myocardial matrix was 

tested for clinical feasibility using a Myostar Intramyocardial Injection device for 

transendocardial delivery, a technique that has recently emerged for minimally invasive 

delivery for cellular cardiomyoplasty 10-12. Prior to injection, a unipolar electromechanical 

map (NOGA) was created to allow for selection of injection sites.  Matrix was prepared 

as described above, loaded into a 1 mL syringe for connection to the catheter (Figure 

5.2A) and injections were made via endoventricular catheter delivery using a Myostar 

Intramyocardial needle-injection catheter.  Successful transendocardial delivery of 

solubilized myocardial matrix into 25 injection sites (0.2 mL each site) throughout the 
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septal wall and LV free wall was achieved, with no sustained arrhythmias during or after 

the injection procedure.  Resistance for each injection was in the range of 2-3.5 (on a 

scale of 1-5), and did not show an increase over time, indicating that the material did not 

increase in viscosity during the 66 minute procedure.  Additionally, this resistance was 

noted to be similar to the resistance during cellular injections.  The resistance rating 

provides evidence that the material remained the appropriate viscosity in the catheter, 

without premature gelation or clogging of the catheter.  The location of each individual 

injection was guided and documented through the use of NOGA mapping, and a 

completed NOGA map identifies all injection locations in the septal wall and LV free 

wall (Figure 5.2B,C).  Two hours after injection of myocardial matrix into the septal wall 

and LV free wall via endocardial catheter delivery, the animal was euthanized and the 

heart removed.  By gross observation, the heart appeared healthy with no signs of 

pericardial effusion.  

 

5.3.5 Percutaneous delivery in an MI porcine model 

After successful injection into a healthy ventricle, myocardial matrix was 

successfully delivered via percutaneous catheter delivery into the left ventricular wall of 

seven infarcted animals (one for retention and six for safety and efficacy).  A total of 3.75 

mL of matrix was injected into six animals, with each of 15 injections being 0.25 mL.  

Technical difficulties during NOGA imaging prevented the final injection in one animal, 

resulting in a total injection volume of 3.5 mL over 14 injections.  The material was 

injected through a 27 G BDS injection catheter, allowing for transendocardial delivery.  

NOGA mapping was used to identify and guide the injection location, allowing for 

injections throughout the MI and border zone of the left ventricle.  The resistance of the 
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material was rated for each injection, with 1 indicating as easy as saline, and 5 being 

impossible to push.  Resistance was found to be 3 ± 0.3 for all injected animals. Because 

resistance ratings varied, based on the perception of the injector, the mode of the 

resistance rating for each animal was found, and the deviation from that mode calculated 

for each individual injection.  The deviation from mode varied from ± 1.  For each 

animal, there was no trend of increasing or decreasing resistance.  Additionally, the 

location of the injection was not shown to affect the difficulty of injection.  The injections 

took place over 37 ± 1 minute.                    

 
5.3.6 Retention and biodistribution  

Histological detection of the matrix within the LV free wall and septal wall in a 

healthy pig model (Figure 5.3), as well as within the LV free wall of an infarcted heart, 

confirmed successful delivery and gelation of the matrix in vivo.  As with any 

intramyocardial injection technique, there is a concern that the injected material will leak 

into the ventricle and travel through the blood stream to other organs.  Thus, the lungs, 

kidney, brain, liver, and spleen were also stained for biotin in the healthy pig (Figure 5.4) 

and with pepsin antibody in the infarcted pig (Figure 5.5), to ensure that the myocardial 

matrix did not circulate.  The myocardial matrix was not observed in any of the satellite 

organs.  

 
5.3.7 Pathology 

After sacrifice, hearts were removed and formalin fixed via perfusion.  After 

fixation, atria and major vessels were removed (Figure 5.6A).  A mid-infarct slice was 

photographed for gross morphological analysis (Figure 5.6B), and wall thickness 

measurements were made.   Without more control animals, conclusions cannot be drawn 
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as to whether the material injection helped increase wall thickness.  Observation of the 

left ventricle indicates an anterior apical infarct that spreads to the RV in most hearts.  

The infarct is observed as the thinned, firm, white portion of the myocardial wall.  

Interestingly, a thin muscle layer can be observed within the infarcted scar tissue of each 

of the injected hearts (Figure 5.6B).     

