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ABSTRACT OF THE DISSERTATION 

 

Translation of an Injectable Decellularized Extracellular Matrix Hydrogel for Promoting Skeletal 

Muscle Regeneration 

by 

Melissa J. Hernandez 

Doctor of Philosophy in Bioengineering 

University of California San Diego, 2019 

Professor Karen L. Christman, Chair 

 

Unlike many organs, skeletal muscle possesses the ability to naturally regenerate. 

However, chronic muscle injuries, including ischemia and chronic unloading, interrupt this 

regenerative process. We sought to investigate the therapeutic potential of a decellularized 

skeletal muscle extracellular matrix (ECM) hydrogel in ischemia and chronic unloading muscle 

injury models with a main focus on translating this material into the clinic. A rat hindlimb 

ischemia model was utilized for a dose optimization study in which three concentrations (4 

mg/mL, 6 mg/mL, and 8 mg/mL) were compared to a saline control and non-tissue specific 

myocardial ECM hydrogel. The 6 mg/mL concentration produced the largest increase in blood 

perfusion, and efficacy of the 6 mg/mL skeletal muscle ECM hydrogel was then further 

confirmed in an aged mouse hindlimb ischemia model to more accurately depict patient 

pathophysiology. Similar to the dose optimization study, significant increases in blood perfusion 
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were observed after 4 weeks. Since the hindlimb ischemia model is an acute model, the skeletal 

muscle ECM hydrogel was also probed in a more chronic model, specifically a rabbit model of 

chronic rotator cuff tears. The timing for the ECM hydrogel injection was investigated, and a 

delayed injection encouraged more muscle regeneration, as demonstrated by upregulation of 

key muscle transcription factors and the presence of larger diameter arterioles. Although ECM 

hydrogels possess regenerative capabilities, efficacy may be limited, and, therefore, the 

material was also evaluated as a delivery vehicle for microRNAs and exosomes. Incorporation 

of these therapeutics into the hydrogels yielded prolonged release profiles, and the released 

molecules remained bioactive in vitro. Lastly, several manufacturing considerations were 

investigated to ensure efficacy of the final product would be maintained during scale-up. Animal-

to-animal variability and a bioburden reducing step did not present issues for manufacturing, but 

the various harvesting conditions yielded differences with the protein content of the final ECM 

product. All in all, the skeletal muscle ECM hydrogels demonstrated efficacy in multiple skeletal 

muscle injury models and as a delivery platform for small therapeutics. In addition, the 

manufacturing of these materials for clinical translation remains feasible amidst additional 

processing steps. 
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Chapter 1. Skeletal Muscle Injuries and Associated Repair 

Mechanisms 

 

Categories of Skeletal Muscle Injury 

 Skeletal muscle constitutes approximately 30-38% of body mass and can be affected by 

a wide range of injuries.1 Due to the superficial location of many muscles, this tissue is prone to 

acute injuries, which include contusions, lacerations, burns, and exposure to toxins. Conversely, 

skeletal muscle can also be subjected to chronic injuries, such as cachexia, neuromuscular 

disease, ischemia, and unloading. 

 Cachexia, also known as wasting syndrome, is a condition that arises due to the 

presence of chronic, systemic inflammation and is associated with high mortality rates.2-4 This is 

commonly associated with cancer, chronic renal failure, congestive heart failure, HIV, and 

chronic obstructive pulmonary disease and is estimated to affect more than 5 million 

Americans.5 Patients with cachexia experience extreme and involuntary muscle mass loss, 

which may or may not be accompanied by fat loss. More specifically, cachexia leads to 

increased protein degradation in skeletal muscle, alterations in fat metabolism, and a persistent 

acute inflammatory response. 

 Neuromuscular disorders encompass diseases such as muscular dystrophy, 

amyotrophic lateral sclerosis, and multiple sclerosis. These diseases can be hereditary or 

sporadic, and the morbidity and mortality rates vary between conditions. For instance, 

Duchenne muscular dystrophy, caused by an inherited mutation in the dystrophin gene, induces 

wide-scale muscle degeneration and necrosis, and individuals, most commonly men, do not 

typically survive past 30.6 Amyotrophic lateral sclerosis, on the other hand, occurs sporadically 

with patients only surviving between 3 to 5 years due to degeneration of the motor neurons and 

accompanying muscle atrophy, weakness, and fasciculation.7  



	

 2 

 Ischemia is the inadequate supply of oxygen-rich blood to skeletal muscle, which is 

secondary to compression injuries, including compartment syndrome or crush syndrome, or 

caused by atherosclerosis. Focusing on the latter, this describes a condition known as 

peripheral artery disease (PAD) in which narrowed or occluded arteries fail to deliver sufficient 

blood flow to the skeletal muscle. Approximately 8.5 million Americans suffer from PAD, and the 

chronic ischemia can lead to muscle weakness, muscle atrophy, varying degrees of tissue loss, 

and in severe cases may require amputation.8  

 Chronic muscle unloading can result from prolonged disuse or occurs following a tendon 

tear or rupture. In the United States, approximately 10% of the population over 60 years old 

experiences a torn rotator cuff, and these tears necessitate an estimated 75,000 surgical repair 

procedures each year.9,10 For chronic rotator cuff tears, the chronic muscle unloading leads to 

muscle atrophy, fatty infiltration, and muscle degeneration. Although the patients often undergo 

surgeries to reattach the torn tendons, thereby allowing the muscle to reload, tendon retear 

rates may approach 94%.11 

 Although the mechanisms for these various muscle injuries contrast significantly and 

produce different symptoms, skeletal muscle relies on similar repair mechanisms. Acutely 

injured muscle typically resolves via these normal repair and regeneration processes, but 

chronic injuries often fail to completely restore healthy skeletal muscle tissue. Therefore, 

therapeutic strategies are needed to restore or replace the regenerative capacity of skeletal 

muscle. 

 

Skeletal Muscle Repair Mechanism 

 Acute and chronic skeletal muscle injuries damage the skeletal muscle to varying 

extents, but repair and regeneration mechanisms exist to circumvent the damage.12,13 When 

skeletal muscle is injured, an acute inflammatory cascade is initiated, and resident populations 
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of quiescent muscle progenitor cells (Pax7+), known as satellite cells, are activated. Meanwhile, 

macrophages infiltrate the injured region and remove debris from the damaged muscle fibers. 

Once the cytoplasmic components of the damaged fibers have been removed, the original basil 

lamina remains, and the process of regeneration can begin. Activated satellite cells 

(Pax7+/MyoD+/Myf5+) will divide asymmetrically in which some cells will return to a quiescent 

state and the remaining will undergo further expansion into myoblasts. These myoblasts will 

proliferate (MyoD+/Myf5+) and once committed will differentiate into myocytes 

(MyoD+/myogenin+), which then fuse together into myotubes (eMHC+). Ultimately, further fusion 

of the myotubes yields healthy, functioning myofibers.  

 

Resolution for Skeletal Muscle Injuries 

 In the event of injury to the skeletal muscle, normal repair and regeneration mechanisms 

are utilized, but healthy muscle is not always restored, particularly with chronic muscle injuries, 

as shown in Figure 1.1.14 While myoblasts typically differentiate into myotubes, some of those 

myoblasts differentiate into myofibroblasts due to the activation of fibroblasts and persistent 

inflammatory cell infiltration. The accumulation of myofibroblasts then leads to the buildup of 

fibrotic tissue in the muscle, which can eventually impact overall muscle function. Similarly, a 

persistent inflammatory response can also induce fatty accumulation. Although the mechanisms 

leading to fatty infiltration and fibrosis are mostly unknown, it is hypothesized that the 

regenerative capacity of satellite cells may dwindle, or populations of satellite cells may be 

depleted in certain disease pathologies or with aging. Moreover, aging, which is a risk factor for 

many of the previously described muscle injuries, causes sarcopenia, or age-related muscle 

loss, and ECM remodeling processes can also be altered. All in all, the presence of muscle 

atrophy, fatty accumulation, fibrosis, and/or muscle degeneration creates heterogeneity in the 

muscle tissue, which can be detrimental to overall muscle function. Interventions to remove 
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damaged muscle and induce muscle regeneration are paramount for the abundance of muscle 

injuries that are associated with significant morbidity and mortality rates. This dissertation will 

focus on a therapeutic for addressing the skeletal muscle repair in models of peripheral artery 

disease (PAD) and chronic rotator cuff tears (RCT). 
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Chapter 2. Designing Acellular Injectable Biomaterial Therapeutics for 

Peripheral Artery Disease 

	

Introduction 

Cardiovascular disease (CVD) has long been the leading cause of death worldwide. In 

2013, CVD accounted for 31% of all deaths,1 representing a 41.7% increase since 1990.2 Of the 

conditions classified as CVD, peripheral artery disease (PAD) is associated with significant 

morbidity and mortality. In the United States alone, approximately 8.5 million individuals are 

afflicted by PAD,3 and critical limb ischemia (CLI) and potential limb amputation significantly 

reduce the life expectancy of these individuals. Therefore, treatments for repairing ischemic 

damage and restoring muscle function for PAD are needed. Although current medical 

interventions mitigate some symptoms, they remain unavailable for many patients with PAD. 

Stenting and balloon angioplasty treat severe conditions, but restenosis often occurs. In fact, 

restenosis rates for stenting and balloon angioplasty with optional stenting were both over 45% 

2 years after the initial intervention.4 The extent of occlusions and resulting ischemic damage 

also fluctuates greatly among PAD patients, ranging from intermittent claudication to CLI. This 

variability contributes to difficulties with identifying a widespread treatment, demonstrated by 

only 40% of individuals being eligible for existing surgical procedures.5 Ultimately, new medical 

interventions must be developed to overcome the limitations of current approaches for PAD. 

Within the past 15 years, biomaterials have emerged as a therapeutic approach to fill the 

existing gaps in treatments (Table 2.1). To maximize therapeutic efficacy, biomaterials should 

be engineered according to specific design criteria, including material selection, mechanical 

properties, chemical properties, and so on. Design parameters and accompanying modifications 

are shown in Figure 2.2. This review will highlight design criteria and mechanisms of actions for 

biomaterial applications in PAD patients and will discuss the progress towards engineering 
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effective biomaterial-based therapies. These biomaterial applications will include material-alone 

approaches, as well the use of biomaterials as delivery vehicles for acellular biologics (Figure 

2.1). 

 

Figure 2.1 Central Illustration. Acellular Biomaterial Therapeutics 
for Repairing Ischemic Damage from PAD. Preclinical studies 

have currently been investigating biomaterial-alone therapies or 
biomaterials loaded with therapeutics as potential treatment 

options for peripheral artery disease (PAD). Other therapeutics, 
like microribonucleic acids (miRNAs) or exosomes, also show 

promise as factors to be delivered with a biomaterial. However, 
the success of these therapies largely depends on satisfying 

specific design criteria. 
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Designing Acellular Injectable Biomaterial Therapies for PAD 

Biomaterials Alone 

Current experimental treatments for PAD, including stem cells and growth factors, have 

not been entirely successful, but biomaterials represent a potentially more promising approach 

in terms of translation and commercialization.6 Biomaterial hydrogels allow for more precise 

treatment since the material remains localized upon injection unlike small molecule or protein 

therapeutics, which rapidly diffuse away from the injection site,7,8 or cell injections, which also 

migrate and have poor survival.9,10 Biomaterials alone also represent a more cost-effective 

option since incorporation of additional therapeutics can dramatically increase expenses. This 

approach has shown considerable promise for repairing ischemic muscle by encouraging 

reperfusion and neovascularization,11-14 but the success of these biomaterials as a stand-alone 

 

Material Material Form Biologics Delivered Modifications References 

Alginate Hydrogel; 
microspheres 

IGF-1, VEGF; HGF; 
VEGF-F; SDF-1 

Combination with poly(d,l-
lactide-co-glycolide 

microspheres; sulfation; 
combination with collagen 

hydrogel 

[16,28,31,35] 

Chitosan Hydrogel FGF-2 
Combination with lactose 
moieties and a periodate-

oxidized IO4 heparin solution 
[22] 

Collagen 
Hydrogel; 

microsponges; 
microspheres 

SDF-1; bFGF; bFGF, 
HGF 

Combination with alginate 
microspheres [25,28,33] 

Decellularized 
skeletal muscle ECM Hydrogel N/A N/A [13,14] 

Dextran Nanoparticles VEGF Copolymerization with 
gelatin [36] 

Fibrin Hydrogel; 
particles FGF-2 Conjugation with heparin [11,12,37] 

Fucoidan Hydrogel FGF-2 N/A [32] 

Gelatin Microspheres; 
hydrogel 

FGF-4; bFGF; FGF-2; 
G-CSF 

Crosslinking with poly-L-
glutamic acid, crosslinking 

with poly-L-lysine 

[19,21,23,24,26,27,29,30,
34,38] 

PLGA based Nanoparticles FGF-2 N/A [20] 

Table 2.1 Acellular injectable biomaterial applications for PAD 
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approach for PAD lies in satisfying particular design constraints (Table 2.1, Figure 2.2). 

Important design properties include material selection, physical properties, and degradation 

properties, but the design criteria vary for PAD and may fluctuate depending on the disease 

spectrum of the patient (i.e., intermittent claudication vs. CLI). 

Beginning with material selection, which is extremely important for PAD to encourage 

perfusion restoration and muscle regeneration, biomaterials can be divided into two classes: 

natural and synthetic biomaterials. For eventual translation into PAD patients, factors like 

biocompatibility, manufacturing ease, and cost must be considered. For naturally derived 

biomaterials, two main advantages include the ability to mimic native biochemical cues and 

potentially more cost-effective manufacturing by avoiding complex chemical synthesis. 

BIOMATERIALS FOR 
PAD

Material Selection
• Natural
• Synthetic

Physical Properties
• Mechanical properties
• Fiber characteristics

Chemistry
• Cell adhesion molecules
• Binding moieties
• Biochemical cues

Degradation Properties
• Chemistry
• Concentration
• Crosslinker density
• Porosity
• Hydrophobicity

Delivery
• Direct injection
• Material spread

Additional Therapeutics
• Growth factors
• miRNAs
• Exosomes or microvesicles

Manufacturing
• Ease of production
• Cost
• Availability of raw materials

Form of Material
• Hydrogel
• Particles

Figure 2.2 Design variables to be considered when developing biomaterial applications for 
PAD. To successfully translate biomaterials to the clinic, specific design criteria must be 

considered to ensure that the final product remains biocompatible while maintaining its full 
therapeutic efficacy. Extensive engineering of a biomaterial can maximize therapeutic benefits, 

but these benefits must counterbalance accompanied costs and manufacturing difficulties. 
miRNA = microribonucleic acid; PAD = peripheral artery disease. 
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However, naturally derived materials can suffer from batch-to-batch variability due to variations 

in biological sources. With synthetic biomaterials, the material properties can be customized 

more extensively, and there are fewer issues with limited availability of raw materials. 

Conversely, disadvantages include potential biocompatibility issues and difficulty replicating the 

complex native tissue structure. Regardless of these advantages and disadvantages, each 

biomaterial must be engineered or evaluated to promote cell infiltration and 

proliferation/differentiation to treat both the ischemia and muscle atrophy associated with PAD.15 

As such, the materials must allow for cell adhesion and have appropriate pore size for cell 

migration. Figure 2.3 illustrates an example of a cellular response to a biomaterial, specifically 

an alginate hydrogel.16 Several preclinical studies have investigated naturally derived 

biomaterials like fibrin11,12 and decellularized ECM hydrogels,13,14 but synthetic biomaterials have 

yet to be studied in detail. Fibrin is well known to encourage vascularization and has likewise 

been shown in rabbit hindlimb ischemia models to increase perfusion;11,12 however, only ECM 

Figure 2.3 Cellular responses to an injected 
biomaterial. Upon injection of a biomaterial, the 

resulting cellular responses can largely affect eventual 
tissue regeneration. A hematoxylin and eosin image is 
shown for an alginate hydrogel in skeletal muscle (14 
days post-injection). Reproduced with permission from 

Borselli et al. 
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hydrogels have been evaluated for muscle repair.14 Chekanov et al.11 utilized a fibrin sealant 

and observed significant increases in collateral vessel development and the area occupied by 

capillaries compared with no treatment or saline alone. Similarly, fibrin particles used by Fan et 

al.12 yielded significantly augmented capillary density and perfusion recovery compared with 

control subjects. DeQuach et al.13 utilized an injectable porcine-derived skeletal muscle ECM 

hydrogel in a rat hindlimb ischemia model and showed an increase not only in vascular cells, 

but also in proliferating muscle cells and muscle progenitor cells. Even after selecting a naturally 

derived material, however, the source for that material must still be chosen. With decellularized 

ECM hydrogels, for example, the tissue source can affect therapeutic outcomes. In a study 

conducted by Ungerleider et al.,14 two different decellularized ECM hydrogels, a porcine-derived 

skeletal muscle ECM and human umbilical cord ECM, were assessed in a rat hindlimb ischemia 

model. Although improvements in perfusion were seen for both hydrogels, the muscles injected 

with the skeletal muscle ECM hydrogel resembled the healthy morphology more closely than 

those injected with the human umbilical cord matrix, suggesting that tissue-specific cues may be 

important for regeneration. 

The last two design criteria to be discussed for a biomaterial-alone approach in PAD are 

degradation properties and delivery. The main factor to be considered for degradation 

properties is whether the biomaterial will yield sufficient therapeutic improvements before it 

completely degrades. Because PAD most often affects the lower limbs, the mechanical 

environment caused by a load-bearing region can cause biomaterials to degrade more quickly. 

As a result, appropriate animal models must be used to generate results that are representative 

of the human mechanical environment. For delivery of these therapeutics, direct intramuscular 

injections should be utilized (ideally #26-gauge for patients); however, the number and timing of 

these injections must be determined. Due to the large surface area of the lower limbs, multiple 

injections of the biomaterials will be necessary. Results from small animal studies can provide 

insight for the appropriate concentration and required volume of injections, but these results 
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must then be scaled up for larger animals and clinical studies. To date, limited work has been 

performed on developing a suitable large animal model, although a few recent studies suggest 

that this may be forthcoming.17,18 Overall, there is still a great deal of research to be done for 

biomaterial-alone approaches in PAD; however, it is a promising approach that should be 

pursued. 

 

Biomaterials and Growth Factors 

Although biomaterial-alone approaches have not been extensively investigated for PAD, 

biomaterials have been utilized to deliver growth factors, as shown in Table 2.1.16,19-38 To 

maximize therapeutic efficacy of a biomaterial and growth factor complex, design criteria, 

including selecting or engineering materials based on physical form, chemistry, and degradation 

properties, should be applied. Physical form, such as selecting particles as opposed to 

hydrogels, can alter the delivery method due to the ability to engineer particles for targeting 

(Figure 2.4). For chemical properties, modifications like binding moieties for growth factors, such 

as sulfate groups, can be added to encourage longer retention. Lastly, degradation plays an 

equally important role in controlling retention and release since rapid degradation will lead to a 

similar release rate for the therapeutic payload. 

By incorporating these design principles, researchers have advanced some therapies 

into pre- clinical studies with rabbits and larger animal models and even one clinical trial. An 

early study conducted by Kasahara et al.26 utilized gelatin microparticles to deliver fibroblast 

growth factor (FGF)-4 in a rabbit hindlimb ischemia model. Under vasodilatory conditions, the 

perfusion levels and angiographic scores were significantly higher in the gelatin/FGF-4 complex 

compared with gelatin or FGF-4 alone. In another study by Doi et al.,21 gelatin hydrogels 

encapsulated with bFGF were injected intramuscularly in Japanese white rabbits 2 weeks post-

hindlimb ischemia surgery. Animals treated with the gelatin and bFGF hydrogel had significantly 
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higher perfusion levels and vascular density compared with no treatment or gelatin alone at 4 

weeks post-injection. A large animal study performed in mongrel dogs by Zhao et al.38 studied 

bFGF encapsulated in gelatin microspheres. Significantly higher capillary densities and 

numbers of mature vessels were observed with the gelatin microspheres and bFGF-treated 

group relative to bFGF alone and empty microspheres. The final study to be mentioned includes 

the findings of a phase I to IIa clinical trial. In a rabbit hindlimb ischemia model, Hirose et al.23 

injected gelatin hydrogel microspheres containing bFGF and saw increased perfusion, capillary 

density, and collateral vessel development compared with a no treatment control group. This led 

to an investigation by Marui et al.34 in which biodegradable gelatin hydrogels loaded with bFGF 

were administered with a single intramuscular injection in patients with CLI; no controls were 

used for this study. At 4 and 24 weeks post-treatment, improvements were seen in the perfusion 

compared with values prior to treatment. By utilizing biomaterials as delivery vehicles, the 

Figure 2.4 Structures of biomaterials for PAD applications.Biomaterial structures dictate 
important parameters including degradation and controlled release of therapeutics. The 

architecture, shown by scanning electron micrographs, varies among hydrogels, such as 
(A) keratin, (B) porcine-derived skeletal muscle extracellular matrix (ECM), (C) porcine-
derived pericardial ECM, (D) collagen, (E) alginate, or (F) fibrin. Additionally, hydrogel 

architecture differs from particles like (G) poly(lactic-co-glycolic acid) microparticles or (H) 
acetalated dextran microparticles. Reproduced with permission from Shen et al., DeQuach 

et al., Seif-Naraghi et al., Freeman et al., Losi et al., Formiga et al., and Suarez et al. 
Abbreviations as in Figure 2.2. 
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growth factor release can be precisely controlled, and biomaterials can prevent degradation of 

growth factors to fully harness their therapeutic potential. 

 

Designing Biomaterials as Delivery Vehicles for Emerging Therapeutics 

Although numerous studies presented in this review demonstrate the efficacy of utilizing 

biomaterials alone or a combination of growth factors and biomaterials for treating PAD, growth 

factors are not the only acellular therapeutic that should be considered for biomaterial-based 

therapies. Emerging therapeutics, such as exosomes or microribonucleic acids (miRNAs), may 

also enhance the beneficial properties of biomaterials, while avoiding obstacles plaguing 

cellular-based treatments. Previous studies investigated the efficacy of these therapeutics in 

PAD preclinical models,39-44 but limited research has been conducted to optimize delivery. For 

exosomes, microvesicles, and miRNAs, maximized therapeutic efficiency has been hindered by 

poor retention upon injection. Because these therapeutics are typically injected alone, they 

rapidly diffuse from the injection site, similar to growth factors, therefore leading to minimal 

improvements in the targeted region.  

