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ABSTRACT OF THE DISSERTATION 

 

 

Injectable Biomaterials for Skeletal Muscle Regeneration 

 

By 

 

Jessica Leigh Ungerleider 

 

Doctor of Philosophy in Bioengineering 

 

University of California San Diego, 2018 

 

Professor Karen Christman, Chair 

 

 Skeletal muscle injury is a leading cause of diminished quality of life and morbidity in 

adults, with limited therapeutic interventions. Synthetic and naturally-derived biomaterials 

provide a potential avenue for novel treatment modalities that address unmet clinical needs. 

These materials can improve delivery of biological therapeutics or serve as acellular scaffolds 

for stimulating endogenous tissue repair processes. The goals of this dissertation were to 

investigate the efficacy of a decellularized skeletal muscle matrix hydrogel in tissue specific 
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regeneration and to design tunable enzyme-targeted nanoparticles for minimally invasive 

delivery to ischemic muscle.  

 An injectable decellularized skeletal muscle matrix hydrogel has previously been 

developed by our lab as a therapy to improve perfusion to ischemic skeletal muscle in a 

preclinical peripheral artery disease model. To better understand how the skeletal muscle matrix 

induces beneficial effects, transcriptomic analysis of matrix or saline-injected muscle was 

performed in both ischemic and acute muscle regeneration models. We showed that the 

skeletal muscle matrix increased cell survival, neovascularization, and muscle regeneration and 

confirmed these pathways through histological analysis at short, medium, and long time points. 

In acute muscle regeneration, the skeletal muscle matrix increased the density of skeletal 

muscle progenitors over non-specific controls (lung matrix or saline). This suggests the tissue 

specific source of the decellularized matrix can have an effect on regenerative pathways.  

 Enzyme-targeted nanoparticles are an alternative biomaterial approach for more 

minimally invasive therapeutic delivery as they can be injected intravenously and will target 

ischemic tissue due to overexpression of matrix metalloproteinases. We were the first group to 

show minimally invasive targeting of peptide-polymer nanoparticles to ischemic skeletal muscle. 

We also showed tunable nanoparticle targeting through altering the packing density of enzyme 

cleavable peptide and the surface charge of the nanoparticles.  
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Chapter 1  

 

Injectable biomaterials for the treatment of peripheral artery disease: 

translational challenges and progress 

 

1.1 Introduction 

Cardiovascular disease is the leading cause of morbidity and mortality in the US 1. 

Although there are about 83.6 million Americans who suffer from the disease in some capacity, 

there is still no cure for some of the most common cardiovascular events like myocardial 

infarction (MI) and peripheral artery disease (PAD).  PAD is a condition that afflicts 12 to 20 

percent of Americans over 65 2. Its most common cause is atherosclerosis, but it predominantly 

afflicts smokers, diabetics, and African Americans. The disease first presents as pain during 

exercise (also called intermittent claudication) due to chronic plaque build-up and reduced blood 

flow in peripheral arteries, most commonly in the legs 1. These patients can exhibit muscle 

denervation and atrophy in fiber cross-sectional area 3. Over time, the plaque occludes more of 

the major arteries and leads to critical limb ischemia (CLI), the most severe form of the disease. 

CLI affects about a quarter of the overall PAD population. CLI patients present with pain at rest, 

ulcers or gangrene, and a significant risk of amputation 4. The skeletal muscle of these patients 

also exhibits atrophy, denervation, and a loss of type II fibers relative to type I fibers 5–7. The 

main treatments include lifestyle changes such as diet and exercise, or pharmacologic 

interventions to treat the underlying causes of the disease, such as cilostazol. In patients who 

remain symptomatic, surgical revascularization is an option. However, few patients are eligible 

for this therapy due to the diffuse nature of the atherosclerotic lesions, and it carries a high 

failure rate due to restenosis, which is why amputation rates due to PAD have remained 

relatively unchanged in the last 30 years 8,9. Thus, there is a strong need for tissue salvage and 
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restoration of muscle function in these patients. An ideal therapy will increase blood flow to the 

ischemic tissue and promote regenerative pathways to reduce muscle denervation and atrophy. 

In this introduction, we will focus on recent developments in the field of injectable biomaterial 

scaffolds and related regenerative medicine therapies for preventing and/or treating PAD 

(Figure 1.1). We will then investigate the main obstacles faced by investigators in translating 

their therapies to the clinic, including regulatory considerations, delivery concerns, and 

manufacturing-related challenges.  

 

Figure 1.1. Injectable therapies for PAD. Current biomaterial-based regenerative medicine 
therapies for peripheral artery disease (PAD) involve either a material alone, material plus cells, 
or material plus other therapeutics (e.g. growth factors). Most studies involve intramuscular 
injections directly to the site of ischemia.  
 

1.2 Current Biomaterial-based Regenerative Medicine Approaches 

Although gene therapy, stem cells, and growth factors have all been studied for PAD, 

the use of biomaterials either to enhance these therapies or to act as a stand-alone treatment is 

just beginning to be explored. Thus, in this review we will cover both small and large animal 

preclinical studies of injectable biomaterials for PAD (Table 1.1). 
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Table 1.1: Selected Injectable Biomaterials for PAD 

Material Other 
Therapeutic 

Species Injury 
model 

Delivery 
Method 

Time of 
treatment 

post-injury 

Time of 
assessment  

Perfusion Neo-
vascularization 

Other Ref. 

HA HUVECs Mouse Femoral 
and iliac 

artery 
ligation, 
excised 

IM 1 d 4 wks Increased Increased arterioles 
and capillaries 

Increased 
cell survival 

10 

Collagen BM-MSCs Rabbit Femoral 
artery 

excised 

IM 10 d 6 and 8 wks Increased 
oxygen 

saturation 
ratio 

Increased arterioles 
and capillaries 

 
11 

Hydroxy-
apatite 
nano-

particles 

BM-MNCs Mouse Femoral 
artery, vein, 

and side 
branches 
excised 

IM Immediate 14 d 
 

Increased arterioles 
and capillaries 

Increased 
cell 

survival, 
VEGF and 

bFGF 
levels in 
tissue 

12 

Glutar-
aldehyde-

cross-
linked 
gelatin 
micro-

spheres 

bFGF Dog External 
iliac artery 

ligated, 
femoral 
artery 

excised 

IM 7 d 30 d 
 

Increased arterioles 
and capillaries 

 
13 

Alginate HGF Mouse Femoral 
artery 

excised 

IM 1 d 9 d Increased Increased arterioles  
 

14 

Alginate 
micro-

spheres in 
collagen 
hydrogel 

SDF-1 Mouse Femoral 
artery 
ligated 

IM Immediate 2 wks Increased Increased arterioles  Increased 
recruitment 

of 
progenitor 

cells 

15 

Fragmin-
protamine 

micro-
particles 

bFGF, 
platelet-rich 

plasma 

Rabbit 
and 

Mouse 

Femoral 
artery 

excised 

IM 1 or 10 d 14  or  
18 d 

 
Increased arterioles  Improved 

calf blood 
pressure 

16,17 

 Peptide 
nano-fibers 

Substance P Mouse Femoral 
artery and 

side 
branches 
excised 

IM 1 d 4 wks Increased Increased arterioles 
and capillaries 

Increased 
cell survival 

18 

Peptide 
nano-fibers 

VEGF-
mimetic 
epitope 

Mouse Femoral 
artery 

excised 

IM 3 d 4 wks Increased Increased 
capillaries 

 
19 

Gold nano-
particles 

VEGF Mouse Femoral 
artery and 
vein and 

iliac artery 
excised 

IV 1 d 40 d Increased Increased 
capillaries 

 
20 

PLGA 
micro-

particles 

VEGF Mouse Femoral 
artery, iliac 
artery, and 
branches 
excised 

IM Immediate 4 wks 
 

Increased arterioles 
and capillaries 

 
21 
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Table 1.1 continued: Selected Injectable Biomaterials for PAD 
 

Material Other 
Therapeutic 

Species Injury 
model 

Delivery 
Method 

Time of 
treatment 

post-injury 

Time of 
assessment  

Perfusion Neo-
vascularization 

Other Ref. 

Dextran 
and gelatin 

nano-
particles 

VEGF Rabbit Femoral 
artery 

excised, all 
branches 

ligated 

IM 2 d 30 d Increased Increased 
capillaries 

 
22 

Fibrin 
particles 

 Rabbit Femoral 
artery and 
branches 
excised 

IM 7 d 28 d Increased Increased arterioles 
and capillaries  

Improved 
angio-
graphic 

score and 
calf blood 
pressure 

23 

Skeletal 
muscle 
ECM 

Hydrogel 

 
Rat Femoral 

artery 
excised 

IM 1 wk 2 wks 
 

Increased arterioles 
and capillaries  

Increased 
muscle cell 
infiltration 

24 

IM = intramuscular; IV = intravenous. 
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1.2.1 Cells and material.  

Cell therapy for PAD, compared to MI, has a more singularly angiogenic focus since 

ischemia is the main etiology of PAD. Tang et al. first injected human umbilical vein endothelial 

cells (HUVECs) intramuscularly in HA, a pro-angiogenic ECM component. The addition of HA 

prolonged the degree of cell retention and enhanced the ability of HUVECs to survive and 

engraft into the endothelium and recruit host smooth muscle cells. The HA plus HUVEC 

combination also improved limb perfusion and angiogenesis compared to either cells or material 

alone at a four week time point in a nude mouse hind limb ischemia model 10. Wang et al. 

injected autologous bone marrow derived MSCs seeded in a collagen hydrogel in a rabbit model 

of hind limb ischemia. Their cell-material constructs enhanced angiogenesis and improved hind 

limb perfusion as measured by oxygen saturation ratio after eight weeks. While collagen alone 

improved capillary density, the MSC-collagen construct significantly improved mature vessel 

density and oxygen saturation over cell, material, and saline controls 11. Another group used a 

synthetic hydroxyapatite nanoparticle system to deliver BM-MNCs into the murine ischemic 

limb; they showed increased angiogenesis, arteriogenesis, and cell survival after seven days, 

which correlated with increased VEGF and basic fibroblast growth factor (bFGF) protein levels 

in the tissue 12. 

 

1.2.2 Other therapeutics and material.  

Perhaps because of the largely paracrine effects seen with many stem cell injections, 

many groups have looked to embedding growth factors in materials as a way to improve 

sustained release of angiogenic factors without the complication of using stem cells. The only 

biomaterials based therapy currently in clinical trials for PAD involves such a sustained release 

system, using gelatin microspheres to deliver bFGF to ischemic tissue over prolonged periods 

25. Sustained release can improve with crosslinking, as seen with bFGF release over ten days 

from glutaraldehyde-crosslinked gelatin microspheres in a canine hindlimb ischemia model 13. 
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Naturally-derived materials have also been shown to sustain release of factors. For example, 

Ruvinov et al. showed that alginate modified with sulfate improved affinity binding and thus 

allowed for more sustained release of HGF over seven days, leading to improvements in limb 

perfusion and mature vessel formation 14. Kuraitis et al. showed that a combination of two 

naturally derived materials, alginate microspheres within an injectable collagen hydrogel, 

prolonged the delivery of stem cell derived factor 1 (SDF-1) over ten days to the ischemic 

murine hind limb, improving perfusion, arteriole density, and recruitment of GFP-labeled bone 

marrow progenitor cells. Although collagen alone also significantly improved perfusion and 

arteriole density over PBS controls, the SDF-1/alginate/collagen system had higher trends in all 

metrics, and significantly higher arteriole lumen area and recruitment of GFP-labeled bone 

marrow cells 15. Other groups have used a fragmin/protamine system to form microparticles that 

allow for sustained release of bFGF or platelet-rich plasma (PRP) 16. For example, Fujita et al. 

showed improved collateral vessel formation and calf blood pressure in a rabbit model of hind 

limb ischemia due to the PRP-loaded fragmine/protamine microparticles 17. Furthermore, all 

three components of their system are currently used for other clinical applications, which would 

likely facilitate clinical translation. In a completely synthetic system, Kim et al. showed that self-

assembling bioactive peptides sustained release of substance P, a neuropeptide involved in 

wound healing, to recruit host mesenchymal stem cells and improve limb perfusion in a mouse 

model of hind limb ischemia after four weeks 18. Webber et al. also designed a synthetic system 

of peptide amphiphile structures engineered to display a VEGF-mimetic epitope 19. The 

construct improved angiogenesis and limb perfusion after three weeks over all material controls. 

In other synthetic systems, groups have explored the loading of gold 20, PLGA 21, or dextran and 

gelatin 22 nano- or microparticles with VEGF. These particle systems all demonstrated sustained 

release of VEGF over 35, 20, or 12 days respectively into the ischemic hind limb and lead to 

increased angiogenesis and limb perfusion.  
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1.2.3 Material alone  

Although a relatively new approach for the PAD field, injection of materials alone may 

show particular promise for translatability, as there are fewer issues without additional bioactive 

components like cells or growth factors. Fan et al. injected fibrin particles intramuscularly in a 

rabbit model of hindlimb ischemia and showed improved capillary and arteriole density, as well 

as improved perfusion measured via angiographic score and calf blood pressure ratio after 28 

days 23. In a more recent study, DeQuach et al. were the first group to develop a tissue-specific 

injectable matrix for hind limb ischemia 24. This initial study showed that the naturally-derived, 

decellularized skeletal muscle ECM hydrogel improved neovascularization and muscle cell 

infiltration into the material after two weeks. 

 

 

1.3 Translating Injectable Biomaterials to the Clinic: Current 

Obstacles 

 

Despite promising preclinical results, there are currently no FDA-approved injectable 

biomaterial products for treating PAD or CLI. The difficulty of bringing a therapy to the market is 

reflected in the small number of biomaterials that are currently undergoing clinical trials (Figure 

1.2). For the heart, only two injectable biomaterials are currently in clinical trials: both are 

alginate hydrogel systems, one delivered via transcoronary catheter infusion for acute MI 26,27 

and the other delivered via direct epicardial injection for dilated cardiomyopathy 28–30. For PAD, 

there are several clinical trials for stem cell, growth factor, and gene therapy systems, but none 

have shown conclusively positive results 31 and only one involved a biomaterial scaffold 25. This 

lack of transition from preclinical to clinical studies indicates that there is a heightened need to 

consider strategies that will better enable translation of injectable biomaterial therapies for MI 
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and PAD. In designing a material for clinical application, it is important to consider regulatory 

options, manufacturing strategies, and delivery methods throughout the development of the 

product. While these design criteria are not always considered in early academic research, 

attention early on could minimize hurdles later in the path to the clinic.   

 

Figure 1.2. Translational pathway. The typical time, cost, relative number of publications, 
funding sources, and phases of the translational pathway for biomaterial-based therapies for 
cardiovascular disease are highlighted. * = number of studies in PubMed (preclinical) and 
ClinicalTrials.Gov (clinical) averaged per year over the past five years, using search terms “cell 
therapy,” “gene therapy,” “biomaterials,” “myocardial infarction,” and “peripheral artery disease.” 
Cost of each phase adapted from 32 for preclinical and clinical phases, 33 for PAD market size, 
and 34 for MI market size.  
 

1.3.1 Regulatory Challenges 

A major obstacle in the translation of biomaterials for cardiovascular disease to the clinic 

is regulatory approval. Given the diversity of biomaterial therapies described above, it is difficult 

to classify some products within just one of FDA’s regulatory arms. Thus in 2011, the Office of 

Combination Products (OCP) at the FDA published a draft guidance on classification issues to 

help resolve this confusion 35. In it, they focus on the three regulatory classifications: drugs, 

devices, and biological products. While their definition of drug is very broad (i.e., any substance 
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used to “affect the structure or any function of the body of man”), their classification of a device 

is limited to any product that does not “achieve its primary intended purposes through chemical 

action.” Historically, biomaterial only therapies have largely been classified as devices under 

this definition; however, in the guidance document, the OCP stresses that any therapy that 

“depends, even in part, on chemical action within or on the body of man to achieve any one of 

its primary intended purposes, would not be a device.” Therefore, many biomaterial products 

are now being designated as biologics in the U.S. While a final guidance has not been issued, 

the draft guidance gives insight into the current thinking of OCP in regards to product 

classification, which has an enormous impact on the translatability of a biomaterial therapy 

because of the drastically different regulatory pathways for each classification. Drugs, regulated 

through the Center for Drug Evaluation and Research (CDER) and biologics, regulated through 

the Center for Biologic Evaluation and Research (CBER), must undergo a three phase, 5-10 

year process costing hundreds of millions of dollars, while devices regulated by the Center for 

Devices and Radiological Health (CDRH) have a relatively shorter and less expensive pathway. 

See 32 for a good review of different costs associated with these pathways. In addition, any 

product that involves a combination of components regulated by different centers could fall 

under the OCP, which determines classification and center jurisdiction.  

Most therapies described in this review could potentially fall under multiple classifications 

due to their complex nature in combining biomaterial therapies with cells, growth factors, or 

other therapeutics. While more components may have desirable synergistic effects, the addition 

of each component can add time, cost, and regulatory hurdles to getting that therapy to market.  

Combination therapies can require extensive preclinical testing examining each component of 

the product, including the recommended testing for cell and gene therapies 36, as well as 

assessing the safety of the biomaterial scaffold, which often involves assessing biocompatibility 

of the scaffold alone using ISO-10993 biocompatibility tests. While biomaterial only therapies 

can be advantageous in this regard, the main mechanism of action of materials in ischemic 



	 10 

limbs is still unclear, which leads to ambiguity in regulatory classification.  It is important for 

researchers to consider these regulatory hurdles as early as possible when designing a new 

therapy. Given the uncertainties with regulatory classification and its impact on product 

development, early interactions with the relevant centers at the FDA and if necessary, 

submission of a “Request for Designation” (RFD) to OCP are recommended.  

 

1.3.2 Delivery Challenges 

Another translational concern is the delivery method of the biomaterial therapy. 

Specifically, the way the biomaterial is delivered can impact the ease of obtaining regulatory 

approval and the likelihood of the therapy being adopted by hospitals into clinical workflows and 

protocols. In peripheral artery disease, delivery has its own set of challenges. Many groups 

inject intramuscularly adjacent to the site of femoral artery resection in animal models; however, 

in a human patient, the gradual onset of plaque build up, claudication (pain), and ischemia 

means that there is no acute injury site to be targeted. Still, in clinical trials most groups tend to 

inject cell therapies intramuscularly at many sites in the quadriceps or gastrocnemius muscles, 

intra-arterially or intravenously 31. Problems with intramuscular injections are the limited 

biodistribution of factors like gene plasmids, growth factors, or biomaterials, and limited 

knowledge about the most effective delivery locations within the muscle. Some populations of 

stem cells, such as endothelial progenitor cells (EPCs), have been shown to migrate more 

extensively in ischemic tissue than in healthy tissue, specifically towards sites of ischemia 37. 

However, multiple injection sites raises concerns regarding systemic exposure of the potential 

therapy and intra-arterial and intravenous injections are not always an option for patients with 

severe vessel blockage. For this reason, dosing and delivery mechanism will be important 

questions to answer before any therapy for PAD can translate successfully to the clinic.   
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1.3.3 Manufacturing Challenges 

Another concern with the translatability of biomaterials to the clinic is their ability to be 

scaled up to a “current good manufacturing practice” (cGMP) process. Specifically, naturally-

derived biomaterials and cell therapies can have issues with batch-to-batch variability, scaling 

up, and efficiencies. The material content and properties of a naturally-derived biomaterial can 

depend on the tissue source for biomaterials derived from animal tissue. Although a certain 

composition is typically conserved from specimen to specimen, there can be variability due to 

tissue species, age, or health status of the animal or human from which the tissue is derived. 

For example, human versus porcine myocardial matrices were found to have different material 

properties and compositions, and specifically the human matrices had high levels of patient-to-

patient variability 38. A study of human pericardium-derived matrices also showed this patient-to-

patient variability in material characterization; however, the researchers concluded that this 

variability in vitro did not affect gelation in vivo, thus not denying its potential as an autologous 

biomaterial therapy 39. Host age also has an impact on mechanical properties of the biomaterial, 

as younger source tissue appears to facilitate a more constructive tissue remodeling response 

than older source tissue 40,41.  