 
 

5.4 Discussion 

This work establishes the clinical feasibility of the recently developed myocardial 

matrix as an injectable biomaterial for treating myocardial infarction through a minimally 

invasive approach.  Herein, we show that the myocardial matrix can be delivered using a 

Myostar catheter for percutaneous transendocardial delivery into the ventricular wall in a 

porcine model, maintain the appropriate viscosity in the catheter, form a gel within the 

myocardial tissue without distribution to other organs, and not cause detrimental effects 

on animals up to three-months post-injection.   

Initial attempts involving biomaterials have utilized the development of in vitro 

engineered tissue, involving scaffolds applied to the epicardial surface of the heart 17-19.  

While some of these materials have shown success in large animal models 21,22, the 

treatment is limited to the epicardial surface of the heart, and requires an invasive open 

chest surgery.  Injectable materials offer the advantage of intramyocardial delivery, 

through methods already developed for cell transplantation.  The first method of delivery 

is by direct epicardial injection, as is used for cell or material injections in small animal 

models 23,25-27,33,46, and has been performed clinically for cell injection during open chest 

procedures 32.  However, if a patient does not need an open chest surgery, a minimally 

invasive injection would be preferred.   
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Transcoronary and transendocardial delivery are two common percutaneous 

techniques used for catheter based cell transplantation 10-14,24.  While early studies 

evaluating coronary and endocardial delivery stated that they are comparable methods 

84,85, a more recent study declared that preclinical studies show transendocardial delivery 

to be the preferred method for cell injection 86.  Additionally, the distribution and 

retention of fibroblast growth factor via intravenous, transcoronary, transepicardial, and 

transendocardial delivery was recently studied.  Transendocardial and epicardial injection 

demonstrated similar distribution and retention, which was much improved over the 

intracoronary or intravenous delivery 88,89.  It should also be noted that coronary delivery 

requires access to vessels, which may not be feasible in all patients, and usually requires 

brief induction of ischemia to block the blood flow while the injection is delivered 87.  In 

addition, the guarantee of migration into the myocardium is uncertain, and there is a risk 

of microembolism with intracoronary techniques 85.  Thus, transendocardial delivery was 

tested here.   

In this work, we set out to test the transendocardial delivery, gelation, and 

distribution of the recently developed myocardial matrix in a porcine model, as well as 

three-month safety post-injection, for initial clinical feasibility.  For a material to translate 

to the clinic via percutaneous transendocardial delivery, it must meet several important 

design criteria.   First, the material must remain a liquid, with the appropriate viscosity, 

during injections through a single channel 27 G catheter, so as to prevent premature 

gelation and clogging of the catheter.  Additionally, it is important that the material 

remains within the myocardium, and does not travel through the bloodstream to other 

organs, which could cause complications. Thus, material viscosity, as well as gelation 

temperature and kinetics are critical.  The well-developed Myostar Intramyocardial 
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Injection technique was used to test endocardial delivery of the myocardial matrix in a 

porcine model.  The myocardial matrix was successfully injected without clogging the 

catheter, and consistent resistant ratings throughout the multiple injection procedures in 

one healthy animal, and six infarcted animals, indicated that the matrix maintained an 

appropriate viscosity.  

Furthermore, it was confirmed through histological analysis that the myocardial 

matrix formed a hydrogel within the porcine myocardial tissue and that there was no 

spread to other organs of the body, consistent with results for endoventricular injection of 

autologous skeletal myoblasts 12. Finally, safety of myocardial matrix injection procedure 

and three month survival was demonstrated.  Holter monitoring of animals throughout the 

study showed ectopic beats and QRS changes as a result of the infarction procedure.  

However, no abnormalities occurred as a result of the injection.  Animals survived the 

full three months, until euthanized for heart removal.  Additionally, LV gram analysis 

suggests material efficacy, as EF and GWMI did not decline.  However, more animals 

and additional controls will be necessary before any conclusions are drawn.  This study is 

the first to demonstrate the feasibility material injection through percutaneous 

transendocardial catheter delivery and three-month survival of the injected animals.      
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Figure 5.1 in vitro catheter test. 
Image of solubilized myocardial matrix being tested in a 27 G Myostar Injection catheter. 
 