This study emphasizes the importance of local delivery, but utilizing a biomaterial as a 

delivery vehicle is likely to further improve results. Because miRNAs are quickly degraded after 

injection due to the large amount of RNases circulating throughout the body, biomaterials can 

provide a shielded environment to maximize therapeutic effects. Additionally, the controlled 

release provided by biomaterials can also contribute to improved efficacy. Based on the current 

advancements in biomaterial-based therapies, many of the design principles discussed earlier 

could overcome these obstacles. 

The physical form and chemistry of a biomaterial can significantly contribute to slower 

release kinetics in addition to providing a protected environment from degradation. By changing 

the physical form of the biomaterial, the release can be tuned for the specific payload, and 
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targeting can also be incorporated with particles. Additionally, altering the biomaterial’s 

concentration often leads to changes in pore size, which can be utilized to change the release 

profile. The same microscale or nanoscale architecture being modified for desired release 

kinetics can also be used to protect the payload from degradation. In terms of the chemistry, 

modifications can be made to allow for better retention of additional therapeutics or release only 

upon cell infiltration. 

Although no biomaterial-based therapies have been published for microvesicle or 

miRNA delivery in PAD, there are a few studies related to other applications, which validate the 

use of biomaterials for the delivery of these newer therapeutics. For bone repair, a miR-29a 

inhibitor, intended to increase ECM deposition, was delivered with gelatin nanofibers.45 The 

investigators demonstrated the feasibility of this approach, as well as efficacy in terms of a slow 

release profile and sustained bioactivity of the miRNA inhibitor once released compared with a 

scrambled miRNA control. The Burdick lab has also begun investigating a hydrogel system for 

small interfering ribonucleic acid delivery,46 but further studies are still ongoing. Therefore, this 

represents a promising area of research for improving the delivery of the next generation of 

therapeutics and should be explored for PAD. 

 

Finding the Optimal Therapy for PAD Patients: Balancing Therapeutic Potential 

and Commercialization Challenges 

Extensive research has validated the use of acellular biomaterials, but difficulties must 

still be overcome before implementation into the clinic. When considering incorporation of 

additional factors, an acellular approach is optimal for multiple reasons. Including cells 

dramatically reduces shelf life due to instability and significantly increases manufacturing 

expenses for a large-scale setting. The addition of growth factors encompasses many of these 

same issues, including reduced shelf life and high cost, but new manufacturing methods are 
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being studied to overcome these obstacles. For example, Cochran and colleagues47 have 

developed an engineered HGF fragment with increased stability and lower cost of 

manufacturing, while maintaining its therapeutic effects. With new methods being optimized for 

growth factor delivery, these lower-cost options could result in more feasible biomaterial-based 

treatments for PAD patients. 

As discussed earlier, biomaterials may also be delivered alone and have produced 

significant improvements in animal models of PAD. From a manufacturing perspective, a 

biomaterial-alone approach is the preferred method, as the increased costs and manufacturing 

time associated with additional therapeutics are negated. However, several studies previously 

mentioned suggest that a combinatorial approach may be more effective. Although current 

growth factor therapies may not be ideal for eventual translation to the clinic, due to difficult and 

expensive manufacturing, less expensive, engineered growth factors, like the one mentioned 

previously, or other therapeutics may augment the benefits of injectable biomaterials. The 

studies utilizing microvesicles, exosomes, or miRNAs alone have also demonstrated substantial 

therapeutic efficacy in PAD animal models, but more research must be done to optimize the 

delivery of these factors. In conclusion, research must be conducted to investigate the delivery 

of additional therapeutics with biomaterials, but the added therapeutic efficacy must outweigh 

the additional costs.  

	

Conclusions 

Acellular biomaterial-based therapies may be a solution for many patients experiencing 

PAD. By harnessing the ability to engineer these biomaterials and employing the minimally 

invasive nature of many of these therapies, patients may soon receive treatments designed to 

stimulate tissue regeneration and improved muscle function. Although further research must be 

conducted to develop optimal biomaterial strategies, and manufacturing expenses must be 
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carefully considered, the field is rapidly progressing towards identifying new treatments for PAD 

patients. The following chapters will discuss one potential biomaterial therapeutic for promoting 

muscle regeneration, its evaluation in two pre-clinical models, further augmentation of the 

material, and manufacturing considerations for eventual clinical translation. 
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Chapter 3. Dose Optimization of Decellularized Skeletal Muscle 

Extracellular Matrix Hydrogels for Improving Perfusion and 

Subsequent Validation in an Aged Hindlimb Ischemia Model 

 

Introduction 

Peripheral artery disease (PAD) can be categorized into two main classifications – 

intermittent claudication and critical limb ischemia (CLI). For individuals with CLI, the more 

severe form of PAD, patients experience fatigue while at rest, and the lack of blood flow to the 

skeletal muscle can result in muscle atrophy, muscle fiber loss and damage, denervation, and 

may necessitate amputation. In fact, amputations become necessary for 120,000 patients in the 

United States and 100,000 patients in the European Union.1 Current treatment strategies for 

these patients include endovascular procedures, such as atherectomies or balloon angioplasty 

with or without stenting, or surgical approaches, like bypass grafting. However, due in part to the 

diffuse nature of the condition, only 40% of patients are eligible for existing procedures,2 and 

restenosis rates may exceed 45% following these interventions.3 

To overcome the challenges associated with treating PAD patients, biomaterials have 

been investigated as a possible solution, as mentioned in the previous chapter.4,5 Specifically, 

biomaterial-alone approaches have utilized a decellularized skeletal muscle extracellular matrix 

(ECM) hydrogel,6,7 fibrin,8 and fucoidan.9 In particular, decellularized ECM has been studied 

extensively for regenerative medicine applications due to its ability to mimic the biochemical 

cues of the native ECM10,11 and its degradation products, which are angiogenic12 and promote 

cell migration and proliferation.12-18 In one study, a decellularized skeletal muscle ECM hydrogel 

at a concentration of 6 mg/mL demonstrated efficacy in a rat hindlimb ischemia model of PAD.7 

With a single intramuscular injection of the ECM hydrogel administered one week post-hindlimb 
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ischemia surgery, an increase in blood perfusion relative to a saline control was observed, 

which was attributed to increases in arteriogenesis.7 

Although the efficacy of the skeletal muscle ECM hydrogel has been shown, an optimal 

concentration has not been investigated. In another study, a higher concentration of the skeletal 

muscle ECM hydrogel (8 mg/mL) was used to improve cellular retention and survival of 

myoblasts and fibroblasts in a mouse hindlimb ischemia model, but the higher concentration 

was not investigated independently of the cells.19 Altering the material concentration could 

impact both the density of biochemical cues as well as the physical properties of the material, 

both of which could impact the biological response. Therefore, determining an optimal 

concentration of the skeletal muscle ECM hydrogel could be critical for enhancing therapeutic 

outcomes. In addition to investigating the efficacy of various concentrations of the ECM 

hydrogel, it is also paramount to evaluate these materials in more relevant animal models. Many 

regenerative medicine applications, such as cells and growth factors, have been investigated in 

Phase I clinical trials, but the majority of these studies have failed, likely due in part to the use of 

poor animal models in pre-clinical studies. For PAD, in particular, pre-clinical studies have 

mainly utilized young rodents or rabbits, which fail to accurately depict the pathophysiology of 

PAD patients. Additionally, certain risk factors, including age, diabetes, smoking, hypertension, 

and hypercholesterolemia, lead to an increased prevalence of PAD. In particular, the prevalence 

of PAD increases by age group – 1.43% for 40-49 years, 3.41% for 50-59 years, 7.77% for 60-

69 years, and 16.62% for 70 years and older.20 Aging has been shown to impair essential 

biological processes21 such as angiogenesis,22,23 vasculogenesis,23 innervation,24,25 and satellite 

cell activity26-28 and may also contribute to increased muscle fibrosis.27,29,30 Therefore, it is 

necessary to evaluate these hydrogels in an animal model that is more representative of human 

pathophysiology. Many hindlimb ischemia studies utilize younger animals, but young rodents 

possess remarkable regenerative capabilities. As a result, these young rodents can regenerate 

regardless of intervention, which makes it difficult to determine the full potential of a therapeutic. 
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Here we performed a dose optimization study with three concentrations (4, 6, and 8 

mg/mL) of a decellularized skeletal muscle ECM hydrogel. We evaluated the physical properties 

of these hydrogels with rheological measurements and imaging of the nanofibrous architectures. 

In addition, the material retention and in vivo spread was evaluated prior to performing hindlimb 

ischemia surgeries in young rats. The optimal concentration was then further examined in an 

aged mouse hindlimb ischemia model. These results further demonstrate the translational 

potential of a decellularized skeletal muscle ECM hydrogel for PAD patients. 

 

Material and Methods 

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. 

 

Material processing 

Based on previously published protocols,31,32 longissimus dorsi muscles, commonly 

known as pork loin, were obtained from Yorkshire farm pigs (4-7 months old, S&S Farms) from 

the UC San Diego medical school. Briefly, the muscle was harvested, frozen for a minimum of 

24 hours, and then chopped into 0.5 cm3 pieces. Tissue was decellularized for 4-5 days in a 

solution of 1% wt/vol sodium dodecyl sulfate (SDS) in 1X phosphate buffered saline (PBS) with 

10,000 U penicillin/streptomycin (ThermoFisher Scientific, Waltham, MA), placed in isopropanol 

for 18-24 hours to remove residual lipids, and then rinsed in water for another 24 hours. The 

tissue was then removed, frozen at -80°C, lyophilized, and milled using a Wiley Mini-Mill 

(Thomas Scientific, Swedesboro, NJ) with a #60 filter. The milled powder was then partially 

digested with pepsin (Sigma-Aldrich, St. Louis, MO) in 0.1 M HCl (1 mg/mL) at a final 

concentration of 10 mg ECM/1 mL pepsin solution for 48 hours. Following digestion, the ECM 
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solution was neutralized to pH 7.4 and adjusted to 1X PBS for 4, 6, and 8 mg/mL 

concentrations. Aliquots were then lyophilized once more for long-term storage at -80°C. 

 

Resuspension of ECM hydrogels 

Lyophilized aliquots of the decellularized skeletal muscle ECM hydrogels were 

resuspended to their respective concentrations with deionized (DI) water (i.e. 300 µL DI water 

for a 2 mg ECM aliquot for 6 mg/mL concentration). The lyophilized particulates were initially 

broken up by pipetting up and down gently, and the aliquots were then left on ice for ~10 

minutes to allow for the material to solubilize. After 10 minutes, the aliquots were fully 

resuspended by pipetting the mixture until no large particulates remained. A 25G syringe was 

then used to shear the material further, which ultimately yielded a homogenous liquid. 

 

Scanning electron microscopy 

Prior to performing scanning electron microscopy (SEM), 300 µL of each concentration 

of the skeletal muscle ECM hydrogels were prepared according to section 2.2. Gels were 

formed by incubating at 37°C for 24 hours. Each gel was then fixed for 24 hours in an aqueous 

mixture of EM-grade 4% paraformaldehyde and 4% glutaraldehyde. Following fixation, the gels 

were then dehydrated with a series of ethanol rinses (30%, 50%, 75%, 90%, and 100%), each 

one lasting 30 minutes. Once the dehydration was complete, the ethanol was aspirated from the 

gels, and the gels were suspended in isopropyl alcohol. Fixed and dehydrated hydrogels were 

then loaded into Teflon sample holders and processed in an AutoSamdri 815A automated 

critical point drier (Tousimis, Rockville, MD). The protocol included 40 exchange cycles of CO2 

at medium speed and 40% stirring. The fill and heating steps were performed at slow speed, 

while the venting step was performed at medium speed. Mounted samples were then sputter 

coated using a Leica EM SCD500 (Leica Microsystems, Wetzlar, Germany) with approximately 
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7 nm of iridium while being rotated. The samples were then imaged on a FEI Quanta 250 FEG 

scanning electron microscope (ThermoFisher Scientific, Waltham, MA) at 3 kV using the in-lens 

SE1 detector. 

 

Rheometry 

To perform complex viscosity measurements, 200 µL of resuspended ECM was pipetted 

onto the stage of a parallel plate ARG2 rheometer (TA Instruments, New Castle, DE). With a 

fixed plate temperature set to 25°C to maintain a liquid solution and the gap height adjusted to 

500 µm, a flow procedure was run with shear rates varying from 0.1 to 100 Hz. To ensure 

delivery via syringe, the materials were assessed for shear thinning properties. 

To determine the storage and loss moduli, 500 µL of the ECM mixtures were pipetted 

into 4 mL scintillation vials and allowed to gel at 37°C for 24 hours. The hydrogels were then 

carefully removed and placed on the rheometer stage with a fixed plate temperature of 37°C. 

The gap height was then adjusted to 1100 µm, and an oscillatory sweep run was performed with 

the frequency ranging from 0.1 to 100 rad/s. Values for the storage and loss moduli were 

reported at 1 rad/s. 

 

Animals 

For the material retention and dose optimization studies, female Sprague Dawley rats 

(~10 weeks, Charles River, Wilmington, MA) were used. Male C57BL/6 mice (~32 weeks, 

Jackson Laboratory, Bar Harbor, ME) were utilized for the aged hindlimb ischemia study. All 

animals were provided with food and water ad libitum. 
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Material spreading and retention 

An Alexa Fluorä 568 NHS ester (succinimydl ester) dye was prepared by diluting the 

lyophilized powder to 10 mg/mL in sterile dimethyl sulfoxide (DMSO). Sterile ECM aliquots were 

then resuspended as described in section 2.2. The dye was mixed with the resuspended ECM 

according to the following ratios to account for the varying ECM protein concentrations: 6.7 µL/1 

mL 4 mg/mL ECM, 10 µL dye/1 mL 6 mg/mL ECM, and 13.3 µL/1 mL 8 mg/mL ECM. Once 

thoroughly mixed by pipetting, the solutions were left on ice in the dark for 1 hour to allow the 

dye to conjugate to the primary amines of the proteins. Syringes with a 27G needle were 

prepared with 150 µL of one of the three concentrations and kept in the dark until use. 

Healthy rats (n=2/concentration) were anesthetized with isoflurane (VetOne, Boise, ID), 

and the anterior sides of both hindlimbs were prepared for injections. While extending the limb 

with one hand, 150 µL of the ECM hydrogel was injected at a ~30° angle into the middle of the 

gracilis muscle over approximately 30 seconds. The needle was then held in place for another 

15 seconds to prevent the material from leaking out. This injection procedure was repeated for 

both hindlimbs with the same concentration used on both sides. 

At 1 and 2 weeks post-injection, the rats were euthanized with an intraperitoneal 

injection of 200 mg/kg Fatal-Plusâ (Vortech Pharmaceuticals, Dearborn, MI). Both gracilis 

muscles (n=4/concentration) were harvested and flash frozen in liquid nitrogen-chilled 2-

methylbutane. The muscles were then allowed to freeze at -80°C for a minimum of 24 hours 

before individually embedding the muscles in Tissue-Tekâ O.C.T. (Sakura Finetek, Torrance, 

CA) and once again flash freezing the samples in liquid nitrogen-chilled 2-methylbutane. 

Samples were cryosectioned into 10-µm thick sections on a Leica CM3050 S cryostat 

(Leica Biosystems, Nussloch, Germany). A total of 13 evenly-spaced locations were sampled. 

One microscope slide from each location was then stained with Hoechst 33342 (1 µL/10 mL DI 

water, ThermoFisher Scientific, Waltham, MA). Slides were dried overnight before imaging with 
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an Ariol DM6000 B microscope (Leica Microsystems, Wetzlar, Germany). An overview image 

was captured for each microscope slide, and ImageJ was then used to manually outline the 

entire tissue section based on the blue channel. The material in the red channel was then 

individually thresholded for each image, and the areas of the entire tissue section and labelled 

material were extracted for analysis. Calculations were performed to quantify the ECM hydrogel 

at each location and for the entire muscle. 

 

Hindlimb ischemia surgery 

Animals were anesthetized with isoflurane and then placed in a supine position on a DSx 

vented warming table (VetEquip, Livermore, CA).  Prior to beginning the surgery, a 

subcutaneous injection of 0.05 mg/kg buprenorphine (Pfizer, New York, NY) was administered 

and a 1% lidocaine (Hospira, Lake Forest, IL) line block was injected along the right hindlimb. In 

addition, 0.5 mL (mouse) or 3 mL (rat) of lactated ringers (B. Braun Medical, Melsungen, 

Germany) were administered subcutaneously to keep the animals hydrated. The right hindlimb 

was shaved and disinfected with Betadine (Purdue Pharma L.P., Stamford, CT) and 70% 

isopropanol. Sterile saline was used throughout the surgery to keep the tissues from drying out. 

An incision was made through the skin beginning in the inguinal region and extending along the 

visible femoral vessels to the branch of the saphenous. Fat in the inguinal regions was 

cauterized to improve visibility, and the nerve was then carefully dissected from the vessels. A 

5-0 Solfsilk suture (Covidien, Dublin, Ireland) was used for permanent occlusion of the arteries 

and veins. Two ligatures were placed proximal to the branch of the saphenous vessels, one 

ligature each was placed on the popliteal and genicular vessels, and two ligatures were placed 

around the lateral circumflex femoral vessels distal to the inguinal ligament. The vessels were 

carefully transected between the occlusion points, and all other vessels were cauterized as 

needed. The skin was then closed with 5-0 monocryl (Ethicon, Somerville, NJ) for the mice and 

9 mm autoclips (MikRon Precision Inc., Gardena, CA) for the rats. Lastly, another 1% lidocaine 
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line block was injected subcutaneously and triple antibiotic ointment (Activis, Parsipanny-Troy 

Hills, NJ) was applied. Animals were then immediately transferred for blood perfusion imaging. 

 

Laser speckle contrast analysis imaging 

To monitor the blood perfusion levels in the hindlimbs, laser speckle contrast analysis 

(LASCA) imaging was utilized.7,33,34 All recordings were performed with a PeriCam PSI System 

(Perimed, Stockholm, Sweden) using the following settings: ~20 cm working distance, high point 

density, 19 images/s frame rate, recorded with averaging of 60 images, and effective frame rate 

of 0.3 images/s. Animals were anesthetized with isoflurane, transferred to a face mask on a 

heated deck (Hallowell EMC, Pittsfield, MA) and placed in a prone position. Prior to beginning a 

recording, regions of interest (ROIs) were placed around both paws, with particular attention 

paid to avoid including extra fur with the rats. Imaging was continued until the blood perfusion 

values plateaued, which typically occurred around 20 minutes. All animals were imaged 

immediately pre- and post-hindlimb ischemia surgery to ensure the blood perfusion levels in 

both paws were similar (<30% difference) prior to surgery and to confirm the hindlimb ischemia 

surgeries decreased the blood perfusion in the right (ischemic) paw. Rat perfusion levels were 

recorded on days -2, 7, 21, and 35, and mouse perfusion levels were recorded on days -2, 3, 7, 

14, 21, and 28. All perfusion values are reported relative to the left (healthy) paw. 

 

Intramuscular injections 

One week post-hindlimb ischemia surgery (Day 0), the skeletal muscle ECM hydrogel 

(n=7 or 8 for rats; n=6 for mice) or saline (n=8 for rats; n=6 for mice) was injected 

intramuscularly. Animals were randomized according to day -7 and -2 blood perfusion 

measurements to ensure no significant differences existed between experimental groups prior 

to the injection. The ECM hydrogels were resuspended under aseptic conditions as described in 

section 2.2, and a 27G needle was used for all of the injections. Animals were anesthetized with 
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5% isoflurane, transferred to a heated deck with a face mask, and then placed in a supine 

position. For the rats, both hindlimbs were extended to fully expose the gracilis muscles, the 

paws were taped down, and any remaining staples were removed from the right (ischemic) 

hindlimb. The needle was inserted at the medial point of the suture line at a ~30° angle, and 150 

µL of saline or ECM were injected into the right (ischemic) gracilis muscle. For the mice, the 

right paw was held with the knee at a 120° angle, and 25 µL of saline or ECM were injected at a 

~15° angle into the tibialis anterior muscle. Material injections were performed over ~30 

seconds, and the needle was left in place for ~15 seconds after the injection to ensure material 

would not leak out. 

 

Statistical analysis 

Results are reported as mean ± SEM. Prism 8 (GraphPad Software, San Diego, CA) 

was utilized for all statistical analyses. For the mechanical properties and material retention 

experiments, a one-way ANOVA with a Tukey’s post hoc test was used to assess the three 

ECM hydrogel concentrations. Blood perfusion improvements (day -2 vs. day 35) from the rat 

hindlimb ischemia study were analyzed with a one-way ANOVA with a Dunnet’s post hoc test, 

and the aged mouse hindlimb ischemia study utilized an unpaired Student’s t-test for the day 28 

perfusion measurements. Significance for all statistical tests was accepted at p < 0.05. 

 

Results and Discussion 

Physical properties 

For processing the decellularized skeletal muscle ECM hydrogels, a digestion procedure 

was used, which was based on an existing protocol for the manufacturing of a decellularized 

myocardial ECM hydrogel.  With this digestion procedure, which is performed at 10 mg/mL, it is 

difficult to reliably achieve concentrations much higher than 8 mg/mL, and higher concentrations 
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pose difficulties with injecting through high gauge needles. Subcutaneous injections of the ECM 

hydrogels at concentrations of 2 mg/mL, 4 mg/mL, 6 mg/mL, and 8 mg/mL (data not shown) 

demonstrated that the 2 mg/mL hydrogel did not sufficiently gel and instead diffused quickly 

following the injection. As a result, only skeletal muscle ECM hydrogels with a concentration of 4 

mg/mL, 6 mg/mL, or 8 mg/mL were investigated in this study. 

Physical properties and biochemical cues, both of which change with differing 

concentrations, represent possible mechanisms by which biomaterials may promote 

regeneration. Therefore, identifying an optimal concentration was necessary to confirm whether 

various concentrations of an ECM hydrogel impacted in vivo efficacy. To first investigate the 

physical properties of the ECM hydrogels, SEM images were collected to examine the 

nanofibrous architecture of the ECM hydrogels (Figure 3.1). As the concentration of the ECM 

hydrogels and therefore ECM proteins increased, the proteins became more densely packed 

together. The fibers in the 4 mg/mL hydrogel were less densely packed, whereas the 8 mg/mL 

ECM hydrogel was more densely packed, and the nanofibers were more closely aligned. The 

architecture of the 6 mg/mL ECM hydrogel was more densely packed than the 4 mg/mL ECM 

hydrogel but less so than the 8 mg/mL ECM hydrogel. Since the samples were dehydrated as 

part of the preparation process for SEM imaging, the ECM proteins likely collapsed to some 

degree, and, consequently the images cannot fully recapitulate how these hydrogels appear in 

vivo. Nonetheless, the increased packing density of the ECM proteins in the higher 

Figure 3.1 Scanning electron microscopy images demonstrated the nanofibrous 
architecture of (A) 4 mg/mL, (B) 6 mg/mL, and (C) 8 mg/mL decellularized skeletal muscle ECM 

hydrogels.Scale bar is 5 µm. 
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concentration ECM hydrogels could affect a cell’s ability to infiltrate the material and begin 

remodelling the environment. 

