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Jean Wang Wassenaar 

 

Doctor of Philosophy in Bioengineering 
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With improved management of patients with acute myocardial infarctions (MI), the 

prevalence in heart failure (HF) post-MI is expected to rise. Currently, the only successful 

treatments for HF are total heart transplantation and left ventricular (LV) assist devices, but their 

uses are limited by the availability of donor hearts and invasiveness of the procedure. In the last 

decade, advancements have been made towards developing injectable hydrogels for the purpose 



 

  

xvii 

of cardiac repair. Injections of hydrogels alone have been shown to attenuate the decline in 

cardiac function and LV remodeling typically seen after MI in both large and small animals models. 

One of these hydrogels was previously developed by our lab and derived from decellularized 

porcine ventricular myocardium. The goal of this thesis was study to the mechanisms by which 

injections of the myocardial matrix hydrogel improve cardiac repair post-MI and improve upon its 

cardioreparative effects. To better understand how this myocardial matrix is able to induce the 

beneficial effects observed post-MI, a whole transcriptome microarray was performed on infarct 

tissue collected from matrix or saline injected infarcts. We showed through pathway analysis that 

the effects of the injection were dividable into several tissue level phenotypes. To better 

understand these in vivo phenomena, we wanted to recapitulate the observations by cell culture 

in vitro with the myocardial matrix. Several cell behaviors relevant to the infarct milieu were 

studied, including cardiac progenitor cell migration, cardiomyocyte apoptosis, cardiac fibroblast 

metallomatrix proteinase (MMP) production, and macrophage polarization. We demonstrated that 

the form of the matrix that is presented to the cells have a dramatic effect on the cellular response, 

whether through the 3D hydrogel or as soluble peptides released during degradation. In addition, 

different fractions of the degradation products also have different bioactivity. Results from these in 

vitro experiments suggested that the bioactivity of the myocardial matrix and its degradation 

products seemed to be essential to its cardioreparative effects post-MI; thus, we investigated 

whether this could be enhanced by prolonging the degradation rate of the hydrogel. Through 

these studies, we provided the first steps towards elucidating the mechanism of actions of the 

myocardial matrix, by defining the tissue level changes that it induces in infarcted myocardium 

and identifying the bioactivity in both the hydrogel form and degradation products.  
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Chapter 1: Hydrogels for Cardiac Repair 

  



 

  

2 

1.1. Introduction 

Progression towards heart failure (HF) after myocardial infarction (MI) begins with 

cardiomyocyte loss from ischemic injury [1] followed by influx of inflammatory cells such as 

monocytes and neutrophils [2]. Release and activation of matrix metalloproeases (MMPs) from 

the inflammatory infiltrate further exacerbates the decline in heart function by digesting the 

extracellular matrix (ECM), followed by deposition of fibrillar crosslinked collagen. Loss of 

myocyte cell mass and subsequence replacement fibrosis causes left ventricular (LV) wall 

thinning and dilatation [1]. Biomaterials and tissue engineering based approaches have been 

explored over the past decade to prevent and treat post-MI HF by attempting to replace the ECM 

and/or cells that are lost post-MI [3,4]. Cardiac patches, which involve placement of a biomaterial 

scaffold, either alone or with cells or therapeutics on the epicardial surface, have shown success 

in animal models [5,6]. Injectable hydrogels, which are the focus of this chapter, have also been 

widely explored over the past decade because of their potential to be delivered minimally 

invasively. As a wall-bulking agent, hydrogels could shift some of the abnormal stresses of the 

myocardium, potentially stabilizing the infarct and reducing its expansion. Furthermore, injected 

hydrogels can act as a scaffold that serves the function of the degraded ECM, supporting 

surviving cardiomyocytes while providing a niche for endogenous cell recruitment and potentially 

exogenously delivered cells. This chapter will begin with a discussion of hydrogel chemistry and 

properties relevant to cardiac repair and then focus on those hydrogels that have been injected 

alone or used as a delivery vehicle for cells and therapeutics for cardiac repair post-MI.  

 

1.2. Hydrogel Properties 

Hydrogels are water-swollen networks of crosslinked polymer chains. Due to their highly 

hydrated nature, hydrogels exhibit many tissue-like characteristics, making them a favorable 

class of materials for use in tissue engineering applications. For cardiac repair, hydrogels must 

have the additional property of being able to gel in situ once injected into the myocardium. The 
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transition for the liquid, solubilized phase of the material to the semi-solid hydrogel state is termed 

the sol-gel transition. For a material to undergo sol-gel transition, the soluble state must have low 

viscosity to allow for passage through the injection needle and gel by crosslinking mechanisms 

that occurs selectively after injection [7]. Alternatively, a shear-thinning hydrogel could also be 

used, whereby some physically crosslinked hydrogel can undergo viscous flow under shear 

stress (needle injection) and then self-heal to recover the gel state [8], although this approach has 

yet to be explored for injection into the myocardium. 

 

 

Figure 1.1 Hydrogel crosslinking mechanisms. Polymers in solution (A) with 
side groups (in grey) capable of forming covalent bonds (B) or ionic interactions 
(C); alternatively, gelation can occur by physical entanglements (D) of the 
polymer strands.  

 

Hydrogel gelation occurs through crosslinking of the polymer chains by a variety of 

mechanisms such as covalent bonds, ionic interactions, and physical entanglements (Figure 1.1). 

Covalent crosslinking results from chemical bonds that form between two polymer strands that 

result in a permanent link. Covalently crosslinking is often achieved by the use of a small 

molecule crosslinker, which allows for more control of the crosslinking density [9]. However, 
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toxicity of the crosslinking agent needs to be assessed, since un-reacted crosslinkers and 

crosslinked degradation products can sometimes cause adverse effects. For example, 

glutaraldehyde (GA), a commonly used crosslinker for naturally derived hydrogels, can potentially 

elicit cytotoxic and immunogenic responses [10]. In comparison, enzymatic crosslinking, such as 

fibrin polymerization by thrombin, may be favorable since its degradation products are likely to be 

naturally occurring in the body. Unlike the covalently crosslinked hydrogels, ionic crosslinking is 

reversible; it occurs when a poly-cationic or poly-anionic polymer associates with a multivalent ion 

of the opposite charge. As the multivalent ions that bind the polymer chains together diffuse away, 

the crosslinks are broken and the hydrogel dissolutes, sometimes leading to uncontrolled 

degradation of the hydrogel. An example of this is alginate, an anionic polysaccharide derived 

from seaweed that is commonly used, which forms a gel once mixed with divalent cations such as 

calcium or magnesium [11]. Hydrogels that are sensitive to a specific stimulus, such as 

temperature or pH, are termed “smart hydrogels” and particularly useful. For cardiac repair, they 

allow for targeted gelation once injected into the infarcted region. The most extensively studied of 

which is poly(N-isopropylacrylamide) (PNIPAAm), a thermally responsive synthetic hydrogel that 

transitions from sol-to-gel reversibly at the physiological temperature range [12]. Its amphiphilic 

nature is what gives it this interesting property. At below body temperature, the hydrogel is 

soluble due to entropic effects allowing hydrophilic and hydrophobic moieties to neighbor. Once 

the temperature is raised, PNIPAAm passes its lower critical (LCST) solution temperature such 

that enthalpy favors the orderly formation of hydrogen bonds between the hydrophilic domains, 

forming the temporary crosslinks of the hydrogel [13]. Many naturally derived hydrogels are also 

temperature sensitive; examples include gelatin, collagen, Matrigel, and decellularized ECM 

hydrogels, whose peptides self-assemble at physiologic temperature and pH to form gels through 

entanglements of the peptide chains.  

Crosslinking of the polymer chains not only forms the hydrogel, but also controls many 

aspects of the hydrogel properties. Increased crosslinking density is associated with increased 
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mechanical strength, gelation time, and prolonged degradation. Thus, the degree of crosslinking 

of a hydrogel can be manipulated to achieve the properties desired for cardiac repair. For 

example, ECM protein based hydrogels created from collagen, gelatin, or decellularized matrices 

generally have weaker mechanical properties; crosslinking is a popular method for enhancing the 

strength of these hydrogels [14-16]. At the same time, crosslinking can also affect the 

degradation rate of the hydrogel. While not all hydrogels used for cardiac repair are degradable, 

tissue reparative effects may be better if controlled degradation can be achieved such that the 

scaffold degrades as regenerative occurs [9]. Degradation of hydrogels typically occurs by 

hydrolysis, enzymatic action, or dissolution, all of which can be variable depending on the in vivo 

milieu at the infarct site. 

 

1.3. Injectable Hydrogels Alone for Cardiac Repair 

 

1.3.1. Naturally Derived Materials 

Naturally derived hydrogels are composed of biologic macromolecules including proteins, 

polysaccharides, and/or polynucleotides. Many of these materials are extracted from mammalian 

sources including proteins such as collagen, gelatin, and elastin, and glycoproteins like fibrinogen 

[17]. In addition, hydrogels can be derived from non-mammalian sources as well, including 

polysaccharides from plants (cellulose), seaweed (alginate), and crustaceans (chitosan), or made 

in bacteria (hyaluronic acid (HA)). More recently, natural materials are being developed and 

utilized by decellularization of tissues or organs such that the complex mixture of ECM 

components can be harnessed [18,19]. Compared to synthetic polymers, naturally derived 

materials have the advantage of greater biocompatibility, being biodegradable with nontoxic 

degradation products, and most possess inherent motifs for cellular interactions.  

Using a naturally derived hydrogel, Christman et al. [20] were the first to demonstrate that 

injection of a biomaterial alone is sufficient to attenuate the decline of cardiac function in a rat MI 
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model. Specifically, injection of fibrin glue into ischemic LV one-week post MI preserved fractional 

shortening and infarct wall thickness evaluated at five weeks post-injection [20]. A follow-up 

histological study revealed that fibrin alone was able to reduce infarct size and stimulate arteriole 

formation within the infarct zone [21]. Fibrin glue is formed by enzymatic polymerization of 

fibrinogen, a plasma glycoprotein involved in the clotting cascade. In addition to the advantages 

of a naturally derived material, fibrin is also capable of serving as a reservoir for several growth 

factors [22], and its degradation products have shown to be angiogenic [23], chemotactic and 

mitogenic [24,25] 

Since these initial studies, many naturally derived hydrogels have been injected into 

cardiac tissue to promote post-MI repair; examples include gelatin, collagen, Matrigel, small 

intestine matrix, myocardial matrix, pericardial matrix, hyaluronic acid (HA), alginate and chitosan 

[4]. While most of these materials have shown varying degrees of success in small animal models 

of MI (rat models as the majority), few have progressed to large animal models necessary for 

clinical translation. Thus, focus of this section will be paid to those natural hydrogels that show 

improved cardiac repair after infarction in large animals. Several reviews have been written that 

cover the numerous small animal studies that have been performed to date [4,26-28]. 

After demonstrating that injection of an alginate solution into infarcted rat myocardium 

prevents infarct expansion and LV remodeling in a preliminary study [29], Leor et al. [30] 

progressed to developing alginate into a catheter-deliverable therapy for post-MI repair in a swine 

model. They postulated that a hydrogel designed as an injectable cardiac repair therapy should: 

1) gel at infarct site only; 2) have rapid, controllable gelation to prevent detrimental effects on 

myocardial function and remote organs; 3) impart tissue-bulking properties to support damaged 

myocardium 4) be biodegradable; 5) nonimmunogenic; and 6) nonthrombogenic. As a ionically 

crosslinked hydrogel, the alginate solution is homogenized with calcium gluconate, then injected 

into the coronary arteries three to four days after MI. Since the vessels of ischemic myocardium 

are damaged and permeable, the low viscosity solution is able to penetrate the infarct zone and 
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undergo phase transition in situ (Figure 1.2). As a biomaterial, alginate has the notable attribute 

of having low thrombogenicity [31,32], a property that is necessary for intracoronary delivery. 

From a safety perspective, the authors demonstrated that injections of up to 4 mL of alginate 

solution did not cause intravascular microthrombi downstream [30]. Furthermore, post-mortem 

histology showed, when injected into coronaries of healthy hearts, that alginate did not infiltrate 

the myocardium or remote tissue.  Animals were followed until 30- and 60-days after MI. 

Comparisons of LV morphometrics at two months to three days (pre-injection time point) post-MI 

showed that change in LV diastolic and systolic areas were significantly reduced with both 2 mL 

and 4 mL alginate injections and the 2 mL implants were able to preserve anterior wall thickness 

and increase scar thickness. Functionally, although changes in fractional shortening did not show 

a difference between alginate-injected and saline-injected hearts, there was a significant 

difference in the E/A ratio, which is indicative of diastolic dysfunction [33]. At two months, the 

alginate was completely degraded with the infarct containing increased myofibroblasts compared 

to saline-treated hearts. Results from this preclinical work lead to a Phase I clinical trial to study 

the safety and feasibility of intracoronary alginate infusions in acute MI patients (ClinicalTrials.gov 

identifier NCT00557531). Currently, this technology is being evaluated in a Phase II trial to 

prevent ventricular remodeling and congestive heart failure in patients who have had a ST 

elevation MI with successful percutaneous stent placement (NCT01226563). 
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Figure 1.2 Coronary-infused alginate forms an hydrogel in infarcted 
myocardium. Biotinylated alginate is visible as brown staining two hours after 
injection in the myocardium (A) but not in the saline injected controls (B). Higher 
power views reveal delivery of alginate to the infarct area (C) with some hydrogel 
infiltration into the ECM but without affecting viable cardiomyocytes in the border 
zone (D).  
 

The low thrombogenicity of alginate is largely attributed to reduced protein adsorption 

from its hydrophilic character [9,32], which, while desired for intracoronary delivery, may be 

disadvantageous for tissue repair since this limits its ability for cellular interaction. In fact, 

mammalian cells do not have receptors that recognize alginate [11]. To improve the cell-scaffold 

interaction, Yu et al. [34] conjugated the cell adhesion ligand arginine-glycine-asparagine (RGD) 

to alginate and injected it into a rat chronic infarct model. 5-weeks post injection, both modified 

and unmodified alginate showed similar effects on cardiac function and morphology compared to 

control phosphate buffer saline (PBS) injections – increased fractional shortening and stable LV 

internal dimensions – but no differences between treatment groups. However, RGD-modified 

alginate did show increased arteriole density within the infarct compared to unmodified group. 
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The disparity between histological and functional results could be due to the model chosen for the 

study – additional arteriole formation from the injection of a peptide-modified hydrogel at 5-weeks 

post-infarct could be too late to confer further benefit to cardiac function. Tsur-Gang et al. [35] 

also took a similar approach to modify alginate by covalently attaching various peptides that were 

cell adhesive (RGD, YIGSR) or nonspecific (RGE). Using a rat total occlusion infarct model, 

alginate solutions were injected 7 days after MI. Consistent with previous studies, alginate 

injected groups showed improved LV contractility and reduced dilatation; however, peptide-

modified groups resembled saline-treated animals. The 3 treatment groups also did not show any 

difference in extent of myofibroblast infiltration or angiogenesis, despite promising results in vitro. 

The difference in results between these 2 similar studies [34,35] could be due to a variety of 

reasons – the rodent infarct model chosen for the study, the injection time point, peptide density, 

and chemistry used to attach peptides to alginate since this could greatly affect material 

properties of the hydrogel. 

An alternative approach to enhance cell interaction of alginate is by co-polymerization 

with a biomaterial that facilitates cell adhesion. Mukherjee et al. [36] chose this method by 

combining fibrin sealant with gelatin-graft alginate. This fibrin-alginate composite was injected 

seven days after infarct was induced in swine using a double-barrel syringe such that crosslinking 

occurs as the components are mixed as injection occurs. At 28 days after MI (21 days post-

infarction), fibrin-alginate injections were shown to prevent infarct expansion, as measured by 

sonometric markers placed on the epicardium, compared to saline injected controls. The 

reduction in infarct expansion could potentially be due to the decrease in soluble collagen content 

within the infarct of hydrogel injected hearts. The authors reported that while fibrillar and total 

collagen content were increased within the infarct in both groups, as expected with a post-MI 

fibrotic response, the lower soluble collagen in material injected heart suggests that this collagen 

is less vulnerable to degradation. Histology of the infarct area revealed remnants of the fibrin-

alginate hydrogel at 3 weeks post-injection and presence of foreign body giant cells (FBGCs) in 
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this group. Macrophages/FBGCs have been known to affect ECM remodeling and fibrosis 

through secretion of specific MMPs and tissue inhibitors of metalloproteases [37]. This result 

signifies that biomaterial injections could have an effect on the local matrix remodeling, perhaps 

by modulating paracrine signals. Unfortunately, beneficial effects in cardiac function and LV 

dimensions were not seen, potentially because the end point of the study was too early to detect 

differences. 

Of the many studies investigating injectable hydrogels for cardiac repair, relatively few 

have examined how material properties affect the outcomes on post MI repair and/or regeneration. 

Ifkovits et al. [38] attempted to study one aspect of injected hydrogels – material stiffness – 

through an ovine MI model. HA was chosen because the mechanical properties of the hydrogel 

could be modified easily without altering other properties (e.g. time of gelation, tissue distribution 

after injection, degradation rate). By changing the number of reactive methacrylate groups, two 

hydrogels were synthesized with different compressive moduli, 7.7 kPa (MeHA low) and 43 kPa 

(MeHA high); for comparison, the modulus of cardiac tissue is 5.8 kPa [38]. Injections were made 

30 minutes after ligation of the coronary arteries and the animals were sacrificed at eight weeks 

post infarct, upon which histological analysis revealed that hydrogels were still present. While 

both hydrogels were able to increase infarct thickness compared to control infarcts that received 

no injection, only the HA hydrogel with higher stiffness was able to reduce infarct expansion 

significantly (Figure 1.3). With LV volumes a similar pattern emerged; however, this was not 

significant. There was also no difference in ejection fraction or cardiac output. Histological 

evaluation showed limited cellular response to the HA hydrogel, without the increased 

macrophage and myofibroblast infiltration that is typically seen with injected hydrogels. 
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Figure 1.3 Hyaluronon hydrogels (HA) with different mechanical properties 
have different effects on infarct remodeling. Injection of HA hydrogels with 
higher compressive moduli (MeHA high) was able to better increase infarct 
thickness (left) and limit infarct expansion (right) compared to weaker hydrogels 
(MeHA low) [reprinted with permission]. 

 

Building upon the HA system with tunable mechanical properties developed by Ifkovits et 

al. [38], Tous et al. [39] further modified the hydrogels such that the degradation kinetics could be 

altered while maintaining similar initial mechanics. Using this approach, they created four HA 

hydrogels, two of which were non-degradable with different compressive moduli similar to the 

previous study (~7 kPa and ~40 kPa) and two hydrogel that were degradable over three weeks 

(low HeMA-HA) and ten weeks (high HeMA-HA) with initial mechanics that matched the non-

degradable hydrogels respectively. Injections of these hydrogels were made immediately after MI 

in an ovine model and by the last time point (eight weeks), the low HeMA-HA was completely 

degraded and only the high HeMA-HA was present minimally in the apex. Histologically, the 

degradable hydrogels elicited a stronger inflammatory response, perhaps due to release of 

degradation products. Similar to the previous study, both non-degradable hydrogels were able to 

increase infarct thickness; however, only the slowly degraded high HeMA-HA was able to 

increase thickness and only the apical infarct, possibly corresponding to the presence of the 

hydrogel. In terms of LV geometry, only the stiffer non-degradable hydrogel was able to 

significantly reduce change in end systolic volume. But this difference in LV remodeling by the 
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hydrogels with different mechanical and degradation properties was not reflected in functional 

parameters, where ejection fraction was the same for all hydrogels compared to infarct controls. 

Of the naturally derived hydrogels discussed so far, none have specifically been designed 

as a cardiac-specific material for tissue regeneration and repair. Furthermore, polysaccharide 

hydrogels such as alginate, HA, and chitosan do not possess the inherent factors for cellular 

interactions. Singelyn et al. [40] sought to address this by developing a hydrogel derived by 

decellularized porcine ventricular tissue. In a rat ischemia-reperfusion model, injection of the 

myocardial matrix hydrogel attenuated the decline in ejection fraction and reduced end systolic 

and end diastolic volume expansion [41]. To demonstrate proof-of-concept for clinical translation, 

the same study also demonstrated that the myocardial matrix hydrogel is deliverable minimally 

invasively by a trans-endocardial catheter. A subsequent study analyzed the myocardial matrix 

hydrogel’s effect on cardiac function and regeneration in a porcine MI model. When comparing 

changes from pre-MI to pre-euthanasia (three months), analysis of functional parameters showed 

that injection of the myocardial matrix hydrogel reduced LV volumes, decreased infarct expansion, 

and improved both global and regional cardiac function [42]. Histologically, hydrogel injections 

significantly reduced collagen content within the infarct and increased cardiac muscle at the 

endocardium compared to controls. It was established that the hydrogel was hemocompatible 

when analyzed by standard blood tests; specifically, standard concentrations of the myocardial 

matrix mixed with human platelet-enriched plasma did not cause platelet activation and even a 4-

fold higher concentration only resulted in minimal platelet activation that was not deemed as 

clinically significant. To assess the biocompatibility of a xenogeneic hydrogel for clinical 

translation, the porcine derived myocardial matrix was injected into the healthy rat myocardium. 

At 28 days, the hydrogel was completely degraded; later time points revealed no observable 

signs of chronic inflammation with presence of spindle cells, indicating a reparative remodeling 

process. Lastly, direct injection of the hydrogel into LV lumen of healthy rats did not cause 

embolizations or remote ischemic damage. 
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1.3.2. Synthetic Materials 

Compared to the naturally derived hydrogels mentioned above, synthetic hydrogels have 

the advantage of being easily tailorable for a wide range of properties with little batch-to-batch 

variability. Furthermore, use of synthetic materials can avoid the potential issue of 

immunogenicity and transmission of xenogenic pathogens, such as viruses and prion proteins 

[43]. However, synthetic materials do have inherent disadvantages. Polymers such as 

polyethylene glycol (PEG) and PNIPAAm are generally considered to have poor biodegradability 

[44]. For those synthetic biomaterials that are degradable, their degradation products can 

sometimes be toxic or cause undesirable responses. Examples of this can even include 

commonly used hydrogels for tissue engineering such as polyglycolic acid (PGA) and polylactic 

acid (PLA), whose acidic degradation products released from hydrolytic cleavage of the hydrogel 

chains are known to cause adverse tissue reactions [45]. Lastly, unless modified, synthetic 

hydrogels lack the motifs that permit cell adhesion and interaction.  

Zhang et al. [46] sought to address these issues by pioneering the development of a 

class of spontaneously self-assembling oligopeptides. The peptide nanofibers (NFs) are generally 

self-complementary amphiphilic sequences that have repeating units of positively and negatively 

charged residues separated by hydrophobic residues [43]. Since this synthetic polymer is 

composed of natural building blocks, the resultant material is biodegradable with degradation 

products that can be used in normal bodily functions. Furthermore, several sequences (EAK16 

and RAD16) were shown to be able to promote cell adhesion in an integrin-independent fashion 

[47]. In addition, some integrin isoforms may recognize RAD sequence due to its similarity to 

RGD [48]. While the peptides are soluble at low pH and osmolarity, they transition to a 3-

dimensional scaffold at physiologic conditions [49] and support attachment, growth, and 

differentiation of mammalian cell lines [50,51]. In particular, Davis et al. [52] showed that 

intramyocardial injections of peptide NFs into healthy rat hearts promoted recruitment of 
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endogenous endothelial and smooth muscle cells. Lin et al. [53] investigated the use of these 

peptide NFs for cardiac repair in a MI model in mini pigs. Injections of the peptide NFs were made 

immediately after permanent occlusion of the coronary artery. At 28 days after MI, animals were 

sacrificed while the majority of injected NFs still persisted. In terms of LV remodeling, NF 

injections were able to increase thickness of the intraventricular septum and improve LV diastolic 

and systolic volume. Functionally, while diastolic function (as measured by –dP/dt) improved, 

ejection fraction and +dP/dt did not. 