Scaling up production from bench to manufacturing plant can also have large 

implications for any cell- or material-based therapy. See Abbasalizadeh and Baharvand 42 and 

Giancola et al. 43 for a review of cGMP practices for cell therapies. Scaling up a manufacturing 

process to a sufficient batch size and according to cGMP practice can take significantly longer 

than expected. The act of scaling up a manufacturing process can also have impacts on yield 

efficiencies of sensitive processes like cell encapsulation. For example, even at the bench level 

some groups have trouble getting encapsulation efficiencies above 20 percent 44. Thus, any 

process with more stable components may be easier to scale up than components like growth 

factors, which may have an unstable shelf life, and stem cells, which require intensive work to 

reach appropriate batch sizes for commercial and clinical applications. Moreover, the cost of 
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scaling up a manufacturing process from bench to plant should not be neglected. While having 

detailed knowledge about cGMP guidelines is outside the realm of most academic labs, a basic 

understanding of the differences between a lab bench and cGMP process can facilitate more 

rapid translation to the clinic. 

 

1.3.4 Other Challenges 

In terms of translatability, a challenge for developing new treatments for critical limb 

ischemia will be the consensus of a working animal model. Depending on the severity of the 

surgical procedure, the animal can heal significantly on its own. For this reason, studies in rats, 

mice and rabbits may have more significantly positive results than what is actually seen in 

clinical trials (see 31 for an extensive review on the clinical trial landscape for PAD). 

Furthermore, treatment timelines for PAD preclinical models also typically mimic the acute or 

sub-acute stage of the disease instead of chronic PAD, which is the more common indication to 

treat in clinical trials. This mismatch between animal model and clinical treatment timelines can 

give unrealistic results for the efficacy of an injectable biomaterial therapy.  

 

 

1.4 Future Directions: Designing a Translatable Biomaterial 

All of the above challenges are vital to clinical translation yet can be overlooked in 

academic settings. Oftentimes there is attrition when translating therapies between the bench to 

the clinic, called “the valley of death” (Figure 1.2). In recent years the “valley of death” has 

widened since venture capitalists and strategic partners (i.e. big pharma or medical device 

companies) typically want to see patient data (often Phase II data) before they are willing to 

invest in a new technology. Designing better preclinical studies in academic labs can facilitate 

bridging this gap.  For example, designing studies that appropriately mimic the timing and 

delivery route of a material therapy, as well as developing technologies that can be readily 
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translated to a GMP process and current clinical delivery modalities can facilitate entering 

clinical trials.  While good laboratory practice (GLP) studies 45 in full compliance with 21 CFR 58 

are difficult to accomplish in an academic setting, it is possible for academic labs to conduct 

studies in the “spirit of GLP”, which can be FDA compliant 36, and have less documentation and 

no quality assurance (QA) oversight. Therefore appropriately designing and documenting 

studies, particularly large animal studies, can accelerate translation, decrease the amount of 

funding necessary to translate a therapy into patients, and give a technology a better chance at 

crossing the valley of death. 

Although there have been many novel approaches to the field of regenerative medicine 

for cardiovascular disease in the past ten years, we are still waiting for an effective treatment to 

reach patients. Initially, the field trended towards using different variations of cell and gene or 

protein therapies. However, more recently the potential of biomaterials to sustain release and 

prolong survival of factors and cells has been harnessed with significant gains in preclinical 

treatment efficacies. Still, the complex nature of these therapies and the subsequent challenges 

in regulatory approval, manufacturing, and delivery have likely hindered biomaterial-based 

therapies from proceeding in large numbers to the clinic. The recent trend of stand alone 

biomaterials, which can act on endogenous cells, avoids many of the regulatory complexities 

and could reduce some of the concerns with manufacturing and delivery mechanism. Despite 

these challenges, the field of injectable biomaterial-based regenerative medicine therapies for 

cardiovascular disease has significant potential to help a large number of patients, and as the 

first injectable biomaterials progress through clinical trials, it is anticipated that more will soon 

advance through the translational pathway.  

 

1.5 Thesis Outline  

This thesis is broken into four subsequent chapters. Chapter 2 presents methods for the 

fabrication and characterization of decellularized hydrogels to treat PAD and MI. Injectable 
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decellularized hydrogels are more commonly being explored for their pro-regenerative 

characteristics upon injection in situ in cardiovascular and musculoskeletal diseases, and it is 

important to optimize the design considerations in the fabrication methods of the material and to 

standardize characterization assays of these biologic-based materials. Chapter 3 outlines the 

short term dynamic transcriptomic study of the mechanism of action of a decellularized skeletal 

muscle matrix hydrogel (SKM). The decellularized SKM hydrogel increased cell survival, 

vascularization, skeletal muscle progenitor density, and cell migration compared to saline 

control in a rat hindlimb ischemia model. The SKM hydrogel also decreased apoptosis and 

neuronal cell death and altered pathways related to inflammation and metabolism. Chapter 4 

investigates the tissue specific importance of decellularized extracellular matrix hydrogels for 

skeletal muscle regeneration. The skeletal muscle matrix hydrogel showed the most 

improvements in skeletal muscle progenitor recruitment, fiber cross sectional area, and gene 

expression related to muscle contractility followed by lung matrix and saline. Chapter 5 

demonstrates the proof-of-concept of tunable enzyme-targeted nanoparticles as a drug delivery 

vehicle for targeting to ischemic muscle. Targeting was tuned by altering the enzyme-cleavable 

peptide density and the surface charge of the nanoparticles, paving the way for future minimally 

invasive drug delivery efficacy studies.  

Chapter 1, in part, is a reprint of the material as it appears in Stem Cells Translational 

Medicine, 2014, 3(9): 1090-1099. The authors are Jessica Ungerleider and Karen Christman. 

The dissertation author was the primary investigator and author of this paper.  
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Chapter 2 

 

Fabrication and Characterization of Injectable Hydrogels Derived from 

Decellularized Skeletal and Cardiac Muscle  

 
2.1 Introduction 
 

Cardiovascular disease is the leading cause of death in the United States 1.  One 

consequence of cardiovascular disease, myocardial infarction (MI), afflicts more than 900,000 

Americans annually and can lead to heart failure and death. MI is caused by acute occlusion of 

a coronary artery, leading to myocardial ischemia, cardiomyocyte necrosis, collagen scar 

formation, and subsequent diminished pump function 2. The only treatments for heart failure 

post-MI are either a heart transplant or a mechanical left ventricular (LV) assist device, and no 

current therapy prevents negative left ventricular remodeling and heart failure. As such, the five-

year mortality rate post-MI is 50 percent 1. Another manifestation of cardiovascular disease, 

peripheral artery disease (PAD) is a cardiovascular condition that afflicts 12 to 20 percent of 

Americans over age 65 3, which is caused by atherosclerosis and leads to decreased blood flow 

and eventual amputation in the lower limbs as described in Chapter 1. In both instances, 

atherosclerosis leads to acute or chronic muscle ischemia, followed by negative remodeling and 

fibrosis. Thus, an ideal therapy would encourage positive remodeling post-ischemia and prevent 

chronic ischemia and inflammation from leading to overall tissue damage and failure over time.  

Direct injection of growth factors 4,5, cells 6, and gene therapy7,8 are some examples of 

tissue engineering approaches used to stimulate angiogenesis in the ischemic limb or heart. 

Recently, biomaterial scaffolds have begun to be used for their potential in prolonging the 

release of angiogenic factors and for their inherent ability to encourage tissue-scale 

regeneration (outlined in Chapter 1). Briefly, naturally-derived 4,5,9,10 and synthetic 11,12 hydrogel 
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scaffolds have been tested for their ability to recruit endogenous progenitor cells and promote 

tissue remodeling post-ischemia. While promising results have been seen, with material delivery 

of growth factors or stem cells13–16, the expensive nature of preparing such a combination 

product and sub-optimal clinical trial results have halted these therapies’ progression to 

market17.  In contrast, material-alone therapies have significant potential for many translational 

reasons, including minimally invasive delivery and reduced costs compared to a cell- or growth 

factor-based therapy18.  In particular, injectable hydrogels derived from decellularized muscle 

ECM, have shown significant potential for treating both MI and PAD. Singelyn et al. first showed 

the capability of a decellularized cardiac ECM hydrogel to increase vascular cell migration in 

vitro and vessel density in vivo 19. The material has since shown efficacy to increase cardiac 

muscle, reduce fibrosis, and improve cardiac function post-MI in small and large preclinical 

animal models 20,21 and is now planned for testing in a Phase I clinical trial (clinicaltrials.gov: 

NCT02305602). DeQuach et al. showed skeletal muscle progenitor recruitment and 

neovascularization due to injection of a skeletal muscle ECM hydrogel alone in a preclinical 

model of hindlimb ischemia, thus indicating the potential for ECM hydrogels to be used alone to 

treat PAD and regenerate ischemic damaged skeletal muscle10.  

In this chapter, we present detailed methods for fabricating injectable hydrogels derived 

from either decellularized cardiac or skeletal muscle extracellular matrix (ECM). We also 

present methods, which we recommend should be performed on each batch of material prior to 

in vitro or in vivo use, to ensure limited batch-to-batch variability and more consistent results.  

 

2.2 Materials and Methods  

2.2.1 Fabrication of injectable hydrogels  

2.2.1.1 - Day 0 – Initial Tissue Processing 

Tissue specific injectable hydrogels were derived from either porcine myocardium or 

skeletal muscle. In order to fabricate a sterile material, all steps in the protocol were conducted 
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with sterile solutions and autoclaved beakers or in a biosafety cabinet where possible. 

Decellularization was accomplished with a 1% wt/vol sodium dodecyl sulfate (SDS) solution, 

made by adding appropriate volumes of 20x PBS, 10x SDS, and ultrapure water. The psoas 

muscle or heart was harvested from Yorkshire farm pigs weighing 30-45 kg.  Note that larger 

animals or other sources of skeletal muscle are more likely to have greater interstitial adipose 

tissue within the muscle, which interferes with tissue processing. The skeletal muscle was 

obtained and isolated from skin, superficial fat, and fascia, leaving only the homogenous 

skeletal muscle tissue behind. For cardiac ECM fabrication, the left ventricle (LV) free wall and 

septum were isolated from the right ventricular free wall, atria, and valves by blunt dissection 

and cleared of any fat or fascia. Papillary muscles and chordae tendinae in the LV lumen were 

also removed, leaving only myocardium remaining. Muscle was cut into regularly sized cubes 

approximately 3-5 mm (skeletal muscle, Figure 1A) or 2 mm (cardiac muscle) per side at the 

smallest, as tissue is prone to degradation and collapse during decellularization. A larger piece 

of muscle was set aside for histological analysis as a “before decellularization” sample. Tissue 

was weighed and divided into 1L autoclaved beakers with 20-35 g of tissue in each beaker, and 

ultrapure water was added to a total volume of 800mL and spun with a stir bar at 125 rpm for 

30-45 minutes. Tissue was strained in an autoclaved fine mesh strainer, rinsed under ultrapure 

water, and returned to the beaker. Previously mixed 1% SDS solution was added to the beaker 

so that the total volume of tissue and SDS was 800 mL and was stirred at 125 rpm for 2 hours 

as an initial rinse. Again, after 2 hours the tissue was rinsed in the fine mesh strainer with 

ultrapure water and returned to the beaker, also rinsed with ultrapure water. Fresh 1% SDS was 

added to the beaker to a final volume of 800 mL. Four mL of 10,000 U Penicillin/Streptimycin 

(PenStrep) was then added to each beaker, giving a final working concentration of 50 U 

PenStrep in 1% SDS. The beaker was kept sealed with a square of parafilm and the tissue was 

spun at 125 rpm for 24 hours.  
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2.2.1.2 - Day 1-5 – SDS solution changes 

Tissue was strained and the beaker/stir bar were thoroughly rinsed with ultrapure water. 

On the first day only, larger pieces of tissue were more finely cut into smaller pieces to ensure 

consistent rates of decellularization (larger pieces tended to have a deeper red or pink center 

after the first day of decellularization, Figure 2.1B). Tissue was returned to the beaker and fresh 

1% SDS was added to 800 mL with 4 mL 10,000 U PenStrep. Through this process, beakers 

were kept covered with parafilm whenever possible to reduce the risk of contamination. Rinses 

and solution changes were repeated every 24 hours until the tissue was completely white, 

usually 3-4 days (Figure 2.1C). Remaining ECM was spun for an extra 24 hour period to ensure 

full decellularization. Additional days of solution changes were minimized once tissue was fully 

white to avoid degradation and loss of ECM proteins. Cardiac ECM was then processed starting 

with the water rinse step (2.2.1.4), while skeletal muscle was processed first with the IPA lipid 

removal step (2.2.1.3).  

 

2.2.1.3 - IPA Lipid Removal (skeletal muscle ECM only) 

The presence of lipids after decellularization could inhibit subsequent gelation of the 

digested material, and therefore an isopropyl alcohol (IPA) lipid removal step was implemented 

only for fattier skeletal muscle tissue. After final SDS solution change, ECM was rinsed in the 

mesh strainer with ultrapure water and the beaker and stir bar were rinsed thoroughly to remove 

any trace SDS. ECM was spun in ultrapure water at 800 mL total volume for 2 hours to remove 

residual SDS. Up to 5 beakers of rinsed ECM were placed into a single clean 1L beaker with a 

clean stir bar. In a fume hood, IPA was added up to 400 mL total volume. The beaker was 

sealed with parafilm and spun at 125 rpm for 12-24 hours.  
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2.2.1.4 - Water Rinse, Freezing, Milling 

ECM was rinsed in ultrapure water and for skeletal muscle ECM, used IPA was properly 

disposed of as hazardous waste. Both skeletal and cardiac muscle ECM was spun in 800 mL 

ultrapure water at 125 rpm for 30-45 minutes to remove residual SDS and IPA from ECM. ECM 

was rinsed and fresh ultrapure water was added and spun at 125 rpm for an additional 24 

hours. ECM was thoroughly rinsed with ultrapure water in the mesh strainer and added to new 

autoclaved 1L bottle with ultrapure water up to 800 mL total volume. The lid was tightly sealed 

and the bottle was shaken vigorously for 30 seconds. The bottle and ECM were strained and 

rinsed several times to remove residual SDS; this shaking step was repeated at least twice until 

no bubbles persisted after 30 seconds of vigorous shaking. ECM was evenly divided into 50 mL 

conicals, which were filled to less than 20 mL. A few pieces of ECM were prepared for 

histological analysis to compare to the pre-decellularization sample (see 2.2.2.2). The 50 mL 

conicals were frozen at -80 °C, with the conicals laid on their side and the ECM evenly 

distributed along the length of the conical for more uniform freezing and subsequent 

lyophilization. Frozen ECM was lyophilized and milled (Wiley Mini-Mill, #40 or #60 filter) to 

generate a particulate for subsequent protease digestion. ECM was milled in larger batches 

(greater than 1 gram) to avoid significant ECM loss within the mill mechanism.  

 

2.2.1.5 - Pepsin Digestion 

In order to liquefy the ECM, milled ECM was partially digested in pepsin (protocol 

modified from 22). All steps with open vials were performed in a biosafety cabinet.  Fresh pepsin 

was dissolved in 0.1 M HCl at 1 mg/ml through shaking for 5-10 minutes. While pepsin was 

shaking, approximately 20 to 30 mg of milled ECM were added to a 20 mL scintillation vial with 

a small stir bar. Once dissolved the pepsin solution was sterile filtered with a 0.22 μm filter and 

added to the ECM vial to reach a concentration of 10 mg ECM / 1 mL pepsin solution. The 

closed vial was then placed on a stir plate (~60-120 rpm) for 48 hours at room temperature. To 
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ensure the entire material was digested in the pepsin solution, material on the sides of the vial 

was gently scraped down with a spatula one or two times during the 48 hour digestion. After 48 

hours, the liquid ECM was titrated to pH 7.4, 1x PBS and a final material concentration of 6 mg 

ECM/ml. First, pH was titrated to 7.4 by adding sterile 1 M NaOH (1/10 the acidic liquid ECM 

volume) and by adding subsequent volumes of sterile 1 M NaOH or 0.1 M HCl after measuring 

pH of the well-mixed solution. Then, salt concentration was titrated to a final concentration of 1x 

PBS by adding 1/9 of the resulting liquid ECM volume of sterile 10x PBS. Finally, a sufficient 

volume of sterile 1x PBS was added to reach a final ECM concentration of 6 mg/ml, based off of 

the initial mass of ECM added. Material was then aliquoted, frozen and lyophilized for long term 

storage for up to one year at -80°C. When ready for use, lyophilized ECM was resuspended in 

an equivalent volume of sterile water for use. For example, if the aliquot was a 600 μl aliquot of 

the original batch of digested and titrated ECM, 600 μL of sterile water was added and mixed 

until homogeneous by pipetting up and down repeatedly. There was some material loss due to 

bubbles forming upon mixing, so approximately 10% additional material than required was 

aliquoted.  

 

2.2.2 In vitro characterization of injectable hydrogels  

2.2.2.1 - Gelation Test  

Each batch of decellularized ECM was characterized to ensure minimal batch-to-batch 

variability. First, gelation was tested by adding 500 μL of resuspended digested ECM to a 4 mL 

scintillation vial and incubating at 37°C for 1 hour. If material did not flow upon tilting the vial, a 

gel was formed.  
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2.2.2.2 – Decellularization Verification 

Histology 

Sufficient decellularization was first verified through hematoxylin and eosin staining and 

Hoechst staining. Briefly, fresh and final samples were either fresh frozen by freezing in Tissue-

Tek OCT (Fisher-Scientific, Waltham, MA) or fixed in 10% formalin for 24 hours and paraffin-

embedded. Samples were sectioned in 10 μm thick slices and whole mounted on slides. 

Hematoxylin and eosin staining was performed on both fresh and final samples (fresh frozen or 

paraffin-embedded) in order to assess morphology of the decellularized ECM as well as nuclear 

hematoxylin-labeled content of the fresh and final tissue. Fluorescent nuclear staining was 

performed by acetone-fixing both fresh and final slides (fresh frozen) for 1.5 minutes, followed 

by three 5 minute 1x PBS washes and 10 minutes of incubation in Hoechst 33342 (diluted by 

adding 1 μL of Hoechst 33342 in 10 mL DI water, Life Technologies, Grand Island, NY). After 

incubation, samples were kept with minimal light exposure, washed again 3 times for 5 minutes 

in 1x PBS, and cover slips were mounted using Fluormount. H&E stained slides were imaged 

on a Leica Aperio ScanScope CS2 at 20x magnification (Leica Biosystems, Buffalo Grove, IL), 

and Hoechst-labeled slides were imaged on a Carl Zeiss Observer D1. Images were acquired at 

10x with an equivalent exposure time for both fresh and final samples for comparison (usually 

about 40 ms).  

 

dsDNA quantification 

Double stranded DNA (dsDNA) was quantified to further determine the extent of 

decellularization. DNA was isolated from digested and lyophilized 1 mg aliquots of ECM using a 

standard kit (we suggest NucleoSpin, Macherey-Nagel, Bethlehem, PA). Lyophilized ECM 

aliquots were resuspended in lysis buffer T1 and proteinase-K by pipetting up and down multiple 

times, and DNA was isolated according to kit instructions. Proteinase-K digestion of the material 

was confirmed by a visually clear solution before running ECM through the remainder of the 
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NucleoSpin kit. NanoDrop (Thermo Scientific, Waltham, MA) readings were conducted on 

eluted DNA to confirm a DNA concentration of zero, since DNA remaining in the ECM should be 

below the detectable threshold of NanoDrop spectrophotometers. PicoGreen fluorescent 

reporter was used (Life Technologies, Grand Island, NY) to more precisely quantify dsDNA 

content according to kit instructions with 100 μL of eluted sample DNA.  

 

2.2.2.3 – Material Composition 

sGAG quantification 

Sulfated glycosaminoglycans (sGAGs) were quantified in both cardiac and skeletal 

muscle ECM using the 1,9-dimethylmethylene blue dye (DMMB) assay (modified from 23). 

Chondroitan sulfate dilutions from 0 to 50 μg per 100 μL in a 1.5 mL Eppendorf tube were used 

to create a standard curve. Resuspended digested ECM at 6 mg/mL was run in triplicate 

samples of 100 μL per Eppendorf tube. Working solution was made fresh by combining 5 mL of 

formate solution (2.5g sodium formate in 240 mL 1 M guanidine hydrochloride (GuHCl) and 

2.795 mL of 85% formic acid), 1.25 mL of 0.64 mg DMMB/mL ethanol, and ultrapure water to a 

total volume of 25 mL. Decomplexation solution was made by combining 2.05 g sodium acetate, 

200 mL ultrapure water, 50 mL 1-propanol, and 250 mL of 8 M GuHCl. Working solution was 

added to each sample or standard concentration tube (1 mL/tube), and tubes were vortexed at 

level 3.5 for 30 minutes. Tubes were then centrifuged for 10 minutes at 12,000 rpm in a 

microcentrifuge to collect a pellet of precipitated DMMB-sGAG complex. If no pellet formed in 

the standard tubes, the entire protocol was restarted with fresh standard solutions. Supernatant 

was carefully aspirated so as not to disturb the pellet. Then, the pellet was gently broken up by 

slowly pipetting with 1 mL of decomplexation solution. Tubes were again vortexed at level 3.5 

for 30 minutes. Solutions were confirmed to be homogenous with the pellet fully dissolved. 

