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Abstract 
Treatments for acute respiratory distress syndrome (ARDS) are still unavailable and the 

prevalence of the disease has only increased due to the Covid-19 pandemic. Mechanical 

ventilation regiments are still utilized to support declining lung function, but they also contribute 

to lung damage and increase the risk of bacterial infection. The anti-inflammatory and pro-

regenerative abilities of mesenchymal stromal cells (MSCs) have shown to be a promising 

therapy for ARDS. We propose to utilize the regenerative effects of MSC secretome and the 

extracellular matrix (ECM) into a nanoparticle. Our mouse MSC (MMSC) ECM nanoparticles 

were characterized using size, zeta-potential, and mass spectrometry to evaluate their potential 

wound healing and antimicrobial abilities. The nanoparticles had an average size of 273.4 nm 

(±25.6) while possessing a negative zeta-potential, allowing them to surpass defenses and reach 

the distal regions of the lung. It was found that the MMSC ECM nanoparticles were 

biocompatible with MLE-12 and MMSCs, accelerate the wound closure of human lung 

fibroblasts, while inhibiting the growth of Pseudomonas aeruginosa, a common lung pathogen. 

Our MMSC ECM nanoparticles display characteristics of healing injured lungs while preventing 

bacterial infection that can increase recovery time. 
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Introduction 

1. Lung Disease 

1.1 Acute Respiratory Distress Syndrome  

 Acute lung injury (ALI) and the more severe acute respiratory distress syndrome (ARDS) 

remain life-threatening conditions to patients worldwide. ARDS is categorized into three stages: 

exudative, proliferative, and fibrotic depending on disease progression (1). ARDS is 

characterized by an influx of inflammatory cells as a response to an injured lung. The 

inflammatory response leads to progressive alveolar damage and increased fluid, protein, 

neutrophil, and blood cell permeability in the lung epithelium (2). Over time, the damage causes 

necrosis of lung epithelial cells, resulting in gaps in the epithelial barrier which lowers the 

efficiency of gas exchange (3). The progressive injury of the lung due to the inflammatory 

response leads to pulmonary edema, hypoxemia, and pulmonary fibrosis, which can ultimately 

culminate to respiratory failure (4).  

ARDS is most prevalent in patients that are critically ill with comorbidities, including 

sepsis and pneumonia. Development of ARDS may also occur through inhalation of toxins, such 

as chlorine and phosgene gasses, due to trauma to the head, chest, or brain (2). Disease 

progression of ARDS can begin up to seven days after the etiological incident. There are 

approximately three million patients with ARDS every year. Out of these cases, 10% consist of 

patients in the intensive care unit (5). The mortality rate of ARDS continues to remain high at 

43% (6).  

Currently, there are not any pharmacological treatments to cure ARDS (7). Treatments 

and care regiments are used to mitigate symptoms such as mechanical ventilation, which is used 

to supply oxygen to the patient’s airspaces, anti-inflammatory medications, antibiotics to treat 

infection, diuretics to remove excess fluid from the lungs, and sedative medications to relieve 
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pain from shortness of breath (8). Approximately 24% of ARDS patients receive mechanical 

ventilation treatment, which can contribute to an already inflammatory lung environment (9). 

Mechanical ventilation may also induce ventilator-associated pneumonia (VAP) from inhalation 

of a microbial pathogen on a contaminated ventilator unit (10). 

1.2 Pathophysiology of Acute Respiratory Distress Syndrome 

 1.2.1 Exudative Phase 

 The exudative phase of ARDS begins with the activation of alveolar macrophages due to 

the inciting lung injury or infectious agent. An inflammatory response stimulated by the release 

of pro-inflammatory cytokines, including IL-1β, TNF-ɑ, IL-6, and IL-8, are upregulated by the 

macrophages to recruit neutrophils to the site of the injury (11,12). Other inflammatory bioactive 

molecules, such as reactive oxygen species, phospholipids, and proteases, are attracted to the 

injury site to perpetuate the inflammatory response (11).  

Infiltration of neutrophils results in damage to the vascular endothelial and alveolar 

epithelial barriers. Damage to the endothelial barrier may also occur through activation by the 

pro-inflammatory cytokines released by macrophages. Activated endothelial cells can cause 

neutrophil-platelet aggregates to deposit on the endothelial cell layer (2). All of these factors 

cause an increase in the permeability of the endothelial vasculature and allow easier entry of 

inflammatory cells and cytokines into the alveolar epithelial space. This results in the necrosis of 

type I alveolar epithelial cells, which compose of the surface for gas exchange and type II 

alveolar epithelial cells, which are responsible for the production of surfactant and healing of the 

epithelial barrier after injury (13). Surfactant is a phospholipid protein complex that promotes 

compliance of the lung tissue, allowing for easier inflation and oxygen uptake. Surfactant is also 

a defense against bacterial and viral infections (14). As the pro-inflammatory response continues 
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to circulate, alveolar cell necrosis produces gaps in the epithelial barrier, contributing to the 

increased vascular permeability. Inflammatory edema fluid, containing immune cells and 

inflammatory cytokines, begins to easily flow into the alveolar space (12). The end result of this 

phase is pulmonary edema, reduction of surfactant production, and deposition of cell debris 

forming a hyaline membrane over the alveolar epithelium, which decreases lung compliance and 

inhibits gas exchange (3,15). 
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Figure 1. The normal and the injured alveolus during the acute phase of ARDS (17). 
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1.2.2 Proliferative Phase 

 The proliferative phase of ARDS begins approximately two to three weeks after the 

inciting injury which stimulated the exudative phase. This phase initiates the process of lung 

repair by suppressing pro-inflammatory cytokine production (3). Macrophages are responsible 

for removing damaged host cells and debris from the alveolar space, releasing anti-inflammatory 

factors IL-10 and TGF-β (16). Fluid is removed from the alveolar space as alveolar ion channels 

and aquaporins are expressed and activated (3). The immune response shifts to a healing phase 

by removing neutrophils and recruitment of fibroblasts that deposit collagen and repair the 

extracellular matrix (17). In an attempt to recover the structure of the lung, new alveolar 

epithelium is grown from type II alveolar epithelium differentiating into the type I alveolar 

epithelium that comprises the layer for gas exchange (12). In some patients, the resolution of 

ARDS occurs once pulmonary edema and acute inflammation are terminated (17).  

However, a prolonged immune response during the proliferative phase may cause further 

trouble for a patient with severe ARDS, marked as an excessive proliferation of fibroblasts to the 

alveolar space. This may lead to pulmonary fibrosis, the remodeling of the lung architecture with 

stiff and scarred fibrotic lung tissue (16). 

 1.2.3 Fibrotic Phase 
 Pulmonary fibrosis, also called the fibrotic phase, is considered to be the final 

pathological stage of ARDS. Pulmonary fibrosis is characterized by abnormal repair of lung 

tissue, resulting in scarred, thickened lung tissue, and contorted alveolar space (18). The final 

phase increases the risk of mortality, as fibrosis is the cause of respiratory death for 40% of 

patients (19). Patients are often ventilator dependent, as the thickened lung tissue and irregularly 

shaped alveolar spaces decrease lung compliance and cause hypoxemia (20). An overabundance 

of fibroblasts during the proliferative phase contributes to the development of fibrotic tissue (21). 
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The overproduction of ECM components collagen, fibronectin, growth factors, and 

glycoproteins, and remodeling of the lung architecture develop into fibrotic lung tissue (22).  The 

proinflammatory cytokines, including TNF-ɑ and IL-1β, recruited at the beginning of lung injury 

tend to be present during the fibrotic stage of ARDS. If uncleared by the macrophages in the 

proliferation phase, the persistence of these cytokines in the injured lung may be the cause of 

fibrosis, as TNF-ɑ and IL-1β are chemotactic for lung fibroblasts and stimulate cellular collagen 

synthesis (19).  

 

Figure 2. Alveolar Structure in Healthy Lung vs Pulmonary Fibrosis Lung (23). 

1.3 Acute Respiratory Distress Syndrome and SARS-CoV-2  

The frequency of ARDS in critically ill patients has only continued to increase due to the 

Coronavirus, SARS-CoV-2, pandemic that began in 2019. Infection with the Coronavirus 

(COVID-19) begins with damage to the respiratory endothelial layer (24). It is proposed that 

SARS-CoV-2 binds to the ACE-2 receptor on alveolar type II cells. As the virus continues to 
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replicate and infiltrate the alveolar type II cells, it causes the inhibition of surfactant production 

leading to tissue inflammation, alveolar cell necrosis, and hypoxemia (24). This leads to an 

increase in pro-inflammatory response causing diffuse alveolar damage and increased interstitial 

edema that is characteristic of the progression to developing ARDS (25).  

 About 33% of hospitalized patients with COVID-19 develop ARDS, denoted as COVID-

19-associated ARDS (CARDS) (25). Of those hospitalized patients, 75% of intensive-care 

patients that have severe COVID-19 symptoms develop ARDS (26). The majority cause of 

mortality from COVID-19 was cited to be acute respiratory failure caused by ARDS. Similarly, 

to ARDS, the treatment of CARDS consists of using mechanical ventilation to support lung 

function, although ventilation regiments may be modified due to the high lung compliance of 

patients with CARDS compared to classic ARDS (27).  

 

1.4 Mechanical Ventilation and Ventilator-induced Lung Injury 

As mentioned previously, the standard treatment for patients with ARDS effected by 

declining lung function is mechanical ventilation. However, ventilation can also contribute to the 

damage and inflammatory environment in the injured lung from the excessive mechanical force 

the ventilator exerts (28). Ventilator-induced lung injury is the condition used to describe the 

inflammation and destruction of lung tissue during mechanical ventilation (29). The elevated 

pressure from ventilation can lead to volutrauma, excessive inflation of the lung, and barotrauma, 

leakage of air in the lungs, causing alveolar distention and breakage in the alveolar wall 

respectively (30). Alveolar damage is furthered from atelectrauma, the repetitive opening of the 

alveoli during ventilation. Biotrauma describes the stimulation of inflammatory molecules in 

response to the induced volutrauma (31). High-pressure volume ventilation strategies are known 
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to produce a shear force that is capable of removing cells at the epithelial and endothelial 

membrane, furthering vascular permeability and infiltration of inflammatory cells. To decrease 

lung injury during mechanical ventilation, lung protective strategies, such as lowering the driving 

pressure of the ventilator, have shown to reduce ventilator-induced damage to the lungs, but 

there is still a need to decrease the duration of ventilation (28)  

 

1.5 Ventilator-Associated Pneumonia  

 Another risk associated with mechanical ventilation is the development of VAP (32). 

