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ABSTRACT OF THE DISSERTATION 

 

Intravascular infusion of a soluble extracellular matrix hydrogel therapy for acute myocardial 

infarction 

 

by  

 

Martin Thomas Spang 

Doctor of Philosophy in Bioengineering 

University of California San Diego, 2020 

 

Professor Karen L. Christman, Chair 
Professor Pedro Cabrales, Co-Chair 

 

Myocardial infarction (MI) is a leading cause of death in the world. Many patients survive 

the MI; however, the ischemic damage remains, and there are currently no treatments available 

to repair the heart. Decellularized extracellular matrix (ECM) has been widely used for tissue 

engineering applications and is becoming increasingly versatile as it can take many forms, 

including patches, powders, and hydrogels. Following additional processing, decellularized ECM 

can form an inducible hydrogel that can be injected, providing opportunities for minimally 

invasive delivery. We have developed a new ECM hydrogel therapy, the soluble fraction derived 

from decellularized, digested ECM, for intravascular infusion. This new form of ECM is capable 
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of gelation in vivo and can be delivered via intravascular infusion following an injury to 

specifically target the injured tissue, promote cell survival, and improve vascularization. In this 

dissertation, we show proof-of-concept for the feasibility of ECM infusions using models of acute 

myocardial infarction and intracoronary infusion for delivery. Following infusion, the ECM 

material was retained specifically in the injured tissue and colocalized with endothelial cells, 

coating the leaky microvasculature. Functional improvements, specifically reduced left 

ventricular volumes, were observed after ECM infusion post-MI. A range of biological activity 

modulation was implicated, as pathways associated with angiogenesis, cell-substrate/junction, 

reactive oxygen species and nitric oxide metabolism, and interleukin 6 were differentially 

expressed. The soluble ECM was also delivered intravascularly using a clinically relevant 

catheter in a large animal model of acute MI, mitigated negative left ventricular remodeling, and 

showed improved left ventricle wall motion. This study shows proof-of-concept for a new therapy 

and intravascular delivery strategy for ECM biomaterials with potential implications for a variety 

of pathologies to target injured tissues and injured vasculature. 
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Chapter 1: Myocardial Infarction and Extracellular Matrix Hydrogels  

1.1 Myocardial infarction 

1.1.1 Myocardial infarction pathophysiology 

Myocardial infarction (MI), more commonly known as a heart attack, is the leading 

causes of death in the US, with over 800,000 cases of MI per year1. MI results from an 

obstruction of a coronary artery, leading to ischemia and widespread cell death in the cardiac 

tissue through necrotic pathways. Due to advancements in medicine, many patients survive the 

MI, but the ischemic damage remains. Cell death, particularly cardiomyocytes, continues 

through apoptotic pathways. Reperfusion is a means to prevent myocardial necrosis; however, 

reperfusion comes with additional tissue injury2,3. There is a multifaceted inflammatory 

response, including the humoral response, which includes complement activation, reactive 

oxygen species production, and the cytokine cascade, as well as the cell-mediated response, 

including neutrophil, monocyte, and lymphocyte infiltration upon reperfusion4. Upon reperfusion, 

reactive oxygen species (ROS) are produced from the influx of molecular oxygen, leading the 

additional apoptotic cell death through the peroxidation of lipid structures3,5. ROS also activates 

endothelial cells, altering the endothelial cell surface, leading to the enhanced permeability and 

retention effect, also known as leaky vessels6. Leaky vessels can lead to cardiac edema and 

hemorrhaging, contributing to cell dysfunction and death7,8.  

Through the release of matrix metalloproteinases, this leads to extracellular matrix 

(ECM) degradation, monocytes differentiate into macrophages to clear dead cells and cellular 

debris, and mast cells accumulate in the healing infarct and induce fibroblasts proliferation to 

replace the degraded tissue4. Fibroblasts produce and remodel the extracellular matrix, 

producing a non-functioning, non-contractile fibrotic scar9. Over time, the remaining cardiac 

tissue overcompensates, and this leads to negative left ventricular remodeling, including LV 
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dilation, reduced ejection fraction, wall thinning and cardiomyocyte hypertrophy, leading to heart 

failure10.  

 

1.1.2 Current treatments for myocardial infarction 

The gold standard of treatment for myocardial infarction is restoring blood flow to the 

ischemic region through percutaneous coronary intervention (PCI) and performing a balloon 

angioplasty to unblock the occlusion of the coronary artery11. However, upon reperfusion, the 

ischemic damage remains, additional injury occurs, as discussed above, and current treatments 

are aimed at treating the symptoms and preventing the progression towards heart failure, as 

opposed to repairing the damaged myocardium11,12. For example, treatments including 

antiplatelet therapy and statins to prevent future MI and stroke, as well as angiotensin-

converting enzyme inhibitors and beta-blockers reduce blood pressure to reduce the workload 

on the heart and to prevent overcompensation11. Ultimately, if the heart enters heart failure, a 

left ventricular assist device or heart transplant are the only viable long-term options, with heart 

transplants being limited on donor availability13,14. The adult heart is considered to have little or 

no regenerative capabilities, unless a regenerative medicine therapy is employed15,16. 

Furthermore, if a regenerative medicine strategy could be employed earlier, during the acute 

phase, this could lead to preserved cardiac function, preventing the need for heart 

transplant17,18.  

 

1.1.3 Current experimental treatments for myocardial infarction 

Experimental therapies for myocardial infarction include regenerative therapies aimed at 

promoting healing or regeneration of the damaged tissue15,16. Regenerative therapies can be 

broadly grouped into three categories: cell therapies, gene therapies, and biomaterial therapies. 



3 

 

Cell-based therapies generally use stem or progenitor cells to replace the cardiomyocytes lost 

during the ischemic injury19. Gene-based therapies target pathways, such as the adrenergic or 

angiogenic pathways, to promote tissue repair and/or maintenance20. Lastly, biomaterials have 

served to prevent LV expansion but also as tissue engineering scaffolds for tissue regeneration, 

sometimes in combination with cell and/or gene-based therapies12,21. Biomaterials have 

traditionally served as patches22,23, but minimally invasive delivery strategies have been applied 

to biomaterials as injectable biomaterials24.  

Cell-based and gene-based therapies have their limitations. Both approaches have 

limited retention, and lack an ability to target the damaged tissue, unless directly injected into 

the damaged tissue21. Gene-based therapies, such as adeno-associated viruses can target 

some tissues but have limited efficacy and can only be used once per patient due to an immune 

response and production of neutralizing antibodies20. Additionally, cell-based therapies have 

concerns of arrythmias as the delivered cells may not integrate and synchronize with the host 

cardiac tissue19. Biomaterials improve upon these limitations, but the delivery of any therapeutic 

to heart remains a significant challenge12,21.  

 

1.1.4 Limitations of delivery to the heart following acute myocardial infarction 

The heart is a difficult organ to target, but developments in minimally invasive 

technologies have become standard in interventional cardiology11. As mentioned earlier, PCI is 

minimally invasive, therefore, any form of regenerative medicine intervention would still be 

minimally invasive. In the simplest form, a therapy could be delivered systemically (i.e. oral or 

intravenous) and still achieve a therapeutic dose and/or accumulate in the heart17,18. This is 

observed with current medications, such as beta-blockers and angiotensin-converting enzyme 

inhibitors, that aim to treat the symptoms, but none of the underlying causes. However, 
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regenerative medicine strategies require some targeted form of delivery, such as a patch, 

injection or infusion to an artery, such as a coronary artery24. Patches are highly invasive, 

requiring open-chest procedures and sutures to adhere a patch to the surface of the heart. 

Furthermore, a patch only treats the epicardial surface, whereas the injured or fibrotic tissue 

may not be connected to the epicardial surface22,23. Injections are less invasive but can be 

characterized as (direct) epicardial injections or (trans)endocardial injections24,25. Direct 

injections can be performed through an open chest procedure or can be performed alongside 

some imaging modality to guide the needle to the target tissue. Transendocardial injections offer 

advantages over direct injections, as they can be performed using catheter technology. 

However, in addition to fluoroscopic imaging, many systems require an additional modality to 

guide injection(s), such as the NOGA/Myostar system, which requires additional procedure time 

and training for a successful injection. Furthermore, the NOGA/Myostar system is no longer 

being developed and supported by Johnson & Johnson. Injectable therapies also have 

significant safety risks, specifically arrythmia and LV rupture. Therefore, a cardiologist would 

likely wait weeks or months to perform an injection surgery due to safety concerns26.  

Intracoronary infusion provides the advantages of an injectable therapy without the acute 

risks. Additionally, intracoronary infusion can accompany a balloon angioplasty, simplifying 

workflow implementation and allowing for acute delivery11. There is substantial precedent for 

intracoronary infusion of therapies, particular stem cell therapies27,28. Furthermore, an alginate 

biomaterial has been infused via the coronaries and has progressed to clinical trials29,30, 

demonstrating that a biomaterial can be infused and delivered to the infarcted heart.  

Ideally, an extracellular matrix (ECM) hydrogel therapy could be developed to target the 

pathways described above while also being capable of being delivered via intracoronary 

infusion. ECM hydrogels, described in detail below, have been designed to replace degraded 

ECM in cardiac tissue31, have been shown to prevent cardiomyocyte apoptosis, promote 
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neovascularization32, and sequester ROS33. An infusible EMC hydrogel could take advantage of 

the leaky vasculature, as previously shown with an infusible alginate biomaterial29,30.  

 

1.2 Extracellular matrix therapies 

Decellularized scaffolds have become increasingly prevalent in the field of tissue 

engineering. Historically, decellularized extracellular matrix (ECM) has been used as patches or 

sheets for surgical applications. For example, some of the most widespread clinical uses include 

soft tissue repair, such as burn wounds and diabetic ulcers, in which products derived from 

decellularized human skin, porcine small intestine submucosa (SIS), and porcine urinary 

bladder are used 34. In preclinical models, these have been used in a range of applications, 

including myocardial 35-38, liver 39, tracheal 40,41, and esophageal repair 42,43. However, there are 

limitations with these patches, namely they require surgical access for implantation and are not 

amenable to minimally invasive delivery, including injections and catheter-based procedures.  

Decellularized ECM can be further processed to generate an injectable material through 

two main approaches, as seen in Figure 1.1.  In the first approach, the ECM is simply ground or 

milled into a fine powder and then suspended in liquid for subsequent injection. A few clinical 

products exist in this powder form, including demineralized bone matrix 44, bladder matrix 

(MatriStem), and micronized acellular dermis 45,46 (micronized AlloDerm), and others such as 

human lipoaspirate 47-49, liver 50, and cardiac tissue 51 have been examined in preclinical models. 

In the second approach, the particulate ECM is enzymatically digested, most commonly by 

pepsin, as first described by Fryetes et al. 52. Following digestion, the ECM is brought to 

physiological pH and salt conditions, to match in vivo conditions as well as to inactivate pepsin. 

This digested ECM can then self-assemble into a nanofibrous hydrogel upon incubation at 37C 

or injection in vivo.   
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When compared to using the powder form as a therapy, the hydrogel has disadvantages 

of increased manufacturing time and includes an additional foreign protein for digestion; 

however, ECM hydrogels also have several advantages, allowing for new clinical applications. 

ECM hydrogels have been used in different ways and combinations, including as coatings 53-57, 

with cells 55,58-66, with growth factors 60,67,68, as hybrid/modified materials 59-61,64,69-81, and, more 

recently, as bioinks for tissue 3D printing 82-88. While ECM hydrogels can also be used as in vitro 

cell culture platforms 89,90, this review will focus on state-of-the-art decellularized ECM-based 

hydrogels with an emphasis on in vivo applications and functional outcomes in disease models 

(Figure 1.2). The subsections below cover how different ECM hydrogels, either from tissue 

specific or non-tissue-specific sources, have been used to treat each type of tissue.  

 

Figure 1.1: Workflow for developing injectable decellularized hydrogels.  
After continuous agitation in detergent solution, decellularized tissue is lyophilized and milled to 
yield only the extracellular matrix (ECM). Milled ECM can either be (1) suspended in solution 
and remain a non-free-standing solution, or (2) undergo enzymatic digestion to form an 
inducible non-flowing hydrogel. Images were reprinted from 91 with permission from Elsevier. 
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Figure 1.2: Applications of extracellular matrix hydrogels throughout the body 
ECM hydrogels injected for therapeutic applications throughout the body. Images were reprinted 
with permissions from Elsevier 31,59,64,92-96, Wolters Kluwer Health, Inc. 97, Mary Ann Liebert, Inc. 
98, and the American Chemical Society 55. 
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Table 1.1: Progress of extracellular matrix hydrogels towards clinical translation.  
Red indicates an ECM hydrogel that is least translated (in vitro studies only). Orange represents 
an ECM hydrogel that has been implanted/injected in vivo, but only for 
biocompatibility/histological assessment. Yellow indicates an ECM hydrogel that has been 
tested in a functional animal model (described in the last column). Green indicates that an ECM 
hydrogel has reached clinical trials. 
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Category 
Tissue 
Target 

Tissue source In vitro studies 
Biocompatibility / 

histological 
assessment  

Functional 
studies 

Clinical trials Functional Outcomes 

Myocardium Myocardium 

Porcine myocardium 53,72,82,99-106 31,76,78,79,107,108 32,77,81,85,91,109 

Ventrix,Inc. 
ClinicalTrials.gov 

Identifier: 
NCT02305602 

Ejection fraction, end diastolic volume, end 
systolic volume in mouse 81,85, rat 32,91, and pig 
91,109 myocardial infarction models and rat full-

thickness defect model 77 

Human myocardium  110-113 108    

Rat myocardium  71,114,115     

Goat myocardium  116     

Porcine pericardium   67,117 68  
Ejection fraction, fractional area change in rat 

myocardial infarction model 68  

Human pericardium 118 117   
 

Porcine small intestine 
submucosa  

119  120,121  
Ejection fraction, end diastolic volume, end 

systolic volume, contractility in mouse 
myocardial infarction model 120,121 

Human placenta   122  
Ejection fraction, end diastolic volume, end 

systolic volume, contractility in rat myocardial 
infarction model 122 

Porcine omentum  123     

Ovine pericardium 124     

Musculo-
skeletal 
tissues 

Skeletal 
muscle 

Porcine skeletal muscle  53,125,126 127 65,128  
Hindlimb perfusion in rat hindlimb ischemia 

model 65,128; 

Human umbilical cord    128  
Hindlimb perfusion in rat hindlimb ischemia 

model 128 

Porcine colon   129    

Porcine dermis   94 70  
Mechanical testing (ex vivo) in rat abdominal 

defect model 70 

Porcine urinary bladder   94,130    

Tendon 

Porcine tendon  131     

Human tendon  131-133 134,135 58,97  
Mechanical testing (ex vivo) in rat Achilles 

tendon injury model 58,97 

Equine tendon  74     

Articular 
cartilage 

Porcine articular cartilage  73,82,136,137 92    

Equine articular cartilage  74     

Bovine patella tendon  138,139     

Bovine hyaline cartilage  138,139     

Bone Bovine bone  59,69,140,141 60    

Meniscus 

Porcine meniscus   95    

Bovine meniscus 142 66    

Equine meniscus  74     

Nucleus 
pulposus 

Porcine nucleus pulposus 143 144   
 

Neural 
tissues 

Brain 

Porcine brain  145-150 61,151    

Porcine urinary bladder  147,149,150 61,93,152 62,153  

Vestibular motor/sensorimotor function via 
foot fault test 62 or beam-walking task 153; 

Cognitive function via Morris water maze 62,153 
in rat controlled cortical impact model 

Human umbilical cord  149    

Porcine spinal cord 149     

Spinal cord 

Porcine spinal cord  145,146,150,154     

Bovine bone 154     

Human wisdom teeth 154     

Porcine urinary bladder  98    

Optic nerve 
& Retina 

Porcine optic nerve  145     

Bovine retina  155     

Other 
 

Dermis Rat dermis   75,156    

Pancreas Porcine pancreas    64  
Glucose regulation in diabetic mouse model 

64 

Vocal fold 
Porcine small intestine 
submucosa  

  157,158  
Video-kymographic analysis in rabbit vocal 

cord injury model 157,158 

Adipose 
tissue 

Human adipose  82,159,160 80,96,161    

Porcine adipose   63 162  Adhesion score in rat laminectomy model 162 

Rat adipose  56 163    

Rat dermis   164    

Colon 
Porcine small intestine 
submucosa  

 165   
 

Dental tissue 
Porcine urinary bladder  166 167    

Bovine bone  168     

Esophagus 

Porcine esophagus  169    

Porcine urinary bladder  169    

Porcine small intestine 
submucosa 

169    
 

Liver 

Porcine liver  170-173     

Human liver  174     

Rat liver  174,175 55    

Canine liver  174     

Lung Porcine lung  106,176 177,178    

Cornea Porcine cornea  179,180     

Kidney 
Porcine kidney 181     

Human kidney  182     
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1.3 Myocardium  

The most common cause of heart disease and where ECM hydrogels have been applied 

most extensively is myocardial infarction (MI). Other cardiac pathologies that are in need of a 

tissue engineering solution include heart failure and congenital heart disease. As shown in 

Table 1.1, porcine-derived myocardial ECM hydrogels have progressed the furthest in terms of 

translation with a product currently in clinical trials for post-MI patients (ClinicalTrials.gov 

Identifier: NCT02305602). This hydrogel was designed to prevent and/or treat heart failure post-

MI by recreating a myocardial-specific extracellular microenvironment to facilitate endogenous 

cell infiltration and repair. This myocardial ECM hydrogel has the ability to go through a cardiac 

injection catheter as well as has no hemocompatibility issues, likely because of the digestion 

process 109, as opposed to ground ECM which contains a number of high molecular weight 

collagens that are known agonists for platelet activation 183,184. Multiple in vivo models, including 

rat and porcine MI models, displayed the feasibility, safety, and efficacy of the injectable ECM 

hydrogel therapy, showing increases in cardiac muscle, neovascularization, and regional and 

global cardiac function 31,91,109.  

To further investigate this mechanism of repair, Wassenaar et al. performed whole 

transcriptome analysis on RNA isolated from the infarct region of rat hearts injected with the 

myocardial ECM hydrogel as compared to saline 32. Pathways associated with cardiac repair 

(e.g. neovascularization, cardiac transcription factors) were upregulated, and pathways 

associated with negative left ventricular remodeling (e.g. inflammation, apoptosis, fibrosis) were 

downregulated. Improvements in cardiac function, as demonstrated in animal models, could 

suggest a stimulation in cardiac muscle formation that is reminiscent of developmental stages. 

Increases in cardiomyocytes and cardiac muscle were in fact observed in both rat and porcine 

MI models 91,109. As an alternative to porcine myocardium, rat 71,114,115, goat 116, and human 

myocardium 110-113 have been tested in vitro. Additionally, porcine small intestine submucosa 
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(SIS) 120,121 and human placenta 122 has been explored in vivo as a non-tissue-specific source as 

well as human and porcine pericardium as a potentially autologous tissue sources 67,68,117,118,185. 

SIS hydrogels demonstrated functional improvements in a mouse MI model alongside increased 

angiogenesis and decreased infarct size 120,121, whereas the human placenta hydrogel did show 

functional improvements in a rat MI model 122. When compared to porcine pericardium, human 

pericardium performed comparably with regards to neovascularization and c-Kit+ cellular 

infiltration when injected into non-ischemic rat myocardium 117. However, both human pericardial 

and myocardial ECM showed significant variability in composition across patient sources 110,118.  

Several groups have explored modification of the myocardial ECM, including as a 

chitosan-ECM hybrid patch 76,77,81, an injectable silk-ECM hybrid material 78,79, through cross-

linking via genipin 81. The chitosan-ECM hydrogel patch was tested in a rat heart full-thickness 

defect model, representative of a congenital heart disease, Tetralogy of Fallot 77. The chitosan-

ECM patch showed significant improvements in right ventricular ejection fraction over a 

commercially available bovine pericardium-derived patch 77. A silk-ECM hybrid was developed 

to allow for greater control of the mechanical properties of an ECM hydrogel. This scaffold was 

implanted 79 and injected subcutaneously 78 in a rat model, allowing for cellular infiltration and 

vascularization of the biomaterial. Furthermore, cardiac ECM hydrogels have been tested for 3D 

printing applications 83,85. A 3D printed cardiac ECM hydrogel patch was combined with human 

cardiac progenitor cells and was printed with a pattern to promote vascularization of the 

construct 85.  Following implantation in a Balb/c nude mouse MI model, the patch showed 

significant improvements in cardiac function 85. The pericardial ECM hydrogel has also been 

modified with the addition of growth factors including basic fibroblast growth factor67 and an 

engineered hepatocyte growth factor (HGF) fragment 68. When basic fibroblast growth factor 

was delivered with the pericardial ECM hydrogel in a rat MI model, there was significantly 

enhanced neovascularization compared to delivery alone or in collagen, and the new 
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vasculature anastomosed with the existing vasculature 67. Delivery of HGF fragments in the 

pericardial hydrogel in a rat MI model improved fractional area change and increased arteriole 

density 68. These studies show how ECM hydrogels can be modified to improve mechanical 

properties, cell infiltration, neovascularization, and functional outcomes.  