Absorbance was then read at 656 nm on a plate reader by pipetting 100 μL in triplicate into a 96 
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well plate. Chondroitan sulfate concentrations were plotted against absorbance to calculate a 

standard curve for determination of sGAG concentration in resuspended ECM samples.  

 

Protein content 

Resuspended ECM was run on SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

gel to assess protein fragment content. Rat tail collagen I at 2.5 mg/mL (Life Technologies, 

Grand Island, NY) was run on adjacent wells to compare ECM protein content, as collagen is 

the main protein component of decellularized ECM hydrogels [25].  Gels were run using the 

general protocol from the Invitrogen NuPage® kit (Life Technologies, Grand Island, NY). 

Digested ECM was resuspended and 7.5 μL were added to each running sample. To each 

sample was also added 3.75 μL of NuPAGE LDS 4x Sample Buffer, 1.5 μL NuPAGE 10x 

Reducing Agent, and 2.25 μL DI water, to a final volume of 15 μL. Samples were heated at 

70°C in a water bath or heating block for 10 minutes to denature proteins. Running buffer was 

made by mixing 50 mL of 20x NuPAGE SDS Running Buffer with 950 mL DI water. For the 

upper buffer chamber, 200 mL of the Running Buffer was set aside and 500 μL NuPAGE 

Antioxidants was added within 30 minutes of running the gel. The remaining running buffer 

(~600 mL) was added to the outer chamber of an assembled mini cell, and the 200 mL of 

running buffer with antioxidants was loaded into the inner chamber. In each well of a 12% Tris-

Acetate gel, 10 μL of each sample was added. We recommend running resuspended 6 mg/ml 

ECM samples mixed in the above ratios with 2.5 mg/mL collagen I in the same ratios (7.5 μL of 

sample added to the mixture) for comparative analysis. The gel was run at a constant voltage 

(200 V) for approximately 50 minutes, or until dye reached the bottom of the gel. Gel was 

removed from the cartridge and stained with Imperial Protein Stain overnight on a shaker plate 

in a fume hood. The stained gel was then rinsed with ultrapure water for 2-3 hours, or until 

bands became distinct. Placing a Kim-Wipe in the container with the gel and the water helped 

absorb more of the Imperial Protein Stain.  
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2.2.2.4 – Mechanical Properties 

Resuspended ECM was tested via rheometry in liquid form for complex viscosity and gel 

form for storage and loss moduli. Samples were run on a parallel plate rheometer (ARG2 

Rheometer, TA Instruments, New Castle, DE). For complex viscosity measurements, 200 μL 

resuspended liquid ECM was pipetted into the center of the parallel plate geometry. Plate 

temperature was fixed at 25°C and gap height was set to 500 μm to ensure the liquid filled the 

entire gap between plates. Material was run in a flow procedure programmed with frequencies 

ranging from 0.1 – 100 Hz. For storage and loss moduli, lyophilized ECM was resuspended in 

DI water and 500 μL was pipetted carefully into a 4 mL scintillation vial to avoid bubble 

formation. ECM was gelled for 24 hours at 37°C. Samples were run with the plate pre-set to 

37°C. Samples were carefully transferred from the 4 mL scintillation vial to the parallel plate; if 

gels were broken, the gel was discarded and another gel was used, as any impurities or tears in 

the gel can affect the measured mechanical properties. Excess water used to help transfer the 

gel from the vial to the plate was also carefully removed from the gel by using a Kim Wipe. Gap 

height was set to 1200 μm in order to ensure the gel filled the entire gap between the parallel 

plates and an oscillatory frequency sweep was run from 0.1 to 100 rad/s to measure the storage 

and loss moduli. The maximum suggested gap height for running gels of this size is 1500 μm.  

 

2.2.2.5 – Structural Properties  

Scanning electron microscopy (SEM) was performed on gelled ECM material. 

Resuspended ECM aliquots of 100 μL each were pipetted into a 96 well plate in triplicate while 

avoiding bubble formation. Aliquots were allowed to gel at 37°C for 24 hours and then a solution 

of 4% paraformaldehyde and 4% glutaraldehyde in DI water was pipetted on top of each gel for 

24 hours. Fixative was added on top of each gel in the 96 well plate, or if gels were carefully 

transferred to a 12 or 24 well plate, the larger well size allowed for submergence on all sides for 

improved uniform fixation. Gels were then dehydrated in graduated rinses of ethanol. Fixed and 
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dehydrated gels were dried and sputter coated as previously published 24. Briefly, the critical 

point dryer (Leica EM CPD300, Leica, Vienna) was set to perform 40 exchange cycles of CO2 at 

medium speed and 40% stirring. Before sputter coating, samples were carefully pulled apart 

with tweezers to expose the gels’ inner nano-fiber architecture. Samples were sputter coated 

with 7 nm of platinum (Leica SCD, Leica, Vienna) and imaged on an FE-SEM at 0.6 kV using 

the in-lens SE1 detector (Sigma VP, Zeiss Ltd, Cambridge, UK).  

 

2.3 Results and Discussion 

To demonstrate ways to characterize decellularized porcine cardiac and skeletal muscle 

ECM, we present a variety of characterization assays for naturally derived ECM hydrogels. 

These include assessing histology, DNA content, sulfated glycosaminoglycan (sGAG) content, 

mechanical properties (viscosity and storage and loss moduli), protein content, and nanoscale 

architecture. It is important to quantify these material characteristics in order to ensure minimal 

batch-to-batch variability for consistent behavior in in vitro or in vivo applications. 

H&E was conducted on fresh frozen or fixed and paraffin embedded 10 μm sections of 

“fresh” tissue and “final” ECM for each round of decellularization to verify that the 

decellularization process was thorough (Figure 2.1). Hoechst staining was conducted on fresh 

frozen 10 μm sections and imaged at constant exposure time to verify absence of nuclear 

content as indicated by lack of blue staining in “final” samples (Figure 2.2). Investigators should 

look for cellular content in the final product, such as hematoxylin or Hoechst positive staining, 

which is indicative of nuclei or residual DNA. The ECM alone should be light pink stained fibers 

on H&E (see Figure 2.2 B, F). Batches with unsuccessful cellular removal should not be used 

for in vivo applications especially, as cellular content can elicit a negative immune response in 

host tissue 25.  
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Figure 2.1: Decellularization Process. (A) Images of freshly cubed porcine skeletal muscle.  
(B) Tissue after the first day in 1% SDS. (C) Final ECM after complete decellularization. Note 
larger pieces of ECM maintain an opaque, pink-tinted center after the first day of SDS rinsing 
(B), indicating incomplete decellularization.  
 

 

Figure 2.2: Decellularization Verification. Hematoxylin and eosin staining shows fresh (A, E) 
and decellularized (B, F) cross sections of porcine skeletal and cardiac muscle, respectively. 
Nuclei (purple) are clearly present in fresh, but not final samples. Hoechst 33342 staining shows 
fresh (C, G) and decellularized (D, H) cross sections of skeletal and cardiac muscle, 
respectively. Nuclei (blue) are clearly present in fresh, but not final samples. Scale bars are 100 
μm.  

 

DNA content was measured by isolating DNA from the ECM using a standard DNA 

isolation kit and a fluorescent reporter with a standard curve (PicoGreen kit), demonstrating a 

range from 0.1 to 5 ng dsDNA/mg ECM for both skeletal muscle and cardiac sources. 

Measuring double stranded DNA (dsDNA) content is important because it gives an 

approximation of the quantitative extent of decellularization. Removing cellular content is vital to 

decrease the negative immune response in vivo, as both allogeneic and xenogeneic 

biomaterials have the ability to elicit an immune response upon injection 25. It is useful to 
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compare measurements to a known standard, such as dsDNA content found in a variety of 

decellularization methods published by Reing et al 26. Although the protocol in this study 

typically produces a dsDNA content an order of magnitude lower, Reing et al. suggested that 50 

ng dsDNA/mg ECM should be the threshold limit for DNA content. There may be slight 

differences in DNA content from batch to batch or depending on the tissue source, but as long 

as the content is lower than the suggested threshold, the material can be considered effectively 

devoid of cellular content. Batch to batch or tissue source variability in dsDNA content may be 

due to slight differences in processing. For example, slightly different SDS exposure times or 

additional processing steps such as IPA rinsing may alter decellularization extent.  

sGAG content was quantified with the DMMB assay, with some modifications from a 

previously published protocol 23, in order to account for specific ECM differences. For both 

muscle ECM hydrogels, sGAG content ranged from approximately 5 to 15 μg sGAGs/mg ECM.  

sGAGs are growth factor binding moieties that may lend desired bioactivity to any naturally 

derived matrix for their ability to bind and prolong release of regenerative cytokines, either those 

secreted in vivo or exogenously delivered 27. Although the decellularization process can wash 

away sGAGs 26, it is useful to quantify the remaining GAG content to compare decellularization 

methods or optimize a naturally derived hydrogel for a given delivery application.  

PAGE shows a qualitative measure of the material protein content and extent of 

protease digestion. Collagen is the main content of muscle ECM-derived hydrogels, so rat tail 

collagen I was run in an adjacent lane to compare the characteristic bands (Figure 2.3). We 

found that 2.5 mg/mL of collagen I shows the most similar protein fragment concentrations in 

PAGE to 6 mg/mL of resuspended digested ECM. Figure 2.3 also shows one example of the 

batch-to-batch variability than can be possible with ECM hydrogels derived from different 

porcine donors. Lanes 1, 2, and 3 each show each a different sample of three batched skeletal 

muscle ECM donors. Batching material from multiple donors helps ensure consistent material 

properties, but batched ECM can still be compared with assays such as PAGE by the presence 
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or differing intensities of some bands. For example, batch 1 shows a higher concentration of 

protein fragments from 90-100 kDa than either batch 2 or 3 (Figure 2.3).  For both muscle ECM 

hydrogels, the PAGE should display characteristic collagen bands as well as faint bands below 

20 kDa, confirming sufficient partial digestion of the ECM by pepsin. For a more thorough 

analysis of the protein content, mass spectrometry can be conducted on digested material to 

characterize protein fractions. Furthermore, current research has identified novel methods of 

quantifying relative protein abundance with mass spectrometry and stable isotope labeled 

peptide standards 28,29.  

 

Figure 2.3: Material Characterization. PAGE gel showing collagen I (Col), multiple batches (1, 
2, and 3) of digested skeletal muscle ECM, and a single batch of digested cardiac ECM. 
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Quantifying mechanical properties is vital to assess the physical characteristics of 

naturally derived ECM hydrogels. Although they can be tissue-specific regarding biochemical 

composition, decellularized hydrogels are typically weaker than the tissues from which they are 

derived 30,31. This can vary due to the harshness of the decellularization method26. Shear 

storage and loss moduli can indicate the stiffness of the gel.  Example traces for both muscle 

ECM hydrogels are shown in Figure 4A and B. Reported at 1 rad/s, values for storage modulus 

typically range between 5 and 10 Pa and loss modulus between 1 and 5 Pa 10,30,31. Quantifying 

complex viscosity also shows the potential of the material for injectability and/or catheter 

delivery. The material should be shear thinning at frequencies from 0.1 – 100 Hz with complex 

viscosities of approximately 1 to 0.02 Pa-s (Figure 2.4 C, D)24. Since the cardiac and skeletal 

muscle ECM materials are shear thinning, they are well suited to be delivered in a narrow 

catheter with high shear rates. Storage and loss modulus as well as complex viscosity can all be 

quantified on a parallel plate rheometer. 
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Figure 2.4: Mechanical and Structural Properties. Sample rheometer frequency sweep for 
storage (G’) and loss (G”) moduli for skeletal muscle ECM (A) and cardiac ECM (B) hydrogels. 
Sample complex viscosity traces for liquid skeletal muscle ECM (C) and cardiac ECM (D). SEM 
shows nanoscale architecture of skeletal muscle ECM (E) and cardiac ECM (F) hydrogels. 
Scale bar is 1 μm. 
 

SEM can be performed to visualize the nanoscale architecture of ECM hydrogels. This 

three dimensional nanoscale architecture is important for cell attachment and migration through 

the scaffold. Although the ECM was partially digested, which allowed it to be injectable, the 

ECM reassembled into a three dimensional nanofibrous network upon gelation at physiologic 

temperature and pH. Porous nanofibrous architecture may be desirable to resemble the native 

ECM conditions, as the main ECM component, collagen, forms a nanofibrous architecture in 
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vivo32,33. Fiber diameters can also affect the mechanical properties and self assembly of the 

hydrogel; we have found that fibers with diameters between 30 – 250 nm and an average 

diameter of 100 nm form upon self-assembly of the muscle ECM hydrogels 30. Figure 2.4E and 

F display example SEM images for the skeletal muscle and cardiac ECM hydrogels.  

The final, decellularized ECM hydrogel can be used for a variety of applications. A 

benefit of the lyophilized digested ECM is that it has a long shelf life if stored frozen and can be 

quickly prepared for injection by thorough resuspension in sterile water. The shear thinning 

property and solution-to-gel transformation at 37°C both allow for injection and gelation in situ at 

body temperature. This allows for direct injection of the material into a tissue-specific location, 

such as the skeletal muscle ECM hydrogel injected intramuscularly for PAD applications, or the 

cardiac ECM hydrogel injected into the left ventricle via catheter for cardiac repair after MI. For 

example, we have shown the potential of the skeletal muscle-specific ECM hydrogel to improve 

neovascularization and muscle proliferation in a rat model of hindlimb ischemia 10. Our cardiac 

ECM hydrogel has been shown to increase cell migration in vitro 19; it also promoted tissue 

repair and increased cardiac function after one and three months in small and large animal 

models in vivo20,21. This general process for generating and characterizing ECM hydrogels can 

also be performed on many other tissue types, such as brain 34, adipose 35, bone 36, and skin 37, 

to develop tissue specific injectable hydrogels for a variety of in vitro and in vivo tissue 

engineering applications. The overall goal of the injectable ECM hydrogels is to provide 

biochemical cues that are specific to the tissue, which is being regenerated, as well as a 

physical scaffold to support cell infiltration.  

 

2.4 Conclusions 

We have shown that naturally derived ECM hydrogels can be fabricated through 

detergent based decellularization and enzymatic digestion, and subsequently characterized 

through a variety of mechanical and biochemical techniques. Once fabricated and properly 
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characterized, these tissue-specific hydrogels can be used in a variety of applications for tissue 

regeneration and repair in vivo or probing tissue-specific cell interactions in vitro. We will 

demonstrate some of the in vivo applications of these injectable hydrogels in skeletal muscle 

regeneration for PAD in Chapters 3 and 4.  

Chapter 2, in full, is a reprint of the material as it appears in Methods, 2015, 84: 53-59. 

The authors are Jessica Ungerleider, Todd Johnson, Nikhil Rao, and Karen Christman. The 

dissertation author was the primary investigator and author of this paper.  
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Chapter 3  

 

Extracellular Matrix Hydrogel Promotes Tissue Remodeling, 

Arteriogenesis, and Perfusion in a Rat Hindlimb Ischemia Model 

 

 

3.1 Introduction 

Nearly 30 million patients in North American and Europe have been diagnosed with 

peripheral artery disease (PAD) 1. A major consequence of untreated PAD is lower extremity 

amputations due to decreased limb perfusion, and an estimated 120,000 and 100,000 patients 

in the U.S. and Europe, respectively, suffer this extreme outcome annually 2. Endovascular 

revascularization 3 is the only current surgical treatment, but 40% of patients with critical limb 

ischemia (CLI) are left with no options due to extreme tissue damage and/or diffuse 

atherosclerotic disease 4,5. Even with revascularization, the rate of amputation remains high 6. 

Therefore, there is an extreme need for alternative limb salvage therapies for PAD patients.  

Regenerative medicine has shown promise as a potential treatment for PAD, including 

cell 7–9, growth factor 10–12, or bioactive material delivery systems 13–15. An ideal therapy should 

ameliorate tissue ischemia, and some strategies have shown promise by delivering angiogenic 

or vasodilatory factors. Despite these efforts, no PAD therapy has been approved due to 

suboptimal results. 

As highlighted in previous chapters, biomaterial-alone approaches are becoming more 

prevalent in the field of regenerative medicine for their ability to improve damaged tissue 

regeneration in heart failure, skeletal muscle pathology, and many other disease applications 15–

18. This approach is cost-efficient, has an increased shelf life, and is associated with fewer 
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ethical concerns compared to cell or growth factor based therapies (see Chapter 1). While 

injectable biomaterial alone approaches have been explored to treat ischemic cardiac muscle 19, 

they have not been extensively explored for treating the ischemic skeletal muscle associated 

with PAD. When designed appropriately, injectable biomaterials can be employed to create new 

scaffolds that recruit endogenous cells to repair damaged tissue.    

Our group previously developed an injectable hydrogel derived from decellularized 

porcine skeletal muscle extracellular matrix (SKM) (Chapter 2) 15. Preliminary histological 

analysis within the local region of the injected biomaterial in a mild rodent hindlimb ischemia 

model suggested that this acellular approach has the potential to not only stimulate vessel 

growth, but could also aid in treating the muscle atrophy associated with PAD. A functional 

perfusion study also showed that SKM increased blood flow to the ischemic limb over saline 

controls, and end point-histology demonstrated this was through arteriogenesis (Figure 3.1) 20. 

The material had been degraded by 35 days post-injection, and there was no evidence of 

chronic inflammation due to the injection. Furthermore, muscle morphology of the SKM-injected 

muscle was significantly improved over saline controls and not dissimilar from healthy muscle 

(Figure 3.1).  

The goal of this study was to investigate the dynamic changes due to SKM injection in a 

rat hindlimb ischemia model in order to better understand the tissue wide effects of biomaterial 

injection in a regeneration context.  
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Figure 3.1: SKM hydrogel increases perfusion, arteriogenesis, and muscle remodeling at 
35 days post-injection. Left: perfusion post-hindlimb ischemia (day -7) and post-treatment (day 
0) with SKM or saline as measured by laser speckle contrast analysis. Middle: density of large 
arterioles (>75 µm in diameter) in gracilis muscle at 35 days post-injection. Right: muscle fiber 
cross sectional area in gracilis muscle at 35 days post-injection. *p<0.05, ****p<0.0001 
compared to saline.  
 

3.2 Materials and Methods 

3.2.1 ECM hydrogel development and characterization 

The methods for producing the porcine skeletal muscle matrix (SKM) were modified from 

our previously published protocol 15,21. Briefly, psoas muscle was harvested from Yorkshire farm 

pigs, approximately 30-45 kg, immediately after euthanasia.  All dermal tissue, subcutaneous fat 

and connective tissue were dissected away. The tissue was then chopped into small cubed 

pieces about 3-5 mm in length and rinsed in water for 30-45 min. After rinsing, the tissue was 

spun in 1% (w/v) sodium dodecyl sulfate (SDS) (Fischer Scientific, Fair Lawn, NJ) in phosphate 

buffered saline (PBS) with 0.5% penicillin streptomycin (PS) of 10,000 U/mL (Gibco, Life 

Technologies, Grand Island, NY) for 2 hours. The tissue was then rinsed and transferred to new 

SDS solution with PS for 3-5 days with daily solution changes to remove the cellular content. 

Once fully white, the tissue was rinsed in ultra pure water for 2 hours and then placed into 

isopropyl alcohol (IPA) (Fischer Scientific, Fair Lawn, NJ) for 18-24 hours for lipid removal. 

Finally the tissue was rinsed in water for 24 hours following by 2-5 additional rinses in water, 

freezing at -80 °C, and lyophilizing. The lyophilized material was then milled into a fine powder 
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using a Wiley® Mini-Mill and a #40 sieve. ECM samples from three different pigs were 

combined to form a batched material that was used for all analysis and testing. 

