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ABSTRACT OF THE DISSERTATION 

 

DECELLULARIZED BIOMATERIALS FOR CELL CULTURE AND REPAIR 
AFTER ISCHEMIC INJURY 

 

by 

Jessica Ann DeQuach 

 

Doctor of Philosophy in Bioengineering 

University of California, San Diego, 2012 

Professor Karen L. Christman, Chair

 

 

 

 

Ischemic disease, which involves tissue death and dysfunction due to vessel 

blockage, is one of the largest causes of morbidity and mortality across the world. 

Ischemia that targets the brain can lead to a stroke, which causes functional impairment. 

Blockage of the coronary artery can lead to a myocardial infarction (MI) which can 

eventually lead to heart failure. Ischemia of the vessels in the skeletal muscle causes 
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peripheral artery disease, which can lead to tissue damage that may necessitate 

amputation of the affected limb. The severity of the downstream effects of ischemia 

indicates the need for some sort of treatment to repair the tissue after ischemic attack. 

Yet, there are few clinical treatments available for patients, creating a need for novel 

therapies for treating this disease. The use of biomaterials in tissue engineering strategies 

have recently been studied to alleviate these conditions, however this approach has been 

met with limited success as many of these therapies require an invasive surgery for 

delivery to the affected site. Injectable biomaterials offer the advantage of minimally 

invasive delivery to improve patient outcomes, which would be attractive to reduce 

patient recovery time. The materials that have been studied often do not mimic the 

microenvironment of the tissue that it is trying to repair. This is similar to how cells are 

often cultured on a substrate that do not mimic the in vivo environment, which may be 

important for assessing cellular function. 

Thus, the objective of this dissertation was to generate biomaterials derived from 

decellularized tissue from the brain, skeletal muscle, and cardiac tissue, and test whether 

they could be used as cell culture platforms that would provide biomimetic substrates and 

be used as scaffolds for tissue engineering. In this work, I have developed a method to 

decellularize each tissue leaving behind only the extracellular matrix. The matrix material 

was then characterized using gel electrophoresis, mass spectrometry, glycosaminoglycan 

quantification and DNA quantification, indicating that the cellular remnants have been 

removed, but that the biocomplexity has been retained. These tissue specific biomaterials 

were tested as a cell culture coating platform in vitro and as a potential therapy for 

ischemia in vivo.  
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The material was enzymatically digested and used as a cell culture coating and 

compared to conventionally used substrates. It was found that progenitor cells cultured on 

the tissue-matched coatings display a more mature morphology on the decellularized 

extracellular matrix (ECM) coatings. For instance, skeletal muscle progenitors 

differentiate into larger, thicker myotubes, cardiomyocytes derived from human 

embryonic stem cells localize their intracellular junctions into a more mature 

organization, and neurons from induced pluripotent stem cells display a clear axon and 

increased dendritic branching. The maturation of these cell types on the coatings 

demonstrate a more in vivo like phenotype which could be useful for studying cellular 

behavior and to translate in vitro findings into an in vivo setting. This material was able to 

self-assemble upon injection in vivo, forming a nanofibrous and porous scaffold that 

could be used as an injectable biomaterial for ischemic repair. Additionally, in vitro 

assays measuring proliferation and migration show that some of the matrix materials act 

as a chemoattractant and as a mitogenic agent on cells in culture.  

The skeletal muscle matrix has been used in a rat hindlimb ischemia model and 

compared to a collagen scaffold. It was shown that the skeletal muscle matrix stimulates 

increased neovascularization, which is important for bringing blood flow to an ischemic 

region, as well as recruits endogenous muscle progenitor cells into the scaffold. The 

cardiac matrix is able to gel in situ upon injection and has been explored by others in our 

lab. The brain matrix was also able to self-assemble and form a gel after subcutaneous 

injection into a mouse, demonstrating proof-of-concept for its use as a tissue engineering 

scaffold. 

To investigate whether the material might be derived from an allogeneic source 

instead of from porcine origin, the decellularization process was also performed on 
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human cardiac tissue. It was found that additional steps were needed to fully decellularize 

the material and render it into a usable form. However, this could provide a potentially 

allogeneic source for this material. 

This work demonstrates that decellularized extracellular matrices derived from 

various tissues provide a biomimetic platform for cell culture that increases maturation of 

progenitor and stem cells cultured upon the surface. The maturation of these cells could 

be important for understanding and regulating cellular processes. The same material can 

be used as an injectable scaffold that could be delivered through minimally invasive 

means to treat ischemic damage in the brain, heart and skeletal muscle. When applied in a 

hindlimb ischemia model, the skeletal muscle matrix is able to increase 

neovascularization, recruit more muscle progenitor cells, and recruit more proliferating 

muscle cells when compared to a collagen control. This work shows that decellularized 

matrices hold great potential for both in vitro and in vivo applications. 
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Introduction 
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1.1 Ischemia: general pathophysiology 

Ischemic tissue disease is one of the largest causes of morbidity and mortality 

across the world. Ischemia occurs due to a restriction in blood supply, generally due to 

occlusion or blockage of the blood vessels 1. Ischemia may occur due to vasoconstriction, 

thrombosis or embolism, in these cases a blockage or narrowing of the vessel causes lack 

of blood flow and hence a shortage of oxygen, glucose and other nutrients in the blood. 

The resultant lack of blood supply damages the tissue, and if the blood flow is not 

restored quickly enough, this damage is irreversible. Unfortunately, restoration of the 

blood flow after a period of ischemia can be as damaging as the initial ischemia itself. 

The reintroduction of oxygen causes a greater production of damaging free radicals and 

influx of calcium, which leads to mitochondrial dysfunction2 and the release of pro-

apoptotic proteins that can trigger cell death 3,4. This is termed reperfusion injury 1,5 

which is an important clinical concern to address when the disease state involves the 

potential for such an injury, such as during heart attack, stroke, free flap transfer, tissue 

allotransplantation, and peripheral artery disease 6.  

The two best-known forms of ischemic attack are strokes and heart attacks. 

Strokes, or transient ischemic attacks, are due to a blockage of an artery that leads into 

the brain, and can lead to death of brain tissue. When this occurs in a coronary artery, it 

causes a myocardial infarction, also called a heart attack or coronary event. Peripheral 

tissues can also be affected by ischemia – peripheral artery disease affects the skeletal 

muscle downstream of the artery.  If left untreated, this condition can escalate into critical 

limb ischemia and eventual amputation. With these types of diseases, there usually is 

long-term degeneration of the tissue after the initial attack, and few therapies can improve 

functional outcome. Ongoing research in the fields of tissue engineering and biomaterials 
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attempts to design therapies to restore or improve blood flow to the damaged region and 

stimulate endogenous repair.  

 

1.2 Peripheral artery disease 

Peripheral artery disease (PAD) is a common condition in which blood flow is 

reduced to the leg and feet 7,8 and affects ~ 27 million people in the Western world9 10. 

Studies demonstrate that irreversible muscle damage can start after 3 hours of ischemia 

and is nearly complete at 6 hours, for acute instances 11,12. With an aging population and 

prevalence of diabetes mellitus, the incidence of this vascular disease is increasing at an 

alarming rate 13,14. Critical limb ischemia (CLI) is the most advanced form of PAD, often 

leading to amputation of the limb and potential mortality 15,16. The only current clinical 

treatment for PAD and CLI is endovascular or surgical revascularization 16, however 

other strategies to improve limb perfusion are underway. Surgical bypass was the 

established standard, but recently endovascular therapies such as angioplasty, 

atherectomy and stenting are used as less-invasive options. However, despite these 

therapies, CLI continues to carry a major risk of limb amputation, with rates that have not 

changed significantly in 30 years 17.  

  

1.2.1 Biomaterial therapies for peripheral artery disease  

Recently, several clinical trials using cell therapy have demonstrated promising 

results 18-21, but there are still many questions about which therapeutic cell type to use, 

quantity of cells, and best route to deliver the cells, as well as a significant problem with 

poor cell retention and survival 20.  Biomaterials scaffolds have more recently been 

explored to enhance cell survival by providing a temporary mimic of the extracellular 
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matrix (ECM) 19,22.  Biomaterials have also been used for delivery of growth factors or 

their mimics in animal models of PAD and CLI 19,22-24. However, these scaffolds are 

composed of fibrin 22, collagen-based matrix 25, gelatin 26, self assembling peptide 

amphiphiles 24 or alginate 23, which may not provide the proper biomimetic environment 

for the ischemic skeletal muscle in these conditions. A decellularized skeletal muscle 

scaffold had been previously explored for replacement of a muscle defect 27, yet this 

intact scaffold would not be amenable to a minimally invasive method of treating 

peripheral artery disease. 

 

1.3 Myocardial infarction 

Heart failure after a myocardial infarction continues to be the leading cause of 

death in the western world. Over 7 million people in the United States have suffered a 

myocardial infarction, and almost 5 million suffer from heart failure 28. Myocardial 

infarction is the occlusion of a coronary artery which is often caused by the accumulation 

of atherosclerotic plaque. The blockage of the artery causes hypoxia downstream and 

leads to death of cardiomyocytes 29,30, inflammation 31, and degradation of the left 

ventricular extracellular matrix known as negative left ventricular remodeling32,33.  

Eventually the wall of the ventricle will thin, the infarct will expand 34, scar tissue will 

form and lead to left ventricular dilatation and decrease in cardiac function 35. The only 

current treatments for end stage heart failure are total heart transplantation or the use of a 

left ventricular assist device. However transplantation is limited by the availability of 

donor hearts, and assist devices are only able to supplement the function for a limited 

amount of time. 
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1.3.1 Biomaterial therapies for myocardial infarction  

As a therapy for MI, biomaterial scaffolds can be used in combination with cells, 

or used alone to recruit endogenous cells into the scaffold. The traditional use of these 

systems was in the form of cardiac patches 36-41 that would be placed on the epicardial 

surface of the heart after injury. However, implantation of these materials involves an 

invasive open chest procedure which requires long recovery times. Injectable 

biomaterials could allow for minimally invasive delivery directly into the infarcted region 

42-46. Naturally derived materials have been studied such as injectable collagen 25,30,31 and 

fibrin glue 47, both of which are single protein systems. Christman et al. demonstrated that 

fibrin glue could induce neovascularization and preserve cardiac function with and 

without cells 26,30,35,36 .  However, the use of this material would require a double-barreled 

injection system that is not compatible with catheter delivery. As both of these systems 

contain only single proteins, it would not be a proper mimic of the native 

microenvironment of the heart. Matrigel, which is a complex mixture of proteins 

components derived from Engelbreth-Holm-Swarm mouse sarcoma cells, has also been 

studied for use in cardiac repair. As Matrigel is derived from a mouse cancer cell line, it 

would not mimic the cardiac extracellular matrix and may also increase potential for 

tumor formation 48,49 demonstrating that it might not be clinically relevant. Chitosan 42 

and alginate 43 have also been used, but are derived from sources that again may not 

mimic the cardiac matrix environment. Synthetic materials investigated for this purpose 

includes poly(N-isopropylacrylamide) (PNIPAAM) 29,30 and non-degradable 

poly(ethylene glycol) (PEG) 50 . However, these therapies have had limited regenerative 

effect, and while synthetic materials may be tunable, they lack bioactivity which may be 
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important for cardiac tissue regeneration. This demonstrates that the development of a 

more biomimetic material may allow for a better environment for cardiac repair.  

 

1.4 Stroke 

Ischemia in the brain is a condition in which there is insufficient blood flow in 

the brain to meet metabolic demand. This leads to hypoxia and thus death of brain tissue 

or cerebral infarction/stroke which is the third leading cause of death in the United States, 

and each year approximately 800,000 people suffer a stroke 28. The ischemia leads to 

alterations in brain metabolism, reduction in metabolic rates, and energy crisis. While 

there is an increased incidence of stroke, there is, in contrast, declining mortality, leading 

to a large increase in the number of disabled stroke patients 51. Once stroke-induced cell 

damage has occurred, little can be done to improve functional outcome 52. While there are 

some interventions that can be given immediately after stroke that can improve the 

prognosis of the patient, it must be administered within four and a half hours after onset, 

which frequently is not achieved 52,53. Hence, the development of clinically feasible 

alternatives to repair the brain after the acute injury is important to promote functional 

restoration 52. 

Stem/progenitor cell transplantation shows improvement in behavioral recovery 

in most preclinical studies. However, direct transplantation of cells into the center of the 

stroke cavity leads to death of the cells as the tissue is necrotic. But injection to the areas 

in contact with the damaged tissue may not provide as much functional benefit, and could 

damage the tissue. The use of an acellular hydrogel scaffold that would allow for cellular 

infiltration may promote favorable endogenous remodeling at the site of stroke. 

Minimally invasive delivery would be critical as to prevent damage of the brain tissue 
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and to implant the scaffold beyond the superficial layer. Tissue engineering may provide 

promising alternatives for cell transplantation therapy by using biomaterial scaffolds that 

will degrade as the cells remodel the environment 54.   

 

1.4.1 Biomaterial therapies for stroke  

 The extracellular matrix of the brain contains relatively small amounts of fibrous 

proteins such as collagen or fibronectin, but is rich in glycosaminoglycans (GAGs) and 

proteoglycans 55. Recently, several groups attempted to recapitulate the physical, 

chemical and biological properties of brain tissue in culture by using hydrogels of 

hyaluronic acid, collagen and laminin to provide proteins and GAGs for neural stem cell 

growth 56 or by studying neural cell response to collagen, fibronectin and GAGs 57. While 

these materials are an approximation of the in vivo microenvironment, they do not fully 

mimic the complex native ECM of the brain.  

Similarly, a variety of scaffolds have been used in vivo to treat traumatic brain 

injury and other neurological disorders in small animal models. These scaffolds attempt 

to regenerate or replace damaged brain tissue by providing a platform for neurite growth 

and axonal alignment. To develop a scaffold for tissue engineering, one approach is to 

mimic the structure and/or components of the native ECM. Hyaluronic acid 58,59, collagen 

60, polycarbonate 60, polycaprolactone 61, and poly(glycolic acid) meshes and gels 62 have 

been studied as scaffolds in brain lesions in animal models to provide three-dimensional 

constructs for cellular repopulation or as cell delivery vehicles.  Most of these scaffolds 

need to be implanted requiring major surgery. However, injectable scaffolds of synthetic 

particles 63, methylcellulose 64, fibrin51, and a combination of fibronectin/collagen I 65 

have been developed, which would allow for minimally invasive delivery.  To date, no 
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scaffolds, which contain the appropriate tissue specific ECM biochemical cues, have 

been developed for the brain. 

 

1.5 Decellularized Materials 

The ECM of each tissue contains similar components; however, each individual 

tissue is composed of a unique combination of proteins and proteoglycans 66,67. Recent 

studies have shown that the ECM of various tissues can be isolated through 

decellularization and utilized as a tissue engineering scaffold 27,68-72.  The methods for 

decellularization involve using physical, chemical or enzymatic means to remove the 

cellular content leaving behind only the extracellular matrix. Through the removal of 

cellular antigens, the matrix would be able to be used without inducing a foreign body 

reaction, inflammation, and potential transplant rejection 73. ECM proteins are generally 

well conserved among species 74, which would allow for xenogeneic decellularized 

materials to be tolerated and used clinically75.  In fact, numerous decellularized ECMs, 

such as small intestine submucosa (SIS), pericardium, skin, and heart valve, from both 

bovine and porcine sources are FDA approved and used in the clinic 75. With the 

emergence and increasing interest in this technique, guidelines have been published as to 

how to deem that a material is fully decellularized 76.  

Thus, for damage from ischemia, using matrix from the tissue of interest would 

theoretically provide the best mimic of the native ECM’s biochemical cues. Other 

decellularized ECM materials have been used for a variety of applications for tissue 

repair 73,76. These scaffolds are known to promote cellular influx in vivo 77,78. Their 

degradation products have angiogenic 79 and chemoattractive 79-82 properties and promote 

cell migration and proliferation 83. After removal of the cellular antigens, these scaffolds 
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are considered biocompatible; both allogeneic and xenogeneic ECM devices have been 

approved by the FDA and are in clinical use 84. To date, these decellularized materials 

have been used exclusively in a patch or intact form, which would not allow for 

minimally invasive delivery. For these reasons, we sought to develop an injectable 

hydrogel derived from brain matrix, cardiac matrix, and skeletal muscle matrix that 

would allow for minimally invasive delivery and treatment of stroke, myocardial 

infarction, and peripheral artery disease. 

 

1.6 Biomimetic cell culture coatings 

The extracellular matrix (ECM) is well known to regulate cell growth 85,86, 

survival and maturation/differentiation 87,88, as well as play an important role in 

development 89.  Despite the complex nature of the ECM, in vitro studies traditionally 

assess cell behavior on coatings primarily consisting of single purified protein 

components or directly on polystyrene tissue culture dishes. These surfaces do not mimic 

the complexity of the extracellular microenvironment and place further limitations on 

translating findings from in vitro studies to the in vivo setting 85,90. Therefore, it is 

important to provide a growth platform that will allow cells to not only maintain as much 

of their native morphology and function as in vivo, but also the ability to fully mature, 

particularly in the case of progenitor and stem cells. Deriving and utilizing the native 

ECM from specific adult tissues could provide an ideal growth platform since it could 

more appropriately emulate the mature, tissue specific in vivo ECM microenvironment. 

Typically, single purified matrix proteins from various animal sources are 

adsorbed to cell culture substrates to provide a protein coating for cell attachment, which 

may lead to modifications of cellular behavior as cells lose their normal ECM 
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microenvironment. More complex coatings have been used, such as combinations of 

single proteins of various collagens, fibronectin, vitronectin or laminin, and while these 

combinatorial signals have been shown to affect cell behavior 91,92, they do not 

completely recapitulate the in vivo ECM in terms of the tissue-specific combinations 

and/or ratios of various proteins and polysaccharides.  Cell-derived matrices have also 

been used, such as fibroblast treated plates 93-97 and Matrigel™ 98 coatings, but they do 

not mimic any specific native tissue composition. Also, fibroblast pretreated culture 

platforms have the disadvantage that fibroblasts need to be cultured for several days to 

deposit matrix 97, and then removed using trypsin prior to using the substrate for cell 

culture 95,97.  In general, cells tend to maintain better function on cell-derived matrices, 

thus providing support for a more in vivo-like approach. Thus the material that derived 

from brain matrix, cardiac matrix, and skeletal muscle matrix may also be used as a 

coating for cellular culture.  