So far, the peptide NFs are the only synthetic hydrogel that have demonstrated to have 

beneficial effects towards cardiac repair post MI in large animal models. Other synthetic materials 

that have been injected in small animal models include PEG based hydrogels [54-57] and 

PNIPAAm based hydrogels [58-61]. PEG has been one of the most widely used synthetic 

hydrogels for tissue engineering due to its biocompatibility. Because of its high degree of 

hydrophilicity, it is often favored in applications such as surface modification of biomaterials 

where protein adsorption is undesirable [9]. However, in cardiac repair, lack of protein adsorption 

and subsequent cellular interaction may be not be advantageous for promoting regeneration by 

infiltrating cells. As a thermally sensitive smart hydrogel, PNIPAAm allows for rapid gelation post 

injection as temperature of the material is raised above its LCST in the myocardium. In the 

hydrogel state, PNIPAAm is considered hydrophobic such that protein adsorption and cell 

attachment is possible. However, both PEG and PNIPAAm are not inherently bioactive and are 

non-degradable, thus most approaches that use these synthetic polymers have taken advantage 

of the ease by which they can be modified with other polymers and biomolecules to improve upon 

these properties [62]. 

 

1.3.3. Mechanisms of Action of Injected Hydrogels 

While many injected hydrogels have been shown to preserve cardiac function and 

prevent LV remodeling in animal models of MI, the exact mechanism of this benefit remains 
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unknown. Wall et al. [63] were the first to suggest that improvements seen with intramyocardial 

injections of cells and/or materials are due to passive structural support of the injectant to the 

damaged myocardium. Using a finite element model, injections of various volumes and 

stiffnesses were stimulated in an ovine LV with an anteroapical infarct. Calculated local stress 

responses show that small changes in wall volume (0.5% to 5%) can reduce fiber stress at the 

border zone that are typically elevated after myocardium damage. Stiffer materials were able to 

bear more of the load and thus further reduce stresses in the remote and border zone. Similarly, 

as mentioned above, Ifkovits et al. [38] showed that injection of a HA hydrogel with stiffness 

higher than that of myocardium was better able to preserve infarct expansion compared to a 

weaker gel, but it did not significantly affect cardiac function. End diastolic and end systolic 

pressure volume relationships, ejection fraction and stroke volume all demonstrated improvement 

with injections of a non-contractile material [63]. Results from this theoretical analysis suggests 

that improved LV function and morphology by a hydrogel injection could be due to offloading of 

stresses and increase of wall thickness by the material. However, whether this prevents the 

deleterious LV remodeling in the long term remains to be seen, since the finite element model is 

only capable of simulating short-term effects immediately after hydrogel injection.  

In vivo, the mechanical effects that hydrogel injections play on cardiac remodeling is 

much more difficult to elucidate, since many of the hydrogels used so far may have biological 

activity as well. Rane et al. [56] sought to distinguish effects of hydrogel injection as purely 

mechanical reinforcement, as speculated by Wall et al. [63], by using PEG because it is bioinert, 

non-degradable, and can be injected to form a gel in situ. Injections of a PEG hydrogel with 

stiffness similar to commonly injected polymers (0.5 kPa) were made 9 days after a rat total 

occlusion MI model. While the PEG hydrogel was able to significantly increase wall thickness, 

there was still a significant increase in LV end diastolic volume and end systolic volume (Figure 

1.4), and decrease in ejection fraction at seven weeks post-MI. Histologically, the PEG hydrogel 

elicited very little cellular response except for a thin layer of encapsulation, as expected for a non-
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degradable biomaterial. Results from this study indicates that passive wall thickening alone is 

insufficient towards prevents negative LV remodeling or improve cardiac function. This implication 

is similarly reflected by Dobner et al. (2009), where injection of a non-degradable PEG-vinyl 

sulfone hydrogel immediately post-MI showed some benefits in reducing end diastolic diameter at 

two and four weeks post-MI but not at 13 weeks). Furthermore, wall thinning was only prevented 

in four weeks and not 13 weeks, indicating that prolonged wall bulking is insufficient in the 

attenuation of negative LV remodeling. Perhaps this is reflective of the computational outcome 

from Wall et al. (2006), which only demonstrated the short-term mechanical effects of an injected 

hydrogel, and not the long-term implications. 

 

Figure 1.4 Finite element representations of the left ventricle before and 
after injection of a non-degradable bio-inert PEG hydrogel or saline. Wall 
thickening (arrow) of the infarct is detected after PEG injections, however LV 
lumen dilatation occurred in both groups [reprinted with permission]. 
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Beyond mechanical reinforcement, an alternative mechanism of the benefit of injected 

hydrogels towards post-MI cardiac repair could be the bioactivity of materials. Evidence for the 

bioactivity of naturally derived polymers is abundant. Collagen, fibrin, and Matrigel injections into 

infarcted area have been shown to induce myofibroblast migration [64]. In addition, large numbers 

of non-contractile cells are also seen; it’s been hypothesized that infiltration of these cells could 

benefit infarct remodeling by modulating the inflammatory response and produce beneficial 

paracrine effects [4]. For example, fibronectin fragments, a degradation product of ECM, can 

recruit pro-remodeling macrophages and stimulate them to release cytokines to protect hypoxic 

myocytes from apoptosis [65]. As mentioned previously, presence of integrin binding sites on 

protein hydrogels could also provide cell attachment moieties, which are essential for cell function 

and survival. Many previously injected materials also exhibit signs of increased 

neovascularization, possibly diminishing LV remodeling by reperfusion of the damaged 

myocardium. Angiogenic factors within naturally derived hydrogels include fragment E in fibrin 

[23], hepI and hepIII fragments on collagen IV [66]. 

Inherent in the difference in reported findings for injected hydrogels for cardiac repair is 

the selection of injection and evaluation time points. Injection time points occur from immediately 

post MI induction until 2 months after initial infarct. The timing of the injection has consequences 

on the eventual therapeutic benefit of the hydrogel. Landa et al. (2008) explored that difference 

between alginate injections in an acute MI model (7 days post-infarct) and a chronic MI model (2 

months post-infarct) in rats. Using a similar calcium-crosslinked alginate solution that Leor et al. 

(2004; 2009) utilized, they examined how changes in injection timing affect cardiac remodeling 

and function at 2 months after treatment, when majority of the alginate hydrogel has been 

degraded. For the acute MI model, at 8 weeks improved LV morphology, as assessed by anterior 

wall diastolic and systolic thickness, LV end diastolic and end systolic dimensions, and LV end 

diastolic and end systolic area (Landa et al., 2008). However, functional improvements in 

fractional shortening and fractional area change were not detected. In the chronic MI model, while 
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differences in LV morphology and function were not detected in direct comparisons between 

alginate treated animals and saline-injected controls. However, significant differences were 

detected once comparisons were made as a percentage change from baseline values within each 

group in anterior wall thickness, LV end systolic dimensions, and fractional area change. Results 

of this study indicates that while hydrogel injection in a chronic infarct MI model can have some 

beneficial effects in thickening the infarct and potentially affecting LV remodeling to a certain 

degree, injections made in a recent infarct can have a much greater impact on cardiac repair and 

regeneration. 

In terms of timing of studies, selection of the study termination time point could also affect 

results. The studies described here have varied from 2 weeks to 3 months post injection. 

Terminating the study too early could risk only reporting of short-term beneficial effects, as 

suggested by Wall et al. [63], while the long-term outcome remains unknown. This could be 

particularly important in cases of degradable hydrogels since their effect on LV morphology and 

function could be in part attributed to wall bulking and offloading of stresses in the infarct region. 

Thus, analysis and conclusions drawn prior to complete degradation of the hydrogel could 

overlook the long-term therapeutic effects of injectable hydrogels. 

To determine the ideal study termination point, it is necessary to evaluate the degradation 

rate of the hydrogel in vivo. So far, for the different types of degradable hydrogels that have been 

injected intramyocardially for post-MI repair, only Tous et al. [39] have modulated the degradation 

rate of their HA system. The effect that changes in hydrogel degradation could have a dual effect 

on cardiac repair: 1) mechanical effects of hydrogel presence towards wall bulking and stress 

reduction; and 2) prolonged release of bioactive peptides that may extend the recruitment of pro-

regenerative cell types and neovasculature. In Tous et al. [39]’s study, hydrogels with faster 

degradation rates were not able to increase infarct thickness and degradable hydrogels had no 

effect on LV volumes compared to more stable hydrogels. In a study from Yu et al. (2009a), the 

question of material residence time was partially addressed. Alginate and fibrin were injected in 
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rats 5 weeks after an ischemia-reperfusion MI model. While both hydrogels initially improved LV 

geometry and function at 2 days post-injection as compared to saline controls, only the alginate 

treated groups showed significant persistent improvement at 5 weeks. Yu et al. [67] observed that 

at 5 weeks, presence of alginate could still be identified by histology while fibrin was completely 

reabsorbed, leading them to propose that long-term benefits on cardiac function could be affected 

by persistence of the injected hydrogel. However, this study was performed on two different 

materials, each with its unique bioactive properties; therefore, it is uncertain whether the 

difference in beneficial effects is due to material residence time or intrinsic bioactivity of the two 

hydrogels. 

The biologic effect of different naturally derived hydrogels was investigated by Huang et 

al. [64]. Collagen, Matrigel, and fibrin were chosen because they were three commercially 

available biomaterials that are able to transition from liquid to hydrogel after intramyocardial 

injection. Injections were made 1-week after an ischemia-reperfusion MI model in the rat. At 5 

weeks post-injection, all 3 hydrogel were able to increase angiogenesis when compared to PBS 

injected controls. However, only collagen was able to significantly enhance myofibroblast influx, 

indicating some difference in the biologic response elicited by the various injected hydrogels. 

Implications on cardiac function and LV remodeling were not investigated in this study and thus, 

differences in bioactivity could not be correlated to functional outcomes. Unfortunately, few 

studies so far have directly compared different hydrogels against each other, making it difficult to 

determine of advantages of use of one over another. Since the procedure, timing, and evaluation 

criteria chosen by each group of investigators also differ, this further complicates the elucidation 

of the mechanism by which injectable hydrogels promote cardiac repair post-infarction. 

 

1.4. Hydrogels as a Platform for Co-Delivery 

1.4.1. Cells 
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Cellular cardiomyoplasty has been widely explored as a potential therapeutic strategy for 

cardiac repair and regeneration [68-70]. The approach involves transplantation of cells 

suspended in a liquid such as saline or cell culture medium into infarcted tissue or border zone by 

intramyocardial injections. Unfortunately, current clinical trials using bone marrow derived cells 

show mixed results in improvement of LV ejection fraction after transplantation partially due to 

poor cell engraftment and survival after delivery [71]. It has been shown that while transplanted 

cells remain viable shortly after implantation, by one week only ~1% of cells remain by TUNEL 

analysis [72]. Most of the cell death seen within the first few days of transplantation is likely 

caused by the combination of ischemia, inflammation, and anoikis, or apoptosis induced by 

disruption of cell-matrix interactions [73,74]. Christman et al. [21] were the first to demonstrate 

that injection of cells along with a hydrogel can improve cell transplant survival in a rat MI model. 

This study used neonatal rat skeletal myoblasts with a fibrin injection and showed that compared 

to conventional liquid delivery, fibrin improved myoblast survival by more than two-fold. Injection 

of myoblasts with fibrin increased fractional shortening and infarct thickness [20], but this was not 

statistically different than injection of fibrin alone. Since then, the use of fibrin as a delivery vehicle 

to enhance success of cellular cardiomyoplasty has been demonstrated with bone marrow cells 

[75], marrow-derived cardiac stem cells [76], and adipose-derived stem cells [77,78]. 

Other naturally derived hydrogels that have been used to deliver cell therapy include 

chitosan [79,80], Matrigel [81], and RGD-modified alginate [82]. As mentioned previously, alginate 

lacks the intrinsic motifs for cell adhesion, thus to prevent anoikis of transplanted cells, 

modifications to alginate must be made to provide cell-matrix interactions. Yu et al. [82] used a 

RGD-modified alginate to encapsulate human mesenchymal stem cells (hMSCs). Microbeads 

generated from this solution and injected in an ischemia reperfusion model in nude rats showed 

persistence of hMSCs in microcapsules at seven days and two weeks, while hMSCs injected with 

medium were only detectable at one day. To address the various causes of poor cell survival 

(ischemic conditions, anoikis, and release of inflammatory factors), Laflamme et al. [81] 
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developed a multi-pronged approach, which they termed a prosurvival cocktail (PSC) and 

included Matrigel to prevent anoikis, cyclosporine A for immune-suppression, a caspase inhibitor, 

anti-mitochondrial-apoptotic peptide Bcl-XL, insulin-like growth factor, and a compound that 

mimics ischemic conditioning. Use of PSC improved human ESC (hESC)-derived cardiomyocyte 

transplantation survival and increased graft size by seven-fold from one to four weeks post-

injection.  

Of the synthetic hydrogels, PEG based [83,84], PNIPAAm based hydrogels [60,85], 

peptide NFs [86], and hydroxypropyl methylcellulose [87] have been injected along with cells in 

small animal MI models for cardiac repair. As mentioned previously, PEG and PNIPAAm lack 

inherent bioactivity and are non-degradable, however, they are easily modifiable with 

biomolecules to improve these characteristics. Kraehenbuehl et al. [83] modified PEG-vinyl 

sulfone hydrogels with MMP cleavable peptides and integrin binding ligands to produce a cell 

adhesive and degradable hydrogel. Similarly, Wall et al. [60] also sought to modify the 

thermoresponsive synthetic hydrogel PNIPAAm with the addition of MMP degradable peptide 

crosslinkers and RGD-containing peptide sequences. Injections were made with mouse bone 

marrow-derived mesenchymal stem cells (MSCs) into a murine total occlusion model immediately 

post infarct. At six-weeks, MSCs were detectable in 38% of hearts when injected with the 

hydrogel, but were unidentifiable when injected alone. Interestingly, use of Matrigel resulted in 

25% of hearts with detectable cells, indicating that synthetic hydrogels, with biomimetic 

modifications, could support cell-matrix interactions and diminish anoikis equally or better 

compared to naturally derived hydrogels. In the study by Mathieu et al. [87], it’s interesting to note 

that injection of the silanized hydoxyproypl methylcellulose (siHPMC) alone did not improve 

echocardiograph measurements at eight-weeks, possibly due to its lack of intrinsic bioactivity. 

However, injection of MSCs with siHPMC did significantly improve LV end systolic diameter, 

fractional shortening, and ejection fraction.  
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1.4.2. Therapeutics 

Delivery of various therapeutic molecules, too, can be enhanced through use of a 

hydrogel vehicle; this can include growth factors, cytokines, small molecules, and gene plasmids 

to enhance the regeneration and repair of infarcted myocardium. However, the high diffusion rate 

combined with short active half-live of these molecules makes it difficult for them to be used as MI 

therapies. Meanwhile, co-delivery with a hydrogel can prolong and target the release of these 

therapeutic molecules, avoiding the detrimental side effects that can occur with extended 

systemic exposure.  

 

1.4.2.1 Growth factor delivery 

Perhaps the most widely used growth factor to be delivered with an injectable hydrogel 

for cardiac repair post-MI has been basic fibroblast growth factor (bFGF or FGF-2). As a potent 

angiogenic agent, administration of bFGF in various animal models of MI has already shown to 

stimulate cardiac angiogenesis [88-90]. The most common delivery method for bFGF to infarcted 

myocardium has been through gelatin encapsulation [91-95] where bFGF is released as the 

hydrogel is degraded. The ability to modify the iso-electric point of gelatin during the fabrication 

process to generate either a negatively charged acidic hydrogel or a positively charged basic 

hydrogel makes it particularly useful for drug delivery [96]. Sakakibara et al. [92] demonstrated 

that gelatin microspheres extended bFGF presence in vivo from 3 to 15 days and was associated 

with increased vessel density. Shao et al. [95] noted that while capillary density was not further 

enhanced by the prolonged release of bFGF in microspheres compared to bFGF injection alone, 

arteriole density in the bFGF-gelatin group was significantly higher than either bFGF or gelatin 

alone. Yamamoto et al. [91] and Iwakura et al. [93] further demonstrated that this newly 

developed vasculature is perfused and capable of increasing myocardial blood flow to the 

infarcted region. Functionally, Iwakura et al. [93], Shao et al. [95], and Liu et al. [94] reported 

improved ejection fraction in the bFGF-gelatin group while Yamamoto et al. [91] was not able to 
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correlate the neovascularization to a functional benefit. Other than gelatin microspheres, delivery 

of bFGF to infarcted myocardium has also been accomplished with chitosan [97], fibrin [98], and 

PNIPAAm-based hydrogels [59]. 

Another commonly used angiogenic growth factor is vascular endothelial growth factor 

(VEGF). To prolong the release of VEGF in infarcted myocardium, Wu et al. [57] conjugated 

VEGF to a PEG-based hydrogel with ester groups that allowed for hydrolytic degradation such 

that VEGF is released over the same time frame as hydrogel dissolution. In a rat MI model, this 

tethered approach was able to increase blood vessel density compared to hydrogel alone, 

hydrogel mixed with VEGF (but not covalently linked), and PBS controls. Furthermore, this trend 

is reflected in functional measurements, LV morphology, and scar geometry. VEGF has also been 

delivered by intramyocardial injection with synthetic peptide NFs, through non-covalent interaction 

with the oligopeptides in a mini pig MI model [99]. Although a weaker interaction, this approach 

was still sufficient in prolonging VEGF retention up to 14 days and resulted in increased arteriole 

and artery density. The combined therapy was also able to improve LV fractional shortening 

compared to other treatment groups. Interesting, capillary density increased with both VEGF 

alone and NF alone; furthermore, VEGF induced angiogenesis similarly as the VEGF with NF 

group, suggesting that arteriogenesis and not angiogenesis to be more important in cardiac repair. 

Peptide nanofibers have also been used to deliver platelet-derived growth factor (PDGF), 

which are retained by weak molecular interactions with the amphiphilic peptides [100]. Similar to 

VEGF, PDGF could be retained past 14 days in vivo. Furthermore, the authors ascertained that 

the delivered PDGF led to activation of the PDGF signaling pathways in cardiomyocytes that 

resulted in reduced cardiomyocyte apoptosis after infarction. A subsequent longer-term study 

showed that even at 4 months, an increase in blood flow and vascular density compared to NF-

only and non-injected controls was maintained [101]. Furthermore, improvements in cardiac 

function and LV geometry over NF-only and non-injected controls were also maintained.  
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In order to deliver growth factors more specifically and controlled, Davis et al. [102] 

modified the synthetic, self-assembling peptides with biotin, such that the therapeutic molecule of 

interest could be attached by streptavidin binding. Insulin-like growth factor 1 (IGF-1) was chosen 

for intramyocardial delivery because it promotes survival of cardiomyocytes. Post injection, IGF 

tethered on peptide NFs was still detectable at 84 days, compared to unmodified IGF, which was 

un-measurable after day three. Activity of the biotinylated IGF-1 was maintained in vivo, leading 

to Akt activation and decreased activation of caspase-3. Furthermore, tethered IGF-1 promoted 

survival of co-delivered cardiomyocytes. Fractional shortening and LV dilatation was improved 

when IGF-1 tethered onto peptide NFs was co-injected with cardiomyocytes; interestingly, this 

effect is reversed when Akt double-negative cardiomyocytes were injected, suggesting a very 

IGF-1 specific effect. 

Besides growth factors, other protein biologics have also been delivered to infarcted 

myocardium by hydrogel injection. Segers et al. [103] designed a variant of stromal cell derived 

factor 1 (SDF-1) that is immune to MMP-2 and exopeptidase cleavage while still capable of 

chemotactic activity. Use of a PEG-based hydrogel also allowed for the sustained local release of 

erythropoietin, which has cardio-protective effects but can cause polycythemia and subsequent 

thrombo-embolic consequences if systemically administered [104]. 

 

1.4.2.2. Multi-Compound Delivery 

Use of hydrogels as a delivery vehicle also presents a unique advantage to allow for co-

delivery of two or more growth factors and the ability to control their release. Hao et al. [105] 

developed an alginate hydrogel that would allow sequenced release of VEGF then PDGF. 

Difference in release patterns was likely due to different affinity that the growth factors have for 

alginate. The timing of this release was chosen such that VEGF induced endothelial cell migration 

and angiogenesis is followed by PDGF induced smooth muscle cell recruitment and growth. This 

is reflected histologically as the dual growth factor delivery had similar capillary density compared 
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to VEGF alone but was able to induce higher arteriogenesis compared to either growth factor 

alone.  

Also seeking to enhance the development of more mature vessel formation in the infarct, 

Kim et al. [106] delivered an alternative duo of growth factors, PDGF and bFGF, using self 

assembling peptide NFs. Like previously mentioned studies using peptide NFs for growth factor 

delivery [99], the interaction is hypothesized to be a non-covalent adsorption of growth factors on 

the nanofibers. Interestingly, release of PDGF from the peptide NFs resembled an exponential 

burst release profile, compared to bFGF, which exhibited a linear dose-dependent release. This 

disparity could reflect a difference in binding affinity the growth factors have for the amphiphilic 

oligopeptides. Dual growth factor delivery in the peptide NF system was able to dramatically 

improve infarct geometry, increase vessel density, and decrease cardiomyocyte apoptosis. 

Ruvinov et al. [107] also sequentially delivered IGF-1 and hepatocyte growth factor (HGF) 

in an alginate hydrogel. As mentioned previously, IGF-1 is known to be cardioprotective, and HGF 

has been shown to be pro-angiogenic and anti-fibrotic; thus, dual delivery may lead to synergistic 

effects in cardiac repair. To accomplish the successive delivery, alginate was modified with 

sulfates to mimic the sulfated glycosaminoglycans (GAGs) of the ECM that naturally have affinity 

for endogenous growth factors. Once again, release kinetics depended on the equilibrium-binding 

constant and the amount of growth factor loaded. Injection of this dual-growth factor hydrogel 

resulted in a less fibrosis, increased vessel density, decreased apoptosis, increased proliferative 

cells, and evidence of cardiac regeneration.  

To make a hydrogel system for growth factor delivery with release kinetics that are 

responsive to the myocardium regeneration process, Salimath et al. [108] developed a PEG-

based hydrogel with MMP-cleavable sites. As a result, growth factor release from the hydrogel 

can be accelerated with cellular infiltration and remodeling of the scaffold. This was demonstrated 

in vitro when release of VEGF and HGF escalated with increasing concentrations of collagenase. 

Injection of this growth factor loaded hydrogel immediately after infarction in a rat ischemia 
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reperfusion model significantly increased vessel density, decreased fibrosis, promoted progenitor 

cell recruitment, and improved cardiac function. 