SKM was digested using a previously described protocol 15. Briefly, the powder form was 

digested at 10 mg/mL in a solution of pepsin at 1 mg/mL (Sigma, St. Louis, MO) in 0.1 M HCl for 

48 hours. Once digested into a liquid form, the material was brought to a pH of 7.4 on ice while 

stirring using chilled 1.0 M NaOH. Next, the salt concentration was adjusted to 1x PBS by 

addition of 10x PBS. Finally, the ECM concentration was lowered to 6 mg of ECM/ml with 1x 

PBS. All solutions used were sterile filtered and pre-chilled in an ice and water slurry. The 

material was then frozen and lyophilized for storage in at -80 °C. Upon use, the material was 

thawed and brought back to a material concentration of 6 mg of ECM/mL with sterile ultra pure 

water.   

 The dsDNA content was isolated (n=3) using a NucleoSpin® Tissue kit (Macherey-

Nagel, Duren, Germany). The nucleic acid composition was quantified (n=3) with a Thermo 

Scientific NanoDrop 2000c spectrophotometer and the dsDNA content was measured (n=3) by 

using a Quint-iTTM PicoGreen® dsDNA Assay Kit (Invitrogen, Eugene, OR). Sulfated 

glycosaminoglycan (sGAG) content was quantified (n=3) with a previously published DMMB 

protocol 22,23. Rheology of the SKM hydrogel was quantified using an AR-G2 Rheometer on 500 

µl gels at 37ºC with a gap height of 1000 µm and a 2.5% strain using a frequency sweep 

protocol (100 rad/s to 0.25 rad/s oscillatory) and storage and loss moduli were reported at 1 Hz.  

Samples were prepared for LC-MS/MS following a previously published protocol 24. 

Briefly, milled ECM samples were chemically digested in 100 mM CNBr in 86% TFA. The 

samples were digested according to the FASP protocol using a 10 kDa molecular weight cutoff 

filter. Samples were supplemented with 13C6 labeled QconCAT peptides and digested using the 

FASP method as previously described 25. High pH reversed phase chromatography was 

performed on a Gemini C18, 50 × 2 mm column using 20 mM ammonium bicarbonate (pH 10) 
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as mobile phase (A) and 20 mM ammonium bicarbonate and 75% ACN (pH 10) as mobile-

phase B. Global LC-MS/MS was performed on 6 fractions using the LTQ-FT Ultra Hybrid ion 

cyclotron resonance mass spectrometer (Thermo Fisher Scientific) and Selected Reaction 

Monitoring (SRM) was performed on the QTRAP®5500 triple quadrupole mass spectrometer 

(ABSciex). Nano-flow reverse phase LC-MS/MS was performed on both systems using a 

capillary Agilent 1200 HPLC system. Instrument parameters and run conditions and 

bioinformatics analysis were performed as previously described 25. MS/MS data of Skeletal 

Muscle Matrix sample were searched against the Sus scrofa protein sequences database from 

the UniProtKB/Swiss-Prot database and MS/MS data of Umbilical Cord Matrix sample were 

searched against the Homo Sapiens protein sequences database from the UniProtKB/Swiss-

Prot (release October 2014, containing 20,268 proteins). Peptide identifications were accepted if 

they could be established at >95.0% probability as specified by the Peptide Prophet algorithm. 

Protein identifications were accepted if they could be established at >99.0% probability and 

contained at least two identified unique peptides. All data files generated on the triple 

quadrupole mass spectrometer during LC-SRM analyses were imported to Skyline v2.2 

software 26 for data processing. Transition quality, peak shape, and peak area boundaries were 

manually validated. The peak integration was done automatically by the software, using 

Savitzky–Golay smoothing, and all the data were manually inspected to confirm correct peak 

detection.  

 

3.2.2 Hindlimb ischemia surgery and biomaterial injection  

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

established by the Institutional Animal Care and Use Committee at the University of California, 

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

were done with 24 female Sprague Dawley (SD) rats ranging in weights of 220-265 g.   
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For the hindlimb ischemia surgery (day -7), animals were anesthetized with 2.5% 

Isoflurane gas using a Kent Scientific PhysioSuiteTM ventilator system. Unilateral ischemia 

damage was applied to the animals’ right limb by ligation and removal of segments from the 

femoral artery and vein starting proximal to the epigastric artery as described previously 27,28. 

First, the surgical site was shaved and cleaned with betadine and isopropanol along with 

delivery of 1% licocaine subcutaneously along the incision site. The targeted vessels were 

visualized by creating an incision overlying the proximal, medial portion of the right hindlimb. 

The femoral artery and vein were dissected away from the femoral nerve and ligated to target 

the proximal removal of a 2 cm segment. Any major branches along the 2 cm segment, 

including the epigastric artery, were cauterized or ligated before excision to minimize bleeding. 

The entry incision through the skin was then closed using a mattress suture (5-O silk). 

Postoperatively, all animals were regularly monitored and analgesia (Buprenorphine at 0.05 

mg/kg) was administered immediately upon regaining consciousness.  

Animals were arbitrarily selected for treatment with SKM hydrogel (n=6 per timepoint) or 

saline (n=6 per timepoint) (out to day 3 and day 10 post-injection). The injection site was 

prepared by shaving if needed followed by cleaning with betadine and isopropanol. A single 

injection of 150 μL was performed using a 27 G needle into the gracilis muscle 29,30.   

 

3.2.3 Histological analysis 

On day 3 or 10 the injected hindlimb Gracilis muscle and corresponding healthy Gracilis 

muscle tissue was excised. The tissue was placed in physiological orientation and morphology 

on a filter paper and flash frozen in isopentane chilled with liquid nitrogen. The tissue was then 

blocked in OCT to allow for transverse sectioning of the tissue and flash frozen again in 

isopentane chilled with liquid nitrogen. Sections of 10 μm thickness were taken at seven 

different locations evenly spaced spanning the majority of the muscle segment. All histological 
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imaging was done with either a Leica Aperio ScanScope® CS2 or a Leica Ariol®.  Tissue was 

stained with Hematoxylin and Eosin (H&E) for histological analysis. Immunohistochemistry was 

used to stain vessels, laminin, and skeletal muscle progenitors.  Arterioles were labeled with an 

alpha-smooth muscle actin (αSMA) antibody (Dako, Carpinteria, California; 1:75) and an Alexa 

Fluor 488 conjugated secondary antibody (Invitrogen, Carlsbad, California; 1:500), and nuclei 

were counterstained with Hoechst 33342. Arterioles were quantified from surveying 8 randomly 

selected 10x images from 5 different slides distributed evenly throughout the length of the 

muscle per limb for a total of 40 images per sample. For arterioles with a diameter of over 10 

μm the major axis, minor axis, and total internal lumen area were measured with ImageJ (NIH, 

Bethesda, MD). Arteriole diameter was reported as the average of the major and minor axis.  

Capillaries were stained using Alkaline Phosphatase chromagen (BCIP/NBT) (Abcam, 

Cambridge, MA) staining on fresh frozen slides. Capillary density was automatically quantified 

using a custom assay as part of the Leica Ariol® system and was applied to 10 randomly 

selected 20x regions from 5 slides per sample distributed evenly throughout the length of the 

muscle. Skeletal muscle progenitor cell density was quantified through Pax-7 staining with an 

anti-Pax-7 primary antibody (abcam, Boston, Massachusetts, 1:100) and an Alexa Fluor 568 

conjugated secondary antibody (Invitrogen, Carlsbad, California, 1:500) and nuclei were 

counterstained with Hoechst 33342. The percent of Pax-7 positive nuclei was calculated by 

visual colocalization and nuclear counting using the Leica Ariol® system from 3 randomly 

selected 10x regions from 3 different slides per sample spanning the majority of the muscle. 

 

3.2.4 Microarray analysis and qPCR 

GeneChip Rat Gene ST 2.0 microarrays (Affymetrix) were run on SKM and saline-

injected gracilis muscles at both 3 and 10 days post-injection (n=6 rats per group per timepoint, 

n=3 arrays per group per timepoint). RNA was isolated from flash-frozen skeletal muscle with 
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Trizol (Life Technologies) and cleaned with on-column DNase treatment (Qiagen). Two animals 

were pooled for each array to reduce animal-to-animal variability. Data was normalized with 

Vampire Analysis. Data was processed with PANTHER using Entrez IDs for Gene Ontology 

molecular function and biological pathway ID lists using all genes with a p-value below 0.05 

from Vampire Analysis. Pathways were generated through the use of Qiagen’s Ingenuity 

Pathway Analysis (IPA, Qiagen Redwood City, www.qiagen.com/ingenuity) using all genes and 

fold changes with a p-value below 0.05 from Vampire Analysis. 

cDNA libraries were synthesized from total RNA pooled from the same donors as for 

microarray analysis with 1 μg total RNA, SuperScript III RNA Polymerase (Invitrogen), and 

random hexamers. PCR primers (Invitrogen) were selected using NCBI PrimerBlast and 

validated by running qPCR reactions at a gradient of melt temperatures (55 to 65°C) and 

verifying normal melt curves and amplification curves. Primer forward and reverse sequences 

are summarized in Table 3.9. PCR reactions were assembled using 1:20 dilution of cDNA, 

Power SYBR© Master Mix (Applied Biosystems), and 1 μM forward and reverse primers.   

 

3.2.5 Statistical analysis  

Global proteomics data was directly exported and normalized to sample maximum. Peak 

area ratios for the SRM data was normalized to an internal standard spike, and then coefficients 

of variance were determined between the biological replicates. Histology was analyzed with a 

Student’s t-test. Raw intensity values from Affymetrix microarrays were normalized and 

statistically compared with Vampire Analysis algorithm using an FDR of 0.1. P values and 

activation z scores for Ingenuity pathways were calculated as previously described 31. Data are 

means ± SEM unless otherwise noted. Significance was accepted at P<0.05.  
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3.3 Results  

3.3.1 SKM hydrogel retains complex proteomic composition  

 SKM hydrogel was fabricated and characterized using previously published methods. 

Material was sufficiently decellularized as evidenced by low DNA content. SKM maintained 

sulfated glycosaminoglycans (sGAGs), which are important for binding of endogenous growth 

factors upon injection. Hydrogels formed in vitro had acceptable rheological properties (Table 

3.1). SKM material maintained a complex proteomic composition, which was quantified using 

targeted proteomics (Table 3.2) and verified using global proteomics (Table 3.3).  

 

Table 3.1: Biochemical and mechanical properties of SKM hydrogel.  

Assay Value (mean +/- standard deviation) 

DNA content (ng dsDNA per mg ECM) 1.09 +/- 0.09 

sGAG content (µg sGAGs per mg ECM) 6.14 +/- 0.25 

Storage Modulus (G’, Pa) at 1 rad/s 4.295 

Loss Modulus (G”, Pa) at 1 rad/s 1.061 
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Table 3.2: ECM protein concentration in porcine skeletal muscle matrix. Absolute quantification 
of 49 ECM, ECM associated, and common cellular contaminant proteins.   
 

Protein Abundance in Porcine Skeletal Muscle Matrix [nmol/g] 

Protein GENE 
Functional 

Classification Average  

Collagen alpha-1(IV) chain(Arresten/Core 
Protein) COL4A1 

Basement 
Membrane 106.72 

Collagen alpha-1/5(IV) 
chain(Arresten/Core Protein) COL4A1/5 

Basement 
Membrane 81.80 

Collagen alpha-2(IV) 
chain(Canstatin/Core Protein) COL4A2 

Basement 
Membrane 44.08 

Laminin alpha-2 LAMA2 
Basement 
Membrane 0.15 

Laminin Beta-1 LAMB1 
Basement 
Membrane 0.09 

Laminin Beta-2 LAMB2 
Basement 
Membrane 0.25 

Laminin Gamma-1 LAMC1 
Basement 
Membrane 1.25 

Nidogen-1 NID1 
Basement 
Membrane 0.04 

Perlecan HSPG2 
Basement 
Membrane 6.07 

Actin (All Isoforms) ACT Cytoskeletal 1.56 

Actin, cytoplasmic 1/2 ACTB Cytoskeletal 0.16 

Myosin(Myosin-3,4,6,7) MYH Cytoskeletal 2.50 

Transglutaminase 2 TGM2 ECM regulator 0.03 

Collagen alpha-1(XII) chain COL12A1 FACIT Collagen 0.39 

Collagen alpha-1(XIV) chain COL14A1 FACIT Collagen 0.68 

Collagen alpha-1(I) chain COL1A1 Fibrillar Collagen 1158.09 

Collagen alpha-1(V) chain COL5A1 Fibrillar Collagen 19.69 

Collagen alpha-2(I) chain COL1A2 Fibrillar Collagen 810.89 

Collagen alpha-2(V) chain COL5A2 Fibrillar Collagen 6.28 
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Table 3.2 continued: ECM protein concentration in porcine skeletal muscle matrix. Absolute 
quantification of 49 ECM, ECM associated, and common cellular contaminant proteins.   

 

Protein Abundance in Porcine Skeletal Muscle Matrix [nmol/g] 

Protein GENE 
Functional 

Classification Average  
Collagen alpha-1(VI) chain COL6A1 Matricellular 6.83 

Collagen alpha-2(VI) chain COL6A2 Matricellular 4.72 

Collagen alpha-3(VI) chain COL6A3 Matricellular 9.62 

Dermatopontin DPT Matricellular 6.16 

Emilin 1 EMILIN1 Matricellular 0.08 

Fibronectin 1 FN1 Matricellular 11.17 

Fibulin 1 FBLN1 Matricellular 0.04 

Fibulin 3 EFEMP1 Matricellular 0.51 

Fibulin 5 FBLN5 Matricellular 0.29 

Lumican LUM Matricellular 7.51 

Periostin POSTN Matricellular 0.15 

Thrombospondin 1 THBS1 Matricellular 0.06 

TnxB Protein TNXB Matricellular 0.04 

Versican VCAN Matricellular 0.07 
Glyceraldehyde-3-phosphate 
dehydrogenase GAPDH Other Cellular 0.75 

Extracellular Matrix Protein 1 ECM1 Other ECM 0.05 

Galectin-1 LGALS1 Other ECM 0.04 

Transforming growth factor-beta-induced 
protein ig-h3 TGFBI Secreted 0.51 

Biglycan BGN Structural ECM 0.04 

Fibrillin 1 FBN1 Structural ECM 6.17 

Fibrillin 2 FBN2 Structural ECM 0.47 

Fibromodulin FMOD Structural ECM 0.27 
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Table 3.2 continued: ECM protein concentration in porcine skeletal muscle matrix. Absolute 
quantification of 49 ECM, ECM associated, and common cellular contaminant proteins.   

 

Protein Abundance in Porcine Skeletal Muscle Matrix [nmol/g] 

Protein GENE 
Functional 

Classification Average  

Microfibrillar-associated protein 2 MFAP2 Structural ECM 1.12 
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Table 3.3: Top 20 proteins of porcine skeletal muscle matrix by global proteomics. Table 
represents top 20 proteins identified based on the number of unique peptide spectral matches 
from global LC-MS/MS for a given protein.  
 

Proteins Gene 
Functional 

Classification 
Accession 

Number 
Unique 
PSM's  

Perlecan HSPG2 
Basement 
Membrane F1SU03 18 

Laminin subunit gamma-1 LAMC1 
Basement 
Membrane F1S663 8 

Myosin-4  MYH4 Cytoskeletal Q9TV62 59 
Myosin-binding protein C, 
fast-type MYBPC2 Cytoskeletal F1RH19 9 

Collagen alpha-1(XIV) chain COL14A1 FACIT Collagen F1S285 9 

Collagen alpha-2(I) chain  COL1A2 Fibrillar Collagen F1SFA7 184 
Collagen alpha-1(I) chain  COL1A1 Fibrillar Collagen P02453 113 
Collagen alpha-1(III) chain  COL3A3 Fibrillar Collagen F1RYI8 85 
Collagen alpha-1(V) chain  COL5A1 Fibrillar Collagen F1S021 8 
Collagen alpha-2(V) chain COL5A2 Fibrillar Collagen F1RXW0 7 

Collagen alpha-3(VI) chain  COL6A3 Matricellular I3LUR7 52 
Collagen alpha-1(IV) chain  COL4A2 Matricellular F1RLL9 37 
Collagen alpha-2(IV) chain  COL4A1 Matricellular F1RLM1 25 
Lumican LUM Matricellular F1SQ09 18 
Fibronectin  FN1 Matricellular F1SS24 17 
Collagen alpha-2(VI) chain COL6A2 Matricellular I3LQ84 15 

Calcium-transporting 
ATPase ATP2A1 Plasma membrane F1RFH9 9 

Serum albumin  ALB Secreted  F1RUN2 7 

Fibrillin-1  FBN1 Structural ECM Q9TV36 68 

Elastin ELN Structural ECM G8FUN3 5 
 

 



 53 

3.3.2 SKM hydrogel improved perfusion and muscle remodeling through increased density of 

larger arterioles and recruitment of skeletal muscle progenitors 

We sought to analyze the temporal changes following skeletal muscle ECM hydrogel 

injection.  We performed a hindlimb ischemia study, comparing saline and SKM injections at 3 

and 10 days post-injection (day 10 and day 17 post-surgery, respectively). There were no 

significant differences in capillary density, arteriole density, or arteriole diameter between saline 

and SKM treated muscles at these early time points (Figure 3.2 A-F). However, similar to the 

previous experiment at day 35, density of arterioles >75 µm trended higher in SKM injected 

animals at both 3 and 10 days post-injection (Figure 3.2 G,H).  
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Figure 3.2: Short term histological assessment of arteries and capillaries. Histological 
analysis taken at Day 3 (A, C, E, G) and Day 10 (B, D, F, H) post-injection. There were no 
differences in capillary density (A, B), arteriole density (C, D), or average arteriole diameter (E, 
F) between SKM and saline at these early timepoints, but the density of arterioles with diameter 
> 75 μm (E,F) trended higher in the SKM (n=6) group compared to saline (n=6).  
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Due to improvements in muscle remodeling at day 35 post-injection, we analyzed tissue 

at day 3 and 10 post-injection for infiltration of skeletal muscle progenitors. Pax-7 is a 

transcription factor involved in early stage muscle lineage commitment in skeletal muscle 

satellite cells 32. Analysis of percentage of Pax-7 positive nuclei showed the impact of SKM 

injection on the gracilis muscle near the material. At day 3, SKM injected muscles had a 

significantly higher percentage of Pax-7+ nuclei compared to saline (p < 0.05), but by day 10 

Pax-7+ nuclei dropped to more quiescent levels (Figure 3.3).  

 

 

Figure 3.3: Short term histological assessment of skeletal muscle progenitor cells. (A) 
Representative image of Pax-7+ (red) and Hoechst 33342 (blue) co-staining in SKM-injected 
gracilis muscle. Scale bar is 50 μm and Pax-7+ nuclei are indicated by white arrows. There were 
significantly more Pax-7+ cells as a percentage of total nuclei in SKM (n=6) versus saline (n=6) 
injected muscles at day 3 (B), but this returned to quiescent levels by day 10 (C). *P = 0.0096. 
Data from the healthy limb is shown as a reference. 
 

3.3.3 SKM hydrogel promotes a pro-regenerative environment 

We further investigated the mechanism of action of the SKM hydrogel through whole 

transcript array analysis.  Using a false discovery rate of q < 0.1, there were 561 significantly 

differentially regulated genes between saline and SKM in the gracilis at 3 days and 16 genes at 

10 days (See 20 Table S5 for significant gene list). At 3 days post-injection, Ingenuity Pathway 

Analysis showed shifts in the inflammatory response and lipid and carbohydrate metabolism, 

and increases in muscle development and cell survival with SKM (Table 3.4).  
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Table 3.4: Significantly altered pathways in SKM relative to saline injected muscle at 3 and 10 
days post-injection, as determined by Ingenuity Pathway Analysis. 
 