The three concentrations of the skeletal muscle ECM hydrogels were also probed for 

their mechanical properties. Gels were formed for each of the three concentrations, and 

rheological measurements were obtained. The higher values for the storage modulus over the 

loss modulus indicated that all three concentrations were in fact hydrogels (Figure 3.2). At 1 

rad/s, the values for the storage and loss moduli increased in conjunction with the higher 

concentrations of the skeletal muscle ECM hydrogel. Statistical analyses for these values 

yielded significant differences for all comparisons, excluding the 4 mg/mL and 6 mg/mL ECM 

hydrogels for the loss modulus. These results were expected based on the increased amount of 

ECM proteins associated with the higher concentrations, and the higher packing density 

observed in the SEM images also supports these outcomes. 

Figure 3.2 Storage and loss moduli values increased with the higher concentrations of the 
ECM hydrogels.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are mean ± SEM. 
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In addition to the storage and loss moduli measurements, viscosity data was also 

collected on a rheometer (Figure 3.3). Viscosity measurements were performed with the liquid 

form of the ECM hydrogels to ensure each concentration would retain its shear thinning 

properties, and therefore injectability. All three ECM hydrogels were determined to be shear 

thinning since the viscosity of the materials decreased with increasing shear rate. The 

viscosities of the 4 and 6 mg/mL ECM hydrogels were similar, particularly in the 0.1 to 1 Hz 

shear rate range. However, the viscosity measurements for the 8 mg/mL ECM hydrogel were 

higher than the other two concentrations. Although all three ECM hydrogels were shear 

thinning, the increasing viscosity with the 8 mg/mL could contribute to some difficulty with 

injecting these ECM hydrogels through high gauge needles. 

 

Material spreading and retention 

Increased concentration and enhanced mechanical properties are expected to increase 

material retention and delay degradation, but it was necessary to confirm this in vivo. When 

intramuscularly injecting the three skeletal muscle ECM hydrogels, the increasing concentration 

Figure 3.3 Viscosity measurements for all three ECM 
hydrogels demonstrated shear thinning properties.Data are 

mean ± SEM. 
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affected the ease of injection. All three concentrations were successfully injected, but for the 4 

mg/mL hydrogel, the material was more likely to leak out of the tissue following the injection due 

to the low viscosity. Moreover, the resistance was higher for injecting the 8 mg/mL hydrogel; 

therefore, the timing of the injection was slightly longer (~45 seconds) compared to the other 

injections. 

Upon harvesting the muscles at 1 and 2 weeks post-injection, some dye-labelled 

material was immediately visible near or at the surface of the gracilis muscles. However, the 

distribution and retention of the skeletal muscle ECM hydrogels could only be visualized with 

fluorescence microscopy (Figure 3.4A). At 1 week post-injection, the ECM hydrogel was 

distributed throughout all of the sampled regions with all three concentrations having similar 

amounts of hydrogel present at each location (data not shown). However, the majority of the 

material for all three concentrations was more localized to the distal region of the muscle. 

Boluses of the material were seen for all three concentrations, but the spreading from these 

boluses varied amongst the concentrations. For the 4 and 6 mg/mL ECM hydrogels, the 

material spread between the muscle fascicles, and in some samples, the material was also 

found in the interstitial space. However, the 8 mg/mL ECM hydrogel had very little intrafascicular 

spreading and instead remained localized to the surfaces of the muscles. Since this localization 

was consistently observed in the 8 mg/mL samples, it likely resulted from the material being 

forced out of the muscle along the original track of the needle. Therefore, it is hypothesized the 

8 mg/mL ECM hydrogel was too viscous to spread into the intrafascicular space. 
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Figure 3.4 (A) Dye-labelled skeletal muscle ECM hydrogels (red) were injected into the 
gracilis muscles of healthy rats.The material was distributed along the length of the muscle, but 

the 4 mg/mL and 6 mg/mL hydrogels had the highest degree of spreading with material 
visualized in the intrafascicular space, whereas the 8 mg/mL ECM hydrogel was mostly 

localized to the surface of the muscle. By 2 weeks post-injection, the 4 mg/mL and 8 mg/mL 
ECM hydrogels had lower retention than the 6 mg/mL ECM hydrogel, and the 4 mg/mL ECM 

hydrogel had regions of hypercellularity (nuclei in blue) present within the material, likely 
indicative of active degradation. (B) The material distribution and retention were quantified at 2 
weeks post-injection (n = 4/concentration) with 1 being the most proximal region and 13 being 

the most distal region. Scale bar is 100 µm. *p < 0.05, **p < 0.01. Data are ± SEM. 
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Although the retention of the three concentrations was similar at 1 week post-injection, 

differences were seen at 2 weeks post-injection. Based on the fluorescence microscopy images 

(Figure 3.4A), the 4 and 6 mg/mL ECM hydrogels still maintained some intrafascicular 

spreading, but the boluses of material were smaller compared to the 1 week post-injection 

images. Similarly, the boluses of the 8 mg/mL ECM hydrogel had decreased in size, but the 

intrafascicular spreading was virtually absent. To quantify these observations at 2 weeks post-

injection, the area covered by the dye-labelled ECM hydrogels was calculated relative to the 

total area of the tissue sections at each location (Figure 3.4B). Similar amounts of the 4 mg/mL 

ECM hydrogel were visible throughout the muscle at each location, but the large boluses of 

material were not as prevalent in the distal locations. This was likely due to the 4 mg/mL ECM 

hydrogel being degraded more rapidly since areas of hypercellularity were seen within the 

material, which overlapped with decreased signal from the dye-labelled material. Compared to 

the 4 mg/mL ECM hydrogel, the 6 mg/mL hydrogel had similar amounts of material in the 

proximal locations, but significantly larger amounts of the 6 mg/mL ECM hydrogel were still 

present in the distal locations at 2 weeks post-injection. The large boluses of 8 mg/mL ECM 

hydrogel were also conserved at 2 weeks post-injection, but the small amounts of material 

between muscle fascicles in the proximal regions were diminished, likely due to degradation. 

For the total percentage of material over the 13 sampled regions, the most material (although 

not statistically significant) was retained with the 6 mg/mL ECM hydrogel at 3.03 ± 0.80%, while 

the 4 mg/mL and 8 mg/mL ECM hydrogels had 2.07 ± 0.43% and 1.94 ± 0.25% retained, 

respectively. 

Since the material spreading and retention was evaluated in healthy hindlimbs of rats, 

the inflamed, ischemic environment was not fully recapitulated. However, these results still 

provided valuable information to determine which concentration may produce enhanced 

therapeutic outcomes. The 8 mg/mL ECM hydrogel had poor spreading, which may limit its 
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therapeutics effects. Conversely, the 4 mg/mL ECM hydrogel spread well throughout the 

muscle, thereby potentially affecting more of the muscle. However, the 4 mg/mL ECM hydrogel 

leaked out of the muscle to a greater extent than the other concentrations, and the material was 

more degraded than the 6 mg/mL ECM hydrogel at 2 weeks post-injection. In contrast, the 6 

mg/mL ECM hydrogel was injected with relative ease while avoiding leakage, spreading 

extensively throughout the muscle, and degrading at a slower rate. 

 

Dose optimization 

Due to previous success with evaluating these skeletal muscle ECM hydrogels in a 

young, rat hindlimb ischemia model,7 the same species and surgical procedure were used for a 

dose optimization study. The previous study yielded a significant improvement in blood 

perfusion with a 6 mg/mL skeletal muscle ECM hydrogel compared to saline, but an optimal 

concentration was not identified.7 We therefore wanted to screen the three ECM hydrogel 

Figure 3.5 Blood perfusion measurements were 
recorded using LASCA imaging.The 6 mg/mL ECM 

hydrogel (n=8) yielded the largest improvement in blood 
perfusion relative to the other two concentrations (n=7) and 

the saline control (n=8). Improvements in perfusion were 
calculated using the difference between day 35 post- 

injection versus pre-injection (day -2). Data are mean ± 
SEM. 
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concentrations to evaluate changes in dose. The experiment was not powered due to the high 

number of animals that would be required to evaluate the expected small changes in perfusion 

between the multiple groups, and therefore, our goal was to evaluate trends related to increases 

in perfusion. 

Relative to the injections performed in the healthy, non-ischemic rats, the ECM hydrogel 

injections were similar in the ischemic muscles with comparable leakage occurring, but the 

surgical incision offered a reliable landmark for guaranteeing similar injection sites across all of 

the animals. Immediately post-hindlimb ischemia surgery, the blood perfusion values for all 

experimental groups averaged at 33.80 ± 1.33%, and by day -2 post-injection, the average of 

the blood perfusion values had already increased to 56.85 ± 1.43%. At the conclusion of the 

study, the differences between the perfusion values at day 35 and pre-injection (day -2) were 

calculated (Figure 3.5). The 6 mg/mL ECM hydrogel (n=8) ultimately yielded the highest 

improvement in blood perfusion at 16.98 ± 2.50% compared to the saline control (n=8) at 11.90 

± 2.01%. The 4 mg/mL (n=7) and 8 mg/mL (n=7) ECM hydrogels also trended higher over the 

saline control at 15.58 ± 1.71% and 13.79 ± 3.16%, respectively, but to a lesser degree 

compared to the 6 mg/mL ECM hydrogel. The lack of improvement observed from the 4 and 8 

mg/mL concentrations were likely a result of the material spreading patterns and degradation 

rates as described above. Although the 4 mg/mL ECM hydrogel shared a similar spreading 

pattern to the 6 mg/mL ECM hydrogel, the increased presence of inflammatory cells due to the 

hindlimb ischemia surgery could have amplified the degradation rate. In addition, the lower 

viscosity of the 4 mg/mL ECM hydrogel resulted in more material leaking from the injection site. 

With a weaker structure and fewer ECM proteins to degrade, the 4 mg/mL ECM hydrogel likely 

degraded before beneficial processes, such as neovascularization, could be initiated. For the 8 

mg/mL ECM hydrogel, the restricted spreading and slower degradation of the material likely 
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limited an arteriogenic response to a smaller area of the muscle, which resulted in smaller 

improvements in blood perfusion relative to the 6 mg/mL ECM hydrogel. 

Other researches have also demonstrated the importance of material spreading and 

degradation rates for eventual in vivo efficacy.35-37 The effects of material spreading are not well 

documented in skeletal muscle applications but for other therapeutic targets, such as the heart, 

poor material spreading can lead to dangerous outcomes like causing arrhythmias.37 In the case 

of skeletal muscle, large boluses of an ECM hydrogel would be more difficult for cells to fully 

infiltrate and degrade, which could subsequently impede or prevent regeneration. Degradation 

rates have been more extensively studied both in vitro and in vivo for several decellularized 

ECM materials.38-41 These researchers have demonstrated how highly crosslinked or dense 

biomaterials attenuate cell migration, and the mechanical properties of these materials dissipate 

quickly upon degradation. As a result, optimal physical properties and biochemical cues are 

paramount to ensure cells can infiltrate and subsequently remodel a biomaterial to form native 

tissue in the injured region. 

All of the ECM hydrogels yielded higher improvements in blood perfusion over the saline 

control when calculating the differences between the perfusion values at day 35 versus pre-

injection (day -2). As mentioned above, this study was intended to identify trends amongst the 

three concentrations; therefore, no significant differences were detected between the 

experimental groups. Nonetheless, the 6 mg/mL ECM hydrogel yielded the highest 

improvement in blood perfusion, whereas the 4 mg/mL and 8 mg/mL ECM hydrogels produced 

marginal improvements over the saline control. These results indicated that 6 mg/mL was the 

optimal concentration for performing further validation. 
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Efficacy in aged mice 

Many pre-clinical studies for PAD rely on small animal models to evaluate therapies, but 

the limited success in humans could be attributed to the use of insufficient animal models. 

Researchers have incorporated the use of aged animals for hindlimb ischemia studies, and 

those animals have failed to regenerate as readily, which more accurately mimics the PAD 

patient population.23,42-44 In addition, when evaluating therapeutics including growth factors, 

cells, and biomaterials, the interventions did not perform as effectively in aged animals.45-47 

Consequently, after confirming 6 mg/mL was the optimal concentration, we additionally wanted 

to confirm its efficacy in a more relevant animal model of PAD. For this experiment, aged mice 

were used to investigate whether age-related impairments would inhibit blood perfusion 

recovery due to the ECM hydrogel (Figure 3.6). 

After performing the hindlimb ischemia surgeries in the mice, some animals developed 

necrosis in the toes of the ischemic paw, which was not evident in any of the young rats in 

previous experiments. The hindlimb ischemia surgeries were also more severe in that the blood 

perfusion immediately post-surgery was an average of 15.95 ± 0.91% for all of the mice. At day 

-2 post-injection, the average blood perfusion had only increased to 33.51 ± 3.10%. In addition 

Figure 3.6 An aged mouse hindlimb ischemia model (n=6/group) was utilized, and blood 
perfusion measurements were acquired with LASCA imaging.Significant improvements in blood 

perfusion values were seen at 28 days post-injection. *p < 0.05 according to an unpaired 
Student's t-test at day 28 post-injection. Data are mean ± SEM. 
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to the necrosis seen in the mice, the slower improvement in restoring the blood perfusion 

indicated that the hindlimb ischemia surgery was more severe in the aged mice and impaired 

the natural regenerative process more so than the young rats. At day 21 post-injection, the ECM 

hydrogel-injected mice began improving more than the saline control, and by day 28 post-

injection, the blood perfusion values for the ECM hydrogel group were significantly higher 

(Figure 3.6A, p = 0.012). The saline control reached a blood perfusion level of only 47.50 ± 

2.25% at day 28 post-injection, but the ECM hydrogel increased the blood perfusion to 61.24 ± 

3.87% (Figure 3.6B). 

The previous published study, which investigated the 6 mg/mL ECM hydrogel in a young 

rat hindlimb ischemia model, showed significantly higher perfusion values at 80.21 ± 3.85% 

compared to the saline control at 69.06 ± 2.63% for day 35 post-injection.7 Increases in the 

perfusion values began at day 14 post-injection and reached significance by day 21 for the 

young rat hindlimb ischemia study,7 but the aged mice in this study did not show increases in 

perfusion until day 21 with significance achieved at day 28 post-injection. This delay in the 

restoration of the blood perfusion may also be attributed to age of the animals since studies 

have described age-related impairments in important regenerative processes like 

angiogenesis22,23, vasculogenesis 23, and satellite cell activity 26-28. The higher perfusion values 

for the rats relative to the aged mice could indicate impairments resulting from aging or could be 

associated with species differences.  Injecting saline is known to cause an inflammatory 

response that could initiate some regeneration, but it was unable to increase perfusion beyond 

day 3 post-injection, or ~47% perfusion, in the aged mice. However, the administration of the 6 

mg/mL ECM hydrogel restored the blood perfusion values to a higher value. The aged mice 

could be a more reliable model for detecting significant differences due to administration of the 

ECM hydrogels as the limited regeneration more accurately depicts the PAD and CLI patients 
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who may be aged or suffering from other comorbidities that would attenuate normal healing 

processes. 

 

Conclusions 

In summary, we have characterized the physical properties of three 

concentrations of a decellularized skeletal muscle ECM hydrogel and investigated the 

efficacy of these hydrogels in a hindlimb ischemia model. We demonstrated the 

importance of evaluating material retention and spreading in vivo as it may not change 

linearly with material concentration. Although the increasing concentrations of the ECM 

hydrogels corresponded to an increase in viscosity and mechanical strength, the 

spreading patterns and degradation rates impacted the in vivo efficacy, likely a result of 

differing biochemical cues amongst the various concentrations. The 6 mg/mL ECM 

hydrogel restored the blood perfusion to the highest value and was identified as the 

optimal concentration. Efficacy was further demonstrated in an aged mouse hindlimb 

ischemia model. Significant increases in blood perfusion were observed in the aged 

mice, which are more representative of the pathophysiology of the patient population. 

Overall, this study provides further proof-of-concept for the use of decellularized skeletal 

muscle ECM hydrogels for eventual translation to PAD patients. The following chapter 

will further evaluate the efficacy of this biomaterial in an additional skeletal muscle injury 

model. 
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Chapter 4. Evaluation of the Therapeutic Window for Decellularized 

Skeletal Muscle Extracellular Matrix Hydrogels in a Chronic Rotator 

Cuff Model 

 

Introduction 

In the United States, 75,000 surgical rotator cuff repairs are performed annually with 

86% of these repairs being done on patients over the age of 44 years.1,2 Several surgical 

techniques, including arthroscopic tendon repair, tendon transfer, or shoulder replacement, are 

available for patients with rotator cuff tears (RCTs), yet the recurrence rate ranges between 17 

and 94%.3-12 Following a RCT, rotator cuff muscles experience unloading, which subsequently 

initiates a remodeling response in the skeletal muscle. Although skeletal muscle is one of the 

few organs to possess regenerative capabilities, this chronic unloading will ultimately cause 

contractile tissue to be replaced with non-contractile tissue. These negative remodeling events 

include fibrosis, muscle fiber atrophy, fatty infiltration, and muscle degeneration, which have 

been observed in patients with RCTs.13,14 The injured skeletal muscle represents an important 

part of a RCT injury since the impaired function of the damaged muscle likely contributes to the 

high rates of tendon retearing. 

Existing surgical procedures mainly aim to treat the torn tendon, yet fatty infiltration, 

atrophy, and muscle degeneration continue to worsen following tendon repair.15-19 As a result, 

researchers have begun to investigate therapies to address the negative remodeling within the 

skeletal muscle. Several cell types, perivascular stem cells and fibro-adipogenic progenitors, 

have been transplanted to induce muscle regeneration.20,21 In a mouse model of RCT, the 

intramuscular injection of pericytes or adventitial cells led to higher muscle masses, higher fiber 

cross-sectional areas (CSA), and less fibrosis.20 Similarly, beige adipose fibro-adipogenic 

progenitors were injected intramuscularly into a mouse RCT model and resulted in reduced 
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fibrosis, fatty infiltration, and atrophy, while increasing vascularization and shoulder function 

according to gait analyses.21 Tellier et al. sought to investigate the effects of microparticles 

loaded with a growth factor, stromal cell-derived factor-1a, in a rat RCT model.22 Results 

suggested a shift towards a more pro-remodeling environment in the injected muscle, but further 

studies would be necessary to confirm efficacy. Platelet-rich plasma has also been injected into 

the supraspinatus muscle in a rat model of RCT in which fatty infiltration was attenuated.23 

Lastly, a transforming growth factor-b small molecular inhibitor SB431542 was delivered 

intraperitoneally in a mouse RCT model, which led to reduced fibrosis, fatty infiltration, and 

muscle loss.24 Although these studies demonstrated promise for RCT, murine models 

inaccurately depict human pathophysiology, and many researchers include nerve transection to 

increase the severity of the model. In addition, growth factor and cell therapies must overcome 

delivery challenges, including retention and off-target effects, and these products are often 

expensive to manufacture. 

Decellularized skeletal muscle extracellular matrix (ECM) hydrogels have also been 

investigated for skeletal muscle repair applications.25,26 An injectable, porcine-derived skeletal 

muscle ECM hydrogel was injected in a rat hindlimb ischemia model of peripheral artery 

disease.26 In this acute injury model, the ECM hydrogel improved blood perfusion restoration 

and increased the density of large diameter arterioles relative to a saline control. Muscle fiber 

cross-sectional areas also more closely resembled healthy muscle, and the density of Pax7+ 

satellite cells was significantly increased shortly after injection of the ECM hydrogel.  

Here we sought to investigate a decellularized skeletal muscle ECM hydrogel in a 

chronic rabbit model of RCT. The skeletal muscle ECM hydrogel has not been evaluated in a 

chronic model of disease or a larger animal model. Nonetheless, we hypothesized the skeletal 

muscle ECM hydrogel would maintain similar efficacy by promoting muscle regeneration and 

remodeling in this skeletal muscle application. Therapeutics for RCT are often administered at 
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the time of tendon repair, but we sought to examine the effects of the ECM hydrogel when 

injecting at the time of repair and at a delayed time point.  

 

Materials and Methods 

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. 

 

Material production 

Skeletal muscle ECM hydrogels were processed according to previously published 

methods.27,28 Briefly, longissimus dorsi muscles (pork loins) were harvested from Yorkshire farm 

pigs (4-7 months old, S&S Farms) at the UC San Diego Medical School. The muscles were 

immediately frozen for a minimum of 24 hours at -20°C, chopped into ~0.5 cm3 pieces, 

decellularized in 1% wt/vol sodium docecyl sulfate, delipidized in isopropanol, and rinsed in 

water. The decellularized material was then lyophilized and milled into a fine powder. Prior to 

use, the ECM powder was partially pepsin digested for 48 hours and then adjusted to 

physiological pH and salt conditions at a final concentration of 6 mg/mL. Aliquots of the ECM 

hydrogel were lyophilized and stored at -80°C until injections were performed. 

 

Preparation of ECM hydrogel for injections 

To resuspend the lyophilized ECM aliquots, an appropriate volume of sterile water was 

added to each microcentrifuge tube, and the material was gently pipetted up and down to 

solubilize the ECM without introducing air bubbles. The ECM hydrogel was left on ice for ~10 

minutes and a 25G needle was then used for shearing the material to ensure all ECM 

particulates had been fully solubilized. All injections were performed with a 27G needle. 
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Tenotomy surgery 

Female New Zealand white rabbits (~6 months, 32 total, Western Oregon Rabbit 

Company, Philomath, OR) were anesthetized with a subcutaneous injection of ketamine and 

xylazine (35 mg/kg ketamine/5 mg/kg xylazine, MWI Veterinary Supply, Boise, ID). Following 

intubation, 2-4% isoflurane (VetOne, Boise, ID) was utilized to keep the animals under 

anesthesia for the duration of the surgery. The surgical site was disinfected, and an incision was 

made through the skin and deltoid muscle overlying the rotator cuff. After exposing the 

supraspinatus tendon, a unilateral tenotomy was performed by transecting the tendon at its 

footprint on the greater tubercle of the humerus. Surrounding soft tissues were bluntly dissected 

to permit unobstructed retraction of the tendon. To avoid the formation of tissue adhesions, a 

Penrose drain (Medline, Northfield, IL) was sutured to the tendon stump. The muscle and skin 

layers were subsequently sutured and stapled closed, and the animals were allowed to recover. 