 

1.7 Conclusions 

As the extracellular matrix of each tissue has a unique composition specific to 

that tissue, the ideal biomaterial scaffold would provide an environment that mimics the 

existing tissue. To this end, scaffolds have been designed that attempt to mimic the 

composition, structure, or other factors of the tissue that it is trying to repair. Other 

properties of an ideal scaffold include being biocompatible, able to be remodeled by 

infiltrating cells, and immunologically inert. Decellularized matrices may provide a better 

material for tissue engineering scaffolds after ischemia attack, as it would provide a better 

mimic of the native microenvironment. Similarly, in vitro studies should also use a 

biomimetic platform to mimic the in vivo microenvironment to provide the proper cell-



11 

 

matrix interactions for a better model outside of the body. Again, decellularized matrices 

may also be used for cellular studies to provide a better growth substrate. Thus, in this 

work, materials derived from cardiac muscle, skeletal muscle and brain have been 

developed, characterized and studied for use as cell culture coatings and as injectable 

scaffolds.  

  

1.8 Scope of the dissertation 

The objective of this dissertation was to develop, characterize and study 

decellularized extracellular matrix from cardiac tissue, brain tissue and skeletal muscle as 

a clinically relevant biomaterial to alleviate damage due to ischemia, and to utilize the 

matrix material as a biomimetic cell culture platform. The material should provide a 

better mimic to the environment seen in vivo which would be important for assessing 

cellular behavior as well for a tissue-specific scaffold for tissue engineering. 

Chapter 1 provides an overview of the pathophysiology of ischemia that can 

affect the brain, heart or skeletal muscle, a summary on biomaterials used to treat these 

conditions as well as their limitations. This chapter also provides a brief introduction to 

substrates traditionally used in cellular culture, which may not be a close mimic of the in 

vivo microenvironment.  

Chapter 2 describes the development and characterization of decellularized 

cardiac and skeletal muscle matrix for use as a cell culture coating for muscle progenitor 

cells. The material demonstrates that it retains complexity after decellularization, and that 

the material is able to form a cell culture coating and increases maturation of muscle 

progenitors. Other effects of the material is studied using a mitogenic and migration assay 
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in vitro, where it was see that the muscle matrix material increases proliferation and has a 

chemoattractive effect.   

Chapter 3 evaluates the effects of the skeletal muscle matrix in a hindlimb 

ischemia model and studies neovascularization, muscle progenitor and muscle cell 

infiltration into the injected scaffold. The skeletal muscle matrix was able to form a gel 

upon injection intramuscularly into the hindlimb and was compared to a collagen scaffold 

control. 

Chapter 4 explores the decellularization process on human cardiac tissue, which 

may be useful to evaluate whether the material could be taken from an allogeneic source. 

It was found that decellularization of human cardiac tissue is possible, but requires 

additional DNA removal and lipid removal steps when compared to the processing of the 

porcine cardiac matrix.   

Chapter 5 describes the development and characterization of decellularized brain 

matrix for use as a cell culture coating for neural progenitors. The brain matrix was tested 

whether it could retain complexity and glycosaminoglycan content after processing, and 

whether the material when used as a coating could affect cell behavior of cultured 

neurons derived from induced pluripotent stem cells.  This work also tested the feasibility 

of using the material as a minimally invasive delivered scaffold through gelation by 

testing gelation after subcutaneous injection. 

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

studies and future work.   
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2 CHAPTER TWO: 

Development and characterization of a naturally 

derived cardiac and skeletal muscle matrices 

and in vitro cellular effects 
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2.1 Introduction 

The extracellular matrix (ECM) is well known to regulate cell growth 85,86, 

survival and maturation/differentiation 87,88, as well as play an important role in 

development 89.  Despite the complex nature of the ECM, in vitro studies traditionally 

assess cell behavior on coatings primarily consisting of single purified protein 

components or directly on polystyrene tissue culture dishes. These surfaces do not mimic 

the complexity of the extracellular microenvironment and place further limitations on 

translating findings from in vitro studies to the in vivo setting 85,90. Furthermore, the 

advent of stem cell research has underscored the importance of extracellular cues for the 

efficient differentiation and maturation of progenitor cells.  Therefore, it is important to 

provide a growth platform that will allow cells to not only maintain as much of their 

native morphology and function as in vivo, but also the ability to fully mature, 

particularly in the case of progenitor and stem cells. Deriving and utilizing the native 

ECM from specific adult tissues could provide an ideal growth platform since it could 

more appropriately emulate the mature, tissue specific in vivo ECM microenvironment.  

Typically, single purified matrix proteins from various animal sources are 

adsorbed to cell culture substrates to provide a protein coating for cell attachment, which 

may lead to modifications of cellular behavior as cells lose their normal ECM 

microenvironment. More complex coatings have been used, such as combinations of 

single proteins of various collagens, fibronectin, vitronectin or laminin, and while these 

combinatorial signals have been shown to affect cell behavior 91,92, they do not 

completely recapitulate the in vivo ECM in terms of the tissue-specific combinations 

and/or ratios of various proteins and polysaccharides.  Cell-derived matrices have also 

been used, such as fibroblast treated plates 93-97 and Matrigel™ 98 coatings, but they do 
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not mimic any specific native tissue composition. Also, fibroblast pretreated culture 

platforms have the disadvantage that fibroblasts need to be cultured for several days to 

deposit matrix 97, and then removed using trypsin prior to using the substrate for cell 

culture 95,97.  In general, cells tend to maintain better function on cell-derived matrices, 

thus providing support for a more in vivo-like approach.  

While many ECM components are similar, each tissue or organ has a unique 

composition 66,67,73, and a tissue-specific source could better mimic the extracellular 

microenvironment, thus allowing for tissue-specific cellular development and maturation. 

The use of tissue-specific coatings has been recently explored 99,100; however, limited to 

no effect was seen on cellular differentiation and morphology when comparing these 

tissue specific coatings to a conventional collagen coating. In this case, the processing to 

obtain the material coatings resulted in removal of glycosaminoglycans (GAGs) 99 and 

potentially other important ECM components. GAGs are sugar residues linked to the core 

protein of proteoglycans 101, and have been shown to be pivotal for myoblast 

differentiation 102,103.  Therefore their omission could have resulted in the little differences 

observed.  

We have previously reported the use of tissue derived ECM as an injectable 

scaffold for myocardial tissue engineering 68. In this work, we present a simple method to 

generate abundant tissue-specific substrate coatings, which retain a complex mixture of 

ECM proteins, peptides, and GAGs.  We further demonstrate the biological activity of the 

ECM coatings to sustain and promote cell differentiation using two cell culture models: 

differentiation of the C2C12 mouse myoblast cell line and maturation of human stem cell 

derived cardiomyocytes. Our results show that these coatings promote committed muscle 

progenitor differentiation and stem cell maturation in vitro when compared to cells grown 
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on traditional cell culture coatings.  We also studied other effects of the decellularized 

muscle matrix on cells in vitro. When added to the media at low concentrations, the 

material is able to act as a mitogenic agent and increases proliferation of cells compared 

to collagen. Furthermore, when used as a chemoattractant, the material is able to promote 

increased migration even when compared to known chemoattractants.  

 

2.2 Methods 

 All experiments in this study were performed in accordance with the guidelines 

established by the Animal Care and Use Program at the University of California, San 

Diego and the American Association for Accreditation of Laboratory Animal Care, and 

were approved by the Institutional Animal Care and Use Committee at UCSD (A3033-

01).  

 
2.2.1 Decellularization of skeletal muscle and cardiac tissue for 

matrix coatings and in vitro experiments 

Hearts and skeletal muscle from the intercostal muscles were harvested from 

approximately 30-45 kg pigs, which were anesthetized with ketamine (25 mg/kg) and 

xylazine (2 mg/kg) followed by euthanasia with Pentobarbital (90 mg/kg). Connective 

tissue and fat was removed from the skeletal muscle, and the major vessels and atria were 

removed from the heart.  The tissue was then cut into ~1 cm3 pieces, and decellularized 

as previously published 68. Briefly, the tissue was rinsed with deionized water and then 

stirred in 1% (wt/vol) solution of sodium dodecyl sulfate (SDS) in phosphate buffered 

saline (PBS) for 4-5 days. Decellularized skeletal muscle and cardiac tissue was stirred 

overnight in deionized water to remove the detergent. A sample of decellularized matrix 
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was frozen in Tissue Tek O.C.T. freezing medium, sectioned into 10 µm slices, and 

stained with hematoxylin and eosin (H&E) to confirm the absence of cells.  Following 

the decellularization protocol, the ECM was lyophilized overnight and milled using a 

Wiley Mini Mill to create a fine-grained powder. 

 

2.2.2 Preparation of solubilized skeletal muscle and cardiac 

matrix  

In order to obtain a suspension appropriate for coating plates, the milled form of 

the matrix was solubilized through enzymatic digestion 68,104. Pepsin (SIGMA, St. Louis, 

MO) was dissolved in 0.1 M hydrochloric acid (HCl) to make a concentration of 1 

mg/ml.   Approximately 10 mg of the ECM was digested in 1 mL of pepsin solution 

under constant stirring. After approximately 48 hours, the matrix was diluted using 0.1 M 

acetic acid to make a 1-2.5 mg/ml concentration of skeletal muscle and cardiac ECM 

solutions.  These solutions were used to coat tissue culture polystyrene for 1 h at 37°C, 

followed by rinsing with PBS.   

 

2.2.3 Characterization of skeletal muscle and cardiac matrix 

Retained biochemical cues were confirmed using assays for protein and peptide 

content (SDS-PAGE, mass spectrometry), and polysaccharide content (Blyscan).  

Solubilized skeletal muscle and cardiac matrix solutions were analyzed by SDS-PAGE 

and compared to rat tail collagen type I (BD Biosciences, San Jose, CA), as previously 

described 68. To determine sulfated glycosaminoglycan (GAG) content, the Blyscan assay 

(Biocolor, United Kingdom) was used per manufacturer’s instructions.  Samples were run 
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in triplicate and averaged.  Rat tail collagen served as a negative control for the 

glycosaminoglycan content determination.  To more fully characterize the protein content 

of the cardiac matrix and skeletal matrix, tandem mass spectroscopy (MS/MS) was 

performed. Matrix samples were digested using trypsin and analyzed by liquid 

chromatography (LC)-MS/MS with electrospray ionization. A QSTAR-Elite hybrid mass 

spectrometer (AB/MDS Sciex) that is interfaced to a nanoscale reversed-phase high-

pressure liquid chromatograph (Tempo) using a 10 cm-180 ID glass capillary packed with 

5-µm C18 ZorbaxTM beads (Agilent). The buffer compositions were as follows. Buffer A 

was composed of 98% H2O, 2% acetonitrile (can), 0.2% formic acid, and 0.005% 

trifluoroacetic acid (TFA); buffer B was composed of 100% ACN, 0.2% formic acid, and 

0.005% TFA. Peptides were eluted from the C-18 column into the mass spectrometer 

using a linear gradient of 5–60% Buffer B over 60 min at 400 ul/min. LC-MS/MS data 

were acquired in a data-dependent fashion by selecting the 4 most intense peaks with 

charge state of 2 to 4 that exceeds 20 counts, with exclusion of former target ions set to 

"360 seconds" and the mass tolerance for exclusion set to 100 ppm. Time-of-flight MS 

were acquired at m/z 400 to 1600 Da for 1 s with 12 time bins to sum. MS/MS data were 

acquired from m/z 50 to 2,000 Da by using "enhance all" and 24 time bins to sum, 

dynamic background subtract, automatic collision energy, and automatic MS/MS 

accumulation with the fragment intensity multiplier set to 6 and maximum accumulation 

set to 2 s before returning to the survey scan. Peptide identifications were made using 

paragon algorithm executed in Protein Pilot 2.0 (Life Technologies). Proteins were 

labeled based on at least one identified peptide with the confidence of above 99% for that 

peptide identification. 
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2.2.4 Confirmation of cardiac and skeletal muscle matrix 

adsorption for cell culture coatings 

1 mg/ml cardiac matrix, skeletal muscle matrix, or collagen suspended in 0.1 M 

acetic acid was adsorbed onto tissue culture plastic for 1h at 37°C, followed by rinsing 

with PBS.  The total protein and peptide adsorption content was measured using a micro 

BCA assay (Pierce, Rockford, IL). The amount of adsorbed protein and peptide was 

determined by calculating the difference in the coating solutions pre- and post-coating. 

The presence of GAGs on the coated tissue culture plastic was confirmed by 

staining the surfaces with toluidine blue (0.15 mg/mL in 50 mM sodium acetate) for 10 

minutes 105. After incubation with toluidine blue, the cardiac matrix, skeletal muscle 

matrix, collagen, and uncoated plates were rinsed with PBS and assessed for blue staining 

with brightfield microscopy. 

Time of flight secondary ion mass spectroscopy (ToF-SIMS) was also utilized to 

confirm adsorption of the complex matrices.  Tissue culture dishes were coated with 

skeletal muscle matrix, cardiac matrix, or collagen at 1 mg/ml for 1 h at 37°C, rinsed 

twice with dH20, dried, and then sent to Tascon USA, Inc. (Chestnut Ridge, NY) for 

analysis. ToF-SIMS spectra were acquired on an ION-TOF ToF.SIMS 5-300 

spectrometer with a 25 keV liquid metal ion source using Bi3
+ primary ions in the 

bunched mode to achieve high mass resolution (Tascon USA, Inc., Chestnut Ridge, NY).  

Spectra were acquired for positive secondary ions over a mass range of m/z from 0-800 

for evaluation of peak intensities of amino acids fragment ions.  The target current used 

was 0.15 pA, and the area analyzed was approximately 150 x 150 um2.    Mass resolution 

for a typical spectrum was approximately 6000 at m/z= 44 u (C2H6N+).  Two reads were 

performed on two samples for each of the coatings, and two reads were measured on an 
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uncoated tissue culture plate for reference.  To emphasize differences in the coatings, 

relative peak intensities were normalized to the intensity of C2H3+. 

 

2.2.5 Cell culture 

C2C12 skeletal myoblasts (ATCC, Manassas, VA) were maintained on collagen 

coated plates in growth media consisting of DMEM (Gibco, Grand Island, NY) 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin 

(Gibco, Grand Island, NY), and split 1:8 using trypsin when 80% confluent.  Myoblasts 

were diluted to a concentration of 107 cells/ml, and 100 µl was placed in wells in a 96 

well plate pre-coated with either skeletal muscle matrix or collagen, in triplicate, to 

achieve 100% confluency.  At 24 h, non-attached cells were removed with a change of 

growth media.  Cells were cultured in growth media for the extent of the experiment in 

order to analyze differences in differentiation on the surface coating without any 

induction media.  

Human embryonic stem cells (hESCs, HES2, ESI International) were 

differentiated into beating embryoid bodies as previously described 106 and maintained 

after Day 18 of differentiation in induction medium (IM) consisting of Stempro34 

(Gibco, Grand Island, NY), 1% glutamine, 150 ug/ml transferrin (Roche, Indianapolis, 

IN), 50 ng/ml L-Ascorbic Acid (SIGMA), 42 ng/ml monothioglycerol (SIGMA), 10 

ng/ml hVEGF (R&D systems, Minneapolis, MN), 5mg/ml bFGF (R&D systems, 

Minneapolis, MN). At 35 and 112 days post differentiation, beating embryoid bodies 

were dissociated by incubation with collagenase Type I (SIGMA, St. Louis, MO) 

containing 10 ug/ml DNase (Calbiochem, San Diego, CA) for 1 h, followed by washing 

in Iscove's Modified Dulbecco's Medium (IMDM) and incubation with trypsin/EDTA 
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(SIGMA, St. Louis, MO) for 10 min. Trypsin was inactivated with FBS containing 30 

mg/ml of DNase. After incubation with these enzymes mechanical dissociation of 

embryoid bodies was achieved by drawing the cell suspension through a 20-gauge 

syringe needle 4-5 times. Cells were then washed in IMDM and pelleted at 1500 rpm for 

5 min. Cell pellets were resuspended in IM media and plated onto cardiac matrix or 

gelatin coated plates, in triplicate, at a density of 1-3x105 cells per 35 mm dish (0.1% 

solution of porcine gelatin, SIGMA, St. Louis, MO) 

 

2.2.6 Immunohistochemistry 

C2C12 skeletal myoblasts were fixed with 4% paraformaldehyde, incubated with 

anti-myosin (skeletal, fast) heavy chain (MHC) (1:200, SIGMA, St, Louis, MO), and then 

stained with a secondary antibody (1:200; Invitrogen, Carlsbad, CA) and Hoechst 33342 

(1 µg/ml Invitrogen, Carlsbad, CA). hESC cultures were fixed with 4% 

paraformaldehyde and incubated with primary antibodies against titin M8 (1:100, kind 

gift from Dr. M. Gautel, King’s College London, UK), sarcomeric a-actinin (1:300, 

A7811, SIGMA, St. Louis, MO), and desmoplakin (1:100, 2722-5204 AbD Serotec, UK). 

Cells were then stained with secondary antibodies (1:250; Jackson Immunoresearch, PA) 

and Hoechst 33342 stain (1 µg/ml, Invitrogen, Carlsbad, CA), followed by visualization 

of signals by confocal imaging. Image analysis was performed with Axio-Vision image 

processing software. Percent differentiation of myoblasts was determined as the number 

of nuclei in MHC positive cells divided by the total number of nuclei.  Five evenly 

spaced measurements were taken along each myotube to determine myotube width.  

Average number of nuclei per MHC positive myotube was also determined.  For hESC 

derived cardiomyocytes, average cardiomyocyte cluster area was measured by 
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determining the area of titin M8 positive clusters, and nuclei per cluster was recorded.  

Average desmoplakin size was determined by measuring pixel area of individual 

desmoplakin clusters as an indicator of desmosome formation. 