Day 3 up-regulated pathways 

Category Annotation p-value z-
score 

# 
Molecules 

Lipid Metabolism, Small Molecule 
Biochemistry 

conversion of 
lipid 

0.0112 1.387 5 

Cellular Development, Cellular Growth 
and Proliferation, Hematological 

System Development and Function 

proliferation of 
lymphocytes 

0.0027 1.381 9 

Cell Death and Survival cell survival 0.0272 0.96 21 

Cellular Compromise, Inflammatory 
Response 

degranulation of 
leukocyte cell 

lines 

<0.001  0.748 8 

Cell Morphology, Cellular Function and 
Maintenance 

transmembrane 
potential of 

mitochondria 

0.0021 0.706 9 

Cell Signaling, Molecular Transport, 
Vitamin and Mineral Metabolism 

quantity of Ca2+ 0.0396 0.699 16 

Carbohydrate Metabolism uptake of 
monosaccharide 

0.0233 0.653 8 

Cellular Function and Maintenance endocytosis 0.0075 0.555 11 

Cellular Development, Cellular Growth 
and Proliferation, Organ Development, 

Skeletal and Muscular System 
Development and Function, Tissue 

Development 

proliferation of 
muscle cells 

<0.001  0.486 22 

Cell Morphology, Skeletal and 
Muscular System Development and 

Function 

contractility of 
muscle cells 

0.0115 0.305 4 

Day 3 down-regulated pathways 

Category Annotation p-value z-
score 

# 
Molecules 

Cell-To-Cell Signaling and Interaction activation of cells 0.0161 -2.919 15 

Cell Death and Survival necrosis 0.0139 -2.126 58 

Cell Signaling, Post-Translational 
Modification 

tyrosine 
phosphorylation 

of protein  

0.0401 -2 4 
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Table 3.4 continued: Significantly altered pathways in SKM relative to saline injected muscle 
at 3 and 10 days post-injection, as determined by Ingenuity Pathway Analysis. 

 
Day 3 down-regulated pathways 

Category Annotation p-value z-
score 

# 
Molecules 

Cell Death and Survival neuronal cell 
death 

0.0011 -1.949 36 

Cardiovascular System Development 
and Function, Organismal 

Development 

vasculogenesis 0.0029 -1.604 15 

Cell Death and Survival apoptosis <0.0001 -1.484 75 

Cellular Movement cell movement <0.001  -1.39 43 

Cell Signaling, Molecular Transport, 
Small Molecule Biochemistry, Vitamin 

and Mineral Metabolism 

release of Ca2+ 0.0486 -1.154 6 

Cardiovascular System Development 
and Function, Organismal 

Development 

angiogenesis 0.0050 -1.107 19 

Cellular Assembly and Organization, 
Cellular Function and Maintenance 

organization of 
cytoskeleton 

0.0127 -0.905 45 

Day 10 up-regulated pathways 

Category Annotation p-value z-
score 

# 
Molecules 

Cellular Movement cell movement 0.0089 1.709 7 

Cellular Movement migration of cells 0.0453 1.455 5 

Cardiovascular System Development 
and Function, Organismal 

Development 

vasculogenesis 0.0037 1 4 

Cellular Growth and Proliferation proliferation of 
cells 

<0.00001 0.986 20 

Inflammatory Response inflammatory 
response 

0.0125 0.447 5 

Cell Morphology, Cellular Assembly 
and Organization, Cellular 

Development, Cellular Growth and 
Proliferation, Nervous System 

Development and Function, Tissue 
Development 

outgrowth of 
neurites 

<0.001 0.447 6 
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Table 3.4 continued: Significantly altered pathways in SKM relative to saline injected muscle 
at 3 and 10 days post-injection, as determined by Ingenuity Pathway Analysis. 

 
Day 10 up-regulated pathways 

Category Annotation p-value z-
score 

# 
Molecules 

Cardiovascular System Development 
and Function, Organismal 

Development 

angiogenesis 0.0023 0.277 5 

Day 10 down-regulated pathways 

Category Annotation p-value z-
score 

# 
Molecules 

Cell Death and Survival cell death <0.001  -0.977 15 

Cell Death and Survival apoptosis 0.0050 -0.594 11 
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Furthermore, there was down-regulation of genes related to cell death, response to 

hypoxia, ECM and cytoskeletal organization, and blood vessel development. At 10 days post-

injection, there continued to be a shift in the inflammatory response and down-regulation of cell 

death as well as upregulation of cell adhesion and motility, ECM organization, blood vessel 

development, and neural system development pathways.  Gene ontology analysis also showed 

differences in many molecular functions and biological processes, such as binding 

(GO:0005488), catalytic activity (GO:0003824), metabolic process (GO:0008152), 

developmental process (GO:0032502), and immune system process (GO:0002376), between 

groups at both time points (Table 3.5-3.8). Microarray analysis was validated with qPCR of key 

genes (Figure 3.4, Table 3.9).  
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Table 3.5: Gene ontological molecular function analysis of differentially expressed genes at 
three days.  

  Upregulated in Matrix (day 3) Upregulated in Saline (day 3) 

  Tot genes: 611 Tot genes: 311 

  Tot hits: 572 Tot hits: 323 

Molecular Function Number of IDs % (tot hits) Number of IDs % (tot hits) 

transporter activity 
(GO:0005215) 31 5.40% 32 9.90% 

translation regulator 
activity (GO:0045182) 5 0.90% 1 0.30% 

protein binding 
transcription factor activity 

(GO:0000988) 
4 0.70% 4 1.20% 

enzyme regulator activity 
(GO:0030234) 33 5.80% 15 4.60% 

catalytic activity 
(GO:0003824) 190 33.20% 87 26.90% 

receptor activity 
(GO:0004872) 74 12.90% 43 13.30% 

nucleic acid binding 
transcription factor activity 

(GO:0001071) 
32 5.60% 16 5.00% 

antioxidant activity 
(GO:0016209) 3 0.50% -- -- 

structural molecule activity 
(GO:0005198) 36 6.30% -- -- 

binding (GO:0005488) 164 28.70% 91 28.20% 

channel regulator activity 
(GO:0016247) -- -- 1 0.30% 

structural molecule activity 
(GO:0005198) -- -- 33 10.20% 
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Table 3.6: Gene ontological biological process analysis of differentially expressed genes at 
three days.  

  Upregulated in Matrix (day 3) Upregulated in Saline (day 3) 

  Tot genes: 611 Tot genes: 311 

  Tot hits: 1056 Tot hits: 626 

Biological Process Number of IDs % (tot hits) Number of IDs % (tot hits) 

cellular component 
organization or biogenesis 

(GO:0071840) 
39 3.70% 31 5.00% 

cellular process 
(GO:0009987) 213 20.20% 141 22.50% 

localization (GO:0051179) 83 7.90% 59 9.40% 

apoptotic process 
(GO:0006915) 21 2.00% 5 0.80% 

reproduction 
(GO:0000003) 10 0.90% 5 0.80% 

biological regulation 
(GO:0065007) 108 10.20% 66 10.50% 

response to stimulus 
(GO:0050896) 99 9.40% 44 7.00% 

developmental process 
(GO:0032502) 71 6.70% 54 8.60% 

multicellular organismal 
process (GO:0032501) 47 4.50% 27 4.30% 

locomotion (GO:0040011) 4 0.40% 1 0.20% 

biological adhesion 
(GO:0022610) 19 1.80% 30 4.80% 

metabolic process 
(GO:0008152) 267 25.30% 131 20.90% 

growth (GO:0040007) 1 0.10% -- -- 

immune system process 
(GO:0002376) 74 7.00% 32 5.10% 
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Table 3.7: Gene ontological molecular function analysis of differentially expressed genes at ten 
days.  

  Upregulated in Matrix (day 10) Upregulated in Saline (day 10) 

  Tot genes: 68 Tot genes: 13 

  Tot hits: 60 Tot hits: 16 

Molecular Function Number of IDs % (tot hits) Number of IDs % (tot hits) 

nucleic acid binding 
transcription factor 

activity (GO:0001071) 
1 1.70% 2 12.50% 

binding (GO:0005488) 20 33.30% 3 18.80% 

receptor activity 
(GO:0004872) 12 20.00% 1 6.30% 

enzyme regulator 
activity (GO:0030234) 2 3.30% -- -- 

structural molecule 
activity (GO:0005198) 8 13.30% 1 6.30% 

catalytic activity 
(GO:0003824) 15 25.00% 7 43.80% 

antioxidant activity 
(GO:0016209) 1 1.70% 1 6.30% 

transporter activity 
(GO:0005215) 1 1.70% 1 6.30% 
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Table 3.8: Gene ontological biological process analysis of differentially expressed genes at ten 
days.  

  Upregulated in Matrix (day 10) Upregulated in Saline (day 10) 

  Tot genes: 68 Tot genes: 13 

  Tot hits: 149 Tot hits: 28 

Biological Process Number of IDs % (tot hits) Number of IDs % (tot hits) 

cellular component 
organization or 

biogenesis 
(GO:0071840) 

5 3.40% 1 3.60% 

cellular process 
(GO:0009987) 28 18.80% 5 17.90% 

localization 
(GO:0051179) 10 6.70% 2 7.10% 

apoptotic process 
(GO:0006915) 2 1.30% 1 3.60% 

biological regulation 
(GO:0065007) 11 7.40% 3 10.70% 

response to stimulus 
(GO:0050896) 16 10.70% 1 3.60% 

developmental process 
(GO:0032502) 15 10.10% 4 14.30% 

multicellular organismal 
process (GO:0032501) 7 4.70% 1 3.60% 

locomotion 
(GO:0040011) 2 1.30% -- -- 

biological adhesion 
(GO:0022610) 6 4.00% -- -- 

metabolic process 
(GO:0008152) 26 17.40% 8 28.60% 

immune system process 
(GO:0002376) 21 14.10% 2 7.10% 
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Figure 3.4: PCR validation of microarray results. Differentially expressed genes between 
SKM and saline were quantified with quantitative RT-PCR (n=3). *P < 0.05. 
 

Table 3.9: qPCR primers for microarray validation. 

Gene Name Sequence (5' -> 3') 

Bmp4 forward TGGACACCTCATCACACGACTA 
Bmp4 reverse GCGACGGCAGTTCTTATTCTTC 
Ccl5 forward TTGTCACTCGAAGGAACCGC 
Ccl5 reverse TGAGTGGGAGTAGGGGGTTG 
Ccr2 forward CTTGTGGCCCTTATTTTCCA 
Ccr2 reverse AGATGAGCCTCACAGCCCTA 
Cdh1 forward AGGAGCTGACAAACCCCCTG 
Cdh1 reverse CCAGAGGCTGCGTCACTTTC 
Clca1 forward AATTGGGCCCAGGTGCATTA 
Clca1 reverse GGTACAAGCAACACGAGCA 
Clx10 forward GGGCCATAGGAAAACTTGAAATC 
Clx10 reverse CATTGTGGCAATGATCTCAACAT 
Emr1 forward CCTTGCCTGCTTCTTCTGGATG 
Emr1 reverse AGCATCTTGATGTTGCGAGAGC 
Irf7 forward TGGCAGATGGAAGCTACC 
Irf7 reverse GGCTATACAGGAACACGC 
Nkg7 forward GTGAGCTTCCTGGTTCTGTC 
Nkg7 reverse GAGAAGAATGTCTGGACCTG 
Perp forward CTCGCACTGGCTGCTGTATT 
Perp reverse GCCATAGGCCCAGTTGTAGA 
Sln forward GGTGTGCACTCAGAAGTCCTCC 
Sln reverse GAAGCTCAGGGCACACAGCAG 

qPCR Validation
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3.4 Discussion  

Various neovascularization therapeutic approaches including cells, growth factors, and 

gene therapies have been explored, but have been met with mixed results in clinical trials for 

treating patients with CLI associated with PAD 33.  A biomaterial only therapeutic approach 

could have several advantages compared to the existing paradigm including off-the-shelf 

availability, reduced cost, and the ability to stimulate endogenous cell recruitment over multiple 

days or weeks.  In this study, we demonstrate one of the first pieces of evidence of mechanism 

of action of an injectable ECM based hydrogel for treating PAD by unbiased dynamic 

transcriptomic analysis and confirmatory histology and PCR.  

Previous studies have demonstrated the efficacy of the skeletal muscle matrix to 

improve functional blood perfusion in a chronic rat hindlimb ischemia study. The increase in 

perfusion and restoration of hindlimb perfusion kinetics directly correlated with end point (Day 

35 post-injection) histological quantification, which showed an increased density of arterioles 

with diameters >75 μm throughout the whole muscle, suggesting that the biomaterial therapy 

acts via promoting arteriogenesis rather than angiogenesis since capillary density was not 

increased at any of the investigated time points. Other studies have indicated that a therapy 

impacting arteriogenesis rather than angiogenesis may be more desirable for CLI patients 34,35. 

The SKM hydrogel treated animals also had restored muscle morphology at day 35 post-

injection.  

We show through a targeted ECM proteomics approach that SKM has a distinct ECM 

component signatures despite being predominantly composed of collagen I.  This may be 

important for muscle regeneration, given evidence in the literature correlating differential ECM 

composition with human myoblast proliferation 36. When we examined the ischemic muscle 

shortly after injection of the SKM hydrogel, we found an increase in Pax-7+ skeletal muscle 

progenitor cells. Pax-7 is upregulated in regenerating muscle, but usually is expressed in about 
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5% of nuclei in quiescent muscle 32. This suggests that the SKM hydrogel is causing early 

stimulation of muscle regeneration through recruitment of satellite cells within the first week of 

material injection, which may have resulted in the improved measures of muscle health we 

observed at 35 days post-injection.  

We chose to further investigate dynamic changes in the global transcriptome due to 

SKM hydrogel injection. Although microarray analysis has previously been employed to 

characterize the pre-clinical hindlimb ischemia model 37,38 and human PAD patients 39, no 

studies have investigated the effect of therapeutic interventions using this global unbiased 

analysis. At day 3, comparisons between SKM and saline controls showed that the SKM 

hydrogel promoted cell survival pathways, immune response, and muscle proliferation and 

contractility while at day 10 the upregulated pathways shifted emphasis to vascular 

development, neuron outgrowth, and cell motility. Genes associated with extracellular matrix 

were downregulated at day 3 but became upregulated at day 10. This correlates with other 

studies of transcriptomic effects of skeletal muscle regeneration, which show that ECM being 

upregulated at later time points is associated with tissue repair, cell migration, and myogenic 

development 40. Interestingly, apoptosis and response to hypoxia were strongly downregulated 

at both time points, suggesting a pro-survival and regenerative response of the SKM material 

compared to the saline control across the entire muscle. These results suggest that the SKM 

hydrogel produces functional outcomes through altering key pathways associated with 

inflammatory response, cell death and survival, metabolism, and vessel and muscle 

development.  

 

3.4.1 Study Limitations 

 Limitations of this study are due to the inherent weaknesses of hindlimb ischemia 

preclinical models for modeling PAD and CLI.  Unfortunately, no preclinical model fully mimics 
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all aspects of PAD or CLI.  In particular, all hindlimb ischemia models are acute models, while 

PAD is a chronic condition 41.  The standard models for PAD and CLI are rodent models, which 

due to young age and healthy collateral architecture often heal to a great extent without any 

therapeutic interventions 41,42. Even large animal models and other rodent models that mimic 

aspects of the patient population, such as hyperhomocysteinemia, diabetes, 

hypercholesterolemia, and/or aging, still show collateral vessel formation 41. To partially address 

these limitations, we selected a vessel ligation and excision protocol, which resulted in 

chronically reduced perfusion (~65%) and muscle atrophy (reduced muscle fiber cross sectional 

area). While our model did not have accompanying necrosis of the toes or feet, it permitted us 

to inject the biomaterials 7 days post-ischemic injury to allow the acute response from the 

surgery to resolve prior to treatment. The small scale is another limitation of these animal 

models.  Here we delivered a single bolus into the ischemic damaged region, whereas in human 

patients multiple injections would be utilized.  

 

3.4.2 Conclusions 

 In conclusion, we have shown the short term dynamic effects of an injectable skeletal 

muscle matrix material in a rat hindlimb ischemia study.  Improved arteriogenesis and skeletal 

muscle progenitor cell recruitment at shorter time points and gene expression differences 

related to inflammatory response, blood vessel and muscle tissue development, apoptosis, cell 

survival, and metabolism give evidence of a transcriptome-wide improvement in tissue 

regeneration due to the SKM hydrogel. 

Chapter 3, in part, is a reprint of the material as it appears in Journal of the American 

College of Cardiology: Basic to Translational Science, 2016, 1(1-2): 32-44. The authors include 

Jessica Ungerleider, Todd Johnson, Melissa Hernandez, Dean Elhag, Rebecca Braden, Monika 
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Dzieciatkowska, Kent Osborn, Kirk Hansen, Ehtisham Mahmud, and Karen Christman. The 

dissertation author was the primary investigator and co-first author of this paper.   
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Chapter 4 

 

Tissue specific muscle extracellular matrix hydrogel improves 

skeletal muscle regeneration in vivo over non-matched tissue sources 

 

4.1 Introduction 

Acute and chronic muscle injuries are common ailments, often caused by physical 

trauma or as a co-morbidity of lifestyle diseases. Skeletal muscle repair is a complex 

regenerative process, requiring exquisite spatiotemporal coordination of many cellular subtypes 

in a complex inflammatory milieu. Dysregulation of this process prevents functional repair of 

muscle due to improper myofibril function and organization. Activation of quiescent stem cell 

populations, rapid proliferation of myocytes, and differentiation into multi-cellular myotubes is 

required for this repair to occur. However improper myogenesis and inflammation is associated 

with aging and various disease states1. A critical need exists for therapeutic interventions to 

guide this process. 

Decellularized extracellular matrix (ECM) hydrogels show great promise in a variety of 

regenerative medicine applications 2,3. Their retention of the complex distribution of native ECM 

proteins and proteoglycans is able to effectively guide cell fate decisions. Additionally, 

solubilized ECM hydrogels, while they do not retain the tissue’s native 3D ultrastructure, 

reassemble into a hydrogel at physiological temperature, pH, and salt concentration and form a 

nanofibrous matrix with similar architecture to native tissue. Due to their ability to form a 

hydrogel supportive matrix in situ, injectable ECM hydrogels are translationally attractive for 

applications where minimally invasive delivery is desirable (injections over a wide area or 

difficult to access location). ECM hydrogels have shown efficacy in preclinical models of 
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myocardial infarction2 and peripheral artery disease3, and in vitro 3D microenvironmental drug 

screening models4. 

The classic approach is to use an ECM hydrogel where the source tissue that is 

decellularized is typically the same tissue to which the treatment is applied. While studies have 

investigated the merit of using tissue specific ECM sources in vitro 5–11, the importance of tissue 

specificity has not been definitively assessed in vivo. Some groups have compared different 

ECM materials for esophageal12 or skeletal muscle repair3, but the control “non-matched” ECM 

sources were not properly controlled for form (intact patch versus solubilized hydrogel) or ECM 

age and decellularization method (thus complication the question of young versus old ECM and 

effect of decellularization method on biological outcomes in vivo). We hypothesized, in a muscle 

regeneration model, that a tissue specific ECM hydrogel improves regeneration and function 

through preferentially stimulating physiologically relevant processes (e.g. progenitor cell 

proliferation and differentiation). In this study we show that skeletal muscle ECM hydrogels 

benefit skeletal muscle regeneration over non-matched tissue sources (lung) via stimulation of 

skeletal muscle progenitor recruitment and increased muscle growth.   

 

4.2 Methods 

4.2.1 ECM fabrication and characterization 

ECM hydrogels were fabricated and characterized using previously published methods 

3,13. Briefly, skeletal muscle or lung tissue from 3 month old pigs was harvested and chopped 

into small pieces. Tissue was rinsed in ultrapure water for 30 minutes followed by ~4 days of 

rinsing in 1% (skeletal muscle) or 0.1% (lung) sodium dodecyl sulfate with periodic solution 

changes. Skeletal muscle material was finally rinsed in isopropanol for 18 hours to remove 

interstitial fat. Decellularization was confirmed with H&E staining (not shown). Final material was 

lyophilized, milled into a fine powder, and digested for 48 hours in 1 mg/ml pepsin in 0.1M HCl. 
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Digests were neutralized and lyophilized at 6 mg/ml. QconCAT proteomics were performed on 

the milled material pre-digestion as previously described 14. Rheometry was performed using an 

AR-G2 rheometer on 500 µL gels at 37 ºC with a 1000 µm gap height and 2.5% strain for shear 

moduli and on 200 µL liquid ECM with a 500 µm gap height at 25 ºC for complex viscosity 

measurements.  

 

4.2.2 NTX injury 

Male 8 week old C57BL/6 animals were injured using a notexin acute muscle injury 

model. Notexin (10µg/mL, Latoxan) was injected in a single injection of 20 µL into the mid-belly 

of the right tibialis anterior (TA) muscle. Left TAs served as noninjected and uninjured controls. 

After 2 days, animals were injected with a single 20 µL injection of either saline, skeletal muscle 

ECM, or lung ECM (n=7 per group at each time point). Animals were then harvested either 3, 7, 

or 12 days post-treatment. TA muscles were laid on filter paper to orient fibers and flash frozen 

in liquid nitrogen. Muscles were then frozen again in OCT for cryosectioning along the short 

axis. During cryosectioning, tissue was either mounted on slides (10µm thick sections) or 

collected for RNA isolation at 3 locations spanning the muscle. 