 

1.4 Musculoskeletal tissues 

1.4.1 Skeletal muscle 

Skeletal muscle can be damaged acutely from blunt injuries, resulting in scar tissue 

formation and volumetric muscle loss. Alternatively, skeletal muscle can undergo ischemic 

damage and atrophy in cases of peripheral artery disease (PAD). An injectable porcine-derived 

skeletal muscle ECM hydrogel was developed to treat PAD and was initially tested in rat 

hindlimb ischemia models 65,127,128. The skeletal muscle ECM significantly promoted endothelial 

cell infiltration, arteriogenesis, muscle cell proliferation, and muscle progenitor cell infiltration 127. 

Following this initial study, the porcine skeletal ECM was compared alongside decellularized 

human umbilical cord ECM, which served as a young developmental non-tissue-specific 

experimental group 128. As a functional outcome, perfusion of the ischemic limb was measured 

and normalized against the healthy limb. Both the umbilical cord and skeletal muscle ECM 

significantly increased perfusion versus the saline control. However, through muscle fiber 

morphology assessment, the skeletal muscle ECM hydrogel more closely matched native 

healthy skeletal muscle in terms of average muscle fiber area, circularity, and roundness, as 

compared to human umbilical cord ECM. This skeletal muscle ECM was further tested as a cell 

delivery platform.  In healthy mice and a hindlimb ischemia model, the skeletal muscle ECM 

hydrogel significantly increased skeletal myoblast survival, particularly when co-delivered with 

fibroblasts to better mimic the muscle-specific microenvironment 65. As similarly demonstrated in 
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MI models, ECM hydrogels increase the formation of vessels and perfusion, illustrating a 

possible mechanisms of repair that can be observed across multiple tissue applications.  

In addition to treating PAD, ECM hydrogels have also been examined for more 

traditional skeletal muscle tissue engineering using an abdominal wall defect model in which a 

portion of skeletal muscle is removed 70,94,129. Hong et al. first developed a porcine dermal ECM 

hybrid with poly(ester urethane)urea 70. The materials were interwoven through a concurrent 

electrospin/electrospray technique and subsequently incubated at 37C for gelation. The 

scaffold was implanted into a rat abdominal wall defect model, harvested 4 weeks later, and 

assessed histologically and mechanically 70. The resulting tissue had significantly increased 

stiffness, almost matching native tissue stiffness 70. Furthermore, staining showed extensive 

macrophage (CD68 positive) and smooth muscle actin positive cell infiltration and increased 

muscle area as indicated by Masson’s trichrome 70. Wolf et al. compared a porcine-derived 

dermal ECM hydrogel with a urinary bladder matrix (UBM) hydrogel in a rat abdominal wall 

defect model 94. Both the dermal and UBM hydrogels provided an environment for CD68 

positive and myosin heavy chain positive cell infiltration, but UBM hydrogels degraded more 

quickly and led to greater amounts of myogenesis 94. A porcine colon ECM hydrogel was also 

tested in a rat abdominal defect model, showing biocompatibility and pro-regenerative 

macrophage polarization ratios (M2:M1) 129. The research of ECM hydrogels in an abdominal 

wall defect models demonstrates a wide range of non-tissue-specific sources as a contrast to 

the use of skeletal muscle ECM hydrogels in PAD models.  

 

1.4.2 Tendon  

Ligament and tendon injuries can result from overuse and accumulation of microtears, 

leading to eventual full-thickness tearing and loss of mechanical function. An injectable hydrogel 
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could provide a scaffold for repairing both types of injuries, as it can fill a cavity and disperse 

throughout the tissue. Farnebo et al. developed an injectable hydrogel therapy derived from 

human cadaveric tendon that can be injected intramuscularly 134. The tendon ECM hydrogel was 

capable of inducing human adipose-derived stem cell proliferation in vitro alongside 

macrophage and fibroblast invasion in vivo when subcutaneously implanted and intramuscularly 

injected in rats. This material was tested in a rat Achilles tendon full-thickness defect model, 

where the hydrogel caused a significant increase in ultimate failure load of ex vivo tendons over 

saline controls at 4 weeks post-injection 97. Further studies explored supplementation of the 

material with rat-derived platelet-rich plasma and rat adipose-derived stem cells 58. At 2, 4, and 

8 weeks post-injection, tendons were harvested and mechanically tested ex vivo. The elastic 

modulus was significantly increased over saline controls at weeks 2 and 4 for all the hydrogel 

groups (hydrogel alone, hydrogel with platelet-rich plasma, hydrogel with adipose-derived stem 

cells, and hydrogel with both platelet-rich plasma and adipose-derived stem cells). At week 8, 

only the hydrogel with both plasma and stem cells had a significantly increased elastic modulus 

58.  

While there were promising initial ex vivo functional studies with human tendon sources, 

others looked to transition to more commercially sustainable sources, including porcine 131 and 

equine 74. Crowe et al. studied the effects of lyophilization and reconstitution of the hydrogel, 

showing that reconstituted hydrogels provided greater rat adipose-derived stem cell viability and 

proliferation in vitro compared to non-lyophilized hydrogels stored at 4°C 135. Furthermore, 

reconstituted hydrogels maintained cell survival, as monitored via bioluminescence, when 

implanted subcutaneously in rats as compared to fresh non-lyophilized hydrogels 135. The ability 

of hydrogels to be lyophilized and stored long-term in addition to coming from xenogeneic 

sources could greatly increase their commercialization potential.  
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1.4.3. Articular cartilage  

As cartilage is known to have limited regenerative capacity, invasive microfracture 

surgery is the current clinical standard to facilitate cartilage regeneration through recruitment of 

stem cells. An injectable hydrogel could accompany or replace this procedure if delivered with 

the appropriate stem cells or growth factors. Kwon et al. first described a porcine articular 

cartilage ECM hydrogel drug delivery system that was initially injected subcutaneously in rats 92. 

The hydrogel was monitored in real time through in vivo fluorescent imaging, and sustained 

release of fluorescein labeled bovine serum albumin, which served as model protein, was 

observed over 20 days. Various hybrid in vitro studies of devitalized cartilage and decellularized 

cartilage have been performed, aimed at optimizing the cellular response and mechanical 

properties of the gels 73,136,186. Devitalized cartilage only kills the cells in the cartilage through 

freeze-thaw cycles and does not necessarily remove cellular debris, whereas decellularized 

cartilage includes additional chemical processing after devitalization to remove cellular content, 

specifically detergent rinses 186. When mechanically tested as ex vivo gels, devitalized cartilage 

possessed a greater yield stress as compared to decellularized cartilage 186. Another study 

demonstrated that when cultured with rat bone marrow-derived stem cells, methacrylated 

porcine-derived decellularized cartilage hydrogels demonstrated a stress-strain profile similar to 

native porcine cartilage 73. Moreover, sox-9, aggrecan, and collagen II expression increased, 

whereas collagen I expression decreased on methacrylated cartilage hydrogels as compared to 

methacrylated gelatin controls 73. The combination of these studies suggests that 

decellularization and digestion may be too harsh for some tissues, resulting in gels that may be 

too mechanically weak for a load bearing tissue and necessitating material modification.  
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1.4.4. Bone 

The nonunion of fractured bone can result from the lack of blood supply and appropriate 

growth factors to the fracture region. An ECM hydrogel can be injected in the fracture region to 

deliver exogenous growth factors or sequester them endogenously. Bone ECM is unique in that 

it requires demineralization through hydrochloric acid agitation, as described by Peterson et al. 

in a commercially available demineralized bone matrix 44. Sawkins et al. expanded upon this 

with further processing of decellularization and digestion of the demineralized bone matrix, 

resulting in an injectable hydrogel derived from bovine tibiae 140. This demineralized and 

decellularized bovine-derived bone matrix was mixed with alginate and explored as a delivery 

vehicle of growth factors in an ex vivo chick femur defect model for bone repair 59,69. When 

seeded with human adult Stro-1+ bone marrow stromal cells supplemented with bone 

morphogenetic protein-2 and then placed in the defect, this resulted in increased bone matrix 

formation and collagen deposition 59. This hybrid delivery vehicle with human adult Stro-1+ bone 

marrow stromal cells was subcutaneously implanted into immunodeficient mice, and it 

correlated with bone formation through micro-CT assessment and Von Kossa staining, 

regardless of growth factor supplementation 60. This study reiterates the versatility of ECM 

hydrogels as delivery platforms for stem cells and growth factors; however, the diversity of stem 

cells and growth factors requires much optimization and careful selection as they become 

increasingly complex therapies.  

 

1.4.5. Meniscus  

Similar to articular cartilage, meniscus injuries can result from acute tears or gradual 

degradation. An injectable hydrogel with the appropriate mechanical properties could replace 

the meniscus, or a hydrogel could be remodeled to match the native tissue if able to recruit 

endogenous cells or if delivered with the appropriate cells. Wu et al. described an injectable 
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porcine meniscus ECM hydrogel, in which the hydrogel supported primary bovine chondrocyte 

and mouse fibroblast survival up to 7 days and infiltration at 14 days in vitro 95. Additionally, this 

materials was subcutaneously injected in a female Balb/c mouse and showed rapid degradation 

but no severe immune response by 7 days post-injection 95. A bovine meniscus ECM hydrogel 

was also explored for the delivery of human mesenchymal stem cells (MSCs) in an orthotopic 

rat model of meniscal injury 66. Meniscal regeneration was observed macroscopically, with 

MSCs retained out to 8 weeks post-injection. This suggested that the MSCs may have played a 

role in reducing hydrogel degradation, which may have led to long-term mechanical 

improvements of the injured meniscus. Visser et al. described a protocol to functionalize equine 

cartilage, tendon, and meniscus ECM hydrogels with photo-crosslinkable methacrylamide 

groups to react with methacrylated gelatin 74. This study explored chondrocyte and 

mesenchymal stem cell gene expression, matrix formation, and hydrogel stiffness up to 6 weeks 

in vitro as compared to methacrylated gelatin controls 74. They noted increased hydrogel 

stiffness following methacrylation but decreased survival of chondrocytes 74. Specifically, 

chondrocytes displayed inflammatory pathway upregulation in tissue-derived gels 74. Even 

though methacrylation improved mechanical properties and decreased degradation rates, the 

study suggests that methacrylation may reduce the cellular survival and differentiation effects of 

decellularized ECM, reducing the bioactivity of the ECM hydrogel, contrary to improvements 

seen in articular cartilage hydrogels. It is important to balance the bioactivity of an ECM 

hydrogel with any modification, as this can negate the utility of the material as compared to less 

bioactive alternatives.  
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1.5. Neural tissues 

1.5.1. Brain 

The brain can become injured following cortical impact or due to a lack of blood supply, 

resulting in traumatic brain injury or an ischemic stroke lesion, respectively. Whereas a stroke 

cavity can be targeted for injection(s) of a hydrogel therapy, traumatic brain injury may require a 

series of injections sites as the damage may be diffuse. DeQuach et al. first reported a method 

to process porcine brain into a hydrogel for culture of neurons 151, and others have described 

similar techniques for developing porcine brain hydrogels for in vitro studies 145,146. Bible et al. 

tested a hydrogel mixture of porcine UBM and porcine brain ECM, which was delivered with 

neural stem cells into a rat stroke model 61. The cells were tracked through (19)F- and diffusion-

MRI over 7 days, but they did not form fiber tracts or integrate with the cellular network 61. 

Further studies examined the effects of UBM hydrogel concentration in the stroke cavity in a rat 

model and its effects on gelation and host cell infiltrate 93,152. Gelation only occurred above 3 

mg/mL, whereas lower concentrations were seen permeating in the peri-infarct area 93. Based 

on the increased infiltration of microglia, neural/oligodendtrocyte progenitors, and M2 phenotype 

macrophages, it was suggested that a UBM hydrogel concentration of 8 mg/mL would result in 

the highest endogenous repair response 152. In another study, a human umbilical cord ECM 

hydrogel demonstrated significantly increased proliferation of human MSCs over UBM, spinal 

cord, and brain ECM hydrogels, whereas all hydrogels promoted differentiation of MSCs 

towards neural stem cells 149. Similar to UBM, the umbilical cord hydrogel was injected into a 

stroke cavity in a rat model, demonstrating in situ gelation and macrophage infiltration.  

Further studies tested injections of a UBM hydrogel following traumatic brain injury in 

rats 62,153. The UBM hydrogel alone and with mouse neural stem cells decreased neuron loss 

and white matter injury as compared to saline vehicle and sham controls 62. However, only rats 

that received an injection of UBM hydrogels with neural stem cells reduced memory and 
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cognitive impairments in the Morris water maze test as compared to the saline vehicle and UBM 

hydrogel alone 62. In another study, UBM hydrogel injections alone decreased lesion volume 

and myelin disruption upon histological examination as compared to the saline vehicle control 

153. This was accompanied by vestibular motor improvements in the beam balancing test but did 

not result in cognitive improvements in the Morris water maze test as compared to the vehicle 

control 153. These studies suggest that a non-tissue-specific approach can decrease the damage 

resulting from an ischemic injury, but tissue-specific components (i.e. neural stem cells) may be 

required for true functional improvements.  

 

1.5.2. Spinal cord 

Spinal cord injury results in a loss of function and sensation below the injury, but 

hydrogel therapies are aimed at bridging the gap in the spinal cord. Methods have been 

published for preparing porcine spinal cord hydrogels and testing in vitro, demonstrating the 

proliferation, migration, and differentiation of neoplastic rats cells derived from neural crest 

tissue 145 and mouse neuroblastoma cell neurite formation 146. The porcine spinal cord hydrogel 

and UBM hydrogel were tested in a rat spinal cord injury model 98. Both materials provided a 

bridge across the lesion cavity, both displaying integration, neovascularization, and axonal 

growth, even though the hydrogels degraded rapidly 98. Both hydrogels were also tested as a 

delivery platform for human MSCs derived from Wharton’s jelly, but did not show any significant 

differences in blood vessel or neurofilament formation 98. Modification of these hydrogels in the 

future may reduce degradation and improve the effects of exogenously delivered cells.  
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1.6. Other tissues and organs 

1.6.1. Dermis 

As dermal products are usually sheets for treating burn wounds and diabetic ulcers, 

ECM hydrogels can allow for pre-molding into irregular shapes, similar to injecting into an 

irregularly shaped cavity. Mechanical strength is an important design criterion for dermis, where 

hydrogels are typically lacking. Pilipchuk et al. aimed to improve the poor mechanical properties 

of dermal ECM hydrogels through glutaraldehyde crosslinking after gelation and subsequent 

subcutaneous implantation 75. These hydrogels were formed via the methods described by Uriel 

et al. for adipose tissue and were pH induced 163. Crosslinking increased mechanical stiffness 

and reduced in vitro pepsin degradation, and following rat subcutaneous implantation, 

crosslinked hydrogels better maintained their shape and volume as compared to non-

crosslinked hydrogels 75. Dermal ECM via the Uriel method was also tested in a rat full 

thickness wound healing model 156. Dermal hydrogels were pre-molded and fixed within a 

silicone splint ring to prevent wound contraction, but due to fast degradation and weak 

mechanical properties, no significant wound healing was observed with the dermal ECM 

hydrogel. The dermis is unique in that an ECM hydrogel therapy can be easily applied, whereas 

other tissues require invasive procedures or injections. As these hydrogels were pre-molded, 

new and innovative delivery strategies may emerge, such as spraying or direct application to the 

wound.  

 

1.6.2. Pancreas  

In cases of type 1 diabetes, the pancreas does not produce enough insulin, resulting in a 

lack of blood glucose control. However, a pancreas-derived ECM hydrogel could provide a 

favorable environment for stem cell differentiation and support. In a study by Chaimov et al., 

porcine pancreatic ECM hydrogels were developed and tested in a diabetic mouse model as a 
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proof of concept 64. Induced pluripotent stem cells derived from human liver cells and human 

MSCs were differentiated into glucose-regulated insulin-producing cells. These cells were then 

encapsulated in a pancreatic ECM hydrogel and injected subcutaneously in a diabetic mouse 

model. The pancreatic ECM hydrogel encapsulated with differentiated cells demonstrated 

significantly improved glycemic control when mice were administered glucose as compared to 

injected cells or ECM hydrogels alone 64.  

 

1.6.3. Vocal fold 

The vocal fold can become scarred by trauma, resulting in a loss of function, specifically 

an inability to vibrate and produce sound. An injectable ECM hydrogel can provide a scaffold in 

the damaged region to prevent scar formation/progression. A porcine SIS hydrogel was studied 

as a delivery vehicle for cells and growth factors in a rabbit vocal fold injury model 157,158. When 

delivering rabbit bone marrow derived MSCs in an SIS hydrogel, harvested vocal folds had a 

reduced scar index and enhanced vibratory capacity through videokymographic analysis, when 

compared to the SIS hydrogel or MSCs alone at 8 weeks post-injection 157. When delivering 

HGF in an SIS hydrogel, mucosal wave oscillations were significantly increased, and elastic and 

viscous moduli were significantly decreased as compared to saline and HGF alone at 3 months 

post-injection 158. Both studies showed increased hyaluronic acid deposition and functional 

improvement over respective controls, as the SIS hydrogel provided greater targeting and 

retention of the respective therapy.  

 

1.6.4. Adipose tissue 

An adipose-derived hydrogel would most commonly be used for reconstructive surgery. 

An injectable filler material would be ideal, but many current clinical biomaterials do not match 
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the native microenvironment, degrade too quickly, and/or do not actually generate adipose 

tissue. Many studies have investigated an injectable decellularized adipose tissue powder 49,187, 

but few have developed a decellularized injectable hydrogel. Young et al. first developed and 

characterized an injectable decellularized adipose tissue hydrogel derived from human 

lipoaspirate, showing hydrogel formation following subcutaneous injection in athymic mice 

alongside in vitro growth and survival of patient-matched adipose-derived stem cells 96. This 

material was tested with adult adipose-derived stem cells and a crosslinking agent, 

transglutaminase, in athymic mice 161. At 4 weeks post-injection, the ECM hydrogels showed 

tissue integration, whereas the ECM hydrogels with stem cells and/or crosslinking agent 

showed new adipocyte formation greater than the ECM hydrogel alone. This was compared 

against the current clinical standard, Juvederm (Allergan), which showed no tissue integration or 

new adipocyte formation at 4 weeks post-injection. Poon et al. developed a human and porcine 

adipose ECM hydrogel demonstrating >90% efficiency of differentiating adipose-derived stem 

cells into adipocytes 63. The porcine adipose ECM hydrogel seeded with rat adipose-derived 

stem cells and fibroblast growth factor displayed significant adipogenesis 8 weeks post-

subcutaneous implantation in a rat 63. Even though the hydrogels were injectable in this study, 

they were pre-molded and implanted within silicone rings for stability 63. In another study, a 

human lipoaspirate ECM hydrogel was combined with silk fibroin to improve mechanical 

properties 80. This hydrogel was subcutaneously implanted with autologous pre-differentiated 

adipose stem cells and demonstrated increased vascularization over hydrogel alone controls 80. 

As a contrast to typical pepsin digestion, Uriel et al. described a method for 

decellularization and digestion of rat adipose tissue using a dispase enzyme, homogenization, 

and urea extraction 56,163. In addition to thermally induced gelation, these hydrogels also formed 

when pH was reduced to ~4.0. Hydrogels created from both temperature and pH induction 

supported adipocyte differentiation and adipogenesis when pre-molded and subcutaneously 
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implanted in a rat model. Furthermore, a rat dermis-derived ECM hydrogel was explored using 

the digestion method described by Uriel et al. 164. When pre-molded and subcutaneously 

implanted in a rat model, the dermis-derived ECM hydrogel also encouraged similar levels of 

adipogenesis through both methods of induction when compared to the adipose-derived ECM 

hydrogel.  

Following invasive surgery, adhesions can form between organs and surrounding 

connective tissue restricting organ function.  One strategy to prevent this is to generate adipose 

tissue, which is non-adherent. In particular, following spinal cord surgery, epidural fibrosis can 

result in scar tissue adhering to the dura. An injectable hydrogel surrounding the spinal cord 

could limit this adhesion by guiding the surrounding tissue to form adipose tissue. Lin et al. 

developed a decellularized porcine adipose hydrogel, performing decellularization through 

freeze-thaw cycles as a detergent-free method 162. This hydrogel was combined with hyaluronic 

acid, loaded with rat adipose stromal cells, and injected into a post-spinal cord injury 

(laminectomy) rat model of epidural fibrosis. After 6 weeks, the hydrogel displayed an ability to 

block fibrous tissue formation within the ECM hydrogel with a preference toward adipose tissue 

development, resulting in lower adhesion scores. This demonstrates how ECM hydrogels can 

guide the regeneration of tissue, specifically adipose tissue, possibly due to tissue-specific cues. 