VAP can occur beginning 48-72 hours into ventilation therapy and manifests as fever, respiratory 

distress, and the presence of white blood cells in the tracheal aspirate (33). VAP is one of the 

most frequently acquired infections in the ICU, as 27% of patients in critical care are affected by 

VAP and 86% of pneumonia cases developed in the hospital are due to mechanical ventilation 

(10). Between 20% and 40% of patients with ARDS will experience complications with VAP. 

VAP increases the length of care in the ICU from 4 days up to 13 days and increases the risk of 

mortality for a patient with ARDS reportedly up by 13% (10, 35). Typically, the pathogen that 

causes VAP is bacterial, as viral and fungal VAP diagnoses are rare (36). 

The acquisition of VAP is believed to be caused by the infiltration of bacteria into the 

upper airway, leading to bacterial colonization in the trachea. Bacterial pathogens can enter the 

airways through contamination of equipment or aspiration of bacterial secretions into the 

ventilation equipment (36). The usage of an endotracheal tube increases the risk of colony 

formation, as the bacteria can lodge within the tube during treatment (35). The colonizing 

bacteria are not cleared from the lungs as the patient’s innate and adaptive immune system is 

already occupied with inflammation from ARDS (37). Additionally, the immune defense of the 



 19 

alveoli is weakened by mechanical defenses inflicted by intubation. Mucus secretion and ciliary 

motion are inhibited by ventilation, preventing clearance of bacterial infection, and allowing for 

colonization and the formation of a biofilm. Preoccupation and impairment of the immune 

defenses eventually escalate, and the initial bacterial infection develops into pneumonia (33). 

The most common pathogens of VAP include gram-negative Pseudomonas aeruginosa, 

Klebsiella pneumoniae, Enterobacter cloacae, and Acinetobacter baumannii, making up 

approximately 50% of all VAP diagnoses. Staphylococcus aureus was mentioned as a frequent 

gram-positive pathogen that caused a VAP infection (38). VAP may be caused by one bacterial 

pathogen or considered polymicrobial infection if caused by two or more bacteria (39). 

Currently, the most utilized method for treating VAP is antibiotic therapy. It is critical that the 

initial antimicrobial therapy be effective against the pathogen, or else ventilation time may be 

extended, or the infection may become drug-resistant (40). Unfortunately, due to the frequent use 

of antibiotics to treat infection, there has been a rapid increase in the development of bacterial 

strains that can resist antibiotic treatment (41).  

1.5.1 Antibiotic Resistance 

 Due to the increased use of antibiotics in medical care, there has been a case of  

resistance for almost every antibiotic that has been used as a treatment. Along with the overuse 

of antibiotics, the utilization of antibiotics in agriculture and the lack of development in new 

antibiotics have contributed to the rise of bacteria resistance to antibiotics (42). Additionally, 

exposure to antibiotics increases the risk that the patient will obtain a multi-drug resistant 

infection rate (37). Acquiring an infection with an antibiotic-resistant bacterium is known to 

increase the mortality rate, intensive care treatment, and healthcare costs for the patient (43). 

Antimicrobial resistance has reportedly risen during the COVID-19 pandemic for P. aeruginosa, 



 20 

S. aureus, and K. pneumoniae, common pathogens involved with VAP (38). The opportunistic 

pathogen, P. aeruginosa, is a pathogen of concern in regard to antibiotic resistance. Due to its 

large genome, high adaptability, and biofilm formation, P. aeruginosa is able to effectively resist 

antibiotic treatments (44). Out of the VAP diagnosis from COVID-19, nearly 66.67% of 

infections were caused by multi-drug resistant pathogens (45). This alarming increase in 

antibiotic-resistant bacteria strains proves there is an urgent need to develop novel therapies to 

prevent lung infection and damage.  

 

Figure 3. Cases of Bacterial Resistance in VAP; MDR: multidrug-resistant;  

XDR: extreme-drug resistant (45). 
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2. Treatments for Lung Disease 

2.1 Aerosol Treatment Delivery to Lung Injury and Bacterial Infection 

The most common method of delivering treatments to the lungs is through the use of 

aerosolized particles administered by inhalation. Inhalation of the treatment is a non-invasive 

procedure that allows delivery of the treatment to the alveoli, allowing for the drugs to be 

absorbed by the blood through diffusion. The dose of drug delivery can also be controlled using 

the method of inhalation, through immediate-release or controlled-release of the drug system. 

Before accessing the target lung epithelium, the drugs must avoid biological barriers used to 

clear foreign pathogens from the environment (46). Under inflammatory conditions induced by 

ARDS and bacterial infection, these defenses will be exacerbated.  

The mucociliary barrier consists of cilia on the surface of airway epithelial cells and a 

layer of mucous composed of mucopolysaccharides. Inhaled particulates are captured in the 

mucous layer and expelled through the respiratory tract. Another barrier is a pulmonary 

surfactant, a lipoprotein complex of phospholipids and surfactant protein secreted by alveolar 

type II cells that particles can deposit in. Pulmonary macrophages can recognize the foreign 

inhaled treatment, inducing phagocytosis and an inflammatory response to the drug. During 

bacterial infection, a biofilm layer may be produced by the colony to serve as a barrier against 

inhaled treatments (47).  

Inhaled nanoparticle medicines have been explored for treating chronic and acute lung 

diseases. Nanoparticles with a size lower than 5 µm have been shown to encourage deposition of 

treatment in the lungs and improve solubility. Nanosized delivery systems that contain bioactive 

molecules have displayed uniform distribution in the lung as well as producing a minimal 

immune response. Nanoparticle delivery systems composed of liposomes and dendrimers have 

already shown promise in treating ARDS (48). With the correct size, charge, and bioactive 
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components, a nanoparticle can be developed as an inhaled therapy for chronic and acute lung 

diseases.  

 

2.2 ECM Nanoparticles 

 To combat lung injury from ARDS, mechanical ventilation, and VAP, our solution is to 

develop nanoparticles from the extracellular matrix (ECM) of mouse mesenchymal stromal cells 

(MMSCs) that can stimulate tissue healing and prevent bacterial infection.  

2.2.1 Size Properties of Nanoparticles  

 The distal regions of the lungs are a difficult target to reach. The complex, narrowing, 

and angled airways can block the delivery of therapeutics and change the dynamics of airflow 

delivery (49). Deposition of the therapy on the airways can occur due to the mucus secretions 

and tubule branching. Time is another important aspect to consider, as deposited materials are 

cleared from the lungs 24 hours after entry due to mucociliary clearance and interactions with 

surfactant and proteolytic enzymes (50). Correct sizing of nanoparticles may help the treatment 

avoid obstacles and navigate through the branching airways of the lungs. Size also influences the 

pathways in which nanoparticles undergo cellular uptake. Nanoparticles in the range of 120-150 

nm enter using clathrin or caveolin-medicate endocytosis. Larger particles, in the range of 2-3 

µm may enter via phagocytosis (51). 

A patient with ARDS, VAP, or receiving mechanical ventilation therapy even has a 

quality of ventilation and higher mucus production due to the inflamed state of the lung (52). An 

immune response will also recruit more alveolar macrophages to the injured lung, which will 

increase the chance the treatment will be engulfed (50). Particle size is a factor in bacteria cell 

uptake as well, the smaller the particle, the greater the antimicrobial effect. It was found that 
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silver nanoparticles were able to completely inhibit bacterial growth at a size of 10 nm. Particles 

sized at approximately 90 nm were found to effectively inhibit bacteria as well, just at a higher 

concentration (53). To reach the distal regions of the lungs and help avoid obstacles from 

inflammation, our goal is to create nanoparticles sized within the range of 50-260 nm 

nanoparticles. 

2.2.2. Charge Properties of Nanoparticles 

 The surface charge influences the ability of the nanoparticles to avoid deposition in 

mucus, cellular uptake, and cytotoxicity (50). Mucosal fluid is known to possess a net negative 

charge, due to its composition of carboxyl groups of sialic acid and carbohydrate-bound ester 

sulfate residues (54). To repel mucus secretions in the inflamed airways, nanoparticles should 

have a negative surface charge (53). The charge is also an important factor to prevent the 

aggregation of nanoparticles in the lung. Nanoparticles need to have enough charge density to 

avoid accumulation in one part of the airway, or else the delivery of the particles will be 

inhibited and destroyed by the immune defenses (55). 

Surface charge influences cellular uptake, as positively charged particles are known to 

enhance the internalization of non-phagocytic cells compared to neutral charge then negatively 

charged particles respectively. However, phagocytic cells also favored the uptake of positively 

charged particles. It may be beneficial to have a slightly more negative charge in the sensitive 

and inflammatory lung environment to help the nanoparticles evade destruction via phagocytosis 

(56). The surface charge of nanoparticles affects the cytotoxicity as well, as positively charged 

particles are known to be more cytotoxic, as the positive charge can induce cell necrosis, disrupt 

the cell membrane, and increase hemolysis upon entering the bloodstream (51,57). 
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 In regard to bacterial cells, positively charged nanoparticles were shown to have an 

attraction towards the negatively charged bacteria cell wall, leading to the positively charged 

particles being more effective at inhibiting bacterial growth (58). Considering all of these factors, 

our goal was to develop nanoparticles at a slightly negative charge to lower cytotoxicity, prevent 

immune cell uptake, and prevent aggregation of nanoparticles in mucosal secretion.  

2.2.3. Pig Lung ECM Nanoparticles 

 Previously, ECM from pig lungs has been harvested and developed into a nanoparticle 

treatment. Using sodium deoxycholate and triton-X solutions as detergents, the ECM was 

extracted, lyophilized, and digested with acetic acid. Electrospray deposition was then used to 

create ECM nanoparticles. It was determined that the pig lung (PL) nanoparticles were not 

cytotoxic and increased the cellular proliferation of alveolar epithelial cells. The PL 

nanoparticles were also able to modulate a pro-regenerative phenotype macrophage after 

introduction to murine bone marrow-derived monocytes. Nanoparticles were chosen as the 

method of delivery for our MMSC ECM for both their size and charge characteristics as well as 

previous success with PL ECM nanoparticles (59). 

 

3. Extracellular Matrix (ECM) 

The ECM is a three-dimensional scaffold that serves to allow cellular attachment and 

communication while regulating several processes for cell homeostasis including cell 

proliferation, differentiation, and migration (60). Fibroblast cells are mainly recognized as the 

source of ECM protein fibers to form the interconnecting network during wound repair and 

tissue regeneration (61). Protein components are either involved in the structural integrity of the 

tissue or involved in cellular signaling. Collagen, elastin, and fibronectin function to allow for 
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cell adhesion and tissue integrity, while growth factors and matrix metalloproteinases (MMPs) 

are involved in initiating processes such as wound healing (60). 