 

2.2.7 In vitro proliferation assays 

Primary rat aortic smooth muscle cells (RASMC) and C2C12 skeletal myoblasts 

were maintained on collagen coated plates and split at 1:5 every 2-3 days. Cells between 

passages 4 and 10 were plated at 750 cells/well in 96 well plates in growth media 

consisting of DMEM, 10% fetal bovine serum, and 1% pen-strep solution. Twenty-four 

hours later, the cells were washed with PBS to remove non-adherent cells. Digested 

skeletal muscle matrix and collagen were brought to a pH of 7.4, and then added to the 

growth media at concentrations of 0.05 mg/mL. As the ECM was enzymatically digested, 

pepsin was also included as a control at 0.005 mg/mL. All conditions were run in 

quadruplicate. Every two days, media was changed and cell proliferation was assessed 

using the Picogreen® assay  (Invitrogen) per manufacturer’s directions. Briefly, wells 

were rinsed in PBS and then incubated with 100 µL of TE buffer. After incubation for 30 

minutes at room temperature followed by 5 minutes on a shaker, 100 µL of 1:200 

Picogreen reagent was added. Upon covering the plates in foil and shaking them for 30 

minutes, double stranded DNA was quantified using a fluorescent plate reader at 630 nm 

at days 3, 5, and 7. 

 

2.2.8 Migration of cells toward the cardiac matrix 

Migration of human coronary artery endothelial cells (HCAECs) and rat aortic 

smooth muscle cells (RASMCs) was assessed, using a Chemotaxis 96-well Cell 
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Migration Assay Kit (Chemicon, Billerica, MA) as previously described 107,108, to 

evaluate the chemoattractive properties of the myocardial matrix as compared to 

collagen, fetal bovine serum, and pepsin.  HCAECs were purchased from Cell 

Applications, Inc (San Diego, CA) and cultured in MesoEndo Endothelial Cell Media 

(Cell Applications).  RASMCs were isolated from 3 month old Harlan Sprague-Dawley 

rats, as previously described 109.  Briefly, the aorta was isolated, dissected free from 

adventitia, and opened longitudinally.  Endothelial cells were rinsed off, and the aorta 

was minced into small pieces.  These pieces were weighted under sterile cell strainers in 

DMEM containing 20% FBS and 1% penicillin/streptomycin.  RASMCs grew out from 

the explants after 2 weeks, and were then cultured and passaged. All cells used in the 

experiment were below passage 10. 

In preparation for the migration assay, cells were serum starved (per 

manufacturer’s instructions) for 15-17 hours in DMEM, containing 0.5% heat-inactivated 

FBS with no added growth factors.  The cells were then harvested with trypsin, and re-

suspended to 4x105 cells/mL in serum-free media. The chemoattractant, myocardial 

matrix, was solubilized and neutralized as described above.   Collagen was also 

neutralized for the study to be used as comparison to the myocardial matrix.  10% FBS in 

DMEM, a known chemoattractant for both endothelial cells 110 and smooth muscle cells 

111, was used as a positive control.  As pepsin was used to digest the decellularized ECM, 

it was tested alone as a control.  Thus, pepsin was concurrently stirred in 0.1 M HCl for 

48 hours, neutralized, and diluted to match the myocardial matrix concentration.  

Manufacturer instructions were followed for the assay, where 150 µL of the 

chemoattractant was added into the feeder tray, and 100 µL of cell suspension was added 

to the top insert that was separated from the bottom chamber by a 8 µm pore filter.  After 
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a 4 hour incubation at 37°C with 5% CO2, the cells that migrated toward the 

chemoattractant remained on the underside of the 8 µm porous membrane.  These cells 

were detached, lysed, stained, and quantified by fluorescence.  Fluorescent measurements 

were performed on a SpectraMax Plate Reader at 483/535 nm.  An increase in 

fluorescence intensity correlates to  an increase in the number of cells that migrated 

through the filter.  

 

2.2.9 Statistical analysis 

All data is presented as the mean ± standard error. For the Blyscan assay, 

samples were run in triplicate and results averaged, and reported using standard 

deviation. Significance was determined using a two-tailed student’s t-test, and reported as 

*p < 0.05 and **p < 0.01. With the mitogenic assay, samples were run in quadruplicate 

and results were averaged. 

  

2.3 Results 

2.3.1 Fabrication of matrix materials 

In order to fabricate the decellularized matrix coatings, ECM was extracted from 

adult tissues and then processed to create a solubilized mixture of native ECM 

components that was adsorbed onto tissue culture plastic for cell culture. Figure 2.1 

shows the simplified protocol to achieve solubilized ECM from striated muscle tissue. To 

isolate the matrix from adult porcine organs, tissues were decellularized using the 

detergent sodium dodecyl sulfate (SDS).  Adult skeletal and cardiac muscle of porcine 

origin was cut into cubes approximately 1 cm3, rinsed briefly using deionized water, and 
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decellularized with 1% SDS in phosphate buffered saline (PBS) until tissue was 

completely white and then rinsed thoroughly to remove detergents. Tissue sections were 

frozen, sectioned and then stained using hematoxylin and eosin (H&E), as shown by an 

absence of nuclei (Figure 2.2a,b).   After confirmation of decellularization, the matrix 

was lyophilized and milled into a fine powder, solubilized through enzymatic digestion 

using pepsin 68,104, and kept at acidic pH to prevent self-assembly (Figure 2.1).   
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Figure 2.1: Schematic for the generation of tissue-specific muscle ECM coatings for in vitro 
culture. 



27 

 

 
Figure 2.2: Characterization of cardiac and skeletal muscle matrix.  
(a) H&E section of decellularized cardiac ECM (b) H&E section of decellularized skeletal muscle 
ECM (c) PAGE separation of the digested samples compared to collagen I.  Note the more 
complex protein and peptide composition in the muscle matrices. 
 

 

2.3.2 Characterization of liquid decellularized matrix 

Assays for biochemical composition demonstrated that the solubilized muscle 

matrix coatings retained complex biochemical cues, including proteins, peptides, and 

polysaccharides.  As a first step in demonstrating that the solubilized matrix was 

composed of a complex milieu of proteins and peptides, we performed PAGE. The 

solubilized matrices exhibited bands that corresponded to collagen, as expected, in 

addition to the presence of lower molecular weight bands (Figure 2.2c).  We also 

performed more detailed characterization through mass spectroscopy to identify the 

components within the material.  Interestingly, the results indicated that the components 

of cardiac matrix originated from a mixture of collagens ranging from collagen I to 

collagen VI, as well as elastin, fibrinogen, fibronectin and laminin, components expected 

to be found in the myocardial ECM.  In addition, fibrillin-1, a glycoprotein found in 
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elastic fibers, and lumican, a keratan sulfate proteoglycan, as well as fibulin-3 and -5 

were identified (Table 1).  Skeletal muscle matrix components contained a mixture of 

collagen I, II, V, VI, VIII, XI, XII, and XIII.  Mass spectroscopy also identified 

fibrinogen, fibrillin-1, fibulin-5, and the proteoglycans lumican, dermatopontin, and 

decorin. Proteoglycans can influence cell behavior, and dermatopontin and decorin in 

particular play a role in matrix assembly, growth factor signaling and myoblast 

differentiation 112-115. Furthermore, our solubilized ECM contained heparan sulfate (HS) 

GAGs, which play an important role in processes such as development and angiogenesis 

116,117, and are also implicated in muscle regeneration 102.  However, this methodology is 

not all-inclusive and, therefore, there may be other extracellular matrix components that 

were not identified.  Using a Blyscan assay we also found that our process allowed for 

the retention of GAGs, which have been shown to be vital for skeletal myoblast 

differentiation 102,103.  The solubilized skeletal muscle matrix contained 16.7±0.1 µg GAG 

per mg of matrix, while the cardiac matrix had approximately 20 µg GAG per mg of 

matrix as previously reported 68.  The retention of tissue specific components 

demonstrates that while the 3D structure of the original ECM is lost with this method, 

many of the original biochemical cues are retained and thus these materials may mimic 

the subtle complexities of each tissue’s ECM.   
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Table 2.1: Mass spectroscopy composition analysis. 
 

 Cardiac 
Matrix 

Skeletal 
Muscle Matrix 

Collagen I X X 
Collagen II X X 
Collagen III X  
Collagen IV X  
Collagen V X X 
Collagen VI X X 
Collagen VIII  X 
Collagen XI  X 
Collagen XII  X 
Collagen XIII  X 
Elastin X  
Fibrinogen X X 
Fibronectin X  
Laminin X  
Fibrillin-1 X X 
Lumican X X 
Fibulin-3 X  
Fibulin-5 X X 
Heparan Sulfate  X 
Dermatopontin  X 
Decorin  X 
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2.3.3 Surface characterization of ECM coatings 

To ensure that the muscle matrices could be adsorbed onto tissue culture plastic, 

we quantified the amount of protein/peptide adsorbed, verified the presence of GAGs on 

the surface, and assessed compositional differences using ToF-SIMS.  The amount of 

protein that adsorbed to the tissue culture plastic was measured using a micro BCA assay, 

which calculates the remaining protein/peptide content in the coating solutions.  The 

difference in total protein/peptide in solution pre- vs. post-adsorption was calculated to be 

17.4 ± 1.5 µg/ml for skeletal muscle matrix and 27.4 ± 1.3 µg/ml for cardiac matrix, with 

collagen measuring at 18.35 ± 0.5 µg/ml.  This translates roughly to 0.05-0.09 µg protein 

adsorbed per mm2 of tissue culture plastic. Additionally, GAG adsorption to the tissue 

culture plastic was demonstrated by incubating the coated surfaces with toluidine blue 118.  

The cardiac and skeletal matrix coated surfaces remained blue after PBS rinse, whereas 

the collagen and uncoated dishes were clear (data not shown).  

We further employed ToF-SIMS (time of flight secondary ion mass 

spectroscopy) to analyze cardiac matrix- and skeletal matrix-coated polystyrene dishes 

compared to collagen-coated and uncoated controls.  A previously published peak list 119, 

which includes peak characteristics of unique amino acid mass fragmentation patterns 

created from a model of ECM protein surfaces, was chosen for ToF-SIMS.  These peaks 

correspond to amino acids, which are matched to common ECM proteins 119-121 (Table 2). 

Principal Component Analysis (PCA) was used to highlight any differences in the matrix 

coatings from the ToF-SIMS data; PCA is a mathematical analysis technique that can be 

used to characterize the differences between a large set of data by calculating the 

principal components (PC) 122. The analysis revealed that there existed distinct 

differences between the compositions of cardiac matrix-, skeletal muscle matrix-, 
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collagen-coated surfaces, and the uncoated control due to the clustering of the data when 

PC2 was graphed against PC1 (Figure 2.3). Most of these differences occurred along PC1 

(85%) while PC2 accounted for 6% of the differences. As there was a higher amount of 

differences seen along PC1, it indicates that the data sets were different from each other.  

To further demonstrate that the muscle matrix coatings were more complex than 

simply collagen and GAGs, we examined individual peaks based on the corresponding 

amino acid and ECM protein.  Both matrix coatings contained peaks associated with 

amino acids found in fibronectin and laminin as well as collagen (Figure 2.4).  Thus, 

these studies confirmed that the tissue specific coatings adsorbed to the surface of tissue 

culture plastic, and were more complex than collagen.  Moreover, cardiac matrix and 

skeletal muscle matrix coatings were distinct from each other.   
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Table 2.2: ToF-SIMS composition analysis. 
 (adapted from 119-121) 

Peak 
Number 

Molecular 
Fragment 

Prevalent 
Amino 
Acid 

Extracellular 
Matrix 
Association 

1 CH4N  Gly Collagen I 
2 C2H4NO Gly Collagen I 
3 C2H5S  Met  Collagen I 
4 C4H6N  Pro  Collagen I 
5 C3H6NO  Gly  Collagen I 
6 C3H5N2O  Gly Collagen I 
7 C4H10SN  Met Collagen I 
8 C4H5N2O2  Gly Collagen I 
9 C4H7N2O2  Gly  Collagen I 
10 C5H9SO  Met Collagen I 
    
11 C3H3O  Tyr Fibronectin 
12 C2H6NO  Ser  Fibronectin 
13 C4H5O  Thr  Fibronectin 
14 C3H3O2  Ser Fibronectin 
15 C4H10N Val  Fibronectin 
16 C3H8NO  Thr Fibronectin 
17 C5H7O  Val Fibronectin  
18 C4H6NO  Glu  Fibronectin  
19 C7H7O  Tyr Fibronectin  
20 C8H10NO Tyr Fibronectin  
21 C10H11N2  Trp Fibronectin  
22 C11H8NO  Trp  Fibronectin  
    
23 CH3N2  Arg Laminin 
24 CH5N3  Arg Laminin 
25 C3H4NO  Asn Laminin 
26 C2H7N3 Arg Laminin 
27 C2H6SN Cys Laminin 
28 C4H4NO2 Asn Laminin 
29 C4H10N3 Arg Laminin 
30 C4H11N3 Arg Laminin 
31 C5H11N4 Arg Laminin 
    
32 C2H6N Ala, Cys  
33 C4H5N2 His  
34 C5H10N Lys  
35 C3H7N2O Asn, Gly  
36 C3H6NO2 Asp, Asn  
37 C5H7N2 His  
38 C5H8N3 His, Arg  
39 C8H10N Phe  
40 C6H5N2O His  
41 C9H8O  Phe  
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Figure 2.3: Principal component analysis of surface composition differences as detected using 
ToF-SIMS.  
PC1 versus PC2 scores plots for cardiac matrix-, skeletal matrix-coated tissue culture plastic 
versus collagen coated and uncoated controls. Distinct differences are observed between the 
coatings as well as the controls, indicating that both of the solubilized muscle matrices adsorbed to 
the surface. 

Figure 2.4: Peak value data of functional groups of cardiac matrix and skeletal muscle matrix 
coatings.  
ToF-SIMS peak analysis of cardiac matrix versus skeletal muscle matrix coated tissue culture 
plastic. The amino acid signatures from the peak values indicate that post adsorption the different 
matrices retain their complexity with multiple ECM components.  See Table 2 for individual peak 
descriptions. 
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2.3.4 Enhanced C2C12 cell differentiation on skeletal muscle 

matrix coating 

C2C12 skeletal myoblasts are a well-characterized myogenic cell line capable of 

differentiation by fusion into multinucleated myotubes 123.  These cells were expanded in 

growth media, without any components to induce differentiation, and then plated on 

culture plates coated with either skeletal muscle matrix or collagen. The number of 

myotubes at 7 days of differentiation was unchanged in cells grown on solubilized native 

ECM as compared to collagen (data not shown). However C2C12 myoblasts cultured on 

native ECM differentiated earlier (day 3, p<0.05), and had increased fiber diameter and 

fusion index (p<0.01) (Figure 2.5). Figure 2.5 displays images of myotube formation 

from day 3 after plating. As the main component in both coatings was collagen, the 

formation of larger, more nucleated myotubes and increased earlier differentiation on the 

tissue specific matrix illustrates that ECM components other than collagen in the skeletal 

muscle matrix retained biological activity and have an important effect on C2C12 skeletal 

myoblast differentiation. 
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Figure 2.5: C2C12 differentiation/maturation is increased on skeletal muscle matrix coating when 
compared to standard collagen I.  
C2C12 myotube formation is shown at Day 3 on collagen I (a) or skeletal muscle matrix (b), as 
labeled by myosin heavy chain (red) staining, and DNA labeled with Hoechst 33342 
(blue).  Percent differentiation (c), myotube width (d), and nuclei per myotube (e) were 
significantly increased when myoblasts were grown on the skeletal muscle matrix coating 
compared to the conventional collagen coating.  *p<0.05, **p<0.01. 
 
 
 
 

2.3.5 Enhanced hESC-derived cardiomyocyte cell maturation on 

cardiac matrix coating 

While differentiation of hESCs into cardiomyocytes is routinely achieved, 

maturation beyond a fetal phenotype has not been readily achieved 124-127.  We therefore 

pre-committed hESCs to cardiomyocytes and examined whether an adult cardiac matrix 

coating could further promote maturation of these cells, compared to gelatin. Gelatin was 

chosen as the comparison coating, as it is the standard substrate for many differentiation 
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protocols with hESCs 106,128,129. Of the mixed population, only cells that were positively 

stained for Titin M8 were assessed, as Titin M8 is a late cardiac muscle-specific marker. 

Cells were also stained for desmoplakin, and nuclei.  Desmoplakin is a cell-cell junction 

protein that displays a punctate distribution along the sarcolemma during cardiac muscle 

development, but eventually localizes to the lateral ends of muscle cells at the 

intercalated disc to form functional intercellular junction structures known as 

desmosomes, which are important for cell maturation and mechanical and structural 

integrity 130-132. Desmosomes also participate in morphogenesis and differentiation 133, 

and we therefore used desmoplakin, a key component of the desmosomal complex, as a 

marker to assess whether the cardiac matrix coating would promote a more mature 

phenotype.  hESC-CMs displayed striking differences on the cardiac matrix when 

compared to gelatin (Figure 2.6), namely an increased multi-cellular organization and 

maturation. hESC-CMs were found to organize into multi-cellular clusters as indicated by 

a significant increase in myofibrillar area and number of cardiomyocyte nuclei per cell 

cluster area when plated on the cardiac matrix compared to gelatin.  While there were no 

differences in the localization of desmoplakin at day 35, at day 112 the immunostaining 

demonstrated that desmoplakin organized and aggregated to form large localized areas at 

the lateral/transverse ends between the cardiomyocytes plated on the cardiac matrix, 

resembling the intercalated disc localization of desmosomal proteins found in fully 

mature cardiomyocytes in vivo 131. Hence, there was more mature localization of the 

desmosomal cell-cell junction protein, indicating increased maturation. It should be noted 

that similar changes in the spatiotemporal patterns of cardiac intercalated disc proteins 

have been observed during postnatal development and maturation of the human 

ventricular myocardium 134.  
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Figure 2.6: Cardiac matrix coatings increase hESC derived cardiomyocyte maturation compared 
to the standard gelatin substrate.   
hESC-derived cardiomyocytes were cultured on gelatin (a and c) or cardiac matrix (b and d) and 
stained for Titin M8 (red), desmoplakin (green), or nuclei (blue).   Cell cluster area (e), number of 
nuclei per cluster (f), and average desmoplakin positive area (g) were measured and compared 
between the two coatings.  Cardiomyocytes had an increased cluster area and number of nuclei at 
both day 35 and 112.  At day 112, the average desmoplakin immunoreactive area was significantly 
greater on the cardiac matrix, with localization observed at the lateral ends of the cardiomyocytes 
(arrows), indicating the formation of desmosomes and a more mature phenotype. **p<0.01. 
 