This could lead to combination therapies in the future to guide regeneration of complex tissue 

systems, at the interface of different tissues.  

 

1.6.5. Colon 

Inflammatory bowel disease, specifically ulcerative colitis, can result in disruptions of the 

gastrointestinal tract. An ECM hydrogel delivered via enema can gel within these defects, 

creating a scaffold for a continuous gastrointestinal tract. A porcine SIS hydrogel was 

administered during a daily enema for 7 days to treat a rat ulcerative colitis model, resulting in a 
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thin hydrogel coating of the colon 165. Harvested colons had significantly lower inflammation and 

ulceration scores as compared to the vehicle control, which was neutral buffered pepsin. 

Furthermore, monolayers of intestinal epithelial cells from harvested colons were assessed 

through transepithelial electrical resistance measurements, where the SIS hydrogel group 

showed increased resistance, indicating an improvement of the epithelial barrier 165. This 

demonstrates how some ECM hydrogels can be easily and repeatedly applied, specifically daily, 

to potentially improve the effects of the therapy. For injectable therapies, this could translate to 

injections every couple weeks, potentially addressing fast degradation issues observed in many 

applications.  

 

1.6.6. Dental tissues 

During an endodontic procedure, most commonly a root canal, necrotic dental pulp is 

removed, and the remaining cavity is filled with a bioinert material. Instead, a hydrogel could be 

placed in this cavity to assist in dental pulp/dentin tissue repair to result in a functional tissue. 

The culture of dental pulp cells and stem cells have been studied on porcine UBM 166,167 and 

bovine bone ECM 168. A hybrid UBM hydrogel containing bioactive glass with silver ions has 

also been developed 166,167. Silver was specifically chosen for its antibacterial properties, as 

there is a high risk of infection in the dental cavity 166,167. The material promoted proliferation of 

primary human dental pulp cells in culture and prevented bacterial growth in vitro 166,167. This 

material was implanted subcutaneously with human dental pulp stem cells in immunodeficient 

mice showing dentin-like morphology and an odontoblast-like layer reminiscent of dental tissue 

167. Another study investigated the odontogenic differentiation of dental pulp stem cells in bovine 

bone ECM, showing significantly upregulated markers for bone and increased mineral 

deposition as compared to collagen I gel controls 168. As dental applications work at the 

interface of different tissues, different sources of ECM hydrogels may be necessary to 
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regenerate respective tissues. ECM hydrogels from varying sources are showing promise with 

regards to bone and dental pulp.   

 

1.6.7. Liver 

In cases of liver disease, the liver can undergo chronic cirrhosis, which may progress to 

liver failure if untreated, as the liver has become too severely damaged to regenerate. However, 

transplantation of functional hepatocytes in an ECM hydrogel platform could assist in liver 

regeneration. Sellaro et al. described the first porcine liver ECM hydrogel, which demonstrated 

preservation of primary human hepatocyte function, specifically albumin secretion, hepatic 

transport activity, and ammonia metabolism 170. Studies by Skardal et al. mixed liver ECM, both 

fresh and decellularized, with collagen type I, hyaluronic acid, or heparin-conjugated hyaluronic 

acid hydrogels to study the survival and function of primary human hepatocytes, showing both 

synthesized and secreted steady levels of albumin and urea alongside sustained drug 

metabolism of ethoxycoumarin 171. Takeda et al. studied tunable sheets and 3D porous 

structures derived from liver ECM hydrogels, showing trends of optimal HepG2 (human liver 

carcinoma) cell proliferation at 1% ECM w/v 172. Others have studied how liver ECM affects 

hepatocyte function 175, morphology 175 and phenotype 174 in vitro, with only one in vivo study to 

date 55. Lee et al. investigated a decellularized rat liver ECM hydrogel as a delivery platform for 

primary hepatocytes in athymic mice, and upregulated albumin and hepatocyte nuclear factor 4-

alpha expression at 1 week following subcutaneous injection 55. As the liver already possesses 

regenerative capacity, ECM hydrogels could rescue and enhance this property.  
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1.6.8. Lung 

A number of chronic respiratory diseases are difficult to treat with a regenerative 

medicine approach since delivery to the lungs can be challenging, as typical aerosolized liquids 

rapidly clear from the lungs as well as undergo shear forces that are too harsh for stem cell 

delivery. Hydrogels can typically be injected or pre-molded, but the digested liquid pre-gel ECM 

can also be inhaled to reach and form a gel in the lungs. A porcine lung ECM hydrogel was 

developed as a delivery system for human bone marrow derived MSCs in the lungs 177. The 

ECM hydrogel was delivered in a rat emphysema model as an orotracheal solution instillation of 

pre-gel lung ECM mixed with rat MCSs. Lungs were harvested 24 hours later and histologically 

assessed for the presence of MSCs. The ECM demonstrated MSC viability and attachment in 

vitro, as well as increased cell retention in vivo. In another study, a lung ECM hydrogel was 

tested in a rat hyperoxia model and was delivered via instillation or nebulization 178. Both 

methods of inhalation reduced cell apoptosis and oxidative damage, which was assessed 

histologically. This unique delivery method of inhalation is promising as a noninvasive therapy, 

as it can not only increase the retention of stem cells, but may also increase retention and 

distribution of other therapeutics, including antibiotics or bronchodilators.   

 

1.7. Translational considerations 

1.7.1. Tissue source  

Tissue source species can impact the properties of an injectable ECM hydrogel, 

specifically its mechanical properties as well as its scalability. Source species can be 

xenogeneic, typically from porcine or bovine sources, allogeneic from cadaveric donor tissue 

sources, or autologous in rare cases. A few studies directly compared porcine and human 

sources 113,117,131. It was shown that human myocardial sources had decreased mechanical 

stiffness compared to porcine 113. However, for tendon, human-derived hydrogels were 
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mechanically stronger than porcine sources 131. There are possibilities for autologous tissue 

sourcing, as demonstrated with the pericardium 117 and omentum 123-based tissue sources, but 

these sources require invasive surgeries and delayed processing time with an inability to be off-

the-shelf. Additionally, another issue is the patient-to-patient variability of human sources, as 

this has been demonstrated in sulfated glycosaminoglycan and collagen content in human 

myocardium 110 and pericardium 117, as well as difficulties in processing some samples of human 

myocardial ECM into the hydrogel form 113. Xenogeneic sources are readily available, as 

compared to human autologous or cadaveric tissue, and can allow for increased scale of 

production and batching of tissue, which can ameliorate the variability demonstrated on the 

individual scale.  

 

1.7.2. Tissue age  

Tissue source age also plays an important factor as tissue ECM typically becomes more 

cross-linked and stiffens with age alongside increasing adipose tissue deposition and fibrosis 

9,188. In the comparison of human cadaveric hearts versus porcine hearts, tissue source age 

may have played a role, as porcine sources were from young adult pigs, while cadaveric 

sources were from much older human donors 113. This variation in age was directly studied by 

Sood et al. in applications of neuron cell culture, where porcine fetal brain ECM outperformed 

porcine adult brain ECM in regards to neuronal network formation, calcium signaling, and 

spontaneous spiking activity with primary rat neuron cells 148. In another study, neonatal rat 

cardiomyocytes cultured on fetal cardiac ECM showed greater proliferation, as compared to 

neonatal and adult rat cardiac ECM 114. These observations are reinforced with studies on 

decellularized ECM that is produced from cell cultures in vitro. Cell-secreted matrices from 

young and old mouse MSCs showed compositional differences in the secreted ECM 189. Young 

MSC-derived ECM was able to rescue the phenotype of old MSCs, improving replication and 
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osteogenic capacity. Additionally, it was shown that cell-secreted ECM from human fetal bone 

marrow MSCs improved proliferation and maintained differentiation potential of late-passage 

human adult MSCs, as compared to cell-secreted ECM matrices from adult human MSCs 190. 

These studies suggest that younger tissue may be a better source for tissue engineering 

applications, given that younger tissue sources, with the exception of fetal tissues, are readily 

available.  

 

1.7.3. Tissue specificity  

Each ECM is different in terms of structure and composition, providing unique 

microenvironments and biochemical cues. ECM can retain a number of tissue-specific 

components following decellularization, including proteins 191, growth factors 192 and 

nanovesicles 193, suggesting that some ECM hydrogels may provide an increased therapeutic 

effect by matching components of the target tissue’s native ECM.  There are only a handful of 

studies that have directly compared tissue-specific to non-tissue-specific ECM hydrogels.  For 

example, French et al. showed that coatings of cardiac ECM significantly increased expression 

of early cardiomyocyte markers in cardiac progenitor cells compared to both collagen and 

adipose ECM 104. Viswanath et al. also compared hydrogels derived from spinal cord, bone, and 

dental ECM showing a significant increase in human apical papilla derived MSCs differentiating 

towards the neural lineage on spinal cord ECM 154. These studies show the potential of tissue-

specific ECM hydrogels to guide stem cell differentiation towards the appropriate lineage, which 

would be important for either exogenous stem cell delivery or endogenously recruited stem cells 

in vivo.  Even fewer studies have directly examined tissue specificity in vivo.  In particular, a 

porcine skeletal muscle ECM hydrogel was compared against a human umbilical cord ECM 

hydrogel in rat hindlimb ischemia model 128. Both materials improved hindlimb perfusion over the 

saline control; however, muscle treated with the skeletal muscle ECM hydrogel more closely 
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matched native healthy skeletal muscle histologically, as compared to human umbilical cord 

ECM, suggesting the importance of tissue-specific ECM cues.  

While a majority of ECM hydrogel applications contain at least one tissue-specific 

approach in a functional model (e.g. cardiac 32,91,109, skeletal muscle 65,128, and tendon 58,97), 

there are a number of non-tissue-specific in vivo applications, most notably with porcine UBM 

and SIS hydrogels, likely because sheets of these ECM are already commercial products. A 

UBM hydrogel in a traumatic brain injury rat model showed decreased neuron loss and white 

matter injury 62, as well as decreased lesion volumes, myelin disruptions, and vestibular motor 

improvements over respective controls 153. SIS hydrogels demonstrated functional 

improvements in a mouse MI model 120, as well rabbit vocal fold injury models 157,158. A direct 

comparison of an esophageal hydrogel versus a UBM hydrogel was studied in a rat mucosal 

resection model 169. Differences were observed in vitro, as the esophageal hydrogel promoted 

greater migration and organoid proliferation; however, both treatment groups fully recovered 169.  

These improvements seen across non-tissue-specific ECM treatments may occur 

because ECM contains components that are shared across tissues, in particular, collagens. 

Non-specific ECM may support mechanisms necessary for regeneration (i.e. 

neovascularization), which complements the enhanced perfusion observed in the hindlimb 

ischemia model, but does not support tissue-specific regeneration (i.e. muscle stem cell 

recruitment and fiber development) 128. Standard ECM components may be sufficient in certain 

applications, but, as illustrated in the hindlimb ischemia study evaluating a skeletal muscle ECM 

hydrogel, tissue specificity may promote enhanced regeneration. Future studies are needed to 

fully address this question, particularly those that evaluate ECM hydrogels from the same 

species and use the same decellularization methods. These variables can both affect residual 

ECM components, which will affect in vivo outcomes. 
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Beyond tissue specificity, regional specificity may also be important. For example, 

O’Neill et al. compared ECM from regions of the kidney, specifically the cortex, medulla, and 

papilla, on kidney stem cell growth and metabolism in various physical forms, including sheets, 

hydrogels, and solubilized ECM 181. Papilla ECM in solubilized and hydrogel forms showed 

notable differences on kidney stem cells, including lower proliferation and higher metabolic 

activity, relative to ECM derived from the cortex, medulla, and whole kidney. These results were 

echoed in a study comparing ECM from the inner and outer meniscus 142. Collagen and 

aggrecan expression of human bone marrow MSCs varied between the inner and our meniscus 

ECM hydrogels 142. Tissue is typically processed to ensure a homogeneous material through 

removal of vessels, nerves, and adipose tissue, but these studies highlight that regions of a 

tissue may play a role in tissue-specific approaches.   

 

1.7.4 Tissue processing 

In addition to the challenges associated with tissue source, tissue processing offers a 

unique set of challenges for ECM hydrogels. In particular, there is a high degree of variability in 

the decellularization techniques that are used between groups, including sodium dodecyl sulfate 

(SDS), ethylenediaminetetraacetic acid, and Triton X-100 194. These techniques are not 

rigorously optimized and/or criteria for optimization are not clear with the exception of DNA 

content, as lower concentrations are generally desirable for yielding a sufficiently decellularized 

materials. Many techniques are tissue-specific, and no decellularization technique is considered 

standard for each tissue. Cell dense tissues (e.g. myocardium 31) require harsh detergents such 

as SDS, whereas more fragile tissues (e.g. lung 177, pancreas 64) use mild detergents such as 

Triton. Challenges remain with regard to finding techniques that are stringent enough to 

rigorously remove the cellular components yet mild enough to produce ECM of sufficient quality. 

Solubilization is less varied, with the majority of solubilization techniques being performed by 
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partial enzymatic digestion with pepsin 52. There are a number techniques to characterize and 

assess the quality of ECM hydrogels, including histological analysis, polyacrylamide gel 

electrophoresis, a 1,9-dimethylmethylene blue dye (DMMB) assay, mass spectroscopy, electron 

microscopy, mechanical testing, and cell culture 195; however, each group often only performs a 

few of these techniques. One of the more promising newer modalities is to use ECM targeted 

mass spectrometry, which can quantify ECM components as well as residual cellular proteins 

110,196.  A recent review by Saldin et al. discusses in more detail the decellularization and 

solubilization protocols for various ECM hydrogels in addition to hydrogel characterization 

methods 197. 

 

1.7.5. Sterilization 

Though not explicitly stated in most studies, aseptic technique is the most widely used 

method for ensuring sterility of ECM hydrogels. Decellularization steps typically include harsh 

detergents, acids, and antibiotics that limit bacterial exposure and growth following the tissue 

harvest. Furthermore, the digestion step, most commonly including pepsin in low pH, mediates 

proteolysis that can kill most bacteria 198. Therefore, if aseptic technique is employed during 

digestion and all subsequent processing, the ECM can be effectively considered as sterile. 

Briefly discussed in a review by Badylak 199, terminal sterilization is an option for ECM scaffolds, 

but tends to have detrimental effects on mechanical properties of the scaffolds. Ethylene oxide, 

gamma irradiation, and electron beam irradiation were shown to significantly decrease the 

uniaxial and biaxial mechanical stiffness of UBM sheets 200. With regards to dermal hydrogels, 

electron beam and gamma irradiation increased the in vivo degradation of the hydrogels in a 

dose-dependent manner, whereas ethylene oxide did not significantly alter the mechanical 

properties of the scaffold 201. Another sterilization protocol, supercritical carbon dioxide, has 

been tested on UBM hydrogels, specifically sterilizing the lyophilized pre-gel. This technique still 
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permitted hydrogel formation following sterilization, which was not possible following a high 

dose of gamma irradiation 202. This suggests it may be a possible method for terminal 

sterilization of ECM hydrogels, but further studies are needed to ensure that bioactivity is not 

affected in vivo 202. 

 

1.8. Future outlook on ECM hydrogels  

Decellularized ECM hydrogels have demonstrated their potential as scaffolds to induce 

mechanisms of repair across multiple target tissues; however, these mechanisms are not 

completely understood. Many studies show that ECM hydrogels promote cell infiltration, 

particularly progenitor cells 91 and macrophages 108,152, neovascularization 203, and positive 

functional remodeling (Table 1.1). Future studies should further elucidate these mechanisms, 

providing further insight to the selection, processing, and modification of an appropriate ECM 

hydrogel for an intended regenerative application. There is much room for optimization of ECM 

hydrogel therapies, as the breadth of ECM hydrogel research provides many options for tissue 

source, processing, and application. 

Current research suggests there will be an expansion of this platform into new and more 

complex tissues, as seen with pancreas 64 and neural applications 61,153, which are still in early 

stages. With the advent of new technologies, including 3D printing 86,87 and modification 

protocols 107, ECM hydrogels are becoming increasingly complex, progressing towards the 

complexity of the target tissues. Other ECM hydrogels are laying the foundation for ex vivo 

characterization and in vitro testing, allowing for quicker application in functional models. The 

platforms that are closest to clinical application tend to be acellular, but there are opportunities 

to develop combination therapies, including delivery of stem cells 60 and growth factors 60,67,68 

which may improve the therapeutic effects of an ECM hydrogels, or in some cases, such as the 

pancreas, may be required for a regenerative therapy.  These additions, however, add 
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complexity in terms of translation and increase cost, and therefore, investigators should closely 

evaluate the cost-benefit ratio of such combined therapies. 

Many ECM sheet products (AlloDerm, Lifecell Corp.) and injectable ground ECM 

products (ACell’s Cytal™ Wound Matrix, MicroMatrix®, CorMatrix®) have reached 

commercialization, and injectable ECM hydrogels may soon follow this trend, with one product 

reaching clinical trials.  In parallel, work has shown that digested ECM and hydrogels can be 

lyophilized and stored for long-term use 131,135, supporting future translation and 

commercialization efforts. Trends have emerged regarding tissue sources, as the species 113, 

age 114,148, and specificity 181 can not only impact the performance of an ECM hydrogel, but can 

have strong implications concerning scalability, a current challenge in the tissue engineering 

industry. As ECM hydrogels are approaching the clinic, standards and good manufacturing 

practices will be developed for the field, providing more uniform characterization methods and 

validation to guide future therapies and allow for improved comparisons between studies.  

Due to the breadth of research across various tissue sources and targets, ECM 

hydrogels offer a wide array of approaches to complex disease and injury models, particularly 

as minimally invasive injectable therapies. There is currently a need for an infusible extracellular 

matrix therapy. There are many organs that are difficult to target and treat, including the heart 

and brain, that would benefit from the development of an infusible ECM therapy. The foundation 

for translational efforts are in development, as ECM hydrogels offer new opportunities and 

demonstrate potential in regenerative medicine applications.  

 

1.9 Thesis Outline 

 This thesis is broken into 3 subsequent chapters.  
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Chapter 2 describes the development and implementation of a soluble extracellular 

matrix hydrogel therapy for acute myocardial infarction in a small animal model. It described the 

new material and how it has been developed and characterized. The chapter shows retention, 

and therefore, feasibility in a model of acute myocardial infarction. Further investigation shows 

that soluble myocardial matrix is coating the leaky vasculature, and the study shows efficacy of 

soluble myocardial matrix as a treatment for acute myocardial infarction by mitigating negative 

left ventricular remodeling, increasing infarct tissue vascularization, and modulating a host of 

biological pathways via gene expression analyses.  

 Chapter 3 further expands upon the feasibility and efficacy results of Chapter 2, applying 

the soluble extracellular matrix hydrogel therapy using intracoronary infusion in a large animal 

model of acute myocardial infarction. The chapter investigates the feasibility using a clinically-

relevant catheter and examines the safety of the therapy through histology. Changes in cardiac 

function are investigated through echocardiography, reinforcing the observed improvements 

observed in Chapter 2.  

 The final chapter provides a summary of the results of this dissertation and discusses 

and the broader implications for the tissue engineering field. Finally, the chapter suggests future 

studies and opportunities for soluble extracellular matrix hydrogel therapies.  
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Chapter 2: Development of a soluble extracellular matrix hydrogel therapy for intravascular 

infusion and evaluation of its feasibility, safety, and efficacy in small animal models 

2.1 Introduction 

Extracellular matrices (ECM) derived from decellularized tissues have shown promising 

results as tissue engineering scaffolds197,199,204,205. In particular, decellularized ECM can be 

processed via enzymatic digestion into inducible hydrogels that are capable of gelation at body 

temperature and can be injected for minimally-invasive procedures31,52,91,206. These hydrogels 

have a nanofibrous architecture reminiscent of native ECM, are degradable, and promote 

neovascularization, among a host of other pro-regenerative functions32,197.  

As discussed in the first chapter, current decellularized ECM biomaterials are limited to 

patches or injections. For most organs, patches require invasive surgeries for placement. 

Injections directly into tissue can be minimally invasive; however, they can cause localized 

trauma or organ perforation. Therefore, injections may not be feasible or could be delayed in 

certain clinical applications. Intravascular infusion is a potential alternative approach to ECM 

hydrogel injections, allowing for less invasive and potentially earlier delivery. An intravascular 

infusion during the acute time frame following injury could reduce cell death, promoting tissue 

salvage and maintenance. Furthermore, for ischemic injuries, intravascular infusion can take 

advantage of the leaky tissue vasculature that occurs acutely18,29,207,208. However, this delivery 

modality is not amenable to current ECM hydrogels because the liquid hydrogel contains not 

just soluble components, but also a translucent suspension of submicron particles that are too 

large to pass through leaky vasculature.   