The ECM structure can be divided into two different sections, the basement membrane, 

and the interstitial matrix. The basement membrane portion of the ECM is located in between the 

endothelial and epithelial cells (62). The main function of the basement membrane area in the 

matrix is to provide structure for epithelial and endothelial layers through integrin binding and 

regulate the proliferation, differentiation, and migration of cells through the binding of cell 

surface receptors to cytokines (63). The interstitial matrix surrounds the basement membrane. 

The interstitial space is composed of the three-dimensional interconnecting protein network, 

which provides a protective layer against any forces or injuries (64). Fibroblast cells are also 

located within the interstitial matrix (65). This area of the matrix is considered to be an active 

environment, as cytokines are released into the matrix to interact with surrounding cells (60). 
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Figure 4. Division of the Basement Membrane and Interstitial Layers of the ECM (65). 

 

Different tissues will have varying ECM components depending on their function and 

structure (61). ECM of the lung is composed of collagens, proteoglycans (perlecan, versican), 

glycosaminoglycans (heparin and hyaluronic acid), elastin fibers, laminins, fibronectin (66,67). 

The ECM is classified into two structures in lung tissue: the basement membrane and the lung 

parenchyma, mainly composed of collagen and elastin that can provide structural integrity during 

the inhalation of air (68).  
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Figure 5. a) Figure of ECM structure and components in healthy lung tissue. b) Key of ECM 

components (69). 

 

3.1.MSC ECM and Decellularization Processes 
The ECM of MSCs is classified as a component of the MSC secretome. The MSC 

secretome has been characterized to contain soluble bioactive molecules that stimulate a 

desirable regenerative tissue response (70). To obtain the ECM of MSCs, decellularization 

processes can be utilized (71). Essentially, decellularization involves removing the cellular 

components of tissue to obtain the protein scaffold network (72). Because the ECM can be 

harvested in its natural structure, it can retain its important biological properties, such as 

regulating cellular proliferation, migration, and differentiation (73). Another property of the 

ECM that makes it a desirable biomaterial is that it is biocompatible, as once solubilized the 
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ECM can be degraded in the body and release growth factors that can stimulate the process of 

tissue repair. 

 Decellularized ECM is also able to elicit a smaller-scale immune response in comparison 

to other materials. After an initial inflammatory response to the material involving both 

neutrophils and inflammatory cytokines, the innate immune response shifts to a wound repair 

response around 48 hours later. Recruited macrophages shift to a wound-healing phenotype and 

cells begin to degrade the decellularized ECM into repaired functional tissue (74). 

Various methods can be included in a decellularization protocol, including using 

chemicals and detergents, enzymes, physical forces, such as thermal shock and electroporation, 

or a combination of several techniques (74,75). In order for a tissue to be considered successfully 

decellularized, cells and genetic material must be depleted from the source tissue. The goal for 

the depletion of genetic material in decellularized ECM materials is to have less than 50 ng of 

double-stranded DNA per mg ECM dry weight, contain DNA fragments that have less than 200 

base pairs, and possess no visible nuclear material. The decellularization process should also 

have a high efficacy of retaining important ECM proteins, including collagen, 

glycosaminoglycans (GAGs), fibronectin, laminin, and growth factors (72). 

3.2 Key ECM Structural Components: Collagen, Elastin, and Fibronectin 

Collagen is the most abundant fibrous protein, as it constitutes 30% of the ECM 

proteasome (67). The main purpose of collagen is to provide structure, and strength, and regulate 

cellular attachments for the matrix (64). Fibroblasts are the main source of collagen, organizing 

the fibrils into sheets that align to form the three-dimensional structure of the ECM (77). 

Collagens are classified into different types based on the morphology of their molecular structure 

alpha-chains (67). Collagens I, II, and III have been described to make up most of the collagen 
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content in the ECM, as 80-90% of the ECM collagens consist of those types. Type I-III collagens 

all contribute to the fibril network that promotes tissue integrity, while collagen IV is the main 

collagen found in the basement membrane (60, 77). 

Another protein that is critical to the structural integrity of the ECM is elastin (64). 

Collagen and elastin are both components of the mesh interworking network of the ECM. The 

monomer tropoelastin forms the cross-linked elastin polymer, generating elastic fibers during 

synthesis. Elastin is a key ECM component of tissues that undergo deformation, such as the skin, 

arteries, heart valves, lungs, and ligaments (78).  

The glycoprotein fibronectin is another fibrillar protein within the ECM network. The 

main role of fibronectin is to organize the ECM structure and mediate the attachment of cells to 

the ECM. Fibronectin can bind to itself as well as collagen, which helps to organize the 

interstitial space of the ECM (62). Additionally, fibronectin can bind to cell-surface receptors, 

and heparin, a glycosaminoglycan that promotes cell adhesion and ECM production (79). If an 

injury occurs to an epithelial barrier, fibronectin promotes platelet formation on the wound and 

recruits neutrophils, monocytes, fibroblasts, and endothelial cells to the injury site to help 

stimulate the restoration of the epithelial layer (80). 

3.3 Key ECM Components: Glycosaminoglycans 

GAGs are large polysaccharides that contain amino sugar or uronic acid. Molecules that 

are classified as GAGs include hyaluronan, chondroitin, dermatan sulfate, heparin, and keratin 

(81). GAGs can be attached to a core protein to be considered a proteoglycan. Examples of 

proteoglycans in the ECM include hyaluronan, perlecan, decorin, and laminins. Hyaluronan 

provides hydration to the tissue as well as serves as a part of the compressive barrier to external 

forces. Perlecan and decorin are able to retain growth factors in the ECM (67). Laminins are the 
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most abundant glycoprotein in the basement membrane portion of the ECM, where they serve as 

binding sites for epithelial cells as well as organizing the collagen fibrils in the basement 

membrane (62). 

3.4 Key ECM Components: Growth Factors  

Growth factors are capable of stimulating tissue regeneration through cellular 

proliferation, differentiation, and migration and there are several ways in which they interact 

with the ECM. The ECM is capable of both interacting with growth factors to issue a cellular 

response and storing growth factors (82). Vascular endothelial growth factor, fibroblast growth 

factor, and TGF-β are all growth factors that can interact with the ECM to exhibit a wound-

healing response (83). When binding to the ECM, these growth factors will attach through the 

heparan or heparan sulfate (60). If the ECM encounters the proteases and matrix 

metalloproteinases, the growth factors embedded in the ECM can be released into the 

environment to initiate a cellular response (84). 

3.5 Key ECM Components: Antibacterial and Bioactive Peptides  
Another component of the ECM is small amino acid sequences, usually consisting of 2-

50 amino acids, labeled as antimicrobial peptides (AMPs). AMPs can exhibit antimicrobial 

properties or increase the synthesis of ECM proteins (85). Upon degradation of the ECM through 

tissue injury, peptides can bind to integrins, and growth factor receptors, and modulate 

inflammatory cells (86). Some of these bioactive peptides have been identified, including 

tumstastin, derived from collagen IV, which can increase fibroblast migration and proliferation, 

and peptide DGGRYY, from collagen I, which activates neutrophils. Other peptides have not 

been identified by name, such as peptide fragments from elastin, which are able to encourage 

fibroblast migration (87). Peptides formed from degraded fibronectin, laminin, and vitronectin 
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have been proven to have antimicrobial activity against both gram-positive S. aureus and gram-

negative Escherichia coli and P. aeruginosa (88).  

4. Mesenchymal Stromal Cells  

 The utilization of mesenchymal stromal cells (MSCs) in tissue repair applications is 

prevalent due to their capability for self-renewal and differentiation into adipocytes, 

chondrocytes, and osteocytes. MSCs are sourced from bone marrow most commonly, but they 

also can be derived from adipose tissue, the umbilical cord, and the placenta (89). Typically, 

MSCs are released during an inflammatory response to help heal a site of injury. Once they 

migrate to the injury site, MSCs are able to secrete growth factors, anti-inflammatory cytokines, 

and upregulate the production of ECM to modulate the immune response to repair tissue damage 

(90). MSCs are our choice of source material for ECM due to their secretome, healing abilities, 

and ability to polarize macrophages.  

4.1 Mesenchymal Stromal Cell Secretome  

The MSC secretome consists all of the molecules released by a cell, including cytokines, 

mRNAs, extracellular vesicles, growth factors, and lipid molecules (91). The utilization of the 

MSC secretome for treatment is beneficial as it is a cell-free biomaterial, lowering the risk of 

rejection by the immune system (92). These molecules can impact cell-cell signaling by inducing 

a physiological response, including stimulating the production of ECM, suppressing apoptosis, 

and activating anti-fibrotic, anti-inflammatory, or angiogenic responses (93). In vitro studies 

have shown that the secretome can affect several different types of both innate and adaptive 

immune cells, including macrophages, neutrophils, and T and B lymphocytes (94). MSCs have 

been proven to secrete programmed death-ligand (PD-L1), which inhibits T cell activation and 

upregulates T cell apoptosis. Additionally, to suppress a pro-inflammatory response, the secreted 
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cytokines prostaglandin E2, TBF-B1, and IL-6 all inhibit the function of T cells, macrophages, 

and neutrophils (93). It is important to note that the secretome differs depending on the origin of 

the MSCs. The secretome of bone-marrow derived MSCs has been shown to increase gene 

expression to encourage re-epithelialization in human skin models, while the secretome from 

adipose-derived MSCs has demonstrated abilities to induce fibroblast migration to the injury site 

to increase wound-healing rate (94). MSC secretome is known to contain AMPs. These AMPs 

can inhibit the growth of bacteria through depolarization of the bacterial cell membrane and slow 

the formation of the protective biofilm layer for P. aeruginosa and S. aureus (95). All of these 

factors make the MSC secretome a viable candidate as a biomaterial for nanoparticles.   

 

Figure 6. The pro-regenerative abilities of the MSC secretome (91). 
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4.2 Healing Abilities  

MSCs have a renowned ability to promote cellular proliferation and wound healing at an 

injury site in various cell types. Treatment of MSCs increases the recruitment of fibroblasts to an 

injury. With more fibroblasts recruited, more ECM will be deposited to promote tissue 

regeneration. In a mice model of ALI, it was proven that MSC treatment decreased the effects of 

liposaccharide induced injury by lowering the expression of pro-inflammatory cytokines, IL-6, 

and interferon-γ, neutrophil recruitment, and prevented the thickening of the alveolar walls (96). 