 

 

2.3.6 Mitogenic assay 

Degradation products of decellularized ECMs have been previously shown to 

have mitogenic activity 83. We, therefore, first examined whether the degradation 

products of the skeletal muscle matrix hydrogel had a mitogenic effect on cells in vitro.  

Proliferation of smooth muscle cells and skeletal myoblasts following exposure to either 

enzymatically degraded skeletal muscle ECM or collagen was assessed.  Pepsin was also 
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included as a control, as pepsin was utilized to digest the matrix material. A Picogreen 

assay was used to determine double stranded DNA content at days 3, 5, and 7 in culture 

to quantify cell proliferation. It was found that both smooth muscle cells (Fig. 2.2A) and 

myoblasts (Fig. 2.2B), when cultured in media containing degraded skeletal muscle 

matrix, had a higher rate of proliferation compared to cells cultured in media containing 

the same concentration of collagen. The increase in cell number was significantly greater 

at all time points (p<0.01).  At day 3, there was a 1.85-fold increase in cell number in the 

skeletal muscle matrix wells compared to collagen for the smooth muscle cells, and a 

corresponding 2.15-fold increase with the skeletal myoblasts. There was also a 1.3 fold 

increase for skeletal muscle matrix wells compared to pepsin for both cell types. Thus, 

the results demonstrate that degradation products of the skeletal muscle matrix are 

consistent with a higher rate of proliferation in both cell types in vitro when compared to 

collagen or the pepsin control.  

 
 
Figure 2.7: In vitro mitogenic activity assay.  
(A) Rat aortic smooth muscle cells and (B) C2C12 skeletal myoblasts were cultured using growth 
media with the addition of degraded skeletal muscle matrix, collagen, or pepsin. Proliferation rate 
was increased for both cell types when cultured in the presence of skeletal muscle matrix 
degradation products. 
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2.3.7 Migration of endothelial and smooth muscle cells 

Migration of vascular cells towards the myocardial matrix was first tested in 

vitro.  A Chemotaxis 96-well Cell Migration Assay Kit was used to quantify the 

attraction of HCAECs and RASMCs towards the solubilized myocardial matrix, as 

compared to collagen, FBS, and pepsin.  The migration of RASMCs towards the 

myocardial matrix was significantly greater than all other groups: collagen, FBS, and 

pepsin (p < 0.001)  (Figure 2.7).  While HCAECs migrated toward the myocardial 

matrix, the migration was not statistically greater than the other groups per ANOVA.  

However, there is a noticeable trend similar to that of RASMCs (Figure 2.7).  Thus, the 

matrix was shown to promote migration of both cell types in vitro.   
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Figure 2.8: Vascular cell migration in vitro.  
Rat aortic smooth muscle cell (RASMC) and human coronary artery endothelial cell (HCAEC) 
migration towards solubilized myocardial matrix, collagen, fetal bovine serum (FBS), and pepsin. 
Fluorescence intensity is proportional to the number of cells that migrated toward each 
chemoattractant. Both cell types show migration towards the myocardial matrix. Significance from 
other groups, as determined by an ANOVA with Holm’s correction, is indicated (*p < 0.001). 

 

 

2.4 Discussion 

There is a compelling need for the development of materials that mimic the 

native cellular microenvironment for better in vitro assays and for the expansion of cells 

for cell-mediated therapies. In addition, a culture platform where cells are surrounded by 

an environment that more closely resembles the native ECM niche would improve the 

assessment of cell behavior in other areas of research such as drug development 
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applications.   There has been a shift of cell culture substrates from single purified 

proteins, to more complex materials that attempt to mimic the complex native ECM 93.  

Combinations of purified proteins have been shown to improve cell proliferation and 

differentiation, demonstrating that complex coatings are beneficial 93,135.  However, there 

are many potential combinations, and using a natural matrix would be more 

physiologically relevant.   

In this study, we have presented a method to create matrix coatings derived from 

porcine adult tissues, performed analysis to determine the components of the solubilized 

extracellular matrix, and then ensured that the surface composition retained its 

complexity after adsorption onto tissue culture plastic.  We hypothesized that these 

coatings would have a beneficial effect within 2D muscle culture systems as they more 

appropriately emulate the native muscle ECM in vitro. This culture substrate would thus 

allow for desirable cell-matrix interactions and provide a better platform for cell 

phenotype and differentiation, similar to that found in vivo. A potential limitation, 

however, of this approach is that these matrices are of porcine origin, which has the 

potential for disease transmission and immune recognition.  However, the FDA has 

approved many decellularized xenogeneic ECMs for implantation including porcine 

dermis, small-intestine submucosa, and heart valves 75 and therefore, we anticipate that 

these matrices will be a viable option for cell culture. For clinical translation of any cells 

grown on these coatings, appropriate quality control and testing will of course be 

essential to ensure lack of pathogens. We have also tested the material to assess any in 

vitro effects of the material, and demonstrate it to be a mitogen for smooth muscle cells 

and skeletal myoblasts, as well as a chemoattractant for rat aortic smooth muscle cells, 

and endothelial cells. 
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The goal of this study was to demonstrate that the simple method for fabricating 

naturally derived, tissue specific matrix materials could provide a cell culture substrate 

that emulates the native ECM microenvironment, is readily available, and is as simple to 

use as conventional protein coatings. Also to study any cellular behavior that could be 

modified using the material in addition to cell culture media. The ECM plays an 

important role in directing progenitor and stem cell differentiation and maturation 92,136 

and we thus examined the potential for these tissue specific coatings in committed 

progenitor and stem cell culture. Differentiation of muscle progenitor cells was studied 

using C2C12 skeletal myoblasts on adult skeletal muscle matrix and compared to a 

conventional collagen coating I 137.  To examine the potential of the adult myocardial 

matrix as a coating, we examined its effect on the morphology and maturation of hESC 

derived cardiomyocytes as compared to the standard gelatin coating typically used in 

stem cell derived cardiomyocyte cultures 138,139 since we hypothesized that the adult 

cardiac matrix coating could further promote maturation of these cells. The ECM is also 

known to regulate cell growth 85,86 and migration, and so the material was also studied as 

a mitogenic agent and as a chemoattractant. We compared growth of skeletal myoblasts 

and smooth muscle cells in media containing muscle matrix or collagen, where it was 

determined that the muscle matrix increased proliferation. To examine the material as a 

chemoattractant, a migration assay was performed where it was seen that serum-starved 

cells had increased migration to the muscle matrix even when compared to known 

chemoattractants. 

Our data shows that the native tissue matrix enhanced differentiation of C2C12 

skeletal myoblasts and maturation of human embryonic stem cell derived cardiomyocytes 

when compared to conventional cell culture coatings. Also, that the muscle matrices can 



43 

 

increase proliferation and migration of skeletal myoblasts, endothelial cells and smooth 

muscle cells. While these extracellular matrix materials contains many biochemical cues 

of the native environment, one limitation of this study is that it is likely that some ECM 

components have been lost during processing. However, the remaining matrix 

components do affect cell differentiation, maturation, proliferation and migration.  

Skeletal muscle matrix contains native cues that allowed for increased differentiation and 

larger myotubes to develop from skeletal myoblasts when compared to a standard single 

protein coating.  The skeletal muscle matrix also increased proliferation of skeletal 

myoblast and smooth muscle cells when compared to collagen. In addition, the cardiac 

matrix enhanced the formation and organization of multicellular clusters with 

intercellular desmosomal like structures resembling the cardiac intercalated disc within 

hESC derived cardiomyocytes, as well as enhanced migration of smooth muscle cells and 

endothelial cells.  Thus, this report highlights that the cell microenvironment and subtle 

differences in matrix composition can play an important role on cell phenotype and 

behavior in vitro. We show a method that can allow one to more closely recapitulate this 

microenvironment in 2D cell culture, which could be applied to any type of in vitro 

assay. Given that the origin of these matrices is adult ECM, it is likely more applicable to 

terminal differentiation/maturation and adult cell culture.  There is also a potential 

application for cell culture using other cell types, as to date, we have decellularized liver, 

brain, and other muscle tissue and therefore anticipate that this process can be used to 

generate substrate coatings from any non-mineralized tissue to present the appropriate 

cell-matrix interactions.  3D culture systems have recently been highlighted as a better 

mimic of the in vivo environment 140, and similar matrix solutions to those employed here 

as coatings can self assemble into thin films or gels for 3D cell culture 68,104.  The 3D 
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environment is not, however, always suitable for all culture studies. Herein, we have 

developed a simple method to produce decellularized extracellular matrix material that 

would provide a better approximation of the in vivo microenvironment with the added 

benefit of tissue specificity and complexity. The results of this study show the potential 

of decellularized, solubilized extracellular matrix materials derived from muscle to 

promote maturation of committed progenitor and stem cells in vitro, increase 

proliferation and migration, demonstrating this method’s applicability to muscle cell 

culture; however, the general technology has wide ranging implications. 

 
 

Chapter 2, in part, is a reprint of material that is published as: DeQuach, JA, 

Mezzano V, Miglani A, Lange S, Keller GM, Sheikh F, Christman KL. Simple and high 

yielding method for preparing tissue specific extracellular matrix coatings for cell culture. 

PLoS ONE, 2010; 5 (9): e13039. 

 

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

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

Naturally derived myocardial matrix as an injectable scaffold for cardiac tissue 

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

 

Chapter 2, in part, is in submission as: DeQuach JA, Lin JE, Cam C, Hu D, 

Salvatore MA, Sheikh F, Christman KL. Injectable skeletal muscle matrix hydrogel 

promotes neovascularization and muscle cell infiltration in a hindlimb ischemia model. 

 

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

Injectable skeletal muscle matrix hydrogel 

promotes neovascularization and muscle cell 

infiltration in a hindlimb ischemia model 
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3.1 Introduction 

Peripheral artery disease (PAD) is a common condition in which blood flow is 

reduced to the leg and feet 7,8. Critical limb ischemia (CLI) is the most advanced form of 

PAD, often leading to amputation of the limb and potential mortality 15,16. The only 

current clinical treatment for PAD and CLI is endovascular or surgical revascularization 

16. Surgical bypass was the established standard, but recently endovascular therapies such 

as angioplasty, atherectomy and stenting are used as less-invasive options. However, 

despite these therapies, CLI continues to carry a major risk of limb amputation, with rates 

that have not changed significantly in 30 years 17.  

Recently, several clinical trials using cell therapy have demonstrated promising 

results 18-21, but there are still many questions about which therapeutic cell type to use, 

quantity of cells, and best route to deliver the cells, as well as a significant problem with 

poor cell retention and survival 20.  Biomaterials scaffolds have more recently been 

explored to enhance cell survival by providing a temporary mimic of the extracellular 

matrix (ECM) 19,22.  Biomaterials have also been used for delivery of growth factors or 

their mimics in animal models of PAD and CLI 19,22-24. However, these scaffolds are 

composed of fibrin 22, collagen-based matrix 25, gelatin 26, self assembling peptide 

amphiphiles 24 or alginate 23, which may not provide the proper biomimetic environment 

for the ischemic skeletal muscle in these conditions.  Moreover, no potential therapies 

employing only a biomaterial have been explored to date. An acellular, biomaterial only 

approach may reach the clinic sooner since it has the potential to be an off-the-shelf 

treatment and does not have the added complications that cells bring, including 

appropriate source, the need for expansion, or potential disease transmission.  

Furthermore, a biomaterial that promotes neovascularization and tissue repair on its own 
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would obviate the need for exogenous growth factors, and the difficulties and expense 

associated with such a combination product. 

The ECM of each tissue contains similar components; however, each individual 

tissue is composed of a unique combination of proteins and proteoglycans 66,67. Recent 

studies have shown that the ECM of various tissues can be isolated through 

decellularization and utilized as a tissue engineering scaffold 27,68-72.  Thus, for treating 

critical limb ischemia, using decellularized skeletal muscle matrix would provide the best 

mimic of the native ECM’s biochemical cues.  Other decellularized ECM materials have 

been used for a variety of applications for tissue repair 73,76. These scaffolds are known to 

promote cellular influx in a variety of tissues 77,78. Their degradation products have 

angiogenic 79 and chemoattractant 79-82 properties, and also promote cell migration and 

proliferation 83. After removal of the cellular antigens, these scaffolds are considered 

biocompatible, and both allogeneic and xenogeneic ECM devices have been approved by 

the FDA and are in clinical use 84.  A decellularized skeletal muscle scaffold has been 

previously explored for replacement of a muscle defect 27, yet this intact scaffold would 

not be amenable to treating peripheral artery disease.  We, therefore, sought to develop an 

injectable hydrogel derived from skeletal muscle matrix that would allow for minimally 

invasive delivery and treatment of PAD and CLI. 

We have recently developed hydrogels derived from decellularized ECMs, 

including myocardium 68, pericardium 141, and adipose tissue 69, which self-assemble into 

porous and fibrous scaffolds upon injection in vivo.  We have recently shown that the 

injectable hydrogel derived from ventricular ECM promoted endogenous cardiomyocyte 

survival and preserved cardiac function post-myocardial infarction 142.  In this study, we 
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developed an analogous tissue specific hydrogel derived from skeletal muscle ECM and 

examined its potential as a biomaterial only therapy for treating PAD and CLI.   

In previous studies, we have shown that a liquid form of skeletal muscle matrix, 

which forms the hydrogel in this study, was able to promote the differentiation and 

maturation of C2C12 skeletal myoblast progenitors when used as a cell culture coating 

143. We previously characterized this material, demonstrating its ability to retain a 

complex mixture of skeletal muscle ECM proteins, peptides, and proteoglycans 143. In 

this study, we demonstrate that a liquid form of skeletal muscle matrix can self-assemble 

into a fibrous scaffold upon injection in vivo.  The material can also be processed into a 

lyophilized form that only requires sterile water to resuspend prior to injection, which 

could provide ease of use in a clinical setting. We show that this injectable skeletal 

muscle material promotes proliferation of vascular cells and muscle progenitors in vitro, 

and that the hydrogel enhances neovascularization as well as the infiltration of muscle 

progenitors and proliferating muscle cells in vivo in a hindlimb ischemia model, thereby 

demonstrating its potential for treating PAD and CLI by not only treating ischemia, but 

also promoting tissue repair.  

 

3.2 Methods 

All experiments in this study were performed in accordance with the guidelines 

established by the Committee on Animal Research at the University of California, San 

Diego and the American Association for Accreditation of Laboratory Animal Care. 

 
 
3.2.1 Decellularization of skeletal muscle for matrix preparation 

 Skeletal muscle from the hindleg was harvested from Yorkshire pigs, 
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approximately 30–45 kg, immediately after sedation with a ketamine/xylazine 

combination (25 mg/kg, 2 mg/kg respectively) and euthanasia with beuthanasia (1 mL/5 

kg). Fat and connective tissue was removed, and the skeletal muscle was cut into ~1 cm3 

pieces and decellularized as previously published 143. Briefly, the tissue was rinsed with 

deionized water and stirred in 1% (wt/vol) solution of sodium dodecyl sulfate (SDS) in 

phosphate buffered saline (PBS) for 4–5 days. Decellularized skeletal muscle was stirred 

overnight in deionized water and then agitated rinses under running DI water were 

performed to remove residual SDS. A sample of decellularized matrix was frozen in 

Tissue Tek O.C.T. freezing medium, sectioned into 10 µm slices, and stained with 

hematoxylin and eosin (H&E) to confirm the absence of nuclei. Following the 

decellularization protocol, the ECM was lyophilized overnight and milled to a fine 

powder using a Wiley Mini Mill. 

 

3.2.2 Preparation of injectable skeletal muscle matrix and 

collagen 

In order to render the decellularized extracellular matrix (ECM) into a liquid 

form, the milled form of the matrix was subjected to enzymatic digestion 68,143. Pepsin 

(SIGMA, St. Louis, MO) was dissolved in 0.1 M hydrochloric acid (HCl) to make a 1 

mg/ml pepsin solution.  The ECM at a ratio of 10:1 was digested in the pepsin solution 

under constant stirring. After approximately 48 hours, the matrix was brought to a 

physiological pH, and then either diluted for in vitro assays or for injection. For in vivo 

studies, the skeletal muscle matrix was brought to a pH of 7.4 through the addition of 

sodium hydroxide (NaOH) and 10x PBS, and further diluted to 6 mg/ml using 1x PBS 68. 
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Rat tail collagen (6 mg/mL) was also brought to a physiological pH and salt content using 

NaOH and PBS, and utilized as a control.  

 

3.2.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) was utilized to determine the 

microstructure of the skeletal muscle matrix gels. These gels were formed in vivo by 

injecting the skeletal muscle matrix subcutaneously in a rat, and excised after 20 minutes. 

The skeletal muscle matrix gels were harvested and fixed with 2.5% glutaraldehyde for 2 

hours, and then dehydrated using a series of ethanol rinses (30-100%). Samples were then 

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

Electron microscopy images were taken using a Phillips XL30 Environmental SEM Field 

Emission microscope. 

 

3.2.4 In vivo gelation test 

To prepare for in vivo studies, a preliminary test was performed to ensure that the 

skeletal muscle matrix would be able to gel upon injection. The skeletal muscle matrix 

was labeled with biotin, and then injected into the hindlimb of healthy Sprague Dawley 

rats. For biotin labeling, a 10mM solution of EZ link Sulfo-NHS-Biotin (Pierce, 

Rockford, IL) was prepared and mixed with the liquid skeletal muscle matrix for a final 

concentration of 0.3 mg of biotin/mg matrix. The mixture was allowed to sit on ice for 

two hours. The skeletal muscle matrix was then frozen, lyophilized and stored at -80ºC 

until use. To resuspend the skeletal muscle matrix, sterile water was added at the original 

volume to bring the material to 6 mg/ml and vortexed. Collagen was also biotinylated 

using the same protocol.   
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Female Harlan Sprague Dawley rats (225-250 g) were anesthetized using 

isoflurane at 5%, intubated, and maintained at 2.5% isoflurane during surgery. In 

preliminary studies, (n=2) 150 µl of skeletal muscle matrix was injected intramuscularly 

into healthy rats. The muscle was excised after 20 min, and fresh frozen using Tissue Tek 

O.C.T.    