Myocardial infarction (MI) is a leading cause of death in the US1. MI results in acute 

cardiomyocyte death and cardiac ECM degradation, leading to the development of a fibrotic 

scar and negative left ventricular (LV) remodeling, including increased volumes, reduced 

ejection fraction, and LV wall thinning., progressing towards heart failure. Current therapies are 
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limited to treating the symptoms; however, no currently available treatments are focused on 

repairing or regenerating the injured tissue. Alternatively, if a therapy could be administered 

acutely, preventing cell death and ECM degradation, this could lead to improved outcomes.  

We aimed to develop a new form of decellularized ECM hydrogels that could be infused 

intravascularly as a treatment for acute myocardial infarction (MI), enabling delivery through 

leaky vasculature shortly following injury. In the current study, we specifically developed a 

soluble version of a myocardial matrix hydrogel (SolMM) and evaluated the feasibility of 

intravascular delivery.  

We previously developed the original myocardial matrix (MM) hydrogel, which is an ECM 

hydrogel derived from decellularized porcine myocardium, as a therapy for myocardial 

infarction. The MM hydrogel was shown to increase cardiac muscle, improve cardiac function, 

and promote neovascularization in preclinical MI models31,32,91,206. A Phase I clinical trial was 

also completed with this material using transendocardial injections in post-MI patients, which 

supported the safety and feasibility of this approach (ClinicalTrials.gov Identifier: 

NCT02305602)26. However, direct tissue injections in patients require delayed delivery24,204 as 

well as may not be feasible for organs such as the brain. Negative tissue remodeling (i.e cell 

death, inflammation, scar formation) are processes that commence within minutes to days after 

injury. We initially hypothesized that intravascular infusion of SolMM would take advantage of 

the leaky vasculature following an acute injury permitting the biomaterial to pass through the 

vasculature and enter the injured region. We had previously shown that the original MM 

hydrogel reduced cardiomyocyte apoptosis and increased vascular density post-MI, suggesting 

the SolMM could improve tissue salvage when delivered acutely and improve tissue function.  

In terms of translation, SolMM can be sterile filtered, lyophilized, stored frozen, and 

easily resuspended prior to injection/infusion, allowing for simplified manufacturing over MM and 

off-the-shelf possibility for a final product. In the clinic, intravascular infusion could easily be 
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performed at the time of balloon angioplasty using conventional techniques as well as could 

easily be delivered via intravenous infusion. In this study, we show development of a new form 

of ECM for intravascular infusion and proof-of-concept for its feasibility, safety, and efficacy in 

an acute MI model. 

 

2.2 Results 

2.2.1 Soluble extracellular matrix hydrogel can be isolated and is capable of gelation 

 We aimed to develop a new form of decellularized ECM hydrogels that could be infused 

intravascularly. The myocardial matrix (MM) hydrogel was selected as a starting material (Fig 

2.1a-d) for its demonstrated efficacy in preclinical models31,32,91,206,209 and translational proof-of-

concept in a Phase I clinical trial26. While this material is injectable, it is a translucent 

suspension (Fig 2.1d), which contains both soluble components and large submicron 

particulate, which would be too large to pass through leaky vasculature210,211. 

To generate an intravascularly infusible version of the ECM hydrogel, the large particles 

would need to be removed. Therefore, following digestion and neutralization, the MM hydrogel 

solution was centrifuged to separate the soluble and insoluble fractions (Fig 2.1e). The 

supernatant was isolated from the insoluble pellet, yielding the soluble MM fraction (SolMM).  

ECM as well as cell and biologic therapy products are usually manufactured under 

aseptic techniques, adding costs and manufacturing challenges. Therefore, the goal was to 

sterile filter the soluble fraction in order to simplify the manufacturing process, allowing a 

majority of the processing steps to take place under non-sterile conditions. Additionally, this is a 

convenient quality check to assure that large particles have been removed, as a standard 0.22 

µm would remove any large particles above that limit. However, the protein content in the 

soluble fraction was unclear, and the protein concentration and ratio of protein to salts prior to 

and following filtration could not be controlled. Therefore, SolMM was then dialyzed in distilled 
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water, lyophilized, and weighed to obtain the protein mass. From there, SolMM was 

resuspended in phosphate buffered saline at a high protein concentration (16 mg/ml), sterile 

filtered under aseptic conditions, lyophilized, and weighed to obtain the combined mass of 

protein and salts. Since the mass of salts from the added phosphate buffered saline were 

recorded, the mass of protein could be calculated (total mass minus the salt mass). Under these 

conditions, the mass of protein and salts could then be accurately controlled in the final product.  

Furthermore, lyophilization allowed for long-term cold storage, and the lyophilized product could 

be resuspended with sterile water prior to injection/infusion (Fig 2.1f), ideal characteristics for an 

off-the-shelf product.  

Sterile filtration was a significant challenge that became easier with scaling. Small 

batches (<10 ml) were sterile filtered using manual syringe filters, but each filter had a limited 

area that would quickly become occluded with large particles and would break, requiring many 

syringe filters for a small batch. Each syringe filter would only produce 1-2 drops of SolMM, 

approximately 0.1 ml. After scaling to larger batches (over 50 ml), we switched to inverted 

vacuum filters, those commonly used for cell culture media. Vacuum filtration removed the 

manual component; however, the filters would also quickly appear to be blocked again. 

Interestingly, after waiting a couple minutes (generally over 20 minutes), SolMM would very 

slowly flow through the vacuum filters, approximately 1 drop per minute. Substantial volumes 

could be produced over the course of an hour, such as 10 ml or more. Lastly, we attempted 

serial filtration, starting with a coarse 0.45 µm filter and progressed to a finer 0.22 µm filter. 

When transferring the coarsely filtered solution to the finer filter, the finer 0.22 µm filtration 

proceeded very quickly; however, overall, it is unclear if this resulted in any significant 

reductions of filtering time.  

We first demonstrated that this new form of ECM was still capable of gelation in tissue 

by subcutaneous injection (Fig 2.1g); however, we were never able to recreate these conditions 
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and form a SolMM gel in vitro. As a result of this phenomenon, we did not pursue many in vitro 

activity assays and decided to prioritize in vivo work. Scanning electron imaging of the gel 

demonstrated a nanofibrous architecture (Fig 2.1h) similar to most ECM hydrogels195.   

When comparing SolMM to MM, sulfated glycosaminoglycan content was significantly 

decreased (Fig 2.1i), whereas double stranded DNA content was not different (Fig 2.1j). 

Sulfated glycosaminoglycans were likely removed during the centrifugation process. Both MM 

and SolMM are sufficiently decellularized, as shown by a very low double stranded DNA content 

(<2 ng/mg ECM). Gel electrophoresis showed a decrease in intensity of high molecular weight 

proteins (>200 kDa), which was likely removed during the fractionating process (Fig 2.1k). It 

was interesting to observe that pepsin (approximately 40 kDa) was conserved between MM and 

SolMM, as it was added for the digestion process. To confirm the absence of large particles, 

optical testing was performed. Across most wavelengths tested, the optical properties of SolMM 

were nearly identical to saline, whereas liquid MM showed increased absorbance and 

decreased transmittance due to the presence of large particles, reinforcing that the large 

particles were removed from SolMM (Fig 2.1l-o).   



40 

 

 
Figure 2.1 Generation and characterization of soluble myocardial matrix (SolMM). 
a, Isolated left ventricular myocardium is cut into pieces. b, Decellularized ECM after continuous 
agitation in 1% sodium dodecyl sulfate. c, Lyophilized and milled ECM. d, Liquid myocardial 
matrix hydrogel. e, Fractionated myocardial matrix after centrifugation; (1) SolMM fraction 
supernatant and (2) insoluble pellet. f, Lyophilized (left) and resuspended (right) SolMM. g, 
Subcutaneous injection and gelation of SolMM. h, Scanning electron microscope image 
showing nanofibrous architecture of SolMM following gelation. Scale bar is 5 µm. 
Characterization of SolMM, i-o. i, Polyacrylamide gel electrophoresis of ladder (Full-Range 
RPN800E, lane 1), collagen (lane 2), myocardial matrix (MM, lane 3), and SolMM (lane 4), 
showing that SolMM is missing high molecular weight (150kDa+) proteins. j, Sulfated 
glycosaminoglycan (sGAG) content was significantly lower in SolMM vs MM. k, Double stranded 
DNA (dsDNA) content was not significantly different between SolMM and MM. l-o, Optical 
measurements of SolMM vs liquid MM. SolMM showed minimal differences in optical properties 
from saline whereas MM possessed increased absorbance and decreased transmittance. l, 
Absorbance sweep of SolMM, MM, and saline. m, Calculated transmittance of SolMM, MM, and 
saline. n, Relative absorbance sweep of SolMM and MM. o, Relative calculated transmittance of 
SolMM and MM. Hemocompatibility of soluble extracellular matrix (SolMM) with human blood 
and platelet rich plasma. p, Prothrombin time. q, Red blood cell aggregation index. r, platelet 
aggregation following addition of agonists: adenosine diphosphate (ADP), epinephrine (EPI), 
collagen (COL). Standard ranges for each parameter are indicated between or below dashed 
lines. * is relative to saline, and + is relative to SolMM. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001 
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2.2.2 Soluble extracellular matrix is hemocompatible 

As SolMM was derived from the MM hydrogel, it was expected that SolMM would be 

hemocompatible. While it is counterintuitive to think that decellularized ECM could be 

hemocompatible since exposed ECM initiates clotting in vivo, we previously demonstrated that 

the original MM hydrogel was hemocompatible through the injections of ECM into the LV 

lumen206. SolMM was tested with human blood using the highest likely scenario of 1:1 SolMM to 

human blood and a physiologically relevant concentration of 1:10 SolMM, given the immediate 

dilution with blood following infusion. Nearly all prothrombin times, red blood cell aggregation 

indices, as well as platelet aggregation with agonists fall within standard physiological ranges, 

suggesting that SolMM would not cause any additional clotting (Fig 2.1p-r)212,213. Fibrinogen and 

platelet concentrations were unaffected by the addition of SolMM (Fig 2.2). 

 

Figure 2.2: SolMM does not affect concentration of fibrinogen and platelets when mixed with 
human blood.  
Standard ranges for each parameter are indicated between or below dashed lines. N=4 human 
blood donors. Data are mean ± SEM. 

 

  



42 

 

2.2.3 Soluble extracellular matrix infusions are localized to regions of ischemia 

We hypothesized that leaky vessels as a result of ischemic tissue injury were required 

for SolMM to be retained in a tissue, as SolMM would pass through the leaky vessels. 

Therefore, we proceeded to use an acute MI model, via transient coronary artery ligation, to 

induce ischemic tissue injury. Release of the coronary artery ligation would simulate reperfusion 

and was necessary in order to infuse a therapy. The objective was to treat the injury as quickly 

as possible while simulating an intracoronary infusion; therefore, an aortic cross clamp 

procedure with an LV lumen injection was employed. The aorta was transiently clamped and 

labelled SolMM was injected into the LV lumen, where the SolMM would then be redirected to 

the coronary arteries of the heart. Hearts would then be harvested after at least 30 minutes 

following infusion to allow for sufficient wash out of any unbound material.  

Through histological observations, SolMM infusions showed localization specifically to 

regions of tissue injury. In the acute MI model (Fig 2.3a-h), SolMM was localized to the infarcted 

region (Fig 2.3a,b). Minimal material was observed in the border zone (Fig 2.3c), and no 

material was seen in the remote myocardium (Fig 2.3d), including the septum and right 

ventricle. All results observed histologically were also confirmed following infrared fluorescent 

scans (Fig 2.3e-h). Biodistribution suggested excess SolMM accumulates in the liver and 

kidneys (Fig 2.4), suggesting immediate elimination of unbound SolMM.  

It was hypothesized that SolMM retention would increase with dose and that we would 

observe more material in the infarct if we infused a higher concentration of SolMM. We infused 

concentrations of 6 mg/ml, 10 mg/ml, and 12 mg/ml following MI. SolMM showed a dose-

dependent retention and distribution, increasing from 6 to 10 mg/ml, but with no appreciable 

increase from 10 to 12 mg/ml (Figure 2.6). However, due to manufacturing limitations, 

specifically filtration, 10 mg/ml was the highest concentration that we could routinely produce, 

particularly following filtration. Using higher concentrations would require resuspending with 
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smaller volumes of sterile water; however, the ratio of protein and salts are fixed, unless 

additional dialysis is performed on the final product. Resuspending with a smaller volume would 

artificially increase the salinity of SolMM, which could affect protein solubility, gelation, and 

bioactivity. Volume was kept consistent across all concentrations but could be altered in future 

studies to optimize dose.  

Furthermore, it was necessary to determine how long SolMM was present in the infarct 

to determine a length of bioactivity and potential therapeutic effects. Animals were survived out 

to 7 days post-infusion and histologically evaluated for material. SolMM was retained to 

approximately 3 days following infusion (Figure 2.7), whereas the autofluorescence of the infarct 

was stronger than the SolMM signal.  

In pilot studies, saline mixed with the fluorescent label were used as a control, assuming 

that the fluorescent tag would wash out of the tissue. It was later discovered in a pig model 

(Chapter 3) that the fluorescent tag could bind to tissue, as we employed an N-

Hydroxysuccinimide ester which binds primary amines, which are abundant in SolMM, but also 

present in tissues. Therefore, a small tagged non-gelling peptide control, trilysine, was infused 

as a more suitable control, and it showed no retention in the heart (Fig 2.3f, Fig 2.7), with the 

majority going to the kidneys (Fig 2.4). Trilysine was specifically chosen for its presence of 

primary amines and lysine, providing binding sites for the NHS ester dye molecules.  

To confirm that tissue injury was required for SolMM retention, SolMM infusions were 

performed in healthy animals without MI (Fig 2.5). Furthermore, to test if a chronic tissue injury 

would permit SolMM retention, SolMM infusions were performed 4 weeks post-MI (Fig 2.5). All 

of these animals showed minimal matrix retention in the heart; however, material was observed 

in the kidneys, further supporting the almost immediate elimination through the kidneys (Fig 

2.4), in addition to dye being observed in the urine of some rats. The signal in the kidneys was 
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strong following both tagged SolMM and trilyine infusions, reinforcing that SolMM has small 

peptides and proceeds through similar excretion pathways.  

  



45 

 

Figure 2.3: Soluble matrix (SolMM) infusions in injury models.  
a, H&E stain of short axis section of an example heart following SolMM infusion, scale bar 3 
mm. b-d, Fluorescent images for locations shown in insets in a of infarcted myocardium (b, 1), 
border zone (c, 2), and remote myocardium (d, 3), scale bars are 200 µm. e-h, Heart infrared 
scans of saline without dye (e), tagged trilysine (f), and tagged SolMM (g). h, Short axis slices 
of tagged SolMM infused heart from the base to the apex (left to right), infarct regions oriented 
in the upper portion of the slices.  
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Figure 2.4: SolMM biodistribution  
SolMM was labeled using VivoTag®-S 750 (VT750) 24 hours following infusion and myocardial 

infarction procedure. SolMM infused rats showed increased signal in the hearts, lungs and liver, 

with comparable signal in the kidneys, suggesting rapid clearance. Organs labeled in (a), the 

same orientation was used for c-e. Satellite organs (a,c,e), corresponding near-infrared scans, 

VT750 in white (b,d,f). Harvested organs following MI and infusion of saline without VT750 

(a,b), trylisine with conjugated with VT750 (c,d), or SolMM conjugated with VT750 (e,f). 
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Figure 2.5: Soluble myocardial matrix (SolMM) infusions in healthy and chronic myocardial 
infarctions 
SolMM infusions showed no retention in the heart; however, material was observed in the 
kidneys. No material was observed following infusions in chronic MI rats. a, Short axis scan of 
healthy rat heart following infusion of SolMM. Scale bar is 3 mm. b, Scan of healthy rat kidney. 
Scale bar is 2 mm. c, Inset of healthy rat kidney. White arrows denoting SolMM aggregates. 
Scale bar is 300 µm. d, Short axis scan of chronic MI heart (4 weeks post-MI) following infusion 
of SolMM. Scale bar 3 mm. 
 

 

Figure 2.6: Soluble myocardial matrix dosing in rats.  
In vivo dosing of soluble myocardial matrix (SolMM) post-MI and subsequent intracoronary 
infusion showing that high concentrations (10 and 12 mg/ml) infusions have increased signal 
over lower concentrations (6 mg/ml). Images taken from infarct region. a, 6 mg/ml SolMM. b, 10 
mg/ml SolMM. c, 12 mg/ml SolMM. Scale bar is 70 µm. 
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Figure 2.7: Saline and tagged trilysine intracoronary infusions  
Soluble myocardial matrix (SolMM) tracking using VivoTag®-S 750 (VT750) 24 hours following 
MI procedure and infusion of saline without dye (a,b) or trilysine conjugated with VT75 (c,d), 
showing minimal signal as compared to hearts infused with SolMM conjugated (Fig 2.3). Images 
(a,c) and corresponding infrared scans (b,d) of short axis heart sections. Same scan settings as 
used in Fig 2.3. 
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2.2.4 Soluble matrix shows co-localization with endothelial cells 

For safety evaluation, we wanted to confirm that SolMM was not blocking the lumen of 

blood vessels. Upon initial histology examination, without any stains, SolMM was distributed 

throughout the infarct as micron-scale gels, approximately 10-20 µm in size. These gels were 

reminiscent of the microvasculature, but it was unclear at which layer the SolMM was passing 

through the vessels. As previously reported with the infusible alginate, the material was claimed 

to be passing through the leaky vessels and into the tissue. We confirmed that SolMM did not 

block arterioles (Fig 2.8a), but we then observed that the SolMM aggregates were overlapping 

with the microvasculature network, specifically endothelial cells (Fig 2.8b). Upon further 

observation and at higher magnification, imaging suggested that material was present within the 

gaps between endothelial cells, resembling a fibrous matrix, and/or coating the inner lining, but 

not blocking the lumen of capillaries (Fig 2.8c-g), suggesting that it does not cause any 

additional ischemic damage. This change our hypothesis, that SolMM was not passing through 

the leaky vasculature, but possibly filling in the gaps of the leaky vasculature.  

To assess whether SolMM infusions were filling in the endothelial cell gaps and reducing 

tissue permeability, we infused a small tagged protein, bovine serum albumin (BSA), following 

SolMM infusion. SolMM infusions would hypothetically block the endothelial cells gaps and 

reduce tissue permeability and, therefore, the tagged BSA would be less likely or unable to 

enter the ischemic/injured tissue. As proposed, SolMM infusions significantly decreased cardiac 

tissue signal following tagged BSA infusions (Fig 2.8h-j), suggesting SolMM affected tissue 

permeability and is potentially reducing small protein and/or fluid entry and edema or 

hemorrhaging.  
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Figure 2.8: Soluble matrix localizes with endothelial cells.  
Staining for vasculature and soluble myocardial matrix (SolMM) localization post-infusion and 
myocardial infarction, showing colocalization of SolMM with the microvasculature as opposed to 
large vessels. SolMM was pre-labeled and visualized in red in all parts of Fig 3. a, Staining for 
arterioles using anti-alpha smooth muscle actin (αSMA) in green. (b-e), Staining for endothelial 
cells using isolectin in green. Scale bar is 200 µm for a,b. c, SolMM does not block the lumen of 
an arteriole, but fills in the gaps in the endothelium. Scale bar is 25 µm. d,e, Representative 
sequential z-stack images of a capillary showing that SolMM coats the lumen while not blocking 
it. Lumen traced with dotted white lines. Scale bar is 5 µm. f, Diagram of longitudinal axis view 
of SolMM fibers coating a leaky vessel. g, Diagram of short axis view of SolMM coating a 
capillary. h, Quantified cardiac tissue signal intensity following MI, ICI, and IV BSA, suggesting 
SolMM infusions decrease tissue permeability. i-j, Representative fluorescent scans of hearts 
following myocardial infarction (MI), intracoronary infusion (ICI) of saline (i) or SolMM (j), and 
intravenous infusion of tagged bovine serum albumin (IV BSA). *p<0.05.  
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2.2.5 Soluble matrix infusion mitigates negative left ventricular remodeling 

To test the efficacy of SolMM infusions in an acute MI model, rats were infused with 

SolMM or saline infusion following MI (Fig 2.9a-c) and were assessed at 24 hours and 5 weeks 

post-infusion. Twenty four hours was selected because we did not expect to observe any 

differences before or after MI, and it was not feasible to image the rats before infusion as well as 

immediately following surgery due anesthesia limitations and limited access to imaging 

equipment. Five weeks was selected as it was expected that sufficient negative LV remodeling 

would occur, as shown in previous MI studies 32,206. At 24 hours following infusions, SolMM 

significantly decreased LV volumes, both end systolic (ESV, Fig 2.9d) and diastolic volumes 

(EDV, Fig 2.9e), compared to the saline control alongside a trending increase in ejection fraction 

(EF, Fig 2.9f). We confirmed that this was not a result of differences in infarct size between 

groups (Fig 2.9). This significant decrease in LV volumes of SolMM animals was maintained at 

5 weeks post-infusion as well.  