MSCs also secrete paracrine factors to protect alveolar epithelial cells from destruction when a 

pro-inflammatory environment is stimulated in the lungs. The secretion of paracrine keratinocyte 

growth factor (KGF) from bone-marrow derived MSCs is responsible for this effect, as KGF 

allows the Na+ channels to continue transport, preventing pulmonary edema and preserving type 

II alveolar epithelial cells (97). Additionally, MSCs have displayed the potential to mediate the 

effects of ARDS by preserving the alveolar epithelial barrier and increasing the clearance of 

alveolar fluid in the inflamed lung. In fact, the administration of MSCs as a therapy in human 

ARDs patients improves patient survival rates due to the anti-inflammatory, tissue repair, and 

antimicrobial properties of the MSCs (98).  

 

4.3 Polarization of Macrophages  
Along with regulating the immune response, MSCs have the ability to increase the 

presence of M2 phenotype macrophages through modulation. Traditionally, M1 phenotype 

macrophages have been defined as macrophages that inhibit cellular proliferation, clear 

pathogens, and issue an immune response while macrophages that promote wound healing and 

tissue repair are classified as the M2 phenotype (99). At the start of the injury in the exudative 

phase of ARDS, alveolar macrophages are modulated into the M1 phenotype, which secretes 
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TNF-ɑ, IL-1, and reactive oxygen species that culminate into an inflammatory response (100). 

The addition of MSCs to an injured tissue can modulate the alveolar macrophages into the 

wound healing M2 phenotype. It is believed that the secretome of MSCs is the mechanism 

behind the modulation of macrophages to the M2 phenotype. MSCs can mediate the production 

of prostaglandin E2, which can polarize M2 macrophages (101). Transforming growth factor-

beta, a growth factor known to decrease inflammation, can induce the change in macrophage 

phenotype from M1 to M2 while preventing excessive inflammation (102). A chemokine that is 

recognized for its ability to recruit macrophages and monocytes during angiogenesis, CCL2 can 

convert M1 macrophages to the M2 phenotype (103). These are just a few examples of 

molecules in the MSC secretome that are able to regulate the role of macrophages released 

during an immune response. 
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Research Design 

Rationale 
  Our goal is to harness the regenerative and antimicrobial properties of the MMSC ECM 

into the size of a nanoparticle that can reach the distal region of the lung. ECM proteins 

including collagen, glycosaminoglycans, and growth factors increase cellular proliferation 

without eliciting an immune response. The MSC secretome releases cytokines and peptides that 

activate the proliferation of progenitor stem cells, stimulate the formation of new ECM, suppress 

apoptosis and fibrosis, and inhibit bacterial growth (93, 96). The nanoparticle size will allow the 

treatment to reach the distal region of the lungs. The negative zeta potential of the nanoparticles 

will avoid the deposition of mucus in the lung epithelial barrier (59).  

Hypothesis 

 We hypothesize that the sizing of the nanoparticles and pro-regenerative effects of the 

MMSC ECM will combine and form a treatment that can reach the distal region of the lungs and 

stimulate lung tissue growth after injury. To evaluate this hypothesis, MMSC ECM was obtained 

through decellularization and fabricated into nanoparticles using electrospray deposition. The 

effectiveness of the decellularization process was evaluated by determining the concentration of 

key ECM proteins, collagen, and glycosaminoglycans, as well as calculating the lowering of 

DNA concentration. The nanoparticles were characterized by evaluating the size and zeta 

potential. In vitro testing using mammalian cell lines was used to determine the cytotoxicity and 

wound healing abilities of the nanoparticles. Bacterial cell cultures were grown to assess the 

antimicrobial activity of the ECM nanoparticles.  
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Specific Aims 

Aim 1. Optimize the procedure for obtaining extracellular matrix from mouse mesenchymal 

stromal cells. Ensure the procedure retains key structural components of the ECM while reducing 

DNA concentration.  

 

Aim 2. Optimize the electrospray deposition process to create the MMSC ECM nanoparticles. 

Fabricate the nanoparticles with a size and zeta potential that will allow for administration into 

the distal regions of the lungs. Use mass spectrometry to analyze the proteins in both the MMSC 

ECM nanoparticles and PL ECM nanoparticles. 

 

Aim 3. Evaluate the biocompatibility of the MMSC ECM nanoparticles with mouse lung 

epithelial cells and mouse mesenchymal stromal cells. Then evaluate the wound-healing effects 

of the MMSC ECM nanoparticles with human lung fibroblasts.   

 

Aim 4. Evaluate the antimicrobial properties of the MMSC ECM and PL ECM nanoparticles 

against common lung pathogens, Escherichia coli, Staphylococcus aureus, and Pseudomonas 

aeruginosa.  
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Aim I   

Methods and Materials 

Mammalian Cell Culture and Medium Preparation 

 A cell line of mouse bone marrow derived mesenchymal stromal cells (MMSCs, Gibco) 

was grown on cell culture flasks (T75 and T175, Greiner) to obtain decellularized ECM (dECM). 

MMSCs were cultured in Dulbecco’s Modified Eagle Medium (DMEM) modified with 

GlutaMAX supplement (Gibco). Media was supplemented with 10% fetal bovine serum 

qualified for mesenchymal stromal cells (FBS, Hyclone) and 250 µl of Gentamicin (Gibco). Cell 

culture conditions were set at an atmosphere of 5% CO2 at 37 ℃. The culture medium was 

changed every 2-3 days.  

Mouse Lung Epithelial (MLE-12, ATCC) cells were grown in Dulbecco’s Modified 

Eagle (Gibco) and supplemented with 2.5 mL of 100 mM sodium pyruvate (Sigma Life 

Sciences), 0.6 g of sodium bicarbonate (Flinn Scientific), 250 µL of 10 mg/mL insulin (Gemini 

Bio-Products), 5 mg of transferrin (Sigma-Aldrich), 5.2 µL of 0.5 mg/mL sodium selenite 

(Lonza), 50uL of 100 µM hydrocortisone (Lonza), 50 µL of 100 µM ꞵ-estradiol (Lonza), 5mL of 

200 mM  L-glutamine (Quality Biological), and 10 mL of FBS (Gibco). 

Human fibroblast cells (NHLF, Lonza) were cultured using fibroblast basal medium 

(FBM, Lonza) with a growth supplement package (FGM2 SingleQuots, Lonza).  

 

Decellularization with 0.1% Sodium Deoxycholate and DNase I 

 MMSCs were seeded on tissue culture flasks at a density of 500,000 cells for a T75 flask 

and two million cells for a T175 flask. Cells were cultured until 90-95% confluency, which was 

typically three-five days after initial cell seeding. The MMSC cell layer was washed five times 
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with 1X phosphate-buffered saline (PBS). A solution of 0.1% sodium deoxycholate was added to 

the cell flask and incubated for three minutes at 37 ℃. The ECM sheet was then collected and 

washed with Hank’s Balanced Salt Solution (HBSS) three times. Tissue was centrifuged at 300 

rcf for 2 minutes to remove the wash solution as needed if tissue was difficult to collect. The 

ECM tissue was submerged in a solution of DNase I (50 U/mL) and incubated at 37 ℃ for 30 

minutes. DNase I solution was then removed and the dECM was washed with PBS three more 

times, centrifuging at 300 rcf for two minutes to collect supernatant if needed. dECM can be 

stored for up to 4 months at 4℃ in 2 mL of PBS and 2 mL of Antibiotic-Antimycotic Solution 

(100 U/mL Penicillin, 100 µg/mL Streptomycin, 0.25 µg/mL Fungizone, Thermofisher 

Scientific) (104). Before nanoparticle fabrication, the decellularized ECM tissue was lyophilized 

into a powder. The powder was formed after a lyophilization cycle of 36 hours and then stored at 

-20℃ for long-term storage.  
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Figure 7. Decellularization with 0.1% Sodium Deoxycholate. 

 

Decellularization with 0.5% Triton-X 

MMSCs were seeded on tissue culture flasks at a density of 500,000 cells for a T75 flask 

and two million cells for a T175 flask. Cells were cultured until 90-95% confluency, which was 

typically three-five days after initial cell seeding. The MMSC cell sheet was washed with PBS 

five times. A solution of 0.5% TritonX-100 (Triton-X) containing 20 mM of NH4OH in PBS was 

added to the flask and allowed to incubate at 37℃ for 5 minutes. The ECM sheet was treated 

with a solution of DNase I (100 U/mL) then incubated for 1 hour at 37℃. The dECM was 

removed from the flask and washed with PBS three times. The dECM tissue was stored in a 

solution of 2 mL of PBS and 2 mL of Antibiotic-Antimycotic Solution (Anti/Anti) (100 U/mL 
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Penicillin, 100 µg/mL Streptomycin, 0.25 µg/mL Fungizone, Thermofisher Scientific) at 4℃ for 

up to 4 months (105).  

 

Figure 8. MMSC ECM Decellularization with 0.5% Triton-X. 
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Evaluation and Quantification of Decellularization Procedures 

Protein and DNA quantification assays were performed to determine the effectiveness of 

each procedure in retaining critical protein content in the ECM and reducing the concentration of 

DNA in each tissue. 

Sircol Collagen Assay 

 The sircol soluble collagen assay kit (Biocolor, Ltd) was performed on an untreated 

MMSC sheet and dECM treatment with 0.1% sodium deoxycholate + DNase I or 0.5% Triton-X 

+ DNase I to evaluate the preservation of collagen in the dECM. Before starting the assay 

protocol, MMSC sheets and dECM tissue samples were digested with a solution of 0.5M acetic 

acid with 0.1 mg/mL pepsin overnight at 4℃. The manufacturer’s collagen isolation and 

concentration protocol were both followed before proceeding with the general protocol.  

 

Blyscan Glycosaminoglycan Assay 

The glycosaminoglycan blyscan assay kit was utilized to find the concentration of 

glycosaminoglycan proteins, in both dECM treated with sodium deoxycholate and triton-X then 

compared to an untreated MMSC sheet. dECM tissue samples and MMSC sheets were digested 

with papain extraction reagent for 3 hours at 65℃. Then the assay protocol was followed.  

 

Picogreen Assay 

The concentration of DNA in each tissue was quantified using the picogreen assay kit 

(Invitrogen, Thermofisher) and compared to an MMSC sheet. dECM tissues were digested 

overnight at 65℃ with 1 mL of  papain digestion solution following the manufacturer’s 

instructions. Samples were diluted 5 times in 1X TE buffer solution. To obtain initial the DNA 
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concentration of the MMSCs before decellularization, the MMSC sheet was allowed to reach 

90% confluency and then treated with TRIzol for 10 minutes at 25℃ to extract DNA. Samples 

were diluted 5 times in 1x TE buffer solution and the assay was performed following the 

manufacturer’s protocol.   