 

3.2.5 Hindlimb ischemia model 

After confirmation of self-assembly in vivo, a rat hindlimb ischemia model was 

utilized to test the skeletal muscle extracellular matrix. Animals were placed in a supine 

position and hindlimb ischemia was induced by ligation and excision of the femoral 

artery. After ligation of the proximal end of the femoral artery, the distal portion of the 

saphenous artery was ligated and the artery and side branches were dissected free, and 

then excised as previously described 144,145. The area was sutured closed and animals were 

given an analgesic of 0.05 mg/kg of buprenorphine hydrochloride (Reckitt Benckiser 

Healthcare (UK) Ltd., Hull, England) prior to recovery from anesthesia.  One week post-

injury, the rats were anesthetized using 5% isoflurane, intubated, and maintained at 2.5% 

isoflurane for injection. Skeletal muscle matrix and collagen were biotinylated in order to 

visualize the injection region and 150 µl was injected intramuscularly. Injection was 

confirmed by a lightening of the muscle at the site of injection. Rats were sacrificed using 

an overdose of sodium pentobarbital (200 mg/kg) at 3, 5, 7, or 14 days post injection 

(n=4, except n=3 for 14 day collagen injection), and leg muscles were harvested and 

frozen in Tissue Tek O.C.T.  
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3.2.6 Histology and immunochemistry 

 The excised muscle was cryosectioned into 10 µm slices. Slices were stained 

with Hematoxylin and Eosin every 1 mm and screened to determine the location of 

injected material. Adjacent slides were stained for visualization of biotin-labeled skeletal 

muscle matrix or collagen, to confirm the injection site. Slides were fixed in acetone, 

incubated with superblock buffer (Pierce), followed by 3% hydrogen peroxide (Sigma), 

and horseradish peroxidase conjugated neutravidin (Pierce) at room temperature. The 

reaction was visualized by incubation with diaminobenzidine (DAB, Pierce) for ten 

minutes.  

Five slides evenly spaced within the injection region were then used for 

immunohistochemistry (IHC). Sections were fixed for 2 min in acetone and blocked with 

staining buffer for 1 h (2% goat serum and 0.3% Triton X-100 in PBS). Skeletal muscle 

sections were then assessed for vessel formation using a mouse anti-smooth muscle actin 

antibody (Dako, Carpinteria, CA; 1:75 dilution) to label smooth muscle cells. After three 

5-minute washes with PBS, AlexaFluor 568 anti-mouse (Invitrogen, 1:200 dilution) was 

used as a secondary. Slides were then mounted using Fluoromount (Sigma). Sections 

stained with only the primary antibody or secondary antibody were used as negative 

controls. Images were taken at 100x using Carl Zeiss Observer D.1 and analyzed using 

AxioVision software. Arterioles were quantified with a visible lumen and a diameter ≥10 

µm and normalized over the injection area as previously described 68,146.  

In order to assess proliferating muscle cell infiltration into the injection region, 

sections were stained using a mouse anti-desmin antibody (Sigma; dilution 1:100) and 

co-stained with a rabbit anti-Ki67 (Santa Cruz Biotech, Santa Cruz, CA; dilution 1:100). 

AlexaFluor 488 anti-mouse and AlexaFluor 568 anti-rabbit were used for secondary 
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antibodies (1:200), followed by staining with Hoechst 33342. Slides were mounted with 

Fluoromount (Sigma) prior to imaging. Additionally, the skeletal muscle tissue was 

assessed using a rabbit anti-MyoD (Santa Cruz Biotech, Santa Cruz, CA; dilution 1:100), 

followed by AlexaFluor 488 anti-rabbit as a secondary antibody, and Hoechst 33342. 

Three 400x images were taken per slide and analyzed using AxioVision software. The 

number of desmin positive cells, and desmin positive cells that co-localized with Ki67 

were counted, averaged and normalized over the area. For the tissue sections analyzed for 

MyoD, the number of positive cells with MyoD co-localized with nuclei were counted 

and averaged over the area of injection.  

 

3.2.7 Statistical analysis 

All data is presented as the mean ± standard error of mean. Significance was 

determined using a one-way analysis of variance (ANOVA) with a Bonferroni post-test. 

A two-tailed Student’s t-test was used for all other data and reported as p<0.05 and 

p<0.001.  

 

3.3 Results 

3.3.1 Injectable skeletal muscle matrix 

Skeletal muscle matrix material was derived through decellularization of porcine 

skeletal muscle tissue (Fig. 3.1A) using previously established methods 143. The matrix 

was lyophilized (Fig. 3.1B) and milled into a fine particulate before enzymatic digestion 

to form a liquid (Fig. 3.1C). At this stage, the liquid skeletal muscle matrix can be diluted 

and utilized as a coating for cell culture as we have previously reported 143, or can be 

brought to physiological pH, salt concentration, and temperature, which triggers self-
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assembly into a hydrogel (Fig. 3.1D).  After raising the pH of the material to 7.4 at room 

temperature, the material can also be re-lyophilized (Fig. 3.1E) for long-term storage at -

80ºC. The material can then be resuspended at a later date using only sterile water (Fig. 

3.1F) and utilized for in vivo injection.  

 

 
 
Figure 3.1: Decellularization and tissue processing.  
(A) Decellularized skeletal muscle matrix. (B) Lyophilized skeletal muscle matrix prior to milling. 
(C) Digested skeletal muscle matrix. (D) In vitro gel of the skeletal muscle matrix with media on 
top in right well (E) Skeletal muscle matrix that has been digested and re-lyophilized. (F) Re-
lyophilized skeletal muscle matrix resuspended using only sterile water. 
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3.3.2 Injection and gelation in vivo  

We initially assessed the ability of the liquid skeletal muscle matrix to form a gel 

in situ by injecting the material into a healthy rat hindlimb. For all in vivo studies, we 

utilized liquid skeletal muscle matrix, which had been biotinylated and re-lyophilized for 

storage at -80 C.  Prior to injection, the material was resuspended in sterile water alone. 

The skeletal muscle matrix was then loaded into a syringe and injected intramuscularly 

into a rat hindlimb (Fig. 3.3A). To determine whether the skeletal muscle matrix would 

self-assemble and form a scaffold, the injection region was excised after 20 minutes.  A 

visible gel, denoted by the white region in Figure 3.3B, was observed within the muscle.  

Additional matrix injections were cryosectioned and stained to visualize the biotinylated 

matrix.  Similar to our myocardial matrix hydrogel 68, the liquid skeletal muscle matrix 

self-assembled into a fibrous scaffold once in vivo (Fig. 3.3C). To assess the 

microarchitecture of the skeletal muscle matrix hydrogel, the material was injected 

subcutaneously, and excised after 20 minutes. Scanning Electron Microscopy (SEM) 

demonstrated that the matrix forms a porous, fibrous scaffold that is composed of fibers 

both on the nano- and micro-scale (Fig. 3.4). 

 

 
 
Figure 3.2: Skeletal muscle matrix delivery and gelation in situ.  
(A) Intramuscular injection of the skeletal muscle matrix material. (B) Gelation of the skeletal 
muscle matrix in situ after 20 minutes as seen after excision of the muscle; arrow denotes the 
white matrix (C) DAB staining of the biotin-labeled skeletal muscle matrix that gelled within the 
muscle. Scale bar at 200 µm. 
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Figure 3.3: Scanning electron microscopy.  
Micrograph of a cross-section of excised skeletal muscle matrix scaffold 20 minutes post-
subcutaneous injection. Note the formation of the self-assembled fibers on the nano- and micro- 
scale. Scale bar at 100 µm. 
 
 

3.3.3 Cellular infiltration and neovascularization 

             Upon confirmation that the material was able to self-assemble upon injection, we 

next examined the skeletal muscle matrix hydrogel in a rat hindlimb ischemia model to 

assess its potential for treating PAD. One week post-hindlimb ischemia, either skeletal 

muscle matrix or collagen was injected intramuscularly below the site of femoral artery 

resection. At 3, 5, 7 or 14 days post-injection, the muscle was harvested to determine 

cellular infiltration.  The hydrogel was still present at all time points, although it had 

significantly degraded by day 14.  At each time point, we assessed the amount of 

neovascularization, which would be critical to treat the ischemic tissue, as well as the 
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number of muscle cells and muscle progenitors, which could aid in repair of the damaged 

tissue.  

To determine whether the acellular scaffold would support new vessel formation 

in vivo, smooth muscle cells in collagen (Fig. 3.5A) and skeletal muscle matrix (Fig. 

3.5B) injected regions were labeled via immunohistochemistry. Arteriole density was 

significantly greater in the skeletal muscle matrix injection region compared to collagen 

at 3, 5, and 7 days post-injection (Fig 3.5C), with many of the vessels having an average 

diameter greater than 25 µm (Fig 3.5D).  While not significant, there was still a distinct 

trend towards an increase in vasculature at day 14 following injection of the skeletal 

muscle matrix hydrogel.  

 
Figure 3.5: Quantification of neovascularization.  
(A) Collagen and (B) skeletal muscle matrix injection regions stained with anti-alpha-SMA (red) 
to determine vessel formation. Vessels with a clear lumen are seen within the injection region 
within 5 days. Scale bar at 100 µm. Quantification of the vessel density at 3, 5, 7, and 14 days for 
vessels with a lumen (C) >10 µm or (D) >25 µm demonstrated that the skeletal muscle matrix 
increased neovascularization. Vessels were, on average, larger in the skeletal muscle matrix when 
compared to collagen. 
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In PAD and CLI, patients often suffer from general muscle fatigue and atrophy, 

and therefore, in addition to increasing vascularization, restoring muscle mass would also 

be beneficial. We therefore sought to determine whether muscle cells were also recruited 

to the injection site using staining against desmin (Fig. 3.6A,B). The desmin positive 

cells were also co-stained for Ki67, a marker for proliferation 147-149, as denoted by the 

arrows in Figure 3.6. The skeletal muscle matrix recruited significantly more desmin-

positive cells when compared to the collagen matrix at 3, 5, and 7 days post-injection, a 

the trend that continued at day 14 (Fig. 3.6C). Moreover, the majority of cells expressing 

desmin also were Ki67 positive, indicating proliferating muscle cells were infiltrating the 

injection region (Fig. 3.6D). The number of Ki67 and desmin positive cells was 

significantly increased at 3, 5, and 7 days post-injection, with the same trend at day 14. 

Cell infiltration was further assessed using MyoD as a marker for the potential 

recruitment of activated satellite cells 150,151.  There was a low number of MyoD positive 

cells recruited into the injection region of both materials at the examined time points; 

however, there was a statistically significant increase in MyoD positive cells in the 

skeletal muscle matrix (Fig. 3.7). The MyoD staining was prevalently perinuclear, which 

has been shown in other studies 152,153.  
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Figure 3.6: Proliferating muscle cell recruitment.  
(A) Collagen injection region and (B) skeletal muscle matrix injection region at 5 days with 
desmin-stained cells (green) co-labeled with Ki67 (red). Arrows denote desmin and Ki67 positive 
cells. Scale bar at 20 µm. Insert shows positive desmin staining of healthy skeletal muscle, scale 
bar at 100 µm. (C) Quantification of desmin-positive cells in the skeletal muscle matrix compared 
to collagen normalized to area. Note that there are significantly more desmin-positive cells in the 
skeletal muscle matrix. (D) Of these desmin-positive cells, a majority of the cells are proliferating 
as seen by Ki67 co-labeling. 
 
 
 
 
 
 

 
Figure 3.7: Muscle progenitor infiltration.  
MyoD positive cells (green) in (A) collagen and (B) skeletal muscle matrix injection regions at 5 
days. Area of injection is denoted by the dotted line. Scale bar at 20 µm. (C) Graph of MyoD-
positive cells normalized to the area for the injection region. The number of MyoD-positive cells 
was significantly higher in the skeletal muscle matrix regions at all time points. 
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3.4 Discussion 

Similar to myocardial infarction (MI), which is also a result of atherosclerosis, 

peripheral artery disease has a large population of affected individuals, with an estimated 

27 million suffering from PAD in Europe and North America 154.  Despite recent medical 

advances and the advent of tissue engineering strategies, revascularization through 

surgical or endovascular intervention, remains the only treatment.  This is further 

complicated by the fact that approximately 40% of patients with critical limb ischemia, 

the most severe form of PAD, are not candidates for revascularization procedures 155, and 

that revascularization has limited benefit when the PAD is diffuse or below the knee.  

This corresponds to approximately 120,000 leg amputations in the US and 100,000 in the 

European Union each year 156. There is therefore a pressing need for the development of 

new therapies for treating PAD and CLI. 

Alternative therapies for PAD and CLI have largely mirrored the attempts for MI 

and heart failure, including cell transplantation and angiogenic growth factor therapy 

17,20,157. The goal of these therapies has been to increase vascularization of the ischemic 

limb so that perfusion is sufficient for wound healing to occur, and to resolve pain at rest, 

thereby also preventing limb amputations.  Biomaterial based strategies have recently 

been explored.  Currently, only poly(d,l-lactide-co-glycolide) (PLGA), collagen-

fibronectin, alginate, gelatin, fibrin, and peptide amphiphiles have been examined 

23,24,26,158-162.  PLGA microspheres in alginate hydrogels have been utilized to deliver 

vascular endothelial growth factor (VEGF) 158, and alginate hydrogels have been explored 

for delivery of hepatocyte growth factor (HGF) 23, VEGF 159, and pDNA encoding for 

VEGF 160.  Alginate microspheres within an injectable collagen matrix have also been 

used to deliver stromal cell-derived factor-1 (SDF-1) 25, while VEGF loaded alginate 
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microparticles in a collagen-fibronectin scaffold were used to deliver endothelial cells 161. 

Gelatin hydrogels have been employed to deliver basic fibroblast growth factor (bFGF) 

26,162, and fibrin scaffolds were utilized to deliver bFGF and granulocyte-colony 

stimulating factor (G-CSF) along with bone marrow cells.  More recently, VEGF-

mimetic peptides were delivered using self-assembling peptide amphiphiles 24. Each of 

these studies demonstrated enhanced cell transplantation and/or enhanced growth 

factor/gene delivery with resulting enhancements in neovascularization.  

While each of the materials currently explored for treating PAD have been used 

extensively as tissue engineering scaffolds, they do not mimic the extracellular 

microenvironment of the skeletal muscle they are intended to treat.  The native ECM is a 

complex combination of fibrous proteins and proteoglycans that can affect many aspects 

of cellular behavior. Therefore, to regenerate tissue, an ideal scaffold will mimic this 

native microenvironment. We therefore sought to develop an injectable hydrogel derived 

from skeletal muscle ECM, which would mimic the native biochemical cues, as well as 

be amenable to minimally invasive, injectable procedures, which would be advantageous 

for treating PAD and CLI. We utilized a porcine source of skeletal muscle matrix, as this 

is the most likely source for a commercial product.  Xenogeneic decellularized 

extracellular matrices have been shown to be biocompatible upon removal of the cellular 

antigens, and are currently utilized in the clinic for a number of surgical repair 

applications 163,164.  

We found that our liquid version of skeletal muscle matrix was able to form a 

porous scaffold upon injection, which should promote cellular infiltration to the damaged 

area 165,166.  We previously assessed the mitogenic properties of the degradation products 

of this matrix on smooth muscle cells, a relevant cell type for vascularization (Chapter 2). 
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The skeletal muscle matrix degradation fragments induced a higher proliferation rate 

compared to collagen.  Other studies have also demonstrated mitogenic activity with 

extracellular matrix degradation products 83. Care should however be taken when 

attempting to directly correlate these in vitro results to the in vivo environment as the 

majority of these studies, including the study herein, have used pepsin, which would not 

generate the same ECM degradation products in vivo.  These in vitro studies, however, 

provided promising evidence that the injectable skeletal muscle matrix scaffold may 

induce neovascularization in vivo.  We, therefore, assessed the ability of this new scaffold 

to induce neovascularization in a rat hindlimb ischemia model compared to collagen, 

which is the predominant component of the skeletal muscle matrix and a commonly 

utilized scaffold. Not only was the vessel density higher in the skeletal muscle matrix, but 

there were significantly more large-diameter vessels greater than 25 µm, indicating 

maturation of the vasculature. In PAD, the formation of new blood vessels will be critical 

to treat the ischemic tissue. The presence of more mature vasculature might indicate 

permanence of the formed vessels, which would be important to getting a vascular supply 

as quickly as possible to the ischemic region, and to maintain blood flow 167.   

In addition to treating the ischemic environment, increasing muscle mass would 

be beneficial in a therapy for PAD and CLI as patients often suffer with muscle fatigue 

and atrophy. Previously, we had demonstrated that the liquid form of decellularized 

skeletal muscle, when utilized as a coating for cell culture (Chapter 2), increased skeletal 

myoblast differentiation compared to collagen coatings 143, suggesting that this material 

provides tissue specific biochemical cues to recapitulate the skeletal muscle 

microenvironment. In this study, we first examined whether the degradation products of 

the skeletal muscle matrix scaffold would promote proliferation of skeletal myoblasts in 
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vitro.  We demonstrated that the degradation products of this scaffold increased myoblast 

proliferation compared to collagen, (Chapter 2) and therefore, we next sought to assess 

the infiltration of muscle cells into the scaffold in the hindlimb ischemia model. We 

measured the number of desmin- and MyoD-positive cells that were recruited into the 

skeletal muscle matrix scaffold compared to collagen. Desmin, a muscle specific protein, 

confirms that the cells that infiltrated were from a myogenic origin; however, this may 

also stain for smooth muscle cells. MyoD, on the other hand, is a specific striated muscle 

regulatory transcription factor, which coordinates the myogenic program in 

differentiating myoblasts 168-170.  We found that there were a significantly higher number 

of muscle cell types (as seen by MyoD and desmin) in the skeletal muscle matrix, and 

that many of these desmin-positive cells were also proliferating. The MyoD-positive cells 

also indicate that immature progenitor cell types are recruited to the skeletal muscle 

matrix. The presence of these MyoD-positive and desmin-positive muscle cells indicate 

that the skeletal muscle scaffold is recruiting relevant cell types that may aid in the 

regeneration of the damaged muscle, in addition to treating the ischemic tissue. However, 

future studies to assess functional benefit, and studies in a large animal model will be 

critical prior to translation of this therapy to the clinic. 