Tenotomies were only performed on one shoulder to maintain the contralateral shoulder as an 

internal control. An E-collar was placed on the animals to prevent suture ripping, and after 14 

days, the collar and any remaining staples were removed. 

 

Tendon repair surgery 

After 8 weeks, the animals underwent an additional surgery to repair the transected 

supraspinatus tendon. An injection of ketamine and xylazine (35 mg/kg ketamine/5 mg/kg 

xylazine, MWI Veterinary Supply, Boise, ID) was once again administered subcutaneously to 

anesthetize the animals, and 2-4% isoflurane was used for the remainder of the surgery. 

Another incision was made through the skin and deltoid muscle to expose the tendon stump and 

attached Penrose drain. The tendon stump was reattached to the retracted tendon with suture, 

and the Penrose drain was removed. After closing the muscle and skin with suture and staples, 

the animals were allowed to recover. Similar to the tenotomy surgery, animals were fitted with 

an E-collar for 14 days before removing the collar and remaining staples. 
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Administration of ECM hydrogel 

Injections of the skeletal muscle ECM hydrogel or a saline control were performed at the 

time of tendon repair (n=17 total) or 12 days post-repair (n=15 total). At the time of repair, the 

injections were administered after the final incision had been closed. Using a 27G needle, a 

total of 1 mL of saline or ECM hydrogel was distributed via 10 equally spaced injections of 100 

µL along the supraspinatus muscle. For the delayed injections, the animals were anesthetized 

with a subcutaneous injection of ketamine and xylazine (35 mg/kg ketamine/5 mg/kg xylazine, 

MWI Veterinary Supply, Boise, ID), and the injections were performed in the same manner as 

the immediate injections. 

 

Muscle harvesting 

At the conclusion of the study, animals were euthanized at two time points. 

Supraspinatus muscles from animals with an immediate injection were harvested at 1 week 

post-repair/1 week post-injection (saline: n=5, ECM: n=4) and 8 weeks post-repair/8 weeks 

post-injection (n=4/group). Animals with a delayed injection were euthanized at ~3 weeks post-

repair/1 week post-injection (saline: n=3, ECM: n=4) and 8 weeks post-repair/~6 weeks post-

injection (n=4/group). At the specified time points, animals were euthanized with an intravenous 

overdose of pentobarbital (Beuthanasia, 120 mg/kg, MWI Veterinary Supply, Boise, ID). The 

supraspinatus muscles from both shoulders were harvested and divided into four regions with 

the central tendon serving as the muscle midline between the anterior and posterior sides of the 

muscle. These four regions included anterior lateral (A1), posterior lateral (P1), anterior medial 

(A2), and posterior medial (P2), and one full-muscle thickness fragment was harvested from 

each location. The harvested muscles were pinned to in vivo length and flash frozen in liquid 

nitrogen-chilled isopentane for storage at -80°C. For this particular study, only the P1 region 

was utilized since the severity of the RCT model is highest in that region. 
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Histology 

Frozen segments of the supraspinatus muscles were embedded in Tissue-TekÒ O.C.T. 

Compound (Sakura Finetek, Torrance, CA) and cryosectioned with a Leica CM3050 S cryostat 

(Leica Biosystems, Wetzlar, Germany) into 10 µm axial and longitudinal sections. Tissue 

sections were stained with hematoxylin and eosin (H&E) to assess overall muscle health. In 

addition, DAPI (VECTASHIELDâ Antifade Mounting Medium, Vector Laboratories, Burlingame, 

CA) and wheat germ agglutinin conjugated with Alexa Fluor 594 (1:2000, ThermoFisher 

Scientific, Waltham, MA) were utilized to quantify CSA and the percentage of centralized nuclei 

as indicators of muscle remodeling. Average muscle fiber areas for each individual animal were 

used for statistical analyses. Ten randomly selected 10x magnification regions were imaged on 

a Leica CTR 6500 confocal microscope (Leica Microsystems, Wetzlar, Germany) fit with a Leica 

DFC365 FX CCD microscope camera (Leica Microsystems, Wetzlar, Germany) and analyzed 

with a custom ImageJ macro. 

 

Quantitative PCR 

In addition to the muscle segments harvested from the supraspinatus muscles for 

histology, approximately 30-50 mg of muscle tissue was collected from each region and 

homogenized in bead tubes (Navy, Next Advance, Troy, NY) with TRIzolÔ (ThermoFisher 

Scientific, Waltham, MA). The manufacturer’s protocol for RNeasy spin columns (Qiagen, 

Hilden, Germany) was followed to isolate RNA. Complimentary DNA was then synthesized with 

1 µg RNA, SuperScript IV reverse transcriptase (ThermoFisher Scientific, Waltham, MA), and 

random hexamers. Primers for qPCR were designed with NCBI Primer Blast for three muscle 

transcription factors (Pax7, Myf5, and myogenin), embryonic myosin heavy chain (MYH3), a 

skeletal muscle metabolic regulator (mTOR), and a housekeeping gene (GAPDH). The primers 

for Pax7 were as follows: forward 5’-CTGGCGGACGTGGAGAATAA-3’ and reverse 5’-
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CCAGACTGTTGCCTCGCTTA-3’. The primers for Myf5 were as follows: forward 5’-

GCATGCCTGAATGCAACAGC-3’ and reverse 5’-GTTGCTCTGAGGAGGTGATCC-3’. The 

primers for myogenin were as follows: forward 5’-GTGTAAGAGGAAGTCAGTGTCCAT-3’ and 

reverse 5’-TGCAAGCATATGGTCTCCTGG-3’. The primers for MYH3 were as follows: forward 

5’-ACAACCTACAGCGGGTCAAG-3’ and reverse 5’-CTGGGACACGATGCTTTCCT-3’. The 

primers for mTOR were as follows: forward 5’-GGGACCTCTTCAATGCTGCT-3’ and reverse 5’-

AGAGACTCCAAAATGGCGGG-3’. The primers for GAPDH were as follows: forward 5’-

ATTGCCCTCAATGACCACTTTG-3’ and reverse 5’-TCTTACTCCTTGGAGGCCATGT-3’. All 

PCR reactions included cDNA (1:20 dilution), Forget-Me-Notä EvaGreenÒ qPCR Master Mix 

(Biotium, Hayward, CA), and 1 µM forward and reverse primers. Each PCR plate was run on a 

CFX96 Touchä Real-Time PCR Detection System (Bio-Rad, Hercules, CA) and included the 

housekeeping gene to avoid inter-plate variability. All fold changes were normalized to the 

saline control. 

 

Statistical analysis 

Results are displayed as mean ± standard error of the mean (SEM). Two-way ANOVAs 

with a Sidak’s multiple comparison test were performed to examine the effects of the two time 

points and treatments. At each individual time point, a Student’s t-test was used for the 

centralized nuclei and arteriole data, and a Mann-Whitney test was applied to the muscle fiber 

cross-sectional area data. Cycle values from the PCR experiments were analyzed with the delta 

delta Ct method, and a Student’s t-test was used for the individual genes at each time point. 

Prism 8 (GraphPad Software, San Diego, CA) was utilized for all statistical analyses with 

statistical significance accepted at p < 0.05.  
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Results and Discussion 

Overall muscle health 

At 1 week post-injection for both injection schemes, areas of hypercellularity were 

visualized (Figure 4.1). Tissue samples collected from animals with no treatment (repair alone) 

contained regions of interstitial fibrosis, and the muscle fibers appeared atrophied relative to 

healthy muscle. Similarly, the immediate injections of either saline or ECM also induced fibrosis 

and atrophy, but the inflammatory response was much more apparent, based on the high 

density of cell nuclei. The delayed injection produced a response most similar to the repair 

alone group, and the heightened inflammatory response was largely absent in these animals.  

At 8 weeks post-repair (8 weeks post-injection for immediate injection, ~6 weeks post-

injection for delayed injection), the repair alone and delayed injection experimental groups 

resembled healthy skeletal muscle, but some interstitial fibrosis was observed (Figure 4.1). With 

the delayed injections, the muscle fiber sizes were largely consistent across the two time points, 

but, at 6 weeks post-injection (8 weeks post-repair), very small fibers were visualized, which 

could indicate muscle remodeling. The animals that received injections at the time of repair still 

had a small degree of inflammation present at 8 weeks post-injection (8 weeks post-repair), and 

interstitial fibrosis was also seen. In addition, some of the muscle fibers appeared 

hypertrophied, which was only prevalent in the animals with the immediate injection. 

Following the repair surgery, an inflammatory cascade was initiated, which would consist 

of infiltrating neutrophils for the first few days followed by the migration and proliferation of 

macrophages, T cells, mast cells, and other inflammatory cells for approximately two weeks.29 

In addition to the inflammatory response from the reloading of the muscle, a secondary 

inflammatory response was induced by the injection of saline or the ECM hydrogel. Both 

injections cause inflammation due to mechanical damage caused by the physical injection of the 

bolus to the muscle. The ECM hydrogel additionally stimulates cell migration into the material. 
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As a result, the immediate injection produced a larger inflammatory response due to the 

concurrent inflammation from the repair surgery and material injections. The residual 

inflammation at 8 weeks post-injection for the immediate experimental group further indicated 

Figure 4.1 Representative hematoxylin and eosin (H&E) staining for tissue samples from 
the P1 regions of animals injected at the time of repair and 12 days post-injection and a repair 

alone control. 
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the need to delay the intramuscular injections to allow the initial inflammation from the surgery 

to subside. 

 

3.1 Muscle fiber morphology and remodeling 

To investigate the atrophy and muscle fiber morphology more thoroughly, the muscle 

fiber areas were quantified for the two experimental groups at each time point (Figure 4.2). For 

animals injected at the time of repair (Figure 4.2A), the CSA values for the ECM hydrogel-

treated animals (3575 ± 627 µm2) at 1 week post-injection closely resembled healthy 

supraspinatus muscle, which averages approximately 3500 µm2. However, the saline group was 

more atrophied, although not significantly, with an average CSA of 3084 ± 157 µm2. By 8 weeks 

post-injection and post-repair, the ECM hydrogel-treated animals remained constant with an 

average CSA of 3599 ± 307 µm2, but the average CSA for the saline animals had markedly 

increased to 5361 ± 848 µm2. This hypertrophy response, which was more prevalent in the 

saline animals, was also visualized in the H&E images (Figure 4.1) and confirmed in the 

quantitative assessment for CSA. A two-way ANOVA indicated significant differences due to the 

Figure 4.2 Cross-sectional area (CSA) measurements for both injection schemes (n=3-
5/group). The ECM hydrogel did not produce significant improvements over the saline control. 

Data are mean ± SEM. 
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time points, but no statistical differences were detected between the interventions based on the 

two-way ANOVA or separate Mann-Whitney tests for each time point. 

 With the delayed injection scheme, the CSA averages for the saline and ECM-hydrogel 

treated groups were reduced at 1 week post-injection (~3 weeks post-repair) relative to the 

healthy average at 3164 ± 444 µm2 and 3040 ± 202 µm2, respectively. Both CSA averages 

slightly increased at ~6 weeks post-injection (8 weeks post-repair) with the saline group 

improving to 4065 ± 399 µm2, and the ECM hydrogel group reaching 3509 ± 275 µm2. No 

significant differences were detected amongst the groups or time points based on a two-way 

ANOVA or individual Mann-Whitney tests. Compared to the immediate injections, the saline 

control did not produce a hypertrophy response with the delayed injections. However, the 

effects from the ECM hydrogel were not different for either injection approach.  

 In addition to quantifying the CSA for muscle fiber morphology, the centralized nuclei 

were also assessed as a metric for muscle remodeling (Figure 4.3). Healthy muscle contains 

~5% centralized nuclei, and injuries to skeletal muscle induce muscle damage and/or 

remodeling, which leads to an increased number of centralized nuclei.30 The administration of 

saline or the ECM hydrogel increased the number of centralized nuclei to a greater extent with 

Figure 4.3 The percentage of centralized nuclei was quantified to assess the muscle 
remodeling for both injection schemes (n=3-5/group). No significant differences were detected. 

Data are mean ± SEM. 
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the immediate injection (Figure 4.3A). The ECM hydrogel injection yielded 9.4 ± 3.3% 

centralized nuclei at 1 week post-injection (1 week post-repair) and slightly increased to 10.7 

±1.5% at 8 weeks post-injection (8 weeks post-repair). Conversely, the saline-treated animals 

had a similar percentage of centralized nuclei at 1 week post-injection (1 week post-repair) with 

10.9 ± 3.2% but increased more noticeably to 17.0 ± 6.6% at 8 weeks post-injection (8 weeks 

post-repair). The larger increase in percentage centralized nuclei for the saline group relative to 

the ECM hydrogel could be attributed to the heightened inflammatory response observed with 

the immediate injections since centralized nuclei can indicate damaged fibers.30 Higher 

variability for the percentage of centralized nuclei was also seen with the immediate injection, 

which may have resulted from the varying degrees of inflammation in the animals. However, no 

significant differences were detected amongst the time points or experimental groups. 

For the delayed injections, the percentages of centralized nuclei for both groups at each 

time point were closer to healthy levels. The saline control had slightly higher percentages than 

the ECM hydrogel group at 1 and ~6 weeks post-injection with 7.3 ± 0.8% and 8.3 ± 1.7%, 

respectively. The ECM hydrogel-treated animals resembled healthy tissue with 5.6 ± 0.8% at 1 

week post-injection (~3 weeks post-repair) and 6.8 ± 0.3% at ~6 weeks post-injection (8 weeks 

post-repair). Statistical differences were not identified from individual unpaired Student’s t-tests 

or a two-way ANOVA. Due to the reduced inflammatory response from the delayed injections, 

the percentage of centralized nuclei decreased relative to the immediate injections, and 

therefore, muscle remodeling also appeared to be minimal. This data corresponded to the 

average CSA values for the delayed injections as those values were also similar to the healthy 

average.  

The delayed injection of saline or the skeletal muscle ECM hydrogel reduced the 

inflammation in the supraspinatus muscle based on the H&E images, but this also led to less 

muscle remodeling based on the lower percentages of centralized nuclei. Saline injections are 
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expected to produce an inflammatory response but will not induce regeneration; however, 

studies have demonstrated the therapeutics effects of the skeletal muscle ECM hydrogel for 

muscle remodeling.26 The lack of improvements from the ECM hydrogel in this study could be 

due to the use of a chronic animal model or an insufficient dose of the biomaterial. The skeletal 

muscle ECM hydrogel has only been evaluated in acute animal models, which avoid the 

development of fibrosis and fatty infiltration. In effect, a biomaterial-alone approach may not be 

sufficient in a chronic model for skeletal muscle repair where non-contractile tissue, including 

fibrosis, fatty infiltration, and muscle degeneration, has already replaced contractile tissue. The 

ECM hydrogel also degrades in approximately 3-4 weeks; therefore, additional therapeutic 

effects beyond this time point are unlikely. Consequently, multiple sequential injections of the 

ECM hydrogels should be evaluated to determine whether an ECM hydrogel may be efficacious 

in a chronic RCT model. 

 

3.2 Expression of key muscle-related genes 

 To investigate the muscle regeneration of the ECM hydrogels more closely, the 

expression levels of several key muscle-related genes were quantified and normalized to the 

saline control (Figure 4.4). Pax7, Myf5, and myogenin are muscle transcription factors in which 

Pax7 denotes quiescent satellite cells, Myf5 represents activated satellite cells, and myogenin is 

a marker of differentiating satellite cells. Myosin heavy chain 3 (MYH3), also known as 

embryonic myosin heavy chain, indicates newly formed muscle fibers, and mammalian target of 

rapamycin (mTOR) is a master regulator for skeletal muscle metabolism. At 1 week post-

injection (1 week post-repair) for the animals injected immediately, no significant differences 

were found between the saline and ECM hydrogel groups (Figure 4.4A). This was likely due to 

the extensive inflammation present in all of these animals at this time point. However, with the 

delayed injection and resulting decrease in inflammation, several genes, including Pax7, Myf5, 

and mTOR were significantly upregulated, and MYH3 was trending with p = 0.065. These 
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results indicated an upregulation of pathways related to muscle regeneration, but the changes in 

gene expression levels did not translate to tissue-level improvements. Fold changes were also 

quantified at 8 weeks post-repair, but no significant differences were identified for either 

injection scheme. This was expected since previous studies with these decellularized ECM 

hydrogels have displayed little differential gene expression after 1 week post-injection.26,31 

Regardless, these results validated the efficacy of the skeletal muscle ECM hydrogel to initiate 

the process of muscle regeneration, but further studies, as mentioned previously, are required 

to optimize the therapeutic benefits of the material.  

 

Conclusions 

RCT represents a significant health burden for the United States, and patients often 

experience a significant decrease in quality of life as a result of the injury. Several surgical 

procedures are available for patients with RCTs, and many researchers are investigating 

injectable therapies for the torn tendons. However, the damage to the unloaded and then 

reloaded muscle has been largely neglected. We sought to evaluate a decellularized skeletal 

Figure 4.4 Gene expression levels at 1 week post-injection for several muscle transcription 
factors (Pax7, Myf5, myogenin), embryonic myosin heavy chain (MYH3), and a skeletal muscle 

metabolic regulator (MTOR). Delaying the intramuscular injections led to an upregulation of 
several genes related to muscle regeneration with the ECM hydrogel group (n=3-5/group). *p < 

0.05 according to unpaired Student’s t-tests for each individual gene. 
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muscle ECM hydrogel with injections performed at two different time points to determine the 

therapeutic efficacy of the material. By delaying the material injections, the initial inflammation 

from the repair surgery diminished, and the secondary immune response from the material 

injections initiated some muscle regeneration. No significant differences were detected from 

quantitative muscle fiber assessments with either injection scheme, which could be attributed to 

an insufficient dose of the ECM hydrogel resulting from its degradation rate. However, 

significant upregulation of several important muscle-related genes was observed from the 

skeletal muscle ECM hydrogel at 1 week post-injection with the delayed injection approach. The 

upregulation of these genes suggested the ECM hydrogel injection stimulated muscle 

regeneration pathways, but was insufficient for altering tissue level metrics. This failure to 

provide a therapeutic effect is likely due to the concurrent environment of fibrosis, fatty 

infiltration, and degeneration. One promising way to improve the efficacy of ECM hydrogels in a 

chronic RCT model would be sequential delivery of the biomaterial, where serial 

injection/material degradation cycles may induce a more robust pro-remodeling response. 

Nonetheless, this study indicates the importance of assessing the timing of delivering 

therapeutics in an RCT model to avoid interrupting the inherent natural regenerative processes 

of the skeletal muscle. To augment the material by including additional therapeutics, the 

following chapter will assess the ECM hydrogel as a delivery vehicle. 
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Chapter 5. Decellularized Extracellular Matrix Hydrogels as a Delivery 

Platform for MicroRNA and Extracellular Vesicle Therapeutics 

 

Introduction 

Therapeutics, particularly growth factor–based and cell-based, have been extensively 

investigated for many clinical applications including, but not limited to, cardiovascular disease,1,2 

cancer,3,4 and autoimmune diseases.5,6 With mechanisms regulating essential biological 

processes such as neovascularization, extracellular matrix remodeling, and inflammation, many 

growth factor–based and cell-based therapies have been pursued in clinical trials, but 

translation to the clinic has been largely unsuccessful, as mentioned in Chapter 2.7-9 Along with 

a lack of demonstrated efficacy in patients, manufacturing difficulties, like shortened shelf life 

and high production costs, hinder the feasibility of utilizing cell and growth factor–based 

approaches. Although engineered growth factors have recently been introduced to overcome 

many of these obstacles from growth factor therapeutics,10,11 researchers have been exploring 

alternative biologics, including microRNAs (miRNAs) and extracellular vesicles (EVs).  

MiRNAs, short 20–22 base pair oligonucleotides, have emerged as a promising 

therapeutic for many applications, including cardiovascular disease,12 inflammatory disease,13 

metabolic disease,14 and cancer.15,16 These therapies harness the ability of miRNAs to regulate 

post-transcriptional gene expression, which occurs via complementary binding with a target 

messenger RNA. Chemical modifications have been implemented to produce miRNA mimics 

and inhibitors with increased stability and more favorable pharmacokinetics,17,18 which have 

contributed to multiple miRNA therapeutics progressing to clinical trials.19 

Another class of biologic products that is emerging as a potent cellular mediator in 

numerous physiological and pathological processes is EVs. EVs, cell-derived vesicles 

comprising exosomes and microvesicles, have been shown to play a major role in cell to cell 



	

 70 

communication, allowing cells to exchange proteins, lipids, and genetic materials, including 

mRNAs and,noncoding RNAs such as miRNAs, thus making them effective regulators of tissue 

homeostasis and repair.20,21 EVs have been shown to play a major role in many processes 

including cell signaling,22,23 immunity,5,24 cancer development and progression,25,26 protein 

clearance,27 and infection.28,29 Due to their broad repertoire of bioactive molecules and biological 

functions,21,30 EVs have been investigated in many therapeutic applications including organ 

regeneration,30-32 cancer,33,34 immune-based diseases,35,36 and neurodegenerative diseases.37 

Although miRNA and EV therapeutics have resulted in significant therapeutic outcomes 

in many preclinical studies,19,38 these benefits are hindered by poor delivery strategies and rapid 

clearance soon after administration. Intravenous delivery is the main delivery route employed by 

these therapies, and direct injections have also been utilized; however, both of these 

approaches fail to capitalize on the full therapeutic potential of miRNAs and EVs. Current 

delivery methods, which often require large payloads, could yield undesired side effects from 

unspecific binding of miRNAs. In addition, degradation by endogenous nucleases and rapid 

diffusion represent significant obstacles.12 Consequently, improved delivery strategies are 

greatly needed. 

Several groups have begun exploring the use of hydrogels as a delivery platform for 

miRNA and EV therapies,39,40 but natural materials alone (i.e., without the addition of chemical 

crosslinkers or modifications) have not been investigated. Unlike most synthetic materials, 

natural materials can better mimic the in vivo environment, but, in particular, decellularized 

extracellular matrix (ECM), one type of naturally derived biomaterial, successfully maintains 

biochemical cues of the native tissue microenvironment, as discussed in Chapter 2. 