Statistical Analysis 

All statistical analyses were performed using Prism 9 (GraphPad). Ordinary analyses of 

variance with multiple comparisons were used to determine the significance of the results. 

Significant results were determined to have a p-value < 0.05.  

Results 

Evaluation of Decellularization Procedures 

Sircol Collagen Assay 

After the MMSCs were 80-90% confluent, we extracted and determined the amount of 

collagen contained within the ECM sheet. The ECM was determined to contain 170.0 ng/cm2 of 

soluble collagen after treatment with 0.1 mg/mL of pepsin in acetic acid. These baseline results 

were then compared to the triton-X and sodium deoxycholate protocols that were performed to 

determine which retained more soluble collagens in the harvested ECM. The procedure using 

triton-X had a soluble collagen concentration of 6.12 ng/cm2, while the ECM obtained using 

sodium deoxycholate was 2.96 ng/cm2. 

 

Blyscan Glycosaminoglycan Assay 

Similarly, to the sircol collagen assay, GAG content of the ECM obtained from the triton-

100 and sodium deoxycholate procedures was compared to each other and to a baseline of cells. 

Before decellularization, it was determined that the ECM contained 4.846 ng/cm2 of GAGs using 
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a papain extraction regent recipe provided by the manufacturer. The triton-X method retained 4.6 

ng/cm2 of GAGs which was greater than the concentration of GAGs retained by the sodium 

deoxycholate method which was determined to be 0.35 ng/cm2. 

 

Picogreen Assay 

The picogreen assay was performed to determine how effective the DNase I incubation 

step was in each protocol. A confluent cell layer of MMSCs was calculated to have 90.71 ng/mL 

of DNA by extracting DNA with TriZol. This baseline number was then compared to the 

different decellularization procedures, with the goal to consistently obtain ECM with a DNA 

concentration less than 50 ng/cm2. Using tritonX-100 + DNase I, ECM was harvested with 

14.129 ng/cm2 of DNA. Additionally, both sodium deoxycholate alone and sodium deoxycholate 

+ DNase I were tested. Sodium deoxycholate alone was reported to have a DNA concentration of 

13.25 ng/cm2. When DNase I was included in the sodium deoxycholate protocol, the ECM had a 

DNA concentration of 5.15 ng/cm2.  
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Figure 9. Difference in Concentration ECM Components based on Decellularization Procedure. 

A) Concentration of Soluble Collagen (ng/cm2); B) Concentration of GAGs (ng/cm2) C) 

Concentration of DNA (ng/cm2). Data is displayed as the mean± standard deviation. * indicates 

p< 0.05, ** indicates p<0.001, *** indicates p<0.0001. Cells N= 3, Triton-X + DNase N=1, 

Sodium Deoxy N=3, Sodium Deoxy + DNase N=3. 

 



 45 

Discussion 

 For both the triton-X and sodium deoxycholate procedures, it was proven that important 

structural ECM proteins collagen and GAGs were retained in the dECM. The triton-X method 

was able to preserve a larger concentration of proteins. Similar to other literature procedures, the 

decellularization procedure utilized sodium deoxycholate had a lower ECM protein retention 

compared to when other detergents were utilized (104). This could be due to the fact that triton-

X is a non-ionic detergent while sodium deoxycholate is classified as an ionic detergent. Non-

ionic detergents are used to solubilize proteins by interfering with lipid-protein or lipid-lipid 

interactions, while ionic detergents can disrupt covalent bonds between proteins. For this reason, 

ionic detergents have the potential to damage and fragment GAGs, growth factors, and collagen 

compared to nonionic detergents (106). However, ionic detergents have been shown to be more 

effective at destroying nuclear material.  

For the detection of nuclear material using the picogreen assay, we saw that the sodium 

deoxycholate + DNase combination was more effective at removing DNA from the MMSC 

ECM. Without DNase, sodium deoxycholate can cause the accumulation of DNA on the tissue 

surface (107). For this procedure, DNase was found to be an essential step in the protocol, as it 

decreases the amount of DNA in the dECM by approximately 40% when compared to using 

sodium deoxycholate alone. Several wash steps were also added to the protocol to ensure 

residual DNA fragments were removed from the dECM. Including DNase reduces the risk that 

the dECM will be cytotoxic and rejected by the immune system (107).  

Ultimately, we decided to use the combination method of sodium deoxycholate + DNase 

I to extract the ECM from the MMSCs. The efficient reduction of the DNA concentration from 

this protocol was considered to be an important property to ensure the dECM would be 

biocompatible. Even though collagen and GAG content were reduced using sodium 
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deoxycholate, mass spectrometry would be used to confirm that the decellularization method still 

retained both proteins. Therefore, we chose the sodium deoxycholate method over the triton-X 

due to its ability to reduce cell DNA concentration.  
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Aim 2 

Methods and Materials 

MMSC Nanoparticle Fabrication using Electrospray Deposition 

 To create the MMSC ECM nanoparticles, a previous protocol was utilized from the Heise 

lab and optimized to form a stable electrospray cone. The stable cone during the electrospray 

deposition is critical to obtaining consistently sized and charged nanoparticles to prevent 

aggregation during the purification process. The protocol was altered by decreasing the working 

distance between the needle and stationary foil base for the spray from 10 cm to 8 cm. The 

working distance is an important factor in nanoparticle size (108). The applied voltage of the 

electric field was adjusted to -15 kV instead of -25 kV. The change in voltage helped prevent 

irregular particle size, which would help prevent the aggregation of nanoparticles during the 

purification process.  

 Decellularized MMSC ECM powder (50 mg) was dissolved in 80% V/V 

(volume/volume) of acetic acid and stirred for 48 hours at room temperature. Acetic acid was the 

solvent of choice as it can successfully dissolve the ECM powder without disrupting peptide 

bonds in the ECM proteins. After stirring, ECM-acetic acid solution was drawn up by a syringe 

with a 26 gauge blunt-tip needle. It is crucial a blunt-tip needle is used instead of a differently 

shaped needle, such as a tapered needle, or else the electrospray cone may be disrupted and 

misshapen. The needle was placed in a syringe pump and set to a flow rate of 0.6 mL/hour. 

Cables from the voltmeter were attached to the top of the 26 gauge needle and a piece of 

aluminum foil to complete the electrospray system. The voltmeter was set to -15 kV and a 

syringe pump was started.  

 Once the solution was deposited on the foil, the foil was sprayed with 70% ethanol and 

ECM nanoparticle residue was collected into a solution. The nanoparticles were shaped into the 
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correct size by drawing the solution through a series of needles, 18 gauge, 26 gauge, and then 27 

gauge. The nanoparticle solution was then purified using a 0.45 um pore size filter. The 

nanoparticle solution was stored at -80℃ or lyophilized for 36 hours into a powder.  

 

Figure 10.  Electrospray Deposition Procedure.  

 

 

Concentration of Nanoparticles in Solution 

 To determine the concentration of nanoparticles produced by electrospray deposition, the 

total volume of purified nanoparticle solution was recorded and then lyophilized. Once 

lyophilization was complete, the powder was weighed.  The mass of the powder was divided by 



 49 

the volume of the purified nanoparticle solution to obtain the concentration of nanoparticle stock 

for experimentation. 

 

Scanning Electron Microscopy  

 The size of the MMSC ECM nanoparticles was determined using Scanning Electron 

Microscopy (SEM). A sample of aluminum foil containing the electrospray nanoparticles was 

affixed to a silicon wafer and coated with platinum to obtain the images.  

 A Malvern Zetasizer (ZN90) was utilized to obtain both the size and zeta potential of the 

MMSC ECM nanoparticles. One millimeter of the ECM nanoparticle solution (28.8% ethanol) 

was pipetted into a cuvette. Each sample was run 3 times for both size and zeta potential.  

 

Mass Spectrometry 
 Mass spectrometry was completed with the assistance of the Biomolecular Analysis 

Facility at the University of Virginia. The lyophilized MMSC ECM nanoparticle and PL ECM 

nanoparticle samples were suspended in 1 mL of water (LC-MS grade) and 9 mL of cold 

methanol and 1 mL of cold acetone. The samples were allowed to precipitate overnight at -80℃ 

overnight. The next day, samples were centrifuged at 4℃ for 2 hours at 3,000 rpm. The pellets 

that were obtained were washed with 1 mL of cold methanol and followed by 20 minutes of 

centrifugation at 15,000 rpm for a total of three times. Protein pellets were dried and then 

suspended in 50 µL of 0.1 M ammonium bicarbonate and reduced using 10 mM dithiothreitol at 

room temperature for 1 hour. Then 50 mM iodoacetamide was added and incubated in the dark at 

room temperature for 30 minutes. The sample was then digested overnight at 37℃ with 0.5 µg of 

trypsin. For sample purification, C18 column tips were utilized then the samples were dried in a 
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speed vacuum and added to 0.1% of formic acid. 5 µL of each sample was injected to obtain the 

mass spectrum.  

 Scaffold 5 was used for mass spectrometry analysis. Peptide identifications were 

accepted if they could be established at greater than 95.0% probability and then proteins were 

sorted based on function, locality, and type of ECM protein. PeptideRanker was then used to 

determine if ECM proteins and peptides were potentially bioactive. Scores were on a scale of 0-

1, with 1 being the highest probability of having bioactive properties (109). 

 

Statistical Analysis 

All statistical analyses were performed using Prism 9 (GraphPad). Ordinary analyses of variance 

with multiple comparisons were used to determine the significance of the results. Significant 

results were determined to have a p-value < 0.05.  

 

Results 

Size and Charge Characterization 

After modification of the Heise electrospray protocol, the PL ECM nanoparticles were 

determined to have an average size of 200.6 nm (±6.3) and a zeta potential of -38.53 (±7.07). 

The MMSC ECM nanoparticles had an average size of 273.4 nm (±25.6) and a zeta potential of  

-11.17 (±0.611). As seen below, an image of the nanoparticles on the foil after electrospray 

deposition was obtained using SEM. 
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Figure 11. Size and Charge Comparison of the PL and MMSC ECM Nanoparticles. A) 

Size Comparison of the Nanoparticles. B) Zeta Potential Comparison of the Nanoparticles. Data 

displayed is the mean± standard deviation. N =3. 
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Figure 12. SEM Image of Deposited MMSC ECM Electrosprayed Nanoparticles on Aluminum 

Foil before purification.  