In this study, we demonstrate the potential of an acellular, biomaterial only 

therapy for treating PAD.  Previous biomaterial strategies have only utilized scaffolds to 

enhance cell or growth factor therapy 23,26,158-162.  However, a lone biomaterial therapy has 

several benefits, which may allow it to reach patients sooner, including the potential to be 

an off-the-shelf treatment without the complications that both cells and growth factors 

can add.  To create a material that could be easily prepared in the clinic, we also 
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developed a method that allowed for long-term storage of the injectable skeletal muscle 

matrix scaffold, with only sterile water required to resuspend it immediately prior to use. 

 

3.5 Conclusions 

The results of this study indicate that an injectable skeletal muscle matrix 

scaffold may be a potential new biomaterial only therapy for treating PAD.  In this study, 

we demonstrate that decellularized skeletal muscle ECM can be processed to form an 

injectable matrix material, which self-assembles into a porous and fibrous scaffold in 

vivo.  We show that degradation products of the material induce proliferation of smooth 

muscle cells and skeletal myoblasts in vitro.  We further observed that the injected 

scaffold increased neovascularization and infiltration of muscle cells compared to 

collagen, suggesting that it may improve neovascularization in PAD as well as treat the 

associated muscle atrophy. Future long-term studies, including those in a larger animal, 

and studies to assess functional recovery, will be critical prior to translation; however, 

this study demonstrates proof-of-concept for treating PAD and CLI with an injectable 

scaffold derived from decellularized skeletal muscle ECM. 

 

 

Chapter 3, in full, is submitted as: DeQuach JA, Lin JE, Cam C, Hu D, Salvatore 

MA, Sheikh F, Christman KL. Injectable skeletal muscle matrix hydrogel promotes 

neovascularization and muscle cell infiltration in a hindlimb ischemia model. 

The author of this dissertation is one of the primary authors on this publication. 
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4 CHAPTER FOUR: 

Decellularized human heart matrix: an 

allogeneic biomaterial for cardiac repair 
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4.1 Introduction 

Cardiovascular disease remains the leading cause of death in the western world, 

and total heart transplantation or left ventricular assist devices are the only successful 

treatment with end stage heart failure. As cardiac tissue has limited ability to regenerate 

itself, tissue engineering strategies may provide a method to replace the damaged tissue. 

Biomaterials have been studied to replace the necrotic tissue and stimulate a regenerative 

response through the use of scaffolds with or without cells. For example, biomaterials 

have been studied as cardiac patches36-41,171 which are applied to the epicardial surface of 

the heart, but require an invasive open-chest surgery for this therapy. Recent cardiac 

tissue engineering approaches have focused on developing injectable scaffolds that 

potentially could be delivered through less invasive means. By gelling in situ, the 

material can provide a scaffold that will allow for cellular infiltration and promote 

regeneration of the tissue, or act as a cell delivery vehicle for transplanted cells. 

Injectable materials that have been studied include fibrin 146,172, collagen 173, alginate 44, 

chitosan 174, self-assembling peptide nanofibers175,176, and Matrigel 177.  However, these 

materials may not provide as good of a mimic of the native cardiac microenvironment, as 

the materials are either single component protein systems, derived from a non-tissue 

specific material, or from a synthetic source. Recently, an injectable material developed 

from decellularized porcine cardiac matrix has been studied 68. The injectable porcine 

cardiac matrix demonstrated preserved function in a rat myocardial infarction model78, 

and is intended to provide the correct extracellular milieu to replace degraded-ECM post-

myocardial infarction.  

As the extracellular matrix in the body is composed of a complex composition of 

proteins and proteoglycans that affect cellular behavior, decellularized tissue-specific 
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ECM may provide the best replacement of this complex milieu. It has been shown that 

decellularized cardiac and skeletal muscle matrix affect cellular morphology, maturation, 

proliferation and migration in vitro (Chapters 2 and 3) 68,143. Thus, these materials are a 

promising source for tissue engineering scaffolds. Decellularized materials such as small 

intestine submucosa (SIS), pericardium, skin, and heart valve, from both bovine and 

porcine sources are FDA approved and used clinically 75.  

However many of the decellularized materials are from a xenogeneic source, 

mostly of porcine origin. An allogeneic source might be desirable to avoid potential 

immune response to the alpha-Gal (Galalpha 1,2-Galbeta1,4GlcNAc-R) epitope, which is 

the major antigen causing hyperacute rejection of porcine material transplantation into 

primates 178. Human tissue that has been previously decellularized include fat 69,179, 

trachea 180,181, amniotic membrane 182-184, pericardium 185, placenta 186,187 larynx, 188 and 

heart 53. While heart tissue has been decellularized, it was used as a cardiac patch that 

would require an open chest procedure to transplant. An injectable form of the human 

cardiac matrix could be used as a minimally invasive delivery method to regenerate the 

damaged tissue while preventing the alpha-Gal xenograft immune reaction. With this 

study, we explore the use of allogeneic cardiac matrix as a potential biomaterial for 

cardiac repair.  

 

4.2 Methods 

All experiments in this study were performed in accordance with the guidelines 

established by the Committee on Animal Research at the University of California, San 

Diego and the American Association for Accreditation of Laboratory Animal Care.  
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4.2.1 Decellularization of human heart matrix 

Human hearts from non-cardiac related deaths were received, through a 

collaboration with the Mayo Clinic. The hearts were trimmed of fat and major vessels 

and cut into pieces ~ 2-3 mm x 2-3 mm x 2-3 mm. The tissue was rinsed with deionized 

water for 30 minutes and then stirred in 1% (wt/vol) solution of sodium dodecyl sulfate 

(SDS) in phosphate buffered saline (PBS) for 4–5 days with solution changes every 24 

hours. When the material no longer had color, the material was treated in the following 

three methods. One section was processed in the method as previously published 68,143, 

however it was found that the traditionally used methods were unable to completely 

remove DNA content. One part of the material was first treated with 50 U/mL DNase and 

1 U/mL RNase in 50mM tris-hydrochloric acid (HCl), 10 mM magnesium chloride, and 

50 mg/mL bovine serum albumin, pH 7.5 salt at 37°C for 24 hours under agitation, and 

then rinsed using a solution of 1% SDS in PBS for 1 hour. Then the material was stirred 

in 100% isopropanol (Sigma-Aldrich) for 24 hours and rehydrated in water for 1 hour. To 

test whether the order of treatment mattered, the last section of material was first treated 

with the isopropanol for 24 hours then rehydrated in water, and then incubated with 

DNase/RNase at 37°C followed by a 1 hour SDS/PBS rinse.  

Finally, all three sets were treated stirred in 0.01 % Triton X-100 for 1 hour to 

remove residual SDS, followed by an overnight water rinse. After the overnight water 

rinse, the matrix was subjected to agitated rinses under running deionized water to test for 

residual SDS. The material was then stirred in deionized water overnight, followed by 

freezing and lyophilization.  
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4.2.2 Characterization of matrix material 

A sample of decellularized matrix from each processing step was frozen in 

Tissue Tek O.C.T. freezing medium, sectioned into 10 µm slices, and stained with 

hematoxylin and eosin (H&E) to assess for presence of nuclei. Following the 

decellularization protocol, the ECM was lyophilized overnight and milled to a fine 

powder using a Wiley Mini Mill. The three types of processing were then assessed using 

Oil Red O staining for fat content and Hoechst staining for double stranded DNA 

removal.  

The Oil Red O staining was done to determine lipid removal. Briefly, slides were 

fixed using 4% paraformaldehyde for 1 h and rinsed in deionized water and then 60% 

isopropanol. Oil Red O Dye (Sigma-Aldrich, St. Louis, MO) was prepared at 5 mg/ml in 

100% isopropanol and diluted 3:2 using deionized water as a working solution, and 

heated at 60°C for 1 hour. Next, the dye was filtered using a 0.22 µm filter to remove 

particulates. The samples were incubated with Oil Red O for 15 minutes, and then rinsed 

in 60% isopropanol and rinsed with deionized water, and then mounted with 10% 

glycerol in 1X PBS. Images were taken using a Carl Zeiss Imager. 

Hoechst staining was done by fixing the samples using acetone for 3 minutes. 

After which the samples were rehydrated in Phosphate Buffered Saline (PBS) and then 

stained using Hoechst 33342 (Invitrogen), a fluorescent stain for double stranded DNA, 

at 0.1 µg/mL for 10 minutes. The sections were then rinsed and mounted with 

Fluoromount (Sigma-Aldrich) and imaged with a Carl Zeiss Observer D1.  
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4.2.3 Preparation of human cardiac matrix 

In order to render the decellularized extracellular matrix (ECM) into a liquid 

form, the milled form of the matrix was subjected to enzymatic digestion 68,143. Pepsin 

(Sigma-Aldrich, St. Louis, MO) was dissolved in 0.1 M hydrochloric acid (HCl) to make 

a 1 mg/ml pepsin solution, and then added to the human heart matrix at a ratio of 10:1 

matrix to pepsin under constant stirring. After approximately 48 hours, the matrix was 

brought up to a physiological pH of 7.4 using NaOH and HCl and physiological salt 

concentration using 10X PBS. The material was then diluted to 6 mg/mL using 1X PBS 

whereupon the material was tested for gelation properties in vivo.  

 

4.2.4 Subcutaneous injection to determine gelation 

Female Sprague Dawley rats were anesthetized through injection of nembutol, 

and then kept on heating pads where 100 µl of matrix was injected through a 27-gauge 

needle subcutaneously in the dorsal region. The material was injected in duplicate at 6 

mg/ml on both sides of the back. Fifteen minutes after injection, the rats received an 

overdose of sodium pentobarbital, and the material was excised from the animal and the 

formed gels were imaged. One set of formed gels were fresh frozen using TissueTek 

O.C.T. for histological analysis, and the other set was fixed for Scanning Electron 

Microscopy imaging.   

 

4.2.5 Scanning electron microscopy of gelled material 

Gels formed through in vitro and through subcutaneous injections were fixed 

with 2.5% gluteraldehyde for 2 hours, and the subjected to a series of dehydration steps 

from 30% EtOH to 100% EtOH. The samples were stored in 100% ethanol until ready for 
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use. The samples were then critical point dried with a Tousimis Autosamdri 815B and 

ripped in half. The samples were coated with iridium using an Emitech K575X Sputter 

Coater. The microscopy images were taken using a Phillips XL30 Environmental SEM 

Field Emission microscope with images taken at 242 µA, with a working distance of 10 

mm and at 10 kV.  

 
 

4.3 Results 

4.3.1 Decellularization of human hearts 

Human hearts were collected from patients with non-cardiac related deaths 

through collaboration with the Mayo Clinic. Immediately it was seen that there was a 

significant difference in the shape of the heart when compared to the healthy pig hearts. 

Despite the fact that the hearts were taken from non-cardiac related deaths, there was 

significant fat content on the human heart when compared to pig hearts (Fig 4.1). To 

study whether it would be possible to develop an injectable biomaterial from an 

allogeneic source, human hearts were decellularized using SDS in PBS with antibiotics. 

Even though the majority of fat was removed from the human hearts, even after 

decellularization it was seen that the original decellularization method was unable to 

remove lipids. After lyophilization, it was seen that there were many pieces of the matrix 

that were yellowed in color, consistent with the appearance of fat or lipids. Interestingly, 

these yellowed pieces of the decellularized matrix, when pressed on a Kim Wipe exuded 

oil (Fig 4.2). Thus, a step utilizing isopropanol to remove lipids was added. It was also 

seen that the original decellularization protocol was not sufficient to remove DNA 

content, and so an additional DNase and RNase step was added. To determine if the order 
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mattered, one subset was treated with IPA first and then the enzymes, and the other set of 

material was treated with DNase/RNase and then followed by the IPA. 

 

 

 

Figure 4.1 Comparison of pig and human heart 
(a) porcine heart and (b) human heart prior to processing. Note the human heart contains much 
more fat content as evidences by the yellow fatty deposits on the epicardial surface of the heart. 
 
 
 
 

 
 
 
Figure 4.2:  Tissue processing inconsistencies 
After decellularization, lyophilized samples of the human heart matrix were assessed. It was seen 
that (a) white pieces of matrix do not leave “oil marks” when pressed whereas (b) yellow pieces of 
matrix leave oil residue when pressed on a Kim wipe as denoted by the arrows. 
 
 
 
 
 Histological samples stained using H&E of the modified decellularization 

protocol demonstrated a majority of cellular content was removed when compared to 

fresh tissue (Fig 4.4a). However, the original decellularization protocol showed positive 

hematoxylin staining (as denoted by the arrow), which could potentially be remnant DNA 
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(Fig 4.4b). After treatment with DNase and RNase, the material did not have this positive 

hematoxylin staining (Fig 4.4 c,d).  

Figure 4.3: Hematoxylin & Eosin staining of human cardiac matrix 
(a) staining of Fresh tissue, (b) human heart matrix from original decellularization process (c) 
matrix after processing first with DNase/RNase then IPA and (d) matrix after processing with IPA 
and then DNase/RNase. Hematoxylin positive staining is shown after original decellularization 
protocol (as denoted by arrow). Scale bar at 100 !m. 

Staining using Hoechst, which binds directly to double stranded DNA at the 

minor groove 189, was performed on human heart prior to processing (Fig 4.4 a) where it 

was seen that the staining is intact and punctuate at the nuclei. The staining of the original 

decellularization method (Fig 4.4 b), it was seen that the original method was not 

sufficient to completely remove the DNA content, and so an additional DNase and RNase 

step was added to the processing.  The human heart matrix was additionally processed 

using DNase/RNase followed by IPA (Fig 4.4 c) or IPA treatment followed by 

DNase/RNase (Fig 4.4 d). In both instances, it was seen that the DNA content decreased.  
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Figure 4.4: Hoechst staining of human cardiac matrix 
Hoechst imaging for (a) fresh tissue, (b) human heart matrix from original decellularization 
process (c) matrix after processing first with DNase/RNase then IPA and (d) matrix after 
processing with IPA and then DNase/RNase. Note the decreased positive Hoechst staining after 
treatment with DNase/RNase (c,d). Scale bar at 100 µm. 
 
 
 
 
 
4.3.2 Lipid removal 

Oil Red O staining showed that there is inherent fat content in the non-processed 

heart tissue (Fig 4.5 a), which remained if using the original decellularization protocol 

(Fig 4.5 b). However, Oil Red O staining of the decellularized matrix in the new 

treatments demonstrated that both methods were able to remove lipid content, though the 

DNase/RNase followed by IPA showed a little positive Oil Red O staining (Fig 4.5 c) 
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whereas the matrix first treated with IPA then DNase/RNase did not (Fig 4.5 d). The IPA 

step followed by DNase/RNase may prove to be the better method to remove both DNA 

and lipid content.  

 

 
 
Figure 4.5: Oil Red O staining of histological sections 
Sections after Oil Red O incubation for (a) fresh tissue, (b) human heart matrix from original 
decellularization process (c) matrix after processing first with DNase/RNase then IPA and (d) 
matrix after processing with IPA and then DNase/RNase. The heart has positive staining for fat 
content on fresh tissue and on the original protocol. However, there is slight positive staining of 
the matrix after incubation with DNase/RNase first followed by IPA. However there is no positive 
staining of the material processed with IP first and then DNase/RNase. Scale bar at 100 µm. 
 
 
 
 
4.3.3 Gelation of the human heart matrix in vivo 

The material remained a liquid at room temperature, and while on ice. The 

material was injected subcutaneously into a Sprague Dawley rat to determine whether the 

material would gel in vivo. The matrix was found to be able to self-assemble and form a 

gel in situ after injection within 15 minutes. The formed gel was excised (Fig 4.6), and 

one set was utilized for histological processing and the other for scanning electron 

microscopy to assess the microarchitecture of the gel. 
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Figure 4.6: Gelation of human heart matrix after subcutaneous injection 
(a) The material was brought to physiological pH and salt concentration and diluted down to 6 
mg/ml. 100 µl of material was injected subcutaneously and (b) excised after 15 minutes. The 
material was able to self-assemble and form a gel in situ after injection.  
 
 

 

4.3.4 Scanning electron microscopy analysis 

SEM demonstrated that the self-assembled human heart matrix is able to form a 

microfibrous and nanofibrous porous scaffold for the in vivo formed gels (Fig 4.7). 

 

 
Figure 4.7: Scanning electron microscopy of human cardiac gels 
The microarchitecture of the self-assembled human heart matrix gel was studied using scanning 
electron microscopy. The material forms a microfibrous and nanofibrous scaffold. Scale bar at (a) 
10 µm and (b) 2 µm. 
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4.4 Discussion 

In order to repair the myocardium after ischemia injury to prevent negative left-

ventricular remodeling effects, a clinically relevant therapy is needed. Cardiac tissue 

engineering approaches have used a variety of natural and synthetic materials, alone or 

with cells, as scaffolds to study regeneration of the heart. These materials attempt to 

provide a microenvironment in which cells could infiltrate or integrate into the host 

myocardium and repair the damaged tissue. However, many of these materials are not a 

true mimic of the native ECM in composition and potentially in biochemical cues. 

Additionally, many of these materials require an invasive open-chest procedure to deliver 

these scaffolds or patches.  

The development and study of injectable decellularized ECM materials has 

demonstrated the feasibility and attractiveness of minimally invasive therapy, however 

many of these materials are derived from xenogeneic sources, which may lead to a 

potential hyperacute immune reaction to the alpha-Gal epitope. This inflammatory 

reaction is only found in porcine xenotransplantation into primates. The development of 

an allogeneic source of cardiac matrix may 68 provide a way around this problem, which 

could be created from donated tissue that does not fit the requirements for whole organ 

transplantation. However, many factors would need to be considered, such as the age and 

any potential disease state of the donated cardiac tissue prior to processing into a 

clinically relevant material. 

Thus, this study explored whether an injectable form of human cardiac matrix 

could be achieved through existing decellularization techniques. The decellularization 

process was found to need additional steps when compared when the protocol is applied 

to porcine hearts. However, the porcine tissue was collected from young, healthy, farm 
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pigs, which have very different visual appearance compared to the aged human hearts. 