 
 
 

 
 
Figure 5.2:  Transendocardial injection of myocardial matrix. 
Myocardial matrix being injected into the heart wall and NOGA maps representing final 
injection locations.  Image of myocardial matrix being injected through a MyoStar 27 G 
catheter, using a 1 mL leur lock syringe, attached to the catheter (A). NOGA maps of the 
heart septal wall view (B) and the left ventricle free wall view (C), with injections 
identified by orange dots. 
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Figure 5.3: in vivo gelation 
H&E and DAB staining of LV & Septal wall, to show gelled myocardial matrix within the 
myocardial tissue.  A, C, and E are hematoxylin and eosin stained sections.  B,D, and F are the 
corresponding DAB stained sections, with dark brown indicating biotin labeled myocardial matrix.  
A and B are the left ventricular free wall images (scale bar is 1 mm), demonstrating multiple 
injection sites (arrows).  C and D is a zoomed in image of one of these injection sites to show the 
biotin labeled matrix in more detail (scale bar is 100 µm).  E and F are H&E and DAB staining of 
the biotin labeled matrix within the septal wall (scale bar is 100 µm). 
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Figure 5.4: Biodistribution in a healthy animal. 
H&E and DAB staining other organs, to check distribution of myocardial matrix.  Images are of 
left and right lung (A,B), left and right kidney (C,D) , left and right brain (E,F), spleen (G), and 
liver (H).  Scale bar is 1 mm. 
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Figure 5.5: Biodistribution in infarcted animal.  
Immunohistochemiacal cross-sections of heart (A) and satellite organs, lung (B), kidney (C), brain 
(D), spleen (E), and liver (F), stained for identification of pepsin (green fluorescence).  Arrow 
points to matrix injected region (as identified by positive pepsin staining).  Note the absence of 
fluorescence in satellite organs.  Images were taken at the same exposure in the same session.  
Scale bar is 200 µm. 
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Figure 5.6: Infarcted heart. 
(A) Formalin fixed heart at time of sacrifice (~ 3 months post-injection).  Arrow points to 
infarcted region of the LV.  (B) Mid-infarct slice of heart, with arrow denoting muscle layer 
within scar tissue.   
 
 
 
 
 

. 

Chapter 5, in part, is in preparation for submission as: Singelyn JM, Salvatore M, 

Seif-Naraghi SB, Schup-Magoffin PJ, Faulk DM, Wong J, Bartels K, DeMaria A, Dib N, 

Christman KL. Safety of percutaneous transendocardial delivery of myocardial matrix in 

a porcine infarct model.   

The author of this dissertation is one of the primary authors on this  publications. 

 
 



 

100 

 

 

 

 

6 CHAPTER SIX: 

Summary and future work 
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6.1 Summary and conclusions 

Recent trends in tissue engineering have focused on scaffold materials that are 

biomimetic, meaning that they mimic the structure, morphology, chemical cues, and 

biologic cues of the natural environment 29,35,36.  The ECM is a complex combination of 

fibrous proteins (such as collagen, laminin, and fibronectin) and hydrophilic 

proteoglycans that serves to guide cellular attachment, survival, migration, proliferation, 

and differentiation 29,36,71-74.  Thus, to properly regenerate tissue, an engineered scaffold 

will have the distinct role of influencing how cells will organize, proliferate, and 

differentiate in vivo 29,73.  To fulfill this role, the ideal scaffold for tissue engineering is 

one that will provide the proper structural and chemical cues to allow for cell-matrix 

interactions that mimic those of the natural microenvironment 29,35,36.  Materials currently 

being explored for in situ cardiac tissue engineering do not provide a cardiac specific 

extracellular environment 28.  For example, materials have been single protein or peptide 

scaffolds such as collagen 26,97, fibrin 27,33, and synthetic self-assembling peptides 61, 

which do not mimic the complex ECM.  Others have been derived from non-mammalian 

sources such as alginate 25, and chitosan 23.  Matrigel 16,93, which provides the most 

complex mixture of ECM components, is derived from mouse sarcoma cells and does not 

contain the proper mixture of ECM components for any natural tissue.  Herein, we 

demonstrate the feasibility of a biomimetic injectable myocardial matrix that has been 

designed specifically for cardiac tissue engineering. 