 

2.2.6 Soluble matrix infusion increases vascularization and is pro-survival 

As the full MM hydrogel was previously shown to increase vascularization and be pro-

survival32,103, we hypothesized that SolMM infusions would likewise increase vascularization and 

reduce cardiomyocyte apoptosis. An additional set of animals were infarcted, infused with 

SolMM, and harvested at 1- and 3-days post-infusion for gene expression and histological 

analyses. These hearts were cut into coronal segments, such that alternating segments could 

be used and gene expression and histology could be obtained from the same animal. One day 

post-infusion was selected as the imaging results suggested a therapeutic effect within 24 

hours, particularly preserved volumes post-MI. Three days post-MI was selected based on 

immune cell infiltration of the infarcts, which appeared to plateau at 3 days post-infusion. 

Terminal tissue from the survival study was assessed for infarct vascularization. At 5 weeks 
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post-infusion, SolMM significantly increased infarct vascularization over controls (Fig 2.9h-j). At 

3 days post-infusion, SolMM significantly decreased the number of cardiomyocytes undergoing 

apoptosis in the border zone region (Fig 2.9k-m).  

Gene expression analyses were performed to further probe the mechanism(s) of action 

of SolMM infusions. Quantitative real-time polymerase chain reaction was also performed, with 

some promising trends, however, NanoString produced the most interesting results. NanoString 

provided an appropriate balance of targeted genes while also providing a wide screen to reduce 

bias. Gene expression was assesses using a custom NanoString nCounter code of 380 genes. 

The custom panel was designed to probe key genes across the following pathways: fibrosis, 

immune response (cytokine profile, transcriptional regulation of macrophages and T-cells), 

cardiac muscle contraction and development, angiogenesis, apoptosis, and cardiac metabolism. 

We observed significant differential expression of 11 and 23 genes at 1 day and 3 days post-

infusion, respectively. Using Gene Ontology (GO) pathway enrichment analysis highlighted 

relevant pathways, including angiogenesis, cell-substrate, reactive oxygen species (ROS) and 

nitric oxide (NO) metabolism, and interleukin 6 (IL6) and other cytokine signaling, which 

influenced the design of Venn diagram of differentially expressed genes (Fig 2.9n,o). The 

pathway distribution is in Tables 2.1 & 2.2. Heat maps of differentially expressed genes and the 

top 25 pathways from GO analysis can be viewed in Figure 2.11 and Tables 2.2 and 2.3, 

respectively.  

The full MM hydrogel was also previously shown to decrease infarct and interstitial 

fibrosis32,206 and therefore we evaluated both indices at 5 weeks SolMM infusion. However, 

infarct fibrosis and interstitial fibrosis were not significantly different between groups (Figure 

2.10).  
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Figure 2.9: Soluble matrix (SolMM) infusions significantly improve cardiac function post-MI.  
a, Timeline of survival study. b-c, Representative magnetic resonance images at 24 hours and 5 
weeks post-injection of SolMM (b) or saline (c). Scale bar 10 mm. d-f, SolMM infusions 
preserve left ventricle volumes at 24 hours and 5 weeks post-MI, end diastolic volume (d, EDV), 
end systolic volume (e, ESV), ejection fraction (f, EF). f, Timeline of acute mechanisms of repair 
study. Mechanisms of repair were evaluated through histology (k-m) and gene expression (n-o) 
analyses. h, Infarct arteriole density increased with SolMM infusions at 5 weeks post-infusion, 
promoting neovascularization. Representative images of SolMM (i) and saline (j) infused hearts, 
alpha smooth muscle actin (αSMA) in red for arterioles and isolectin in green for endothelial 
cells. Scale bar 250 µm. k, Number of cardiomyocytes undergoing apoptosis significantly 
decreased in the border zone of SolMM infused hearts at 3 days post-infusion. Representative 
images of SolMM (l) and saline (m) infused hearts, cleaved caspase 3 (CC3) for apoptosis in 
red, and alpha actinin (α-ACT) for cardiomyocytes in green. Scale bar 100 µm. n-o, Gene 
expression analysis from NanoString analysis at acute timepoints, suggesting genes related to 
chemotaxis/tissue migration, endothelial cells/angiogenesis, and cell junction/focal adhesion 
proteins are differentially expressed 1 day following SolMM infusions and genes related to 
Interleukin 6 (IL6), vascular development, nitric oxide metabolism, and reactive oxygen species 
(ROS) metabolism. Data are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, #p<0.10. 
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Figure 2.10: Histological fibrosis measurements 5 weeks post-infusion  
Histological measurements show no significant differences in infarct size or fibrosis between 

SolMM and saline infused rats. Infarct area at 5 weeks (a,b) and 3 days (c,d) post-infusion, 

reported as area (a,c) and percentage of the LV (b,d). Infarct fibrosis reported as area (e) and 

percentage of infarct area (f). g, Interstitial fibrosis of the remote myocardium reported as a 

percentage of area.  
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Figure 2.11: Differential gene expression heat maps following SolMM infusions.  
Differential gene expression observed at 1 day (a) and 3 days (b) post-SolMM infusion. Heat 
maps of significantly differentially expressed genes show that gene expression of SolMM 
infused hearts (M) are distinct from saline infused hearts (S).  
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Table 2.1: Design Approach for NanoString nCounter CodeSet 

Pathway Number of Genes 

Metabolism 60 

Apoptosis 23 

Neovascularization 65 

Neurogenesis 24 

Immune/Inflammatory Response 54 

Fibrosis 36 

Myogenesis/muscle contraction 69 

Muscle hypertrophy 44 

Housekeeping 6 
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Table 2.2: Top 25 Gene Ontology pathways and the associated genes 1 day post-myocardial 

infarction and SolMM infusion 

ID Description qvalue geneID 

GO:0043535 
regulation of blood vessel endothelial 
cell migration 

3.04E-07 Acvrl1/Amot/Fgf2/Nrp1/Vegfa 

GO:0043534 
blood vessel endothelial cell 
migration 

6.86E-07 Acvrl1/Amot/Fgf2/Nrp1/Vegfa 

GO:0090130 tissue migration 8.95E-07 Acta2/Acvrl1/Amot/Fgf2/Nrp1/Vegfa 

GO:1901342 
regulation of vasculature 
development 

1.11E-06 Acvrl1/Amot/Bmp7/Fgf2/Nrp1/Vegfa 

GO:0010594 
regulation of endothelial cell 
migration 

1.11E-06 Acvrl1/Amot/Fgf2/Nrp1/Vegfa 

GO:0043536 
positive regulation of blood vessel 
endothelial cell migration 

1.11E-06 Amot/Fgf2/Nrp1/Vegfa 

GO:0051893 
regulation of focal adhesion 
assembly 

1.11E-06 Acvrl1/Fmn1/Nrp1/Vegfa 

GO:0090109 
regulation of cell-substrate junction 
assembly 

1.11E-06 Acvrl1/Fmn1/Nrp1/Vegfa 

GO:0150116 
regulation of cell-substrate junction 
organization 

1.11E-06 Acvrl1/Fmn1/Nrp1/Vegfa 

GO:0045785 positive regulation of cell adhesion 1.86E-06 Bmp7/Fmn1/Il23a/Nrg1/Nrp1/Vegfa 

GO:0043542 endothelial cell migration 1.98E-06 Acvrl1/Amot/Fgf2/Nrp1/Vegfa 

GO:0048041 focal adhesion assembly 2.52E-06 Acvrl1/Fmn1/Nrp1/Vegfa 

GO:0010632 regulation of epithelial cell migration 2.99E-06 Acvrl1/Amot/Fgf2/Nrp1/Vegfa 

GO:0007044 cell-substrate junction assembly 3.36E-06 Acvrl1/Fmn1/Nrp1/Vegfa 

GO:0150115 cell-substrate junction organization 3.36E-06 Acvrl1/Fmn1/Nrp1/Vegfa 

GO:0048738 cardiac muscle tissue development 4.08E-06 Bmp7/Fgf2/Mapk11/Nrg1/Vegfa 

GO:0010595 
positive regulation of endothelial cell 
migration 

4.39E-06 Amot/Fgf2/Nrp1/Vegfa 

GO:0003007 heart morphogenesis 5.40E-06 Acvrl1/Bmp7/Nrg1/Nrp1/Vegfa 

GO:0010631 epithelial cell migration 5.52E-06 Acvrl1/Amot/Fgf2/Nrp1/Vegfa 

GO:0090132 epithelium migration 5.52E-06 Acvrl1/Amot/Fgf2/Nrp1/Vegfa 

GO:0001952 regulation of cell-matrix adhesion 6.34E-06 Acvrl1/Fmn1/Nrp1/Vegfa 

GO:0045765 regulation of angiogenesis 6.36E-06 Acvrl1/Amot/Fgf2/Nrp1/Vegfa 

GO:0010634 
positive regulation of epithelial cell 
migration 

1.22E-05 Amot/Fgf2/Nrp1/Vegfa 

GO:0050921 positive regulation of chemotaxis 1.29E-05 Fgf2/Il23a/Nrp1/Vegfa 

GO:0034329 cell junction assembly 1.66E-05 Acvrl1/Fmn1/Nrg1/Nrp1/Vegfa 
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Table 2.3: Top 25 Gene Ontology pathways and the associated genes 3 days post-myocardial 

infarction and SolMM infusion 

ID Description qvalue geneID 

GO:2000379 positive regulation of reactive oxygen 
species metabolic process 

2.66E-08 Cd36/Cxcl1/Il1b/Il6/Mmp8/Pdgfb/
Thbs1 

GO:0032635 interleukin-6 production 3.16E-07 Cd36/Crhr2/Foxp3/Il1b/Il6/Mmp8
/Nos2 

GO:0072593 reactive oxygen species metabolic 
process 

3.39E-07 Cd36/Cxcl1/Il1b/Il6/Mmp8/Nos2/
Pdgfb/Thbs1 

GO:2000377 regulation of reactive oxygen species 
metabolic process 

7.99E-07 Cd36/Cxcl1/Il1b/Il6/Mmp8/Pdgfb/
Thbs1 

GO:0032675 regulation of interleukin-6 production 5.12E-06 Cd36/Crhr2/Foxp3/Il1b/Il6/Mmp8 

GO:0006809 nitric oxide biosynthetic process 5.62E-06 Cd36/Il1b/Il6/Mmp8/Nos2 

GO:0046209 nitric oxide metabolic process 6.05E-06 Cd36/Il1b/Il6/Mmp8/Nos2 

GO:2001057 reactive nitrogen species metabolic 
process 

6.83E-06 Cd36/Il1b/Il6/Mmp8/Nos2 

GO:1901342 regulation of vasculature development 8.35E-06 Cd36/Crhr2/Cxcl10/Il1b/Lrg1/Pd
gfb/Thbs1 

GO:0032755 positive regulation of interleukin-6 
production 

1.10E-05 Cd36/Crhr2/Il1b/Il6/Mmp8 

GO:0045429 positive regulation of nitric oxide 
biosynthetic process 

1.60E-05 Cd36/Il1b/Il6/Mmp8 

GO:1904407 positive regulation of nitric oxide 
metabolic process 

1.79E-05 Cd36/Il1b/Il6/Mmp8 

GO:1901343 negative regulation of vasculature 
development 

1.94E-05 Cd36/Crhr2/Cxcl10/Pdgfb/Thbs1 

GO:1903409 reactive oxygen species biosynthetic 
process 

1.98E-05 Cd36/Il1b/Il6/Mmp8/Nos2 

GO:0050663 cytokine secretion 2.16E-05 Cd36/Foxp3/Il1b/Il6/Mmp8/Nos2 

GO:0042060 wound healing 3.02E-05 Cd36/Il1b/Il6/Nos2/Pdgfb/Thbs1/
Timp3 

GO:1903428 positive regulation of reactive oxygen 
species biosynthetic process 

3.30E-05 Cd36/Il1b/Il6/Mmp8 

GO:0001819 positive regulation of cytokine production 3.57E-05 Cd36/Crhr2/Foxp3/Il1b/Il6/Mmp8
/Thbs1 

GO:0045765 regulation of angiogenesis 4.71E-05 Cd36/Crhr2/Cxcl10/Il1b/Lrg1/Thb
s1 

GO:0045428 regulation of nitric oxide biosynthetic 
process 

4.83E-05 Cd36/Il1b/Il6/Mmp8 

GO:0070372 regulation of ERK1 and ERK2 cascade 6.04E-05 Cd36/Crhr2/Il1b/Il6/Pdgfb/Timp3 

GO:0050867 positive regulation of cell activation 7.49E-05 Foxp3/Il1b/Il6/Mmp8/Pdgfb/Thbs
1 

GO:0070371 ERK1 and ERK2 cascade 7.78E-05 Cd36/Crhr2/Il1b/Il6/Pdgfb/Timp3 

GO:0002718 regulation of cytokine production 
involved in immune response 

8.44E-05 Cd36/Foxp3/Il1b/Il6 

GO:0015908 fatty acid transport 1.00E-04 Cd36/Il1b/Nos2/Thbs1 
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2.3 Discussion 

In this study, we developed a new form of decellularized ECM, an intravascularly 

infusible ECM hydrogel. Similar to our previous full version of the MM hydrogel, the SolMM was 

hemocompatible and we found no evidence of embolization, showing the material can be safely 

delivered intravascularly. Our initial hypothesis was that SolMM would pass through the leaky 

vasculature through the gaps in the endothelial cell layer and into the tissue as was previously 

seen with an infusible alginate material in a pre-clinical porcine MI model29. Instead, we found 

that the soluble ECM hydrogel coats and/or fills in the gaps between endothelial cells (Fig 2.4), 

specifically endothelial cells in the infarcted region of the heart. It is known that there are 

numerous changes to the endothelium during acute ischemia, including upregulation of integrins 

and other receptors as well as pre-existing integrins undergoing functional changes, which 

cause their release from the underlying ECM and formation of clusters on the cell 

membrane214,215. These changes may result in the ability of the endothelial cells at locations of 

acute ischemia to bind the SolMM. Notably, the trilysine peptide control did not bind, suggesting 

there may be specific receptor-ligand interactions with the SolMM. It is known that there are 

numerous changes to the endothelium during acute ischemia, including upregulation of integrins 

and other receptors as well as pre-existing integrins undergoing functional changes, which 

cause their release from the underlying ECM and formation of clusters on the cell 

membrane214,215. These changes may result in the ability of the endothelial cells at locations of 

acute ischemia to bind the SolMM.  Notably, the trilysine peptide control did not bind, suggesting 

there may be specific receptor-ligand interactions with the SolMM.  

 Quiescent endothelial cells are the majority of endothelial cells in healthy tissue and 

express integrins α1β1, α2β1, α3β1, α5β1, α6β1, α6β4, αVβ5, of which α1β1 and α2β1 are 

collagen binding, α3β1, α6β1, and α6β4 are laminin binding, and α5β1 and αVβ5 are RGD-

binding integrins215. Collagen, laminin, and RGD-motifs are all present in extracellular matrix 
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hydrogels. Therefore, quiescent endothelial cells could be able to bind ECM, but that is not 

observed. Ischemia is known to increase vascular permeability, therefore integrins could be 

upregulated and exposed as endothelial cells may be searching for extracellular matrix to bind. 

Integrins between endothelial cells may be exposed and may initiate SolMM accumulation, 

eventually partially accumulating in the lumen, leading to the observation that SolMM coats 

and/or fills in the gaps of leaky vessels. β1 subunit expression increases in endothelial cells 

bordering regions of ischemia, and β1 subunits are present in integrins that are capable of 

binding ECM. Integrins are involved with angiogenesis, specifically integrins αVβ3 and αVβ5215. 

SolMM may bind αVβ3 and αVβ5 integrins, upregulating angiogenic pathways (Fig 2.9) and 

resulting increased infarct vascularization (Fig 2.9).  

As a result of this endothelial coating and/or binding, we observed a significant decrease 

in tissue permeability (Fig 2.4). We only tested a small protein, but this may have implications 

on fluid and/or cellular infiltration into the tissue. As shown with a model protein, BSA, inhibiting 

protein infiltration could prevent chemoattractant from entering the tissue, and downstream, 

inhibit cellular infiltration into the tissue, such as additional neutrophils from degrading the tissue 

through MMP release216. Inhibiting the infiltration of fluid and/or red blood cells could suggest 

SolMM infusions as a therapy to prevent or mitigate edema and/or hemorrhaging in the infarct. 

Edema is implicated in cardiomyocyte dysfunction and death, as the changes in volume of the 

cardiac tissue alters cardiomyocyte sensing and signaling7. Furthermore, as edema and 

hemorrhaging change the LV volume, edema has been suggested to directly impair diastolic 

function and to immediately affect the biomechanical properties and function of the heart, 

including contractility, active relaxation, and diastolic stiffness, exacerbating the compensation 

and negative LV remodeling mechanisms8. It is suggested that edema infiltrates and 

compromises the interstitial matrix, compromising the microstructure and thus function8,217.. 

Others have targeted myocardial edema acutely, using ribonuclease-1 to target genetic 
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pathways that increase vascular permeability in mice218. Using this enzyme, edema was 

reduced, resulting in improved survival, reduced infarct size and preserving cardiac function. 

Through similar mechanisms as edema, primarily inflammation, increased hemorrhaging post-

MI is associated with larger infarct size, reduced myocardial salvage, increased microvascular 

obstruction, and reduced ejection fraction219,220. Hemorrhaging has been implicated to cause 

microvascular obstruction, leading to severe negative LV remodeling221. Even though no 

differences were observed in infarct sizes following SolMM infusions, this may provide rationale 

as to why volumes and ejection fraction were acutely preserved following SolMM infusions. 

Furthermore, related to reperfusion injury, SolMM could mitigate reperfusion/ROS injury. SolMM 

could sequester ROS produced in the tissue, as previously shown33, preventing additional cell 

death, accompanying the mechanisms discussed above related to edema and hemorrhaging.  

Even though the SolMM and full MM hydrogel are derived from the same tissue source, 

there are key differences. Unlike the full ECM hydrogel, which forms larger boluses upon direct 

injection, the SolMM is distributed into micron-scale regions, which can be degraded more 

quickly because of their small size. The observed degradation time of SolMM at 3 days is 

significantly shorter than the full MM hydrogel, which degrades over approximately 3 weeks8. 

Due to the diffuse nature of SolMM following its delivery, it could be more appropriate to 

compare SolMM to peptide therapeutics as opposed to other ECM hydrogel therapies. This 

comparison to peptides is evident in the clearance of non-retained SolMM, which like other 

peptide therapeutics222,223 appears to be rapidly excreted by the kidneys since we observed 

labelled material in the urine of rats and in the kidneys shortly following infusion (Fig 2.3s). 

Additionally, peptide therapeutics are prone to proteolysis in the blood, liver, and kidneys. The 

material was not observed in the kidneys in the pig model; however, this was likely due to the 

detection limit of histology. SolMM has advantages over traditional peptide therapeutics due to 

increased retention through potential binding and gelation in the heart as we observed the 
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appearance of a fibrous matrix in the microvasculature (Fig. 4c).  This could shield the material 

from proteolysis, allowing for increased tissue retention and therapeutic effects, as opposed to 

relying on systemic delivery and passive diffusion through capillaries223.  

In terms of efficacy, SolMM significantly reduced both end-diastolic and end-systolic 

volumes one day after MI and infusion compared to saline. This difference was maintained, but 

did not further improve out to 5 weeks post-infusion (Fig 2.5d,e). This is in line with the observed 

degradation time of SolMM, approximately 3 days, where there is an initial therapeutic effect. 

However, it is likely that the therapeutic effect of SolMM is decreased after degradation, and 

then fibrotic pathways resume as we found no significant differences in fibrosis at 5 weeks post 

infusion. This is in contrast to the full MM hydrogel, which was capable of reducing fibrosis post-

intramyocardial injection32,206.  