Decellularized ECM has several beneficial properties, which include promoting cellular influx,41 

and its degradation products are angiogenic,42 chemoattractant,42,43 and promote cell migration 

and proliferation.44 In addition, previous studies in a myocardial infarction model have confirmed 

the benefits of using cardiac-derived ECM hydrogels as a delivery platform for growth factors 
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with increased arteriogenesis compared to growth factor alone and ECM hydrogel alone 

controls.11,45 These ECM hydrogels have also been used for cell delivery in a hindlimb ischemia 

model of peripheral artery disease, which increased cell engraftment and survival, stimulated 

neovascularization and could also potentially be used for cell transplantation into the 

myocardium.46,47 Along with the efficacy of these decellularized materials, the hydrogels can be 

delivered minimally invasively, as has been shown via catheter in the heart or a direct injection 

for the skeletal muscle.46,48-50 With a complex mixture of proteins, we anticipated that an ample 

supply of binding sites would be present to facilitate the binding of nucleic acids and EVs. 

Additionally, ECM hydrogels could ensure localization of both miRNAs and EVs, and the 

nanoscale and microscale architecture of these hydrogels could promote a slow release of the 

payload. 

Here we evaluated the use of porcine-derived decellularized ECM hydrogels as a 

Figure 5.1 Schematic of the workflow for assessing decellularized ECM hydrogels as a delivery 
platform for miRNA and EV therapeutics. Anti-miRs, antago-miRs, and EVs were encapsulated 
in ECM hydrogels, and the release profiles were first generated. Antago-miR and EV release 

samples were then further analyzed to ensure the biologics remained bioactive. 
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platform for the delivery of model miRNAs and EVs (Figure 5.1). We performed assessments of 

our ECM hydrogels to provide a slow release profile and maintain bioactivity of miRNA and EV 

therapeutics, demonstrating that these biomaterials could be a potential delivery platform for 

such newer generation biologics. 

 

Experimental Section 

Extracellular Matrix Preparation: Porcine-derived extracellular matrix (ECM) was 

prepared as previously described.51,52 Briefly, tissue from Yorkshire farm pigs was chopped into 

small cubes (2–5 mm) and decellularized with detergent for 3–5 days. Myocardial ECM, skeletal 

muscle ECM, and lung ECM was derived from porcine left ventricular myocardium, psoas 

muscle, and lung, respectively. For both the myocardial and skeletal muscle ECM hydrogels, 

decellularization was accomplished using 1% sodium dodecyl sulfate, while lung ECM 

hydrogels were decellularized with 0.1% sodium dodecyl sulfate. Skeletal muscle ECM 

hydrogels also required an additional isopropyl alcohol step to remove remaining lipids. 

Following decellularization, the tissue was then lyophilized and milled into a fine powder for 

long-term storage. Prior to use, the milled powder was partially digested with pepsin (Sigma-

Aldrich) at a concentration of 10 mg ECM per 1 mL pepsin solution (1 mg pepsin per 1 mL 0.1 M 

HCl) for at least 48 h and then neutralized to physiological pH and salt conditions. Finally, the 

concentration of the ECM hydrogel was adjusted to 6 mg/mL with 1x phosphate buffered saline 

(PBS) and then lyophilized once again for storage at −80°C. 

Cell Culture: All cell lines were preserved in a humidified incubator at 37°C, 5% CO2 and 

atmospheric O2. Human cardiac progenitor cells (hCPCs)53 and human coronary artery 

endothelial cells (HCAECs) were used between passages 17–23 and 7–14, respectively. 

hCPCs were cultured as previously described.54 Briefly, cells were cultured in 0.1% porcine 

gelatin (Sigma-Aldrich) coated flasks in growth media consisting of 10% fetal bovine serum 
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(Thermo Fisher Scientific), 22% EBM2 (Lonza) complemented with EGM2 single quotes (Lonza) 

in Medium 199 (Corning), 1x nonessential amino acids (Lonza), and 1x penicillin-streptomycin 

(Life Technologies). HCAECs were grown in MesoEndo cell growth media (Cell Applications). 

MiRNA Preparation: Anti-miR and antago-miR oligonucleotides were synthesized with 

the following sequence: 5’ – ACU GCC UGU CUG UGC CUG CUG T – 3’ (Eurofins Genomics). 

Both oligonucleotides were designed with 2’ O-methylation, 4 PTO-linkages on the 3’ end, and 2 

PTO linkages on the 5’ end. The antago-miR was further modified with a 3’ cholesterol group. 

For release experiments requiring miRNA detection via fluorescence measurements, a Cy3 dye 

molecule was conjugated to the 5’ end. All lyophilized anti-miR or antago-miR aliquots were 

resuspended with RNase-free water (Life Technologies) to a final concentration of 100 μM. 

Anti-miR and Antago-miR Release: Decellularized ECM hydrogels were prepared by 

resuspending lyophilized aliquots to a final concentration of 6 mg/mL with RNase-free water or a 

mixture of RNase-free water and miRNA inhibitors. Cy3-labeled anti-miR (4 μg, n = 3 per ECM 

type) or antago-miR (4 μg, n = 3 per ECM type) was mixed into the ECM hydrogels.55 Hydrogels 

(200 μL total) were formed in microcentrifuge tubes by incubating at 37°C overnight. Larger 

volume gels were used for the anti-miR and antago-miR release compared to the EVs release, 

since concentrated amounts of the antago-miR did affect gelation in vitro. All ECM hydrogels 

were initially rinsed with RNase-free 1x PBS (250 μL, Alfa Aesar) to remove any unincorporated 

anti-miR or antago-miR. After RNase-free 1x PBS (250 μL) was added to each gel, all gels were 

incubated at 37 °C on a shaker plate. Every 24 ± 2 h for 15 days, the PBS supernatant (200 μL) 

was collected for quantification of miRNA release. On day 15 following collection of the PBS 

supernatant, bacterial collagenase (200 μL, Worthington Biomedical Corporation) at 100 U/mL 

in a 0.1 M Tris-base, 0.25 M CaCl2 solution, pH 7.4 was added to degrade the hydrogels. For 

complete degradation, gels were incubated at 37°C for 4 h. Then, collagenase samples (200 

μL) were collected, and 1.5 M NaCl solution (200 μL) was added to dissociate residual 

electrostatic interactions between the miRNAs and ECM hydrogels. Gels were allowed to 
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incubate at 37°C for 1 h prior to sample collection. The miRNA content in each of the release 

samples was quantified using a BioTek Synergy 4 Multi-Mode Microplate Reader. The Cy3 dye 

molecules were detected using an emission spectrum with a constant excitation at 547 nm and 

an emission ranging from 577 to 597 nm. Known amounts of the Cy3-labeled anti-miR or 

antago-miR were mixed with supernatant from empty ECM hydrogels to construct individual 

standard curves. These standard curves were then used to determine the amount of released 

miRNAs. Release samples were stored at −80°C for later analysis.  

Antago-miR Bioactivity—Tube Formation Assay: Growth factor reduced Matrigel (10 μL, 

Corning) was carefully pipetted into individual wells in a μ-slide angiogenesis (Ibidi) and allowed 

to gel at 37°C for approximately 45 min. In the meantime, HCAECs were collected, and the 

mixture was then concentrated to 400,000 cells per mL in MesoEndo growth media for a total 

amount of 10,000 cells per well. In separate microcentrifuge tubes, samples were prepared to 

yield 50 μL total per well. Each sample tube contained sample (25 μL) and cells in media (25 

μL). The sample volume was taken directly from tubes containing the collected release from 

days 1 and 3 and the PBS supernatant at day 15 prior to collagenase and 1.5 M NaCl 

treatments. The experiment was done in triplicate, and data was analyzed using the MATLAB 

AngioQuant toolbox. 

EV Isolation: hCPCs from three different donors were used for EV isolation. CPCs were 

cultured in EV-free growth media until 80% confluency was reached, and the media was 

collected for EV isolation. To prepare EV free growth media, 33% FBS in Medium 199 was 

centrifuged at 100,000 x g for 16 h at 4°C (Optima L-80 XP Ultracentrifuge) and sterile filtered. 

The supernatant was used to prepare growth media as described earlier. hCPC-conditioned 

media was collected and centrifuged at 2000 x g for 15 min at 4 °C (Eppendorf Centrifuge 

5810R) to pellet dead cells and debris. The supernatant was then centrifuged at 10,000 x g for 

30 min at 4°C to pellet larger vesicles. The EV pellet was obtained in the last centrifuge step at 

100,000 x g at 4 °C for 60 min, sterile filtered, resuspended in PBS, and stored at 4°C when 
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used the next day or at −80 °C for long-term storage. EV concentration was measured using the 

Micro BCA Protein Assay Kit (Thermo Scientific). Bovine serum albumin (BSA) standards were 

prepared within the range of 0.5 μg/mL to 200 μg/mL. Both standards and EV samples were 

incubated with Micro BCAWorking Reagent at 37°C for 2 h and analyzed with a BioTek Synergy 

4 Multi-ModeMicroplate Reader at 562 nm. EV concentration was determined by comparing the 

values of the EV samples with the known concentrations of the standards. 

EV Labeling: EVs were fluorescently labeled with 2 x 10-6 M PKH26 red fluorescent dye 

(Sigma; PKH26 Red Fluorescent cell linker mini-kit for general cell membrane labeling, MINI26-

1KT) according to the manufacturer’s protocol. The labeling reaction was stopped by adding 

33% EV-free FBS in M199 (3 mL) and ultracentrifuged as described earlier. After centrifugation, 

the pellet was resuspended in PBS at a concentration of 0.5 μg/μL and used for encapsulation 

experiments. 

EV Detection: EV release from decellularized myocardial (n=4), skeletal muscle (n = 3), 

and lung (n = 3) ECM hydrogels was measured using an EV capture method with antibody-

coated magnetic beads. Samples were incubated with anti-CD63-coated magnetic beads 

(ExoCap, JSR Life Sciences) overnight and washed by aspiration on the magnet and adding 2% 

BSA in PBS (washing buffer). Secondary CD63-Alexa647 antibody in PBS (BD Biosciences) 

was added and incubated for 2 h at room temperature while shaking. Beads were washed with 

washing buffer and resuspended in 0.25% BSA in PBS. Mean fluorescent intensity of the 

samples was measured by FACS (Canto). 

EV Bioactivity—Stimulation of pERK Expression: In a flat bottom 24 well plate, 100,000 

HCAECs were plated in MesoEndo cell growth media. After 24 h, the cells were starved by 

replacing media with Medium 199 for 3 h. Following starvation, HCAECs were incubated with 

myocardial ECM hydrogel-conditioned PBS (200 μL) from gels with or without encapsulated 

EVs. Samples from days 1 (n=4 per group), 3 (n=3 per group), and 7 (n = 4 per group) were 

examined. Cells were lysed with cOmplete Lysis-Mbuffer (Roche) on ice for 5 min. Lysate was 
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centrifuged at 14,000 x g for 10 min at 4 °C, and the supernatant was stored at −80°C. To 

prepare the samples for gel electrophoresis, HCAEC lysate (24 μL) was combined with 4x 

NuPAGE LDS Sample Buffer (10 μL, Thermo Fisher Scientific) and 10x NuPAGE Sample 

Reducing Agent (4 μL, Thermo Fisher Scientific). The samples were then heated for 10 min at 

70°C. A NuPAGE 4–12% Bis-Tris Protein Gel (Thermo Fisher Scientific) was loaded with 

sample (40 μL) and PageRuler Prestained Protein Ladder (15 μL, Thermo Fisher Scientific). 

The gel was placed in the XCell SureLockMini-Cell Electrophoresis System (Thermo Fisher 

Scientific), and the chambers were filled with 1x NuPAGE MOPS SDS Running Buffer (Thermo 

Fisher Scientific). In addition, Nu-PAGE Antioxidant (500 μL, Thermo Fisher Scientific) was 

added to the inner chamber. Electrophoresis was performed at 200 volts for 50 min. Western 

blot was performed using the XCell SureLock Mini-Cell Electrophoresis System filled with 1x 

NuPAGE Transfer Buffer (Thermo Fisher Scientific) in 10% methanol in deionized water. 

Proteins were transferred from the gel onto a 0.45 μm nitrocellulose membrane (Bio-Rad 

Laboratories) at 35 volts for 1 h on ice. The membrane was blocked in 5% BSA (Gemini Bio) in 

TBS for 1 h at room temperature, followed by incubation with primary antibodies 1:500 phospho-

p44/42 MAPK (Thr202/Tyr204; Cell Signal) or 1:750 p42/44 MAPK (ERK1/2; Cell Signaling 

Technology) in 0.5% BSA in TBS for 1 h at room temperature. The membrane was then 

incubated with secondary antibody 1:1000 goat anti-rabbit IgG HRP (Abcam) in 5% milk 0.1% 

Tween in TBS for 1 h at room temperature. Prior to imaging, the membrane was incubated with 

Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) for 1 min and imaged with a 

Bio-Rad ChemiDoc MP System using Image Lab 3.0 software. Total ERK was evaluated on the 

same membrane used for phospho-p44/42 MAPK. To remove primary and secondary pERK 

antibodies, the membrane was incubated in stripping buffer (1.5% glycine, 0.1% SDS, 1% 

Tween 20 in H2O at pH2.2; 2 x 7.5 min) followed by washing in PBS (2 x 10 min) and TBS (2 x 

10 min) and stained as described earlier. 

EV Bioactivity—Antiapoptotic Effect: A 96-well plate was coated with 0.1% porcine 
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gelatin, and 7,500 hCPCs per well were seeded and incubated in growth media overnight. After 

24 h, the media was replaced by 10% alamarBlue Cell Viability Reagent (Invitrogen) in growth 

media and incubated for 4 h at 37°C. AlamarBlue was transferred to a flat bottom 96-well plate 

(100 μL per well), and baseline values were measured in a BioTek Synergy 4 Multi-Mode 

Microplate Reader at 550 nm excitation and 585 nm emission. After baseline measurements, 

cells were incubated with 25 μM H2O2 in myocardial ECM hydrogel-conditioned PBS from 

gels with or without encapsulated EVs for 16 h at 37°C followed by incubation with 10% 

alamarBlue in growth media for 4 h at 37°C. AlamarBlue was again transferred to a flat bottom 

96-well plate (100 μL per well), and the final values were measured with the microplate reader. 

Statistical Analysis: Results are displayed as mean ± standard error of the mean (SEM). 

GraphPad Prism 6 was used for statistical analyses with significance accepted at p < 0.05 for all 

experiments. For the miRNA release experiments, individual standard curves were generated 

each day for the anti-miR and antago-miR using PBS supernatant collected from empty ECM 

hydrogels. The amount of miRNA rinsed away on day 0 was subtracted from the original 4 μg 

and used as the total amount for calculating the cumulative percent released. Some of the error 

bars are too small to be seen on the miRNA release study graphs. A sample size of three gels 

was used for both miRNA antagonists and each ECM type (18 gels total). Images taken for 

assessing the bioactivity of the released antagomiRs were analyzed with the MATLAB 

AngioQuant toolbox. Each experimental group was done in triplicate, and values for the tubule 

length and number of junctions were normalized to the PBS supernatant group. For 

comparisons between the antago-miR release samples and PBS supernatant control, a one-

way ANOVA with a Dunnett’s post hoc test was used. For the EV release study, standard 

curves were generated using known amounts of EVs, and EV detection was done as described 

previously. A total of four hydrogels were evaluated for the myocardial ECM, and three 

hydrogels were tested for the skeletal muscle and lung ECM. To analyze the results from the 

pERK expression studies, ImageJ software was utilized to quantify the intensity of the bands (n 
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= 3 per group for day 3, n = 4 per group for days 1 and 7) with respect to total ERK. Values 

were normalized to the PBS supernatant group for each time point and then compared with an 

unpaired Student’s t-test. Cell survival for the apoptosis experiment was measured as 

percentage of viable cells compared to baseline measurements. Six and seven replicates were 

performed for day 1 and day 3 samples, respectively. An unpaired Student’s t-test was used to 

determine statistical significance. 

 

Supporting Information 

Residual dsDNA content: To isolate the residual dsDNA content in the ECM hydrogels, a 

NucleoSpin® Tissue kit (Macherey-Nagal) was used according to the manufacturer’s protocol. 

Lyophilized aliquots of the ECM (1 mg) post-digestion and neutralization were used for this 

experiment. Once isolated, the amount of dsDNA (n=3/ECM type) was quantified with a Quant-

iT™ PicoGreen™ dsDNA Assay Kit (Invitrogen). All samples and standards were prepared 

according to the manufacturer’s protocol. A BioTek Synergy™ 4 Multi-Mode Microplate Reader 

was used for fluorescent detection. Data was analyzed with a one-way AVOVA and Tukey’s 

post hoc test using GraphPad Prism 6 software. Significance was accepted at p < 0.05. Results 

are shown as mean ± SEM.  

Unlabeled miRNA release: Decellularized myocardial ECM hydrogels were prepared by 

resuspending lyophilized aliquots to a final concentration of 6 mg/ml with RNase-free water or a 

mixture of RNase-free water and miRNA inhibitors. Unlabeled anti-miR (4 µg, n=3) or antago-

miR (4 µg, n=3) was mixed into the myocardial ECM hydrogels. Hydrogels (200 μL total) were 

formed in microcentrifuge tubes by incubating at 37°C overnight. The ECM hydrogels were 

initially rinsed with RNase-free 1X PBS (250 µL, Alfa Aesar) to remove any unincorporated anti-

miR or antago-miR. After, RNase-free 1X PBS (250 µL) was added to each gel, all gels were 

incubated at 37°C on a shaker plate. Every 24 ± 2 hours for 3 days, the PBS supernatant (200 
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µL) was collected for quantification of miRNA release. The miRNA content in each of the 

release samples was quantified using the Quant-iT™ RiboGreen™ RNA Assay Kit (Invitrogen) 

according to the manufacturer’s protocol. A BioTek Synergy™ 4 Multi-Mode Microplate Reader 

was then used for fluorescent detection. Known amounts of the unlabeled anti-miR or antago-

miR were mixed with supernatant from empty ECM hydrogels to construct individual standard 

curves. These standard curves were then used to determine the amount of released miRNAs. 

Significant differences between the Cy3-labeled and unlabeled miRNAs were compared using 

unpaired Student’s t-tests for each individual day. Significance was accepted at p < 0.05. 

Results are shown as mean ± SEM. 

Global proteomics: A previously published protocol was followed to prepare the samples 

for LC-MS/MS. Milled ECM was chemically digested in 100 mM CNBr in 86% TFA (400 µL) for 

24 hours at room temperature and subsequently neutralized with 1M Tris-HCl pH 8.0. Samples 

(50 µg) were then further digested according to the FASP protocol using a 10 kDa molecular 

weight cutoff filter. A Gemini-NH C18, 50 x 2 mm column was used for high pH reversed phase 

chromatography with 20 mM ammonium bicarbonate (pH 10) as mobile phase (A) and 20 mM 

ammonium bicarbonate and 75% acetonitrile (pH) 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 nano-flow reverse phase LC-MS/MS was 

performed using a capillary Agilent 1200 HPLC System. Acquired data for the ECM samples 

was searched against the Sus scrofa protein sequence database from the UniProtKB/Swiss-

Prot database. Unique peptide identifications were accepted based on the following conditions: 

95.0% minimum peptide threshold, 99.0% minimum protein threshold, contain at least 2 unique 

peptides, 0.9% peptide FDR (Prophet), and 0.0% protein FDR (Prophet). The top 20 most 

abundant identified proteins were compared between the three different types of ECM. 
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Results and Discussion 

Due to the earlier success with delivering growth factors and cells with tissue-derived 

hydrogels,11,45-47 we hypothesized that the ECM hydrogels would also provide an enhanced 

delivery platform for model miRNAs and EVs. Specifically, we expected the ECM hydrogels 

would prolong the release of miRNAs and EVs but would not affect the bioactivity of either 

therapeutic. To first evaluate retention, model miRNAs and EVs were mixed with three different 

types of decellularized ECM hydrogels. Specifically, myocardial, skeletal muscle, and lung ECM 

hydrogels were used due to differences in the composition of ECM proteins48,51 (Table 5.1, 

Supporting Information) and to demonstrate potential broad applications of this delivery 

platform. Although these hydrogels were derived from a xenogeneic tissue source, a very low 

amount of residual dsDNA was detected (Figure 5.2), indicating adequate decellularization. 

Cardiac progenitor cell (CPC)-derived EVs56 and miRNA antagonists for miR-214,55 an anti-miR 

and antago-miR, were used as model therapeutics for these studies since they have been 

evaluated considerably and showed promising results in many therapeutic applications.31,57,58 
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Proteins	 Myocardium	 Skeletal	Muscle	 Lung	

Basement	Membrane	 		 		 		

Collagen	alpha-1(IV)	chain	 X	 X	 X	

Collagen	alpha-2(IV)	chain	 X	 X	 X	

Collagen	alpha-4(IV)	chain	 		 X	

Laminin	subunit	beta-2	 X	 X	 X	

Laminin	subunit	beta-3	 		 X	

Laminin	subunit	gamma-1	 X	 X	 X	

Laminin	subunit	gamma-2	 		 X	

Perlecan	 X	 X	 X	

Cytoskeletal	 		 		 		

Alpha-1,4	glucan	phosphorylase	 X	 		

Desmoplakin	 X	 		

Filamin-C	 X	 		

Myosin-binding	protein	C,	cardiac	 X	 		

Myosin-binding	protein	C,	fast-type	 		 X	 		

Myosin-1	 		 X	 		

Myosin-7	 X	 X	 		

Phosphorylase	 		 X	 		

Spectrin	alpha	chain	 X	 		 		

ECM	Regulator	 		 		 		

Protein-glutamine	gamma-glutamyltransferase	2	 		 		 X	

FACIT	Collagen	 		 		 		

Collagen	alpha1(XIV)	chain	 		 X	 		

Fibrillar	Collagen	 		 		 		

Collagen	alpha-1(I)	chain	 X	 X	 X	

Collagen	alpha-2(I)	chain	 X	 X	 X	

Collagen	alpha-1(II)	chain	 		 X	

Collagen	alpha-1(III)	chain	 X	 X	 X	

Collagen	alpha-1(V)	chain	 X	 X	 X	

Collagen	alpha-2(V)	chain	 X	 X	 X	

Collagen	alpha-3(V)	chain	 		 X	 		

Matricellular	 		 		 		

Collagen	alpha-2(VI)	chain	 X	 X	 X	

Collagen	alpha-3(VI)	chain	 X	 X	 X	

Emilin	1	 		 X	

Fibronectin	 X	 X	 X	

Structural	ECM	 		 		 		

Fibrillin-1	 X	 X	 X	

Table 5.1 Global proteomics of ECM hydrogel 
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MicroRNAs 

For model miRNAs therapeutics, an anti-miR and antago-miR against miR-214 were 

used, which have been shown to recover neovascularization through the regulation of 

angiogenic factors.55 Since decellularized ECM also has angiogenic properties,42 this miRNA 

target was chosen since the combination of these therapies could potentially enhance 

neovascularization processes in later in vivo applications. The release profiles from the three 

ECM hydrogels were evaluated for the miRNA inhibitors up to 15 days (Figure 5.3). Comparing 

the anti-miR and antago-miR, the release profiles varied significantly, likely due to hydrophobic 

interactions caused by the presence of a cholesterol group on the 3’ end of the antago-miR. In 

fact, over 50% of the anti-miR was released from the ECM hydrogels by day 2 (Figure 5.3A), but 

the antago-miR did not reach 50% until around day 10 (Figure 5.3B). Moreover, the anti-miR 

was virtually completely released by day 10, but the antago-miR was not fully released until the 

additions of first collagenase to degrade the collagen in the ECM hydrogels and then 1.5 M 

NaCl to dissociate residual antago-miRs. The rate of release was likely heavily facilitated by 

hydrophobic interactions, as indicated by the further release of antago-miR, but not anti-miR, 

following the addition of 1.5 M NaCl. The amount of amines present in the ECM hydrogels could 

Figure 5.2 Residual dsDNA content is low and does not 
vary significantly between ECM hydrogels (n=3/gel type). 