 

Efficiency of Electrospray 

Starting with 17 mL of nanoparticle solution for both the PL and MMSC ECM 

nanoparticles, it was calculated that the PL ECM nanoparticles were synthesized at a 

concentration of 0.064 mg/mL. The MMSC ECM had a concentration of 0.0411 mg/mL. During 

cell and bacterial testing, nanoparticles were added to either 10 mL of media or LB broth for 

starting concentrations of 6.4 ng/mL for PL ECM nanoparticles and 4.0 ng/mL for MMSC ECM 

nanoparticles. As both the PL and MMSC nanoparticle protocols begins with a concentration of 

50 mg/mL of decellularized ECM in acetic acid, both materials had a similar deposition rate. The 

nanoparticle yield of the PL ECM nanoparticles was calculated to be 1.28% while the MMSC 

ECM nanoparticles were 0.82%.  

Mass Spectrometry 
 The mass spectrometry results confirmed that both the MMSC and PL ECM 

nanoparticles contained important structural ECM proteins and potential peptides that contribute 

to their bioactivity. Both types of nanoparticles had the greatest percentage of proteins from the 

cytoplasm and then membrane-associated proteins. Scaffold 5 determined that 160 proteins from 

the total proteasome were from the ECM region in the MMSC ECM nanoparticles and 43 ECM 

proteins were in the PL ECM nanoparticles. Collagens, laminins, fibronectin, proteoglycans, 

glycoproteins, and growth factors were found in both nanoparticle samples. Integrins, keratin, 

and fibrillin were exclusive to the MMSC ECM nanoparticles. Elastin was only found in the PL 

ECM nanoparticles.  
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 PeptideRanker indicated that the MMSC ECM nanoparticles were composed of several 

protein subunits that potentially could possess bioactivity, including peptide sequences derived 

from collagen, fibronectin, and laminin. In particular cationic sequences from fibronectin and the 

beta-1 chain of laminin are known to have antimicrobial effects (88). The membrane protein 

tetraspanin was found in the ECM proteins, which has been shown to have antimicrobial activity. 

Thrombospondin-1 and thrombospondin-2 were found as well. Hydrophobic regions from 

thrombospondins have been proven to have antimicrobial activity against both gram-positive and 

gram-negative bacteria (88). Glycoprotein fibulin-1 was found in the MMSC ECM nanoparticles 

known to encourage lung fibroblast proliferation and attachment (110).  

 In the PL ECM nanoparticles, a few peptides were discovered including Protegrin-4, a 

fragment from the cathelicidin class of proteins, which are known antimicrobial peptides (111). 

Azurocidin, a peptide that can inhibit the growth of gram-positive bacteria, was found (112). 

Acyl-CoA binding protein found in the PL ECM is similar to a known Acyl-CoA binding protein 

that has been proven to possess antimicrobial activity (113). Additionally, fragments from 

collagen, fibronectin, and laminin were identified in the PL ECM nanoparticles and rated as 

highly probable to be bioactive. Collagen type VI alpha 3 subunits have been identified to 

damage the extracellular membrane of E. coli, S. aureus, and P. aeruginosa (88). Cationic 

peptides from collagen type VI also contribute to the destruction of the bacterial membrane, as 

interactions occur with the highly negative charge of the bacterial membrane.  
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Figure 13. Analysis from Mass Spectrometry; Comparison of the location of proteins from the 

MMSC ECM Nanoparticles (top) and the PL ECM Nanoparticles (bottom).  
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Figure 14. Categorization of Key ECM Proteins found in the MMSC ECM Nanoparticles (top) 

and the PL ECM Nanoparticles (bottom).  
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ECM Protein 
PeptideRanker Bioactivity 
Score 

Laminin subunit alpha-5  0.999916 

Laminin subunit beta-1  0.999903 

Laminin subunit gamma-1 0.999868 

Thrombospondin-1 0.999425 

Tetraspanin 0.997189 

Thrombospondin-2 0.997116 

Fibronectin 0.991198 

Collagen alpha-1(XII) chain  0.991148 

Collagen alpha-2 (IV) Chain 0.89322 

Collagen alpha-2(I) chain 0.849786 

Collagen alpha-1(I) chain 0.849393 

 

Table 1.  Selected MMSC ECM Nanoparticle Proteins and their predicted bioactivity ranking 

from PeptideRanker. Peptides are listed from the highest bioactivity score to the lowest.  
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ECM Protein 
PeptideRanker Bioactivity 
Score 

Laminin subunit alpha 3 0.999916 

Laminin subunit gamma 1 0.999874 

Collagen Type VI alpha 3 0.991472 

Fibronectin 0.991215 

Protegrin 4 0.902885 

Azurocidin 0.88507 

Collagen Type I alpha I chain 0.878195 

Collagen Type VI alpha I chain 0.860133 

Acyl-CoA binding protein 0.522456 

 

Table 2. Selected PL ECM Nanoparticle Proteins and their predicted bioactivity ranking from 

PeptideRanker. Peptides are listed from the highest bioactivity score to the lowest.  
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Discussion 

Size and Charge Characterization 

MMSC ECM nanoparticles were found to have a similar size and charge as the PL ECM 

nanoparticles. In terms of size, both types of nanoparticles were smaller than 300 nm, meaning 

that they are capable of reaching the distal alveolar regions of the lungs (59). The SEM image 

shows that the purification step is critical for nanoparticle size and uniformity. Nanoparticles of 

different sizes and shapes are formed initially from the electrospray deposition, but through the 

use of needles and sonication, the nanoparticles can be purified to the size required to reach the 

distal alveoli. 

 Compared to PL ECM nanoparticles created in the past, which were established to be 

225 nm (±67), the newly formed nanoparticles have a smaller standard deviation value. The size 

difference could be attributed to the revisions to the electrospray deposition protocol. The 

working distance between the needle tip and foil base was changed from 10 cm to 8 cm. Another 

modification was the applied voltage, which was decreased from -25 kV to -15 kV. Both of these 

factors contribute to affecting the jet cone of the electrospray and can cause irregularities in the 

size and shape of nanoparticles. A decrease in the working distance will increase the strength of 

the electric field, which will reduce the size of the nanoparticles and form a stable cone during 

electrospray. An ideal range for voltage was found to be -10 to -15 kV for chitosan nanoparticles. 

Outside of this range, nanoparticles had an irregular shape due to the instability of the jet cone 

(108). Based on our detected size and improved ease of nanoparticle purification, we can 

conclude that these modifications to the electrospray protocol improved the process.  

The MMSC ECM nanoparticles had a lower zeta potential compared to the PL ECM 

nanoparticles produced with the revised electrospray method. Both of the ECM nanoparticles 

had a negative zeta potential, which may help prevent the aggregation of nanoparticles and 
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attachment to mucus once delivered to the lung (53, 55). The negative charge may help the 

nanoparticles evade detection by phagocytic cells and improve biocompatibility, which would be 

tested in the next aim. 

  

Mass Spectrometry 

 Mass spectrometry results confirmed that characteristic ECM proteins were retained 

during the decellularization process with sodium deoxycholate and 80% acetic acid digestion for 

electrospray deposition. This is proven by the fact that collagens, laminins, fibronectin, 

glycoproteins, and growth factors were present in both samples. The PL ECM nanoparticles had 

a lower concentration of proteins categorized as ECM proteins compared to the MMSC ECM 

nanoparticles. This could be because the decellularization process for pig lungs is more intensive 

by using triton-X, sodium deoxycholate, and DNase I for longer incubation periods.  

The MMSC ECM also had a more diverse proteasome including integrins, fibrillins, and 

keratins. The microfibrils in the ECM are composed of fibrillin, proving structural integrity and 

scaffolding for organ systems. Fibrillin is also critical in participating in the development of 

elastin fibrils (114). Keratin has been shown to improve cell attachment and proliferation of 

fibroblasts and adipose-derived stem cells (115). Both fibrillin and keratin may help stimulate a 

wound-healing response in the injured lung by inducing the formation of new ECM by 

increasing cell attachment and deposition of ECM scaffolding proteins. Another glycoprotein 

thrombospondin can interact with ECM structural components, growth factors, cytokines, and 

matricellular proteins. This includes interactions with matrix-metalloproteinase (MMP) 2 and 

MMP9 that can regulate collagen homeostasis and prevent the overproduction of collagen that 

can form fibrotic tissue (116).  
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Meanwhile, elastin was found only in the PL ECM nanoparticles, which corresponds to 

the fact that elastin is a critical component of lung ECM that allows stretch during the inhalation 

of air (68).  

Additionally, the glycoproteins fibulin-1 and fibilin-2 were found in the MMSC ECM 

nanoparticles and fibulin-5 was located in the PL ECM nanoparticles. Fibulins are hypothesized 

to organize ECM structural fibers, including the basement membrane and elastin fibers. Fibulin 1 

has been found to organize ECM fibers composed of elastin and fibrillin 1 and 2 during murine 

lung development. Fibulin-2 can bind to elastin and fibrillin 1, serving to attach microfibrils to 

elastin (117). Fibulin-5 mediates the crosslinking of tropoelastin monomers into insoluble elastin 

polymer and is typically found in higher levels in the lungs (114). The presence of fibulin found 

in the ECM nanoparticles may help repair injured ECM in the wounded lung.  

 According to PeptideRanker, the ECM nanoparticles contained peptides that are 

considered to be bioactive. Both PL and MMSC ECM contained collagen fragments, fibronectin, 

and laminin subunits that ranked highly on the bioactivity scale. These ECM proteins are known 

to release bioactive peptides upon partial proteolysis. In particular, it is known that sequences 

with high hydrophobicity or cationic sequences have an antimicrobial effect through interactions 

with the bacterial cell membrane (88).  

Thrombospondins, found in the MMSC ECM nanoparticles is another ECM protein that 

contains a higher concentration of hydrophobic amino acids that can cause an antimicrobial 

effect. Tetraspanin proteins contain two extracellular loops and four hydrophobic transmembrane 

regions, which may destabilize the bacterial cell membrane (118,119).  