 

1.4.2.3. Gene Delivery 

An alternative to delivery of growth factors and other protein-based therapeutics is 

through a plasmid coding the gene of interest. Once transfected into a cell, the plasmid can 

provide a much more sustained depot for release of the growth factor. Like growth factors, the 

diminished success of plasmid delivery due to its high diffusivity can be improved by co-delivery 

with a hydrogel, termed a gene-activated matrix. Instead of VEGF delivery, Kwon et al. [109] 

delivered VEGF plasmids in a rat MI model by amphiphilic synthetic block co-polymer composed 

of PEG and polypropyl glycol (PPG). Injection of this plasmid-loaded hydrogel one-week post-

infarct lead to increased VEGF expression in the myocardium, reduced fibrosis, and increased 

angiogenesis. Concerned that prolonged VEGF expression in the myocardium can lead to 

detrimental effects, such as angioma formation, Christman et al. [110] decided to use pleiotrophin 

(PTN) as an alternative angiogenic agent. The PTN plasmid was injected with fibrin glue one-

week post-infarct in the rat and showed that PTN with fibrin glue significantly increased arteriole 

density compared to either alone. Furthermore, microbead perfusion demonstrated that these 

newly formed vasculatures were functional.  

 

1.5. Delivery Strategies of Hydrogels 

Similar to the cell delivery routes outlined by Stamm et al. [111] in Figure 1.5, hydrogel 

delivery to the myocardium can be accomplished by trans-epicardial direct injection, intracoronary 

infusion, and trans-endocardial catheter injection. However, the delivery of hydrogels to the 

infarcted myocardium offers unique challenges compared to the more commonly investigated 

cellular cardiomyoplasty. These materials must be able to be maintained in a liquid state outside 

the body prior to the injection procedure (which can be over an hour long), yet quickly transition to 
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a hydrogel state once injected. The vast majority of the hydrogels mentioned in this chapter have 

been injected by direct intramyocardial (or trans-epicardial) injection. For clinical translation, this 

would require a surgical based administration, which is not ideal for a patient that just suffered an 

acute MI. In order for these injectable hydrogel therapies to be delivered immediately to 

approximately one-week post infarct in patients (like most of studies mentioned above), a 

minimally invasive method is preferred. So far, only two hydrogels have been shown to be 

deliverable via catheter delivery in a large animal MI model, intracoronary infused calcium 

crosslinked alginate [30] and trans-endocardial injected myocardial matrix [41,42]. Use of the 

intracoronary infusion method has the advantage of using standard catheter lab technology such 

that additional training is unnecessary. Additionally it does not directly puncture the myocardium 

[28]. However, this approach requires a material with a unique set of properties, namely one that 

is highly nonthrombogenic, capable of crossing damaged vasculature, and can gel selectively in 

the infarct site. Given these criteria, it is likely that this approach is only applicable to acute MI.  

Furthermore, control of the volume of hydrogel that is delivered to the infarct site is difficult since 

material is lost in the systemic circulation. The trans-endocardial approach taken by Singelyn et al. 

[41] may prove to be a tenable approach for more hydrogel systems. This procedure would 

require the hydrogel to remain liquid for prolonged periods during preparation and the catheter 

procedure, have the suitable viscosity and gelation kinetics for multiple catheter injections, and 

gel quickly once in the myocardium. Although hemocompatibility of the hydrogel is less of an 

issue compared to intracoronary infusion, nonthrombogenicity is still preferred since leakage into 

the bloodstream is known to occur with trans-endocardial catheter delivery of cells [112]. 

Currently, use of a trans-endocardial catheter is not routine, thus specialized training using the 

catheter will be needed for the application of this technology, as well as any imaging modality 

required for targeted injection. Another limiting factor towards the translation of several hydrogels 

mentioned in this chapter is the use of a double-barrel delivery system. Fibrin, HA, and several 

synthetic hydrogels all require this delivery set up such that different soluble components can be 
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added together immediately prior to injection since gelation is triggered once mixing occurs. 

Unfortunately, current catheter technologies are not compatible with this type of delivery system; 

however, new crosslinking chemistries, such as oxime crosslinking may open up this possibility 

[113]. As new hydrogel systems are being developed for cardiac repair, it is important to consider 

the clinical translatability of the material, namely the ability for minimally invasive catheter delivery. 

 

Figure 1.5 Methods for hydrogel delivery into the myocardium. A) 
Intracoronary infusion by an inflated percutaneous transluminal coronary 
angioplasty (PTCA) balloon; B) Trans-endocardial delivery via a catheter; C) 
Trans-epicardial delivery by direct injection [reprinted with permission].  

 

1.6. Scope of the Dissertation 

Currently, the only biomaterial alone therapy for MI that has advanced beyond pre-clinical 

development is the intracoronary infused calcium-crosslinked alginate hydrogel. Recent results 

from a first-in-man study indicate that the therapy is well-tolerated and shows promise in slowing 
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progression to HF [114]. As discussed in the previous section, a potential factor in limiting the 

translation of hydrogels for post-infarct cardiac repair is the ability for the material to be delivered 

through a minimally invasive approach. Currently, the only other hydrogel that has this potential is 

the myocardial matrix derived from decellularized porcine ventricular ECM developed previously 

in our lab. To facilitate its transition to clinical studies, it is important that we improve our 

understanding of the mechanisms of action of the myocardial matrix. In addition, a better 

comprehension of the underlying biological changes that drive the functional effects allows us to 

improve the design of the matrix, further enhancing its therapeutic benefit.  

The first chapter investigates the underlying tissue level changes that are induced by 

injection of the myocardial matrix into the infarcted myocardium. We provide both transcriptional 

and histological evidence that the myocardial matrix either directly or indirectly induces 1) 

modulation of the infarct inflammatory response, 2) reduction in cardiomyocyte apoptosis, 3) 

enhancement of vessel development, 4) inhibition of LV hypertrophy 5) alteration of the 

myocardial metabolism, and 6) recruitment of cardiac progenitor cells.  

The second chapter demonstrates that different components of the degradation products 

of the myocardial matrix elicit different cell behaviors. We hypothesized that degradation of ECM-

derived hydrogels in vivo is as a two step process where initially peptides that do not participate 

in self-assembly diffuse out from the hydrogel followed by active proteolysis of the remaining 

portion by endogenous proteases. We describe a procedure that mimics this process in vitro and 

show evidence that the two fractions of the degradation products have different bioactivity. In 

addition, the forms of the myocardial matrix to which cells are exposed to, whether through a 3D 

hydrogel or as soluble peptides, also affect cell behavior. 

The third chapter examines whether prolonging the degradation of the myocardial matrix 

would enhance its cardioreparative effects post-MI. We experimented with several crosslinkers as 

well as use of an MMP inhibitor to modify the degradation rate and show that while crosslinkers 

are able to easily alter the material properties of ECM-derived hydrogels in vitro, no crosslinkers 
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currently exist for injectable collagen-based materials in vivo. We demonstrate that use of 

doxycycline as an MMP inhibitor allows for degradation rate to be modulated without affecting 

other material properties and is an effective agent in vivo to slow down degradation. However, 

prolonged degradation of the myocardial matrix through the addition of doxycycline did not 

significantly affect the effects post-MI. 

The last chapter summarizes the results of this dissertation and includes further 

discussion on its implications for the translation of the myocardial matrix to the clinic. Lastly, it 

suggests further work that needs to be done for the success of injectable hydrogels as therapies 

for post-infarct repair.  
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Chapter 1, in part, is a reprint of the material as it is published in: Jean J. Wang and 

Karen L. Christman. “Hydrogels for Cardiac Repair” in Cardiac Regeneration and Repair Volume 

II: Biomaterials and Tissue Engineering (R.-K. Li and R.D. Weisel, ed), Woodhead Publishing 

(2014). The dissertation author was the primary author of this manuscript. 
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Chapter 2: Transcriptional and Histological 

Evidence for the Therapeutic Effects of the 

Myocardial Matrix on Post-Infarct Repair 
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2.1. Introduction 

As discussed previously in Chapter 1, progression from acute MI to chronic HF begins 

with an initial ischemic injury, resulting in progressive myocyte loss through both necrotic and 

apoptotic mechanisms [1], and migration of inflammatory cells into the injured myocardium [2]. 

Release and activation of matrix metalloproteinases (MMP) from the inflammatory infiltrate further 

exacerbates the decline in heart function by digesting the extracellular matrix (ECM) proteins, 

followed by subsequent deposition of fibrillar cross-linked collagen. Loss of myocyte cell mass 

and replacement fibrosis causes left ventricular (LV) wall thinning and dilation [1], beginning the 

downward spiral of negative LV remodeling. This loss of cardiomyocytes was once thought to be 

a one-directional process, since the heart has long been considered as terminally differentiated. 

However, in the last decade, discovery of the existence of multipotent cardiac stem cells (CSCs) 

that reside in the heart and capability of existing cardiomyocytes to proliferate have shifted the 

paradigm to the heart as an organ capable of self-regeneration, albeit minimal [115]. 

Unfortunately, these processes result in a slow rate of myocyte turnover that is insufficient to 

compensate for the billions of cardiomyocytes lost after MI [116]. In addition to loss of myocytes, 

function of surviving cardiomyocytes is also altered. The heart has a high energy demand, and 

recent studies have shown that dysregulation in cardiac metabolism post MI contributes notably 

towards cardiac dysfunction in HF [117-119].   

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

and LV assist devices, but their uses are limited by the availability of donor hearts and the 

invasiveness of the procedure. Unfortunately, the 5-year survival rate for HF patients is only 50% 

[120], necessitating the development of therapies to prevent progression of HF following MI. We 

had previously developed an injectable myocardial matrix hydrogel, derived from decellularized 

porcine ventricular ECM, that has shown to prevent negative LV remodeling and the decline in 

cardiac function typically seen after MI when injected into both rat [41] and pig [42] models. To 

better understand the underlying mechanisms by which injections of the myocardial matrix 

improves post-MI repair, we performed a whole transcriptome microarray analysis on the gene 
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expression changes within the infarcted myocardium as a result of the injection. We demonstrate 

that samples collected from matrix-injected hearts have a distinct transcriptome from saline 

injected controls by 1-week post injection. We identified the main pathways altered by the 

myocardial matrix to be involved in the inflammatory response, apoptosis, vessel development, 

cardiac development, and metabolism. We further confirmed the activation of these pathways 

through PCR of key genes as well as immunohistological quantification. As discussed in chapter 

1, interest in developing non-pharmacological therapies to treat MI has been expanding in the last 

decade [121]. However, initial clinical trials involving cell transplantation to report widely variable 

effects on long term heart function, with likely only a moderate effect based on meta-analysis 

[122]. Improving our understanding of the tissue level changes that ultimately contributes to 

restoration of cardiac function and halt in LV remodeling post-MI may facilitate the transition of 

better therapeutics to the clinic. 

 

2.2. Materials and Methods 

2.2.1. Myocardial matrix preparation 

Porcine ventricular myocardium was decellularized by sodium dodecyl sulfate (SDS) and 

then partially digested with pepsin as previously described [40-42]. The liquid myocardial matrix 

was adjusted to pH 7.4 with NaOH and 10x PBS and brought to 6 mg/mL, on ice, then aliquoted 

and immediately frozen at -80C and lyophilized. Lyophilized partially digested myocardial matrix 

was rehydrated with sterile water at least 30 minutes prior to injection or hydrogel formation. 

 

2.2.2. Surgical Procedures 

All procedures in this study were approved by the Committee on Animal Research at the 

University of California, San Diego and the Association for the Assessment and Accreditation of 

Laboratory Animal Care. Adult female Sprague Dawley rats (225 to 250 g) were used in this study. 

A left thoracotomy allowed access to the heart and MI was induced by 25-minute ischemia-

reperfusion of the left coronary artery [41]. One week post-MI, rats were arbitrarily assigned to 
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receive injections of either 75 uL of saline or myocardial matrix directly into the myocardium by 

accessing through the diaphragm as previously reported [20,40,41]. 

 

2.2.3. Tissue Processing  

At three days or one week after injection, rats were euthanized with sodium pentobarbital 

(200 mg/kg) and their hearts immediately removed. Two groups of animals were used for the one 

week time point, for RNA isolation and histology, respectively. At the three day time point, hearts 

were sliced into nine 1 mm coronal slices using a Rat Heart Slice Matrix (Zivic Instruments) such 

that odd slices could be for histological analysis, while even slices could be used for RNA 

isolation. All tissue used for histological analysis, were fresh frozen in Tissue Tek OCT freezing 

medium and cryosectioned into 10 µm sections. Slides were stained with H&E for identification of 

infarcted tissue. Hearts with infarcts that extended over 30% of the LV were included in the study 

(n = 6 per group, per time point). For RNA isolation, the infarct wall was isolated by gross 

dissection then flash frozen at -80C for RNA isolation with the RNEasy Mini Kit with on-column 

DNAse digestion (Qiagen). RNA concentration and purity (A260/A280, A260/A230) were 

measured by a NanoDrop spectrophotometer (Thermo Scientific).  

 

2.2.4. RNA Microarray Analysis 

All sample labeling and microarray chip processing were performed by the Veterans 

Medical Research Foundation Microarray & NGS Core in San Diego. RNA integrity was also 

validated from the ratio of 28s/18s ribosomal RNA using an Agilent 2100 Bioanalyzer. RNA from 

two infarcts were combined for analysis on one microarray chip to reduce biological variability (n 

= 3 arrays per group, per time point). cDNA was synthesized from 1 µg of total RNA (pooled 500 

ng from each rat) using the Affymetrix GeneChip WT PLUS Reagent Kit. Whole transcriptome 

microarray analysis was performed using Affymetrix GeneChip Rat Gene 2.0 ST array. The web-

based VAMPIRE microarray suite [123] was used for raw data variance modeling and statistical 

testing. Myocardial matrix treated infarcts were compared to saline injection within each time 
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point using student t-tests. Differentially expressed genes were selected based on a false 

discover rate (FDR) of q < 0.05 to correct for multiple comparisons. Biological interpretation was 

performed using Ingenuity Pathway Analysis and Panther Gene Ontology (GO) Classification 

System. GeneSpring GX (Agilent Technologies) was also used for GO analysis as well as 

principle component analysis and hierarchical clustering.  

 

2.2.5. Quantitative Polymerization Chain Reaction (qPCR) 

The same RNA used microarray analysis was also used for PCR validation of select 

differentially expressed genes. cDNA was reverse transcribed from 1 μg of total RNA from each 

rat (unpooled) via SuperScript III Reverse Transcriptase kit (Life Technologies). SYBR Green 

Real-Time PCR Master Mix (Life Technologies) was used with a final concentration of 1 μM for 

forward and reverse primers. Primer sequences are in Table 2.1. Samples were run in technical 

duplicates on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with the following 

thermal cycles: 2 min at 50 °C, 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1 min 

at 60 °C. All data was normalized to 18s rRNA. 
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Table 2.1 PCR Primer Sequences. Forward and reverse primer sequences for 
all differentially expressed genes whose expression was validated using PCR 
and the housekeeping gene 18s rRNA. 
 
 Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 

18s rRNA GGATCCATTGGAGGGCAAGT CCCAAGATCCAACTACGAGCTT 
ALOX15 GATGGGTGTCTACCGCATCC CCTCTCCATGCTGTCCAACC 
Ang2 GACCAGTGGGCATCGCTAC CTGGTTGGCTGATGCTACTG 
Bcl-2 GATAACGGAGGCTGGGATGC ATGCACCCAGAGTGATGCAG 
Casp3 AATTCAAGGGACGGGTCATG GCTTGTGCGCGTACAGTTTC 
Cat GGACCAGTACAACTCCCAGAAG ACTCCATCCAGCGATGATTACT 
CD68 CACTTCGGGCCATGCTTCT AGGACCAGGCCAATGATGAG 
ESRRγ CCAAGAGACTGTGCTTAGTGTG TCTCACATTCATTCGTGGCC 
FGF1 AGGATTCTTCCCGATGGCA AGCTGAATGTGCTGGTCGC 
GATA4 CTGTGCCAACTGCCAGACTA AGATTCTTGGGCTTCCGTTT 
HMOX1 CACGCATATACCCGCTACCT CCAGAGTGTTCATGCGAGCA 
IL1RA CTCTCCTTCTCATCCTTCTGTTTC AGCAATGAGCTGGTTGTTCCTC 
MEF2d CCCCTGCTGGAGGACAAGTA TGCATGGAGCTCTGATTGGA 
MMP12 TGCAGCTGTCTTTGATCCAC TCCAATTGGTAGGCTCCTTG 
Myocd GTGCCTTGTTGGAGTAAGAGTGC GTCAGTCTATGTCCCGATAATGCC 
Nkx2.5 CATTTTATCCGCGAGCCTAC GTCTGTCTCGGCTTTGTCCA 
PGC-1α CGATGACCCTCCTCACACCA TTGGCTTGAGCATGTTGCG 
PGF CCATGGACTTTGACCACTGC TCAAGAGAATCTGGCTTGGCA 
PPARα TCATACTCGCAGGAAAGACTAGCA GCACAAGGTCTCCATGTCATGT 
PPARδ AGGGGTGCAAGGGCTTCTT CACTTGTTGCGGTTCTTCTTCTG 
SPP1 TCCGATGAGGCTATCAAGGTC TGCTCCAGGCTGTGTGTT 
Tbx5 TCGCTGTGACTTCGTACCAG TAACTCCAGGTCGTCACTGC 
Tbx20 AAGGAGGCAGCAGAGAACAC GCACAGAGAGGATGAGGAAGG 
VCAM1 GCGAAGGAAACTGGAGAAGACA ACACATTAGGGACCGTGCAG 

 

2.2.6. Immunohistochemistry 

Immunohistochemistry (IHC) was performed on three slides throughout the infarct in each 

heart (n = 6 per group, per time point) using antibodies targeted the following antigens: CD68 

(AbD Serotec MCA341R, 1:100), α-cctinin (Sigma A7811; 1:800), cleaved caspase-3 (Cell 

Signaling 5A1E; 1:50), von Willebrand Factor (vWF, AbCam ab6994; 1:400), alpha smooth 

muscle actin (α-SMA, Dako; 1:75), c-Kit (Santa Cruz Biotechnology C-19; 1:100), Nkx2.5 (Santa 

Cruz Biotecnology N-19; 1:100); Tryptase (AbCam Ab2378; 1:100); PGC-1α (AbCam, ab54481; 

1:100). For CD68, tissue sections were incubated with horseradish peroxidase (HRP) conjugated 
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goat-anti-mouse IgG, followed by diaminobenzidine (DAB) for five minutes. All other primary 

antibodies were visualized by addition of Alexa Fluor 488 or 568 secondary antibodies (Life 

Technologies). In fluorescent slides, nuclei were visualized with Hoescht 33342 (Life 

Technologies). Sections were mounted with Fluoromount (Sigma) and imaged with an Ariol 

Platform with the DM6000 B microscope (Leica Biosystems) to allow complete visualization of the 

tissue section in a single image. Brightfield slides were scanned using the Aperio Scan 

ScopeCS2 slide scanner (Leica Biosystems). 

Macrophages were quantified at the three day time point as CD68+ cells, using the 

‘Positive Pixel Count V9’ algorithm within ImageScope (Aperio) software to detect DAB staining 

throughout the entire infarct and borderzone of all three tissue sections. Apoptotic 

cardiomyocytes were identified at both time points by α-actinin+ cells co-labeled with cleaved 

caspase-3. Double-positive cells were quantified throughout all three tissue sections within the 

entire borderzone or remote myocardium. Vessel development at both time points were evaluated 

by both endothelial cells and arterioles in the infarct scar. Endothelial cells were identified by vWF 

and assessed by quantifying the percentage of green pixels within five randomly selected regions 

per slide of 0.2 µm2 each, within the infarct of each section using ImageJ (NIH). Arteriole density 

was determined by manually counting from the same five regions using the following criteria: 1) 

co-staining of vWF and α-SMA, 2) having a visible lumen, and 3) Feret diameter greater than 20 

µm, as measured by ImageJ. Size distribution of the vessels were binned by the following: large 

(greater than 100 µm), medium (between 40 and 100 µm), and small (between 20 and 40 µm). 

For PGC-1α and Nkx2.5 quantification at the one week time point, co-staining was performed 

with α-actinin to identify cardiomyocytes. To avoid bias, nuclei of cardiomyocytes adjacent to the 

infarct were pre-selected by identifying Hoechst expression within α-actinin-positive cells, without 

visualization of PGC-1α and Nkx2.5 staining. After pre-selection, nuclei that were co-localized 

with PGC-1α or Nkx2.5 positive staining were counted to determine percentage of 

cardiomyocytes that express either transcription factors. Based on preliminary study and power 

analysis, 200 cells were counted per heart. At both three days and one week, progenitor cells, 
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defined by their expression of the tyrosine-protein kinase kit (c-Kit) but negative for tryptase, were 

manually counted through the entire section of the heart. Mast cells, defined by either double 

positive expression of c-kit and tryptase, or single positive expression of tryptase, were also 

similarly quantified. All histological quantification were performed by a blinded investigator. 

 

2.2.7. Statistical Analysis 

For PCR and histological analysis, data are presented as mean ± standard error of the 

mean (SEM) with n = 6. Saline versus matrix injection was compared using unpaired student t-

test. Significance was accepted at p < 0.05.  

 

2.3. Results 

2.3.1. Myocardial Matrix Injection Alters the Infarct Transcriptome 

 

Figure 2.1 Transcriptomes Cluster Separately at 1 Week Post-Injection. 
Principal component analysis (A) and hierarchical clustering (B) of infarct 
transcriptomes of all samples indicated that global gene expression after 
myocardial matrix injection is distinct from control saline injection by 1 weeks. C) 
Hierarchical clustering of the 2,144 genes differentially expressed at 1 week post-
injection. RNA from 2 infarcts were combined for analysis on 1 microarray chip to 
reduce biological variability (n = 3 arrays per group, per time point). Blue = saline; 
green = matrix; triangles = 3 days; squares = 1 week.  
 
Principal component analysis (PCA) of all 12 samples demonstrated that 32.04% of the 

variation in the data could be explained by the first component, which likely represents time 
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(Figure 2.1A). Within each time point, saline and myocardial matrix injected samples do not 

cluster separately at three days post-injection. However, by one week post-injection, both PCA 

(Figure 2.1A) and hierarchical clustering (Figure 2.1B) show separation of transcriptomes from 

matrix and saline injected infarcts, indicating a shift in global gene expression. Using a FDR cutoff 

of q < 0.05, microarray analysis revealed that, compared to saline injected controls, myocardial 

matrix injected infarcts had 219 differentially expressed transcriptions at three days (of which 129 

are defined, with 98 up-regulated and 31 down-regulated) and 2144 transcripts at one week post 

injection (of which 1479 are defined, with 963 up-regulated and 516 down-regulated). Using 

Ingenuity Pathway Analysis, we identified that at three days, the main effects of the myocardial 

matrix injection are: 1) down-regulation of apoptosis, 2) up-regulation of blood vessel 

development, and 3) increase in cell movement (Table 2.2). By one week, additional pathways 

were significantly activated (Table 2.3), including down-regulation of cell death and hypertrophy, 

and up-regulation of many metabolic processes and gene translation/transcription. 

 

Table 2.2 Pathways with activation z-score of greater than 1 or less than -1 at three days 
post-injection. 