Several groups have shown the potential of decellularizing tissues such as small 

intestine, liver, urinary bladder, blood vessels, dermis, and heart valves through physical, 

chemical, and enzymatic methods for a variety of tissue engineering applications 71,75.  
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For myocardial applications, urinary bladder matrix and small intestine submucosa (SIS) 

have been examined for treating cardiac wall defects and MI 21,22.  However, they have 

been shown to form undesirable tissue such as cartilage in the myocardium 22, potentially 

because they do not provide cardiac specific cues for cell-matrix interactions in the 

myocardium.  Each tissue has its own ECM, designed for and secreted by the cells of that 

tissue, suggesting that there are tissue-specific interactions between cells and the ECM 

71,159.  Recently, a comparison of decellularized dermal, fat, and sarcoma tissues revealed 

that ECM composition varies among tissue and disease 72.  This finding demonstrated 

that while ECM components may be similar across a range of tissues, each tissue has its 

own distinct combination of macromolecules that provide the necessary cellular cues 72.  

Thus, when designing a scaffold to mimic the ECM of a particular tissue, it follows 

logically to utilize the ECM from that tissue when possible.  

Myocardial matrix, naturally derived from decellularized porcine ventricular 

tissue, is uniquely able to offer important properties of the native ECM, providing the 

appropriate biomimetic scaffold.  A material that mimics the microenvironment of native 

ECM structurally and biochemically is important in any tissue engineering application, as 

it allows for appropriate cell-matrix interactions 35,36.  This is significant both if the 

material is injected with cells or if they are recruited later.  The myocardial matrix has 

been shown, through gel electrophoresis and glycosaminoglycan quantification 90, as well 

as mass-spectrometry analysis, to retain a complexity of ECM proteins, peptides, and 

polysaccharides (Chapter 2).  The myocardial matrix is also able to self-assemble in vitro 

90 (Chapters 2 and 3), into a nanofibrous and porous hydrogel, as well as within rat 90 and 

porcine myocardium (Chapters 2, 4, and 5).  Additionally, the myocardial matrix can be 
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crosslinked to effect mechanical properties, degradation, and cellular migration (Chapter 

3).    

While a variety of materials have shown success in small animal models, the 

myocardial matrix meets not only the criteria of preserved cardiac function in a rat model 

(Chapter 4), but also shows initial translation and safety in large animals (Chapter 5).  

Specifically, we have demonstrated clinical feasibility of the myocardial matrix for 

minimally invasive delivery, by meeting the design criteria of maintaining consistent 

viscosity throughout multiple injections via catheter delivery, and retention within the 

myocardium, without distribution to other organs.  The myocardial matrix is the first 

material to be designed as a tissue specific scaffold for cardiac tissue engineering, and is 

to our knowledge the first in situ gelling material to be injected via percutaneous 

transendocardial delivery into the LV wall of a large animal.  Thus, we have brought this 

technology one step closer to treating patients suffering from MI and HF.         

 

6.2 Limitations and future work 

There are several limitations in design of the studies presented in this 

dissertation, as well opportunities for future work.   

Future studies, as suggested in Chapter 3 could include in vivo studies to assess 

material degradation within the infarcted myocardium at varied crosslinking 

concentrations, as well as test the ability of the crosslinked material to improve cardiac 

function post-MI.  Additionally, crosslinking agents that do not pose potential toxicity 

issues could be experimented with. 

In Chapter 4, the study design was limited by scheduling of MRI time and 

availability of surgeon time.  Thus, the material injection was made two-weeks post-MI, a 
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full one week after baseline MRI was performed, thus allowing cardiac function to 

continue to decline prior to treatment injection, limiting the positive effects seen by MRI 

assessment.  Injection closer to baseline assessment could help demonstrate preserved 

function or potentially show improvement.  An increased sample size would also help 

power the study and answer more questions.  Future studies could be performed to further 

elucidate the mechanism by which the myocardial matrix is able to mitigate negative LV 

remodeling and preserve cardiac function. 

Finally, additional porcine studies are ongoing, to provide greater evidence of 

safety, as well as demonstrate efficacy of the material for clinical translation, as suggest 

in Chapter 5.  Quantification of LV ventriculogram is underway.  
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