Data are represented as mean ± SEM. 
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also contribute to modulating the release profile, since there are some differences present 

amongst the tissue sources. Despite being very similar, the relative composition of the different 

ECM proteins differs among the different hydrogels (Table 5.1). Specifically, the lung ECM 

hydrogel shows a broader composition of basement membrane proteins or different isoforms 

compared to the myocardial or skeletal muscle hydrogels, which in turn differ in the relative 

composition of the fibrillar collagen components. Moreover, the relative abundance of these 

ECM proteins, which was not investigated in the current study, could also play a fundamental 

role in regulating the release of the encapsulated therapeutic products. 

Although some release profiles did not reach 100%, it is unlikely this was due to 

degradation since the chemical modifications made to the miRNA inhibitors provide added 

stability, and RNases-free solutions were used for all experiments. For those values above 

100%, this was likely due to the gels slightly breaking down toward the end of the 15 days, 

particularly with the antago-miR, which may have resulted in samples containing larger amounts 

of the miRNA inhibitors. Unlabeled miRNA antagonists were also examined out to day 3 with the 

Figure 5.3 Release profiles for miRNA inhibitors of miR-214, an anti-miR and antago-miR. 
Values were obtained from fluorescence measurements using the Cy3 dye molecule conjugated 
to each miRNA. A) The anti-miR yielded a more rapid release rate, likely due to the absence of 
a cholesterol group, which is present on the antago-miR. B) The cholesterol group introduces 

hydrophobic interactions, which appear to affect the release rate. Some of the error bars are too 
small to be visualized at each time point. n = 3 per gel type. Data are mean ± SEM. 
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myocardial ECM hydrogel, which demonstrated that the Cy3 dye did not affect the release 

profiles (Figure 5.4). 

Since a prolonged release over a period of 1–2 weeks would likely be preferred, only the 

antago-miR was investigated for the in vitro studies. In addition, only the myocardial ECM 

hydrogel was studied further due to the relevance of this particular model miRNA inhibitor in 

applications of cardiovascular disease, like myocardial infarction. Although the incorporation of 

the antagomiR into the ECM hydrogels yielded prolonged release profiles, it was necessary to 

assess whether the ECM hydrogels interfered with the inherent bioactivity of the encapsulated 

antago-miR. To evaluate the bioactivity of the released antago-miRs, supernatant collected from 

myocardial ECM hydrogels at days 1 and 3 was tested in a Matrigel tube formation assay with 

human coronary artery endothelial cells (HCAECs), since miR-214 is known to affect 

angiogenic-related processes (Figure 5.5).55 As a control, PBS supernatant obtained from 

hydrogels at day 15 was used since this likely contained the maximum amount of ECM soluble 

factors, which could also potentially have angiogenic effects. After incubating the cells with 

miRNA-conditioned media for 12 h, visual differences were observed in the degree of tube 

formation (Figure 5.5A). Compared to the PBS supernatant controls, released samples from 

Figure 5.4 A brief release study with unlabeled anti-miR (n=3) and antago-miR (n=3) in 
myocardial ECM hydrogels did not show any significant differences when compared to 

the Cy3-labeled miRNAs used in the full release profiles. Data are represented as mean 
± SEM. 
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days 1 and 3 yielded more organized tubes with significantly less cell clustering. When 

normalized to the PBS supernatant group, the total length increased to 1.53 ± 0.15 for day 1 

and 1.42 ± 0.08 for day 3, and the number of junctions increased to 1.84 ± 0.12 and 1.71 ± 0.19 

for days 1 and 3, respectively (Figure 5.5B). Although, the extent of tube formation did slightly 

decrease at day 3 relative to day 1, this was likely due to using a fixed amount of sample for 

each well, which contained less released antago-miR for day 3. These results demonstrated 

that the antago-miR largely maintained bioactivity following release from ECM hydrogels; 

however, it was not possible to determine what fraction of the antago-miRs remained bioactive. 
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Figure 5.5 Bioactivity of released antago-miRs in a Matrigel tube formation 
assay. A) Representative images are shown for the tube formation of 

HCAECs on Matrigel. Since ECM soluble factors are present in the PBS 
supernatant group, some tube formation is seen but with a large degree of 

cell clustering. However, released samples from days 1 and 3 produce more 
organized tubes that yield relative increases in B) tubule length and the 
number of junctions over the PBS control (n = 3 per group). *p < 0.05 

compared to the PBS supernatant control using a one-way ANOVA with a 
Dunnett’s post hoc test. Data are mean ± SEM. 
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Further experiments would be necessary to investigate this. 

Overall, the use of the ECM hydrogels prolonged the release of the miRNA inhibitors, 

particularly the antago-miR, without impairing the bioactivity. This slower release rate would 

likely be favored for many therapeutic applications, and antago-miRs have been engineered to 

enhance efficacy in vivo. Specifically, the conjugation of the cholesterol group is thought to 

increase cellular uptake and improve in vivo stability.18,59 By combining this optimized biologic 

with a decellularized ECM hydrogel, the beneficial outcomes from these therapies could be 

further augmented. 

 

Extracellular Vesicles  

Similar to miRNAs, EVs have also been increasingly studied for many disease 

applications. In the present study, EVs derived from human cardiac progenitor cells (hCPCs)56 

were used for all experiments, as they have been shown to exert a protective effect on 

damaged myocardium by reducing cardiomyocyte apoptosis58 and increasing cardiac function.60 

EVs were encapsulated into three different hydrogels and their release profile from the different 

scaffolds was evaluated at days 1, 3, and 7 (Figure 5.6). After 7 days, approximately 40%, 45%, 

and 25% of EVs were released from the myocardial, skeletal, and lung ECM hydrogels, 

respectively. Of the released EVs, the majority were detected 1 day after encapsulation, ranging 

from ~30% in the myocardial and skeletal matrix hydrogels to ~20% in the lung ECM hydrogels 

(Figure 5.6A). Most of the remaining EVs were released by day 3, and only a minimal increase 

was observed at day 7, indicating that a high amount of EVs were still retained in the gel. This 

was also indirectly confirmed by labeling the encapsulated EVs with PKH26 red fluorescent dye. 

A washing step after EV labeling and before EV encapsulation was also performed to remove 

excess dye, thus minimizing potential artifacts from free dye. The encapsulation of labeled EVs 
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in the hydrogels conferred a pink coloration, which was still visible at the end of the release 

study, indicative of the presence of the encapsulated EVs (Figure 5.6B). We also quantified the 

remaining EVs by digesting the hydrogels with collagenase, confirming that indeed the majority 

of EVs were still encapsulated, with some differences among the different hydrogels. In 

particular, the cumulative study showed that after collagenase treatment, we were able to detect 

~80%, 70%, and 45% of the encapsulated EVs in the myocardial, skeletal, and lung ECM 

hydrogels, respectively. Since we were not able to detect all of the encapsulated EVs, we 

evaluated the effects of the collagenase treatment on EV detection shortly after encapsulation. 

EVs were encapsulated within the different hydrogels, and after hydrogel gelation, the gels were 

immediately treated with collagenase and compared with the same amount of nonencapsulated 

EVs. Our analysis showed that only ~60% of the encapsulated EVs (58.75 ± 23.4%) were 

detected, indicating that the collagenase treatment negatively affected the EV detection, thus 

explaining the reason for not being able to recover all encapsulated EVs. However, we cannot 
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Figure 5.6 Cumulative release of hCPC-derived EVs from porcine ECM 
hydrogels. A) Conditioned PBS was collected at days 0, 1, 3, and 7, and the 

concentration of detected EVs is shown as a percentage of the mean fluorescent 
intensity of untreated EVs. Fluorescent intensities were determined with 

magnetic bead capture flow cytometry. Myocardial ECM hydrogels (n = 4), 
skeletal muscle ECM hydrogels (n = 3), and lung ECM hydrogels (n = 3) were 
examined. B) PKH26-labeled EVs confer a pink color to the gels, which is still 
visible after 7 days and indicates the presence of the encapsulated EVs. Data 
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exclude that some of the released EVs degraded due to experimental conditions, since it has 

been previously demonstrated that EVs are degraded when stored at 37°C.61 Moreover, since 

our detection method is based on CD63 expression on the EV membrane, it is possible that the 

expression of this receptor is influenced by our experimental conditions, thus affecting the total 

detection of the encapsulated EVs; however, this is unlikely. We also observed some degree of 

variability among different experiments when using the same tissue source. A possible reason 

could be due to slight differences in the ECM fibrous network between different experiments or 

potential differences in EV size between isolations, which could influence the kinetics of the EV 

release. 

All ECM hydrogels provided a slow release of the encapsulated EV therapeutics; 

however, some differences were observed on the extent of the EV release between the different 

tissue sources. The level of released EVs detected in the EV-conditioned media from the lung 

ECM hydrogels was considerably lower than the values of the myocardial ECM and the skeletal 

muscle ECM hydrogels. A possible explanation could be that the composition of the lung ECM 

hydrogels allowed for a more sustained encapsulation of the EVs compared to the muscle 

tissue–derived ECM hydrogels. It is possible that a combination of physical entrapment, 

noncovalent interactions, or specific binding domains all contributed to the release profile of the 

encapsulated EVs. The combination of tissue-specific ECM molecules (Table 5.1), which can 

affect the mechanical properties, pore size, and electrostatic properties of the hydrogel, could 

explain the differences observed among the different tissue sources.62 Another possible 

mechanism behind the rate of EV release from the ECM hydrogels is the presence of matrix 

metalloproteinases (MMPs) in cardiac progenitor cell-derived extracellular vesicles.53 These 

enzymes are generally known to induce ECM remodeling by degrading certain ECM molecules, 

which could modulate the degradation rate of ECM hydrogels in vivo. 

We next evaluated if encapsulation could negatively impact the bioactivity of the 
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released EVs and if the released EVs would still assert their beneficial effects once released 

from the hydrogels. Conditioned media from EVs encapsulated in hydrogels was used to 

stimulate the phosphorylation of the ERK 1/2 pathway in target HCAECs and compared to the 

PBS supernatant collected from empty hydrogels. Western blot analysis showed that the EVs 

released 1 and 3 days after encapsulation significantly increased the phosphorylation of the 
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Figure 5.7 The effect of CPC-derived EVs released 
from myocardial ECM hydrogels on pERK 1/2 levels in 
HCAECs. Cells were incubated with conditioned PBS 

collected at days 1 (n = 3 per group), 3 (n = 3 per 
group), and 7 (n = 3 per group). The expression of 
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ERK 1/2 proteins when compared to the PBS supernatant controls (1.33 ± 0.07 and 1.42 ± 0.09 

fold increase, respectively), and a trend was seen when the EV-conditioned media collected 7 

days after encapsulation was used (1.43 ± 0.11 fold increase, p = 0.058; Figure 5.7). The 

reduced bioactivity of the released EVs 1 week after encapsulation could likely be due to the 

lower amount of EVs released after the first days. However, the minimal observed release or 

reduced bioactivity of the EV-conditioned media released at day 7 could also partly be due to 

EV degradation in the experimental conditions, as mentioned earlier. 

Since the EVs’ therapeutic efficacy is in part mediated by exerting antiapoptotic effects 

on the targeted cells,63 we then investigated whether released EVs were also able to preserve 

cell survival in the presence of reactive oxygen species. Based on the pERK activation data, we 

only evaluated EVs released 1 and 3 days after encapsulation. A significant increase in cell 
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survival was observed with both EV-conditioned medias when compared to the PBS 

supernatants (EVs: 79.07 ± 3.03% at day 1 and 80.08 ± 3.06% at day 3; PBS: 71.64 ± 3.40% at 

day 1 and 65.26 ± 3.22% at day 3; Figure 5.8). The modest increase in cell survival observed 

using EVs released after 1 day could be explained by the protective effects also exerted by the 

hydrogel alone, as has been previously shown both in vitro47 and in vivo64. It is possible that 

small ECM molecules that do not form the fibrous network of the hydrogel were released soon 

after PBS incubation, thus mitigating the pro-survival effects observed using EVs released 1 day 

after encapsulation. 

 

Conclusion and Outlook 

The discovery of miRNAs and EVs as potent mediators of cellular function and tissue 

homeostasis has led many researchers to investigate their potential use for a wide variety of 

disease pathways. However, similar to cells, growth factors, or small molecules, their delivery is 

hampered by rapid clearance soon after administration, therefore potentially limiting their 

therapeutic effects. The use of decellularized ECM hydrogels has been proposed as an 

alternative approach to modulate the release rate of model miRNA and EV therapeutics. Our 

data collectively indicated that these hydrogels successfully retained the encapsulated biologics 

over a prolonged period of time with some differences between the therapeutics or hydrogel 

tissue source. Samples collected for the release profiles were also further investigated with 

bioactivity assays, and both the antago-miR and EVs remained bioactive after being released 

from the ECM hydrogels. This study demonstrates that decellularized ECM hydrogels may 

represent a platform for slow delivery of miRNAs and EVs due to their ability to induce a pro-

regenerative response in the damaged tissue, the possibility of utilizing minimally invasive 

catheter delivery, and an established path to clinical translation. Since the myocardial ECM 

hydrogel has already been injected via catheter in the hearts of myocardial infarction patients in 
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a Phase I trial (clinicaltrials.gov identifier NCT02305602), and several other xenogeneic ECM 

products have been safely used in patients,65,66 this suggests the clinical applicability of using 

injectable ECM hydrogels to deliver miRNAs and EVs in a wide array of disease applications, 

including peripheral artery disease. With the ability to potentially utilize the ECM hydrogels as a 

stand-alone therapy or as a delivery platform for including additional therapeutics, the feasibility 

for manufacturing was evaluated in the following chapter. 
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Chapter 6. Manufacturing Considerations for Producing and 

Assessing Decellularized Extracellular Matrix Hydrogels 

 

Introduction 

Biomaterials derived from decellularized extracellular matrices (ECM) have been 

extensively studied in a wide variety of medical applications ranging from myocardial infarction 

to orthopedic injuries.1,2 Although many of these materials still require further evaluation in the 

pre-clinical stage, numerous decellularized products have become commercially available.3 The 

majority of these products are derived from human, porcine, or bovine tissue sources, and they 

are most commonly manufactured into a sheet form. However, implantation of decellularized 

sheets requires more invasive procedures compared to injectable forms of decellularized 

materials. In particular, ECM hydrogels have been increasingly studied due to the ability to 

deliver them minimally invasively, and the gelled form of these materials is advantageous for 

filling abnormally shaped defects. Unlike the sheet form of decellularized ECM materials, only 

one injectable hydrogel, a decellularized myocardial matrix from Ventrix, Inc. (ClinicalTrials.gov 

identifier NCT02305602), has reached clinical trials.4 As a result, manufacturing standards are 

not well established for injectable ECM hydrogels. 

When designing biomaterials for regenerative medicine applications, including 

decellularized ECMs, it is important to consider implications for manufacturing, including 

increased costs, availability of raw materials, or difficulty of production.5 While relevant 

manufacturing considerations have not been thoroughly discussed in the literature for 

decellularized materials, several official monographs from the United States Pharmacopoeia are 

available for decellularized ECM sheets. These monographs include documentation for scaffold 

bovine dermis, scaffold human dermis, scaffold porcine bladder, and scaffold porcine small 

intestinal submucosa. However, the evaluations required for each of these materials is not 
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uniform, regardless of all being decellularized sheets. For instance, all materials require some 

degree of histological evaluation, identification of key proteins, and sterility assessments. 

Conversely, though, mechanical strength testing is only specified for the scaffold bovine dermis 

and scaffold porcine bladder, and bioactivity evaluations are only listed for the scaffold small 

intestinal submucosa. Although these official monographs do provide some basis for assessing 

decellularized ECM hydrogels, there is still a lack of uniform standards, and various 

manufacturing parameters have not been examined. 

In this article, we first discuss detailed methods for evaluating the effects of animal-to-

animal variability of the tissue source, the addition of a bioburden reduction step, and the quality 

of tissue obtained under different harvesting conditions (Figure 6.1). When generating material 

for a manufacturing-scale batch, a certain number of animals or donors are necessary to 

eliminate batch effects; therefore, we sought to identify the degree of animal-to-animal variability 

within a single laboratory-scale batch. In addition, we investigated the effects of including a 

bioburden reducing reagent. For porcine tissue, the exterior of the tissue could be contaminated 

with bacteria, which could induce a negative immune response once delivered. To add this 

additional step in manufacturing, the final product must be evaluated for any changes in material 

Figure 6.1 Graphical Abstract. Overview of a decellularization process for skeletal muscle and 
accompanying experimental design considerations for the manufacturing of decellularized 

extracellular matrix hydrogels. 
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properties. Furthermore, several harvesting conditions for the tissue were examined to simulate 

the manufacturing decision of selecting raw material to reduce costs but maintain the quality of 

the final product. This article focuses on a decellularized skeletal muscle ECM hydrogel (SKM), 

but these concepts are applicable to various tissue sources. 

 

Materials and Methods 

Material production 

All porcine derived skeletal muscle tissue was decellularized according to a previously 

published protocol.6 Briefly, longissimus dorsi muscle, more commonly known as pork loin, was 

harvested, frozen overnight at minimum to increase the ease of chopping, and then chopped 

into ~0.5 cm3 pieces. Each laboratory scale batch included at least 5 1-L beakers with ~40 g of 

tissue per beaker. For each subsequent solution change, the beakers were placed on a stir 

plate at ~125 rpm at room temperature. The tissue was decellularized for 4-5 days with 800 mL 

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

saline (PBS). Solution changes were performed daily, and 4 mL of 10,000 U 

penicillin/streptomyocin (ThermoFisher Scientific, Waltham, MA) was added after each change 

to avoid contamination. After full decellularization was achieved, indicated by a fully white 

appearance, the tissue was rinsed in ultrapure water to remove residual SDS. Then, all beakers 

were pooled together, and 400 mL of isopropanol was added and tissue rinsed for 16-24 h to 

remove remaining lipids. The tissue was then rinsed in ultrapure water for another 24 h before 

being strained and frozen in 50 mL conicals at −80°C. A couple of pieces of tissue were 

collected periodically throughout the entire process and frozen in a microbeaker with Tissue-

Tek® O.C.T. (Sakura Finetek, Torrance, CA) for later histological analyses. 

Once the decellularized tissue had been frozen, the conicals were lyophilized with a 

FreeZone 2.5 Liter Benchtop Freeze Dry System (Labconco, Kansas City, MO) for ~72 h. After, 



	

 103 

the tissue was ground into a fine powder with a Wiley Mini-Mill and immediately passed through 

a #60 filter to yield a uniform powder (Thomas Scientific, Swedesboro, NJ). The filtered and 

unfiltered ECM was stored at −80°C in 20 mL scintillation vials wrapped with parafilm and in 

desiccant for long-term storage. Prior to performing subsequent experiments, 25-30 mg of 

filtered, milled ECM was weighed into a new 20 mL scintillation vial, and a partial pepsin 

digestion was performed over 48 h. This was accomplished by dissolving pepsin (Sigma-

Aldrich, St. Louis, MO) with 0.1 M HCl to 1 mg/mL and then adding the solution to milled ECM at 

a final concentration of 10 mg ECM/1mL pepsin in 0.1 M HCl. Once the ECM was solubilized, 

the mixture was adjusted to physiological pH and salt conditions, and a final concentration of 6 

mg/mL was reached. The mixture was aliquoted into 1 mg or 2 mg aliquots in microcentrifuge 

tubes, frozen at −80°C, and then relyophilized for ~48 h. To resuspend the ECM, the 

appropriate volume of ultrapure water for a 6 mg/mL concentration was added to the 

microcentrifuge tube, and the pellet was briefly pipetted up and down before allowing to sit on 

ice for at least 10 min. After that time, the mixture was then mixed again by pipetting up and 

down to yield a well-mixed ECM solution. 

 

Animal-to-animal variability 

Longissimus dorsi muscles from 4 different pigs were used to evaluate animal-to-animal 

variability. Skeletal muscle for these experiments was obtained from Yorkshire farm pigs (4-7 

months old) from S & S Farms, a company which breeds pigs for biomedical research purposes. 

After undergoing procedures for surgical practice at the UC San Diego medical school, the loins 

were excised from the pigs, immediately frozen at −20°C, and stored for up to 1 month prior to 

use. Decellularization of the tissue was performed as described above with 5 1-L beakers of 

tissue for each pig (SKM-1, SKM-2, SKM-3, SKM-4). All pigs were kept separate throughout the 

entire process, including milling and the partial pepsin digestion. However, to compare to a full 

batch of material, the 4 unfiltered portions from each pig were combined and then remilled 
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together with the #60 filter. This yielded a batch with all 4 pigs and was designated as SKM-

UCSD. Characterization assays were then performed for the five experimental groups as 

described below. 

 

Bioburden reduction 

To reduce the bioburden on the surface of the skeletal muscle tissue, peracetic acid 

(PAA) was used. PAA is a biocide with bactericidal, fungicidal, and sporicidal properties and is 

hypothesized to employ mechanisms similar to peroxides and oxidizing agents.7-10 PAA is also 

another common reagent utilized in decellularization processes to remove DNA content without 

damaging ECM composition.11 Longissimus dorsi muscles were obtained from 2 Yorkshire farm 

pigs (4-7 months old) from the UC San Diego medical school and frozen as described in the 

previous section. This freezing step was crucial to ensure minimal thawing of the tissue due to 

the PAA treatment. Before beginning the decellularization, 2 L of 600 ppm PAA (Pfaltz and 

Bauer, Waterbury, CT) was made by combining 1.5 mL 35% PAA per 1 L of ultrapure water. 