 
Functions Diseases or Functions Annotation p-Value z-score # Molecules 

Down-regulated due to matrix injection after three days 
Apoptosis Apoptosis 8.87E-03 -2.387 10 
Cell death Cell death 7.85E-03 -1.936 12 

Up-regulated due to matrix injection after three days 
Migration Migration of cells 1.80E-03 1.277 7 
Cell movement Cell movement 4.04E-05 1.467 10 
Development Development of blood vessel 8.27E-03 1.982 4 
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Table 2.3 Pathways with activation z-score of greater than 1 or less than -1 at one week. 
Functions Diseases or Functions Annotation p-Value z-score # Molecules 

Down-regulated due to matrix injection after one week 
Hypertrophy Hypertrophy of cells 2.41E-02 -2.176 11 
Muscular hypertrophy Muscular hypertrophy 1.80E-02 -2.001 10 
Engulfment Engulfment of cells 1.06E-02 -1.98 7 
Cell death Cell death of hippocampal neurons 2.03E-03 -1.82 9 
Hypertrophy Hypertrophy of cardiomyocytes 1.06E-02 -1.818 9 
Apoptosis Apoptosis 2.21E-03 -1.793 63 
Cell death Cell death of pheochromocytoma cells 2.76E-03 -1.742 18 
Cell death Cell death 1.19E-04 -1.682 85 
Hypertrophy Hypertrophy 6.66E-03 -1.659 14 
Apoptosis Apoptosis of pheochromocytoma cells 1.03E-02 -1.594 13 
Apoptosis Apoptosis of brain cells 2.09E-02 -1.495 9 
Hypertrophy Hypertrophy of heart 1.39E-03 -1.488 13 
Cell death Cell death of cerebral cortex cells 9.66E-03 -1.445 15 
Cell death Cell death of brain 2.38E-03 -1.398 19 
Cell death Cell death of brain cells 2.76E-03 -1.23 18 
Vasoconstriction Vasoconstriction of blood vessel 2.17E-02 -1.134 7 
Cell death Cell death of muscle cells 6.40E-03 -1.082 18 
Cell death Neuronal cell death 1.03E-02 -1.072 31 

Up-regulated due to matrix injection after one week 
Uptake Uptake of monosaccharide 2.85E-03 1.005 10 
Transport Transport of carbohydrate 2.42E-02 1.03 8 
Oxidation Oxidation of fatty acid 1.58E-11 1.036 21 
Density Density of mitochondria 3.44E-04 1.067 4 
Infiltration Infiltration of leukocytes 7.65E-03 1.153 7 
Oxidation Oxidation of long chain fatty acid 5.61E-07 1.337 10 
Concentration Concentration of triacylglycerol 2.49E-02 1.387 5 
Homeostasis Cellular homeostasis 9.49E-06 1.403 39 
Phosphorylation Phosphorylation of protein 1.53E-04 1.405 32 
Uptake Uptake of 2-deoxyglucose 1.18E-03 1.455 8 
Proliferation Proliferation of muscle cell lines 5.33E-03 1.489 7 
Synthesis Synthesis of DNA 2.44E-04 1.58 20 
Quantity Quantity of neurons 2.38E-02 1.673 6 
Expression Expression of DNA 3.06E-02 1.746 31 
Expression Expression of RNA 2.80E-02 1.768 41 
Transcription Transcription of DNA 2.58E-02 1.964 30 
Infiltration Infiltration of granulocytes 1.45E-02 1.98 4 
Transport Transport of ion 6.35E-04 2 29 
Transport Transport of cation 8.08E-04 2 22 
Transcription Transcription of RNA 4.25E-02 2.422 35 
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2.3.2. Inflammatory Response 

Injection of the myocardial matrix naturally triggers an inflammatory response, thus it was 

not a surprise that pathways involved in the immune response including migration and infiltration 

of various cell types predicted at both the three day and one week time point (Table 2.2 and 2.3). 

Similarly, a substantial number of genes at both time points – 26.6% at day three and 9.8% at 

one week – were characterized as part of immune response process (GO:0002376) by GO 

analysis. To confirm altered expression of these genes, qPCR was performed on key genes using 

the same RNA isolated for microarray analysis from individual infarcts (unpooled). For 

comparison, expression of the same genes, as predicted from microarray analysis is listed for 

reference (Figure 2.2A). Increased expression of CD68 (p = 0.045), matrix metalloproteinase 12 

(MMP12, p = 0.043), and interleukin 1 receptor antagonist (IL1RN, p = 0.021) were confirmed at 

day three (Figure 2.2B), indicative of increased macrophage infiltration as a result of matrix-

injection [124,125]. Thus, we sought to quantify this through IHC using a CD68 antibody (Figure 

2.2C), but did not find a difference between saline and matrix-injected infarcts at three days 

(Figure 2.2D). As part of the quantification for cardiac progenitor cells, anti-tryptase staining was 

also performed to distinguish ckit+ mast cells (Figure 2.2E). Quantification of all tryptase-positive 

cells showed a trend at three days (p = 0.052) and a significant increase at one week (p = 0.032) 

for mast cells (Figure 2.2F). 
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Figure 2.2 Inflammatory response to myocardial matrix injection. A) 
Differentially expressed genes involved in the inflammatory response from 
microarray analysis. B) qPCR confirmation of expression of key genes involved in 
inflammation at three days. C) Example of positive CD68 staining, visualized by 
DAB (brown) in a myocardial matrix injected infarct day three post-injection (right) 
along with H&E staining (left) at the corresponding location; scale bar = 50 μm. 
D) Quantification of CD68 staining in the infarct wall three days post-injection. E) 
Example of cKit+(green)/tryptase+(red) cells a myocardial matrix injected heart at 
one week post injection; nuclei are stained blue with Hoescht; scale bar = 50 μm. 
F) Quantification of trypase-positive mast cells at three days and one week post-
injection throughout the entire myocardium. CD68: cluster of differentiation 68, 
IL1RN: interleukin 1 receptor antagonist, MMP: matrix metalloproteinase 12. (# p 
< 0.1, * p < 0.05, ** p <0.01) 
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2.3.3. Cardiomyocyte Apoptosis 

Decreased apoptosis was consistently predicted by Ingenuity at both three days and one 

week post-injection (Table 2.2 and 2.3). At three days, this is indicated by increased expression 

of the antioxidative enzyme heme oxygenase 1 (HMOX1), increased expression of the ECM 

protein osteopontin (SPP1), and decreased expression of lipoxygenase enzyme ALOX15 from 

the microarray analysis (Figure 2.3A). Expression HMOX1 and SPP1 were confirmed using 

qPCR (p = 0.015 for both, Figure 2.3B). At one week, the microarray data showed increase 

expression of the anti-apoptosis regulator Bcl-2, increase expression of the antioxidant catalase 

(Cat), and decreased expression of the apoptosis effector caspase-3 (Casp3, Figure 2.3A). 

Similarly, qPCR confirmed the significant increased expression of Bcl-2 (p = 0.006) and Cat (p = 

0.002, Figure 2.3B). To determine the effect that myocardial matrix injection may have on 

cardiomyocytes specifically, we performed anti-cleaved-Casp3 staining with co-labeling of 

cardiomyocytes using α-actinin (Figure 2.3C). Quantification of the number of Casp3-expressing 

cardiomyocytes in the infarct wall showed a trend towards decreased apoptotic cardiomyocytes 

(p = 0.085) at three days post-injection within the infarct wall (Figure 2.3D)  
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Figure 2.3 Effect that myocardial matrix injection has on apoptosis. A) 
Differentially expressed genes involved in apoptosis from microarray analysis. B) 
qPCR confirmation of expression of key genes involved in apoptotic processes at 
three days and one week post injection. C) Examples of positive cleaved-Casp3-
expression in cardiomyocytes; nuclei are stained blue with Hoescht, 
cardiomyocytes are labeled green (α-actinin), Casp3+ is in red; scale bar = 50 
μm. D) Quantification of cleaved-Casp-3 expressing cardiomyocytes within the 
infarct wall. ALOX15: arachindonate 15-lipoxygenase, Bcl-2: B-cell lymphoma 2, 
Casp3: caspase-3, Cat: catalase, HMOX1: heme oxygenase-1, SPP1: secreted 
phosphoprotein 1. (# p < 0.1, * p < 0.05, ** p <0.01) 
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2.3.4. Vessel Development 

Development of blood vessels was strongly predicted to be activated by Ingenuity at 

three days post-injection (Table 2.2), as indicated by increase in both the angiogenic placental 

growth factor (PGF) and endothelial marker vascular cell adhesion molecular 1 (VCAM1, Figure 

2.4A). qPCR confirmed increased expression PGF at three days (p = 0.006, Figure 2.4B). At one 

week post-injection, while increased vessels development was not directly predicted, within the 

gene expression changes that are linked to decreased apoptosis, we noticed that many were 

growth factors that are associated with angiogenesis and neovascularization; these included 

decrease in angiopoietin-2 (Ang2) and increase in acidic fibroblast growth factor (FGF1) and 

vascular endothelial growth factors A and B (VEGFa and VEGFb, Fig. 4A). qPCR confirmed 

differential expression of Ang2 (p = 0.012), VEGFa (p = 0.034) and VEGFb (p = 0.009), with a 

trend for FGF1 (p = 0.053, Figure 2.4B). To determine whether the increased expression of 

various growth factors resulted in a change in the infarct vascularization, endothelial and smooth 

muscle cells within the infarct were labeled with vWF and αSMA (Figure 2.4C). Endothelial cells 

were quantified by the percentage of green (vWF+) pixels within the infarct and while not 

significantly different at three days post-injection, by one week, matrix injected groups had 

significantly higher number of endothelial cells (p = 0.038, Figure 2.4D). Quantification of arteriole 

density showed a similar result, with no difference at three days, but a trend towards increased 

number of arterioles at one week post-injection in the matrix groups (p = 0.056). To further 

characterize the arterioles, the Feret diameter of the vessels was used to subdivide them into 

small (< 40 µm), medium (40-100 µm), and large (>100 µm) arterioles. Using this schema, at 

three days there was a trend for increased number of small arterioles within matrix-injected 

infarcts (p = 0.082) but by one week, the differences has shifted to a significant increase in 

medium (p = 0.021) and a trend for increase in large diameter vessels (p = 0.065). 
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Figure 2.4 Effect that myocardial matrix injection has on blood vessel 
development. A) Differentially expressed genes involved in vessel development 
from microarray analysis. B) qPCR confirmation of expression of key genes at 
three days and one week post injection. C) Representative images from saline or 
matrix injected infarcts after three days and one week; nuclei are stained blue 
with Hoescht, endothelial cells are labeled green (von Willebrand Factor), smooth 
muscle cells are red (α-smooth muscle actin); scale bar = 50 μm.. D) 
Quantification of endothelial cells migration and arteriole density within the 
infarct; arteriole quantification is further divided by the Feret Diameter of the 
vessels. Ang2: angiopoietin 2, FGF1: acidic fibroblast growth factor, PGF: 
placental growth factor, VCAM1: vascular cell adhesion molecule 1, VEGF: 
vascular endothelial growth factor. (# p < 0.1, * p < 0.05, ** p <0.01) 
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Figure 2.4 Effect that myocardial matrix injection has on blood vessel 
development. Continued.  

 

 

2.3.5. Cardiac Metabolism 

At one week post-injection, many metabolic pathways where predicted to be activated by 

Ingenuity Disease & Functions analysis (Table 2.3). Similarly, GO analysis classified as many as 

53% of the differentially expressed transcripts to be involved metabolic processes (GO:008152). 

Within these genes, we identified that several nuclear receptors that regulate metabolism were 

up-regulated (Figure 2.5A). Notably, this included increased expression of the transcription co-

activator PGC-1α and several of the receptors it activates – estrogen related receptor gamma 
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(ERRγ), peroxisome proliferator-activated receptors alpha (PPARα), and beta/delta (PPARβ/δ) – 

with quantitative PCR confirming the expression of these genes (p = 0.006, p = 0.001, p = 0.032, 

p = 0.18, respectively; Figure 2.5B). To determine whether changes in metabolism of 

cardiomyocytes contributed to this result, IHC was performed to identify expression of PGC-1α 

specifically within cardiomyocytes, which were identified by α-actinin staining (Figure 2.5C). 

Quantification of borderzone cardiomyocytes revealed that myocardial matrix injected hearts 

exhibited higher percentage of PGC-1α expressing myocytes compared to saline injected hearts 

(p = 0.009, Figure 2.5D).  

 
Figure 2.5 Effects that matrix injection has on myocardial metabolism. A) 
Differentially expressed genes involved in metabolism from microarray analysis. 
B) qPCR confirmation of expression of key genes involved in metabolic 
processes at one week post injection. C) Example of PGC-1α expression in 
cardiomyocytes adjacent to the infarct scar; nuclei are stained blue with Hoescht, 
cardiomyocytes are labeled green (α-actinin), PGC-1α expression (in red) is 
limited to the nuclei since it is a transcription factor; thick arrows point to positive 
PGC-1α stained cardiomyocyte nuclei, thin arrows point to negative nuclei; scale 
bar = 50 μm. D) Quantification of PGC-1a+ cardiomyocyte nuclei. ERRγ: 
estrogen-related receptor gamma, PPARα and PPARβ/δ: peroxisome 
proliferator-activated receptor alpha and beta/delta, PGC-1α: PPAR gamma 
coactivator 1-alpha. (# p < 0.1, * p < 0.05, ** p <0.01) 
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2.3.6. Cardiac Development 

Review of the significant GO terms showed several terms associated with development, 

including cardiovascular system development (GO:0072358 data not shown), due to elevated 

expression of several cardiac specific transcription factors (Figure 2.6A). qPCR confirmed 

consistent elevated expression of GATA4 (p = 0.022), Nkx2.5 (p = 0.009), MEF2d (p = 0.004), 

myocardin (Myocd, p = 0.004), Tbx5 (p = 0.012), and Tbx20 (p = 0.043, Figure 2.6B). IHC was 

performed using cKit, a commonly used marker for CPCs [126]. Since cKit is also expressed by 

mast cells [127], tissue sections were co-stained with anti-mast cell tryptase (Figure 2.6C). 

Quantification of cKit-positive/tryptase-negative cells throughout the myocardium showed that 

there was a trend at three days (p = 0.067) and significant increase at one week (p = 0.031) of 

CPCs in the matrix-injected group (Figure 2.6D). 

 

Figure 2.6 Effect that myocardial matrix injection has on cardiac 
development. A) Differentially expressed genes involved in cardiac development 
from microarray analysis. B) qPCR confirmation of expression of cardiac 
transcription factors at one week post injection. C) Example of 
cKit+(green)/tryptase-(red) cells in the myocardial matrix injected infarct after one 
week; nuclei are stained blue with Hoescht; scale bar = 50 μm. D) Quantification 
of cKit+/tryptase- cells at three days and one-week post injection. GATA4: GATA 
binding protein 4, MEf2d: myocyte enhancer factor 2d, Myocd: myocardin, 
Nkx2.5: NK2 homeobox 5, Tbx5: T-box 5, Tbx20: T-box 20. (# p < 0.1, * p < 0.05, 
** p <0.01) 
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2.4. Discussion 

Previous small and large animal studies have demonstrated that the myocardial matrix 

was able to halt the decline in cardiac function and inhibit negative LV remodeling typically seen 

after MI [41,42]. To better understand the tissue level mechanism of action, we performed an 

analysis of the infarct gene expression using a whole-transcriptome microarray at both three days 

and one week post-injection based previous studies indicating cellular infiltration to the injected 

hydrogel was most pronounced during the first week post-injection [42]. Similar analysis have 

also been applied to other experimental therapies for MI including cell transplantation [128-130] 

and injection of cell-derived products [131]. By one week post-injection, the transcriptomes of 

saline and matrix injected infarcts cluster separately at a global level (for all entities examined), a 

promising sign of the long-term effect that the myocardial matrix triggers.  

Not surprisingly, injection of the myocardial matrix produced an immune response in the 

infarct as suggested by the increase in cell migration at three days (Table 2.2) and infiltration of 

various immune cell types at one week (Table 2.3). Gene expression differences within the infarct 

suggests an increase in macrophage migration in response to the matrix injection with increased 

transcription of CD68 and MMP12, both predominantly expressed by macrophages [124,125]. 

However, differences in transcription patterns could also be attributed to changes in immune cell 

behavior since increase in macrophage infiltration was not demonstrated through anti-CD68 

staining. Macrophage phenotype is increasingly recognized as being an important regulator of the 

immune response and tissue healing, with the characterization of classically-activated M1 and 

alternatively-activated M2 macrophage that corresponds to the traditional TH1/ TH2 paradigm for 

T-cells [132]. In addition, macrophages polarization in response to decellularized matrices has 

also been extensively investigated [133-135]. In the heart, it is thought that both types of cells are 

involved in two distinct phases such that Ly-Chi inflammatory monocytes/classically activated M1 

macrophages dominate earlier post-infarct to promote clearance of apoptotic cells and debris, 

while Ly-Clow wound-healing monocytes/alternatively activated M2 macrophages dominate later to 

induce resolution through angiogenesis and granulation tissue formation [136,137]. Increased 
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expression of MMP12 and IL1RN both suggest an anti-inflammatory milieu; in particular, MMP12 

is known to attenuate the inflammatory response through cleavage and inactivation of CXC- and 

CC- chemokines [125]. However, collective analysis of all differentially expressed transcripts from 

the microarray related to the inflammatory response was not conclusive on whether there is a 

predominance of either M1 or M2 activation. While studies have demonstrated that pro-

regenerative M2 macrophages are generally associated with improved outcomes for implanted 

decellularized matrices through use of IHC [133-135], characterization of macrophages in vivo 

through use of a single antibody is difficult since macrophage phenotype is likely a spectrum and 

not two distinct populations [138]. The M2 phenotype is particularly heterogeneous, with at least 3 

subtypes identified and many markers that are not exclusively expressed by either phenotypes 

[139]. Lastly, it is likely that both types of monocytes are necessary for post-infarct repair [140] 

and depletion of either M1 or M2 macrophages inhibits the ability of neonatal hearts to regenerate 

post-MI [141].  

The immune response has been critical in remodeling of decellularized matrices, but 

current studies have only focused on macrophages [37,133-135], response of other inflammatory 

cells has received less focus. Since mast cells also express c-Kit, a tyrosine-protein kinase often 

used to identify progenitor cells in the heart [127], mast cell number in the myocardium was also 

quantified, with increased numbers found in the matrix-injected group. While mast cells are 

traditionally associated with an allergic response, current understanding has expanded its 

involvement to many tissue functions including neovascularization and regulation of the immune 

response [142]. Rapid mast cell degranulation occurs following ischemia and the released 

mediators trigger recruitment of other leukocytes as well as prevent cardiomyocyte apoptosis 

[143]. In later stages, mast cells along with macrophages, orchestrate infarct healing through 

release of various cytokines and growth factors [143]. Mast cell degranulation products are known 

to induce proliferation of both fibroblasts and endothelial cells [144]. While one result of this is an 

association with an adverse fibrotic response post-infarct [145], mast cell products are known to 

be inherently angiogenic and further increase endothelial secretion of angiogenic, but not 
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angiostatic chemokines [146]. Furthermore, injection of a low dose of mast cell granules was able 

to increase capillary density and attenuate LV thinning [147]. In addition, we have previously 

shown that myocardial matrix injected infarcts were significantly less fibrotic than saline injected 

controls [42], thus it is unlikely that the increase in mast cells numbers results in increased 

fibrosis later during infarct progression. This result highlighted the need for studies examining the 

mast cell response to decellularized matrices. While it is known that mast cell activation may be 

the first step in the acute inflammatory response to implanted biomaterials [148], its implication on 

the biocompatibility of decellularized materials, to our knowledge, has not been reported. 

After an infarct, cardiomyocyte death peaks 24 hours after the injury and decreases, but 

continues to be elevated above baseline levels for at least 12 weeks, with the highest percentage 

occurring in the borderzone in the post-acute period [149]. Thus, delivery of the myocardial matrix 

at one-week post-infarct can still play an important role in salvaging cardiomyocytes that may be 

pre-apoptotic. In the histological analysis using anti-cleaved caspase-3, we demonstrate a 

reduction in cardiomyocyte apoptosis in the infarct wall, corroborating an earlier published result 

of significantly larger surviving cardiomyocyte islands in the infarct after matrix-injection [41]. 

Notably, matrix-injected infarcts expressed higher levels of HMOX-1 at three days and catalase at 

one week, both of which are stress-induced enzymes that reduces reactive oxygen species 

[150,151]. The fold changes in gene expression are relatively modest (approximately two fold 

increase of both enzymes by PCR quantification), given the heterogeneous nature of RNA from 

the infarct wall. However, a three-fold cardiomyocyte-specific increase in catalase activity induced 

post-infarct was sufficient to decrease hydrogen peroxide levels and improve cardiac function 

[150].  

Macrophages and mast cell recruitment may both contribute to increased vasculature 

formation. Increase in vessel development, as predicted from the transcriptomic changes, was 

also reflected in the significant increase in endothelial cells and trend for increased arteriole 

density at one week post-injection. There were no differences in either metrics between saline 

and matrix injection after three days and interestingly, the changes over time seem to be due to a 
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decrease in both endothelial cells and arterioles in the saline-injected controls. Immediately post 

myocardial infarction, hypoxia-inducible factor 1 (HIF-1) expression triggers transcriptional 

activation of many angiogenic factors [152], a natural process during wound healing in response 

to the sudden onset of ischemia. However, decrease in vascular density with time in the infarct 

scar has been previously reported, with a 63% reduction from one week to four weeks post-MI 

[153]. This process could be due to vessel regression, a phenomenon well documented in the 

absence of angiogenic signals [154,155]. Notably, one factor known to induce this process is 

angiopoietin 2, which was more highly expressed in the saline group compared to matrix. 

Preservation of the infarct vasculature may be a result of the pro-angiogenic milieu induced by 

the myocardial matrix injection – whether indirectly, through its effects on other cell types, or 

directly, from release of bioactive matricryptic peptides from partial proteolysis of the ECM [156]. 

When arteriole density was broken down by vessel size, it is notable at three days, the difference 

between matrix and saline injected group was in density of smaller diameter vessels, but at one 

week, medium and large vessel density were higher in the matrix group. Adaptive arteriogenesis, 

or remodeling and enlargement of existing vessels, is also mediated by the inflammatory cells 

and may also contribute to the overall functional improvement seen after myocardial matrix 

injections [154]. 

An overall reflection of the above tissue level changes in the infarct wall – altered 

inflammatory response, improved vascularization, decreased apoptosis – may be the metabolic 

state of the myocardium. Genes involved metabolic processes made up a majority (53%) of the 

differentially expressed transcripts using GO analysis. A high-energy demand organ, the healthy 

heart relies primarily on oxidation of fatty acids for generation of ATP [119]. It has long been 

known that myocardial ischemia causes a reduction of fatty acid and glucose oxidation due to the 

anaerobic conditions, a result of which is an increased reliance on glycolysis for energy [157]. 

PGC-1α, PPARα, PPARβ/δ, and ERRγ are all highly expressed in the heart where PGC-1α 

activates the transcription of these nuclear receptors to increase fatty acid uptake and oxidation, 

oxidative phosphorylation, and mitochondrial biogenesis [158,159]. Expression of the targets of 
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PGC-1α is known to be downregulated in both rodent and human models of heart failure, a 

response that is likely to be maladpative [160]. Thus, increased transcription of these metabolic 

regulators in the myocardial matrix-injected infarcts represent a return of myocardial metabolism 

to a state that is more similar to that of the healthy heart. In addition, metabolic regulation is 

tightly linked to the inflammatory response [161]. One pathway is through the anti-apoptotic 

antioxidant HMOX1, which regulates both cardiac mitochondrial biogenesis [162] and anti-

inflammatory cytokine expression such as IL-10 and IL1RN [163] through nuclear receptor factors 

(NRFs), the third family of nuclear factors that are known to be controlled by PGC-1α activation 

[159]. Conversely, PPARβ/δ activity induces macrophage expression of arginase, a marker of 

alternative M2 activation [164]. 

The adult mammalian heart has shown to have a limited ability to regenerate, and many 

recent efforts have attempted to enhance this ability post-MI for functional restoration [116,126]. 

Consistent increased expression of many cardiac transcription factors in the myocardial matrix 

injected group led us to investigate whether there was an increase in cardiac regeneration. 