In the PL ECM nanoparticles, peptides of the same family as known antimicrobial 

peptides were found. Protegrin 4 is a member of the protegrin family, which is from a precursor 
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antimicrobial peptide called cathelicidins (120). In fact, it is known that the protegrin class are 

active against E. coli, S. aureus, and P. aeruginosa, which makes it a desirable peptide to treat 

VAP infections. Azurocidin has been found to act effectively against gram-negative bacteria and 

also gram-positive bacteria (121). The mechanism behind its antimicrobial activity is unknown, 

but azurocidin is a member of the serprocidin family, serine proteases with antimicrobial activity 

(122). In addition, an acyl-CoA binding protein, which shares similarities with a bioactive 

peptide, was detected in the nanoparticles (123). The presence of these bioactive peptides makes 

the ECM nanoparticles promising antimicrobial agents on top of being able to stimulate wound 

healing in the lungs.  
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Aim 3 

Methods and Materials 

MTT assay: Cytotoxicity and Proliferation of MMSC ECM Nanoparticles 

 The MTT assay was conducted to evaluate the cytotoxicity of the MMSC ECM 

nanoparticles. In vitro cytotoxicity testing was critical to determine if the nanoparticles were 

toxic to cells before using them as a treatment in an in vivo model. The cytotoxic activity of the 

nanoparticles was evaluated on MMSCs and MLE-12 cells. MMSCs were tested to ensure that 

the nanoparticles would not affect the population of stem cells in the lungs, as stem cells help 

contribute to tissue repair and can differentiate into epithelial cells (124). MLE-12 cells were 

used in the assay to ensure the nanoparticles would not induce necrosis in the lung epithelial 

layer.  

 To evaluate the cytotoxic effects of the nanoparticles, cells were seeded at a density of 

10,000 per well and grown in a 96-well plate (Falcon) for 48 hours. Media was then replaced 

with nanoparticle treatments with concentrations of 0.50 ng/mL, 1.0 ng/mL, 2.0 ng/mL, and 4.0 

ng/mL, or replenished with new media. An 2.8% ethanol control solution was tested as well to 

ensure a slight percentage of ethanol in the nanoparticle solution (concentration of ethanol was 

from 4.0 ng/mL concentration was unharmful to the cells). Treatments were added for 24 hours 

then the procedure from the MTT assay was conducted (Roche).  

 To determine if ECM nanoparticles increased cellular proliferation, ECM nanoparticle 

treatment, in concentrations of 0.50 ng/mL, 1.0 ng/mL, 2.0 ng/mL, and 4.0 ng/mL were added to 

10,000 cells in a 96-well plate (Falcon) at the same time. This was repeated with cell culture 

media, conditioned media with secreted ECM proteins, and 2.8% ethanol solution as controls. 

The cells were grown for 24 hours then MTT assay (Roche) procedure was followed.  
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 Scratch Assay  

Human lung fibroblast cells were used for the scratch assay to evaluate whether the ECM 

nanoparticles stimulate wound healing. Fibroblasts are critical in the healing process, as they 

secrete growth factors, cytokines, and ECM to repair an injury (125). 200,000 cells were seeded 

into a 6-well cell culture plate, marked with a horizontal line on the bottom using a sterile 

straight edge. Cells were incubated at 37℃ to grow overnight.  

The next day a 20 µl pipette tip was used to scratch the cell layer perpendicular to the 

horizontal like at the bottom of the well. The media was aspirated from each well and then 

washed with 1 mL HEPES. Media supplemented with nanoparticles in concentrations of 0.50 

ng/mL, 1.0 ng/mL, 2.0 ng/mL, and 4.0 ng/mL, was then applied. Media without any 

nanoparticles was used as a control. Once the media was applied, the wells were imaged using a 

phase contrast microscope to determine the initial area of the scratch. Pictures were taken above 

and below the horizontal line applied on the well. The well plate was incubated for 48 hours after 

the scratch to determine the closure rate, pictures were taken every 24 hours. Once images were 

collected, ImageJ software was used to determine the area of the scratch and the closure rate for 

each treatment was calculated (126). The following formula was used to calculate the area of the 

scratch:  

Percentage of Wound Healed =  [Area(T0) - Area(TX)] / Area(T0). 

Area(T0) was the initial denuded area for each image location. Area(TX) was the denuded area 

for each location after 24 or 48 hours. 

 



 64 

 

Figure 15. Procedure for Scratch Assay. 

 

 Statistical Analysis 

All statistical analyses were performed using Prism 9 (GraphPad). Ordinary analyses of 

variance with multiple comparisons were used to determine the significance of the results. 

Significant results were determined to have a p-value < 0.05.  
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Results 

MTT assay: Cytotoxicity and Proliferation of MMSC ECM Nanoparticles 

MMSC ECM nanoparticles were determined to be biocompatible with mouse lung 

epithelial cells and increase cellular proliferation. The ethanol control was found to not induce 

cell necrosis, indicating the slight amount of ethanol in the nanoparticle media was not 

responsible for the effects of the experiment. Nanoparticles were cultured with MLE-12 cells for 

24 hours then the MTT assay was performed. Both nanoparticle concentrations of 0.5 ng/mL and 

1.0 ng/mL significantly increased the cellular proliferation, as they were both approximately 

80% more confluent than the media-only well. When added to a confluent layer of MLE-12 

cells, the concentrations of 0.50 ng/mL, 1.0 ng/mL, 2.0 ng/mL, and 4.0 ng/mL only decreased 

cellular proliferation by 15.4% at most after 48 hours.  

 

 

 

Figure 16. MMSC ECM Nanoparticles are biocompatible and can increase cellular proliferation. 

A) MMSC ECM Nanoparticles were added with MLE-12 Cells for 24 hours to test proliferative 
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effects B)MMSC ECM Nanoparticles were added to MLE-12 Cells for 48 hours to test 

cytotoxicity.  Data displayed is the mean± standard deviation. * indicates p< 0.05. N=3  

 

 MMSC ECM nanoparticles were then applied to MMSCs and determined to be non-

cytotoxic and slightly increase cellular proliferation. After 24 hours, MMSC viability was shown 

to improve when supplemented with 2.0 ng/mL and 4.0 ng/mL of MMSC ECM nanoparticles, 

increasing cell count by 5% and 3% respectively. This effect continued to occur as the 

nanoparticles increased cellular proliferation when applied to a confluent cell layer of MMSCs 

for 48 hours. The nanoparticle concentration of 2.0 ng/mL had the greatest effect as it increased 

proliferation by 7% compared to the media alone. Even though cellular proliferation was not 

significantly improved when supplemented with nanoparticle media, the results indicate that the 

nanoparticles are not cytotoxic to MMSCs. 

 

Figure 17. MMSC ECM Nanoparticles are biocompatible and can increase cellular proliferation. 

A) MMSC ECM Nanoparticles were added with MMSCs for 24 hours to test proliferative 
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effects. B)MMSC ECM Nanoparticles were added to MMSCs for 48 hours to test cytotoxicity. 

Data displayed is the mean± standard deviation. N=3. 

 

 Scratch Assay 

After the fibroblast cell layer was scratched, nanoparticles in concentrations of 0.5 

ng/mL, 1.0 ng/mL, 2.0 ng/mL, and 4.0 ng/mL were applied in supplemented media. Closure 

rates based on ImageJ were calculated. After 24 hours, media with nanoparticles in a 

concentration of 4.0 ng/mL had the greatest effect on the healing of the scratch, as it increased 

the closure rate of the scratch by 80% compared to the media control. The concentrations of 0.5 

ng/mL, 1.0 ng/mL, and 2.0 ng/mL all increased the rate of closure significantly as well as 

compared to the media alone. As the concentration of nanoparticles increased in the media, the 

rate of scratch closure increased as well. After 48 hours, the scratches from the nanoparticle 

treatment groups were closed while the scratch supplemented with the media control was on 

average 87% healed. 

 

A B 
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Figure 18. Scratch Assay Results. Fibroblasts supplemented with MMSC ECM Nanoparticles 

have a higher growth rate compared to the media control. A) Fibroblast Growth Rate after 24 

hours with Nanoparticle Media. B) Fibroblast Growth Rate after 48 hours with Nanoparticle 

Media. Data displayed is the mean± standard deviation. * indicates p< 0.05, ** indicates 

p<0.001, *** indicates p<0.0001, N=3.  

 

Figure 19. Scratch Assay Images of Human Lungs Fibroblasts. Confluent cell sheets were 

scratched and replenished with media (left) or 4.0 ng/mL of MMSC ECM Nanoparticles (right). 
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Images were obtained every 24 hours. The scratch was closed at a faster rate with the 

supplementation of nanoparticles. A: Media, 0 hours B: 4.0 ng/mL Nanoparticles, 0 hours C: 

Media, 24 hours D: 4.0  ng/mL Nanoparticles, 24 hours E: Media, 48 hours F: 4.0 ng/mL 

Nanoparticles, 48 hours. 

 

Discussion  

 The MTT assays for 24 and 48 hours show that the MMSC ECM nanoparticles are 

biocompatible. Once nanoparticles were applied to a pre-seeded epithelial cell layer that was 

grown for 48 hours, cell count was slightly increased compared to media alone, which indicated 

that the nanoparticles did not induce cell death. From these promising results, it suggests that 

when interacting with the lung epithelium, the ECM nanoparticles will not induce further 

damage on injuring wounded tissue.   

Similarly, the MMSC ECM nanoparticles were biocompatible with MMSCs. This may be 

due to the ability of MSC secretome, in the form of dECM, to encourage the growth of MSCs as 

we are adding their own cellular product into the media to support growth (127). Our ECM 

nanoparticles may be about to support MSCs in the lung. When applied to an injured lung, the 

nanoparticles may help activate the lung MSCs which can them work to issue a wound-healing 

response and regenerate lung tissue.  

We showed that our nanoparticles encourage wound closure and cellular attachment 

when applied to lung fibroblasts. All concentrations of our MMSC ECM nanoparticles closed the 

scratch at a significantly faster rate than the media alone. An increased wound closure rate may 

be critical for a patient’s condition. Cells can begin to deposit on injured tissue quickly to start to 

re-epithelization process, restoring barrier function and proper gas exchange in the lungs. 
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Fibroblasts are the main cellular source of the ECM, so the repair of lung fibroblasts is critical to 

supporting new cell and tissue development (128). Fibroblasts serve another important role in the 

lung, modulating differentiation, and proliferation of alveolar epithelial cells (129). Their vitality 

is then critical to repairing damaged lung epithelium. MSCs have been reported to recruit 

fibroblasts to an injury site and our MMSC ECM nanoparticles show a similar effect by 

increasing the rate of wound closure (96). The ECM protein fragments found in the nanoparticles 

may help stimulate the production of a new layer of ECM, which may explain the rapid wound 

closure.  