ECM hydrogels have been shown to create a pro-remodeling over a pro-inflammatory 

environment, leading to increases in vascularization and cell survival31,32,224. We hypothesized 

SolMM delivered acutely after an MI would lead to increased cardiomyocyte survival and infarct 

vascularization through similar mechanisms as the full MM hydrogel. Indeed, we found 

decreased numbers of apoptotic cardiomyocytes and increased arteriole density with the 

SolMM. However, based on the observation that SolMM coats endothelial cells as opposed to 

entering the tissue, the mechanisms leading to improved survival and vascularization may be 

different between the SolMM and full MM hydrogel.  As the SolMM directly interfaces with 

endothelial cells, the early therapeutic effects we observed could be related to improvements in 

endothelial cell function and cell survival, shielding from reperfusion injury, or modulation of the 

acute inflammatory response.  

The NanoString custom codeset provided additional insights into the mechanism. 

Angiogenic and endothelial cells pathways were expected and dominated the pathway analysis 

1 day following SolMM infusions, with significant upregulation of genes such as Angiomotin 
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(Amot), Fibroblast Growth Factor 2 (Fgf2), Bone Morphogenetic Protein 7 (Bmp7), and Vascular 

Endothelial Growth Factor A (Vegfa). As SolMM was shown to coat vessels, it is possible that 

SolMM increased endothelial cell survival post-MI and/or increased endothelial proliferation, 

providing a possible mechanism for how angiogenic pathways were altered. It was unexpected 

to see several pathways around focal adhesions, cell-substrate junctions, and, to some extent, 

cell migration. Cell migration generally overlaps with angiogenic pathways, as the formation of 

new vasculature would provide a channel of migration. The focal adhesion and cell-substrate 

pathways may suggest how the treated endothelial cells adapt in response to SolMM infusions, 

as endothelial cells would be the directly exposed immediately post-infusion. The cell-substrate 

and focal adhesion pathways are generally influenced by the downregulation of the genes 

Activin A Receptor Like Type 1 (Acvrl1) and Neuropilin 1 (Nrp1). Acvrl1 is implicated the in the 

transforming growth factor beta (TGFβ) signaling pathway and therefore could have implications 

in reducing fibrosis225. Nrp1 is a known VEGF receptor, essential for endothelial cell stimulation 

and migration226, which seems counterintuitive given the upregulation of Vegfa; however, this 

could be explained by an overstimulation of the pathway or receptor saturation, leading to a 

downregulation of the receptor.  

At 3 days post-infusion, in addition to the expected vascular genes, ROS and NO 

metabolism in addition to IL6 signaling emerged. Cluster of Differentiation 36 (Cd36) was 

upregulated, and as a scavenging receptor, has been implicated in several oxidative stress and 

inflammatory pathways227. C-X-C Motif Chemokine Ligand 1 (Cxcl1) was downregulated and is 

known as a neutrophil chemoattractant; therefore, its downregulation would suggest fewer 

neutrophils in the tissue. This is further supported by an upregulation of Matrix Metallopeptidase 

8 (Mmp8), which is produced by neutrophils. It is possible that SolMM infusions encourage 

healthy ROS metabolism, or the SolMM itself provides an ROS sink and/or protection for the 

surrounding cells, leading to decreased apoptosis. Alongside ROS metabolism, Nitric oxide 
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synthase (Nos2) was downregulated. Upregulated Nos is correlated with angiogenesis228, so a 

downregulation of this pathway could suggest that the vasculature is not in a critical condition to 

repair and form new capillaries, as compared to the control. Acutely, IL6 is known for cardiac 

protection, but becomes pathogenic when chronically expressed229. IL6 downregulation at 3 

days post-MI would suggest that SolMM infusions encourage this switch to happen earlier, 

reducing negative LV remodeling. 

 We have demonstrated proof-of-concept for the feasibility, safety, and efficacy of an 

ECM hydrogel for intravascular infusion in rat acute MI model. Therapeutic effects were 

observed early and maintained, creating a better baseline, which could have clinical 

implications. In addition, we showed that SolMM was able to be delivered with a balloon infusion 

catheter and retained within the microvasculature in a porcine MI model, demonstrating 

potential clinical relevance. The material was only observed in the infarcted tissue, as also seen 

in the small animal model, demonstrating that the endothelial cell injury and SolMM retention is 

conserved across species. There are, however, several studies that will need to be performed 

prior to translation, including dose optimization, efficacy in a large animal, and further safety 

studies to evaluate any off-target effects.  

ECM infusions are a versatile new platform for the regenerative medicine and tissue 

engineering field. In this study, we chose to focus on the cardiac application of ECM infusions; 

however, soluble ECM could be generated from any type of decellularized tissue, and ECM 

infusions could be applied to many diseases or injuries where there is endothelial cell injury or 

dysfunction. Whereas traditional tissue engineering approaches have focused on scaffolds 

and/or cells to replace/repair damaged tissue, infusible ECM therapies could shift the focus 

towards treating the microvasculature to improve tissue function.   
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2.4 Methods and Materials 

2.4.1 Materials 

Unless specified, all materials were purchased from Sigma Aldrich.  

 

2.4.2 Material production  

Myocardial matrix (MM) hydrogel was generated based on previously described 

protocols31,195. In brief, fresh hearts were harvested from adult Yorkshire farm pigs (30-45 kg), 

and the left ventricular (LV) myocardium was isolated. Major vessels and connective tissue were 

removed, and the remaining tissue was minced. Tissue was decellularized in 1% sodium 

dodecyl sulfate (SDS) in phosphate buffer saline (PBS) for 4-5 days, followed by 24 hours of 

water rinsing to remove detergent. The material was then lyophilized and milled into a fine 

powder, and subsequently partially enzymatically pepsin digested in 0.1 M hydrochloric acid at 

10 mg/ml ECM powder and 1 mg/ml pepsin for at least 48 hours. The material was then 

neutralized with sodium hydroxide and buffered to match in vivo conditions, yielding liquid MM, 

capable of thermally induced gelation. MM was diluted to 6 mg/ml using PBS.  

Next, the liquid MM was centrifuged at 15,000 RCF at 4°C for 45 minutes to separate the 

soluble and insoluble fractions. The supernatant (soluble myocardial matrix, SolMM) was 

isolated from the insoluble pellet. The pellet was rinsed with PBS and centrifuged again to 

increase yield of SolMM. To adjust the concentration and ratio of salts, SolMM was dialyzed 

over 48 hours at 4°C in 0.5xPBS, 0.25xPBS, and then twice in deionized water (each solution 

was replaced approximately every 12 hours), and lyophilized. The SolMM was then 

resuspended at a high concentration (16 mg/mL), passed through 0.22 μm syringe filters 

(Millipore) into sterile test tubes, lyophilized, weighed, and stored at -80°C for future use. The 

SolMM was then resuspended to appropriate concentration in sterile water at least 30 minutes 

before injection while on ice.  
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2.4.3 Characterization assays 

Characterization of SolMM and the MM hydrogel was performed as previously 

described195,230. Protein size and distribution of SolMM and the MM hydrogel was visualized 

against rat tail collagen I through SDS polyacrylamide gel electrophoresis (PAGE) NuPage Kit 

(Invitrogen). A 4-12% Bis-Tris gel (Invitrogen) and Full-Range RPN800E ladder (MilliPore 

Sigma) were used for PAGE. Protein bands were visualized using Imperial Protein Stain. For 

double stranded DNA (dsDNA) quantification, SolMM and MM were digested using Proteinase-

K, and DNA was isolated using a NucleoSpin kit (Macherey-Nagel). dsDNA was quantified 

using a PicoGreen fluorescent reporter (Life Technologies). Sulfated glycosaminoglycans 

(sGAGs) were quantified using a 1,9-dimethylmethylene blue (DMMB) assay195 and compared 

against chondroitin sulfate standards. All values are reported relative to the dry mass of SolMM 

or MM. Optical properties (absorbance) was measured via an absorbance scan on a Spark® 

microplate reader (Tecan) with 10 nm steps using 1:50 dilutions of SolMM and MM (final 

concentrations of 0.2 mg/ml and 0.12 mg/ml, respectively) alongside saline as a control. 

Transmittance was calculated from absorbance using the equation, Transmittance = 10^(2-

Absorbance). Relative absorbance and transmittance were calculated by subtracting the saline 

signal values from SolMM and MM values.  

 

2.4.4 Gelation and scanning electron microscopy 

To test gelation, 500 μL of SolMM was resuspended to 10 mg/ml and subcutaneously 

injected in two locations on the back of a female Sprague-Dawley rat. Subcutaneous gels were 

harvested 5 minutes following injections, dissected from tissue, fixed in 4% paraformaldehyde 

and 4% glutaraldehyde, dehydrated in ethanol, transferred to isopropyl alcohol, critical point 

dried using an AutoSamdri 815A automated critical point drier (Tousimis, Rockville, MD), sputter 

coated (Leica SCD500, Leica, Vienna) with approximately 7 nm of iridium, and imaged at 
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10,000X under an FEI Quanta 250 scanning electron microscope (Thermo Fisher, Waltham, 

MA) at 3kV using the in-lens SE1 detector.    

 

2.4.5 Hemocompatibility 

The interaction between SolMM and human blood samples (N=4) was assessed at 

different concentrations of SolMM to whole human blood or platelet rich plasma. A ratio of 1:1 

(10 mg/ml SolMM) represents the highest possible ratio between blood and SolMM, whereas 

1:10 (1 mg/ml) represents a more physiologically relevant dilution based on the volume of the 

coronary vasculature and relevant infusion rate (1 ml/min). Hemocompatibility was assessed as 

previously described231-233. Red blood cell aggregation was measured using 20 µl of blood with 

a photometric rheoscope (Myrenne Aggregometer, Myrenne Gmbh, Roetgen, Germany) within 

4 hours of sampling after adjusting hematocrit to 45% with autologous plasma. The 

aggregometer measures changes in light transmission following red blood cell shearing, 

resulting a decrease in optical signal from red blood cell aggregation. The aggregation time is 

the reciprocal of the slope (calculated between 0.5 and 2 s after shear has stopped). The 

aggregation index is the relative surface area above the curve calculated over the first 5 

s. Platelet aggregation was measured with isolated platelet rich plasma on a lumi-

aggregonometer (Chrono-log). Using the same dilutions as above for sample to platelet rich 

plasma, high concentration coagulation cascade agonists, including adenosine diphosphate 

(ADP), epinephrine (EPI), and collagen (COL) were added (1:200-1:1000 dilutions), and platelet 

aggregation was measured via absorbance (600-620 nm). 

 

2.4.6 Animal surgeries 

All animal surgeries were approved by the Institutional Animal Care and Use Committee 

at the University of California San Diego. All surgeries were performed using aseptic conditions.  
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2.4.7 Small animal surgeries 

To induce tissue injury, a rat ischemia-reperfusion model of myocardial infarction (MI) 

was used, as previously described32,91. Adult female Sprague-Dawley rats (225-250 g) were 

anesthetized using isoflurane.  

To allow for visualization, SolMM or trilysine was conjugated with Alexa FluorTM 568 N-

hydroxysuccinimidyl ester to bind free amines (AF568, Invitrogen), as previously described107. 

AF568 was resuspended at 10 mg/ml in dimethyl sulfoxide, and AF568 was added to SolMM or 

trilysine at a 1:100 volume dilution. For biodistribution, SolMM and trilysine were conjugated with 

VivoTag®-S 750 Fluorochrome (VT750, PerkinElmer), similarly to AF568, as previously 

described234. VT750 was resuspended at 10 mg/ml in dimethyl sulfoxide, and VT750 was added 

to SolMM or trilysine, at a 1:100 volume dilution. 

To induce acute MI, the left main artery was accessed via a left thoracotomy and was 

ligated for 35 minutes with a suture. To simulate reperfusion, the suture was released to restore 

blood flow. To simulate intracoronary (IC) infusion, the aorta was clamped, and SolMM, trilysine, 

or saline was injected in to the LV lumen with a 30G needle, forcing the material into the 

coronary arteries which feed both the left and right side of the heart235,236. Infusions were 

performed within 10 minutes of reperfusion.  

To determine the effects of dose on retention, hearts were infused with 200 µl of 6, 10, 

or 12 mg/ml SolMM and were harvested at 30 minutes post-infusion (n=2 rats per dose). To 

determine degradation, rats underwent MI and IC infusion of 200 µl of 10 mg/ml SolMM+AF568, 

were harvested at 30 minutes, 1, 6, 12, and 24 hours and 2, 3, 4, 5, and 7 days post-infusion 

(n=2 rats per time point). Harvested hearts were rinsed with saline, embedded in Tissue Tek 

optimal cutting temperature (OCT) compound, and frozen for cryosectioning.  

To determine if MI was necessary for SolMM retention, IC infusions of 10 mg/ml SolMM 

conjugated with AF568 were performed in healthy rats (no MI), and hearts, kidneys, lungs, liver, 
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kidneys, and spleens were harvested after 1 hour post-infusion and assessed for material (n=3 

rats). To assess if retention is possible in a chronic MI, rats underwent MI procedure four weeks 

prior to infusion. After four weeks post-MI, IC infusions were administered, consisting of either 

10 mg/ml SolMM conjugated with AF568 (n=2 rats), trilysine conjugated with AF568 (n=1 rat), or 

saline (n=1 rat). Hearts were harvested 1 hour post-infusion.  

To determine MI biodistribution, rats underwent MI and IC infusion of 200 µl of 10 mg/ml 

SolMM+VT750, trilysine+VT750, or saline without VT750 (n=2 rats per group). At 24 hours post-

infusion, rats were perfused with saline to reduce background signal, and heart, lung, liver, 

brain, kidney, and spleen were harvested, rinsed with PBS, and stored at 4°C. Tissues were 

imaged within 24 hours using an Odyssey imaging system (Li-COR Biosciences). 

 To assess vascular permeability, rats underwent MI and IC infusion of 200 µl of saline 

(n=3) or SolMM (n=4). After 30 minutes, rats underwent tail vein injection of Albumin from 

Bovine Serum (BSA), Alexa Fluor™ 680 conjugate (ThermoFisher Scientific, A34787). After an 

additional 30 minutes, hearts were harvested and imaged using an Odyssey Odyssey imaging 

system (Li-COR Biosciences). 

To assess efficacy, rats underwent MI and IC infusion of 200 µl of saline or SolMM and 

underwent magnetic resonance imaging (MRI) 24 hours and 5 weeks post-infusion (SolMM 

n=10 rats, saline n=11 rats). Animals were arbitrarily assigned, and a mix of saline and SolMM 

injections were performed each day of surgery. Hearts were harvested within 24 hours of the 

last imaging time point. Cardiac cine MRI 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. Respiratory and electrocardiogram-

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 



72 

 

acquired with a total of 20 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). Ejection fraction (EF) was calculated as 

[(EDV-ESV)/EDV] x 100. Investigators were blinded during image acquisition and analyses.  

For gene expression analyses, rats underwent MI and IC infusion of 200 µl of saline or 

SolMM, and hearts were harvested at 1 and 3 days post-infusion (saline 1 day n=5 rats, SolMM 

1 day, saline 3 day, and SolMM 3 day n=6 rats per group). Hearts were sliced into six to seven 

approximately 1 mm coronal slices using a Rat Heart Slice Matrix (Zivic Instruments). Odd 

slices were used embedded in OCT for histology analyses, and the even slices were used for 

gene expression analyses. The LV free wall was isolated from even slices and flash-frozen.  

2.4.8 Histological analyses 

All histological and immunohistochemical (IHC) assessment was performed by 

investigators who were blinded. Samples embedded in OCT compound were cryosectioned at 

10 and/or 20 µm. Formalin fixed tissue samples were paraffin-embedded and sectioned. 

Hematoxylin and eosin (H&E)-stained sections from rats were used to identify the infarct regions 

for fluorescent analyses and infarct size. H&E-stained sections of the pig satellite organs were 

sent to a histopathologist, who was blinded, and assessed for signs of ischemia and 

inflammation. Masson’s trichrome stain was used to quantify interstitial fibrosis. Five evenly 

spaced slides spanning the infarct were used for trichrome analyses. Slides stained with H&E 

and trichrome were mounted with Permount (Fisher Chemical) and scanned at 20x using an 

Aperio Scan Scope CS2 slide scanner (Leica Biosystems). Non-nuclear blue staining was 

measured using the ‘Positive Pixel Count V9’ algorithm in the ImageScope (Aperio) software.  

IHC was performed using antibodies for the following antigens: α-actinin (αACT, Sigma 

A7811, 1:700), cleaved caspase 3 ASP175 5A1E (CC3, Cell Signaling 9664, 1:50), and alpha 
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smooth muscle actin (αSMA, Agilent M0851, 1:75). Griffonia Simplicifolia Lectin I isolectin B4 

(Vector Laboratories, 1:75) was pre-labeled with fluorescein, and all antibodies were visualized 

with secondary antibodies Alexa Fluor 488 or 568 (Life Technologies). Nuclei were stained with 

Hoechst 33342 (Life Technologies). Following IHC, slides were mounted with Fluoromount 

(Sigma) and imaged at 10X or 20X on the Ariol DM6000 B microscope (Leica) or Carl Zeiss 

Observer D1.  

For infarct arteriole quantification, arterioles were identified by the following criteria: 

positive co-staining for isolectin and αSMA for endothelial cells and smooth muscle cells, 

respectively, a visible lumen, and an average Feret diameter (average of the minimum and 

maximum Feret diameters) of at least 10 m. Using tissue from 5 weeks post-infusion, 5 slides 

evenly spanning the infarct of each heart were stained. If possible, up to 5 images were 

captured across the infarct of each slide. Infarcts were identified by nuclei density, and arterioles 

were manually traced in ImageJ (NIH).  

For cardiomyocyte apoptosis quantification in the border zone, slides from 3 days post-

infusion were stained for αACT and CC3 to identify cardiomyocytes and apoptotic cells, 

respectively. The border zone was identified by expanding outside the infarct region 1 mm. The 

infarct was identified through an absence of αACT stain. Apoptotic cardiomyocytes were 

identified by positive co-staining for αACT and CC3. As CC3 could be observed on most cells in 

the border zone, a high threshold for CC3 expression was used. CC3 had to cover at least 50% 

of the cell body to be considered apoptotic. Two slides covering the infarct from each heart were 

used as a result of using the Slice Matrix. Analysis was manually performed in ImageJ (NIH).  

For confocal imaging of vessels and SolMM, slides from 2, 12, and 24 hours post-

infusion in rats and 1 hour post-infusion in pigs were stained with isolectin or αSMA to identify 

endothelial cells or smooth muscle cells, respectively. Slides were imaged using a Confocal 

Microscope LSM 780 (Zeiss).  
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2.4.9 RNA isolation for NanoString  

Hearts from 1 and 3 days post-infusion were used for gene expression analyses (see 

Small Animal Surgeries). The LV free wall was isolated and flash frozen for subsequent RNA 

extraction using the RNEasy Mini Kit (Qiagen). RNA concentrations were measured using a 

NanoDrop spectrophotometer (Thermo Scientific).  

 

2.4.10 Statistics 

Data generated from dsDNA and sGAG content assays, MRI and histological analyses 

were compared with a Student’s two-way t test. Data generated from hemocompatibility were 

compared with a one-way ANOVA. All data are presented as mean ± SEM. Significance was 

considered p < 0.05. Trending was considered p<0.10. Statistical analysis was performed in 

Prism (GraphPad).  
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Chapter 3: Safety and Efficacy of Intracoronary Infusion of a Soluble Extracellular Matrix 

Therapy in a Large Animal Model 

3.1 Introduction 

 Proof-of-concept for the feasibility, safety, and efficacy of soluble myocardial matrix 

(SolMM) hydrogels for intravascular infusion was shown in a small animal model of acute 

myocardial infarction (MI). An important first step in progressing this therapy towards the clinic, 

however, large animal models, specifically porcine, are the ideal preclinical model for studying 

myocardial infarction. Particularly, the anatomy of the porcine heart is similar to humans, 

specifically the vasculature, as the arteries of the porcine are amenable to catheters currently 

used in the clinic. This is particularly relevant when investigating an infusible therapy for the 

heart with regards to acute myocardial infarction.  

Previous work has examined the use of myocardial matrix (MM) as a therapy for sub-

acute MI, as it was delivered via transendocardial injections 2 weeks post-MI206. This study 

showed significant improvements in volumes, ejection fraction, and global wall motion index; 

therefore, as SolMM is derived from MM, we expected to see similar improvements in cardiac 

function. However, this model used a permanent occlusion model and a, injectable method of 

delivery. There are clinical concerns of arrythmias and LV rupture in addition to the significant 

challenge of transendocardial injection for interventional cardiologists. Therefore, an infusible 

therapy would be ideal as a treatment for acute MI. Previous work has shown efficacy of an 

infusible alginate biomaterial therapy for acute MI29, which showed a preservation of volumes in 

a porcine model and progressed to clinical trials30. The infusible alginate progressed to the 

clinic, but was unsuccessful, likely due to the limited bioactivity of alginate in addition to being 

delivered a few days post-MI, 4 days post-MI in the porcine model and up to 7 days post-MI in 

the clinic. An acute delivery of an infusible ECM hydrogel can improve upon this approach, 

providing simple delivery combined with bioactive therapeutic effects earlier.  
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 A balloon-occlusion method of MI was selected as it allows for minimally-invasive injury, 

allows for the simulation of a balloon angioplasty when the balloon is deflated, as well as 

permits the delivery of SolMM through the lumen of the balloon, originally designed for the 

guidewire. Serial echocardiography was performed to assess left ventricular (LV) remodeling 

over time. Echocardiography was selected as it allows quick and non-invasive high-resolution 

imaging of the heart. In addition to echocardiography, for additional safety analysis, blood 

draws, 12-lead electrocardiograms (ECG), and Holter monitoring were performed pre-MI, post-

infusion, 7 days post-infusion, and 8 weeks post-infusion. As we are delivering a therapeutic to 

the heart post-MI, there were concerns of arrythmias, therefore; 12-lead ECG and continuous 

24h Holter monitoring was performed to record any potential arrythmias in response to SolMM. 