GATA4, myocardin, Nkx2.5, Tbx5, and Tbx20 are all expressed throughout various stages of 

embryonic cardiogenesis [165]. MEF2d, while less prominent compared to MEF2c in heart 

development, plays an important function in mediating adaption to physiological stresses in the 

adult heart [166]. Since GATA4, Nkx2.5, and Tbx5 are frequently used to identify various CPC 

subsets [167], concomitant expression of these cardiac transcription factors could be indicative of 

increased number of CPCs post-myocardial matrix injection. c-Kit has been a popular marker for 

identifying CPCs, however, many hematopoietic cells also express c-Kit, including mast cells that 

reside in the heart [127]. Thus CPCs were identified by their expression of c-kit in the absence of 

tryptase expression and quantified throughout the myocardium. A significant increase in c-

kit+/tryptase- cells were detected in matrix injected groups after one week, suggestive of 

recruitment or activation of endogenous progenitor cells.  

Stimulation of endogenous CPCs to regenerate has been proposed by several studies 

as a mechanism of action for various transplanted cells, some of which are currently in clinical 
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trials [168-171]. Loffredo et al. reported that transplantation of bone marrow-derived c-kit+ cells 

lead to an increase in endogenous cell expression of Nkx2.5 and GATA4 and improvement in 

ejection fraction, an effect not seen with a similar transplantation of mesenchymal stem cells, 

leading them to postulate that stimulation of endogenous progenitor activity is a critical 

mechanism of cell therapy-induced improvement in cardiac function [168]. However, the 

importance of c-kit+ cells in post-infarct recovery has been a controversial subject and two recent 

studies have arrived at opposite conclusions. While Ellison et al. demonstrated that c-kit+ CPCs 

are necessary and sufficient for functional cardiac regeneration [172], van Berlo et al. concluded 

that endogenous c-kit+ cells produces new cardiomyocytes at a minimal level that is not 

functionally substantial [173]. In addition, it is also possible that cKit+ endogenous cells contribute 

to other effects of the myocardial matrix injection. While very few c-kit+ cells became 

cardiomyocytes post-infarct, van Berlo et al. concluded that a majority of them (77%) 

differentiated into CD31+ endothelial cells [173]. Similarly, cKit+ cells have also shown to affect 

myocardial vascularization through secretion of angiogenic cytokines such as VEGF [174], 

suggesting that they may be the source of several angiogenic growth factors (PGF, VEGFa, 

VEGFb, FGF1) whose expression was increased in matrix-injected groups.  

Alternative sources of the elevated expressions of cardiac transcription include: 1) an 

increase in cardiomyocyte health, since GATA4, myocardin, Nkx2.5, and Tbx20 are expressed by 

adult cardiomyocyte and are required for their survival and function [175-178], 2) cardiac 

hypertrophy, which is associated with elevated GATA4, MEF2d, and Nkx2.5 [166,179,180], and 

3) non-myocyte expression such as cardiac fibroblasts, which express high levels of GATA4 and 

Tbx20 [181]. However, we do not believe these are major contributors of variation between saline 

and matrix-injected infarcts due to the concomitant increase of six transcription factors for cardiac 

development. In addition, quantification of long-term cardiac hypertrophy and the fibrotic 

response, which were both significantly lower in the matrix injected hearts, also do not support 

these alternative hypothesis. 
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2.5. Conclusion 

We have previously demonstrated that injection of the myocardial matrix into both rat and 

pigs models of MI attenuates the decline in cardiac function and halts negative LV remodeling 

[41,42]. In this study, we provide both transcriptional and histological evidence that the 

myocardial matrix may mediate this through directly or indirectly inducing the following tissue 

level changes: 1) modulating the inflammatory response, 2) reducing cardiomyocyte apoptosis, 3) 

enhancing the development of blood vessels, 4) altering myocardial metabolism, and 5) inducing 

cardiogenesis. These results provide further evidence for the promise of the myocardial matrix as 

a therapy to prevent the development of HF post-infarction. 
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Chapter 2, in part, is a reprint of the material as it is published in: Jean W. Wassenaar, 

Robert G. Gaetani, Julian J. Garcia, Rebecca L. Braden, Colin G. Luo, Diane Huang, Anthony N. 

DeMaria, Jeffrey H. Omens and Karen L. Christman. “Evidence for the Mechanisms Underlying 

the Functional Benefits of a Myocardial Matrix Hydrogel for Post-MI treatment”. (2016) J Am Coll 

Cardiol, 67(9):1074-86. The dissertation author was the primary author of this manuscript. 
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Chapter 3: Effects of the Myocardial Matrix and its 

Degradation Products on Cardiac Cell Behavior 
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3.1. Introduction 

The use of ECM derived biomaterials as scaffolds for tissue engineering applications has 

increased dramatically in the past decade [18]. While originally thought of as an inert scaffold that 

primarily provides structural support to tissue, the ECM is now known to be an important 

modulator of cell behavior. Since ECM composition can vary widely across tissues, 

decellularization is a strategy that is increasingly employed since the resulting ECM scaffold 

retains the native mixture of macromolecules. Further processing of decellularized ECM into a 

hydrogel form provide an additional advantage since this allows them to be cast in a variety of 3D 

shapes for cell culture or injected into host tissue for in situ tissue engineering. Our lab has 

previously developed a method for processing tissues by decellularization followed by partial 

pepsin digestion to create injectable ECM hydrogels [182]. Using this protocol, hydrogels have 

been successfully derived from a variety of tissues, including heart [40], pericardium [183], 

skeletal muscle [184], brain [185], and adipose tissue [186]. In addition, other groups have used 

similar methods of pepsin digestion to produce solubilized ECM from decellularized urinary 

bladder [187], small intestine submucosa [188], dermis [189], bone [190], and other tissues. 

Post-decellularization, the ECM scaffold retains many of its native chemical cues and 

structural properties. Despite some protein damage from the decellularization process, scaffolds 

are still able to promote regeneration of injured tissue while their degradation products have 

shown to be chemoattractant [191], angiogenic [192], and anti-microbial [193]. Furthermore, 

various growth factors survive tissue processing and are released during scaffold degradation to 

promote angiogenesis, proliferation, and differentiation [194]. The process of partial pepsin 

digestion used to form ECM hydrogels can also generate cryptic peptide fragments [156]. For 

example, fibronectin fragments, a degradation product of ECM, can recruit and stimulate pro-

remodeling macrophages to release cytokines to protect hypoxic myocytes from apoptosis [65]. 

Many previously injected materials also exhibit signs of increased neovascularization [21,40,188].  
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The myocardial matrix has been previously characterized by our lab [40,41] and the 

tissue level changes it induced once injected in the heart post-MI was investigated in chapter 2. 

However, how it interacted with the cells in the infarcted myocardium, whether in the hydrogel 

form or through its degradation products, is less well understood. To simulate breakdown of the 

myocardial matrix in vitro, we divided the process into two parts. We hypothesize that first, 

immediately after injection and gelation in vivo, there is a burst release of soluble peptides from 

the myocardial matrix. These peptides do not participate in the self-assembly process of gelation, 

and are able to diffuse from the hydrogel. In vitro, this was simulated by adding PBS or media to 

the hydrogel and collecting the elution products. In the second phase, inflammatory cells and 

fibroblasts are recruited to the injection site and begin to secrete various proteases to digest the 

matrix. This process will be approximated in vitro through use of recombinant MMP2 and MMP9, 

which are upregulated in the post-infarct myocardium and secreted by both the recruited immune 

cells (neutrophils and macrophages) and the surrounding cells (fibroblasts and myocytes) [195]. 

Once the two types of degradation products were produced, relevant cell types within the infarct 

milieu were cultured with the myocardial matrix, whether in contact with the hydrogel form or 

through exposure of the degradation products. In particular the effects on cardiomyocyte survival, 

cardiac progenitor recruitment, macrophage phenotype, and cardiac fibroblast ECM production 

were examined. Identification of the direct effects that the myocardial matrix has on cardiac cell 

behavior will provide background and preliminary data for further experiments to better 

understand the molecular basis of the myocardial matrix’s mechanism of action.  

 

3.2. Materials and Methods 

3.2.1. Preparation of the Myocardial Matrix and Collagen Hydrogels 

Porcine ventricular myocardium was decellularized using sodium dodecyl sulfate (SDS) 

and then pepsin digested as previously described [40-42]. Specifically, 10 mg/mL of myocardial 

matrix powder was mixed 1 mg/mL pepsin dissolved in 0.1M HCl. After 48 hours of pepsin 
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digestion, the liquid myocardial matrix was brought to pH 7.4 and 6 mg/mL with NaOH and 

phosphate buffer saline (PBS). Since the matrix was intended for use in cell culture conditions, 

care was taken to adjust the final salt concentration to a physiological level of 8 mg/mL NaCl. For 

experiments involving cell culture on top or encapsulated within the myocardial matrix, collagen I 

hydrogels were used as controls. Liquid Rat Tail Collagen (Life Technologies) was brought to pH 

7.4 per manufacturer’s instructions using NaOH, 10x PBS and 1x PBS. Final concentration of 

collagen was 2.5 mg/mL based on pervious reports determining that at this concentration, 

collagen hydrogels have similar mechanical properties and fiber architecture as 6 mg/mL ECM 

derived hydrogels [196]. Gelation of both myocardial matrix and collagen were induced by 

incubation at 37 °C overnight.  

 

3.2.2. Simulation of Myocardial Matrix Degradation 

Degradation of the myocardial matrix is simulated in vitro through a two step process 

depicted by Figure 3.1: 1) diffusion of soluble peptides and 2) digestion of the solid hydrogel by 

MMPs. After overnight gelation in microcentrifuge tubes, 900 μL of either PBS or media is added 

to 100 μL myocardial matrix hydrogels. Soluble peptides that do not participate in hydrogel self 

assembly diffuses into the supernatant which is collected 24 hours later as the “elution” fraction at 

an 1:10 dilution. Subsequently, 100 μL of active human recombinant MMP2 and MMP9 (Abcam, 

ab81550 and ab39308) were added to the solid hydrogel portion and incubated at 37 °C. MMP2 

and MMP9 were diluted to 5 μg/mL in a MMP activation buffer containing 1 mM 4-aminophenyl 

mercurial acetate (APMA, Sigma-Aldrich), 0.1 μM ZnCl, and 10 mM CaCl2 dissolved in PBS. After 

24 hours of protease digestion, 800 μL of PBS or media was added to each sample to bring the 

digested peptides to a similar 1:10 dilution as the eluted fraction. Samples were then centrifuged 

at 5000 g for 5 minutes to pellet the undigested portion, after which the supernatant was removed 

and represented the “digestion” fraction of the degradation products.  
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Figure 3.1 Schematic depicting simulation of myocardial matrix hydrogel 
degradation in vitro. A two step process is used to mimic two different fractions 
of peptides that cardiac cell may encounter in vivo after hydrogel injection. The 
first are soluble peptides diffusing from the matrix, termed the “elution fraction”; 
the second are peptides released by MMP digestion to mimic the process in vivo 
as cells migrate to and interact with the injected hydrogel.  

 

For subsequent cell culture experiments, the controls were pepsin or MMP2+9 diluted to 

the same concentration, for the elution and digestion fraction respectively. Specifically the pepsin 

solution containing 1 mg/mL pepsin from porcine gastric mucosa (Sigma) was stirred at 48 hours 

at room temperature in 0.1 M HCl, then brought to pH 7.4 and adjusted to 0.6 mg/mL using NaOH 

and PBS similar to preparation of the myocardial matrix. This solution is further diluted 1:10 with 

media to produce a concentration-matched control for the elution fraction. MMP solution was 

prepared by diluting MMP2 and MMP9, both at 5 μg/mL in 100 μL of MMP activation buffer, with 

900 μL of media to match the concentration in the 1:10 dilution digestion fraction. 

 

3.2.3. Characterization of the Degradation Products 

Concentration of proteins in the myocardial matrix and the degradation products were 

quantified with the Pierce BCA Protein Assay Kit (Life Technologies). Liquid myocardial matrix 

diluted 1:20 fold (to 0.3 mg/mL), elution, and digestion products were frozen then lyophilized (n = 

3). To help improve the detection of proteins in the samples, all samples were resuspended in a 

5% SDS solution, which was shown to improve collagen detection in colormetric protein assays 

[197]. Samples were compared against a standard curve, created from bovine serum albumin 

dissolved in 5% SDS, per manufacturer’s procedure for use with a microplate reader. Samples 
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were incubated at 37 °C for 30 minutes then the corrected absorbance at 562 nm was measured 

using a BioTek Synergy 4 spectrophotometer (BioTek Instruments). The difference between 

peptide species with and without MMP digestion was analyzed with SDS Page Gels. After the 

elution fraction was extracted, solid portion of the hydrogels were either digested with MMP2 and 

MMP9 as described in section 3.2.2 or incubated with the MMP activation buffer alone. The 

samples were centrifuged after 24 hours and the supernatant and pellet (component 1 and 

component 2 respectively) were separated for freezing and lyophilization. Samples were 

resuspended in 5% SDS and then loaded into NuPAGE 12% Bis-Tris Gels (Life Technologies) 

according to manufacturer’s protocols under reducing conditions using MOPS SDS Running 

Buffer. Amersham ECL Full-Range Rainbow Molecular Weight Markers (GE Healthcare Life 

Sciences) was used as the protein ladder. Gel electrophoresis was performed in an Xcell 

Surelock Minicell (Invitrogen) at constant 200 V for 50 minutes. Protein bands were visualized 

with Imperial Protein Stain (Thermo Scientific). 

 

3.2.4. Cardiac Progenitor Migration 

Human cardiomyocyte progenitor cells (hCMPC) were isolated by sorting for murine Sca-

1 antigen [198]. Cells were seeded on 0.1% gelatin and cultured in a growth medium containing 

EGM-2 (Lonza) and M199 (BioWhittaker) with 10% fetal bovine serum (FBS, Hyclone), 1x 

penicillin/streptomycin (P/S, Sigma), and 1x MEM non-essential amino acids (BioWhittaker). Cells 

were switched to serum free media (growth media without FBS) when 75% confluency is reached. 

After 24 hours serum starvation, cells were trypsinized then fluorescently labeled with 10 μM 

CFSE Cell Trace (Life Technologies) in PBS for 15 minutes at 37 °C. Cells were washed, 

resuspended in serum free media and plated onto the upper chamber of FluoroBlok Cell Culture 

Inserts with 8 μm pores (Corning) placed in 24 well plates. Elution and digestion fractions, along 

with their respective enzyme-only controls, were added to the wells at both 1:10 and 1:100 

dilutions. Serum free media and growth media with 10% FBS were also added, serving as 
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negative and positive controls. Cell migration across the fluorescently opaque transwell 

membrane was manually counted at 4 hours and 8 hours after initial seeding onto Fluoroblok 

inserts from one representative image at 10x taken of the bottom of each insert (n = 3 per 

condition) using a Carl Zeiss Observer D.1 microscope.  

 

3.2.5. Cardiomyocyte Viability Under Stress 

Rat neonatal cardiomyocytes were isolated from 1-day-old Sprague-Dawley rats 

according to manufacturer’s directions using the Neonatal Cardiomyocyte Isolation System 

(Worthington Biochemical Corporation). The cell suspension collected at the end of the protocol 

was plated on a tissue culture flask twice for 2 hours each to enrich for cardiomyocytes to 

improve cardiomyocyte purity, since adherent cardiac fibroblasts are removed from the cell 

suspension. Optimization of this pre-plating protocol determined that 2 pre-plates at 2 hours each 

resulted in cardiomyocyte purity of approximately 75-85%. Afterwards, non-attached cells were 

collected and resuspended in a culture media of 1 g/L glucose DMEM with 10% FBS And 1% P/S. 

For immunohistochemistry, cells were also plated in 48-well plates coated with 1 mg/mL collagen 

at 150,000 cells/well (n = 3 wells) and stained with anti-Troponin I (1:100; Abcam ab47003) 

followed by Alexa Fluor 568 Goat-anti-Rabbit (1:200, Life Technologies). Nuclei were visualized 

with Hoescht 33342 (Life Technologies). Cardiomyocyte purity was determined by counting with 

Cell Profiler of four 20x images from each well. For cardiac stress experiments, cells were plated 

on myocardial matrix or collagen hydrogels formed in 96-well plates at 50,000 cells/well. After 

overnight culture, media was changed to serum free conditions, with increasing concentrations of 

hydrogen peroxide (n = 6 per condition). AlamarBlue Cell Viability Reagent (Invitrogen) was 

added to each well at 1/10th the volume of media added. After 4 hours of incubation, 100 μL of 

media from each well was removed and its fluorescence read by a BioTek Synergy 4 

spectrophotometer (excitation = 550 nm, emission = 585 nm). Fluorescence was normalized to 

readings taken from reference wells under serum-supplemented conditions.  
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3.2.6. Cardiac Fibroblasts Production of MMPs 

Cardiac fibroblasts were collected as the adherent fraction to tissue culture plastic at the 

end of cardiomyocyte isolation described in section 3.2.5. Fibroblasts were cultured in 1 g/L 

glucose DMEM with 10% FBS and 1% P/S. Cells were passaged with trypsin once 90% 

confluency is reached and plated on either collagen or myocardial matrix hydrogels formed in 48-

well plates at 120,000 cells/well (n = 6). Fibroblasts were also seeded in 6-well plates at 500,000 

cells/well and cultured in serum free media and the degradation products or their respective 

enzyme only controls at the 1:100 dilution (n = 3). Cells were cultured for 48 hours after which a 

sample of media from each well was collected. Media were mixed with equal volume of Tris-

Glycine SDS Sample Buffer (Life Technologies) and analyzed using Novex Zymogam 10% 

Gelatin Gels (Life Technologies) per manufacturer instructions. Amersham ECL Full-Range 

Rainbow Molecular Weight Markers were used as the protein ladder. Gels underwent 

electrophoresis using the XCell SureLock Mini-Cell for 90 minutes under constant 125 V. Gels 

were developed using renaturing buffer and developing buffers, then visualized with Imperial 

Protein Stain. Band intensity was quantified by ImageJ (NIH) Gel Analyzer.  

 

3.2.7. Macrophage Phenotype Characterization 

Bone marrow derived macrophages were isolated from adult C57BL/6 mice based on 

previously published protocols [199,200]. Briefly, bone marrow was isolated from both femurs and 

tibias and resuspended in macrophage culture media consisting of RPMI-1640 (Sigma) with 30% 

L-cell media, 20% heat-inactivated FBS, and 1% P/S. L-cell media was collected from L929 

mouse fibroblasts cultured in DMEM with 10% heat-inactivated FBS and 1% P/S after 7 days of 

culture. Bone marrow cells were plated onto petri dishes and cultured for 7 days, during which 

clonal expansion of macrophages occurs such that the resulting cell population is > 95% F4/80+. 

Macrophages were collected between day 7 and day 10 of culture by cell scrapers. Macrophages 
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were encapsulated in 25 μL hydrogels of either myocardial matrix or collagen (n = 24) at a 

concentration of 300,000 cells/gel. Prior to encapsulation, cells were fluorescently labeled by 

incubation with Calcein AM (Life Technologies) at 100 nM for 30 minutes. The hydrogel and cell 

suspension was incubated for 20 minutes at 37 °C to allow gelation before addition of 

macrophage culture media with 10% AlamarBlue. Viability of encapsulated macrophages was 

measured by AlamarBlue fluorescence, as described in in section 3.2.5 after 6 hours of culture, 

after which media was refreshed. Encapsulated cells were cultured for 48 hours and their survival 

within the hydrogels verified by observation of Calcein fluorescence. RNA from encapsulated 

macrophages was isolated using the RNeasy Mini Kit (Qiagen) by combining eight 25 μL gels in a 

single isolation. Macrophages were also plated at 1 million cells/well in 6-well plates and exposed 

to the myocardial matrix degradation products and enzyme-only controls at the 1:10 dilution. 

Phenotypic changes were compared to macrophages polarized by the following cytokine 

inductions: interleukin-4 (IL-4; 20 ng/mL) for 48 hours for M2 or lipopolysaccharide (LPS; 100 

ng/mL) and interferon gamma (IFNγ; 20 ng/mL) for 24 hours. For the LPS challenge experiments, 

100 ng/mL of LPS was added to plated macrophages after 48-hour exposure to matrix 

degradation products and enzyme controls for 2 hours. RNA from all plated macrophages was 

isolated by Trizol extraction (Invitrogen) and treated with DNAse I using the RNAse-Free DNAse 

Set (Qiagen). RNA quality and concentration from both encapsulation and plated experiments 

were measured by a NanoDrop 2000c Spectrophotometer (Thermic Scientific). cDNA 

conversation was performed using 1 μg of total RNA and random hexamer primers with the 

SuperScript III Reverse Transcriptase kit (Invitrogen). qPCR was performed using the theSYBR 

Green Real-Time PCR Master Mix (Life Technologies) with a final concentration of 1 μM forward 

and reverse primers. Primer sequences are in Table 3.1. Samples were run on a CFX96 Touch 

Real-Time PCR Detection System (Bio-Rad) with the following thermal cycles: 2 min at 50 °C, 10 

min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Each experiment had an 

experimental triplicates and technical duplicates. Macrophage polarization for the M1 phenotype 
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was measured by expression of inducible nitric oxide synthase (iNOS) and tumor necrosis factor 

alpha (TNFα); M2 phenotype was assessed by expression of arginase-1 (Arg-1) and chitinase 3-

like-3 (Ym-1). All data was normalized to GAPDH. 

Table 3.1 PCR Primer Sequences. Forward and reverse primer sequences for 
macrophage phenotype genes and the housekeeping gene GAPDH. 
 
 Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 

GAPDH CATCAAGAAGGTGGTGAAGC GTTGTCATACCAGGAAATGAGC 
iNOS CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG 
TNFα GACCCTCACACTCAGATCATCT CCACTTGGTGGTTTGCTACGA 
Arg-1 GAACACGGCAGTGGCTTTAAC TGCTTAGTTCTGTCTGCTTTGC 
Ym-1 AGAGCAAGAAACAAGCATGG CTGTACCAGCTGGGAAGAAA 

 

3.2.8. Statistical Analysis 

For experiments involving the degradation products and enzyme controls, one-way 

ANOVAs were performed followed by either Tukey’s or Dunnett’s post-hoc testing. Comparisons 

between collagen and myocardial matrix hydrogels were made using student t-test. Significance 

was accepted at p < 0.05. Data and error bars are reported as mean ± standard error of mean.  

 

3.3. Results 

3.3.1. Characterization of the Myocardial Matrix Degradation Products 

Using the BCA Protein Assay, 3.21 ± 0.24 mg/mL of protein was detected in a hydrogel 

made from 6 mg/mL of powder myocardial matrix (Table 3.2). Of this, 1.24 ± 0.10 mg/mL was 

quantified in the eluted fraction, suggesting that a significant portion (39%) of the protein did not 

participate in hydrogel self-assembly and are able to diffuse out rapidly. While digestion of the 

remaining hydrogel with MMP2 and MMP9 did not cause complete dissolution, further release of 

another 0.46 ± 0.10 mg/mL of protein (14%) was quantified by the BCA assay.  
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Table 3.2 Protein content of the myocardial matrix hydrogel and its 
degradation products. Protein concentration was measured by the BCA assay. 
 
 Hydrogel Elution Digestion 

Protein (mg/mL) 3.21 ± 0.24  1.24 ± 0.10  0.46 ± 0.10  

% protein --  38.6 ± 4.2% 14.2 ± 3.3% 
 

To confirm that the recombinant MMPs were active and able to cleave the solid hydrogel 

portion of the myocardial matrix, the digestion fraction and the remaining pellet of samples 

collected with and without MMP2+9 addition were run in SDS Page gels (Figure 3.2). Changes in 

band intensity along with appearance of new bands provide further evidence that the MMPs were 

able to digest the hydrogel in vitro.  