The MMSC ECM nanoparticles are able to promote cell viability of epithelial, MSC, and 

fibroblast cells, all important components of the lung environment. With these promising results 

in vitro, it may be possible to see the effects of the ECM nanoparticles in an in vivo model. 
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Aim 4 

Methods and Materials 

Inhibition of Bacterial Growth  

 An overnight culture was prepared by taking a colony of wild-type Escherichia coli HfrH 

from a streak plate and submerging it in 5 ml of LB broth. The culture was incubated in a 

shaking incubator at 37℃ and 200 rpm. The following day 100 µl of that overnight culture was 

added to 10 ml of LB broth. MMSC ECM nanoparticles were added in concentrations of 4.0 

ng/mL and 0.50 ng/mL and PL ECM nanoparticles of 6.4 ng/mL and 0.80 ng/mL were added to 

the culture. An LB broth control without nanoparticles was used as a control. Flasks were shaken 

overnight at 200 rpm at 37℃. At the time points of 1 hour, 3 hours, 6 hours, and 24 hours, 100 µl 

of the culture was taken and spread onto an agar plate, which was left to incubate overnight. The 

next day colonies grown on the plate were counted and analyzed. The procedure was utilized for 

testing if the nanoparticles inhibit the growth of Staphylococcus aureus Newman and 

Pseudomonas aeruginosa PAO1.    
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Figure 20.  Bacterial Assay Procedure.  

    

 

 

Statistical Analysis 

All statistical analyses were performed using Prism 9 (GraphPad). Ordinary analyses of 

variance with multiple comparisons were used to determine the significance of the results. 

Significant results were determined to have a p-value < 0.05.  
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Results  

Inhibition of Bacterial Growth 

 Both MMSC and PL ECM nanoparticles are able to inhibit the growth of bacterial wild-

type strains. While PL ECM nanoparticles did not display growth inhibition of gram-negative 

E.coli, MMSC ECM nanoparticles inhibited growth at a concentration of 4.0 ng/mL. 

Nanoparticles began to impede growth around hour 3 and significantly reduced bacterial growth 

after 6 and 24 hours of culture incubation. 

 PL ECM nanoparticles had a positive effect on slowing the growth of gram-positive S. 

aureus, while the MMSC ECM nanoparticles did not show any ability to inhibit the growth of S. 

aureus. A lower concentration of PL ECM nanoparticles inhibited bacterial growth the best out 

of all tested nanoparticle concentrations. S. aureus growth was reduced for 24 hours and at 3 

hours growth was significantly lower than the LB broth control.  

Against P. aeruginosa, both MMSC and PL ECM nanoparticles display antibacterial 

effects. Both MMSC and PL ECM nanoparticles lowered bacterial growth over 24 hours, and 

growth was significantly reduced at 3 hours for MMSC ECM nanoparticles and 6 hours for PL 

ECM nanoparticles.  
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Figure 21. Comparison of E. coli growth curves for LB Broth control culture and 4.0 ng/mL 

MMSC ECM Nanoparticle culture. MMSC ECM Nanoparticles show inhibition of E. coli 

growth at hours 3, 6, and 24. Growth inhibition was significant at 6 hours and 24 hours of 

incubation. Data displayed is the mean± standard deviation. * indicates p< 0.05, ** indicates 

p<0.001, *** indicates p<0.0001.  N=3.  
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Figure 22. Comparison of E. coli growth curves for LB Broth control culture, 6.4 ng/mL PL 

ECM Nanoparticle culture, and 0.8 ng/mL PL ECM Nanoparticle culture. PL ECM 

Nanoparticles did not show any growth inhibition of E. coli. Data displayed is the mean± 

standard deviation. * indicates p< 0.05, ** indicates p<0.001, *** indicates p<0.0001.  L. Broth 

N=3, 6.4 ng/mL PL ECM Nanoparticle culture and 0.8 ng/mL PL ECM Nanoparticle culture 

N=1.  
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Figure 23. Comparison of S. aureus growth curves for LB Broth control culture, 4.0 ng/mL 

MMSC ECM Nanoparticle culture, and 0.5 ng/mL MMSC ECM Nanoparticle culture. MMSC 

ECM Nanoparticles do not show inhibition of S. aureus growth at hours 3, 6, and 24. Data 

displayed is the mean± standard deviation. * indicates p< 0.05, ** indicates p<0.001, *** 

indicates p<0.0001.  N=3.  
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Figure 24. Comparison of S. aureus growth curves for LB Broth control culture, 6.4 ng/mL PL  

ECM nanoparticle culture, and 0.8 ng/mL PL ECM nanoparticle culture. PL ECM nanoparticles 

show inhibition of S. aureus growth at hours 1, 3, and 6. Data displayed is the mean± standard 

deviation. * indicates p< 0.05, ** indicates p<0.001, *** indicates p<0.0001. The concentration 

of 0.8 ng/mL PL ECM nanoparticles was found to be significantly different after 3 hours of 

incubation.  N=3.  
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Figure 25. Comparison of P. aeruginosa growth curves for LB Broth control culture and 4.0 

ng/mL MMSC ECM Nanoparticle culture.  MMSC ECM Nanoparticles show inhibition of P. 

aeruginosa growth at hour 3. Data displayed is the mean± standard deviation. * indicates p< 

0.05, ** indicates p<0.001, *** indicates p<0.0001. The concentration of 4.0 ng/mL MMSC 

ECM nanoparticles was found to be significantly different after 3 hours of incubation. N=3.  
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Figure 26. Comparison of P. aeruginosa growth curves for LB Broth control culture and 6.4 

ng/mL PL ECM Nanoparticle culture. PL ECM Nanoparticles show inhibition of P. aeruginosa 

growth at hours 1,3,6, and 24. Data displayed is the mean± standard deviation. * indicates p< 

0.05, ** indicates p<0.001, *** indicates p<0.000. The concentration of 6.4 ng/mL PL ECM 

nanoparticles display significantly less growth at 6 hours. N=3.  
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Discussion 

 It was shown that the ECM nanoparticles have antimicrobial properties. The MMSC 

ECM nanoparticles were effective at inhibiting the growth of E. coli and P. aeruginosa, while 

the PL ECM nanoparticles effectively reduced the growth of S. aureus and P. aeruginosa. Most 

antimicrobial effects were displayed at hours 1-6, which matches the timeframe the nanoparticles 

would remain in the lungs before clearance. The mass spectrometry analysis revealed some 

antimicrobial peptides that may be responsible for these effects. The MMSC ECM nanoparticles 

contain thrombospondin which is characterized by hydrophobic regions that will interact with the 

bacterial membrane in both gram-positive and gram-negative bacteria. The nanoparticles also 

contained the beta-1 chain of laminin, which is composed of highly cationic peptide sequences 

that can interact with the negative surface charge of the bacteria and induce an antimicrobial 

effect. The PL ECM nanoparticles were composed of collagen type VI which also reportedly has 

several of these cationic regions (88). Both ECM nanoparticles contain other forms of collagen, 

laminin, and glycoproteins that may contribute to the antimicrobial ability of the ECM 

nanoparticles.  

 Although it is not fully understood, there are a few mechanisms that propose how 

antimicrobial peptides inhibit the growth of bacteria. As peptides contain hydrophobic and 

cationic regions, they can interact with the lipopolysaccharides of the gram-negative membrane 

or teichoic acid and peptidoglycans in the gram-positive membrane (88). These interactions can 

induce conformational changes in the cell wall, causing bacteria cell necrosis (130). Positive 

peptide sequences can disrupt the lipid sequence of bacterial membranes by clustering lipids in 

one region due to the attraction to the cationic peptides, which stops cell growth (131). The 

binding of the cationic peptide to a negatively charged lipid can also destabilize the charge of the 

bacterial cell membrane (132). Through electrostatic interactions, the peptide can insert itself 



 81 

into the lipid bilayer and form a pore in the structure of the membrane (88). Instead of 

permeabilizing the membrane, AMPs can also bind to intracellular targets to stop metabolic 

processes. AMPs, such as Buforin II, are found to directly bind to DNA and RNA molecules 

after entering the bacterial cell (133).  
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Conclusion 
We have developed and characterized nanoparticles made from the ECM of MMSCs. 

The decellularization method that was utilized to isolate the ECM from the MMSCs was shown 

to retain the ECM proteins collagen and GAG while reducing cellular DNA of MMSCs. The 

nanoparticles were fabricated with a negative charge and 50-300 nm size to reach the distal 

regions of the lungs. After the introduction of the nanoparticles to both MLE-12 and MMSC 

cells, the nanoparticles did not significantly decrease cellular viability and displayed properties 

of being biocompatible. The MMSC ECM nanoparticles were shown to be composed of peptides 

that promote wound healing of injured tissues while inhibiting the growth of bacteria. This 

combination of properties makes them an ideal treatment for ARDS as the nanoparticles are 

capable of reaching the distal regions of the lungs while preventing bacterial infection if the 

patient needs mechanical ventilation treatment.  
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Future Directions 
  

For future evaluation of the nanoparticles, we can further examine the mass spectrum to 

discover which exact antimicrobial peptides are responsible for the wound healing and 

antimicrobial effects of the nanoparticles. Specific peptides with pro-regenerative or 

antimicrobial effects may also be loaded into the nanoparticles to increase the efficacy of the 

treatment or improve scaffolding for new cellular growth.  

To optimize the nanoparticle treatment, dosage studies will occur to find the ideal 

concentration of nanoparticles that remains biocompatible, and also promotes wound healing and 

inhibits the growth of bacteria. The concentrations that were tested in this study were minimal, 

so increasing the concentration of our nanoparticles may improve upon their bioactive effects. 

Future studies can also examine using multiple doses of nanoparticle treatment over the course of 

several days, as bacterial growth was only inhibited in the 1–6-hour range.  

Moreover, an antibiotic can be loaded into the nanoparticles to increase the efficacy of 

the treatment against bacteria. The antibiotic can be digested along with the decellularized ECM 

and then formed into a nanoparticle using electrospray deposition. A broad-spectrum antibiotic, 

such as levofloxacin, can be added to improve the effects of the antimicrobial peptides found in 

our ECM nanoparticles against both gram-positive and gram-negative bacteria.  

Additionally, nanoparticles can be converted into an aerosolized treatment that can be 

administered through inhalation. Aerosolized treatments continue to be the most popular form of 

lung treatment delivery, as it allows for direct and rapid delivery to injured lung tissue. An 

aerosolized form of the nanoparticles can be delivering during a mechanical ventilation regiment, 

which may help reduce ventilator damage to the lungs, improve lung function, and prevent 

bacterial infection. 
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Appendix I 
For further information, portions of this thesis are also presented in Wandling et al: 

 

Wandling, E.N.; Rhoads, K.; Ohman, D.E.; Heise, R.L. Electrosprayed Mesenchymal 

Stromal Cell Extracellular Matrix Nanoparticles Accelerate Cellular Wound Healing and Reduce 

Gram-Negative Bacterial Growth. Pharmaceutics 2023, 15, 1277. 

https://doi.org/10.3390/pharmaceutics15041277 
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