The time points of 7 days and 8 weeks were chosen to assess the sub-acute safety and for 

negatively LV remodeling, respectively. Hearts and satellite organs were collected following the 

8 week echocardiography to histologically assess for cardiac remodeling, infarct size and 

fibrosis, and to assess satellite organs for signs of inflammation.  

We induced an MI in a porcine model using balloon occlusion, with subsequent delivery 

soluble extracellular matrix to the acute MI using the same balloon infusion catheter to infuse 

SolMM under stop-flow conditions. We evaluated the feasibility, safety, and efficacy of SolMM 

as a therapy for acute myocardial infarction. We hypothesized that intracoronary SolMM 

infusions will mitigate negative left ventricular (LV) remodeling, specifically reducing LV volumes 

and improving ejection fraction post-MI. We also assessed wall thickness and wall motion 

scores as a measure of efficacy of SolMM infusions.  
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3.2 Results 

3.2.1 Soluble extracellular matrix is capable of intravascular infusion using a clinically-relevant 

catheter 

Given the promising results in small animal acute MI models, we tested if SolMM could 

also be delivered using a clinically-relevant infusion catheter in a large animal model. To ensure 

that SolMM would pass through a catheter, pre-gel complex viscosity was measured (Fig 3.1a). 

The pre-gel complex viscosity of SolMM was an order of magnitude lower than MM, but still 

higher than saline (Fig 3.1a). Despite the increased viscosity, SolMM was able to pass through 

a catheter with an internal diameter of 0.36 mm. A balloon infusion catheter was used to induce 

MI over 90 minutes to induce leaky vessels and infuse tagged SolMM (Fig 3.1b). Stop-flow 

infusion of SolMM was performed to minimize wash out and allow for SolMM to slowly diffuse 

through and/or bind to the leaky vasculature. While the balloon was inflated, SolMM was infused 

2 ml at a time over 2-minute intervals, followed by 2 minutes of reperfusion with the balloon 

deflated, minimizing the length of time to prevent any additional ischemic damage. These 

volumes and time intervals were selected based on previous studies infusing cells and 

biomaterial29,237. This cycle of balloon inflation, infusion, and deflation was repeated 2 or 3 times 

to infuse 4 ml and 6 ml, respectively, for the pilot infusion pigs.  

As seen in the small animal model, SolMM was specifically observed in the infarct region 

in the porcine MI model (Fig 3.1c,d). Likewise, SolMM was distributed throughout the infarcted 

myocardium and was not observed in the border zone or remote myocardium (Figure 3.2). 

Satellite organs did not show any signs of material, or acute ischemia or inflammation (Figure 

3.3, Table 3.1). However, the absence of material, particularly in the kidneys, is that the SolMM 

was potentially lower than the detection limit of histology. Furthermore, the relative dose for the 

pigs was significantly lower than the rats. SolMM was observed to similarly line endothelial cells 
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of the infarcted myocardium in the pig model (Fig 3.1e,f ). No signal was observed in the infarct 

region with a small peptide control (Figure 3.2).  

 

3.2.2 Soluble matrix dosing plateaus, suggesting an optimal dose 

Before moving to a survival study, it was necessary to determine an optimal dose. We 

assumed that a higher concentration would lead to an enhanced therapeutic effect. Therefore, 

we aimed to use the highest concentration of SolMM that we could regularly produce, which 

was 10 mg/ml. For dosing, the infused volume would need to be modified to find the optimal 

dose. Fortunately, the infusion model allows for simple scaling, as more material could easily be 

infused. As SolMM was infused in 2 ml increments over 2 minute intervals, repeating this could 

increase SolMM delivery while minimizing the risk of additional ischemic damage. To determine 

the most effective dose, tagged SolMM volumes ranging from 1 ml to 10 ml were infused 

following MI. Infarct sections were evaluated for signal density, with a higher density suggesting 

more material retention. An optimal dose would be selected when the highest signal density is 

achieved, assuming any additional SolMM would be washed out and enter the systemic 

circulation, potentially causing off target effects. We hypothesized that SolMM infusions would 

follow a linear dosing effect (i.e. more SolMM would lead to more signal, potentially no limit) or 

show a plateau effect, where at some point the tissue or microvasculature would be saturated. 

Indeed, we observed a plateau effect with an inflection point at 4 ml, suggesting that any 

additional infused SolMM would not be retained, as the microvasculature may be saturated (Fig 

3.1g). 
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3.2.3 Soluble matrix infusion mitigates negative left ventricular remodeling in a porcine acute 

myocardial infarction model 

To test the efficacy in a porcine model of acute MI, survival pigs underwent MI, SolMM 

infusion of the optimal dose of 4 ml, and serial echocardiography (echo) pre-MI, post-infusion, 7 

days post-infusion, and 8 weeks post-infusion (Fig 3.1h-u). Echo was performed with multiple 

views, which allowed for the calculation of volumes (ESV and EDV), EF, dimension including LV 

diastolic and systolic dimensions (LVDd, LVDs respectively), fractional shortening (FS), 

measured wall motion scores, Global Wall Motion Index (GWMI), LV wall thickness, and infarct 

percentage. Prior to surgery, 24h Holter monitoring was collected. Animals were sedated and 

then placed under anesthesia for the duration of the operation. Echo and 12-lead ECG were 

collected before arterial access. Once arterial access obtained, blood samples were collected. 

Under fluoroscopy, a catheter was guided to the coronary artery and a balloon was placed in the 

left anterior descending artery for 90 minutes. For the duration of the occlusion, ECG was 

monitored for ventricular tachycardia and ventricular fibrillation, and defibrillating shocks were 

applied as needed. To reduce variability in the survival study, the balloon was not dropped for 

more than 5 minutes and no more than 3 episodes of defibrillating shocks were administered. 

Following the 90 minutes of occlusion, the balloon was dropped for 30 minutes to allow for the 

heart to stabilize, as some pigs displayed tachycardia upon reperfusion. SolMM was then 

infused, undergoing the cycles of 2 ml infusions, as described above. Following infusion, 12-

lead ECG and echo were collected, and a Holter monitor was placed on the pig. Pigs were then 

allowed to recover, and Holter monitors were collected the following day. Post-MI, EDV, ESV, 

EF, LVDd, LVDs, FS, and infarct percentage were not significantly different between groups, 

suggesting a similar injury between groups. Seven days and 8 weeks later echo, 12-lead ECG, 

blood samples, and Holter monitoring were collected.  



80 

 

Post-MI, LV wall thickness was significantly reduced following SolMM infusions (Fig 

3.1p), suggesting that SolMM reduces edema and/or myocardial hemorrhaging through an 

inhibition of tissue fluid infiltration, aligning with our observations in the small animal model 

(Figure 2.9). As expected, no other parameters were significantly different post-MI between 

groups.  

At 7 days following infusions, EF was trending higher (p<0.10) for SolMM infused pigs 

(Fig 3.1m). Infarct percentage was significantly decreased (Fig 3.1q). Although not statistically 

significant, EDV and ESV were trending lower in addition to a trending improvement in GWMI, 

further supporting an acute mitigation of negative LV remodeling. No difference was observed in 

LVDd and LVDs at 7 days; however, a trend was observed in FS (Fig 3.4). Wall thickness 

returned to approximately pre-MI thicknesses (Fig 3.1 p).  

At 8 weeks post-infusion, EDV was trending lower (p<0.10) compared to saline infused 

pigs (Fig 3.1i). Although not statistically significant, ESV was trending lower, and EF was 

trending higher. Furthermore, at 8 weeks, LVDd and LVDs were trending improved (p<0.10) 

compared to saline infused pigs, and a trending improvement in FS was observed (Fig 3.4). As 

observed at 7 days, infarct percentage was significantly reduced compared to saline infused 

pigs (Fig 3.1q). GWMI improved for both groups, with a trending, but not significant, 

improvement in SolMM over saline.  

SolMM infusions mitigated negative LV remodeling in a porcine model, but the changes 

over time provided additional insights. Significant differences were observed in wall motion 

scores over time, particularly improvements in infarcted wall segments (B, C, K, and L), 

whereas no improvements were observed for saline infused hearts, with the exception of 

segment K, which could likely be explained by the variability of the porcine coronary 

anatomy(Fig 3.1v,w). Furthermore, a significantly lower change in EDV (Fig 3.1j) alongside a 

trending decreased change in ESV (Fig 3.1l) were observed from post-MI to 8 weeks post-MI, 
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suggesting SolMM infusions preserved LV volumes over time, as observed in the rat model. 

Although not significant, EF was trending unchanged in SolMM treated pigs, whereas a modest 

decrease was observed in saline treated pigs.  
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Figure 3.1: Soluble matrix (SolMM) infusions are amenable to intracoronary infusion with a 
balloon infusion catheter.  
a, SolMM pre-gel complex viscosity is lower than its full matrix (MM) counterpart, suggesting 

potential for catheter delivery. b, Timeline of catheter feasibility study. c, Macroscopic short-axis 

view of a pig heart post-MI and SolMM infusion. Infarct outlined in blue. d, Fluorescent image of 

SolMM (white) distribution and retention in a histological section from the same heart. Scale bar 

200 µm. e,f, Representative confocal images of SolMM (red) and endothelial cells (green) from 

SolMM infused pigs. SolMM lines the endothelial cells of infarcted myocardium, as similarly 

observed in the rat MI model. Lumen traced with dotted white lines Scale bars 5 µm. g, SolMM 

infusions showed a plateau effect when increasing infusion volumes, as suggested by quantified 

signal density in the infarct following infusions. h, Timeline of survival study following induced 

myocardial infarction (MI) and SolMM or saline infusion. End diastolic volume (EDV), end 

systolic volume (ESV), ejection fraction (EF), MI wall thickness, infarct percentage, Global Wall 

Motion Index (GWMI), and wall motion scores (WMS) were measured before MI (baseline), 

post-MI, 7 days, and 8 weeks post-MI. h-w, Changes in EDV, ESV, and EF over time (i,k,m) 

and changes at 8 weeks vs post-MI (j,l,n), suggest SolMM infusions mitigate negative left 

ventricular remodeling. Changes in MI wall thickness (o,p), infarct percentage (p), global wall 

motion index (GWMI, r-t), and WMS segments (u-w) over time, showing how SolMM infusions 

protect mitigate acute wall thickening and infarct expansion. Data are mean ± SEM. *p<0.05, 
#p<0.10. 
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Figure 3.2: Representative images of borderzone, remote myocardium, and control infusion pig 
hearts.  
H&E (a,c,e) and corresponding representative fluorescent images (b,d,f) of infused pig heart 
tissue showing no SolMM retention in border zone or remote myocardium in addition to no 
signal in trillysine infused pigs one hour after infusion. a-b, Border zone of infarct region of heart 
infused with SolMM conjugated with AF568. c-d, Remote myocardium of heart infused with 
SolMM conjugated with AF568. e-f, Infarcted region of heart infused with trilysine conjugated 
with AF568. a,c,e, Scale bar 4 mm. b,d,f, Scale bar 200 µm. 
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Figure 3.3: Representative pig satellite organs images following SolMM infusions.  
Representative H&E (a,c,e,g,i) and corresponding representative fluorescent images (b,d,f,h,j) 
of satellite organs following SolMM conjugated with AF568 infusions to the heart showing no 
SolMM retention in satellite organs. a-b, Lungs. c-d, Liver. e-f, Brain. g-h, Kidney. i-j, Spleen. a, 
Scale bar 4 mm. c,e,g, Scale bar 5 mm. i, Scale bar 6 mm. b,d,f,h,j, Scale bars 200 µm. 
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Table 3.1: Histopathological assessment of pig satellite organs.  
Normal (N), Abnormal (Ab), Autolysis (Aut).  

 Infusion and volume 

Tissue 
SolMM 

4 ml 
SolMM 

6 ml 
Trilysine 

4 ml 
Trilysine 

6 ml 

Lungs N N N N 

Liver N N N N 

Brain N N N N 

Kidney N N N N 

Spleen N N N N 
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Figure 3.4: Left ventricle dimensions as an assessment of cardiac remodeling.  
Representative M-mode echo of hearts post-MI and 8 weeks post-MI (a). Changes over time in 
LV diastolic (b) and systolic dimensions (c), and fractional shortening (f), and respective 
changes from post-MI to 8 weeks post-MI (c,e,g).  
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3.3 Discussion  

Many of the defining features of SolMM infusions were shown in a pig acute MI model, 

as previously discussed and shown in the small animal models, including infarct retention and 

endothelial cell co-localization. Even though SolMM could easily be injected in small animal 

models, that did not guarantee that SolMM could be delivered via catheter. It was shown that its 

pre-gel complex viscosity was lower than our previous MM (Fig 3.1a), which was capable of 

catheter delivery, specifically transendocardial injection, so we were confident moving forward 

with the pig infusion study. Following the induction of leaky vessels after balloon occlusion of the 

left anterior descending arterty (LAD), SolMM was shown to be acutely retained in the infarcted 

myocardium (Fig 3.1b-d), specifically coating endothelial cells (Fig 3.1e,f). Subsequently, a 

dosing study was performed to find the optimal dose for a survival study. It was unclear if 

SolMM would have a purely linear dosing effect (infusing more material would lead to more 

retention), or if we would observe a plateau, such as saturating the microvasculature. Indeed, 

we observed a plateau effect, with an inflection point around 4 ml, with minimal differences in 

infarct signal intensity observed with infusion volumes above this point.  

Based on the acute histological assessments of the vasculature in the small animal 

model, this would suggest the mechanisms of SolMM are related to treating the endothelial 

cells, specifically addressing vascular and tissue permeability (Fig 2.8), with potential effects on 

tissue edema and/or myocardial hemorrhaging. SolMM was similarly observed in the porcine 

model, as SolMM was observed in the lumen of endothelial cells (Fig 3.1e,f). As myocardial 

edema begins during ischemia and quickly expands following reperfusion238, acute SolMM 

infusions could prevent tissue edema and further tissue damage from reperfusion injury (i.e. 

maintaining MI wall thickness). SolMM infusions could mitigate early tissue inflammation and 

injury by blocking the leaky vasculature. Other intracoronary therapies have observed 

differences in myocardial edema, as intracoronary infusions of allogeneic-heart derived cells 
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mitigated myocardial edema239. However, the edema reduction was observed 1 week after cell 

administration via MRI, any differences in wall thickness were gone by 7 days. As SolMM was 

observed to degrade by 3 days in the rat model, this would explain why any mitigation of edema 

would be acutely observed, and return to normal physiological thicknesses by 7 days, which 

was observed in both treated and control groups. However, the inflammation in the SolMM 

infused group may be mitigated. Acute histological assessments of the cardiac tissue could 

provide insight into what the inflammatory response during the acute phase. In another study, 

edema was assessed and compared with histology to correlate immune cell in a porcine 

ischemia reperfusion model216. The edema resulted in an inflammatory response, characterized 

by neutrophil and macrophage in the ischemic myocardium at 1 day and 4 days post-MI, 

respectively, with substantial fibrosis by 7 days post-MI. This was directly contrasted with non-

reperfused (permanently occluded) pigs, which showed significantly less edema, as expected 

by the occluded coronary vasculature. This mitigation of edema and/or hemorrhaging was 

indirectly observed in the pig model, as wall thickness was significantly lower immediately post-

MI as compared to saline infused pigs (Fig 3.1p). By reducing edema, this could result in a 

mitigated inflammatory response and less tissue remodeling and fibrosis. In future studies, 

magnetic resonance imaging could confirm if fluid retention in the heart post-MI is modified as a 

result of SolMM infusions.  

Therapeutic efficacy was also observed in the porcine model, as EDV was trending 

lower at 8 weeks post-infusion. More notably, a significantly lower increase in EDV was 

observed from post-MI to 8 weeks post-MI. Similarly, a trending lower increase in ESV was 

observed from post-MI to 8 weeks post-MI, reinforcing that SolMM infusions similarly reduce 

negative LV remodeling in a porcine MI model. More notably were the changes in wall 

thickness, infarct percentage, and wall motion. As infarct percentage is a relatively novel 

approach to quantifying infarct size from echocardiography, it clearly shows how the infarct size 
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was decreased due to SolMM infusions. Even though the Global Wall Motion Index was not 

significantly different, investigating individual segments over time made some differences clear. 

Infarct segments, B, C, K, and L, anterior and mid & apical, showed significant and trending 

improvements in motion scores, whereas saline infused hearts only showed improvements in 

segment K.  

Even though we saw reminiscent retention and distribution between the small and large 

animal models, the efficacy results of rat model were similarly displayed in the large animal 

mode; however, large animals are more variable, likely resulting from variable coronary 

dimensions including diameter and lengths as well as co-lateral branching of the coronary 

vasculature. Trending improvements in EDV, ESV, and EF were observed, but were not 

significant, due to the variability of large animal models. The rat model involves the occlusion of 

the left main artery, affecting the entire left ventricle, whereas the pig model only occludes to 

LAD, thus only injuring the left anterior portion of the heart.  

Furthermore, the animal models of infusion are under different flow conditions. The small 

animal infusions are under continuous flow whereas the large animal models are under stop-

flow. These different flow conditions likely explain why we saw free NHS-ester-dye conjugate to 

the infarct tissue in the large animal model (data not shown), motivating us to switch to a small 

peptide control. The large animal model allows for targeting the infarct via the LAD with an 

infusion catheter whereas in the small animal model, the material is distributed to entire heart as 

the coronaries at the base of the aorta feed both the left and right side of the heart. In addition to 

current manufacturing and lab-scale limitations, this rationale was used for the relatively large 

infusion volumes in the small animal models. The small animals were infused with 200 µL 

compared to a 4 ml infusion in the large animal model. If considering the ratio of dose to heart 

weight, the small animals received approximately 1:500 (2 mg : 1000 mg) and the large animals 

received approximately 1:1500 (40 mg : 60,000 mg), suggesting 3 times the dose. If considering 
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a ratio of infused volume to total blood volume, the small animals received approximately 1:25 

(0.2 ml : 5.0 ml) whereas the large animals received approximately 1:1000 (4.0 ml : 4000 ml), 

suggesting 40 times the dose in rats. In terms of dose to body weight, the small animals were 

dosed at approximately 8.0 mg/kg (2 mg / 0.25 kg) and the pilot large animals were dosed at 1.0 

mg/kg (40 mg / 40 kg), suggesting 8 times the dose in rats. With these different total doses, with 

a large portion doing systemically and to the kidneys and liver, it is difficult to accurately 

determine the effective dose in the target tissue (i.e. the heart) and to compare between 

models. An attempt was made to identify the optimal dose histologically through signal density 

in the infarct as a function of dose. Determining the optimal dose through a quantitative 

biodistribution study in a clinically relevant large animal model is a critical next step to optimize 

before going to clinic.  

Future work for the acute MI pig model will histologically assess infarct size, fibrosis, and 

interstitial fibrosis in addition to assess satellite organs for signs of inflammation at the terminal 

timepoint of the survival study. Furthermore, 12-lead ECG, Holter monitoring, and blood draws 

were performed alongside echocardiography at each point in this study. Even though all the 

pigs survived following infusions, additional safety analysis will determine if soluble matrix 

infusions are ready for a clinical acute MI application.  

A limitation of this study is that echo was not collected post-MI but before SolMM 

infusion. The echo measurement at this time would resolve any concerns over difference in the 

MI injuries between groups, as well as could confirm if the change in LV wall thickness was 

indeed a result of the SolMM infusion. However, similarly measures of cardiac function resulted 

following the injury, with no significant differences in EDV, ESV, and EF observed between 

groups.  

Due to the promising preliminary data, it is possible that SolMM could be delivered via 

catheter for other catheter-based procedures including PAD and stroke. However, small animals 
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can be performed using minimal material, thereby easily enabling relatively large doses. A 

limitation for large animal models was the scaling of material production. Ten pig infusions of 4 

ml at 10 mg/ml required at least 400 mg of SolMM, requiring approximately 1.5 g of 

decellularized heart ECM, or at least 6 decellularized hearts. Future studies will need to 

evaluate dose scaling and feasibility in large animal models for IV infusion.  