 

 

Figure 3.2 MMP2 and MMP9 digestion further degrades the myocardial 
matrix hydrogel. After elution products were collected by removal of the 
supernatant, remaining solid hydrogels were digested with MMP2 and 
MMP9. Control hydrogels were treated with only MMP activation buffer. 
After 24 hours incubation, samples were centrifuged to pellet the 
undigested portion (component 2). Both the digested fraction (component 
1) and pellet (2) were run on SDS Page hydrogels. Changes in band 
patterns from samples treated with and without MMP indicate that MMPs 
were active and cleaved components of the hydrogel. 

 

3.3.2. hCMPCs Migrate Towards Myocardial Matrix Degradation Products 

Since it was previously observed that myocardial matrix injected infarcts exhibited 

increased expression of several cardiac transcription factors as well as increased number of cKit+ 

pellet (2)Digestion 
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MMP2/9        +      +       –""""""""–"
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cardiac progenitors (chapter 2), the ability of the degradation products to recruit progenitor cells 

was evaluated. Migration of hCMPC towards the myocardial matrix degradation products were 

assessed using the transwell insert cell culture system. Serum starved, fluorescently labeled 

hCMPC were seeded on the top of the opaque membrane and allowed to migrate towards the 

degradation products and their enzyme controls at both 1:10 (Figure 3.3A) and 1:100 (Figure 

3.3B) dilutions. Serum free media and serum supplemented media (10% FBS) served as negative 

and positive controls, respectively. Migration of cells across the membrane increased with time 

and concentration of the degradation products. Pepsin and MMP did not induce migration 

compared to serum free conditions at either concentration. By 8 hours after initial cell seeding, 

both fractions had significantly higher rate of cell migration compared to their respective enzyme 

only controls, as well as serum free condition. However, the elution fraction elicited a higher 

degree of cell migration compared to the digestion fraction. This is especially evident in the 1:100 

dilution condition, where at 4 hours, only the elution fraction had significantly higher cell numbers 

compared to its enzyme-only control pepsin.  
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Figure 3.3 Human cardiomyocyte progenitor cell (hCMPC) migration. 
Migration of hCMPC towards myocardial matrix degradation products at 1:10 (A) 
and 1:100 (B) dilution. Representative images taken at 10x of cells at 8 hours 
after addition of the 1:200 dilution condition: C) serum free media, D) pepsin, E) 
matrix metalloproteinase (MMP), F) 10% FBS, G) elution fraction, and H) 
digestion fraction. * p < 0.05, ** p < 0.01; *: elution and digestion fraction 
compared to enzyme only controls pepsin and MMP, #: compared to serum free 
negative control, &: compared to 10% FBS positive control.  
 

3.3.3. Culture of Cardiomyocytes on the Myocardial Matrix Improve Stress Response 

Neonatal rat cardiomyocytes were isolated from 1-day-old rats using an enzymatic 

digestion protocol which yielded a cell population that was 75-85% cardiomyocytes, as 

determined by troponin I expression (Figure 3.4A). Cell viability of cardiomyocytes cultured on 

either myocardial matrix or collagen hydrogels under various stressed conditions were measured 

by the AlamarBlue assay. Cardiomyocytes cultured on myocardial matrix were able to better 
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withstand a switch to serum free media (p < 0.001). To simulate the reactive oxygen species 

(ROS) that are present in the myocardium post-ischemia reperfusion, increasing concentration of 

hydrogen peroxide were added to the serum free media (Figure 3.4B). At all the concentrations 

examined (200 μM to 5 mM), cardiomyocytes cultured on myocardial matrix had higher cell 

viability compared to collagen hydrogels (p < 0.001 at all concentrations). At 200 μM peroxide, 

cells cultured on the myocardial matrix have similar viability as the serum-free condition, while 

collagen groups still had significantly lower viability (p < 0.01). 

 

Figure 3.4 Neonatal rat cardiomyocyte response to stress. A) Purity of 
cardiomyocytes, measured by counting the percentage of Hoescht-stained nuclei 
(blue) within troponin I-positive (red) cells, was approximately 75-85%. B) Cell 
viability, determined by AlamarBlue fluorescence, of cardiomyocytes cultured on 
collagen versus myocardial matrix hydrogels under serum free conditions with 
various concentrations of hydrogen peroxide (H2O2). * p < 0.05, ** p < 0.01; *: 
one-way ANOVA for either hydrogel condition followed by Dunnett’s multiple 
comparison correction compared to serum free media, #: student t-test 
comparing collagen and matrix culture within each H2O2 concentration. 

 

3.3.4. Cardiac Fibroblasts Increase MMP Production in Response to the Myocardial Matrix  

Tissue culture plastic-adherent cardiac fibroblasts were isolated as part of the protocol to 

isolated neonatal rat cardiomyocytes. To determine whether the myocardial matrix has any direct 

effects on cardiac fibroblast behavior, cells were cultured both on the hydrogel and exposed to 

the degradation products. Media from each culture condition were then analyzed by gel 

zymography using 10% gelatin gels, which allows for quantification of MMP2 and MMP9 

(gelatinase A and B). Compared to fibroblasts cultured on collagen, myocardial matrix hydrogels 
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induced a dramatic increase in both MMP2 and MMP9 production (Figure 3.5A). Quantification of 

the band intensity showed significant increase in pro-MMP9 (92 kDA), pro-MMP-2 (72 kDA), and 

cleaved-MMP2 (67 kDA) (Figure 3.5B, p < 0.001 for all). For cells plated on tissue culture plastic 

and exposed to the degradation products and their enzyme only controls, differences in MMP 

production was less distinct (Figure 3.5C). However, quantification of band intensity showed that 

both MMP and digestion fraction significantly increased pro-MMP2 secretion compared to the 

serum free condition (Figure 3.5D). In addition, both the elution and digestion fraction significantly 

increased cleaved-MMP2 concentration compared to both their respective enzyme controls, 

pepsin and MMP, as well as serum free media.  

 

Figure 3.5 Cardiac fibroblast Production of MMPs. A) Zymogram of media 
collected from cardiac fibroblasts cultured on either collagen or myocardial matrix 
hydrogels. B) Analysis of band intensity (in A) show increased production of pro-
MMP9, pro-MMP2, and cleaved MMP-2 in the matrix groups compared to 
collagen. C) Zymogram of media collected from cardiac fibroblasts cultured on 
tissue culture plastic, with serum free media and the degradation products or 
their enzyme controls at 1:10 dilution. D) Analysis of band intensity (in C). * p < 
0.05, ** p < 0.01; *: compared to collagen or appropriate enzyme only control, #: 
compared to serum free media. 
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3.3.5. Myocardial Matrix Alters Macrophage Phenotype 

Mouse bone marrow derived macrophages were used to examine how the myocardial 

matrix may affect macrophage phenotype by both encapsulation within the hydrogel and 

exposure to degradation products, representing macrophages that are actively infiltrating and at 

the periphery, respectively. Macrophage polarization was assessed by qPCR to quantify 

expression of iNOS and TNFα for the M1 phenotype, and Arg-1 and Ym-1 for the M2 phenotype. 

Calcein AM-labeled macrophages were encapsulated in myocardial matrix and collagen 

hydrogels. Macrophages remained fluorescently visible within both hydrogels after 48 hours of 

culture (Figure 3.6A). Furthermore, cell viability, measured by AlamarBlue fluorescence after 6 

hour of culture, is similar between myocardial matrix and collagen groups (Figure 3.6B). Gene 

expression of encapsulated macrophages showed that myocardial matrix induces an increase in 

M1 genes iNOS and TNFα, as well as M2 marker Arg-1 (Figure 3.6C). In comparison, culture of 

macrophages with the degradation products of the myocardial matrices induces a much less 

definitive pattern (Figure 3.6D). Only the elution fraction significantly increased expression of 

TNFα in comparison to pepsin-only control. Neither fraction had significant effects on other gene 

expression independent of the enzyme only effects. While there were significant changes 

compared to media-only culture, these differences were negligible when compared to changes in 

gene expression elicited by polarization cytokines (IL-4 for M2 phenotype, LPS and IFNγ for M1 

phenotype), which ranged for several hundred to tens of thousands fold change in the four 

transcripts that were measured (data not shown). The ability of myocardial matrix to blunt the 

changes induced by LPS was assessed by a 2-hour LPS challenge following culture with 

degradation products (Figure 3.6E). Both elution and digestion fraction diminished expression of 

iNOS and Ym-1 significantly compared to enzyme-only controls by approximately 2-fold. 
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Figure 3.6 Macrophage polarization phenotype. A) Survival of encapsulated 
macrophages was confirmed with visualization of a high density of green 
fluorescent cells (Calcein AM-positive) after 48 hours of encapsulation. B) 
Difference in cell viability of myocardial matrix and collagen encapsulated 
macrophages were found to be non-significant when measured by AlamarBlue. 
C) Macrophages encapsulated in myocardial matrix hydrogels had significantly 
higher expression of iNOS, TNFα, and Arg-1 compared to collagen. D) 
Myocardial matrix degradation products had minimal intrinsic effect on 
macrophage phenotype at 1:10 dilution. E) Effects that degradation products 
have on macrophage gene expression in response to 100 ng/mL LPS challenge. 
* p < 0.05, ** p < 0.01; *: compared to collagen or appropriate enzyme only 
control, #: compared to macrophage culture media. 
 

3.4. Discussion 

While many studies have been performed on the bioactivity of the “degradation products” 

of ECM scaffolds, most of them have used pepsin as the protease or acid and heat treatment of 

up to 120 °C to break down material [191,193,201,202]. However, these are not representative of 

the types of peptides that cells are experiencing, since degradation in vivo of ECM scaffolds is 

likely mediated by MMPs secreted by infiltrating inflammatory cells and fibroblasts. Matricryptins, 

or matrikines, are enzymatic fragments of the ECM that contain biologically active cryptic sites 

and important mediators of the biologic effects of ECM molecules in vivo [156]. They have been 

known to affect a number of processes including angiogenesis, fibrosis, and inflammation [203]. 

Specifically post-MI, release of matricryptins due to increased expression of various MMPs and 
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resulting ECM turnover is known to regulate cardiac remodeling [204]. Given the importance of 

matricryptins in the tissue response to ECM biomaterials, a more accurate portrayal of the 

degradation products is essential. While use of pepsin as an in vitro mimic of implanted ECM 

scaffold degradation is not representative of in vivo processes, it does represent the first step of 

matricryptin generation when partial pepsin digestion is used to produce injectable ECM-derived 

hydrogels, such as the myocardial matrix. It is possible these ECM fragments are part of the 

peptides that do not participate in self-assembly and are able to diffuse away from the hydrogel, 

which we have defined as the elution fraction of the degradation products. In addition, the elution 

fraction may also contain cryptic peptide fragments that are generated by pepsin-mediated 

proteolysis of growth factors such as bFGF, TGFβ, and other heparin-sulfate bound growth 

factors that are known to be resident in ECM scaffolds [205]. The next step in the degradation of 

ECM-derived hydrogels in vitro is likely through endogenous MMPs as cell infiltrate the material. 

In the infarct myocardium, increase in both expression and activity of MMP2 and MMP9 is well 

documented in human patients as well as animal models [206]. Thus recombinant human MMP2 

and MMP9 were used in this study to simulate active digestion of the myocardial matrix and 

further release of matricryptins in vivo. 

To quantify the portion of protein that represent the elution and digestion fraction, a BCA 

protein assay was employed. Similar to Slivka et al. [207] who reported 58% of proteins to be 

measureable by BCA from a urinary bladder matrix, only 53% of the weight of the myocardial 

matrix was detectable. The unaccounted 47% of original mass is likely due to the heterogeneous 

nature of the myocardial matrix, since the BCA assay is best suited for quantification of 

homogeneous protein samples [208,209]. In addition, collagen rich samples, like the myocardial 

matrix, typically give low responses in commonly used protein assays [197]. Despite this limitation, 

results from the BCA assay can be used to relatively quantify the amount of protein in the 

degradation fractions. Notably, almost 40% of the protein in the myocardial matrix did not 

participate in self-assembly process of hydrogel formation and as able to diffuse out of the 
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hydrogel. These proteins likely represent the first peptide species that cells surrounding the 

injected hydrogel are exposed to post-injection. Using MMP2 and MMP9 mediated degradation, 

another 14% of proteins are released from the hydrogels and SDS Page indicates that these 

peptides have a different signature compared to non-MMP treated samples. However, solid 

hydrogel still remained after 24 hours of MMP2 and MMP9 incubation, indicating that other 

proteases may be involved in in vivo breakdown of the myocardial matrix hydrogel. Alternatively, 

recombinant MMPs may not fully represent in vivo activity. Since the effects of the myocardial 

matrix on post-MI repair at the tissue level has been previously characterized, as described in 

chapter 2, this study sought to investigate cell behaviors that would be relevant to the infarcted 

myocardium. 

Microarray analysis of myocardial matrix injected infarcts showed an increase in cardiac 

development transcriptions factors including GATA4, Nkx2.5, and Tbx5. In addition, 

immunohistochemistry staining for cKit-positive/tryptase-negative cells indicated a potential 

increase of cardiac progenitors after matrix-injection. Result from this study indicate that one 

possible mechanism for this in vivo observation is recruitment of endogenous progenitor cells by 

the degradation products of the myocardial matrix. This was demonstrated through the use of 

transwell migration assays and human cardiomyocyte progenitor cells. The elution fraction of the 

myocardial matrix induced faster hCMPC migration compared to the digestion fraction. Notably, at 

both 1:10 and 1:100 dilutions, the elution fraction elicited significantly more cells to migrate than 

even the positive control of 10% FBS. Previous studies have demonstrated the ECM hydrogel 

products are able to stimulate recruitment of various progenitor cells [207,210,211]. However, 

differences in the ability of different fractions of these products to induce migration had not been 

shown. 

In vivo gene expression changes consistently predicted a decrease in cell death in 

myocardial matrix injected infarcts while immunohistochemistry determined that this in part is due 

to reduced apoptosis specifically in cardiomyocytes. Culture of neonatal rat cardiomyocytes on 
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the hydrogels under stressed conditions of serum starvation and increasing concentrations of 

hydrogel peroxide simulate ROS showed that the myocardial matrix is able to better protect the 

cardiomyocytes compared to collagen controls. However, this result was determined using the 

AlamarBlue Cell Viability Assay, which is not a direct measure of apoptosis. The active compound 

in AlamarBlue is resazurin, a blue and nonfluorescent molecule that that is reduced by cells to a 

pink and fluorescent resorufin [212]. Thus the assay measures the reductive capacity of the cells, 

which reflects both the metabolic state as well as cell number. While this result is a promising 

indication of the protective effects of the myocardial matrix on cardiomyocytes, further studies are 

needed to ascertain whether this is due to an anti-apoptotic effect or alterations in myocardial 

metabolism. 

Cardiac fibroblasts make up the majority of cells in the heart, and play an important role 

in regulating the mechanics and structure of the myocardium through production of ECM [213]. 

They are also critical to the pathogenesis of HF since they are particularly responsive to 

inflammatory cytokines post-MI and in turn produce a wide range of ECM proteins, MMPs, and 

other paracrine signaling. As a migratory cell type, fibroblasts may also be responding to the 

matrix injection by infiltrating the matrix and remodeling it in the process. Compared to collagen 

hydrogels, cardiac fibroblasts secrete significantly more MMP2 and MMP9 when cultured on 

myocardial matrix hydrogels. Similarly, concentration of cleaved MMP2 was significantly higher in 

media collected from fibroblasts exposed to both the elution and digestion fractions compared to 

their respective enzyme controls. While activation of MMPs have been associated with 

progression of LV remodeling and dysfunction due to degradation of native cardiac ECM and 

subsequent deposition of fibrotic proteins [214], results from previous studies show that this is not 

a long term effect of myocardial matrix injections [41,42]. At the same time, MMPs are known to 

be involved in several processes of infarct healing, including cell migration, angiogenesis, and 

regulation of growth factor activity [215]. Secretion of MMPs in cardiac fibroblasts can be induced 

by cytokines and growth factors [216], thus increased MMP activity in media collected from 
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fibroblasts culture with the myocardial matrix and its degradation products may be an indication 

that the matricryptins generated by proteolysis have similar activity.  

Transcriptome differences at 3 days post-injection suggested that the inflammatory 

response is one of the first processes that differ between myocardial matrix and saline control 

injections. This initial response from infiltrating immune cells may be a determinant in altering the 

infarct milieu and triggering a pro-regenerative infarct resolution. In fact, implantation of ECM 

scaffolds in vivo is generally associated with a M2 macrophage phenotype, considered to be anti-

inflammatory and pro-regenerative [133,135]. Similar to results with cardiac fibroblasts, culture of 

bone marrow derived macrophages encapsulated within the myocardial matrix hydrogel elicited a 

more dramatic response compared to exposure to the degradation products. This suggests that 

similarly, macrophages infiltrating the hydrogel in vivo may exert a different response than those 

in the perimeter of the hydrogel that experience only degradation products. However, the 

phenotype of the macrophage did not fit distinctly with the polarization scheme of M1 versus M2 

macrophages, with increases in both M1 genes (iNOS and TNFα) as well as an M2 gene (Arg-1) 

when compared to encapsulation within collagen hydrogels. This result corroborates what was 

determined through microarray analysis, that myocardial matrix injections do not noticeably 

polarize macrophages to either phenotype. As discussed in chapter 2, there is growing 

appreciation for the need of both M1 and M2 macrophages in post-infarct repair [140,141]. Bone 

marrow derived macrophages were also cultured with the elution and digestion fractions of the 

myocardial matrix and their enzyme-only controls. While some significant differences were 

detected when compared to macrophage culture media alone, these fold changes were negligible 

when compared to the gene expression changes elicited by cytokine-induced changes in 

macrophage phenotype. Thus it is likely that the degradation products have an intrinsic effect on 

macrophage polarization. However, when cells are subjected to an LPS challenge, macrophages 

exposed to both degradation fractions had an approximate 2-fold decrease in iNOS and Ym-1 

expression compared to enzyme controls. This result is similar to what was previous reported by 



 

  

80 

Slivka et al. [207], who showed that a similar 2-fold reduction in TNFα and IL-1β production by 

human THP-1 monocytes when cultured with the soluble component of urinary bladder matrix 

hydrogels after LPS challenge. This suggested that the degradation products of the myocardial 

matrix may also be able to modulate the behavior of surrounding inflammatory cells. However, 

further studies are needed to better characterize macrophage response beyond gene expression, 

such as functional assays examining phagocytic ability, cytokine secretion and production of 

other inflammatory mediators. 

 

3.5. Conclusion 

Through migration of cardiac progenitors, we showed that there is a distinct difference in 

the composition of the elution and digestion fractions of the hydrogel. Furthermore, behavior of 

macrophages and cardiac fibroblasts significantly differed when exposed to the matrix through 

the hydrogel form versus soluble peptides, suggesting that the form of ECM-derived materials 

presented to cells affect their response. Further experiments are needed to further elucidate 

these results and understand the molecular mechanisms behind these observed cell behaviors. 

However, this study represents the first step in understanding the bioactivity of the degradation 

products of the myocardial matrix which will aid in the design of novel ECM based materials for 

tissue engineering applications. 
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Chapter 4: Extracellular Matrix Protein Hydrogel 

Degradation in Post Infarct Repair 
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4.1. Introduction 

As discussed in chapter 1, various hydrogels have been injected into the infarct 

myocardium and shown to have beneficial effects on post-infarct healing. Two mechanisms have 

been proposed to explain the above phenomenon: a) injected biomaterials act as passive 

structural reinforcement and increase wall thickness, thereby decreasing wall stress via Laplace’s 

law, and 2) degraded biopolymer products act as stimuli for tissue repair and regeneration. The 

first mechanism is supported in silico by finite elements analysis, but only for immediately post-

injection [63]. However, an in vivo study has shown that passive structural reinforcement alone, 

through a bio-inert, non-degradable poly(ethylene glycol) hydrogel was insufficient in preventing 

post-MI LV remodeling [56,217]. This suggests that bioactivity of the polymers and the 

degradation products as a possible mechanism in preserving cardiac function post-MI. 

As discussed in chapter 3, ECM-derived hydrogels are known to be bioactive both as the 

hydrogel form and in its degradation products. Since cell migration, proliferation, and 

angiogenesis are all dependent on degradation of scaffold proteins, it follows that a decrease in 

degradation can prolong the release of chemoattractant peptides, thereby possibly increasing cell 

influx over time and further improving cardiac function. Currently, the most common technique for 

modifying naturally derived polymers is through crosslinking, however it also results in 

modifications in other material properties. Furthermore, implantation of some crosslinked ECM 

scaffolds is known to induce polarization of macrophages to a M1 phenotype, which is associated 

with a vigorous inflammatory response, while non-crosslinked ECM elicits a predominantly M2 

response, indicative of a pro-regenerative environment [133,135]. An alternative method to 

prolonging degradation rate is through incorporation of degradation inhibitors within the scaffold. 

For protein-based scaffolds such as collagen, fibrin, Matrigel, and our myocardial matrix, the 

primary mechanism for scaffold breakdown is the MMP family of proteases. Thus, loading a MMP 

inhibitor could delay scaffold degradation without affecting other material properties such as 

matrix stiffness and pore size. Since we have already demonstrated the therapeutic benefits of 
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the myocardial matrix on post-infarct repair and established its bioactivity in vitro, we examined 

whether its cardioreparative effects could be enhanced by prolonging its degradation rate.  

 

4.2. Materials and Methods 

4.2.1. Myocardial Matrix Preparation and Modification  

Porcine ventricular myocardium was decellularized with a solution of a 1% sodium 

dodecyl sulfate (SDS) as previously reported [40]. The resulting ECM was then processed into a 

liquid form through partial digestion with pepsin, adjusted to pH 7.4 and 8 mg/mL with sodium 

hydroxide and phosphate buffer saline (PBS). The liquid myocardial matrix was aliquoted and 

immediately frozen for lyophilization. Lyophilized matrix was rehydrated with water then mixed 

with the following to achieve a final concentration of 6 mg/mL: 1) 1x PBS for unmodified 

myocardial matrix, 2) 1% glutaraldehyde (Sigma-Aldrich) for 0.05% final concentration, 3) 4 mM 

genipin (Wako Chemicals) for 1 mM final concentration, 4) 480 mU/mL transglutaminase (from 

guinea pig liver, Sigma-Aldrich) for 120mU/mL and 5) 4 mg/mL doxycycline (Sigma-Aldrich) for 1 

mg/mL final concentration. For in vivo degradation assessment, prepared liquid myocardial 

matrices were mixed with Alexa Fluor 568 Succinimidyl Ester (AF568, Life Technologies) 

dissolved in dimethyl sulfoxide (DMSO) at least 15 minutes prior to injection. Concentration of 

AF568 was 100 μg/mL, or approximately 21 nanomoles of the fluorophore per milligram of matrix. 

The final concentration of DMSO was 1%, which we had previously determined to be 

biocompatible and does not interfere with gelation of the myocardial matrix (unpublished data). 