 

4.2.3 Immunohistochemistry  

Cryosections were fixed with 4% paraformaldehyde and blocked with 1% bovine serum 

albumin, 0.3% Triton-X, and 5% goat serum. Primary antibodies against laminin (1:100, abcam), 

embryonic myosin heavy chain (1:10, DSHB), alpha smooth muscle actin (1:50, abcam), CD31 

(1:75, BD Pharmagen), Pax7 (1:2, DSHB), myogenin (1:100, abcam), and Ki67 (1:1000, abcam) 

were incubated overnight at 4ºC. Secondary antibodies (AlexaFluor goat IgG against rabbit 

[laminin, a-SMA, Ki67, myogenin], mouse [eMHC, Pax7], or rat [CD31]).  
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4.2.4 RNA sequencing  

RNA was isolated using Trizol and cleaned using Qiagen DNase clean-up per the 

manufacturer’s instructions. The Institute for Genomic Medicine at UCSD conducted all quality 

checks, library prep, and sequencing of the RNA samples. Briefly, RINe was measured using an 

Agilent Bioanalyzer, libraries were prepared using Illumina’s mRNA stranded library prep kit, 

and libraries were sequenced to a depth of approximately 25 million reads on a HiSeq flow lane. 

Quality of sequencing was verified with FastQC. Fastq files were aligned to the Ensembl mouse 

genome (Grcm38 version 84) using HiSat 2 15 and counted using StringTie 16,17. Counts were 

statistically analyzed using the DESeq2 package 18. Differentially expressed genes were defined 

as genes with adjusted Benjamini-Hochberg p-value less than 0.1 and absolute value of log fold 

change greater than 0.6. Differentially expressed genes were assigned to biological pathways 

using DAVID functional annotation clustering 19,20.  

 

4.3 Results 

4.3.1 Tissue-of-origin alters composition of tissue-specific injectable hydrogels 

To understand how tissue-of-origin alters muscle repair, we developed injectable 

hydrogels from two orthogonal sources – skeletal muscle and lung.  Lung was chosen as a non-

matched tissue control as it is distinct from skeletal muscle in both developmental origin and 

tissue function. Both injectable hydrogels were decellularized using detergent methods and 

were controlled for donor characteristics (i.e. species, age). 

Common characterization assays – DNA content, sulfated glycosaminoglycan content, 

and rheology – show that all three ECM hydrogels are sufficiently decellularized and have 

similar viscoelastic properties (Figure 4.1). In collaboration with the Hansen lab at CU Denver, 

53 of the most common ECM and cellular contaminant proteins were quantified using stable 

isotope labeled quantitative concatenated (QconCAT) peptides and LC-MS analysis (Table 4.1) 
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to compare the relative abundance of proteins in the ECM scaffolds. While both ECM scaffolds 

contained mostly collagen I (65-80% by molar fraction), each scaffold had a complex and 

unique composition of ECM proteins. Importantly, collagen VI composition is different between 

the materials, which has been shown to have an effect on skeletal muscle progenitor cell 

renewal in vivo 21. This demonstrates strong evidence that the large variety in ECM composition 

between each material will impact tissue specific cellular responses in vivo.  

 

Figure 4.1. ECM hydrogel characterization. (A,B) Storage and loss modulus of lung (LNG) 
and skeletal muscle (SKM) ECM hydrogels. (C) Complex viscosity indicates materials are shear 
thinning. (D) Quantitative mass spectrometry of proteomic composition of ECM hydrogels by 
molar fraction and functional classification.  
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Table 4.1: Quantitative proteomics of decellularized ECM from different tissues of origin. 

Protein Abundance in Matrix (Molar Fraction) 

Protein GENE 
Functional 

Classification 
Lung 

Average 

Skeletal 
Muscle 

Average 
Collagen alpha-1(IV) 
chain(Arresten/Core Protein) COL4A1* 

Basement 
Membrane 2.41% 4.66% 

Collagen alpha-1/5(IV) 
chain(Arresten/Core Protein) COL4A1/5* 

Basement 
Membrane 10.03% 3.57% 

Collagen alpha-2(IV) 
chain(Canstatin/Core Protein) COL4A2* 

Basement 
Membrane 1.60% 1.92% 

Laminin alpha-2 LAMA2 
Basement 
Membrane 0.00% 0.01% 

Laminin alpha-4 LAMA4 
Basement 
Membrane 0.00% 0.00% 

Laminin Beta-1 LAMB1 
Basement 
Membrane 0.04% 0.00% 

Laminin Beta-2 LAMB2 
Basement 
Membrane 0.13% 0.01% 

Laminin Gamma-1 LAMC1 
Basement 
Membrane 2.88% 0.05% 

Nidogen-1 NID1 
Basement 
Membrane 0.87% 0.00% 

Agrin AGRN 
Basement 
Membrane 0.00% 0.00% 

Collagen alpha-5(IV) chain COL4A5 
Basement 
Membrane 0.37% 0.00% 

Perlecan HSPG2 
Basement 
Membrane 0.32% 0.26% 

Actin (All Isoforms) ACT Cytoskeletal 0.08% 0.07% 
Actin, cytoplasmic 1/2 ACTB Cytoskeletal 0.10% 0.01% 
Spectrin alpha chain, non-
erythrocytic 1 SPTA2 Cytoskeletal 0.00% 0.00% 
Vimentin VIM Cytoskeletal 0.00% 0.00% 
Myosin(Myosin-3,4,6,7) MYH* Cytoskeletal 0.00% 0.11% 
Tubulin beta-4B chain(4b & 5 
chain) TUBB* Cytoskeletal 0.03% 0.00% 
Lysyl oxidase-like 1 LOXL1 ECM regulator 0.09% 0.00% 
Transglutaminase 2 TGM2 ECM regulator 0.00% 0.00% 
Collagen alpha-1(XII) chain COL12A1 FACIT Collagen 0.00% 0.02% 
Collagen alpha-1(XIV) chain COL14A1 FACIT Collagen 0.01% 0.03% 
Collagen alpha-1(I) chain COL1A1 Fibrillar Collagen 43.21% 50.52% 
Collagen alpha-1(V) chain COL5A1 Fibrillar Collagen 1.73% 0.86% 
Collagen alpha-2(I) chain COL1A2 Fibrillar Collagen 23.66% 35.37% 
Collagen alpha-2(V) chain COL5A2 Fibrillar Collagen 0.52% 0.27% 
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Table 4.1 continued: Quantitative proteomics of decellularized ECM from different tissues of 
origin. 

Protein Abundance in Matrix (Molar Fraction) 

Protein GENE 
Functional 

Classification 
Lung 

Average 

Skeletal 
Muscle 

Average 
Collagen alpha-1(VI) chain COL6A1 Matricellular 2.82% 0.30% 
Collagen alpha-1(XVIII) chain COL18A1 Matricellular 0.01% 0.00% 
Collagen alpha-2(VI) chain COL6A2 Matricellular 3.00% 0.21% 
Collagen alpha-3(VI) chain COL6A3 Matricellular 2.28% 0.42% 
Dermatopontin DPT Matricellular 0.52% 0.27% 
Emilin 1 EMILIN1 Matricellular 0.11% 0.00% 
Fibronectin 1 FN1 Matricellular 0.20% 0.49% 
Fibulin 1 FBLN1 Matricellular 0.00% 0.00% 
Fibulin 3 EFEMP1 Matricellular 0.09% 0.02% 
Fibulin 5 FBLN5 Matricellular 0.08% 0.01% 
Lumican LUM Matricellular 0.09% 0.33% 
Periostin POSTN Matricellular 0.05% 0.01% 
Thrombospondin 1 THBS1 Matricellular 0.08% 0.00% 
TnxB Protein TNXB Matricellular 0.00% 0.00% 
Versican VCAN Matricellular 0.00% 0.00% 
Histone 2A(H2A-A-K) H2A* Other Cellular 0.08% 0.00% 
Histone H1(H1.1,H1.2,H1.3,H1.4) H1* Other Cellular 0.36% 0.00% 
Glyceraldehyde-3-phosphate 
dehydrogenase GAPDH Other Cellular 0.00% 0.03% 
Matrix Gla Protein MGP Other ECM 0.04% 0.00% 
Extracellular Matrix Protein 1 ECM1 Other ECM 0.00% 0.00% 
Mimecan/Osteoglycin OGN Other ECM 0.00% 0.00% 
Galectin-1 LGALS1 Other ECM 0.01% 0.00% 
Transforming growth factor-beta-
induced protein ig-h3 TGFBI Secreted 0.06% 0.02% 
Decorin DCN Structural ECM 0.00% 0.00% 
Fibrillin 1 FBN1 Structural ECM 0.48% 0.27% 
Fibrillin 2 FBN2 Structural ECM 0.06% 0.02% 
Fibromodulin FMOD Structural ECM 0.00% 0.01% 
Latent transforming growth factor 
beta binding protein 1 LTBP1 Structural ECM 0.00% 0.00% 
Matrilin 1, Cartilage Matrix Protein MATN1 Structural ECM 0.03% 0.00% 
Aggrecan ACAN Structural ECM 0.19% 0.00% 
Microfibrillar-associated protein 2 MFAP2 Structural ECM 1.95% 0.05% 
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4.3.2 Muscle-derived injectable hydrogel increases muscle repair after NTX injury 
 

To investigate the difference in regenerative capacity of the two hydrogels in vivo, one of 

two decellularized hydrogels: tissue specific skeletal muscle, non-mesoderm-derived lung, or 

saline were injected intramuscularly two days after notexin injection in male adult C57BL/6 mice 

(n=7 per time point) and muscle was harvested at days 3, 7, and 12 post-treatment for 

histological and gene expression analysis. 

At day 12, indeed skeletal muscle was observed to increase fiber cross sectional area 

(average fiber areas – saline: 564 ± 64 µm2; lung ECM: 545 ± 65 µm2; skeletal muscle ECM: 

695 ± 94 µm2) (Figure 4.2). This increase is evident through a significant decrease in fibers of 

smaller areas and a shift in distribution towards larger areas. This result suggested that skeletal 

muscle ECM hydrogels are able to improve muscle regeneration over saline and lung ECM 

hydrogels.  

 

Figure 4.2. Muscle hydrogel improves muscle fiber cross-sectional area over non-
matched tissue source. Histogram of fiber areas indicates SKM has fewer small fibers than 
saline and LNG. Right – representative image of fiber area quantified by laminin staining. 
*p<0.05 SKM versus saline, **p<0.01 SKM versus saline, #p<0.05 SKM versus LNG by two-way 
ANOVA with Fisher’s post-hoc test. Scale bar is 70 µm.  

 

To better understand what processes could drive increases in muscle regeneration, we 

histologically-analyzed muscle repair processes during the regeneration process. At day 3, the 

skeletal muscle ECM hydrogel significantly increased the density of Pax7+ satellite cells and 

differentiating myogenin+ cells in the muscle (Figure 4.3). This effect has also been previously 
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shown in response to the skeletal muscle matrix 3,22, but interestingly this effect was not seen 

with the non-matched lung ECM source. This is thus strong evidence that SKM is important for 

skeletal muscle progenitor activity in vivo.  

 

Figure 4.3. Skeletal muscle ECM hydrogel increases density of skeletal muscle 
progenitors. Quantification of quiescent (Pax7+, A) and activated (Myogenin+, C) skeletal 
muscle progenitors. Arrows indicate Pax7+ (B) or Myogenin+ (D) nuclei. *p<0.05, **p<0.01 
using one-way ANOVA with Tukey’s (Pax7) or Fisher’s (Myogenin) post-hoc test. Scale bar is 
70 µm.  
 

4.3.3 Gene expression indicates muscle hydrogel improves muscle contractility pathways 

Differences in transcriptomic regulation due to material injection were investigated using 

RNAseq. Whole muscle RNA was isolated at 3 and 7 days post-injection, sequenced, and 

normalized to saline control injection. Differentially expressed (DE) genes relative to saline were 

biologically interpreted using DAVID functional annotation clustering analysis. Differentially 

regulated genes and pathways between SKM-saline and LNG-saline were then compared to 
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assess how the different biomaterials were altering the transcriptomic response in vivo. At day 3 

post-injection, both materials clustered differently from saline using principal component 

analysis (PCA) (Figure 4.4). While there were 222 DE genes for SKM-saline and 552 DE genes 

for LNG-saline at day 3, this dropped down to 4 and 8 DE genes at day 7, respectively. Groups 

also did not cluster separately on PCA at day 7, suggesting most of the transcriptomic effects of 

ECM injection occur during the first week post-injection. It has also been shown in previous 

transcriptomic studies that major differences due to ECM injection occur at shorter time points 

post-injection 3. 

 

 

Figure 4.4. Differential expression analysis of notexin-injured and ECM-treated muscles. 
Gene expression analysis was conducted using DESeq2 negative binomial generalized linear 
models.  
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DAVID functional annotation clustering at day 3 post-injection shows that most DE 

pathways are related to metabolism, immune response, and skeletal muscle function (Table 

4.2). Closer investigation of the overlapping and distinct DE genes was performed using Venn 

diagrams (Figure 4.5). Interestingly, the skeletal muscle matrix showed, distinct from LNG, 

upregulation of genes related to skeletal muscle contraction (Tnnt3, Tcap, Jsrp1, Mylk2). This 

suggests a tissue specific effect of the muscle hydrogel on muscle contractility pathways, which 

is strong evidence that tissue specific ECM source is an important consideration in regenerative 

applications. Also interesting, LNG showed most distinct expression of genes related to 

metabolism and immune response, specifically upregulation of oxidative phosphorylation genes 

(ATP synthases Atp5f1 and Atp5j, NADH dehydrogenases, and cytochrome c oxidases) and 

downregulation of inflammatory response genes (Cd163, Adam8, S1pr3, Csf1, Il4ra) relative to 

saline. Interestingly, some of these genes are implicated in the pro-regenerative response, 

suggesting the response to LNG hydrogels may be more shifted to pro-inflammatory response 

at this time point 23–26.  Overlapping pathways between the two materials include upregulation of 

c-type lectin (Klr family) and immune response (Ccl5, Cd27). Both gene sets are suggestive of a 

natural killer cell and innate inflammatory response, which is expected at this early time point 

after injection of naturally derived biomaterials before the shift towards a pro-remodeling 

phenotype 27,28.  Interestingly, some signal/secreted transcripts were downregulated in both 

ECM groups (Mmp9, Igtb3, Cxcl10, Osm) which suggests regulation of ECM deposition and 

inflammatory response. However, as these genes are involved with many pathways, it is 

important to further validate their role in the tissue response to ECM hydrogels, especially since 

harnessing the inflammatory response is vital for successful skeletal muscle regeneration 26,29,30. 
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Table 4.2: DAVID functional annotation analysis of differentially expressed genes at day 3 post-
injection. Top six up- and down-regulated pathways were reported by enrichment score.  
 

SKM LNG 

Up-regulated vs. saline 

Annotation Cluster 
Enrichment 

Score Annotation Cluster 
Enrichment 

Score 

 C-type lectin, cell adhesion 3.76 C-type lectin, cell adhesion 5.90 

Skeletal muscle contraction 3.35 Mitochondrion 5.81 

Transmembrane 2.49 Oxidative phosphorylation 4.80 

Disulfide bond/glycoprotein 1.52 Disulfide bond/signal/secreted 3.51 

Ion channel activity 1.37 T cell receptor complex 3.00 

Glycogen/carbohydrate 
metabolism 1.20 Transmembrane 1.80 

Down-regulated vs. saline 

Disulfide bond/signal peptide 3.03 Cadherin/cell adhesion 6.85 

Cholesterol metabolic 
process 1.88 Signal/secreted/glycoprotein 3.67 

Oxidation-reduction 1.54 Lipid metabolic process 2.35 

Cytokine activity 1.35 Cytokine activity 1.68 

Transmembrane 1.28 Oxidation-reduction 1.65 

Protease binding 1.20 Cell division 1.54 
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Figure 4.5: Overlapping and distinct differentially expressed genes between LNG and 
SKM. Number of DE genes intersecting between SKM-saline and LNG-saline contrasts are 
shown as well as the top pathways. Pathways are gene ontology or Kegg pathways with the 
lowest p values as determined by DAVID at day 3 post-injection.  
 
 

Overall, RNAseq analysis suggests that both ECM hydrogels induce non-specific effects 

such as differential regulation of metabolism and inflammatory response. However, there are 

some subtle differences in inflammatory cell response (i.e., downregulation of pro-regenerative 

genes in LNG) which may indicate a tissue-specific response in not only muscle regeneration 

and contractility response but also inflammation, which is known to have a lot of cross-talk with 

muscle regeneration pathways in vivo. Future studies should focus on elucidating these 

complex responses to ECM biomaterials. However, distinct upregulation of muscle contractility 

genes, along with supporting histological evidence of skeletal muscle progenitor cell 

recruitment, activation, and shift in increased fiber area all indicate that tissue specific ECM 

hydrogels are critical for inducing tissue specific regenerative responses in vivo.  
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4.4 Discussion 

 In this study, we sought to investigate the effect of tissue-specific decellularized ECM 

hydrogels on skeletal muscle regeneration. We first characterized the ECM hydrogels derived 

from adult porcine tissue sources, either tissue-specific skeletal muscle or functionally and 

developmentally non-specific lung. Both ECM hydrogels had similar mechanical properties, but 

biochemically they had distinct proteomic compositions. We next sought to determine the 

importance of tissue-specificity of decellularized hydrogels for in vivo regeneration in an acute 

muscle injury model. Muscle fiber cross-sectional area, an important metric of functional 

regeneration, was increased in the SKM treated animals at day 12 post-treatment. We also 

quantified satellite cells and differentiating progenitors at day 3 post-injection and found that the 

SKM hydrogel increased density of both cell types in the muscle over LNG and saline injected 

muscles. Finally, whole muscle transcriptomics revealed that most differences due to ECM 

injection (normalized to saline-injected control muscles) were seen at day 3 post-injection with 

upregulation of skeletal muscle contraction genes in the SKM group and not in the LNG group.  

 The importance of tissue-specific ECM hydrogels on regenerative cell types and 

pathways has previously been rigorously studied in vitro 4,5,7, but with limited confirmatory 

evidence in vivo 3,12. This study for the first time demonstrated the importance of tissue 

specificity in vivo while rigorously controlling for decellularization species, age, method, and 

mechanical properties of the resultant material. This is an important finding, because many non-

specific materials are routinely used for regenerative medicine such as sub-intestinal 

submucosa (SIS) and urinary bladder matrix (UBM). These materials have shown efficacy in 

vivo, but our study suggests that tissue-specific materials may be more beneficial for 

regenerative medicine applications. Benefits seen with SIS and UBM in vivo could be explained 

by the non-specific pathways we consistently see being differentially regulated by ECM 

materials (i.e. inflammation and metabolism). The impact of these non-specific pathways should 
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be further elucidated with detailed mechanistic studies. Depending on the application, the 

polarization of these non-specific pathways may be sufficient alone (e.g., in wound healing 31,32).  

 In this study both ECM hydrogels had similar mechanical properties so in vivo response 

were likely due to biochemical effects induced by differences in hydrogel proteomic composition. 

ECM has been shown to be an important regulator of skeletal muscle satellite cell response in 

vivo 33. For example, collagen VI is a basement membrane protein known to be important for the 

muscle satellite cell self-renewal 21. However, this effect was also reported to be mediated by 

collagen VI-dependent changes in mechanical properties, which are not different in our ECM 

hydrogels. Thus, it is difficult to deconvolute the contributions due to mechanical versus 

biochemical differences. Glycosaminoglycan and proteoglycan composition is also known to be 

important for the satellite cell niche due to their ability to bind and sequester growth factors 34–36. 

Thus, differences in proteoglycan composition between the two materials could also have an 

effect on regeneration in vivo. Previous studies have shown that the SKM hydrogel may act 

directly on skeletal myoblasts by increasing proliferation and differentiation 3,37, so a complex 

distribution of proteins and proteoglycans may be more important than the presence or absence 

of a single component. Studies have shown that decellularized ECM hydrogels are more 

regenerative than a single ECM component such as collagen 7,22, which supports this finding in 

vivo. 