The human hearts contain much more visible fat, and even while the fatty tissue was 

removed, lipids still remained after decellularization using the original protocol. In 

addition, the human cardiac matrix still contained significant amounts of DNA, again 

using the original protocol. 

Due to the challenges of removing DNA content and fat content through the 

original decellularization protocol, two steps were added to the existing protocol, 

including the addition of a DNase/RNase step and using isopropanol to remove lipid 

content. To study whether the order of the additional steps were important, one set was 

first treated with DNase/RNase followed by the IPA, and the second set was treated with 

IPA and then DNase/RNase. It was seen that the order did matter with IPA treatment first 

followed by DNase/RNase treatment providing better results. 

When it was determined that the tissue has been decellularized and delipidized, 

the material was then enzymatically digested to create a liquid form of the matrix. This 

digested human cardiac matrix was then brought to physiological salt and pH content and 

made into gels upon injection in vivo. To test gelation in vivo, the 100 µl of matrix was 

injected subcutaneously into a rat, where self-assembly of the material was identified 

after 15 minutes post-injection. Future studies are under way to determine whether this 

material retains any biochemical cues that could enhance neovascularization, decrease 

fibrosis, and recruit cardiac-relevant cell types in vivo and to see whether the cardiac 

matrix will affect cellular culture in vitro.  However, the results of this study show the 

potential to derive allogeneic cardiac matrix material that could be used for many 

applications in tissue engineering. This material may be able to advance cardiac tissue 

engineering therapies by providing the proper biomimetic environment, and from an 
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allogeneic source as to not elicit the alpha-Gal epitope response. However, the source of 

the heart will play a large role in whether the material will be able to be used clinically. 

For instance, age, disease, and other factors will be important to identify, and will most 

likely affect the quality of the cardiac ECM that can be extracted. Further studies are 

important to determine the effect that the human cardiac ECM will have on cell culture 

and as a scaffold for tissue engineering, as well as a comparison to the porcine cardiac 

extracellular matrix. 

 

4.5 Conclusions 

We demonstrate that human cardiac tissue can be processed into a decellularized 

form as a potential allogeneic scaffold for tissue engineering. Additional steps were 

required to process the material, when compared to cardiac tissue from a porcine origin, 

as the heart was higher in fat content. The addition of a DNase/RNase and isopropanol 

step proved to be sufficient to remove lipid and DNA content. Gelation times of the 

extracellular matrix material from the human heart proved to have similar properties 

when compared to porcine heart matrix. Further studies are underway to assess cellular 

effects and response in animal models.  
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5 CHAPTER FIVE: 

Decellularized porcine brain matrix for cell 

culture and tissue engineering scaffolds 
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5.1 Introduction 

 The extracellular microenvironment has been demonstrated to provide important 

cues for cellular behavior such as cell migration, differentiation and maturation 85-89. The 

extracellular matrix (ECM) is composed of a complex variety of proteins and 

polysaccharides, and despite its complexity in vivo, many studies use purified proteins for 

cell culture coatings or tissue engineering scaffolds. While many components of the ECM 

are similar, each tissue contains a unique composition of these proteins and 

polysaccharides 67,190.  Recently, the use of decellularized matrices for cell culture 

coatings have been explored for a variety of tissues such as skin, fat, pericardium, heart, 

skeletal muscle, and liver 99,100,191-193. These matrices are able to provide a better mimic of 

native ECM, and have revealed tissue specific effects on cellular behavior 100, including 

increased maturation of progenitor cell types 191. To date, no such studies have been 

performed utilizing decellularized brain ECM.   

Brain ECM contains relatively small amounts of fibrous proteins such as 

collagen or fibronectin, but also includes large amounts of glycosaminoglycans (GAGs) 

and proteoglycans 55. It has been shown that neural outgrowth and survival is highly 

sensitive to surface composition 194,195. Recently, several groups attempted to recapitulate 

the physical, chemical and biological properties of brain tissue in culture by using 

hydrogels of hyaluronic acid, collagen and laminin to provide proteins and GAGs for 

neural stem cell growth 56 or by studying neural cell response to collagen, fibronectin and 

GAGs 57. While these materials are an approximation of the in vivo microenvironment, 

they do not fully mimic the complex native ECM of the brain.  

Similarly, a variety of scaffolds have been used in vivo to treat traumatic brain 

injury and other neurological disorders in small animal models. These scaffolds attempt 
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to regenerate or replace damaged brain tissue by providing a platform for neurite growth 

and axonal alignment. To develop a scaffold for tissue engineering, one approach is to 

mimic the structure and/or components of the native ECM. Hyaluronic acid 58,59, collagen 

60, polycarbonate 60, polycaprolactone 61, and poly(glycolic acid) meshes and gels 62 have 

been studied as scaffolds in brain lesions in animal models to provide three-dimensional 

constructs for cellular repopulation or as cell delivery vehicles.  Most of these scaffolds 

need to be implanted requiring major surgery. However, injectable scaffolds of synthetic 

particles 63, methylcellulose 64, and a combination of fibronectin/collagen I 65 have been 

developed, which would allow for minimally invasive delivery.  To date, no scaffolds, 

which contain the appropriate tissue specific ECM biochemical cues, have been 

developed for the brain. 

Here, we report a method to decellularize brain ECM and process the isolated 

matrix into a form that can be used for cell culture coatings, thereby providing a more in 

vivo like microenvironment for neural cell culture. Additionally, we tested the feasibility 

of using the solubilized brain matrix as an injectable scaffold for tissue engineering 

applications. 

 

5.2 Methods 

All experiments in this study were performed in accordance with the guidelines 

established by the Animal Care and Use Program at the University of California, San 

Diego and the American Association for Accreditation of Laboratory Animal Care, and 

were approved by the Institutional Animal Care and Use Committee at UCSD (A3033-

01).  
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5.2.1 Decellularization of porcine brains 

Brains were removed from female Yorkshire pigs (~30–45 kg), which were 

anesthetized with ketamine (25 mg/kg) and xylazine (2 mg/kg) followed by euthanasia 

with Pentobarbital (90 mg/kg). Brains were cut into halves, a small sample was removed 

for comparison studies, and then decellularized by stirring in 400 mL of 0.1% wt/vol of 

sodium dodecyl sulfate (SDS) in phosphate buffered saline (PBS) with 1% 

penicillin/streptomycin.  The supernatant containing the cellular remnants was decanted 

every 24 hours, and refilled to the start volume for 3-4 days until the tissue was 

decellularized.  The slurry was separated into 50 mL conical centrifuge tubes and 

centrifuged at 10,000 rpm for 5 minutes. To rinse the brain ECM, the conicals were 

decanted and refilled with deionized water, shaken and centrifuged.  This process was 

repeated between 10-12 times to remove residual SDS.  A sample of decellularized brain 

ECM was frozen in Tissue Tek O.C.T. freezing medium for histological analysis, and the 

remaining brain ECM was lyophilized and stored at -80°C until further use.  

 

5.2.2 Brain matrix solubilization 

Prior to cell culture, the brain matrix was solubilized by enzymatic digestion 

using previously modified protocols 104,191,196. Porcine pepsin (Sigma, St. Louis, MO) was 

dissolved in 0.1 M hydrochloric acid (HCl) at 1 mg/ml and then sterile filtered through a 

0.22 µm filter. The pepsin was added to the brain matrix at a ratio of 20:1 for a final 

concentration of 20 mg/ml for the brain matrix, and then stirred at ~70 rpm for 48 hours.  
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5.2.3 Characterization of brain matrix material 

Fresh frozen decellularized brain ECM was sectioned into 10 µm slices and then 

stained using hematoxylin and eosin (H&E) to confirm the absence of cells. To quantify 

DNA removal, a DNeasy assay (Qiagen, Valencia, CA) was performed on lyophilized 

native brain tissue and decellularized brain ECM in triplicate according to manufacturer’s 

instructions. In brief, samples were digested using the provided Proteinase K, and DNA 

was separated using a filter trap. After several wash and purification steps, DNA was 

reconstituted in deionized water and estimated using absorbance readings at 260 nm on a 

Synergy H4 microplate reader (Biotek, Winooski, VT). Samples were normalized to 

original dry starting weight. To determine sulfated glycosaminoglycan (GAG) content, 

the Blyscan assay (Biocolor, United Kingdom) was used per manufacturer's instructions. 

Samples were run in triplicate and averaged. Rat tail collagen served as a negative control 

for the glycosaminoglycan content determination. Tandem mass spectrometry (MS/MS) 

was utilized to more fully characterize the protein content of the brain matrix. Matrix 

samples were digested using pepsin or trypsin (FASP Protein Digestion Kit, Protein 

Discovery, Knoxville, TN) and analyzed by liquid chromatography (LC)-MS/MS with 

electrospray ionization. A QSTAR-Elite hybrid mass spectrometer (AB/MDS Sciex) that 

is interfaced to a nanoscale reversed-phase high-pressure liquid chromatograph (Tempo) 

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

The buffer compositions were as follows. Buffer A was composed of 98% H2O, 2% 

acetonitrile (ACN), 0.2% formic acid, and 0.005% trifluoroacetic acid (TFA); buffer B 

was composed of 100% ACN, 0.2% formic acid, and 0.005% TFA. Peptides were eluted 

from the C-18 column into the mass spectrometer using a linear gradient of 5–60% 

Buffer B over 60 min at 400 ul/min. LC-MS/MS data were acquired in a data-dependent 
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fashion by selecting the 4 most intense peaks with charge state of 2 to 4 that exceeds 20 

counts, with exclusion of former target ions set to "360 seconds" and the mass tolerance 

for exclusion set to 100 ppm. Time-of-flight MS were acquired at m/z 400 to 1600 Da for 

1 s with 12 time bins to sum. MS/MS data were acquired from m/z 50 to 2,000 Da by 

using "enhance all" and 24 time bins to sum, dynamic background subtract, automatic 

collision energy, and automatic MS/MS accumulation with the fragment intensity 

multiplier set to 6 and maximum accumulation set to 2 s before returning to the survey 

scan. Peptide identifications were made using paragon algorithm executed in Protein Pilot 

2.0 (Life Technologies). Proteins were labeled based on at least one identified peptide 

with the confidence of above 95% for that peptide identification. 

 

5.2.4 Generation, culture and differentiation of human induced 

pluripotent stem cells (iPSCs) 

Adult human skin biopsies were obtained from healthy volunteers at the 

Alzheimer’s Disease Research Center at the University of California, San Diego. 

Informed consent procedures were approved by the UCSD IRB and obtained from 

patients prior to biopsy.  Adult human dermal fibroblasts were transduced with 

retroviruses encoding Oct3/4, Klf4, Sox2, and c-Myc according to previously published 

protocols 197. A SDIA (stromal cell-derived inducing activity) with PA6 method was used 

to induce iPSC to neuroectoderm as described in Zeng et al 198.  Neural progenitor cells 

(NPC) were prepared from day 12 SDIA induction.  NPCs were propagated in 

DMEM/F12, 1XN2, 1XB27 medium containing 20 ng/ml FGF-2.  After NPCs were 

differentiated for three weeks, neurons were sorted with cell-surface antibodies by 
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FACSAria (BD Biosciences) using markers recently developed 197, namely CD184-, 

CD44-, CD15low, CD24+. 

 

5.2.5 Culture of hiPSC derived neurons 

96 well imaging plates (BD Biosciences) were coated with 20 µg/ml 

Polyornithine (PO) at 37°C overnight.  Next day, the wells were rinsed twice with sterile 

DI water to remove unattached PO.  Plates were coated with the liquid brain matrix 

diluted to 1 mg/ml using 0.1 M acetic acid for 1 hour at 37°C and rinsed twice with 

sterile PBS prior to use.  Matrigel was diluted to 0.25 mg/ml in DMEM/F12 and 

incubated for the same period of time. Sorted neurons were plated at 0.625 million cells 

per cm2 in neuron differentiation media.  Media was changed every 3 days.  Cells were 

fixed and processed at 7 or 14 days. 

 
 
5.2.6 Immunocytochemistry 

Cells were fixed with 4% paraformaldehyde.  After blocking with 3% BSA and 

permeabilizing with 0.3% Triton, cells were labeled with primary antibodies, followed by 

incubation using secondary antibodies.  The following antibodies were used: rabbit anti-

GABA 1:200 (Sigma), mouse anti-β-III-tubulin 1:1000 (Covance), rabbit anti-synapsin 

(Millipore) 1:2500, mouse anti-MAP2a,b 1:500 (Sigma), goat anti-mouse IgG Alexa 488 

1:1000, goat anti-rabbit IgG Alexa 568 1:1000 (Invitrogen).  Images were taken from a 

Nikon Axiophot. Synapsin expression was quantified by measuring area of fluorescence  

using ImageJ.  Additionally, to measure dendritic branching, a low density of cells were 

transfected with pBOS.eGFP 199,200 using Lipofectamine (Invitrogen), as per 

manufacturer’s instructions. Cells were fixed on day 8 for dendrite analysis. Images were 
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taken from a Nikon Axiophot and primary and secondary branching was counted in 

ImageJ 201,202. 

 

5.2.7 In vivo scaffold feasibility 

All animal procedures were performed in accordance with the guidelines 

established by the Committee on Animal Research at the University of California, San 

Diego and the American Association for Accreditation of Laboratory Animal Care. Brain 

matrix was brought to a physiological pH through the addition of sodium hydroxide 

(NaOH) and 10x PBS, diluted to 16 and 12 mg/ml using 1X PBS, and kept on ice prior to 

use. Female C57 mice were anesthetized with isoflurane and kept on heating pads 

whereupon 100 µl of brain ECM was injected through a 27 gauge needle subcutaneously 

into the dorsal region. Twenty minutes post-injection the mice received an overdose of 

sodium pentobarbital, the site of injection was excised, and gels were fresh frozen in 

Tissue Tek O.C.T. for histological analysis or prepared for scanning electron microscopy 

(SEM). 

 

5.2.8 Characterization of in vivo injected brain matrix gels 

Frozen brain matrix gels were sectioned to 10 µm slices, and stained using H&E 

to verify the presence and structure of the gel. Additionally, samples were prepared for 

SEM analysis by fixation with 2.5% glutaraldehyde for 2h, followed by dehydration in a 

series of ethanol rinses (30-100%). For comparison, Matrigel and native porcine brain 

tissue were also prepared for SEM analysis through fixation and dehydration. Samples 

were critical point dried and coated with iridium using an Emitech K575X sputter coater. 
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Electron microscope images were taken using a Phillips XL30 Environmental SEM Field 

Emission microscope.  

Immunofluorescent staining was used to identify proteins retained in the brain 

matrix.  Sections of native brain matrix and of brain matrix gels were fixed with acetone 

and blocked with staining buffer (2% goat serum with 0.3% Triton X-100 in PBS).  The 

following primary antibodies were used: collagen I, collagen III, collagen IV and laminin 

(1:100, Abcam) and goat anti-rabbit IgG Alexa 568 1:200 (Invitrogen). Only primary or 

secondary antibodies were used as controls to confirm positive staining. Images were 

taken using a Carl Zeiss Observer D1. 

 

5.2.9 Statistical analysis 

All data are presented as mean ± standard error of the mean. All assays were 

performed in triplicate and the results averaged.  

 

5.3 Results 

5.3.1 Decellularization of brain ECM 

The brain matrix material was derived through decellularization of porcine brains 

using SDS detergent buffered in PBS with antibiotics. Over time, the brain matrix turned 

white, an indication of cellular removal. The brain matrix material was collected, rinsed, 

frozen, sectioned and stained with H&E to confirm cellular removal. The absence of 

intact nuclei in histological sections demonstrated removal of cellular content when 

compared to native brain tissue (Figure 5.1). The DNeasy assay was used to quantify the 

DNA removal and it was found that there was a clearance ratio of 95.7% with 0.13±0.02 
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mg DNA content/mg lyophilized native brain tissue and 0.0069±0.001 µg DNA 

content/mg in the post-processed brain matrix.  A colorimetric Blyscan assay was used to 

determine sulfated GAG content. The brain matrix material contained 34.7 ± 0.17 µg 

sulfated GAG/mg dry weight. No sulfated GAGs were found in collagen control. 

Through mass spectrometry analysis, various extracellular matrix proteins and 

proteoglycans were identified: collagen I, collagen V, collagen IV, collagen VI, laminin, 

and perlecan. However, it should be noted that mass spectrometry is not an all-inclusive 

technique and other proteins may not have been identified. 

 
 
Figure 5.1: Hematoxylin and Eosin stained sections of porcine brain matrix  
(a,b) compared to decellularized brain matrix (c,d). Scale bars are 100 µm. Note the absence of 
cells in the decellularized matrix, as compared to native tissue. 

 

5.3.2 In vitro culture of iPSC derived neurons on brain matrix 

To test brain matrix as a cell culture coating, decellularized brain matrix was 

solubilized using enzymatic digestion with pepsin. After visual confirmation that the 

material was solubilized as indicated by the lack of particles in solution, brain matrix was 

diluted using acetic acid. Imaging plates were coated overnight with polyornithine and 

then rinsed and incubated with solubilized brain matrix.  
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Neurons derived from iPSC were sorted by FACS, and then cultured on Matrigel, 

a standard coating for neurons differentiated from human embryonic or induced 

pluripotent stem cells 203, and compared to neurons cultured on the decellularized brain 

matrix.  The brain matrix was able to maintain mature neurons, as the iPSC-neurons were 

able to attach, extend dendritic processes, and were positively stained for the neuronal 

marker β-III-tubulin (Figure 5.2 a-d). Some neurons cultured on the brain matrix 

exhibited a distinct morphology with highly complex dendritic processes. These highly 

arborized dendrites were primarily observed on the brain matrix coated wells, and not on 

the Matrigel substrates. To quantify the dendritic branching at one week, a low 

concentration of cells was transfected with eGFP using Lipofectamine. The number of 

primary dendrites that come directly from the cell body, and secondary dendrites that 

branch from a primary dendrite were quantified. The neurons cultured on the brain matrix 

coatings had significantly higher dendritic primary and secondary processes when 

compared to Matrigel plated neurons (Figure 5.2 e-g).  
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Figure 5.2:  Dendritic staining on brain matrix and Matrigel 
The brain matrix coating (b, d, f) is able to support neurons derived from induced pluripotent stem 
cells. Highly branched neurons were identified on the brain matrix, which were not seen in the 
Matrigel coated wells (a, c, e). Cells were stained (c, d) for β-III-tubulin, a neuronal marker 
(green) and GABA-ergic neurons were identified through staining for GABA at one week (red). 
Arrows identify highly branched neurons on the brain matrix coating. eGFP-transfected cells (e, f) 
were assessed for primary and secondary dendritic branching at 8 days. Quantification of primary 
dendrites and secondary dendrites indicates a statistically significant increase in dendritic 
formation on the brain matrix coatings when compared to Matrigel coatings (g). Scale bar at 100 
µm. ** p < 0.01. 
 