 

4.2.2. Cytotoxicity   

The elution cytotoxicity assay was performed according to ISO 10993-5 standards for 

evaluating cytotoxicity of biomaterials [218]. After hydrogels were formed by overnight incubation 

at 37 °C, culture media were added and the resulting elution media collected after 24-hour 

extraction period. L929 mouse areolar fibroblasts were cultured in DMEM (Mediatech) 



 

  

84 

supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich) and 1% penicillin/streptomycin 

(P/S; Life Technologies). Cells were either split 1:3 using trypsin or plated at 20k/well in 24-well 

plates when 90% confluence was reached. After allowing cells to adhere overnight, culture media 

was replaced with elution media collected from various modified myocardial matrix hydrogels with 

media from unmodified hydrogels and 0.5% glutaraldehyde crosslinked hydrogels used as 

negative and positive controls, respectively (six conditions, n = 4 per condition, per assay). After a 

48-hour culture period, the �����	�,��-6���6��
�3������ ���	�,�4�-2��6-65
�3����� �53��,- (MTT) 

Cell Proliferation Assay Kit (Life Technologies) and PicoGreen dsDNA Assay Kit (Life 

Technologies) were performed to assess cell viability and survival per manufacturer’s directions. 

 

4.2.3. Doxycycline Release 

Unmodified and doxycycline loaded hydrogels (n = 3) were formed in glass scintillation 

vials after overnight incubation at 37 °C. Hydrogels were unmolded and placed in free floating in a 

known volume of PBS. The concentration of doxycycline diffused into solution was measured by a 

NanoDrop 2000c Spectrophotometer (Thermic Scientific) using the peak absorbance of 350 nm 

over 24 hours with periodic refreshment of PBS. To account for absorbance from components 

released by the myocardial matrix, readings taken the same time from an unmodified hydrogel 

were used as the blank.  

 

4.2.4. In vitro Degradation Assessment 

Bacterial collagenase (Worthington Biochemical Corporation) was used an as in vitro 

mimic to assess the degree to which crosslinking and doxycycline loading is able to affect 

degradation, measured by ninhydrin reactivity as previously described [16]. Briefly, after overnight 

gelation at 37 °C incubation, myocardial matrix hydrogels, unmodified and modified, were 

digested with an equal volume of collagenase at 125 U/mL in 0.1 M Tris-base, 0.25 M CaCl2, pH 

7.4 solution. After 4 and 24 hour incubation, samples were centrifuged for 10 minutes at 15000 
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rpm to pellet the undigested solid portion. The supernatant, containing degraded peptides, was 

reacted with 2% ninhydrin solution (Sigma-Aldrich) in a boiling water bath for 10 minutes. A 

standard curve made with acetyl-L-lysine (Tokyo Chemical Industry) was used to calculate the 

primary amine concentration from collagenase degradation. Samples were read on a BioTek 

Synergy 4 spectrophotometer (BioTek Instruments) at 570 nm. The same procedure was also 

used to determine whether the amount of doxycycline sequestered by the myocardial matrix 

hydrogel is sufficient to reduce degradation. Hydrogels, both unmodified and doxycycline loaded, 

after undergoing doxycycline release experiments described previously, were then digested with 

collagenase and assayed for ninhydrin reactivity. 

 

4.2.5. Rheological Measurements 

Liquid myocardial matrix (300 μL, n = 4), both unmodified and modified, was pipetted 

between two glass slides sandwiched by 1 mm spacers. Glass slides were hydrophobically 

treated with Rain-X to allow for easy removal of the hydrogels after overnight incubation at 37 °C. 

Rheological properties of the hydrogels was measured by a AR-2000 Rheometer (TA 

Instruments) using a 20 mm parallel plate geometry, set at 1 mm gap height and 37 °C. A 

frequency spread from 0.25 to 100 rad/s (0.5 to 10 is reported) was conducted at 2.5% strain, 

which was previously determined to be within the linear viscoelastic strain region [16]. Storage 

modulus (G’) is reported for the different hydrogels at 0.4 rad/s. 

 

4.2.6. Cellular Migration through Hydrogels 

The effects of crosslinking and doxycycline loading on the ability of cells to migrate 

through the myocardial matrix hydrogel was assessed using Fluoroblok 24 Well Plate Inserts with 

8.0 μm pores (Corning Incorporated) as previously described [16]. L929 fibroblasts were cultured 

as described above. Prior to passaging with trypsin, cells were serum starved DMEM with 1% P/S 

for 24 hours. Liquid myocardial matrices – unmodified, crosslinked or loaded with doxycycline 
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(100 μL, n = 3) – were pipetted onto the upper well of the transmembrane insert and incubated at 

37 °C overnight for gelation. After trypsinization, serum starved cells were labeled with CFSE 

CellTrace (Life Technologies) diluted to 10 μM in PBS for 15 minutes at 37 °C. Cells were then 

washed and incubated with media alone for 37 °C for 30 minutes to remove excess CFSE and 

activate the fluorescent marker. Transwell inserts were placed into VisiPlate-24 Black Microplates 

(Perkin Elmer) with 1 mL of serum-supplemented media with FSB as the chemoattractant to 

induce migration. Fluorescently labeled L929s (150,000 cells/insert) were seeded on top of the 

hydrogels with 250 μL of serum-free media). Fluorescence was read on a Biotek Synergy 4 

Spectrophotometer immediately after cell seeding and then periodically for 24 hours. Cells that 

have migrated through hydrogel and the opaque transmembrane would be detectable by 

fluorescence. Experiments were conducted in triplicate with results from one representative test 

shown. 

 

4.2.7. Surgical Procedures 

All procedures in this study were approved by the Committee on Animal Research at the 

University of California, San Diego and the American Association for Accreditation of Laboratory 

Animal Care. All in vivo experiments were performed on female adult Sprague-Dawley rats (225 

to 250 g). MI was induced by 25-minute ischemia-reperfusion of the left coronary artery after left 

thoracotomy [41]. Injections of 75 μL of myocardial matrix were made directly into the 

myocardium by diaphragmatic access as previously described [20,40,41]. For the biocompatibility 

study, myocardial matrix crosslinked with 0.05% glutaraldehyde, 1 mM genipin, 120 mU/mL 

transglutaminase, or loaded with 1 mg/mL doxycycline was injected into healthy myocardium (n = 

4). For the in vivo degradation study, myocardial matrices – unmodified, crosslinked with genipin 

or transglutaminase, or loaded with doxycycline – were fluorescently labeled with AF568 for 

visualization and injected into healthy myocardium (n = 3-4). To the study the long term effect on 

post-MI repair, 75 μL of the following (n = 8) were injected into infarcted myocardium one week 
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after ischemia-reperfusion surgery: 1) saline, 2) doxycycline 1 mg/mL in PBS, 3) unmodified 

myocardial matrix, or 4) myocardial matrix with 1 mg/mL doxycycline.  

 

4.2.8. Magnetic Resonance Imaging  

Cardiac Cine MR images were acquired using an 11.7T Bruker MRI System by Molecular 

Imaging Inc. at the Sanford Consortium for Regenerative Medicine. Rats were anesthetized using 

isoflurane in oxygen during imaging with continuous respiratory and ECG-monitoring. Following 

standard preparations (pulse power calibration, center frequency offset calculation, and shimming 

optimization), a scout image was acquired to ensure positioning and locate the heart. In the 

sagittal plane of the scout image, the long axis was defined and a second scout image obtained 

in the long axis plane perpendicular to the sagittal scout plane. In this second scout image, axial 

slices were defined, such that they were orthogonal to both long axes. Respiratory and ECG-

gated, cine sequences were acquired over contiguous heart axial slices. The following 

parameters were used: repetition time = 20 ms, echo time = 1.18 ms, flip angle = 30°, field of view 

= 40 mm2, data matrix size = 200 x 200. Eight or nine 1.5 mm, axial image slices were acquired 

with a total of 15 cine frames per image slice. ImageJ (NIH) was used to outline the endocardial 

surface at end diastole and end systole for each slice, defined as the minimum and maximum LV 

lumen area, respectively. Simpson’s method was used to calculate the end diastolic volume 

(EDV) and end systolic volume (ESV), similar to previous reports [41,56]. Ejection fraction (EF) 

was calculated as [(EDV-ESV)/EDV] x 100. One day prior to injection surgery (6 days post-MI), 

rats underwent baseline magnetic resonance imaging (MRI). Healthy animals (n = 4) were also 

imaged, from which it was determined that EF was 73.8 ± 2.2%. Thus, animals that did have an 

EF one standard deviation below healthy values  (< 71.6%) were excluded from the study. At 6 

weeks post-MI (5 weeks post-injection), rats were imaged and their cardiac function assessed 

again for post-treatment evaluation.  
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4.2.9. Pressure Catheter Hemodynamics 

After final MRI acquisition and prior to euthanasia, hemodynamic measurements were 

obtained in the contracting heart of a subset of animals using a pressure catheter. After induction 

of anesthesia using 5% isoflurane, rats were intubated and maintained at 2%. A 2 French SPR-

407 Rat Pressure Catheter (Millar Instruments) was advanced through the ascending aorta and 

into the LV via the carotid-artery [219]. End diastolic pressure (EDP), peak systolic pressure 

(PSP), peak contractility (+dP/dt), and myocardial relaxation (-dP/dt) were measured from the 

pressure tracings. 

 

4.2.10. Histology and Immunohistochemistry 

Animals were euthanized according to the following experimental plan: 1) two weeks 

post-injection for the in vivo biocompatibility study, 2) one week post-injection for the in vivo 

degradation study, and 3) five weeks post-injection (six weeks after MI) for the long term post-

infarct repair study. Rats that underwent the terminal catheter hemodynamics procedure were 

euthanized afterwards by thoracotomy and excision of the heart. All other rats were euthanized by 

an intraperitoneal injection of sodium pentobaribal (200 mg/kg) and the hearts immediately 

removed. For the long term post-infarct repair study, hearts were arrested in a solution of 20 mM 

NaHCO3, 5 mM Dextrose, 2.7 mM MgSO4, 22.8 mM KCl, 121.7 mM NaCl, and 20 mM 2,3 

butanedione monoxime. All hearts were fresh frozen in Tissue Tek OCT freezing medium (Sakura 

Finetek) and cyrosectioned for histology and immunohistochemistry (IHC). Short axis sections of 

10 μm spanned the ventricle at 16 locations, with approximately 350 μm between each location. 

All fluorescently labeled slides were mounted with Fluoromount (Sigma) and imaged on an Ariol 

Platform with the DM6000 B microscope (Leica Biosystems). All H&E and trichrome stained 

slides were mounted with Permount (Fisher Chemical) and scanned at 20x using the Aperio Scan 

Scope CS2 slide scanner (Leica Biosystems). 
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For the biocompatibility and degradation studies, one slide at each location was stained 

with H&E to identify the injection site and evaluate associated inflammatory response. To assess 

the amount of AF568-labeled hydrogel remaining at one week post-injection, neighboring slides at 

each location were stained with Hoescht 33342 (Life Technologies) to visualize nuclei and 

provide a counterstain for scanning. Slides from five locations with the largest area of red 

fluorescence were used for analysis. Number of red pixels within the entire heart section was 

quantified by ImageJ and summed for each heart.  

For the long-term study on post-infarct repair, one slide per location was stained 

alternating for either H&E or Masson’s Trichrome to visualize the infarct scar. Trichrome stained 

slides were also used to assess fibrosis, as previously described [220], using five slides from 

locations where the infarct was the largest. Non-nuclear blue staining was measured using the 

‘Positive Pixel Count V9’ algorithm within ImageScope (Aperio) software. Interstitial and infarct 

fibrosis were determined in the non-infarct septal wall and infarct region, respectively. To access 

for infarct vascularization, three slides from the center of the infarct were stained with antibodies 

for alpha smooth muscle actin (αSMA, Dako 1A4; 1:75) and von Willebrand Factor (vWF, AbCam 

ab6994; 1:400), then visualized with Alexa Fluor 568 goat-anti-mouse (Life Technologies, 1:1000) 

and Alexa Fluor 488 goat-anti-rabbit (Life Technologies, 1:500). Nuclei were visualized with 

Hoescht 33342. Arteriole density was determined by counting from five 10x images randomly 

selected within the infarct using the following criteria: 1) co-localization of αSMA and vWF, 2) 

visible lumen, and 3) Feret diameter greater than 20 μm as determined by ImageJ. 

Cardiomyocyte cross-sectional area was assessed as previously reported [220]. Three sections 

from the center of the infarct were stained with antibodies for laminin (AbCam ab11575, 1:100) 

and α-actinin (Sigma A7811; 1:800), then visualized with Alexa Fluor 488 goat-anti-rabbit (Life 

Technologies, 1:500) and Alexa Fluor 568 goat-anti-mouse (Life Technologies, 1:500). Nuclei 

were stained with Hoescht 33342. Four images (20x) of the remote myocardium where 

myocardial fibers were running orthogonal to the plane of the section were selected for analysis. 



 

  

90 

Cross-sections of individual cardiomyocytes were outlined and the area measured by ImageJ. 

Each group had n > 300 cells. 

 

4.2.11. Statistical Analysis 

Data are presented as mean ± standard error of the mean (SEM). For analysis of in vitro 

characterization and in vivo degradation assessment, single-factor ANOVA with Dunnett’s test 

comparing to unmodified hydrogels was used. For pre- and post-treatment MRI parameters within 

each group, paired t-test was used. For all other analysis from the long-term post-infarct repair 

study, single-factor ANOVAs with Tukey’s post-hoc correction was used. 

 

4.3. Results 

4.3.1. In vitro Characterization of Crosslinked and Doxycycline Loaded Myocardial Matrix 

The elution assay was performed in accordance to ISO 10993-5 standards for biomaterial 

testing to assess cytotoxicity of the modified myocardial matrices. L929 mouse fibroblasts were 

exposed to elution media extracted from unmodified, crosslinked, and doxycycline loaded 

hydrogels with 0.5% glutaraldehyde crosslinked hydrogels used as positive cytotoxic controls. 

After 48 hour incubation, DNA content was quantified by PicoGreen and cellular metabolism 

evaluated by MTT. Using both metrics, it was determined that the following concentrations were 

non-cytotoxic: 0.05% glutaraldehyde, 1 mM genipin, 120 mU/mL transglutaminase, and 1 mg/mL 

doxycycline (Figure 4.1A). All results described in subsequent experiments were based on these 

concentrations. To evaluate whether the concentrations of crosslinkers and doxycycline were 

sufficient to modulate degradation kinetics, an in vitro assay was performed using bacterial 

collagenase. Ninhydrin reactivity of the supernatant collected from hydrogels after 4 and 24 hours 

of collagenase incubation were used to assess the amount of peptides released, which showed 

that degradation was inhibited at both time points in glutaraldehyde, genipin, and doxycycline 

modified groups (Figure 4.1B). 
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Since doxycycline was not covalently linked to the myocardial matrix, the release profile 

was determined by submerging doxycycline-loaded hydrogels in PBS and measuring the 

concentration of doxycycline diffusing into solution by absorbance using a spectrophotometer. 

The results indicated that doxycycline had a burst release profile from the myocardial matrix with 

most of the loaded amount diffusing out over the first few hours, as expected for a small molecule 

in a hydrogel (Figure 4.1C). However, by 8 hours, the release plateaued and an undetectable 

amount of doxycycline was released by the hydrogel, indicating that approximately 30% of 

doxycycline was sequestered by the myocardial matrix hydrogel. No further release occurred out 

to day 7 (data not shown). Since this likely represents the amount of doxycycline retained by the 

myocardial matrix once injected into the myocardium and the burst release of doxycycline likely 

inhibited collagenase in the previous degradation assay, the ability of this sequestered 

doxycycline to inhibit degradation was similarly evaluated using bacterial collagenase. After both 

unmodified and doxycycline loaded hydrogels underwent 24 hours of PBS submersion for release 

experiments, the same hydrogels were subjected to collagenase digestion. Ninhydrin reactivity 

showed that the reduced amount of doxycycline sequestered by the myocardial matrix hydrogel is 

still sufficient in reducing the degradation of the hydrogel (Figure 4.1D).  

Changes in the rheological properties of crosslinked and doxycycline loaded hydrogels 

were measured using a parallel plate rheometer at a constant strain of 2.5%. Figure 4.1E shows 

the frequency sweep from 0.25 to 10 rad/s from one experimental replicate (n = 4 per group). 

Since collagen fibrils show minimal shear thinning at frequencies below 0.6 rad/s [221], the 

storage modulus (G’) is reported at 0.4 rad/s (Figure 4.1E). At this frequency, unmodified 

myocardial matrix had a storage modulus of 11.3 ± 2.0 Pa, similar to previously reported values 

[16]. Both 0.05% glutaraldehyde and 1 mM genipin crosslinked hydrogels increased the stiffness 

of the hydrogel by a similar magnitude, at 59.5 ± 9.8 Pa and 62.4 ± 17.4 Pa respectively, while 

transglutaminase crosslinking had no effect (G’ = 7.9 ± 0.8 Pa). Doxycycline loaded also did not 

affect the mechanical properties of the hydrogel (G’ = 8.1 ± 0.6 Pa), which was expected since it 
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does not chemically altering the myocardial matrix. 

The effect that crosslinking and doxycycline loading has on cell migration through the myocardial 

matrix hydrogel was assessed using the FluoroBlok transwell migration inserts. Fluorescently 

labeled L929 mouse fibroblasts, the same cells used in the cytotoxicity experiments, were plated 

atop hydrogels formed in the upper chamber of the transwell insert. Cells that have migrated 

through the hydrogel and the opaque membrane are fluorescently detectable. One-way ANOVA 

analysis showed that while migration rates were significantly different initially, fibroblast were still 

able to migrate through crosslinked and doxycycline loaded hydrogels, as indicated by the non-

significant levels of fluorescence by later time points (Figure 4.1G). Post-hoc analysis using 

Tukey’s correction revealed that there was significantly faster migration of fibroblasts through 

transglutaminase crosslinked hydrogels, while other crosslinking methods and doxycycline 

loading had no significant effect (Figure 4.1H).  
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Figure 4.1 In vitro characterization of crosslinked and doxycycline loaded 
myocardial matrix hydrogels. A) Effect on L929 fibroblasts cytotoxicity 
measured by the MTT and PicoGreen assays. B) Degradation of hydrogels by 
bacterial collagenase as measured by amount of amines released through 
ninhydrin reactivity. C) Release profile of doxycycline from myocardial matrix 
hydrogels follows the typical burst release profile, but approximately 30% of 
loaded doxycycline is sequestered by hydrogel; D) degradation of the same 
hydrogels show that this retained amount of doxycycline is sufficient to inhibit 
collagense collagenase (student t-test). E) Storage modulus of hydrogels 
measured by a parallel plate rheometer from a frequency sweep of 0.5 to 10 
rad/s. F) Both 0.05% glutaraldehyde and 1 mM genipin crosslinking significantly 
increases storage modulus of the hydrogels by approximately 6-7 fold, 
transglutaminase and doxycycline had no effect. G) Fluorescently labeled L929 
migration through hydrogels within transwell migration inserts over 24 hours. H) 
Migration through transglutaminase crosslinked hydrogels is significantly faster at 
earlier time points compared to unmodified matrices. GA: glutaraldehyde, Gen: 
genipin, TG: transglutaminase, Dox: doxycycline. * p < 0.05, ** p < 0.01 using 
one way ANOVA followed by Dunnett’s multiple comparison correction compared 
to unmodified hydrogel controls.  
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Figure 4.1 In vitro characterization of crosslinked and doxycycline loaded 
myocardial matrix hydrogels. Continued. 

 

4.3.2. In vivo Biocompatibility Assessment 

To assess the biocompatibility of crosslinked and doxycycline loaded myocardial matrix 

hydrogels, modified matrices were injected into healthy myocardium. The inflammatory response 

at two weeks post-injection was evaluated by a pathologist blinded to the treatment groups, who 

identified the injection sites as morphologically similar among the groups, with areas of spindle 

cells and/or interconnecting (branching) elongate cells – suggestive of degenerative/regenerative 

myocardial fibers, plus usually minimal inflammatory infiltrate consisting of lymphocyte-type small 

mononuclear cells. The doxycycline group did not exhibit a notable difference in injection site 

morphology suggesting that the amount of doxycycline that is released had minimal effect on the 

overall inflammatory response to the hydrogel. Across all the groups, only within the 

glutaraldehyde crosslinked group did the pathologist note moderate to marked focal non-

suppurative inflammation with lymphocytic infiltrate and foreign-body giant cells (Figure 4.2), 

which led glutaraldehyde crosslinking to be excluded from subsequent in vivo studies. 
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Figure 4.2 Biocompatibility of crosslinked and doxycycline loaded 
myocardial matrix in vivo. Representative H&E images of the myocardial matrix 
with 0.05% glutaraldehyde (A), 1 mM genipin (B), 120 mU/mL transglutaminase 
(C), or 1 mg/mL doxycycline (D) injected into healthy myocardium. Injection sites 
were made up of elongate spindle to branching cells suggestive of 
degenerative/regenerative myocardial fibeers, plus usually minimally 
inflammatory infiltrate consisting of lymphocyte-type small mononuclear cells. 
Only the glutaraldehyde crosslinked hydrogel injection site showed marked 
lymphocytic infiltrate and foreign body giant cells (arrows). Scale bars = 100 µm. 

 

4.3.3. Doxycycline Reduces Myocardial Matrix Degradation In Vivo 

To more clearly identify presence of the hydrogel from histological sections, liquid 

matrices were fluorescently labeled with AF568. Labeled myocardial matrices – unmodified, 

crosslinked with genipin or transglutaminase, or loaded with doxycycline – were injected into 

healthy myocardium to evaluate effects on in vivo degradation. Comparisons of H&E stained 

sections (Figure 4.3A) with fluorescently scanned neighboring sections (Figure 4.3B) show good 

correlation between the morphology of the injection sites. Changes in the degradation rate of the 

modified myocardial matrix were approximated by the amount of hydrogel remaining at one-week 

A B

C D
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post-injection, which was chosen based on previous studies showing that unmodified hydrogels 

degraded by approximately three weeks [42]. Quantification of the degree of red fluorescence 

through the tissues sections by ImageJ revealed that only doxycycline loading significantly 

increased the amount of myocardial matrix remaining (Figure 4.3C), suggesting that it is able to 

reduce in vivo degradation through MMP inhibition. Neither genipin or transglutaminase 

crosslinking had an effect in altering the degradation rate.  

 

Figure 4.3 Doxycycline reduces myocardial matrix degradation in vivo. A) 
H&E image of an entire heart section showing the injection site. B) Alexa Fluor 
568 (red) labeled myocardial matrix is visible fluorescently. C) Quantification of  
the amount of fluorescence remaining at one-week after injection. Gen: genipin, 
TG: transglutaminase, Dox: doxycycline; * p < 0.05 using Dunnett’s multiple 
comparison correction comparing against unmodified hydrogel controls; scale bar 
= 1 mm. 

 

4.3.4. Effects on Cardiac Function Post-MI 

Effect of prolonged myocardial matrix degradation on cardiac function post-MI was 

evaluated by both MRI and pressure catheter hemodynamics. LV EF, ESV, and EDV were 

measured by MRI at 6 days post-MI (1 day before injection) and 6 weeks post-MI (5 weeks post 

injection). As expected, EF significantly declined (p = 0.01) in the saline-injected group, while 

ESV (p < 0.001) and EDV (p = 0.004) both significantly expanded (Figures 4.4A-C). A similar 

trend for changes in EF (p = 0.007), ESV (p = 0.007), and EDV (p = 0.001) also occurred in the 

doxycycline-injected group. Both matrix- (p = 0.94) and matrix with doxycycline- (p = 0.24) 

injected infarcts did not demonstrate a decline in EF (Figure 4.4A). For the LV volumes, neither 

matrix alone (p = 0.004) nor matrix with doxycycline (p < 0.001) was able to prevent EDV 

dilatation (Figure 4.4B). However, matrix with doxycycline was able to prevent ESV expansion (p 
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= 0.22) while matrix alone (p = 0.028) did not (Figure 4.4C). Analysis was also made in the 

percent change in EF, ESV, and EDV across treatment groups. Matrix with doxycycline 

significantly increased percent change in EF compared to both saline- and doxycycline- injected 

groups (Figure 4.4D). Both matrix- and matrix with doxycycline- groups had significantly lower 

percent change in ESV compared to both saline- and doxycycline- injected infarcts (Figure 4.4E), 

however there were no significant difference across groups for percent change in EDV (Figure 

4.4F).  