 

4.5 Conclusions 

In this study, we demonstrated that a skeletal muscle ECM hydrogel induced beneficial 

effects on muscle regeneration and hypertrophy after acute injury in vivo. This data indicates a 

potential role for muscle-specific regenerative capacity of decellularized, injectable muscle 

hydrogels. Because viscoelastic properties of the hydrogels were similar, it is likely that 

biochemical differences between the materials guide the differences in endogenous cellular 

behavior and increase muscle regeneration in vivo. Future studies should correlate differences 
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in muscle morphology with functional outcomes (e.g., muscle tetanic force generation), which 

was difficult to obtain in this study due to the gross anatomy of the TA muscle. Also, studies 

could be performed on more clinically relevant muscle regeneration models. This will lead to a 

greater understanding of the need for tissue specificity in regenerative medicine applications 

and further elucidate potential ECM-mediated tissue repair mechanisms in vivo. 

Chapter 4, in full is currently being prepared for submission for publication of the 

material. The authors are Jessica Ungerleider and Karen Christman. The dissertation author 

was the primary investigator and author of this material. 
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Chapter 5  

 

Enzyme-Targeted Nanoparticles for Delivery to Ischemic Skeletal 

Muscle  

 

5.1 Introduction 

As outlined in Chapter 1, current treatments for PAD patients involve revascularization 

such as balloon angioplasty and arterial bypass. However, both options have high morbidity 

rates and low 5 year patency rates 1,2. Thus, over 200,000 patients in the U.S. and Europe 

require lower extremity amputations annually 3. There is a strong unmet clinical need for treating 

the ischemic muscle through improving blood perfusion and reducing muscle atrophy and tissue 

necrosis. Oftentimes the location of atherosclerotic lesions can prevent access via surgical or 

vascular intervention 4,5. Moreover, treating a single atherosclerotic lesion may not desirable 

because the disease affects the entire tissue. Therefore, a desirable treatment for patients with 

PAD would involve a minimally invasive approach using angiogenic, arteriogenic, and/or 

myogenic therapies. Additionally, targeting molecular mechanisms of the disease would be 

beneficial for early stage treatment, since the patients treated with surgical interventions have 

already developed severe ischemia, atrophy and necrosis. Nanoparticle (NP) therapies would 

be desirable because they are minimally invasive, systemically deliverable, and can target to 

specific hallmarks of disease progression. One option could be to augment revascularization 

procedures through intra-arterial delivery of nanoparticles at the time of intervention (e.g., 

balloon angioplasty), or potentially intravenously (IV) via venipuncture for patients who are 

ineligible for vascular interventions.  
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NP drug delivery has recently shown promise in preclinical models of cardiovascular 

disease 6. In a hindlimb ischemia model, Mooney and coworkers demonstrated effective delivery 

of vascular endothelial growth factor (VEGF) on gold NPs to ischemic tissue through the 

enhanced permeability and retention (EPR) effect known to be characteristic of both cancerous 

and ischemic tissues 7,8. Another targeting strategy consists of ultrasound-microbubble rupturing 

to improve NP uptake into the ischemic limb 9. However, neither of these particles was targeted 

to any particular molecular hallmarks of PAD tissue beyond leaky vasculature.  

Recently, NPs comprised of peptide polymer amphiphiles (PPAs) were shown to 

aggregate in diseased tissue where matrix metalloproteinases (MMPs) are upregulated 10,11. 

Specifically, these NPs consist of copolymers with hydrophobic and hydrophilic block regions 

that assemble into micellar nanoparticles 10,12,13. The hydrophilic block contains a peptide 

sequence recognized and cleaved by MMP-2/9. Upon cleavage, the particles undergo a 

morphological switch from NPs to a micron scale aggregate-like scaffold at the tissue of interest 

because of the change in amphiphilicity of the PPA. MMP-9 is upregulated in the skeletal 

muscle of humans 14 and animals 15 with critical or hindlimb ischemia, respectively, thus 

indicating that this targeted nanoparticle system may be a clinically viable option for treatment of 

ischemic tissues in patients with PAD. We have previously shown that this system initially 

designed for cancer diagnosis and treatment can also be applied to non-invasive NP delivery to 

ischemic myocardium 11. Furthermore, the system is easily tunable and has been conjugated to 

a variety of imaging and therapeutic functionalities 16–18, providing proof of concept for minimally-

invasive drug delivery and subsequent targeted retention. Our goal was to design enzyme-

targeted PPA NPs and demonstrate their delivery and optimal biodistribution for targeting to 

ischemic muscle in a preclinical model of PAD. We synthesized near-IR labeled enzyme-

responsive micellar NPs and demonstrated their enzyme responsiveness and targeting 

capability in vivo in a rat hindlimb ischemia model.  This is the first study to show proof-of-
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concept for NP targeting and retention in ischemic muscle as a potential therapeutic vehicle for 

PAD patients.  

 

5.2 Experimental 

5.2.1 PPA synthesis and characterization 

Detailed polymer synthesis and characterization methods are included in 19. Briefly, 

PPAs were synthesized via ring opening metathesis polymerization (ROMP) using 

(IMesH2)(C5H5N)sRu=CHPh. PPAs were prepared by first polymerizing N-benzyl-cis-5-

norbornene-endo-2,3-dicarboxyimide (phenyl monomer) until complete monomer consumption, 

followed by the addition of N-(Peptide)-cis-5-norbornene-exo-dicarboximide (peptide monomer; 

peptide = GPLGLAGGFGSGERDG). First order polymerization kinetics of N-(glycine)-cis-5-

norbornene-exo-dicarboximide (glycine monomer) and peptide monomer were determined by 

monitoring polymerization by 1H NMR. For blend copolymers, N-(Glycine)-cis-5-norbornene-

exo-dicarboximide was added every 2 minutes. After complete monomer consumption, 

polymers were either quenched with ethyl vinyl ether (EVE), or labeled with a near IR cyanine 

dye monomer and quenched with EVE after complete monomer consumption.  PPAs were 

characterized using size exclusion chromatography coupled with multiangle light scattering to 

determine molecular weight and dispersity indices. 

 

5.2.2 NP synthesis and characterization 

PPAs were dissolved in dry DMF at 2 mg/mL concentration. 1x DPBS was then added to 

the solution at 1 mL/hr with rapid stirring to reach a final concentration of 1 mg/mL. NPs were 

then dialyzed into 1x DPBS to remove organic solvent. NPs were analyzed by dynamic light 

scattering (DLS) and transmission electron microscopy (TEM) to determine size and 

morphology. Enzyme cleavage was determined by incubating NPs with thermolysin and 

characterizing the morphology by TEM.   
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5.2.3 Hindlimb ischemia surgery and perfusion imaging 

All animal procedures were performed in accordance with the guidelines established by 

the Institutional Animal Care and Use Committee at the University of California, San Diego and 

the American Association for Accreditation of Laboratory Animal Care. Studies were done with 

32 female Sprague Dawley rats ranging in weights from 200-250g. For the hindlimb ischemia 

surgery, animals were anesthetized with 2.5% isoflurane gas using a Kent Scientific PhysioSuite 

ventilator. Unilateral ischemia damage was applied to the animals’ right limb by ligation and 

removal of segments from the femoral artery and vein starting proximal to the epigastric artery 

as described previously 20. First, the surgical site was shaved and cleaned with betadine and 

isopropanol along with delivery of 1% lidocaine subcutaneously along the incision site. The 

contralateral skin was also shaved for equivalent IVIS imaging since fur can interfere with IVIS. 

The targeted vessels were visualized by creating an incision overlying the proximal, medial 

portion of the right hindlimb. The femoral artery and vein were dissected away from the femoral 

nerve and ligated to target the proximal removal of a 2 cm segment. Any major branches along 

the 2 cm segment, including the epigastric artery, were cauterized or ligated prior to excision to 

minimize bleeding. The entry incision through the skin was then closed using a mattress suture 

(5-O silk). Postoperatively, all animals were regularly monitored and analgesia (Buprenorphine 

at 0.05 mg/kg) was administered immediately upon regaining consciousness.  

Immediately after surgery, perfusion measurements were made using a laser speckle 

contrast analysis system (PeriMed, Stockholm, Sweden) to ensure adequate ischemia 

compared to the healthy limb. All readings were done with the following settings: working 

distance of 20 cm. high point density, 0.42 images/s, frame rate of 25 images/s, recorded with 

averaging of 50 images, effective frame rate of 0.5 images/s, and intensity filter from 0.20-10.0. 

The animals were transferred to the PeriMed immediately after hindlimb ischemia surgery and 

were maintained at 2.5% isoflurane and on a heated insulated deck. Readings were 
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continuously taken for a minimum of 20 minutes or until the perfusion measurements reached a 

plateau. Regions of interest were utilized to target each hairless plantar sole region individually 

for assessment at the equilibrium time point. Percent perfusion was calculated as a ratio of the 

ischemic limb (right) to the healthy limb (left). Measurements were taken before and 

immediately after surgery.  

 

5.2.4 NP injection and IVIS tracking 

For all animal studies, animals were randomized after the hindlimb ischemia surgery. For 

the injection time point pilot study, animals were injected with Cy5.5-labeled NPs at 1 (n=2), 3 

(n=2), 5 (n=2), or 7 (n=2) days post-ischemia. For the block versus blend study, animals were 

injected with Cy5.5-labeled block (n=3) or blend (n=3) NPs at 4 days post-ischemia. For the 

zwitterionic long term retention study, NP5.5 (7 day retention: n=4; 28 day retention: n=4) or 

NPzw5 (7 day retention: n=4; 28 day retention: n=8) were injected 4 days post-ischemia. For all 

injections, NP concentration was 400nmol with respect to polymer in a 1mL injection volume.  

For the tail vein injections, animals were anesthetized using 2.5% isoflurane. Their tails were 

heated for 1 minute with a heating pad to induce vasodilation. Tails were sterilized by scrubbing 

with isopropanol. NPs were injected intravenously with a 27G needle through either the right or 

left tail vein after verifying the vein was accessed via flashback. Venous puncture attempts were 

not totaling more than 3 per side. Animals with failed injections were excluded from the study.  

NP targeting was monitored using an In Vivo Imaging System (IVIS) Spectrum 200 (Perkin 

Elmer). For in vivo monitoring, the transillumination mode was used to capture signal deeper in 

the tissue. Animals were anesthetized with 2.5% isoflurane and placed in the IVIS chamber in a 

supine position. Their legs were angled outward to expose the ischemic region. 

Excitation/emission and exposure was 675nm/720nm and 10 seconds for NP5.5 and 

640nm/680nm and 5 seconds for NPzw5. Each leg (ischemic and healthy) was imaged 

individually using a 3x3 pinhole square (9 images per limb). Overview images were created 
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using the Perkin Elmer Living Image software. Ischemic to healthy muscle fluorescence ratios 

were calculated by drawing circular regions of interest around the thigh (gracilis) muscle, 

measuring the total normalized transmission fluorescence (NTF) efficiency for each limb, and 

normalizing to the healthy limb internally for each animal. After the final in vivo time point, 

animals were euthanized with lethal injection of sodium pentobarbital. For ex vivo fluorescence, 

organs were harvested after euthanasia, placed on a black laminated sheet, and read for 

fluorescence on IVIS using epi-fluorescence mode with the same excitation/emission filters as 

for in vivo imaging, but with an exposure time of 0.1 sec. Radiant efficiency for each organ 

([p/s/cm2/sr]/[μW/cm2]) was internally normalized to the healthy muscle of each animal to be 

able to compare between different fluorescent dye species. 

 

5.2.5 Immunohistochemistry and confocal imaging  

After ex vivo IVIS imaging, both ischemic and healthy gracilis muscle from each animal 

was flash frozen in liquid nitrogen-chilled isopentane and blocked in OCT for cryosectioning in 

the transverse orientation. Sections of 10 μm thickness were taken at 4 locations spanning the 

majority of the muscle. For immunohistochemistry, sections were thawed, fixed with ice-cold 

acetone, blocked with 5% bovine serum albumin (Gemini Bio-Products), and permeabilized with 

0.3% Triton X-100 (Sigma) before incubation with primary antibody (rabbit polyclonal anti-

laminin 1:100, abcam), secondary antibody (AlexaFluor-488 goat anti-rabbit 1:500, Invitrogen), 

and Hoechst 33342 (ThermoFisher Scientific). Sections were mounted using FluorMount and 

were imaged on a Nikon A1R Confocal microscope using a 20x air objective. Confocal settings 

were as such: 1 frame/sec, simultaneous scan, 1.2 Airy unit pinhole, scan area of 1024x1024 

pixels, 0.34 μm Nyquist pixel size. For each laser the hv, offset, and power were respectively: 

DAPI 85, -10, 0.85; FITC 66, -10, 0.4; Cy5 97, -9, 14.44 (Cy5.5 NPs); Cy5 84, -9, 14.44 (zwCy5 

NPs).  
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5.2.6 Statistical analysis 

For the injection time point pilot, data was analyzed with a two-way ANOVA with post-

ischemia injection time point and post-injection imaging time point as factors with a post-hoc 

Tukey multiple comparisons test. Block versus blend data and zwitterionic versus charged data 

were analyzed with a Student’s T-test at each time point post-injection. Ex vivo biodistribution 

data was analyzed with a Student’s T-test for each organ. Data are means±SEM unless 

otherwise noted. Significance was accepted at p < 0.05.  

 

 

5.3 Results and discussion 

Herein, we sought to investigate the use of MMP responsive NPs for noninvasive 

targeting and retention in a preclinical model of PAD. Our group has previously developed 

MMP-targeted PPA NPs and shown these particles target effectively to damaged tissue in 

xenogeneic tumors 10,13 and myocardial infarction models 11, both of which are known to have 

upregulated MMPs. We sought to further investigate this targeting strategy in an animal model 

of PAD to determine if these particles could target ischemic skeletal muscle after intravenous 

injection. Because of the nature of the polymeric materials, we were able to tune the design of 

the NPs by optimizing enzyme cleavage efficiency, and by incorporating differentially charged 

dyes, which altered the targeting to ischemic tissue. We first demonstrated targeted assembly of 

our original PPA NP design in a rat hindlimb ischemia model. We then undertook the synthesis 

and conjugation of a zwitterionic Cy5 to investigate whether a zwitterionic charge on the 

particles could improve targeting to ischemic muscle.  

 

5.3.1 Synthesis of PPA NPs 

PPAs were synthesized via ROMP using a ruthenium based initiator ((H2IMES)-

(pyr)2(Cl)2Ru=CHPh, I, Scheme 5.1). Similar to previous MMP responsive PPAs, we used a N-
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benzyl-cis-5-norbornene-endo-2,3-dicarboxyimide (phenyl monomer) for the hydrophobic block. 

However, we chose to investigate the composition of the hydrophilic block. Previous MMP 

responsive nanoparticles were prepared from block copolymers where the hydrophilic block 

contained only the N-(Peptide)-cis-5-norbornene-exo-dicarboximide (peptide monomer; peptide 

= GPLGLAGGFGSGERDG). Recently, it was shown that homopolymers of peptides prepared 

via ROMP were resistant to proteolysis due to the dense packing of the peptide brush 21. 

Proteolysis could be enhanced by preparing a copolymer of a peptide with a small “spacer”. 

Inspired by these results, we were interested in comparing the original design (block 

copolymers) to a new design where the hydrophilic peptide monomer was co-polymerized with a 

small “spacer” monomer, N-(Glycine)-cis-5-norbornene-exo-dicarboximide (Scheme 5.1).    

 

 

Scheme 5.1: Synthesis of blend PPAs. PPAs labelled either with the negatively charged Cy 
5.5 or zwitterionic Cy5 using ROMP with the initiator I.  
 

Block PPA (where the hydrophilic portion contains only the peptide monomer) and blend 

PPA (where the hydrophilic portion contains a random copolymer of peptide monomer and 

glycine spacer monomer) were prepared by ROMP (Figure 5.1A). To prepare blend PPAs, the 

first order polymerization kinetics of each monomer were determined by 1H NMR. Initial rate of 

glycine spacer monomer was determined to be 17.4 hr-1 or 1 monomer every 0.20 minutes 

(Figure 5.1B). Initial rate of peptide monomer was determined to be 3.7 hr-1 or 1 monomer every 

Scheme 1. 
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2.01 minutes (Figure 5.1C). Block and blend PPAs were analyzed by size exclusion 

chromatography coupled with a multi angle light scattering detector (SEC-MALS) to determine 

molecular weight (Mn) and dispersity index (Mw/Mn) (Figure 5.1D-E). The resulting PPAs 

assembled into micellar nanoparticles (NPs) through the slow addition of DPBS buffer to a 

polymer solution in DMF, followed by dialysis into DPBS buffer, and resulting NPs were 

characterized by dynamic light scattering (DLS) and TEM.  Indeed, when incubated with 

thermolysin, a model protease, the blend PPAs reached ~35 percent cleavage over 14 hours 

whereas the block copolymer reached ~25 percent, which supports previous studies showing 

increased sensitivity to protease cleavage when the peptide block is less dense (Figure 5.2A) 21. 

For our in vitro enzyme assays, we chose thermolysin as a proxy for MMP because it is more 

reliable that commercially available MMPs and we have shown that it can cleave the same 

recognition sequence as MMP2/9 22. Moreover, similar particle systems with the same 

enzymatic recognition sequences proved to be MMP responsive 10,11,13.  
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Figure 5.1: Preparation of polymer peptide amphiphiles (PPAs) for in vivo studies. (A) 
Chemical structure of block and blend PPAs. (B-C) First order polymerization kinetics for 
norbornene glycine monomer (B) and norbornene peptide monomer (C). (D-E) SEC-MALS trace 
for the block (D) and blend (E) polymers. Data acquired by Jacquelin Kammeyer.  
 

For in vivo tracking of NPs, PPAs needed fluorescent labeling. We chose to utilize NIR 

fluorescent, polymethine cyanine fluorophores (Cy) as NIR fluorophores allow for deeper tissue 

imaging with minimal tissue autofluorescence. We synthesized a negatively charged Cy5.5 

analog bearing a norbornene moiety (Nor-Cy5.5) to incorporate the fluorophore into ROMP 

polymers (for synthesis, see 19).   Cy fluorophores can self-quench if positioned in close 

proximity 23–25, such as when fluorophore-labeled polymers assemble into micellar 

nanoparticles. Labeling each polymer in the particle could potentially lead to self-quenching and 

a reduced fluorescence signal. To prepare Cy-labeled PPAs, polymers were prepared as stated 

previously, then after complete monomer consumption of the hydrophilic block, Nor-Cy5.5 
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monomer was added to the polymerization. To prepare NPs, labeled and unlabeled PPAs 

assembled at various ratios to determine the proper ratio to minimize self-quenching. 

Quenching was high with 1:0 ratio of labeled to unlabeled polymer, as seen with minimal 

fluorescent intensity (Figure 5.2B). Optimal fluorescence intensity was observed at a 1:1 ratio of 

labeled to unlabeled polymer, indicating this ratio exhibited the least amount of self-quenching 

while maintaining a high intensity fluorescent signal.  

 

Figure 5.2: Preparation of near-IR labeled NPs. (A) Block vs. blend cleavage kinetics when 
incubated with thermolysin, a model protease, as determined by HPLC. (B) Fluorescence 
intensity of NPs with a ratio of labeled-to-nonlabeled PPAs of 1:1 or 1:0. PPAs were labeled with 
the negatively charged Nor-Cy5.5, and fluorescence intensity was found to be the greatest when 
a 1:1 ratio of labeled-to-unlabeled NPs was prepared.  (C-D) CryoEM of particles labeled with 
negatively charged Cy 5.5 (C) and particles labeled with zwitterionic Cy 5 (D). Scale bar is 50 
nm. Data acquired by Jacquelin Kammeyer.  

 

An additional zwitterionic near-IR Cy fluorophore (Nor-Cyzw5) was also synthesized. It 

has been shown that zwitterionic materials can be “stealthy” in vivo due to less uptake in the 

monocyte phagocytic system (MPS) and overall better circulation half-life 26–29. The current 
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polymer system contained an overall negative charge at neutral pH, therefore we were 

interested in creating a more zwitterionic polymer for NP preparation. For assembled materials, 

a completely zwitterionic polymer may not be desirable because of difficulty obtaining a stable 

morphology due to lack of charge repulsion 30. Therefore, we envisioned labeling the polymer 

with a zwitterionic Cy5 monomer to improve the neutral charge character of the PPA and 

resulting surface of the assembled NPs. Full polymerization of either dye species into the PPAs 

was verified with 1H NMR 19, and successful assembly of PPAs into NPs (NP5.5 and NPzw5) was 

characterized by TEM (Figure 5.2C-D). Note that due to the laser wavelength of the light 

scattering instrumentation, no DLS data could be obtained of dye-labeled particles. NPs were 

confirmed to be responsive to thermolysin enzyme cleavage by TEM (Figure 5.3). NPs 

underwent a morphological switch only in the presence of active enzyme but not denatured 

enzyme, indicating they could form micron-scale aggregates after cleavage of the enzyme-labile 

peptide substrate. The addition of near-IR dyes and optimization of fluorescence quenching in 

this enzyme-targeted NP system allowed for non-invasive monitoring of the particle aggregation 

in vivo. 
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Figure 5.3: Characterization of morphology of NPs after treatment with thermolysin, a 

model protease. TEM images show monodispersed NPs after denatured enzyme treatment, 
but with active enzyme treatment NPs appear to be large micronscale aggregates. Scale bar is 
100 nm. Data acquired by Jacquelin Kammeyer.  
 