 

The neurons were able to mature on the brain matrix, as neurons cultured for two 

weeks polarized and formed dendrites as suggested by MAP2 staining of dendrites, and 

lack of MAP2 staining of axons (Figure 5.3). Additionally, synapsin, which is a 

phosphoprotein localized to synapses, increased in expression from one-week cultures to 

two-week cultures, indicating maturation of the neurons (Figure 5.4). At one week, area 
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of synapsin was measured to be 178.5 ± 29.4 pixels on Matrigel and 324.0 ± 145.6 pixels 

on brain matrix. At two weeks, synapsin was measured as 7096.6 ± 2962.7 pixels on 

Matrigel and 9687.5 ± 1454.2 pixels on the brain matrix. Synapsin expression as 

measured through immunofluorescence increased over time in both groups with a trend 

towards increased synapsin expression on the brain matrix, although this was not 

significant. 

 

 
 
Figure 5.3: Map2 stain of brain matrix and Matrigel 
Neurons cultured on Matrigel (a) and brain matrix coatings (b) are able to polarize as evidenced by 
Map2 localization (red, arrow).  Neurons were co-stained for β-III-tubulin, a general neuronal 
marker (green). Scale bar at 100 µm. 
 
 

 
Figure 5.4: Synapsin staining of neurons on brain matrix and Matrigel 
Synapsin levels increased in both the Matrigel coated (a, c) and brain matrix coated (b, d) wells 
over time. Synapsin (red) is co-stained with β-III-tubulin, a general neuronal marker (green). One-
week cultures (a, b) demonstrate less synapsin than at two weeks (c, d). Scale bar at 100 µm. 
Quantification of synapsin expression as area per field of view are shown in (e), and while there is 
no significance between the coatings, there is a trend of increased synapsin expression on the brain 
matrix. 
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5.3.3 Brain matrix scaffold generation in vivo 

The brain matrix material was able to form a gel in vivo when brought to a 

physiological pH and injected subcutaneously into C57 mice. Solubilized brain matrix 

remained liquid on ice or at room temperature, but was able to form a gel upon injection 

at 16 mg/ml, and 12 mg/ml (Figure 5.5). The gel was identified as a large bolus 

underneath the skin and did not move when gently pressed after 20 minutes post-

injection. Immunohistochemistry of sections of the brain matrix gel identified collagen I, 

collagen III, collagen IV and laminin remaining in the brain matrix hydrogel after 

injection and did not contain visible amounts of DNA (Figure 5.6). Control sections 

demonstrated negative staining. To view the structure of the gels, SEM analysis 

demonstrated that the brain matrix was composed of a series of nanofibrous structures 

(Figure 5.7). Many of the nanofibers appeared to assemble and form larger microscale 

fibrils within the gel. For comparison, Matrigel gels and native porcine brain tissue were 

also imaged using SEM. Matrigel is also able to form a fibrous structure after gelation, 

but did not form large self-assembled microscale fibers as compared to the brain matrix.  

 

 

 
Figure 5.5: Subcutaneous brain matrix gelation  
Brain matrix material was loaded into a syringe (a) and injected subcutaneously, whereupon the 
injected material self assembles into a gel. (b) displays the excised brain matrix hydrogel.   
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Figure 5.6: Immunohistochemistry of injected brain matrix gels  
demonstrates retention of extracellular matrix proteins.  A dotted line demarcates the border of the 
hydrogel, which is denoted by ‘*’. Collagen I (a), collagen III (b), collagen IV (c) and laminin (d) 
were observed. Scale bar at 100 µm. 
 

 
Figure 5.7: SEM analysis of brain matrix gels 
SEM analysis was performed on brain matrix gels, native brain tissue, or Matrigel gels. SEM 
reveals that brain matrix gels formed after subcutaneous injection in vivo are composed of a 
network of nanofibers and microfibers (a,b).  This acellular fibrous network is in contrast to the 
cellular native brain (c, d) and the nanofibrous Matrigel (e, f). Scale bars at 5 µm (a, c, e) and 2 µm 
(b, d, f). 
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5.4 Discussion 

Extracellular cues play a role in many aspects of neural development in vivo 204-

206 as well an in vitro 206,207. The substrate chosen for in vitro neuron studies is thus highly 

important as phenotypic, electrophysiological and molecular changes have been 

identified in neural cells when cultured on various proteins or synthetic coatings 206-208. 

Indeed, cell-matrix interactions of neurons derived from human embryonic stem cells 

were seen to strongly affect differentiation, as neurons demonstrated increased 

differentiation on laminin-rich substrates, and higher expansion and neurite outgrowth in 

a dose-dependent manner 209. As the culture substrate has demonstrated effects on 

morphology, differentiation and function of neurons, the development of a complex 

tissue-matched culture substrate may be beneficial for in vitro assays and neural growth. 

The native ECM is a complex combination of proteins and polysaccharides that 

play an important role in cellular behavior such as attachment, proliferation, and 

differentiation. Current cell culture methods and tissue engineering scaffolds 

conventionally use purified proteins and do not mimic the complexity of the brain 

extracellular microenvironment. Combinations of purified proteins have been shown to 

improve cell proliferation and differentiation, which indicates that complex coatings are 

beneficial, and thus there has been a shift toward more complex materials 91,92. As there 

are limitless potential combinations, using a naturally derived matrix may be more 

physiologically relevant. A variety of tissues have been decellularized and used as cell 

culture coatings to provide a closer mimic to the in vivo microenvironment 99,100,191. These 

coatings have shown tissue-specific effects on cellular behavior, and in some instances 

increased maturation when compared to conventional substrates 100,191.  
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In this study, we isolated and solubilized extracellular matrix from porcine brain 

using a detergent decellularization method and processed it to a liquid form using 

enzymatic digestion.  We used SDS detergents to remove cellular content, and though 

SDS has been shown to denature extracellular matrix proteins 210, others have reported 

that SDS decellularization was milder than other techniques such as those using Triton X-

100 and trypsin 211,212. Our initial trials attempting to decellularize brain with other 

detergents such as sodium deoxycholate and Triton X-100 did not remove as much 

cellular content. We found many differences in developing a decellularization protocol 

for brain compared to other tissues, as the brain ECM is very weak and the tissue fell 

apart readily, leading to difficulties in rinsing and recovering the brain matrix. Through 

this method we were able to isolate brain ECM, but could not maintain the original 

structure of the brain.  The isolated ECM was, however, able to be processed into a cell 

culture coating and an injectable scaffold. The matrix that was retained in our method 

was rinsed and processed, and while there were no visible nuclei present in the H&E 

sections, not all nuclear content was fully removed from the brain matrix material. The 

remaining DNA content was, however, less than that reported with other decellularization 

techniques 100.  

Overall, brain ECM is composed mostly of glycosaminoglycans and 

proteoglycans with relatively small amounts of fibrous proteins such as collagen and 

fibronectin. Our results indicated that the decellularized material contains protein 

components that are found in the native brain extracellular matrix, and also retains 

sulfated glycosaminoglycans. Multiple collagen isoforms and laminin as well as the 

proteoglycan perlecan were retained post processing, though there may be other 

components that were not identified.  The retention of laminin may prove to be important, 
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as laminin has been shown to increase neurite expansion, survival and outgrowth for 

neurons 208,209, as well as retinal explant attachment and axonal outgrowth 213. The 

decellularization process was able to retain sulfated GAGs, despite the use of SDS, and 

was found to have one of the highest GAG contents when compared to other reported 

tissues that have been decellularized 99,100,191,196,210. GAGs have been shown to have an 

effect on cell behavior, either alone or through association with other molecules 214. 

While our decellularization protocol likely reduces protein and GAG content relative to 

native tissue, we are still able to retain many of the components while removing over 

95% of the cellular content.  While there is minor DNA content remaining in our brain 

matrix, a recent study demonstrated that several commercially available decellularized 

ECM scaffolds although contained measureable amounts of DNA, could still be used 

successfully in the clinic 215. This may indicate that there is a threshold of DNA levels to 

avoid a negative immune response, or that the detergents may disrupt the structure of 

DNA so that the immune response will not be triggered.  

The brain matrix can be used as an in vitro coating and it was shown to support 

the culture and maturation of neurons. Neurons expressed synapsin, a protein marker that 

identifies formation of synapses and maturation of the neurons 216. Synapsin expression 

increased over time in culture, demonstrating that the neurons matured on the brain 

matrix coating. Interestingly, extensive dendritic processes were observed on the 

decellularized brain matrix, supporting complex arborization, but were not seen on 

Matrigel.  Branching complexity has been theorized to have an important effect on the 

electrophysiology of dendritic neurons 217, though mechanisms controlling dendritic 

architecture are not fully known.  
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While there are no clinically used materials for brain tissue reconstruction yet 218, 

several naturally derived and synthetic materials have been studied as scaffolds in small 

animal models. None of these scaffolds offer the complexity of native brain ECM, and 

require major surgery for implantation. Injectable scaffolds 63-65 have been developed for 

minimally invasive delivery, but again do not recapitulate the composition of the native 

microenvironment. Thus, we tested proof-of-concept for utilizing our solubilized 

decellularized brain extracellular matrix as an injectable tissue engineering scaffold. 

While the brain matrix remains liquid at room temperature, when brought to 

physiological pH and injected subcutaneously, the material is able to self-assemble into a 

gel in vivo. The advantage of using an injectable hydrogel is that it will allow minimally 

invasive delivery of the material, injection into multiple sites and could be tailored to fit 

the size of the brain lesion.  Though only injected subcutaneously, this preliminary work 

offers the potential to use this material as a tissue-matched scaffold. With this work, we 

demonstrate a method to decellularize and isolate brain ECM, the development of cell 

culture coatings derived from brain ECM, and in vivo feasibility of a brain matrix 

scaffold for tissue engineering applications.  
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Chapter 5, in full, is published as: DeQuach JA, Yuan SH, Goldstein LSB, 

Christman KL. Decellularized porcine brain matrix for cell culture and tissue engineering 

scaffolds. Tissue Engineering Part A, accepted with special recognition for the Mary Ann 

Liebert Inc. Outstanding Student Award.  

The author of this dissertation is one of the primary authors on this publication. 
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6.1 Summary and conclusions 

The ECM is composed of a complex variety of proteins and polysaccharides, that 

is unique to each tissue 67,190. And this extracellular microenvironment has been well-

known to influence cellular behavior such as attachment, survival, migration, 

proliferation and differentiation 66,84,135,219-221. Despite its complexity in vivo, many studies 

use purified proteins for cell culture coatings or tissue engineering scaffolds, which may 

not provide the correct biomimetic environment. Thus, to properly study cellular 

behavior, and to regenerate tissue, a biomimetic platform would provide the proper 

biochemical cues. Previously studied materials in tissue engineering applications to treat 

stroke, myocardial infarction, and peripheral artery disease include single protein 

scaffolds such as collagen, fibrin, and self-assembling peptides which would not provide 

a mimic of the complexity of the in vivo microenvironment. Additionally, combination 

materials such as collagen-fibrin, or hyaluronan-hybrids have been utilized, but again do 

not provide a complex platform. Materials derived from non-mammalian sources such as 

chitosan and alginate have been used. And synthetic materials such as PEG have also 

been utilized. An example of materials that have been studied that are complex include 

Matrigel which is derived from a mouse sarcoma cell line, and small intestine sub-

mucosa or bladder matrix which again do not mimic any specific tissue. 

Hence, we have developed decellularized biomaterials from porcine brain, 

skeletal muscle, and cardiac tissue that can be used as a cell culture substrate, for in vitro 

assays, or as an injectable biomaterial that could be used after ischemic damage to 

prevent the debilitating downstream effects. The importance of choosing a biomimetic 

substrate for cellular culture could be important for functional studies and for drug 

development testing, especially as the use of human embryonic stem cells or using one’s 
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induced pluripotent stem cells for disease modeling and personalized medicine is on the 

horizon. For instance, with this work we demonstrate that progenitor cells maintain more 

mature phenotype when cultured on the decellularized biomaterial when compared to 

conventional substrates. Each tissue has its own unique ECM, which is created by the 

cells of that tissue, which indicate that the choice of tissue ECM may be important 84,222. 

A comparison of decellularized dermal, fat, and sarcoma tissue reveal that the ECM 

composition is different between the tissues, and disease state 220. Thus for cellular 

culture and for biomaterials for tissue engineering, it suggests that using the ECM from 

that same tissue would provide the best environment for cell-ECM interactions.  

The development of biomaterials from decellularized porcine tissues are explored 

and tested as a cell culture coating (Chapter 2 and 5). The matrix materials from brain, 

skeletal muscle and tissue were characterized using mass spectrometry and 

glycosaminoglycan analysis and it was determined that the material is able to retain ECM 

proteins and polysaccharides. Cardiomyocytes, skeletal muscle, and neural progenitors all 

demonstrate a more mature morphology when cultured on the tissue-matched matrix 

when compared to conventional coatings. The muscle matrix was also studied in 

mitogenic and migration in vitro assays, in order to determine whether the matrix 

materials would have an effect on cellular behavior. It was found that the muscle matrices 

are able to increase proliferation and migration when compared to commonly used 

materials. These studies demonstrate that the decellularized extracellular matrix materials 

have potential to provide a microenvironment that is able to affect multiple cellular 

activities.  

Scaffolds were formed to study the decellularized matrix as a biomaterial for 

tissue engineering to treat ischemic injury. Upon injection, the materials are able to self-
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assemble into a porous nanofibrous scaffold (Chapter 3, 4, and 5) that may provide a 

conducive environment for cellular infiltration for tissue engineering. The skeletal muscle 

matrix was then explored to alleviate ischemia in a femoral hindlimb ischemia model 

where it was found that the material is able to recruit vessels and muscle cells to the site 

of injury (Chapter 3). As the previously studied materials have been from a xenogeneic 

source, an allogeneic tissue source is explored (Chapter 4) from human cardiac tissue.  

With this work, we demonstrate that through decellularization of brain, skeletal 

muscle, and cardiac tissue that we are able to develop a material that can be used as a 

biomimetic cell culture platform as well as an injectable scaffold for tissue engineering. 

As a cell culture coating, the cells demonstrate a more mature morphology, a closer 

mimic to how primary cells appear after isolation. For example, muscle progenitor cells 

fuse into larger, thicker myotubes, which is a process that mimics the formation of 

muscle fibers in the body during development. Cardiomyocytes derived from human 

embryonic stem cells appear striated, and display a more mature formation of the 

intracellular junction protein desmoplakin. And neurons that were differentiated from 

induced pluripotent stem cells exhibit a clearly defined axon and increased dendritic 

branching when compared to standard coatings. Additionally, we find that materials can 

be injected to form a self-assembling scaffold in situ that could be used as a tissue 

engineering scaffold, and can be derived from allogeneic sources with further processing. 

The decellularized extracellular matrix is a robust platform technology that can be used to 

further elucidate cell-matrix interactions and be translated as a clinically relevant material 

used to patients suffering from ischemic attack.  
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6.2 Limitations and future work 

There are some limitations in design of the studies presented in this dissertation, 

as well opportunities for future work.   

Future studies would include the study of cell-matrix interactions to see if there is 

any functional change in addition to changes in cellular morphology. For instance, with 

the cell culture studies presented in this work in Chapter 2 and 5, only morphological 

changes were studied. Additionally, these studies were only performed on coatings, as 

opposed to 3-D systems such as using cell encapsulation. However, many of these studies 

are underway through collaborations at other institutions.  

A more rigorous characterization of the decellularized material would provide 

additional information about why the decellularized biomaterials had an effect on the 

maturation of stem and progenitor cells when compared to conventional coatings. While 

it is extremely difficult to study the composition of the material using a high-throughput 

method, we chose to use mass spectrometry as it could provide information of the 

composition without the need to characterize each individual peptide. However, as a 

technique, mass spectrometry has its limitations, as it is non-quantitative and not all-

inclusive. With samples as heterogeneous and complex as the decellularized materials, 

better methods will need to be developed to study the composition of these materials.  

Another limitation is potential batch-to-batch variability of the material. As with 

many biologically derived materials, there is likely to be variability as the source material 

is highly complex and naturally derived. While efforts were made to limit the variability 

in the studies performed, it is still an issue that affects materials that are biologically 

derived materials.  
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In Chapter 3, one limitation to the hindlimb ischemia model study was that 

comparison to a non-tissue specific scaffold would also be of interest. While the study 

compared the skeletal muscle matrix to a commonly used material, collagen, which is an 

important control. However to answer whether the material needs to be derived from a 

tissue-specific source, comparison of the skeletal muscle matrix to a non-tissue matched 

source would also provide important information. Further limitations include the fact that 

effects were only studied in the biomaterial, and not in the surrounding tissues. Future 

studies to assess functional benefit, and studies in a large animal model will be critical 

prior to translation of this therapy to the clinic. For instance, regional injection sites might 

play an important role for functional benefit, and multiple injections might be needed. A 

limitation of using a small animal model is that the 150 µl injection spreads through most 

of the tissue, and information about the importance of injection location could not be 

determined from the study, but could be better studied in a large animal model. 

In Chapter 4, additional studies are underway to determine whether the 

allogeneic tissue source will demonstrate any effect on cardiac-relevant cell types as seen 

with the porcine cardiac matrices.  Further characterization of the human cardiac matrix 

will be needed, and compositional and behavioral comparison to porcine matrix would be 

useful. In vivo applications need further studying, to test whether an allogeneic source 

would induce less immune reaction than a porcine source of the cardiac matrix.  
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