 

Figure 4.4 Magnetic Resonance Imaging (MRI) analysis of cardiac function. 
Changes between baseline imaging performed at 6 days post-myocardial 
infarction (MI), 1 day prior to injection and 6 weeks post-MI at study termination. 
Paired t-test were performed within each treatment group for A) ejection fraction 
(EF), B) end systolic volume (ESV), and C) end diastolic volume (EDV). Percent 
change between pre- and post-injection EF (D), ESV (E), and EDV (F) were 
compared across all groups using one-way ANOVA followed by Tukey’s multiple 
comparison correction. * p < 0.05, ** p < 0.01.  
 

LV hemodynamics were measured invasively using a pressure catheter via carotid artery 

access prior to euthanization at 6 weeks post-MI (5 weeks post-injection). No differences were 

detected in LV EDP across groups (Figure 4.5A). However, both matrix- and matrix with 

doxycycline-groups had higher LV PSP compared to saline-injected controls (Figure 4.5B). 

Myocardial relaxation, as measured by –dP/dtmax, was significantly higher in the matrix-injected 
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group compared to saline-injected control (Figure 4.5C). Lastly, myocardial contractility, as 

measured by +dP/dtmax, was significantly higher in both the matrix- and matrix with doxycycline-

groups compared to saline groups (Figure 4.5D). Doxycycline injection did not have significant 

differences from saline injection in any of the parameters measured.  

 

Figure 4.5 Pressure hemodynamics analysis of cardiac function. Differences 
in A) left ventricular end diastolic pressure (LVEDP), B) left ventricular peak 
systolic pressure (LVPSP), C) myocardial contractility as indicated by maximum 
change in pressure over time (+dP/dtmax), and D) myocardial relaxation as 
indicated by minimum change in pressure over time (-dP/dtmax) were assessed by 
one-way ANOVA followed by Tukey’s multiple comparison correction. * p < 0.05, 
** p < 0.01. 
 

4.3.5. Effects on Infarct Fibrosis, Vascularization, and Myocardial Hypertrophy 

Masson’s trichome staining was used to determine the degree of fibrosis in both the 

infarct and remote interstitium (Figure 4.6A). Quantification of the collagen content (blue pixels) in 

the two regions showed no significant decrease in infarct fibrosis in either matrix alone or matrix 

with doxycycline compared to the saline controls. However, there was a significant decrease in 

interstitial fibrosis after matrix injection compared to both saline and doxycycline-only injections. 
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Visualization of infarct vasculature was performed using antibodies for αSMA and vWF (Figure 

4.6C). One-way ANOVA determined that there were no significant differences across groups for 

the density of blood vessels within the infarct (Figure 4.6D). To evaluate changes in cardiac 

hypertrophy, laminin staining was performed to visualize the outlines of cardiomyocytes (Figure 

4.6E). Cross-sectional area of cardiomyocytes from remote healthy myocardium where 

myocardial fibers are running orthogonal to the tissue section were quantified and showed that 

only the matrix with doxycycline group had significantly smaller cell size compared to saline 

controls. 



 

  

100 

 

Figure 4.6 Histological changes in infarcted hearts. A) Representative 
Masson’s trichrome staining for fibrosis in the infarct (top) and remote interstitium 
(bottom). B) Quantification of percent collagen content (blue pixels). C) 
Representative image of the infarct stained with antibodies for α-smooth muscle 
actin (red) and von Willebrand Factor (green) to identify vessels, D) 
Quantification of vessel density in the infarct. E) Representative image of the 
remote myocardium stained with laminin antibody (green) to outline 
cardiomyocytes. E) Quantification of cardiomyocyte cross-sectional area. * p < 
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0.05, ** p < 0.01 for one-way ANOVA followed by Tukey’s multiple-comparison 
correction; nuclei were visualized with Hoescht (blue); scale bar = 50 μm. 
 

4.4. Discussion 

For the many naturally derived hydrogels that have been injected intramyocardially for 

post-infarct repair, modulation of degradation rate has not been investigated. Most studies, 

including those previously published from our lab on the myocardial matrix [41], have simply 

relied on the natural tempo of the myocardium’s protease system. Results from two studies on 

crosslinked hydrogels and materials with varying residence times suggest that prolonged 

degradation of a biomaterial could have a beneficial effect on tissue regeneration. In a study that 

compared alginate and fibrin injections in a rat MI model, it was shown that while both materials 

initially improved LV geometry and function at 2 days post-injection as compared to saline 

controls, only the alginate treated groups showed significant persistent improvement at 5 weeks 

[67]. The authors observed that at 5 weeks, presence of alginate could still be identified by 

histology while fibrin was completed reabsorbed, leading them to propose that long-term benefits 

on cardiac function could be affected by persistence of the inject material. However, this study 

was performed on two different biopolymers, each with its unique bioactive properties. In a more 

recent study, degradable hyaluronic acid (HA) hydrogels were synthesized and their effect on 

post-infarct LV remodeling examined [39]. The authors reported that non-degradable HA 

hydrogels were better able to preserve wall thickness in comparison to their degradable 

counterparts, likely due to presence of the material acting as a wall-bulking agent. Unfortunately, 

there were no difference in LV volumes or EF in any of the hydrogel treated groups. We 

hypothesized that prolonged degradation of the decellularized myocardial matrix hydrogel can 

further benefit post-MI repair and regeneration through extended cell recruitment.  

Two methods were used to modulate the degradation rate of the myocardial matrix in this 

study – crosslinking and use of MMP inhibitors. We chose to examine the effects on three types 

of crosslinkers on myocardial matrix hydrogel properties both in vitro and in vivo. Glutaraldehyde 
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was chosen because it is commonly used chemical crosslinker for modifying collagen-based 

materials. In addition, our lab had previously demonstrated that various concentrations of 

glutaraldehyde could be used to tailor the material properties of the myocardial matrix hydrogel 

[16]. Genipin, a small molecule crosslinker derived from gardenia fruit, and tissue 

transglutaminase, a mammalian enzyme that catalyzes the formation of γ-glutamyl-ε-lysine 

bonds between two peptide chains, were also investigated based on previous reports of their use 

in crosslinking collagen gels [222-225]. Transglutaminase, in particular, provides an additional 

advantage because it is an enzymatic crosslinker, so no chemical residues or by-products are 

generated from the reaction, reducing the risk of cytotoxicity [226]. For MMP inhibition, 

doxycycline was selected because it is a widely used tetracycline antibiotic with independent, 

broad spectrum MMP inhibition activity at sub-antimicrobial dosages [227]. In addition, MMP 

inhibition by doxycycline has already been explored in both experimental and clinical settings as a 

therapy for coronary artery diseases [227], thus making it unlikely to exacerbate post-MI 

progression to HF when injected in conjunction with the myocardial matrix. 

As expected, crosslinking with glutaraldehyde and genipin was effective in modifying 

several aspects of the material properties evaluated in vitro, including inhibiting collagenase 

degradation and increasing the storage modulus of the myocardial matrix hydrogel. However, 

crosslinking with transglutaminase did not have an effect an either properties despite usage at a 

relatively high concentration of 120 mU/mL [228]. While 1 mg/mL of doxycycline was chosen for 

these studies based on cytotoxicity results, it was estimated that approximately 30% is bound by 

the myocardial matrix, possibly through secondary interactions, while the rest diffuses away. Both 

concentrations, 1 mg/mL and the lower retained concentration, were sufficient to reduce 

degradation by collagenase. Importantly, doxycycline did not affect other properties such as 

storage modulus, which may be preferable over crosslinkers when changes in degradation rate of 

hydrogels need to be studied in isolation from other effects. The effects on how crosslinking and 

doxycycline loading on cellular interactions with the myocardial matrix hydrogel in vitro was 
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examined through both cytotoxicity and migration assays. At the concentrations chosen, none of 

the modification agents appear to affect L929 fibroblast viability and survival. Importantly for 

tissue engineering applications, the ability of cells to migrate through the modified hydrogels was 

also not significantly affected. Interestingly, L929s were able to migrate more quickly through 

transglutaminase crosslinked compared to unmodified hydrogels. A previous study using 

transglutaminase to crosslink an adipose tissue-derived ECM hydrogels showed that while, 

similar to our results, 100 mU/mL of the enzyme had no effect on hydrogel rheology, it did change 

the fiber diameter of the hydrogel under scanning electron microscopy [229]. A similar change in 

the microstructure of the myocardial matrix may explain why fibroblasts were able to transverse 

the hydrogels more quickly in the transwell inserts. Further evidence that transglutaminase may 

affect the bioactivity of ECM hydrogel in vivo came from the same study, where crosslinked 

matrices induces higher vascularization than hydrogel alone [229]. Thus, transglutaminase was 

included in further in vivo characterization along with glutaraldehyde, genipin, and doxycycline. 

While cytotoxicity of the compounds at the chosen concentrations were determined to be 

negligible in vitro using established ISO 10993-5 standards for biomaterial testing, 

biocompatibility of the modified hydrogels in vivo was also examined. Evaluation from a trained 

pathologist suggested that 0.05% glutaraldehyde crosslinked hydrogels elicited an aggressive 

inflammatory response with presence of foreign body giant cells.  This results contradicted many 

previous in vitro and in vivo studies, which had shown that up to 0.25% glutaraldehyde to be 

considered biocompatible [230-232]. However, many studies evaluate the biocompatibility of the 

biomaterial by implantation in the subcutaneous space. In comparison, the myocardium is much 

more vascularized and therefore may be under increased surveillance by the immune system, 

resulting in heightened sensitivity to potentially toxic compounds. This result had been previously 

reported in a study where thiolated-hyaluronic acid hydrogels showed minimal immune response 

when injected subcutaneously, but induced granuloma formation when intramyocardially injected 

[233]. Due to the associated inflammatory response, glutaraldehyde was not evaluated further in 
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subsequent in vivo experiments. 

To better identify the hydrogels post-injection, liquid myocardial matrices were 

fluorescently labeled with AF568. The fluorophore was conjugated to an NHS ester, allowing it to 

react with the primary amines on the protein component of the myocardial matrix. The reaction is 

rapid at neutral pH and forms a stable amide bond [234]. Analysis of the amount of fluorescent 

material remaining at one-week post-injection indicated that only doxycycline-loaded hydrogels 

had a slower degradation rate compared to unmodified controls. Despite showing promise in vitro 

in reducing degradation by bacterial collagenase, genipin crosslinking did not affect in vivo 

degradation of the myocardial matrix. This may be due to the slower reaction rate of genipin 

crosslinking, which occurs over the span of hours after it is combined with the polymer [235]. As a 

result, injected genipin likely diffuse away from the myocardial matrix before it is able to react. 

Alternatively, the crosslinker may react non-specifically to primary amines on the proteins and 

peptides in the surrounding myocardium. This result highlights the importance of evaluating 

degradation in vivo; while degradation in vitro can be simulated with use of various proteases, 

allowing relative comparisons of multiple materials and concentrations, the results often do not 

correlate with in vivo degradation rates� (��
). A careful survey of literature on reagents used for 

collagen-based materials show that an ideal crosslinker for modifying injectable ECM-derived 

hydrogels may not currently exist. Like genipin crosslinking, glycation crosslinking occurs too slow 

to have an effect [237]. Faster reacting reagents such as di-isocyanates, carbodiimides, and 

azides occur at conditions that are not physiological – higher temperatures, acidic or basic pH, or 

use of solvents and surfactants – making them unsuitable to be injected for in situ crosslinking 

[238-243]. In addition, these reagents were typically developed for crosslinking scaffolds, 

intended for implantation, rather than hydrogels that are injected into host tissue. This makes 

cytotoxicity an even higher priority since unreacted crosslinkers can diffuse away from the 

injected bolus, which may have contributed to the adverse inflammatory reaction seen with 

glutaraldehyde-injected groups.  
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For functional evaluation of the effects of prolonged myocardial matrix degradation time 

on post-infarct repair, only doxycycline was evaluated. In addition, saline, doxycycline alone, and 

myocardial matrix alone were also injected as controls. Similar to previous studies, myocardial 

matrix injection attenuated the decrease in cardiac function and LV remodeling post-MI compared 

to saline injection [41,42]. However, addition of doxycycline to the hydrogel did not drastically 

improve either ejection fraction or LV volumes beyond the effects of the myocardial matrix. 

Pressure hemodynamic measurements also corroborated these results where myocardial 

contractility, relaxation, and peak systolic pressure were higher in matrix injected groups, with or 

without doxycycline, compared to saline injections. Doxycycline-only injections also did not 

produce significant differences compared to saline in any of the parameters assessed by MRI or 

pressure hemodynamics. Previous studies in rats have shown that oral doxycycline therapy post-

MI is able to improve LV morphology and function [244]. However, others have reported that 

subcutaneous injections of doxycycline do not have any affect on LV remodeling or dysfunction 

[245]. Similarly, MMP inhibition in clinical trials for patients with acute MIs has also shown 

conflicting results [246,247]. Differences in these studies from our result is likely due to timing of 

the treatment, dosage, and delivery route. Oral administration of doxycycline at 30 mg/kg used by 

Garcia et al. [244] achieves a serum level of approximately 2 μg/mL [248]. In addition, treatment 

was initiated earlier, beginning either immediately or two days post-MI. In comparison, 75 μg of 

doxycycline at 1 mg/mL was intramyocardially injected in a single dose at one week post-infarct 

for this study, which is unlikely to provide a sustained level of MMP inhibition to alter infarct 

healing or too late to have an effect. 

Histological analysis of the infarcted hearts also showed a similar trend in the effects 

doxycycline, myocardial matrix, or myocardial matrix with doxycycline. Namely, addition of 

doxycycline inhibition of MMPs to the myocardial matrix did not significantly reduce myocardial 

fibrosis, enhance angiogenesis, or reduce cardiac hypertrophy compared to hydrogel alone. 

Similarly, doxycycline alone did not significantly alter infarct histology compared to saline-injected 
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control animals. Taken together with the results on cardiac function, this suggested that 

prolonging the degradation of the myocardial matrix does not further enhance nor reduce the 

effects of the myocardial matrix on post-infarct repair. It is possible that the amount of doxycycline 

loaded was insufficient to slow down myocardial matrix degradation in the context of the post-

infarct myocardium, where MMP levels are known to be elevated [206]. Alternatively, altering the 

release profile of the myocardial matrix degradation products may not result in increased overall 

bioactivity of the hydrogel. In this regard, increasing the concentration, or in effect increasing the 

dosage, from the concentration of 6 mg/mL used in this and previous studies to a higher 

concentration that is still suitable for catheter delivery, may be another option for enhance the 

beneficial effects of the myocardial matrix. 

 

4.5. Conclusion 

We have demonstrated through in vitro characterization that properties of the myocardial 

matrix hydrogel could be easily modified by various crosslinking methods commonly used for 

collagen-based materials. In addition, loading the hydrogel with doxycycline is a novel method to 

alter the degradation rate without affecting other properties of the material. However, in vivo 

experiments on biocompatibility and degradation kinetics showed that there are currently no 

crosslinkers that are able to modulate injectable ECM-derived hydrogels in situ. Thus there is a 

need for the development of new crosslinkers with the following criteria: 1) Rapid reaction kinetics, 

2) ability to react at physiological conditions including 37 °C, neutral pH, and without surfactants 

or solvents, and 3) minimal cytotoxicity. Prolonged degradation by doxycycline did not 

significantly enhance the effects of the myocardial matrix on cardiac function, LV remodeling, or 

histology post-MI. However, as a thoroughly studied antibiotic and potent MMP inhibitor, 

doxycycline was able to prolong ECM-derived hydrogel degradation in vivo and may represent an 

effective and non-cytotoxic way of tailoring hydrogel degradation in other tissue engineering 

applications.   



 

  

107 

Chapter 4, in part, is a reprint of the material as it is published in: Jean W. Wassenaar, 

Robert G. Gaetani, Julian J. Garcia, Rebecca L. Braden, Colin G. Luo, Diane Huang, Anthony N. 

DeMaria, Jeffrey H. Omens and Karen L. Christman. “Evidence for the Mechanisms Underlying 

the Functional Benefits of a Myocardial Matrix Hydrogel for Post-MI treatment”. (2016) J Am Coll 

Cardiol, 67(9):1074-86; and also in part, a reprint of material as it is published in: Jean W. 

Wassenaar, Rebecca L. Braden, Colin G. Luo, and Karen L. Christman. “Modulating in vivo 

degradation rate of injectable extracellular matrix hydrogels”. (2016) J Mater Chem B, 4: 2794-

802. The dissertation author was the primary author of both manuscripts. 
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Chapter 5: Conclusions and Future Directions 
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5.1 Summary of Work 

This dissertation represented the first steps in a comprehensive understanding of the 

mechanisms of action of the myocardial matrix hydrogel in post-infarct repair. We showed 

through transcriptome and histological analysis that the myocardial matrix can directly or 

indirectly affect many tissue-level changes in the infarcted myocardium. These changes included 

reducing apoptosis of existing cardiomyocytes, limiting cardiac hypertrophy, stimulating blood 

vessel formation, altering myocardial metabolism towards more efficient modalities, and 

increasing cardiac development. This study was the first to utilize whole transcriptome analysis to 

evaluate the effect of a biomaterial injection as a post-MI treatment. To our knowledge, it is also 

the first to show that a biologic (non-pharmaceutical) therapy for MI can induce such dramatic 

changes in the infarct transcriptome such that it is distinctly different from that of the control. 

To better study the tissue level changes described in chapter 2, we began to explore the 

response of cells to culture with the myocardial matrix in vitro. Post-injection, cells may interact 

with the myocardial matrix through different ways, including being surrounded by the 3D hydrogel 

or in response to the degradation products that are released. Thus we chose to recapitulate these 

two modalities through both cell culture on and encapsulation within the hydrogel, as well as 

exposure of cells to the degradation products. Previous studies on the bioactivity of the 

degradation products of ECM scaffolds have used pepsin or heat and acid treatment to 

breakdown the material. However, we believed that this does not accurately represent the cryptic 

peptide fragments that are generated through degradation and presented to the cells. Thus, MMP 

proteolysis was used to produce digestion products that better mimic degradation in vivo, which 

had not been examined previously with ECM-derived materials. In addition, we hypothesized that 

the first peptide species that cells experience immediately post-injection are those that are not 

able to self assemble during the gelation process and diffuse out rapidly once injected. Based on 

the tissue-level processes that were affected by myocardial matrix injection identified in chapter 2, 

in vitro experiments designed to recapitulate these behaviors were carried out. Preliminary data 
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demonstrated that these two fractions have differing bioactivity when added to cell culture media 

but this cellular response is dramatically different when cells are cultured on or encapsulated 

within the 3D hydrogel. Additional experiments are necessary to better elucidate these 

mechanisms and identify other relevant cell behaviors, some of which will be discussed in the 

subsequent section. 

Since results from chapter 3 showed the wide range of bioactivity of the myocardial 

matrix degradation products in vitro, this led to the hypothesis that bioactivity of the degradation 

products of the myocardial matrix may be integral to its beneficial effects on post-infarct repair. 

Thus, we wanted determine whether prolonging the degradation of the hydrogel would enhance 

the effects. We chose to accomplish this through use the antibiotic doxycycline for its MMP 

inhibition properties and looked at how this affected post-MI healing through several methods, 

including MRI, pressure hemodynamics, and histology. Unfortunately, all these modalities were 

relatively consistent in demonstrating that addition of doxycycline did not enhance the effects of 

the myocardial matrix. However, through these experiments, we were able to show that 

doxycycline is an effective and non-toxic modifier of ECM-derived hydrogel degradation in vivo; 

this represents a novel use of doxycycline for tissue engineering applications.. In addition, results 

from the study along with an exhaustive search through the literature of reagents used to 

crosslink collagen-based materials to the conclusion that there are no current crosslinkers that 

can be used for modifying injectable ECM-derived hydrogels in situ.  

 

5.2 Future Directions 

As novel non-traditional therapies are being prepared to enter the clinic, it is essential to 

understand their underlying mechanisms of action. In the field of post-MI therapies, the past 

decade has shown many promising results such as cellular cardiomyoplasty. While many cell 

types and delivery preparations have been explored, with several showing very promising results 

in animal studies, none so far have translated into definitive and clinically significant benefit for 
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patients. Part of the understanding of how cell transplantation is able to induce benefit in animal 

MI models has evolved from hypothesizing that the implanted cells are able to differentiate into 

functional contractile cardiomyocytes to discovering that the effects that are likely due to 

paracrine effects from the cells. Due to this understanding, more recent efforts have expanded 

into delivery of biologics derived from the products of cell types previously used for 

cardiomyoplasty, such as secretomes and exosomes. This represents perhaps an even more 

promising treatment for patients since issues such as immunogenicity and accessibility of 

cytotherapy are less of a concern. 

 If we can improve the understanding of the mechanisms of action of the myocardial 

matrix, perhaps similar progress can be made to improve its design. Ideally, delivery of just the 

important components of the myocardial matrix, at concentrations or timing that is fine-tuned to 

cardiac repair post-MI, may enhance healing. But to do this, several advancements need to be 

made. As discussed in chapter 2, we now have a good comprehension of the tissue level 

changes, with both transcriptional and histological evidence, that occur post-injection. The easiest 

way to study these mechanisms is to recapitulate these observations with relevant cell types in 

vitro. This was begun in chapter 3, but further experiments are needed to pinpoint the exact 

molecular mechanisms responsible and demonstrate that they are indeed involved in the in vivo 

observations. For example, while we were able to show that the elution and digestion fraction of 

the myocardial matrix degradation products elicited distinctly different chemotaxis from cardiac 

progenitor cells, the next step would be to distinguish whether different receptors and signaling 

pathways are activated. Conversely, use of cell culture assays can be employed to identify the 

fractions of the myocardial matrix that are eliciting these specific cell responses. A simple way of 

dividing the fractions of the degradation products was used in chapter 3, but an improved 

understanding of the bioactivity within even smaller fractions, such as via chromatography and 

mass-spectrometry, may allow us to fine-tune the dosage and timing of administration to 

maximize therapeutic effects.  
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Furthermore, we showed that the form of the myocardial matrix that is presented to the 

cells can an important factor in determining the cellular response, comparing the differences 

between 3D hydrogel and soluble peptides. Previous studies from our lab on the bioactivity of 

various ECM-derived hydrogels have primarily utilized adsorption of the myocardial matrix onto 

tissue culture plastic and thus presenting it to the cultured cells as a 2D coating. One interesting 

result from these studies was the ability of the myocardial matrix to enhance maturation of cardiac 

progenitors. However, this result was not replicated when human induced pluripotent stem cells 

were exposed to the degradation products of the myocardial matrix at various stages of a 

standard cardiac differentiation protocol. Thus, the form of ECM-derived hydrogels that are 

presented to the cells – as soluble peptides, 2D coating, or 3D hydrogel – can greatly alter the 

bioactivity and warrants future experiments which will further its development as a scaffold for 

tissue engineering applications. 

While it is clear that the myocardial matrix offers a protective effect to the post infarct 

myocardium, it is also evident that our understanding of its mechanism of action is still incomplete. 

Improving this understanding will aid in improving the design of the myocardial matrix and other 

ECM-derived hydrogels for post-MI repair.  
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