5.3.2 In vivo targeting  

NPs were first tested in a hindlimb ischemia model pilot study to optimize the injection 

timepoint for optimal MMP activity and thus targeting. Ryu et. al. demonstrated that the highest 

MMP activity in the tissue would be around 5 days post-ischemia induction using an albumin 

based probe 31. However, there is variation inherent to the hindlimb ischemia model originating 

with different surgical technique, species used, and even between animal strains of the same 

species 32,33. We validated optimal targeting in a pilot study by delivering NP5.5 at 1, 3, 5, or 7 

days after the induction of hindlimb ischemia. Targeting to the ischemic limb was monitored 

through an In Vivo Imaging System (IVIS) by measuring fluorescence of the near-IR dye over 9 

days post-injection. Targeting was determined by comparing the ratio of fluorescence of the 
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ischemic limb compared to healthy limb. It was found that particles delivered at 3 and 5 days 

post-ischemia had the highest NP targeting (Figure 5.4). Thus, we chose to inject our particles 

at 4 days post-ischemia for the remaining studies to ensure we were following the timecourse of 

maximum MMP activity and thus particle efficacy. 

 

 

Figure 5.4: Delivery of PPA NPs after hindlimb ischemia. Cy5.5-labeled PPA NPs were 
injected at multiple time points (n=2 per group) after hindlimb ischemia and were monitored for 9 
days post-injection to determine optimal delivery time point. Data is presented as mean±SEM. 
Analyzed with two-way ANOVA and post-hoc Tukey’s multiple comparisons test. *p<0.05, 
**p<0.01.  
 

We next sought to examine if improved enzyme cleavage in vitro would correlate with 

increased NP targeting in vivo. Cy-5.5-labeled block or blend NPs (same as those characterized 

in Figure 5.1 and Figure 5.2A) were injected IV 4 days post-ischemia and NPs were monitored 

for 7 days post-injection using IVIS. Blend particles showed a trend of better targeting than 

block particles to the ischemic muscle (Figure 5.5). Thus, this suggests that less dense peptide 

packing can cause increased enzyme cleavage in vitro and improved targeting in vivo.  
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Figure 5.5: Targeting of block versus blend NPs after hindlimb ischemia. Cy5.5-labeled 
PPA NPs with the hydrophilic block consisting of just peptide (“block”) or peptide mixed with 
spacer (“blend”) were injected 4 days post-hindlimb ischemia (n=3). Animals were monitored for 
7 days post-injection. Blend NPs targeted better than block NPs as indicated by a higher 
ischemic-to-healthy fluorescence ratio. Data is presented as mean±SEM. Data was analyzed 
with Student’s T-test at each time point. 
 

To examine the effect of NP surface charge on targeting and long term retention to the 

ischemic limb, NP5.5 and NPzw5 were administered IV four days after hindlimb ischemia injury 

and monitored by IVIS to either 7 or 28 days post-injection. PeriMed laser speckle contrast 

imaging confirmed that the degree of ischemia was similar in both experimental groups (Figure 

5.6). Through IVIS monitoring at regular intervals post-injection, we showed both NPs target to 

the ischemic limb as shown by an ischemic/healthy ratio above 1 (Figure 5.7A, Figure 5.8). The 

zwitterionic NPs targeted better to the ischemic limb at each time point, although this trend was 

not significant. This is the first study to show long term NP retention in ischemic skeletal muscle 

over at least 28 days, which will be significant for delivering therapeutics for prolonged release. 

This is consistent with previous studies showing enzyme responsive NP retention in infarcted 

myocardium for at least 28 days post-injection 11.  
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Figure 5.6: Blood perfusion pre- and post- hindlimb ischemia surgery as determined by 

laser speckle contrast analysis. Perfusion to the hindlimb was measured using laser speckle 
contrast analysis immediately before (pre-ischemia) and after (post-ischemia) the hindlimb 
ischemia surgery in order to ensure an adequate and similar degree of ischemia between 
experimental groups. N=8 for NP5.5, n=12 for NPzw5. 
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Figure 5.7: Targeting of near-IR NPs over 28 days. (A) PPA NPs were injected 4 days after 
hindlimb ischemia and monitored in vivo at 0, 1, 3, 7, 14, 21, and 28 days post-injection using 
IVIS. Half of the animals (n=4 for each group) were harvested at day 7; n=4 (NP5.5) and n=8 
(NPzw5) animals were followed for the full 28 day study. Data is reported as the ratio of ischemic 
to healthy muscle fluorescence as measured through the IVIS transillumination setting. (B) Ex 
vivo organs were analyzed using IVIS epifluorescence to determine biodistribution. Average 
radiant efficiency [(P/sec/cm2/sr)/(μW/cm2)] was measured for each organ and internally 
normalized to the healthy muscle to account for differences in fluorescent intensity between 
cyanine dyes. NP5.5 and NPzw5 were compared using Students t-test at each time point or for 
each organ. *p<0.05. 

 

After 7 or 28 days, organs were analyzed ex vivo using IVIS and normalized to healthy 

muscle fluorescence to make comparisons between dyes (Figure 5.7B, Figure 5.8). As 

expected with any NP therapy, the PPA NPs have significant accumulation in the liver and 

spleen. In agreement with in vivo IVIS data, we observed significantly higher fluorescence in the 
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ischemic gracilis muscle of animals treated with NPzw5 compared to NP5.5 at 7 days post-

injection, but this only trended higher at 28 days. This could be because zwitterionic NPs have a 

longer half-life, thus allowing for more efficient targeting to the ischemic limb through longer 

circulation time. Furthermore, there were no differences in fluorescent signal in any of the 

satellite organs between dye species, although we expected to see less NPzw5 trafficking to the 

liver and spleen. However, similar PPA NPs were shown not to cause any inflammatory reaction 

in off target organs through histopathological analysis 11, suggesting there are no significant 

toxicity concerns, although more through safety evaluation will be needed. 
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Figure 5.8: Representative IVIS images. Top: representative IVIS timecourse images for NP5.5 

(left) and NPzw5 (right) groups. Bottom: representative IVIS ex vivo images at day 7 (left) and 
day 28 (right) post-injection. Each image represents a single animal throughout the time course. 
Cy5.5 and Cy5 are shown on different intensity scales to account for the differences in 
fluorescent intensity between the different dyes at their unique excitation/emission filters.  
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Immunohistochemistry of cross sections from ischemic and healthy muscle confirmed 

the presence of NPs in the ischemic muscle at a greater frequency than their presence in 

healthy contralateral muscle (Figure 5.9, Figure 5.10). Fluorescence from NP aggregates was 

apparent in the extracellular space of the endomysium and perimysium, which was visible 

through co-staining with laminin, a basement membrane protein ubiquitously expressed in 

skeletal muscle. This spatial localization is expected due to NP aggregation in the presence of 

extracellular MMP activity. NP fluorescence was present in the ischemic muscle at both 7 

(Figure 5.9) and 28 days (Figure 5.10) post-injection for both NP5.5 and NPzw5. Aggregates 

colocalized with extracellular laminin seen out to 28 days post-injection shows proof of concept 

of scaffold formation for possible prolonged, slow release of therapeutics. 
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Figure 5.9: Ex vivo histology of ischemic and healthy muscle at 7 days post-injection. 

Immunohistochemistry of fresh frozen muscle cross sections stained for laminin (green) and 
nuclei (blue) shows NPs (white) dispersed primarily through ischemic, and not healthy, muscle 
in both NP5.5 (A-H) and NPzw5 (I-P) treated groups. Images on the left (A, B, E, F, I, J, M, N) 
show 20x views and images on the right (C, D, G, H, K, L, O, P) are zoomed in from the 
corresponding boxes on the left. (A, C, E, G, I, K, M, O) Three channel images. (B, D, F, H, J, L, 
N, P) Near-IR channel only. Thin arrows indicate perimysial localization while thick arrowheads 
indicate endomysial localization. Scale bars are 100 μm. 
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Figure 5.10: Ex vivo histology of ischemic and healthy muscle at 28 days post-injection. 
Immunohistochemistry of fresh frozen muscle cross sections stained for laminin (green) and 
nuclei (blue) shows nanoparticles (white) dispersed primarily through ischemic, and not healthy, 
muscle in both NP5.5 (A-H) and NPzw5 (I-P) treated groups. Images on the left (A, B, E, F, I, J, M, 
N) show 20x views and images on the right (C, D, G, H, K, L, O, P) are zoomed in from the 
corresponding boxes on the left. (A, C, E, G, I, K, M, O) Three channel images. (B, D, F, H, J, L, 
N, P) Near-IR channel only. Thin arrows indicate perimysial localization while thick arrowheads 
indicate endomysial localization. Scale bars are 100 μm. 
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5.3.3 Limitations 

Although this study is a promising advance in the field of targeted NP delivery, there are 

several limitations. First, the NP system in its current form shows off target accumulation in the 

liver and the spleen. Although this is a common hallmark of NP therapeutics, safety studies with 

therapeutic conjugated NPs will need to be evaluated in these organs to confirm no off target 

side effects. Second, the enzyme responsive NPs used for this study are not degradable; future 

studies will need to evaluate degradable systems. This study only examined a single delivery 

time point, but multiple injections over the course of months or years could be desirable for 

certain therapeutic regimens or for patients with chronic lesions. However, the long-term 

retention of our NP system could reduce the need for multiple injections due to the potential for 

long term, sustained release from NP aggregates. Lastly, although we did not explore 

therapeutic molecule delivery here, it is important to note that the PPA system is amenable to 

the incorporation of a variety of therapeutics. In our hands, similar types of PPA particles have 

been prepared that contain small molecule drugs in the core 16, or other peptides or nucleic 

acids in the shell 18. Thus, this system can be easily modified for future therapeutic delivery.  

 

5.4 Conclusions 

MMPs are upregulated in animal models of hindlimb ischemia as well as ischemic 

skeletal muscle of human patients with PAD 14,15. This study demonstrated that these enzymatic 

biomarkers of damaged ischemic muscle can be harnessed for systemic delivery, intramuscular 

targeting, and long term retention of an enzyme responsive NP. In this study, we synthesized 

MMP-responsive, PPA NPs with varied surface charge. We demonstrated that surface charge 

of the NPs had a significant effect on targeting to ischemic tissues. This study demonstrates 

proof of concept for the utility of enzyme-targeted vehicles for noninvasive delivery to ischemic 

skeletal muscle.   
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Chapter 5, in part, is a reprint of the material as it appears in Polymer Chemistry, 2017, 

8(34): 5212-5219. The authors are Jessica Ungerleider, Jacquelin Kammeyer, Rebecca Braden, 

Karen Christman, and Nathan Gianneschi. The dissertation author was the primary investigator 

and co-first author of this paper.  
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Chapter 6 

Conclusions 

 

6.1 Summary and Significance  

The works presented in this thesis highlight the development and translational potential 

of two injectable biomaterial therapies for skeletal muscle regeneration. Skeletal muscle 

regeneration, whether ischemic peripheral artery disease or acute injury represents a leading 

cause of disability and pain in adults. Pharmacologic and surgical interventions are largely 

ineffective, and the field of regenerative medicine is developing approaches to ameliorate 

muscle regeneration strategies. Specifically, injectable hydrogels or nanoparticles can deliver a 

therapeutic payload or be used as a material alone approach as a supportive, bioactive scaffold 

to initiate endogenous repair mechanisms. Taken together, these studies demonstrate the 

efficacy and promising future translational outlook of these materials for improving clinically 

meaningful skeletal muscle regeneration.  

The first chapter, “Injectable biomaterials for the treatment of peripheral artery disease: 

translational challenges and progress,” outlines the approaches the biomaterials field has taken 

for therapeutic delivery strategies of growth factors, cells, or material-alone systems for 

peripheral artery disease. Moreover, this work highlights the specific translational concerns that 

need to be considered when developing injectable biomaterials for the clinic – namely, 

regulatory challenges, delivery challenges, and manufacturing challenges. Consideration of 

these factors early on in the development of injectable biomaterials will help facilitate their rapid 

clinical translation.  

The second chapter, “Fabrication and Characterization of Injectable Hydrogels Derived 

from Decellularized Skeletal and Cardiac Muscle,” demonstrates common methods for 

fabricating decellularized hydrogels in an attempt to present a standardized set of methods for 
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the field. Especially given the translational nature of these materials, it is important to consider 

all of the factors that must be evaluated to ensure consistency of decellularized materials 

including decellularization verification, biochemical characterization, and mechanical 

characterization.  

The third chapter, “Extracellular Matrix Hydrogel Promotes Tissue Remodeling, 

Arteriogenesis, and Perfusion in a Rat Hindlimb Ischemia Model,” is the first study to 

demonstrate efficacy of a skeletal muscle matrix hydrogel in a preclinical peripheral artery 

disease model. The study also examines possible mechanisms of action behind functional 

improvements using novel transcriptomic analysis and confirmatory histological analysis. 

Evidence suggests that the skeletal muscle matrix hydrogel promotes cell survival, 

arteriogenesis, and skeletal muscle progenitor cell recruitment. This is a significant study for the 

field to demonstrate how acellular hydrogels can act as bioactive scaffolds with beneficial 

effects on vasculogenesis and myogenesis in vivo, which is translationally much more cost-

effective, easy to manufacture, and easy to deliver than alternative regenerative medicine 

approaches (i.e., growth factors, cells).  

The fourth chapter, “Tissue specific muscle extracellular matrix hydrogel improves 

skeletal muscle regeneration in vivo over non-matched tissue sources,” is the first study to 

rigorously examine the effects of tissue source of decellularized hydrogels in vivo. Specifically, 

mechanistic studies demonstrate that the skeletal muscle ECM hydrogel increases muscle 

hypertrophy and growth and skeletal muscle progenitor recruitment. This study demonstrates 

that the tissue source of decellularized ECM hydrogels is an important consideration for 

regenerative medicine applications in vivo. Although many groups have investigated the 

importance of tissue specificity of decellularized ECM materials in vitro on tissue specific 

progenitor and primary cells, their tissue specific qualities have not been rigorously validated in 

vivo, which presents a much more complex milieu of cells and synergistic microenvironmental 
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cues. It is hoped that the field will take this important finding about tissue specific ECM hydrogel 

cues to design more optimal injectable therapeutic scaffolds.  

The fifth chapter, “Enzyme-Targeted Nanoparticles for Delivery to Ischemic Skeletal 

Muscle,” is the first study to demonstrate minimally invasive nanoparticle targeting in a 

preclinical peripheral artery disease model by harnessing the upregulation of matrix 

metalloproteinase enzyme activity in ischemic skeletal muscle. Targeting was achieved and 

modulated by altering the design of the nanoparticles. This study provides proof-of-concept for a 

targeted system for minimally invasive delivery of therapeutic payload. Although groups have 

aimed to passively target cardiovascular tissues with various options (enhanced permeability 

and retention effect, ultrasound-enabled delivery), no groups have targeted molecular hallmarks 

of ischemic skeletal muscle until this work.  

Taken together these chapters demonstrate proof-of-concept of efficacy and mechanism 

of action of injectable hydrogel and nanoparticle therapies for skeletal muscle regeneration. 

Naturally derived and synthetic scaffolds provide flexible platforms for injectable delivery of 

therapeutic payloads or bioactive material-alone approaches. These novel treatment modalities 

will enable future translational development of minimally invasive approaches for today’s unmet 

clinical needs. 

 

6.2 Future Outlook 

 In order to continue developing injectable hydrogel and nanoparticle approaches for 

clinical translation for treating peripheral artery disease and skeletal muscle regeneration, there 

is much work still to be done.  

 Although investigated in depth here, the mechanism of action of decellularized ECM 

hydrogels has just begun to be studied in the past ~5 years. Many seminal works have been 

recently published which detail the complex endogenous biological response to decellularized 

materials 1–4. These studies, along with the work presented in this thesis, demonstrate that the 
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endogenous response is comprised of many cell types including inflammatory populations, 

tissue specific progenitors, vascular cell types, and stromal cells. However, conclusions have 

been mainly discerned through whole tissue gene expression, which lacks the resolution of 

behavior on a single cell or cell-type level, or through investigations of the phenotypes of single 

cells or maybe interactions between 1-2 cell types, interactions which while thoroughly 

characterized are overly simplistic. Thus, future work should focus on the systems-level 

interaction of multiple cell types and extracellular cues in the tissue- and organism-level 

coordination of regenerative responses in vivo. By better understanding the complex biological 

response, perhaps a future decellularized material can be envisioned that can specifically 

modulate pathways and interactions known to be important for successful tissue regeneration. 

Furthermore, most mechanistic studies have been completed in young, healthy animal models. 

Future studies should focus on regenerative medicine in the context of aging, fibrosis, and 

chronic inflammation. Unique microenvironmental obstacles to regeneration exist in these 

states, and understanding the systems-level response to decellularized ECM in these more 

clinically relevant microenvironments will help ensure these injectable materials are successful 

upon clinical translation. Still, the promising preclinical data and translation to clinical trials of 

certain injectable decellularized ECM hydrogels (NCT02305602) indicates that the clinical 

translation of these materials is imminent. 

 On the other hand, the enzyme-targeted nanoparticles studied in this thesis have many 

hurdles to overcome before clinical translation is possible. The data presented here focus on 

proof-of-concept of MMP-targeted NPs to ischemic muscle. However, these NPs are solely 

targeting systems; they had no therapeutic payload for delivery to the tissue once targeted. 

Current work is focusing on evaluating a variety of compounds for conjugation to and delivery 

from the targeted NPs, including small molecules and therapeutic peptides. In the case of 

peripheral artery disease, most therapeutics are focused on ameliorating the ischemia and 

restoring functional blood flow to the muscle. The benefit of the polymer peptide amphiphilic 
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system is that a variety of therapeutics can be theoretically conjugated to the polynorbornene 

backbone due to the ease of the ring opening metathesis polymerization strategy. Once 

therapeutic candidates are selected and validated in vitro, preclinical studies will need to be 

conducted to ensure targeting, efficacy, and safety in vivo. Another limitation of the nanoparticle 

system is that it is not degradable and was thus seen in studies from this thesis and 

unpublished data to reside in the target tissue for up to 40 days post-injection. This property 

may not be desirable for therapeutic delivery or long term biological responses to the NPs. 

Thus, degradable systems are now being investigated to improve the therapeutic delivery 

window and prevent long term side effects of the aggregated NPs. Aggregation/degradation 

dynamics will need to be optimized, and the parameters may be different depending on which 

therapeutic is being delivered or between preclinical animal models and human patients. 

Another limitation of enzyme-targeted NPs is the specificity of the enzyme-cleavable substrate 

to the diseased target tissue of interest. For example, MMP-2/9 are upregulated in 

cardiovascular disease, but also may be implicated in other tissues (e.g., cartilage in the joints). 

Thus, a more specific targeted system could avoid aggregation in tissues that are not intending 

to be targeted or in patients with multiple comorbidities where elevated MMP activity may be 

present (e.g., arthritis). Other groups have used different targeting modalities than enzyme 

specificity such as ROS activity or pH. Incorporating a dual targeting component into the 

nanoparticles, or making them more specific to enzymes active in ischemic muscle, could 

improve targeting and limit off-target accumulation. In conclusion, if these limitations are 

addressed, enzyme-targeted NPs would be a desirable therapeutic delivery strategy for PAD 

patients due to their minimally invasive nature and ability to target to molecular hallmarks of the 

disease without off target effects.  

 In summary, injectable biomaterials represent a promising new treatment modality in 

PAD to mitigate the unmet clinical need. Naturally derived hydrogels act as self-assembling 

viscoelastic scaffolds that have pro-survival, pro-regenerative effects in vivo to restore perfusion 
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and improve muscle regeneration. Targeted nanoparticles can be a more minimally invasive 

approach that aggregate and are retained for drug delivery approaches.  
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