The whole, fully frozen muscle was placed into a 4 L beaker containing the PAA solution for 10 

min and promptly removed. Any muscle that had thawed during the process was trimmed away 

and discarded. To ensure residual PAA was successfully removed, the remaining muscle was 

soaked in ultrapure water for 10 min and then chopped into ~0.5 cm3 pieces. Decellularization 

was subsequently completed as normal based on the protocol described in section 2.1 above, 

and the material generated from the 2 pigs was pooled together for further analysis. For the 

accompanying characterization assays, the PAA-treated material (+PAA) was compared to a 

pooled material consisting of equal parts of SKM-3 and SKM-4 (-PAA) to account for animal-to-

animal variability. 
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Harvesting conditions 

To compare skeletal muscle obtained under different harvesting conditions, the 

decellularization protocol from section 2.1 above was followed. Longissimus dorsi muscles were 

obtained from Yorkshire pigs (4-7 months old) undergoing surgical practice at the UC San Diego 

medical school (SKM-UCSD, SKM-3, and SKM-4 only), cross-bred pigs (Yorkshire, Landrace, 

and Duroc breeds, ~6 months old) from Midwest™ Research Swine, another company which 

provides swine for biomedical research (SKM-RF), and boneless pork loin chops (no saline 

injected, unknown age) from a grocery store (SKM-GS). Tissue obtained from UC San Diego 

and the swine research facility was harvested immediately after euthanasia and then quickly 

frozen. However, the porcine breed, harvesting time, shipment time, and refrigeration time were 

unknown for the grocery store tissue. All materials were milled and partially pepsin digested 

according to section 2.1, and methodology for the characterization assays will be discussed in 

the following sections. 

 

Material characterization 

Decellularization yield 

Prior to freezing the decellularized tissue for lyophilization and milling, the tissue was 

weighed. This final decellularization mass was then compared to the combined masses of the 

fresh tissue from each beaker. To calculate the decellularization yield, the final decellularization 

mass was divided by the starting fresh tissue mass, and the fraction was then multiplied by 100 

to yield a percentage. Since the yield was calculated from each batch individually, there were no 

replicates and therefore no error bars on these plots. 

 

Histology 

Frozen samples were removed from the microbeakers, and a cryostat (Leica 

Biosystems, Buffalo Grove, IL) was used to yield 10 μm thick sections for mounting on a 
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microscope slide. Slides for each sample were stained with hematoxylin and eosin (H&E), 

Hoechst 33342, and Oil Red O to assess muscle morphology, residual DNA content, and lipid 

content, respectively. For the Hoechst 33342 staining, slides were first fixed in acetone for 1.5 

min and then rinsed three times in 1X PBS for 5 min. After, slides were placed in a humidity 

chamber for 10 min with a Hoechst solution consisting of 1 μL of Hoechst 33342 (ThermoFisher 

Scientific, Waltham, MA) in 10 mL of deionized (DI) water. The slides were subsequently 

washed in 1X PBS as before, and then cover slips were mounted with Fluoromount™ Aqueous 

Mounting Medium (Sigma-Aldrich, St. Louis, MO). For the Oil Red O staining, slides were rinsed 

twice for 5 min in propylene glycol and then placed in Oil Red O stain for 7 min at 60°C. The 

tissue was then rinsed in 85% propylene glycol in DI water for 3 min before being rinsed twice in 

pure DI water. After, the slides were placed in a 1:3 dilution of Harris hematoxylin in DI water for 

1 min and then rinsed with tap water twice. The slides were then dipped in Bluing solution 20 

times and finally rinsed twice in tap water followed by 2 rinses in DI water. All slides were 

subsequently coverslipped with Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich, St. 

Louis, MO). H&E and Oil Red O slides were imaged on an Aperio ScanScope CS2 (Leica 

Biosystems, Buffalo Grove, IL) with 20x magnification, and Hoechst slides were imaged with an 

Axio Observer D1 (Carl Zeiss AG, Oberkochen, Germany) with 10x magnification and a 

constant exposure time. 

 

Gel electrophoresis 

To qualitatively assess protein content, SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) was performed for all samples based on a previously published protocol.6 Briefly, 1 mg 

of digested, lyophilized ECM was resuspended with 167 μL of DI water to reach a concentration 

of 6 mg/mL. ECM samples were prepared up to 15 μL total with the following ratios: 50% 

sample, 25% NuPAGE™ LDS Sample Buffer (4X, ThermoFisher Scientific, Waltham, MA), 10% 

NuPAGE™ Reducing Agent (10X, ThermoFisher Scientific, Waltham, MA), and 15% DI water. 
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ECM samples diluted 1:2 (25% sample and 40% DI water) were also included adjacent to the 

undiluted ECM if empty wells were available. Rat tail collagen I (2.5 mg/mL, Corning, Corning, 

NY) was used as a reference since the ECM hydrogels primarily consist of collagen.12 These 

collagen samples consisted of a ratio of 33% sample, 25% sample buffer, 10% reducing agent, 

and 32% DI water. Before loading the samples, all microcentrifuge tubes were placed in a 

heating block at 70°C for 10 min to denature the proteins. In the meantime, an XCell 

SureLock™ Mini-Cell Electrophoresis System (ThermoFisher Scientific, Waltham, MA) was 

assembled with a 10-well NuPAGE™ 4-12% Bis-Tris protein gel (ThermoFisher Scientific, 

Waltham, MA) and filled with a 1X solution of NuPAGE™ MOPS SDS running buffer (Thermo-

Fisher Scientific, Waltham, MA). NuPAGE™ antioxidants (500 μL, ThermoFisher Scientific, 

Waltham, MA) were then added to the inner chamber. After denaturing the proteins, 10 μL of 

each sample were loaded into the protein gel along with 10 μL of Chameleon Duo Pre-Stained 

Protein Ladder (LI-COR Biosciences, Lincoln, NE) in an adjacent well. All gels were run at 200 

V for ~50 min and then stained with Imperial™ Protein Stain (ThermoFisher Scientific, Waltham, 

MA) for ~18 h. Gels were then destained with DI water the following day for ~5-6 h and imaged 

between two sheets of plastic on a computer scanner. 

 

Residual DNA content 

To quantify residual dsDNA content, 1-mg digested, lyophilized ECM aliquots were 

resuspended in a proteinase K solution consisting of 25 μL of proteinase K (Roche Diagnostics, 

Mannheim, Germany) in buffer (150 mM NaCl, 10 mM Tris pH 8, 0.2% SDS) and 180 μL of 

buffer T1 from the NucleoSpin® Tissue kit (Macherey-Nagel, Bethlehem, PA). The samples 

were left on a heating block at 56°C overnight to digest the matrix. The following day, DNA was 

isolated according to the protocol from the NucleoSpin® Tissue kit (Macherey-Nagel, 

Bethlehem, PA). A Quant-iT™ PicoGreen™ dsDNA Assay kit (ThermoFisher Scientific, 

Waltham, MA) was then used to quantify the residual DNA, and a 96-well plate was prepared 
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according to the associated protocol. Fluorescent measurements were recorded on a Synergy 4 

Multi-Mode Microplate Reader (BioTek Instruments, Winooski, VT) at 480 nm excitation and 520 

nm emission to detect the PicoGreen™ dye, which fluoresces when bound to dsDNA. Those 

fluorescent values were then compared to a dsDNA standard from the kit, and the amount of 

residual dsDNA was calculated from a standard curve. The experiment was run in triplicate to 

determine statistical differences. 

 

Sulfated glycosaminoglycan content 

Sulfated glycosaminoglycan (sGAG) content was determined via a 1,9-

dimethylmethylene blue (DMMB) dye assay based on previously published methods.6 Digested, 

lyophilized ECM aliquots were resuspended to 6 mg/mL and then pipetted into 100 μL aliquots. 

Several solutions were made including an 8 M guanidine hydrochloride (GuHCl) solution (382 g 

GuHCl in 500 mL DI water), a formate solution (2.5 g sodium formate, 2.795 mL 85% formic 

acid, 240 mL 1 M GuHCl), and a vacuum-filtered DMMB solution (16 mg DMMB (Sigma-Aldrich, 

St. Louis, MO) in 25 mL ethanol). These solutions were then used to make a working solution (5 

mL formate solution, 1.25 mL DMMB solution, 18.75 mL DI water) and a decomplexation 

solution (2.05 g sodium acetate, 250 mL 8 M GuHCl, 50 mL 1-propanol, 200 mL DI water). A 1-

mg/mL chondroitin sulfate stock solution (25 mg chondroitin sulfate in 25 mL 1X PBS, 

MilliporeSigma, Burlington, MA) was used to make 6 serial dilutions for the following 

concentrations: 0, 2, 4, 6, 8, and 10 μg chondroitin sulfate/100 μL. Each standard tube 

contained 100 μL of each chondroitin sulfate solution. Working solution (1 mL) was added to 

each standard and ECM sample microcentrifuge tube, and the tubes were then vortexed 

(setting 3.5) for 30 min. All of the tubes were then centrifuged for 10 min at 12,000 rpm to 

promote pellet formation. The supernatant from each tube was carefully removed without 

disturbing the pellet, and 1 mL of decomplexation solution was then added to resuspend the 

pellet. The samples were vortexed (setting 3.5) again for 30 min to ensure a homogenous 
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solution. In a 96-well plate, 100 μL of each sample were pipetted into three wells per sample, 

and absorbance values at 656 nm were then recorded with a Synergy 4 Multi-Mode Microplate 

Reader (BioTek Instruments, Winooski, VT). A standard curve was generated with the serial 

dilutions of the chondroitin sulfate stock solution, and the sGAG content of the ECM samples 

was calculated from the standard curve. All ECM samples were run in triplicate. 

 

Quantitative mass spectrometry 

Based on a previously published protocol, milled ECM (~1 mg decellularized material) 

samples were prepared for liquid chromatography with tandem mass spectrometry (LC-MS/MS) 

as follows.13 Samples were first chemically digested for 24 h at room temperature in 500 μL/mg 

of 100 mM CNBr in 86% TFA. After digestion, samples were dried and exchanged with water to 

reduce acid concentration, and this process was repeated 3 times. The samples were then 

neutralized with 0.1 M ammonium biocarbonate (ABC) buffer (pH 8.5). Equal volumes of each 

sample underwent further digestion with a 10 kDA molecular weight cutoff filter according to the 

FASP protocol. One pmol of 13C6 Quantitative Concatamer (QconCAT) peptides, representing 

ECM and ECM-associated proteins,14 was added to each sample prior to digestion. Briefly, 

samples were washed with 8 M urea and 0.1 M ABC pH 8.5, reduced with 10 mM DTT for 30 

min at room temperature, and alkylated with 55 mM iodoacetamide for 30 min in the dark at 

room temperature with subsequent spins between each step. Samples were centrifuged once 

again and then washed with urea solution 3 times and 10 mM ABC pH 8.0 3 times. Sequencing 

grade modified trypsin (Promega, Madison, WI) at a concentration of 1/50 protease/protein 

(wt/wt) in 0.02% ProteaseMax surfactant (Promega, Madison, WI) was used to digest the 

proteins at 37°C overnight. Peptides were eluted with 10 mM ABC pH 8.0, dried on a Speed-

Vac (ThermoFisher Scientific, Waltham, MA), and reconstituted with a known volume of control 

alcohol dehydrogenase peptide for quantitative normalization. Samples were kept frozen at 

−80°C until liquid chromatography-selected reaction monitoring (LC-SRM) analysis. To perform 
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LC-SRM, a QTRAP® 5500 triple quadrupole mass spectrometer (Sciex, Framingham, MA) was 

used coupled with a Dionex Ultimate 3000 UHPLC (ThermoFisher Scientific, Waltham, MA). 

Using a previously published protocol,14 8 μL of each sample was injected representing 100 

fmol of SIL labeled QconCAT peptides per 5 μg total protein per run. To analyze the data, 

Skyline v4.2 software (MacCoss Lab Software, Seattle, WA) was utilized,15 and manual 

validation was performed for transition quality, peak shape, and peak area boundaries. After 

incorporating Savitsy-Golay smoothing, the integrated peak areas were determined, and data 

was quantified by using a ratio of the 12C peptide for the endogenous sample relative to the 13C 

peptide from ECM targeted QconCATs. Previous studies were referenced to define the linear 

range, limit of detection, and limit of quantitation.14 If peptides fell outside of those established 

parameters, they were excluded from the analysis. 

 

Statistical analysis 

Results are displayed as mean ± SEM. Statistical analyses were performed with Prism 8 

(GraphPad Software, San Diego, CA), and statistical significance was accepted at p < 0.05. For 

characterization assays with only two experimental groups (bioburden reduction testing), an 

unpaired Student’s t-test was used. Characterization assays with three or more experimental 

groups (animal-to-animal variability, harvesting conditions) were analyzed with a one-way 

ANOVA and a Tukey’s post hoc test. For the LC-SRM analysis, the peak area ratios were 

normalized to an internal standard spike. Values are reported as mean ± SEM. 

 

Results and Discussion 

When designing biomaterials for regenerative medicine applications, manufacturing 

considerations are often unappreciated or disregarded, but to satisfy FDA requirements and 

produce large quantities of material, additional manufacturing steps could affect the efficacy of 
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the final product. To illuminate differences between laboratory-scale and manufacturing 

batches, we investigated the effects of animal-to-animal variability, bioburden reduction, and 

several harvesting conditions for a decellularized skeletal muscle ECM hydrogel. 

 

Decellularization process 

The decellularization procedure, excluding the addition of the bioburden reduction step, 

was similar for all muscle samples, although the timing of the decellularization step did vary 

amongst harvesting conditions. Skeletal muscle from UC San Diego required 5 days in the 

detergent to fully decellularize the tissue, whereas muscle from the research facility or grocery 

store only required 4 days in detergent. While the UC San Diego tissue was immediately frozen 

and only thawed prior to beginning the decellularization, the research facility or grocery store 

tissue may have undergone additional freeze-thaw cycles. This would explain the abbreviated 

decellularization timing since freeze-thaw represents another decellularization method.16 A 

qualitative assessment of H&E staining and Hoechst staining did not yield obvious differences 

between any of the decellularized ECM batches (images not shown) and were similar to 

previous studies.6 However, muscle from the research facility and grocery store had visibly 

larger amounts of fat present, and some beakers had fat floating on the surface following the 

first day in detergent. This was further supported by Oil Red O staining (Figure 6.2) in which 

fresh tissue from the UC San Diego medical school contained fewer regions with less 

concentrated lipids compared to the more intense lipid staining in the research facility and 

grocery store samples. Although little information is known for the grocery store tissue, 

differences in the fat content could be attributed to the strain or age of the pigs from which the 

tissue was obtained. The lipid content was reduced in all of the samples post-decellularization, 

but the IPA lipid removal step appeared insufficient for the grocery store skeletal muscle. 
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Animal-to-animal variability 

For any manufactured product, fabricating uniform batches is paramount; therefore, the 

variability between animals can become problematic when utilizing an animal, or even human, 

tissue source. Based on previous laboratory-scale batches, tissue from 4 pigs is typically 

combined to reduce animal-to-animal variability, but we sought to characterize the material 

derived from each animal separately. The decellularization processes were identical for all 4 

animals (SKM-1,2,3,4), and the histological analyses (H&E, Hoechst, and Oil Red O) did not 

reveal any differences between pigs (images not shown). In addition, the material yield was 

similar amongst pigs (Figure 6.3). Some differences did exist among the pigs for the residual 

dsDNA content (0.12–1.17 ng dsDNA/mg ECM) and sGAG content (9.13–13.74 μg sGAGs/mg 

ECM), but values fell within the expected range of 0.1 to 5 ng dsDNA/mg ECM and 5 to 15 μg 

sGAGs/mg ECM, respectively, based on previously published methods (Figure 6.3).6 As a 

result, these significant differences are not concerning for the manufacturing process. For the 

Figure 6.2 Representative images of lipid content for different harvesting conditions. 
Samples were collected at each time point, frozen, cryosectioned, and subsequently 
stained for Oil Red O. The tissue obtained from the UC San Diego medical school 

contained fewer lipids (red staining) compared to tissue from the research facility and 
grocery store. Scale bars are 100 μm. 
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protein compositions of each batch for the separate animals, the SDS-PAGE gel did not reveal 

any band intensity differences between the animals (Figure 6.4). However, quantitative mass 

spectrometry results did generate some differences, but the largest fractions of ECM proteins 

classified by function were consistent across all animals (Table 6.1). Therefore, there appear to 

be minimal effects due to animal-to-animal variability, and the values for the batched material 

(SKM-UCSD) are representative of the averaged values for all 4 animals. The actual 

manufacturing of large batches of decellularized ECM hydrogels would require a large number 

of pigs, thereby further reducing batch-to-batch variability, but these discrepancies are still 

important to consider for continuity and reproducibility in a laboratory setting. 

 

 

Figure 6.3 Animal-to-animal variability. Differences were detected amongst the 4 pigs (SKM-1, 
2, 3, 4) and relative to the combined batch of all 4 pigs (SKM-UCSD) for the (A) material yield, 
(B) residual dsDNA content, and (C) sulfated glycosaminoglycan (sGAG) content. All values 
still fell within the expected ranges, and the values for the full batch closely resembled the 

average of the individual values. 
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Table 6.1 Absolute protein quantification for decellularized skeletal muscle extracellular matrix 
(SKM) from four individual pigs. 

 

 

Table S1: Absolute protein quantification for decellularized skeletal muscle extracellular matrix (SKM) from four individual pigs. 

Protein Gene Functional 
Classification 

Protein Amount (nmol/g) 
SKM-1 SKM-2 SKM-3 SKM-4 SKM-UCSD 

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

COL4A1 
 Basement Membrane 11.129 12.315 12.489 9.744 12.309 

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

COL4A1/5 
 Basement Membrane 19.281 10.911 16.665 12.669 15.216 

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

COL4A2 
 Basement Membrane 5.157 4.610 6.629 3.767 2.755 

Perlecan HSPG2 Basement Membrane 2.597 2.382 2.397 1.501 2.079 
Laminin alpha-2 LAMA2 Basement Membrane 0.033 0.024 0.111 0.052 0.080 
Laminin Beta-2 LAMB2 Basement Membrane  0.038   0.071 

Laminin Gamma-1 LAMC1 Basement Membrane 0.611 0.058 0.031 0.951 0.062 
Nidogen-1 NID1 Basement Membrane      

Actin (All Isoforms) ACT Cytoskeletal 0.153 0.135 0.316 0.579 0.222 
Tubulin beta-4B chain(4b & 5 

chain) TUBB Cytoskeletal 0.075 0.076 0.081 0.065 0.084 

Vimentin VIM Cytoskeletal 0.096 0.100 0.113 0.078 0.080 

Collagen alpha-1(XIV) chain COL14A1 FACIT Collagen 0.278 0.277 0.375 0.364 0.326 
 

Collagen alpha-1(I) chain COL1A1 Fibrillar Collagen 315.607 325.871 252.482 337.088 332.136 
Collagen alpha-1(I) chain(galglu 

modified K) COL1A1 Fibrillar Collagen 205.213 178.623 125.532 158.075 153.219 

Collagen alpha-2(I) chain COL1A2 Fibrillar Collagen 183.938 220.534 169.945 186.547 195.874 
Collagen alpha-1 (III) chain COL3A1 Fibrillar Collagen 1.387 1.524 0.915 1.533 1.142 

Collagen alpha-1(V) chain(C-term 
Propeptide) COL5A1 Fibrillar Collagen 5.882 3.425 1.262 3.344 1.289 

Collagen alpha-2(V) chain COL5A2 Fibrillar Collagen 5.293 4.338 4.156 4.020 4.861 
Fibulin 4 EFEMP2 Matricellular 0.112 0.053 0.073 0.067 0.142 
Fibulin 5 FBLN5 Matricellular 0.104 0.087 0.083 0.071 0.063 

Osteopontin SPP1 Matricellular 0.091 0.065 0.086 0.100 0.088 
Periostin POSTN Matricellular 0.082 0.087 0.105 0.077 0.098 

Glyceraldehyde-3-phosphate 
dehydrogenase GAPDH Other Cellular 0.491 0.336 2.012 2.398 0.960 

Histone 2A(H2A-A-K) H2A Other Cellular     0.159 
Annexin A4 ANXA4 ECM-affiliated 0.110 0.053 0.133 0.148 0.038 

Figure 6.4 Protein composition for animal-to-animal variability. (A) The band intensities in the 
SDS-PAGE gel did not vary amongst the individual pigs, but the (B) the quantitative mass 

spectrometry did reveal some differences in the percentages for the ECM proteins according to 
function. 
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Bioburden reduction 

Upon treating the longissimus dorsi muscles with PAA and then subsequently removing 

the thawed tissue, no differences were observed between the untreated and treated tissue 

throughout the decellularization process. In addition, the material yield was nearly identical 

(Figure 6.5). No significant differences were calculated for the residual dsDNA content between 

the two groups (-PAA: 1.07 ± 0.43 ng dsDNA/mg ECM vs. +PAA: 0.84 ± 0.10 ng dsDNA/mg 

ECM; data not shown), but this result was expected since the outer layer of the tissue with likely 

the largest amount of bioburden was removed. Quantification of sGAG content also showed no 

effects from the addition of the PAA (-PAA: 10.93 ± 0.56 μg sGAGs/mg ECM vs. +PAA: 12.14 ± 

0.16 μg sGAGs/mg ECM; Figure 6.5). The intensity of the bands in the SDS-PAGE gel did 

appear slightly weaker with the PAA treatment (Figure 6.6); however, these differences could be 

attributed to slight variations in the dilutions of the samples during sample preparation. 

Moreover, quantitative mass spectrometry showed similarities when comparing fractions based 

on ECM protein function classification (Figure 6.6, Table 6.2). The lack of differences between 

untreated and treated tissue was expected since any tissue that thawed during the PAA 

treatment was removed and discarded. This procedure was utilized to ensure that bioburden on 

the surface of the tissue was removed and to prevent residual acidic PAA from negatively 

affecting the ECM proteins. Regardless, further examination confirmed that including a PAA 

treatment step to reduce bioburden did not influence the final decellularized ECM product, and 

this methodology could represent a viable method for reducing exterior bacterial contamination. 

However, tissue obtained from the UC San Diego medical school likely has lower bioburden 

levels compared to a slaughterhouse, for instance, since the tissue is harvested in a sterile 

operating suite. Therefore, the efficiency of this bioburden reduction step would need to be 

verified on the raw product intended for manufacturing. 
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Figure 6.5 Bioburden reduction – PAA treatment. The addition of 
peracetic acid (PAA) did not have a significant effect on (A) material 

yield or (B) sulfated glycosaminoglycan (sGAG) content. This was not 
surprising since any tissue penetrated with PAA was removed prior to 

chopping. 