The intravascular infusion, specifically intracoronary infusion, of SolMM in a large animal 

model using a catheter further demonstrates the proof-of-concept for the feasibility, safety, and 

efficacy for SolMM as a therapy for injured tissues. 

 

3.4 Methods and Materials 

3.4.1 Materials 

Unless specified, all materials were purchased from Sigma Aldrich.  

 

3.4.2 Material production  

Myocardial matrix (MM) hydrogel was generated based on previously described 

protocols31,195. In brief, fresh hearts were harvested from adult Yorkshire farm pigs (30-45 kg), 

and the left ventricular (LV) myocardium was isolated. Major vessels and connective tissue were 

removed, and the remaining tissue was minced. Tissue was decellularized in 1% sodium 

dodecyl sulfate (SDS) in phosphate buffer saline (PBS) for 4-5 days, followed by 24 hours of 

water rinsing to remove detergent. The material was then lyophilized and milled into a fine 

powder, and subsequently partially enzymatically pepsin digested in 0.1 M hydrochloric acid at 

10 mg/ml ECM powder and 1 mg/ml pepsin for at least 48 hours. The material was then 

neutralized with sodium hydroxide and buffered to match in vivo conditions, yielding liquid MM, 

capable of thermally induced gelation. MM was diluted to 6 mg/ml using PBS.  
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Next, the liquid MM was centrifuged at 15,000 RCF at 4°C for 45 minutes to separate the 

soluble and insoluble fractions. The supernatant (soluble myocardial matrix, SolMM) was 

isolated from the insoluble pellet. The pellet was rinsed with PBS and centrifuged again to 

increase yield of SolMM. To adjust the concentration and ratio of salts, SolMM was dialyzed 

over 48 hours at 4°C in 0.5xPBS, 0.25xPBS, and then twice in deionized water (each solution 

was replaced approximately every 12 hours), and lyophilized. The SolMM was then 

resuspended at a high concentration (16 mg/mL), passed through 0.22 μm syringe filters 

(Millipore) into sterile test tubes, lyophilized, weighed, and stored at -80°C for future use. The 

SolMM was then resuspended to appropriate concentration in sterile water at least 30 minutes 

before injection while on ice.  

 

3.4.3 Animal surgeries 

All animal surgeries were approved by the Institutional Animal Care and Use Committee 

at the University of California San Diego. All surgeries were performed using aseptic conditions.  

 

3.4.4 Large animal surgeries 

Yucatan mini-pigs (40-50 kg) were infarcted and infused using over-the-wire 

percutaneous transluminal coronary angioplasty (PTCA) dilatation catheters (Boston Scientific), 

as previously described29,240. SolMM and trilysine were conjugated AF568 as described above. 

Pre-anesthesia, pigs were intramuscularly administered 3-5 mg/kg Telazol (Wyesth) or a 

combination of ketamine-xylazine (4:1, 5 ml). Animals were intubated and maintained under 

anesthesia using 1-2.5% isoflurane or ketamine-xylazine-atropine with 1 l/min oxygen 

throughout the remainder of the procedure. For each animal, a sheath was inserted into the 

right or left femoral artery, allowing catheter access to the artery and retrograde access to the 

LV through the aorta. Coronary angiography was performed to locate the left anterior 
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descending (LAD) artery and to confirm patency using the left anterior oblique and/or anterior-

posterior views, and the balloon was inflated in the LAD for 90 minutes to simulate MI. 

Visipaque contrast agent (GE Healthcare) was used to visualize the coronary vasculature using 

an OEC 9400 c-arm (OEC Medical Systems). The balloon was deflated for 30 minutes to 

restore blood flow, simulating an angioplasty procedure. Four or 6 ml of SolMM or trilysine with 

AF568 (n=1 pig per group per volume) was infused using the same PTCA catheter. The balloon 

was inflated for 2 minutes, and during that time, 2 ml of solution was infused at a rate of 

approximately 1 ml per minute. The balloon was then deflated for 2 minutes. This cycle of 

balloon up, infuse 2 ml, and balloon down was repeated 2 or 3 times for a total infusion volume 

of 4 or 6 ml, respectively. ECG was monitored for signs of arrythmia and collected throughout. 

LAD patency was confirmed post-MI and post-infusion. Pigs were euthanized 1 hour post-

infusion, and heart, lungs, liver, brain, kidney, and spleen were harvested. Hearts were perfused 

with saline, cut into approximately 1 cm x 1 cm x 2-3 cm rectangular pieces, and embedded in 

OCT compound for cryosectioning. Two approximately 1 cm x 1 cm x 2-3 cm pieces of each 

satellite organ (lungs, liver, brain, kidney, spleen) were embedded in OCT and frozen. Samples 

of each satellite organ were also fixed in 10% formalin for histopathological analysis.  

For survival studies, pigs were given banamine (2.2 mg/kg) during recovery. 

Echocardiography was performed under anesthesia before MI, following infusion, 7±1 days 

post-op, and 8 weeks ± 2 days post-op (pre-euthanasia), as previously described206. 

Additionally, Holter monitoring over 24 hours, 12-lead electrocardiogram, and blood draws for 

complete blood count, coagulation, and chemistry were collected at each time point for safety 

evaluation. Five pigs died during the MI procedure. A standard two-dimensional echocardiogram 

(2-D Echo) was performed pre and post MI, prior to injection, and prior to euthanasia using a 

commercially available instrument operating a broad band 1.5-3.5 mHz transducer with digital 

images stored on hard drive for subsequent playback and analysis. Attempts were made to 
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record images in the standard long axis, short axis, and apical 4 and 2 and 3 chamber views. 

Depending upon the thoracic configuration of the animal, one or more views that depicted the 

entire perimeter of the left ventricle were possible. Images were optimized for porcine anatomy 

with minimal depth and highest frame rate whenever possible, and an acquisition length of 5 

cardiac cycles. Once the optimal view was identified, a similar view containing the same 

landmarks was obtained on each subsequent examination, and single plane LV volumes and 

ejection fraction were derived using a modified Simpson rule method of discs. Following 

terminal echocardiography, pigs were euthanized, and heart, lungs, liver, brain, kidney, and 

spleen were harvested. Hearts were perfused with saline, cut into approximately 1 cm coronal 

sections, and fixed in 10% formalin. Samples of each satellite organ were also fixed in 10% 

formalin for histopathological analysis.  

 

3.4.5 Histological analyses 

All histological and immunohistochemical (IHC) assessment was performed by 

investigators who were blinded. Samples embedded in OCT compound were cryosectioned at 

10 and/or 20 µm. Formalin fixed tissue samples were paraffin-embedded and sectioned. 

Hematoxylin and eosin (H&E)-stained sections were used to identify the infarct regions for 

fluorescent analyses and infarct size. H&E-stained sections of the pig satellite organs were sent 

to a histopathologist, who was blinded, and assessed for signs of ischemia and inflammation. 

Slides stained with H&E and trichrome were mounted with Permount (Fisher Chemical) and 

scanned at 20x using an Aperio Scan Scope CS2 slide scanner (Leica Biosystems).  
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3.4.6 Statistics  

All data and plots are presented as mean ± SEM. Significance was determined with a 

repeated measures (if applicable) one-way ANOVA using a Tukey post-hoc test for more than 2 

groups, and an unpaired student’s t-test for 2 groups, with significance defined as p<0.05.   
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Chapter 4: Conclusions and Future Directions 

4.1 Summary of Work 

This dissertation thoroughly investigates the development and application of a new 

infusible extracellular matrix (ECM) therapy, termed soluble myocardial matrix (SolMM). 

Feasibility, safety, and efficacy were demonstrated across multiple injury models, particularly 

injury models involving vascular injury (i.e. leaky vessels).  

The first chapter reviewed the state of the field for ECM hydrogels and how they have 

been applied across multiple injury models. It highlights how ECM hydrogels have been broadly 

applied, but injectable and implantable ECM products dominate the field and research 

environment. The review highlighted limitations as well as opportunities to apply soluble ECM 

hydrogels, including injury models and applications for the heart, brain, and lungs.  

The second chapter establishes feasibility, safety, efficacy, and probes the mechanisms 

of action of soluble ECM hydrogel therapies. Soluble ECM can be isolated from digested 

decellularized tissues following a simple fractionation process. Furthermore, it can be sterile 

filtered and lyophilized for long-term storage, desirable manufacturing characteristics. SolMM 

still maintains an ability to form a hydrogel but is only demonstrated upon injection or infusion – 

a mechanism that is still not understood. Soluble ECM hydrogels are feasible in multiple injury 

models, specifically showing retention in acute myocardial infarction (MI) following intravascular 

infusions, likely due to endothelial injury, allowing for material accumulation. SolMM was shown 

to coat and/or fill in the gaps of leaky vessels, suggesting it may acutely prevent vascular 

permeability and tissue edema and/or hemorrhaging. Efficacy was shown in the small animal 

model of acute MI by preserving volumes acutely and at 5 weeks post-MI. Increased infarct 

vascularization was observed, suggesting SolMM preserved endothelial cells, as angiogenic 

gene expression pathways were upregulated. Furthermore, decreased border zone 

cardiomyocyte was observed, potentially through mitigated inflammation and decreased ROS 
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entry, as suggested by decreased ROS metabolism. This chapter provides strong rationale for 

additional work in acute MI models.  

The third chapter expands upon the feasibility, safety, and efficacy observed in the small 

animal acute MI model. The feasibility of intravascular infusion is shown in a large animal model 

of acute MI, it can be delivered acutely following a balloon occlusion of the left anterior 

descending artery. A plateau dosing pattern was observed, identifying the optimal dose as 4 ml, 

as no additional signal density was observed above 4 ml. A large animal survival efficacy study 

was performed using serial echocardiography alongside measures of safety, including Holter 

monitoring, blood draws, and 12-lead ECG. Echocardiography showed a trending decreased 

end diastolic volume (EDV) at 8 weeks post-infusion, and a trending improved ejection fraction 

was observed at 7 days post-infusion. Furthermore, a significantly lower increase in EDV from 

post-MI to 8 weeks was observed, suggesting SolMM infusions mitigate negative LV 

remodeling. Wall thickness was significantly thinner (closer to healthy) acutely after MI, 

suggesting SolMM infusions inhibit edema and/or hemorrhaging, aligning with the hypothesized 

mechanism and data observed in the small animal MI model. SolMM infusions resulted in 

smaller infarcts as indicated by a significantly reduced infarct percentage at 7 days and 8 weeks 

post-infusion. Significantly improved wall motion scores were observed in infarct segments.  

Overall, feasibility, safety, and efficacy were observed in both small and large animal 

models of acute MI. The data from this dissertation is promising and will motivate additional 

studies to prepare SolMM for clinical application as well as investigation of other injury models.  

 

4.2. Future Directions and Outlook 

The studies conducted in dissertation provide rationale and motivation to further 

progress SolMM towards the clinic for acute MI. SolMM infusions were feasible, safe, and 

effective in multiple injuries models, across multiple organs, and multiple species. Efficacy was 
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observed upon imaging the heart, suggesting it mitigated negative LV remodeling. Additional 

studies are required to fully understand the safety of SolMM infusions, including the changes in 

cardiac, systemic physiology, and quantitative biodistribution, and the greater implications in a 

relevant patient population, such as accounting for co-morbidities and concomitant medications. 

Additionally, it is unclear how SolMM would work in the case of microvascular obstruction, as it 

is suggested to affect over 50% of patients241. Furthermore, this phenomenon was proposed to 

also limit the efficacy of the infusible alginate biomaterial therapy for acute MI30. Given that 

SolMM coats the leaky vasculature, it may reach and coat the microvascular obstruction, 

providing potential therapeutic effects. Furthermore, as SolMM is delivered acutely, it may reach 

the tissue before microvascular obstruction occurs and/or SolMM may have vasoactive effects, 

as suggested by differential expression of nitric oxide pathways.  

As the results of the porcine study are promising, as significantly different changes were 

observed over time (i.e. lower changes in EDV and improvement in GWMI form post-MI to 8 

weeks post-MI); however, the lack of statistical significance on terminal endpoints indicates an 

underpowered study or potentially cutting the study short too early. A previous porcine study of 

myocardial matrix went out to 3 months post-injection206. Alternatively, there still remains room 

to optimize the dosing, in terms of volume, concentration, and timing. We have used a standard 

protocol for infusions, infusing 2 ml of SolMM over 2 minutes, however, other studies have 

infused larger volumes, such as 3 ml per infusion, up to 12 ml242. The concentration of 10 mg/ml 

was limited based on manufacturing, but optimized manufacturing and scaling (discussed 

below) could allow for much greater concentrations, pushing the limits of the amount delivered, 

as viscosity was not a concern for the completed studies. Timing could be optimized as well. 

Thirty minutes was chosen for the shortest amount of time to confirm heart stability post-MI, as 

on occasion, arrythmias occurred following reperfusion. However, criteria could be determined 

to deliver earlier for enhanced myocardial salvage. Alternatively, delivery could occur later, as 
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SolMM was delivered 4 hours post-infusion in a traumatic brain injury (TBI) model (data not 

shown). Depending on the mechanism of binding and retention, which is not well understood, 

infusing later could lead to enhanced retention. As local VEGF release promotes enhanced 

vessel permeability, this stimulus continues out to 24 hours. However, minimal retention was 

observed at 24 hours, therefore, suggesting an optimal window may exist between immediately 

upon reperfusion and less than 24 hours. Future porcine studies will likely be necessary to 

initiate a clinical trial further optimize delivery and establish significant efficacy.  

In order for SolMM to be implemented in the clinic, there are a number of manufacturing 

processes and scale-up considerations. Fortunately, manufacturing and process development 

has been progressed for the full myocardial matrix (MM) and other ECM therapies (however, 

MM is the only ECM hydrogel in the clinic), allowing for relatively easy clinical implementation, 

Since SolMM is derived from MM, this provides substantial precedent for how a soluble matrix 

therapy could be developed commercially. SolMM could take advantage of the MM workflow, 

while only adding some additional processing steps to the final MM product. Even if SolMM had 

to be developed independently, this could potentially allow for costs reduction, as SolMM 

provides terminal sterilization, therefore, not requiring the costly aseptic techniques required 

throughout MM implementation and providing substantial advantages over other biologic and 

cellular therapeutics. However, scaling up was a significant challenge in the research 

environment. Anecdotally, one decellularized porcine heart of MM could treat multiple patients, 

whereas one decellularized porcine heart of SolMM could treat 1-2 patients. A porcine survival 

study pushed the limits of what could be produced in a research environment through manual 

labor, automation will be required for anything commercial.  

Furthermore, there remains further optimization of the final steps of converting MM to 

SolMM. A range of centrifugation speeds could be testing to isolate to optimal soluble fraction or 

fractions of ECM hydrogels, as only one fraction (the supernatant of approximately 15000 RCF) 
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was tested for efficacy using MM. This may not also be conserved across tissue sources. 

Additionally, the dialysis step may be unnecessary for a final product. From a chemistry and a 

regulatory standpoint, knowing the precise amount of protein and salts is important to knowing 

the composition and controlling for batch variability. However, it may be possible to produce a 

very similar, if not more therapeutically effective, product if the supernatant was sterile filtered 

immediately following centrifugation. The removal of the dialysis step would preserve the small 

protein and peptides (less than 100-500 MW), which could enhance the therapeutic effects of 

SolMM. There will be a substantial amount of work required to optimize the final steps of 

converting MM to SolMM and scaling will play an important role in translation to the clinic.  

Future studies will apply soluble extracellular matrix therapies to other injury models. 

This dissertation has demonstrated feasibility of SolMM in acute MI, but additional stydies have 

shown feasibility in traumatic brain injury (TBI) and pulmonary arterial hypertension (PAH) 

models (data not shown). Future work will investigate the efficacy in TBI and PAH models; 

however, other models are also clear targets. Ischemic conditions readily have leaky vessels 

available for targeting, such as peripheral artery disease and stroke, both of which have forms 

of intervention involving a catheter, allowing for easy clinical workflow implementation, as shown 

in the acute MI model. Cancer is another target involving very localized ischemia, and ECM 

degradation products have been shown to inhibit tumor growth, providing strong rationale for 

using SolMM in a tumor model243 

We have only begin to understand the mechanisms of action of SolMM, as our data 

suggests it is a treatment for the microvasculature, promoting endothelial cell survival and/or 

plugging up the leaky vasculature, preventing edema and/or hemorrhaging and further tissue 

injury and inflammation. It is unclear of the further ramifications, and additional studies are 

necessary to fully understand the mechanisms of action, especially in non-ischemic and chronic 

injury models (i.e. TBI and PAH). As increased infarct vascularization and decreased tissue 
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permeability was observed in the acute MI mode; however, it is unclear if this will be observed in 

the other injury models. A differential expression of genes in reactive oxygen species (ROS) 

metabolic pathways was observed, but it is unclear how this differential expression developed. 

MM has shown an ability to sequester ROS, but it could also be physical shielding from 

reperfusion injury. Further studies are necessary to understand the differential expression of 

nitric oxide and interleukin 6 pathways as well.  

This is only the beginning of studying extracellular matrix infusions, as they are platform 

technology with many opportunities for future studies. Although, our data suggestions infusions 

beyond 24 hours or 4 weeks post-MI are not feasible in the acute MI model, chronic models with 

leaky vessels, such as PAH, suggests multiple infusions may be feasible. As the degradation of 

SolMM is very quick (approximately 3 days), multiple infusions could prolong and/or enhance 

the efficacy of SolMM in other injury models.  

Furthermore, SolMM could be a bridge therapy to other therapies. Even though SolMM 

has shown therapeutics effects and mitigation of negative LV remodeling on its own, other 

therapies could build upon and/or enhance SolMM mechanisms, especially during acute 

windows when no other forms of intervention are feasible (e.g. direct tissue injections). For 

example, in the MI model, SolMM could target and treat the microvasculature acutely and 

salvage the tissue, and could be followed up with injections of full MM for sustained therapy 

through a bolus injection in which tissue could be repaired and/or regenerated.  

SolMM could be used in combination with other therapies, serving as a delivery vehicle 

for small molecules or biologics, especially those treating the microvasculature. For example, 

the challenge with biologics is targeting and effective dosing. Mixing with SolMM would allow 

targeting of such therapeutics, as well as increase local concentrations, enabling enhanced 

efficacy of other therapeutics. In another embodiment for cancer applications, anti-VEGF could 

be mixed with or bound to SolMM to target leaky vessels in tumors, to then inhibit tumor 
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vascularization. As SolMM may block tissue permeability, a small molecule could be infused 

systemically, and this infusion could be followed by SolMM infusions to block the small molecule 

in the tissue, potentially reducing its diffusion out of the tissue and, in essence, seal the small 

molecule in the tissue.  

SolMM is a minimally modified version of MM, where there have been many studies 

investigating methods to modify MM, such as inhibiting degradation and modifying its 

mechanical properties. Whereas mechanical properties are likely not important for the 

microvasculature, inhibiting degradation could prolong tissue retention beyond 3 days, enabling 

a prolonged decrease of tissue permeability and potentially longer therapeutic effects, such as 

adding cross-linking agents or matrix metalloproteinase inhibitors. SolMM could also be 

modified to block immune cell infiltration or encourage specific cell infiltration, by including 

specific chemoattractants.   

Other delivery strategies of SolMM could be explored. Intravascular infusion was 

attempted first, using intravenous and intracoronary infusion methods; however, other infusion 

models could be investigated. Whereas, intravenous delivery targeted the endothelial lining of 

the lungs, inhalation and/or instillation could target the epithelial lining of the lungs, enabling 

treatment of the lungs inside and out. Furthermore, catheter delivery to other organs could be 

explored, such as the kidneys or brain. Catheter technology is readily available for ischemic 

strokes and aneurysms, but theoretically, any proximal artery could be infused with SolMM. 

Additionally, there are methods to explore retrograde infusion in the heart by blocking the 

coronary sinus. This approach would require stop flow but would be a significantly lower risk of 

inducing further ischemia, potentially allowing for greater diffusion and/or binding to the 

microvasculature in injury models.  

The ability to modify an extracellular matrix therapy to allow for intravascular injury will 

change the tissue engineering and regenerative medicine field. The field has been limited to 
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implantable and injectable biomaterials alongside systemic delivery of therapeutics with little to 

no targeting ability. The ability extracellular matrix to target injured tissues from the inside 

provides new opportunities to treat endothelial cell injuries, which are implicated in a wide array 

of tissue injuries. Beginning with the treatment with endothelial cells could lead to healthier 

tissues. While we have shown feasibility in three injury models, this is only the beginning of the 

possibilities for soluble extracellular matrix therapies.   
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