Figure 6.6 Protein composition for bioburden reducing step. Results from a (A) SDS-PAGE gel 
and (B) quantitative mass spectrometry did not reveal remarkable differences between the two 

groups, indicating minimal to no effects from the peracetic acid (PAA) treatment. 
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Table 6.2 Absolute protein quantification for decellularized skeletal muscle extracellular matrix 
treated with or without peracetic acid (PAA). 

 

 

 

Harvesting conditions 

Although tissue obtained from the UC San Diego medical school yields potent and 

consistent batches of decellularized ECM hydrogels based on previous successful in vivo 

studies, this does not represent a viable source for large-scale manufacturing. Tissue from 1 or 

2 pigs, which have undergone procedures for surgical practice, can often only be collected on a 

weekly basis, and the costs associated with the tissue and time required for veterinary staff to 

remove the tissue are substantial. In addition, the amount of tissue required for manufacturing 

would be significantly greater than 4 pigs per batch, and batches would need to be produced on 

Table S2: Absolute protein quantification for decellularized skeletal muscle extracellular matrix treated with or without peracetic acid 

(PAA).  

Protein Gene Functional 
Classification 

Protein Amount (nmol/g) 
- PAA + PAA 

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

COL4A1 
 Basement Membrane 12.309 20.241 

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

COL4A1/5 
 Basement Membrane 15.216 20.687 

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

COL4A2 
 Basement Membrane 2.755 9.105 

Perlecan HSPG2 Basement Membrane 2.079 2.140 
Laminin alpha-2 LAMA2 Basement Membrane 0.080 0.074 
Laminin Beta-2 LAMB2 Basement Membrane 0.071  

Laminin Gamma-1 LAMC1 Basement Membrane 0.062 1.146 
Nidogen-1 NID1 Basement Membrane   

Actin (All Isoforms) ACT Cytoskeletal 0.222 0.199 
Tubulin beta-4B chain(4b & 5 

chain) TUBB Cytoskeletal 0.084 0.096 

Vimentin VIM Cytoskeletal 0.080 0.077 
Collagen alpha-1(XIV) chain COL14A1 FACIT Collagen 0.326 0.364 

Collagen alpha-1(I) chain COL1A1 Fibrillar Collagen 332.136 372.211 
Collagen alpha-1(I) chain(galglu 

modified K) COL1A1 Fibrillar Collagen 153.219 198.873 

Collagen alpha-2(I) chain COL1A2 Fibrillar Collagen 195.874 233.623 
Collagen alpha-1 (III) chain COL3A1 Fibrillar Collagen 1.142 1.519 

Collagen alpha-1(V) chain(C-term 
Propeptide) COL5A1 Fibrillar Collagen 1.289 3.679 

Collagen alpha-2(V) chain COL5A2 Fibrillar Collagen 4.861 6.043 
Fibulin 4 EFEMP2 Matricellular 0.142 0.128 
Fibulin 5 FBLN5 Matricellular 0.063  

Osteopontin SPP1 Matricellular 0.088 0.092 
Periostin POSTN Matricellular 0.098 0.094 

Glyceraldehyde-3-phosphate 
dehydrogenase GAPDH Other Cellular 0.960 0.554 

Histone 2A(H2A-A-K) H2A Other Cellular 0.159  
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a much more frequent and regular basis. As a result, we aimed to compare UC San Diego 

batches of material to tissue obtained from a swine research facility specializing in providing 

tissue for biomedical purposes and a grocery store. For the grocery store tissue, though, the 

strain of the pigs, harvesting conditions, timing between harvesting and purchasing, and storage 

conditions were all unknown. 

Based on these different harvesting conditions, the material yield was higher for the 

grocery store batch relative to the UC San Diego and research facility batches (UCSD: 0.38%, 

RF: 0.38%, GS: 0.49%; Figure 6.7). This was likely due to the insufficient removal of fat from the 

grocery store tissue, as discussed in section 3.1 above (Figure 6.2). No significant differences 

were observed between groups for the quantification of residual dsDNA content, but the grocery 

store tissue did retain the largest amount of dsDNA (UCSD: 0.01 ± 0.29 ng dsDNA/mg ECM, 

RF: 0.39 ± 0.21 ng dsDNA/mg ECM, GS: 1.38 ± 0.76 ng dsDNA/mg ECM; Figure 6.7). Unlike 

the UC San Diego and research facility tissue, which comes from biomedical research grade 

pigs and is promptly frozen after harvesting, the grocery store tissue was likely handled more 

extensively and was not kept frozen. In effect, this could produce a great amount of bioburden 

on the surface of the tissue, which could explain the higher residual DNA levels. For the sGAG 

content, there were also no differences between the three conditions (UCSD: 18.71 ± 0.51 μg 

sGAGs/mg ECM, RF: 18.35 ± 1.06 μg sGAGs/mg ECM, GS: 18.96 ± 0.98 μg sGAGs/mg ECM; 

Figure 6.7 Effects of harvesting conditions. Skeletal muscle tissue was obtained from the UC 
San Diego medical school (UCSD), a swine research facility (RF), and a grocery store (GS). (A) 
Material yield was lower for the research facility and grocery store batches, but there were no 

statistically significant differences for (B) residual dsDNA content or (C) sulfated 
glycosaminoglycan (sGAG) content. 
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Figure 6.7). Differences did arise when qualitatively assessing SDS-PAGE, though (Figure 6.8). 

The UC San Diego and research facility batches had bands with similar intensities, but the 

grocery store batch was missing bands for peptides at ~80 and ~90 kDa. When investigating 

ECM proteins in this size range, collagen VI was identified as the possibly depleted protein, 

which was further confirmed when quantifying three isoforms of collagen VI (COL6A1, COL6A2, 

COL6A3; Table 6.3). The quantitative mass spectrometry data also revealed fewer differences 

between the UC San Diego and research facility decellularized tissue relative to the composition 

of the grocery store decellularized material (Figure 6.8, Table 6.3). In particular, the fibrillar 

collagen and other ECM percentages were higher for the grocery store material, while the 

fractions for the basement membrane and structural ECM categories were lower. This could be 

attributed to the decellularization process being harsher on the grocery store tissue relative to 

Figure 6.8 Protein compositions for various harvesting conditions. 
 (A) Protein composition from a SDS-PAGE gel appeared similar between the UC San Diego 

(UCSD) and research facility (RF) batches, but certain proteins seemed depleted for the 
grocery store (GS) batch. (B) Differences were also detected with quantitative mass 

spectrometry in terms of percentages based on functional classes of ECM proteins and (C) 
particular basement membrane proteins. 
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the UCSD and research facility batches since excessive decellularization can yield a material 

containing nearly all fibrillar collagen. When the basement membrane fraction was more 

thoroughly explored, though, the grocery store decellularized material predominantly consisted 

of collagens compared to the larger assortment of proteins in the UC San Diego and research 

facility samples. In particular, various laminin isoforms are virtually undetectable in the grocery 

store batch, and the amount of perlecan (HSPG2) is reduced in the grocery store batch relative 

to the UCSD and research facility batches (Table 6.3). Laminin represents an important 

basement membrane protein for muscle regeneration and satellite cell function,17-19 while 

perlecan is necessary for skeletal muscle development pathways.20 For skeletal muscle 

applications, in particular, the basement membrane proteins are crucial for muscle 

regeneration.21 Consequently, the basement membrane protein composition of an ECM 

Table S3: Absolute protein quantification for decellularized skeletal muscle extracellular matrix harvested via three different 

conditions (SKM-UCSD, SKM-RF, SKM-GS).  

Protein Gene Functional 
Classification 

Protein Amount (nmol/g) 
SKM-UCSD SKM-RF SKM-GS 

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

COL4A1 
 Basement Membrane 12.309 12.842 5.380 

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

COL4A1/5 
 Basement Membrane 15.216 13.215 6.572 

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

COL4A2 
 Basement Membrane 2.755 4.209 2.258 

Perlecan HSPG2 Basement Membrane 2.079 1.993 0.302 
Laminin alpha-2 LAMA2 Basement Membrane 0.080 0.056 0.039 
Laminin Beta-2 LAMB2 Basement Membrane 0.071 0.091  

Laminin Gamma-1 LAMC1 Basement Membrane 0.062 0.610 0.028 
Nidogen-1 NID1 Basement Membrane  0.118  

Actin (All Isoforms) ACT Cytoskeletal 0.222 0.126 0.260 
Tubulin beta-4B chain(4b & 5 

chain) TUBB Cytoskeletal 0.084 0.071 0.074 

Vimentin VIM Cytoskeletal 0.080 0.070 0.101 
Collagen alpha-1(XIV) chain COL14A1 FACIT Collagen 0.326 0.317 0.131 

Collagen alpha-1(I) chain COL1A1 Fibrillar Collagen 332.136 331.766 211.247 
Collagen alpha-1(I) chain(galglu 

modified K) COL1A1 Fibrillar Collagen 153.219 173.179 106.598 

Collagen alpha-2(I) chain COL1A2 Fibrillar Collagen 195.874 209.392 115.972 
Collagen alpha-1 (III) chain COL3A1 Fibrillar Collagen 1.142 1.313 0.925 

Collagen alpha-1(V) chain(C-term 
Propeptide) COL5A1 Fibrillar Collagen 1.289 2.020 2.752 

Collagen alpha-2(V) chain COL5A2 Fibrillar Collagen 4.861 4.633 2.931 
Fibulin 4 EFEMP2 Matricellular 0.142 0.106 0.132 
Fibulin 5 FBLN5 Matricellular 0.063 0.130 0.069 

Osteopontin SPP1 Matricellular 0.088 0.068 0.089 
Periostin POSTN Matricellular 0.098 0.112 0.078 

Glyceraldehyde-3-phosphate 
dehydrogenase GAPDH Other Cellular 0.960 0.805 2.664 

Histone 2A(H2A-A-K) H2A Other Cellular 0.159   

Table 6.3 Absolute protein quantification for decellularized skeletal muscle extracellular 
matrix harvested via three different conditions (SKM-UCSD, SKM-RF, SKM-GS). 
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hydrogel could influence the extent of muscle regeneration, although this would need to be 

explored with additional studies.  

 

General Considerations and Hints for Troubleshooting 

For preparing laboratory scale batches of material, it is important to maintain an aseptic 

environment to avoid contamination. All tools, equipment, and solutions should be sterilized 

when possible. If a batch has become contaminated, brown spots will often appear on the 

tissue, and the individual pieces will begin to aggregate in the beakers. Those batches should 

be discarded immediately. 

When handling skeletal muscle for chopping prior to decellularization, thawed tissue will 

become sticky, which makes it more difficult to consistently chop the tissue. To avoid those 

inconsistencies, the tissue should be minimally thawed on ice (~1-2 h for 20 cm x 12 cm x 6 cm 

loin). 

If the decellularized ECM fails to form a hydrogel upon incubation at 37°C, this could be 

attributed to poor lyophilization post-digestion. All material should form a well-defined pellet 

during lyophilization, and the vacuum pressure of the lyophilizer pump should not exceed 

100mTorr. Additionally, too much residual fat can also affect gelation, and the timing of the IPA 

step may need to be altered. 

For comparing data between particular experimental groups, all samples for a single 

characterization assay should be run on the same day. Each assay requires fresh preparation of 

certain solutions, which may introduce variability. However, data should still fall within the 

recommended range of 0.1 to 5 ng dsDNA/mg ECM for residual dsDNA content and 5 to 15 μg 

sGAGs/mg ECM for sGAG content for SKM.6 
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Conclusions 

This paper describes the methodology for investigating three important manufacturing 

considerations – animal-to-animal variability, bioburden reduction, and harvesting conditions. 

Based on quality control assessments for residual DNA content, sGAG content, and overall 

protein composition, the variability amongst individual animals and the addition of a bioburden 

reducing agent did not affect the material properties of the final decellularized product, but 

harvesting conditions did appear to affect processing. Tissue obtained under various harvesting 

conditions yielded some differences in protein composition, which could ultimately impact in vivo 

efficacy. This indicates the importance of identifying a feasible raw tissue source and performing 

quality control experiments. By producing a material with low residual DNA content, the chances 

of initiating a negative immune response are likely lowered, and a pro-remodeling environment 

can instead be achieved.22 Similarly, sufficient sGAG and protein composition likely contribute to 

the bioactivity and subsequent therapeutic effects of these materials.23,24 Since this paper is 

limited to assessments for biochemical composition, further in vitro or in vivo testing would be 

necessary to fully evaluate the potency of each batch of material. Minimal changes were 

detected for several of the biochemical measurements, but results from a bioactivity assay could 

potentially enhance those differences. All in all, by investigating these parameters in a 

laboratory setting, decisions can be better informed for manufacturing decellularized ECM 

hydrogels. 
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Chapter 7. Conclusions and Future Directions 

Summary and Significance 

Skeletal muscle is one of the few organs to naturally regenerate, but increasing age and 

other co-morbidities interfere with these inherent remodeling responses. PAD and RCTs 

represent two conditions which lead to skeletal muscle injury, and therapeutics are still greatly 

needed to treat these patient populations. My doctoral work focused on the steps required for 

the translation of a decellularized skeletal muscle ECM hydrogel for these two skeletal muscle 

applications. Although the efficacy of a therapy is ultimately paramount, other important 

considerations can hinder and even prevent translation to the clinic. Beginning with thorough 

literature reviews and expanding to important manufacturing considerations, I extensively 

evaluated this skeletal muscle ECM hydrogel as a therapeutic option for PAD and RCTs. The 

results from my doctoral research demonstrate the promise of our decellularized skeletal muscle 

ECM hydrogel for skeletal muscle applications involving ischemia and chronic unloading, and 

these findings will contribute to the clinical translation of this biomaterial. 

In Chapter 1, background for skeletal muscle regeneration was briefly discussed. 

Several types of skeletal muscle injuries exist, and the skeletal muscle regenerates and/or 

remodels in response to the specific injury. Prior to optimizing and evaluating a therapeutic for 

skeletal muscle injuries, it was important to understand the pathophysiology of various diseases 

and what pathways should be targeted to promote skeletal muscle regeneration. This chapter 

served to contrast the challenges associated with utilizing the skeletal muscle ECM hydrogel for 

PAD and RCTs. 

In Chapter 2, acellular injectable biomaterials for PAD were discussed with regards to 

various design criteria. Material properties, such as material selection, physical properties, 

degradation properties, manufacturing, etc., are important to consider when designing new 

biomaterials, and this review highlighted important biomaterial characteristics for PAD. Current 
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biomaterial therapies for PAD have failed to address these important design parameters, which 

led to unsuccessful results in clinical trials. The downfalls of these clinical trials were analyzed 

and alternative approaches, namely incorporating additional biologics, were reviewed as a 

solution to increase the efficacy of biomaterial-alone therapies. This chapter emphasizes the 

importance of certain design criteria for biomaterials to achieve success in in vivo studies and 

potentially clinical trials for PAD and could also serve as a checklist for designing new 

biomaterial products. 

In Chapter 3, the skeletal muscle ECM hydrogel was assessed in rodent models of PAD. 

Previous studies were conducted with the skeletal muscle ECM hydrogel and demonstrated 

efficacy, but an optimal concentration was not identified prior to that study. Three concentrations 

of the skeletal muscle ECM hydrogel were evaluated in a young rat hindlimb ischemia model, 

and the results confirmed utilizing the 6 mg/mL ECM hydrogel as the optimal concentration. 

Young rat hindlimb ischemia models are commonly used for depicting the pathophysiology of 

PAD patients, but young rats do not accurately represent the PAD patient population. Many 

PAD patients are older and suffer from additional co-morbidities, which interfere with healing 

responses in the body. As a result, the 6 mg/mL ECM hydrogel was validated in an aged mouse 

hindlimb ischemia model, and significant improvements in blood perfusion were detected. This 

chapter emphasized the importance of optimizing biomaterial therapies and further evaluating 

them in more relevant animal models during pre-clinical studies. 

In Chapter 4, the efficacy of the skeletal muscle ECM hydrogel was investigated in a 

more severe skeletal muscle injury – chronic RCT. Many therapies are often administered at the 

time of tendon repair, but the skeletal muscle regeneration process is sensitive to timing. 

Consequently, the ECM hydrogel was injected both at the time of tendon repair and at a later 

time point. The immediate injection caused an even larger inflammatory response than the 

repair alone, and the inflammation was persistent throughout the study. When a delayed 

injection approach was utilized, the inflammatory response was less severe than the immediate 
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injection, muscle transcription factors were upregulated, and the muscle more closely 

resembled healthy muscle. However, the skeletal muscle ECM hydrogel was not more effective 

than the saline control at the late time points, and sequential injections of the ECM hydrogel 

may therefore be necessary to induce extensive regeneration. These results revealed how the 

timing of administering a biomaterial can impact in vivo efficacy, and it is crucial to consider how 

efficacy may be altered in a more diseased environment. 

In Chapter 5, the skeletal muscle ECM hydrogels were evaluated as a delivery platform 

for microRNA and exosome therapeutics. Biomaterial-alone approaches, such as the skeletal 

muscle ECM hydrogel, have yielded success in pre-clinical studies, but depending on the 

bioactivity of the chosen biomaterial, the efficacy may be limited; therefore, incorporating 

additional biologics may contribute to greater therapeutic efficacy. Many biologics, including 

cells and growth factors, have been loaded into biomaterials, but cells and growth factors 

greatly increase the costs of manufacturing, and limited success has been observed in clinical 

trials. A newer class of biologics, microRNAs and exosomes, were investigated in this chapter, 

and the skeletal muscle ECM hydrogel successfully served as a delivery platform by prolonging 

release and maintaining the bioactivity of the therapeutics. These results served as a proof-of-

concept for utilizing ECM hydrogels as a delivery vehicle, but a cost-benefit analysis should be 

performed when considering a combination of therapies. 

In Chapter 6, the manufacturing of the skeletal muscle ECM hydrogels was explored. 

Modifications, additional therapeutics, etc. may contribute to the enhanced efficacy of 

biomaterials, but difficult manufacturing may hinder the success of the product. Important 

manufacturing considerations, including animal-to-animal variability, bioburden reduction, and 

harvesting conditions, were examined for the skeletal muscle ECM hydrogel. The effects of 

animal-to-animal variability and including a bioburden reducing step did not affect the final ECM 

hydrogel product, but altering the harvesting conditions impacted the ECM protein composition 

of the hydrogels. This study indicates the extensive changes that may be required for 
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biomaterial products during the scale-up process and consequently necessitates the extensive 

evaluation of manufacturing batches prior to clinical trials.  

All in all, these chapters presented the optimization and evaluation of a decellularized 

skeletal muscle ECM hydrogel for PAD and RCT patients. From designing a biomaterial to 

confirming efficacy to optimizing manufacturing in preparation for clinical trials, each phase of 

pre-clinical studies is essential to be successful once clinical trials are reached. Many 

researchers often neglect portions of the clinical translation process, and mistakes such as poor 

biomaterial design or utilizing an insufficient animal model could lead to a failed clinical trial. 

These unsuccessful trials not only eliminate that single biomaterial product from potential 

translation but similar products are also severely impacted as a result. By understanding why 

certain therapeutics have been unsuccessful in clinical trials, newer biomaterial approaches can 

correct those errors and then succeed in reaching the clinic.  

 

Future Directions 

A decellularized ECM hydrogel derived from porcine myocardium recently reached 

Phase I clinical trials (clinicaltrials.gov identifier NCT02305602), and preliminary results from the 

trial indicated improvements in more chronic myocardial infarction patients.1 With safety and 

initial efficacy demonstrated in this ischemic model, this gives precedence to utilizing the 

skeletal muscle ECM hydrogel in PAD patients. However, it must be determined whether the 

results presented in this dissertation are sufficient for proceeding with clinical trials. 

 Several studies have validated the skeletal muscle ECM hydrogel in hindlimb ischemia 

models of PAD, but overall, this model inadequately captures the pathophysiology of PAD. As 

seen with the chronic rabbit RCT model, the ECM hydrogel did not yield improvements over the 

saline control, which could be attributed to the chronic environment of the RCT model compared 

to the acute environment of a hindlimb ischemia model. PAD is not an acute injury but rather a 
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chronic condition, and that is not reflected in a hindlimb ischemia model. No animal models are 

currently available in which animals develop substantial atherosclerosis with resulting ischemia 

in the skeletal muscle, but the PAD patient population can still be more accurately modeled. The 

skeletal muscle ECM hydrogels were assessed in aged mice, but older animals or other co-

morbidities could also be investigated. The aged mice used in the study were comparable to 45 

human years, but PAD is more prevalent in older populations. Similarly, individuals with 

diabetes and hypercholesterolemia are more likely to develop PAD. As a result, it would be 

beneficial to evaluate the skeletal muscle ECM hydrogel in these other animal models that 

impair normal healing responses and establish or identify boundary conditions for the efficacy of 

the skeletal muscle ECM hydrogel. 

 In addition to utilizing an improved animal model, the skeletal muscle ECM hydrogel may 

not produce enough therapeutic benefits with a single dose. All studies to date have 

administered the ECM hydrogel at one time point, but large skeletal muscles and chronic 

diseases may require several injections of the material. Studies have been conducted for the 

repeated administration of decellularized ECM products, and no adverse effects or developed 

sensitivities to porcine products have been identified.2-4 The skeletal muscle ECM hydrogels 

degrade after 3-4 weeks, and performing sequential intramuscular injections would be feasible. 

In turn, multiple injections of the skeletal muscle ECM hydrogel over time should be tested, 

especially in large muscles and chronic animal models, to determine whether the skeletal 

muscle ECM hydrogel will remain efficacious in PAD patients.  

 Prior to initiating a clinical trial with the decellularized skeletal muscle ECM hydrogel, the 

studies mentioned above should be completed. The experiments performed for the chronic 

rabbit RCT model indicated a possible limit to the efficacy of the skeletal muscle ECM hydrogel, 

which requires further probing. The lack of therapeutic benefits may result from the inability of 

the ECM hydrogel to reverse the fibrosis, muscle atrophy, fatty infiltration, and muscle 

degeneration in the chronic RCT model. It may also be due to insufficient scaling from rats to 
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rabbits and therefore utilizing too little material throughout the targeted muscle. Administering 

the ECM hydrogel multiple times over the course of a study would provide verification for 

whether the ECM hydrogel can be effective in a chronic condition like PAD. These additional 

studies will prolong the timing for initiating clinical trials, but the corresponding results could be 

crucial to the success of a clinical trial and subsequently providing a treatment for skeletal 

muscle injuries. 
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